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The degradation of the dye indigo carmine in aqueous solution induced by two oxidative processes
(H;O,/iodide and O;) was investigated. The reactions were monitored by electrospray ionization mass
spectrometry in the negative ion mode, ESI(—)-MS, and the intermediates and oxidation products
characterized by ESI(—)-MS/MS. Both oxidative systems showed to be highly efficient in removing
the color of the dye aqueous solutions. In the ESI(—)-MS of the indigo carmine solution treated with H,O,
and H,O,/iodide, the presence of the ions of m/z 210 (indigo carmine in its anionic form, 1), 216, 226,
235, and 244 was noticeable. The anion of m/z 235 was proposed to be the unprecedented hydroperoxide
intermediate 2 formed in solution via an electrophilic attack by hydroxyl and hydroperoxyl radicals of the
exocyclic C=C bond of 1. This intermediate was suggested to be rapidly converted into the anionic forms
of 2,3-dioxo-1H-indole-5-sulfonic acid (3, m/z 226), 2-amino-a-o0xo0-5-sulfo-benzeneacetic acid (4, m/z 244),
and 2-amino-5-sulfo-benzoic acid (5, m/z 216). In the ESI(—)-MS of the indigo carmine solution treated with
O3, two main anions were detected: m/z 216 (5) and 244 (4). Both products were proposed to be produced
via an unstable ozonide intermediate. Other anions in this ESI(—) mass spectrum were attributed to be [4
— H + Nal~ of m/z 266,[4 — HI*~ of m/z 121.5, and [5 — HI*~ of m/z 107.5. ESI-MS/MS data were consistent
with the proposed structures for the anionic products 2—-5. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Dyes in wastewater represent a serious problem, as they
can cause considerable environmental damage such as tox-
icological effects on a number of microorganisms and color
pollution.!? Different methodologies have been proposed
to remove these organic pollutants from wastewater, for
instance, adsorption, oxidation, reduction, and electrochem-
ical reactions.’~® In recent years, however, advanced oxida-
tion processes (AOPs) have drawn considerable attention.®~8
In the AQP, in situ generated hydroxyl radicals, extremely
reactive and powerful oxidizing species, promote the oxi-
dation of the target organic compounds.” However, the
complete mineralization, i.e. the conversion of the organic
material to CO,, H,O, and other small molecules, does not
always takes place. Most of the AOPs comprise combinations
of UV light with H,O,, TiO,, O3, ultrasonic radiation, and
Fenton reagent.!® The use of H,O, and O; in degradation
processes has been frequently reported.”!® New systems,
such as H,O,/iodide, have also been used because of their
higher efficiency in the oxidation of organic compounds.!!
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The degradation studies of dyes in aqueous solutions
have usually focused on the discoloration efficiency pro-
moted by the AOPs, whereas less attention has been given to
the investigation of the reaction mechanisms and the char-
acterization of secondary products and intermediates. For
instance, GC-MS analysis was recently applied to identify
products of the degradation of a number of azo dyes.!>!3
However, the hydrophilic and unstable intermediates and
products, probably formed under these reaction conditions,
could not be detected. An alternative technique to be used
in these studies is electrospray ionization mass spectrometry
(ESI-MS). This technique possesses the remarkable capability
to gently transfer ionic species from the condensed to the
gas phase without inducing undesirable side reactions.'*-2
Because of that, the composition of electrosprayed ions
usually reflects that in solution.”!=?* Furthermore, these
desirable characteristics have allowed ESI-MS to be success-
fully employed as an important analytical tool for real-time
monitoring of a great variety of chemical reactions.”~%

Indigo carmine has been extensively employed in
industrial processes,? even though it belongs to a highly toxic
class of dyes (indigoid).?*3° Thus, in this paper we investigate
the degradation of indigo carmine in water solutions induced
by two oxidative processes: H,O, /iodide and Os. Aiming to
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detect transient species and unstable oxidation products, we
monitored the reactions by real-time ESI-MS in the negative
ion mode, ESI(—)-MS. The anionic species were further
characterized by ESI(—)-MS/MS, via their mass selection and
fragmentation upon collision-induced dissociation (CID).

EXPERIMENTAL

Chemicals

The reagents were purchased from Sigma-Aldrich [Milwau-
kee, WI, USA; indigo carmine, potassium iodide (KI)], Merck
(Whitehouse Station, NJ, USA; H,O, 32%, formic acid,
NaOH), and Tedia (Fairfield, OH, USA; chromatographic
grade methanol). Ozone was produced at a flow rate of
1.15 x 10° mol min~' by passing synthetic air through an
ozone generator (Eletro-Triozon, Brazil). The flux of ozone
was determined by bubbling the gaseous stream through
an aqueous solution of KI followed by the titration of
the I, formed with standardized Na,S,0O; solution. Dou-
bly distilled water was used to prepare the solutions in all
experiments.

Degradation reactions

H,0,

H,0; (1 ml; 0.7 mol 1_]) was added to an aqueous solution of
indigo carmine (100 ml; 153 mmol 1™'; pH = 8 adjusted with
1 mol 1! NaOH).

HQOz/iOdide

H,O, (1 ml; 0.7 mol 171) and KI (1 ml; 2 mmol 171) were
added to an aqueous solution of indigo carmine (100 ml;
153 mmol 1"'; pH = 8 adjusted with 1 mol I"! NaOH).

Ozonation
An aqueous solution of indigo carmine (20 ml; 86 mmol 1)
was continuously bubbled with a constant flux of ozone until
complete discoloration.

Aliquots of all systems were collected and analyzed by
ESI(—) MS and ESI(—) MS/MS.

Analytical methods

Total organic carbon (TOC)

The total organic content (TOC) experiments were carried
outin a TOC 5000A (Shimadzu, Minnesota, USA) instrument
at 680 °C using a platinum catalyst.

Mass spectrometry

ESI-MS and ESI-MS/MS analyses were conducted in two
mass spectrometers both operating in the negative ion mode:
(1) LCQ Advantage (ion trap analyzer, ThermoElectron, CA,
USA), and (2) time-of-flight analyzer Q-Tof (Micromass,
UK). In the first one, the mass spectra were obtained as
an average of 50 scans, each requiring 0.2 s. The aliquots
were directly injected into the ESI ion source at a flow rate of
5 ul min " using a micro syringe. Typical ESI conditions were
as follows: heated capillary temperature 200 °C; sheath gas
(N,) flow rate 20 units (cz 0.30 1 min™?); spray voltage 4.5 kV;
capillary voltage 25 V; tube lens offset voltage 25 V. For ESI-
MS/MS, the precursor ions were first isolated by applying

Copyright © 2007 John Wiley & Sons, Ltd.
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an appropriate waveform across the end cap electrodes of
the ion trap to resonantly eject all trapped ions except those
ions of the m/z ratio of interest. The isolated ions were
then subjected to a supplementary a.c. signal to resonantly
excite them and so cause CID. The relative collision energy
was set to a value at which product ions were produced in
measurable abundance (it was varied from 20 to 32%). The
isolation width used in the MS/MS experiments was 2 m/z
units.

In the Q-Tof mass spectrometer, the capillary and cone
voltages were set to 3kV and 40V, respectively, with a
desolvation temperature of 100°C. To each sample (0.1 ml),
1 ml of a solution of methanol/deionized water (7:3 v/v)
and 0.1 ml of an aqueous solution of ammonia (0.1% v/v)
were added. This diluted solution was then directly infused
into the ESI source at a flow rate of 10 ul min~" via a micro
syringe pump. The mass analyzer was set to operate at a scan
range of m/z 50-1000. MS/MS experiments were carried out
by mass selection of a specific ion in Q1 and then submitted
to CID with argon in the collision chamber. Collision energy
was optimized for each component, varying from 15 to 50 V.
The product ion MS analysis was accomplished with the
high-resolution orthogonal TOF analyzer.

RESULTS AND DISCUSSION

The experiments involving the H,O, and H,0,/iodide
systems were monitored by using exclusively the LCQ
Advantage mass spectrometer (with an ion trap analyzer).
On the other hand, the ozonation process was monitored by
using both mass spectrometers described in the experimental
section. In the last case, both instruments produced very
similar results with the detection of a similar set of
ions. Therefore, the ions identified by ESI(—)-MS, and
characterized by ESI(—)-MS/MS (as will be discussed later
in this paper) are really products formed from reactions
taking place in aqueous solution rather than from in-
source processes. In aqueous solution, indigo carmine and
its oxidation products are predominantly in their anionic
forms, with the sulphonyl substituents bearing the negative
charges. These anions are thus gently transferred to the gas
phase under the ESI conditions and subsequently analyzed
by the mass spectrometer.

H,0, and H,0,/iodide system

At first, the degradation of indigo carmine in aqueous
solution by H,O, was evaluated. A slight discoloration
of the solution was observed after a reaction time of
15min. In Fig. 1(a), which displays the ESI(—)-MS of
the dye aqueous solution, an intense anion of m/z 210,
corresponding to indigo carmine in its anionic form (doubly
charged) (1, Scheme 1), was observed. Its mass selection and
fragmentation (spectrum not shown) upon CID yielded the
following fragments: m/z 356 (1 — SO, ), 340 (1 —SO5™*),
276 (1 — SO, —SO;37°), and 260 (1 — SOz —SO;~°). After a
reaction time of 15 min, an intense anion of m/z 235 was
detected in the ESI(—)-MS (Fig. 1(b)). The ESI(—)-MS/MS of
this anion is shown in Fig. 2. The presence of a significant
fragment ion of m/z 242 (as well as the fragments of m/z 228
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Figure 1. Real-time monitoring of the reaction between indigo
carmine (1) and H2O» in an aqueous medium: (a) ESI(—) mass
spectrum of the initial solution; (b) ESI(—) mass spectrum after
a reaction time of 15 min.

and 226) in this mass spectrum indicates that the anion of
m/z 235 is doubly charged with a mass difference of 50 Da in
relation to the dianion 1 (of m/z 210). On the basis of these
data, the structure 2 was proposed for this anion (Scheme 1),
which is consistent with the fragment ions observed in its
ESI(—)-MS/MS (Fig. 2), as outlined in Scheme 2.

The formation of 2, a hydroperoxide intermediate, is
supposed to involve a simultaneous electrophilic attack
by hydroxyl and hydroperoxyl radicals, reactive species
commonly produced upon the decomposition of H,O,,%
of the exocyclic C=C bond of 1 (Scheme 1). Kettle and
coworkers proposed, but did not confirm, the formation of a
similar hydroperoxide intermediate during the oxidation of
indigo carmine by superoxide.?> The intermediate 2 can be
easily oxidized to yield anion 3 (of m/z 226), which is then

HOO-
SO5” —_—
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ESI-MS monitoring of degradation of indigo carmine

242

100
8 ]
s 235
2 )
3
2 50
[]
=
s
(] 2
o 228 poc

226‘ ‘
0 . - . . |

160 180 200 220 240 260 280 300
m/z

Figure 2. ESI(—)-MS/MS of the precursor ion of m/z 235 (2).

quickly converted to anion 4 (of m/z 244) by the addition of
H,O. Anion 4 can subsequently be converted to 5 (of 11/z 216)
by the release of a molecule of CO (Scheme 1 and Fig. 1(b)).

The mass selection and fragmentation of 3 (m/z 226)
yielded mainly a fragment ion of m/z 198 via the loss of
a CO molecule. The CID of 4 produced characteristically
the fragment ion of m/z 200 by the release of a CO,
molecule. The mass selection and fragmentation of 5 (m/z
216) yielded a series of major and structurally diagnostic
fragment ions arising from the losses of H,O (m/z 198), CO,
(m/z 172), and SO; (m/z 136) (mass spectra not shown).
Again, these fragmentation patterns seem to be consistent
with the proposed structures for these anions.

Remarkably, the product anions of m/z 227 or 243, which
could be formed via an electrophilic attack of two hydroxyl
radicals or two hydroperoxyl radicals on the exocyclic C=C
bond of 1, respectively, were detected in much smaller
intensity than anion 2 (m/z 235) in the ESI(—)-MS (Fig. 1(b)).
The reasons for that are not fully understood. Longer reaction
times (for instance, 40 min) did not produce substantial
solution discoloration or a significantly different ESI(—)-
MS (not shown), thus indicating that the reaction did not
proceed further.

In a second set of experiments, the indigo carmine
degradation by the H,0,/iodide system was evaluated.
The addition of iodide caused a noticeable increase in the
dye degradation rate, although the TOC content remained
practically constant during this reaction process, with

O e
NOH

2 (m/z 235)

O O 0o 0
3 - -
o o 0 I/OH o 058 oH
N 0 *
Y NH, NH,

3 (m/z 226)

4 (m/z 244)

5 (m/z 216)

Scheme 1. Proposed route for the degradation of indigo carmine in aqueous solution by H,O» and H>Os/iodide systems. Note the
unprecedented hydroperoxide intermediate (2) suggested to be formed under these reaction conditions.
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Scheme 2. Fragments formed upon mass selection and dissociation of the precursor anion 2.

extensive solution discoloration after a reaction time as
short as 5min. This was probably caused by the well-
known!!'3 ability of iodide to induce the decomposition
of H,O, yielding hydroxyl radicals, as shown in Eqn (1):

H,O, +2I'+ —— OH* + I, + OH™ 1)

After approximately 60 min, the solution was almost
completely discolored. Figure3 displays representative
ESI(—) mass spectra acquired after reaction times of 20
(Fig. 3(a)) and 60 (Fig. 3(b)) min. In Fig. 3(a), the anion 5
(of m/z 216) is by far the most intense, whereas a much less
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Figure 3. ESI(—)-MS monitoring of the degradation of indigo
carmine (1) by the H>O»/iodide system in an aqueous medium
after reaction times of (a) 20 min and (b) 60 min. To allow a
more consistent comparison, the absolute abundance scales
in both spectra in arbitrary units (abscissa) are the same.

Copyright © 2007 John Wiley & Sons, Ltd.

intense anion of m/z 235 (the hydroperoxide intermediate 2)
is also noticeable. The absence of the anion of 7/z 210 (indigo
carmine in its deprotonated form, 1) in this spectrum con-
firms that the dye had already been completely consumed
after this reaction time. These results indicate that even under
these stronger oxidizing conditions the reaction goes through
identical pathways, i.e. indigo carmine is first oxidized to the
unstable hydroperoxide intermediate 2 which is then quickly
converted to the products 4 and subsequently 5 (Scheme 1).
After longer reaction times (60 min, for instance), the analysis
of the ESI(—)-MS (Fig. 3(b)) revealed that the intensity of the
anion of m/z 216 (5) has markedly decreased, thereby indi-
cating its later and continuous consumption and probable
conversion to lighter compounds (which were not detected).
The anions of m/z 127, detected in the ESI(—)-MS of Fig. 3(a),
and 287, detected in both ESI(—)-MS of Fig. 3(a) and (b), were
attributed to be the iodide anion (I”) and maybe the proton-
bound dimer of the hypoiodide anion, i. e. [IO — H — OI]",
respectively.

Ozonation

When an aqueous solution of indigo carmine was continuous-
ly bubbled with ozone, a complete discoloration was
observed after 10 min. In addition, the TOC content stayed
the same as the initial dye solution, thereby indicating that

J
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Figure 4. ESI(—)-MS monitoring of the degradation of indigo
carmine (1) by O3 in an aqueous medium after a reaction time
of 10 min.
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indigo carmine was not being mineralized, but rather con-
verted into other products. In the ESI(—)-MS (Fig. 4), two
intense anions of m/z 216 and 244, which were not detected
in the initial dye solution, could be clearly observed. On
the basis of their fragmentation profiles (as previously men-
tioned), the structures 5 and 4 (as displayed in Schemes 1
and 3) were proposed for the anions of m/z 216 and 244,
respectively. For instance, the ESI(—)-MS/MS of anion 4
(Fig. 5) shows losses of CO, (m/z 200), CO, plus CO (m/z
172), and CO, plus SO; (m/z 120), which corroborate its
proposed structure (Schemes 1 and 3). Furthermore, high-
accuracy m/z measurements show good agreement between
the experimental and theoretical m/z values for 4 (chemical
composition: CgHgNOgS; experimental: 243.9926; theoretical:
243.9916; difference: 4 ppm) and 5 (chemical composition:
C7HgNOsS; experimental: 215.9960; theoretical: 215.9967; dif-
ference: 3 ppm).

Other anions in the ESI(—) mass spectrum (Fig. 4) were
attributed to [4 — H + Na]~ (m/z 266), [4 — H]*~ (m/z 121.5),
and [5 — H]*~ (m/z 107.5). The ion of m/z 171 results from
the dissociation of the anions [4 — H + Na]—, [4 — H]*", and
[5—HJ]*, as confirmed by the analysis of their ESI(—)-
MS/MS (spectra not shown).

The reaction route that was proposed on the basis of the
mass spectrometry results, as well as on the fundamental
and well-established concepts on the reactivity of organic
molecules, for the degradation of indigo carmine by ozone
is displayed in Scheme 3. The initial pathway involves a 1,3

1 (m/z 210)

Jfo
0,8 )
H,0 0,8
0) 2
—_—

N
i)
H

3 (m/z 226, not detected)

4 (m/z 244)

ESI-MS monitoring of degradation of indigo carmine

dipolar cycloaddition of O3 toward the exocyclic C=C bond
of 1 to generate an unstable intermediate called ozonide® (of
m/z 234), which was not detected in the ESI(—)-MS (Fig. 4).
It is well known that O3, a very powerful oxidizing agent
(E° = 2.07 V), usually reacts via 1,3 dipolar cycloaddition
with most species containing multiple bonds (such as C=C,
C=N, N=N).** In sequence, this ozonide intermediate is
proposed to undergo a rearrangement to yield the dicarbonyl
anion 3 (of m/z 226), which was also not detected in the ESI(—)
mass spectrum (Fig. 4). The carboxylic acid 4 (of m/z 244) was
proposed to be formed via a nucleophilic attack of a water
molecule on the carbon of the ~-HNCO-moiety of 3 followed
by the lactam ring opening. Finally, the anion 5 (of m/z 216)
was suggested to be formed via the release of CO from 4 (or,
alternatively, via the oxidation of the terminal carbonyl of
5). Note that product 3 (m/z 226) was exclusively detected
(but in a relatively small intensity) in the ESI(—)-MS of the
dye solution treated with H,O, (Fig. 1(a)), which was the
mildest oxidative system investigated here. Probably, under
stronger oxidative conditions (such as H,O, /iodide and O53),
such a product is quickly degraded to yield anions 4 (m/z
244) and subsequently 5 (/z 216).

Product 3 was previously described as arising from
photochemical and photocatalytic degradation of indigo
carmine.® In this example, the products were detected by
techniques other than ESI-MS, such as NMR, UV-vis and
FTIR spectroscopy. GC/MS and HPLC/UV were also used
to identify other products, i.e. small carboxylic acids arising
from the dye benzene ring breakdown.3

CONCLUSIONS

Both oxidative systems (H,O,/iodide and O3) showed to
be highly efficient in removing the color of indigo carmine
aqueous solutions. The monitoring by ESI(—)-MS allowed
the in situ identification of a series of oxidized products
and transient species, which were further characterized by
ESI(—)-MS/MS. For instance, an unstable hydroperoxide
intermediate was for the first time detected under such
reaction conditions. These findings were conveniently used
to suggest routes for the degradation of indigo carmine
induced by both oxidative systems. Finally, ESI-MS (and
MS/MS) demonstrated to be suitable techniques for real-time

o H

058 0—q N
N O

\ o)

H

ozonide intermediate (m/z 234)
not detected

O

0
r,OH o 058 o
0 ’
NH, NH,

5 (m/z216)

Scheme 3. Suggested pathways for the degradation of indigo carmine in an aqueous solution by Oz. Note that the ozonide

intermediate was not detected in the corresponding ESI(—)-MS.
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monitoring of AOPs of indigo carmine. It can be envisaged,
therefore, that it can be applicable to the degradation studies
of other classes of environmentally relevant compounds.
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