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Characterization of carbonyl by-products during Uniblu-A
ozonation by liquid chromatography/hybrid quadrupole
time-of-flight/mass spectrometry

A. Amorisco, V. Locaputo and G. Mascolo”
Istituto di Ricerca Sulle Acque, Consiglio Nazionale delle Ricerche, Viale F. De Blasio 5, 70132 Bari, Italy

The structural elucidation of carbonyl-containing by-products arising from Uniblu-OH ozonation has been
investigated by liquid chromatography/electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS) employing
a quadrupole time-of-flight mass spectrometer. The by-products were derivatized with 2,4-dinitrophenylhydrazine,
allowing the formation of [M-H]  ions of the derivatives in the electrospray source. Exact mass measurements of both the
[M-H] ions and their product ions allowed the elemental formulae and related structures of ten by-products to be
determined confidently. The main degradation pathway were decarboxylation followed by further oxidation. It is
noteworthy that the experimental procedure employed allowed the identification of both nitrogen- and sulphur-
containing carbonyl by-products during Uniblu-OH ozonation. This result is of environmental relevance for monitoring
the balance of organic nitrogen and sulphur during the ozonation of organic pollutants. These atoms, in fact, do not
undergo complete mineralization. Copyright © 2011 John Wiley & Sons, Ltd.

Textile dyes and other dyestuffs represent a major source of
industrial water pollution in many countries due to their
persistence, acute toxicity or mutagenic effects to exposed
aquatic organisms. A major issue of discussion and regulation
in the developed countries is the removal of color from textile
wastewater, also including the requirement to recycle the
rinsing water from dye baths.

Conventional textile wastewater treatment plants that rely
on biological oxidation (biodegradation)™ and/or simple
physicochemical (adsorption)?! strategies are ineffective in
achieving complete decolorization and the removal of dye
residues because most dyestuffs are both resistant to biological
degradation and highly water soluble. It follows that the
employment of more powerful chemical methods, namely
those known as advanced oxidation processes (AOPs), is
necessary to reach the target legal limit for effluent discharge.
AOPs are chemical methods based on the generation of
hydroxyl radicals (¢OH) able to oxidize contaminants in a
non-selective manner."**!

It has been reported that ozonation is one of the most
effective technologies for the remediation of textile wastewater
containing bio-recalcitrant dyes and other persistent organic
compounds.l’!% Several studies have been carried out that
demonstrate the efficiency of ozone treatment for removal of
dyes and some of them were also aimed at identifying the
resulting by-products."* > Due to its high oxidation poten-
tial, ozone can effectively break down the conjugated double
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bonds of the chromophores of dyestuffs as well as other
functional groups such as their complex aromatic rings.["*"*%!
This ultimately leads to the formation of smaller molecules
with fewer conjugated double bonds, thereby decreasing the
color of effluent. However, although the removal of dyes by
ozonation is often successfully achieved, their complete
oxidation (i.e., the total mineralization of organic carbon to
carbon dioxide) is seldom obtained. Therefore, ozonation by-
products should usually be expected in ozonation effluents.
Reactive dyestuffs based on the anthraquinone structure
have long been used in cellulose fiber dyeing. They are more
resistant to biodegradation due to their fused aromatic
structures than azo-based dyes."”! The anthraquinone-based
dyes represent an environmental problem as it is not possible
to recover them from spent baths because the reaction carried
out to link them to fibers leads to the formation, through a side
reaction, of the hydrolyzed dyes. As the fixation rate between
the reactive dye and the fiber is usually below 90% it follows
that the resulting spent waters cannot be further used and
should be disposed of properly. However, little information
about the ozonation products of anthraquinone reactive dyes
is available.”°! In general, as degradation by-products are
more polar than the parent compounds their identification is
often carried out by liquid chromatography/electrospray
ionization mass spectrometry (LC/ESI-MS), often employing
accurate mass measurement.”**! It is known that such by-
products are transient compounds as they are further
degraded, leading to the formation of low molecular weight
carbonyl compounds which, in turn, are finally degraded to
low molecular weight organic acids. However, the identifica-
tion of low molecular weight aldehydes and ketones only on
the basis of comparison with authentic standards fails to
account for the total organic carbon present in the ozonated
aqueous solution.”! Tt follows that unknown low molecular

Rapid Commun. Mass Spectrom. 2011, 25, 1801-1811

Copyright © 2011 John Wiley & Sons, Ltd.




Rapid
¥ Communications in
s © Mass Spectrometry

A. Amorisco, V. Locaputo and G. Mascolo

weight carbonyl compounds are present in these ozonation
products. The unequivocal identification of these compounds
should be possible by LC/ESI-MS combined with accurate
mass measurement, both in single and tandem MS, using
quadrupole time-of-flight mass spectrometry (QqTOFMS). In
order to achieve such a goal it is mandatory to employ a
preliminary derivatization step, for example by using 2,4-
dinitrophenylhydrazine (DNPH) to form hydrazone deriva-
tives, as reported in many applications such as the study
of automobile and cigarette exhaust samples,pg] beer, !
ozonated drinking waters and outdoor swimming pools,*
and biological matrices including urine®* and exhaled
breath.1*”!

The aim of the present investigation was the unequivocal
characterization of aldehydes and ketones, formed during the
ozonation of hydrolized Uniblu-A (Uniblu-OH) at longer
contact times, by accurate mass MS and MS/MS determina-
tion using LC/ESI-QqTOFMS after the derivatization of the
compounds with DNPH.

EXPERIMENTAL

Chemicals

Uniblu-A (95% purity; Aldrich, Milwaukee, WI, USA) was
used without further purification. Uniblu-OH was obtained
by hydrolyzing an aqueous solution of Uniblu-A (500 mg/L)
at pH 12 and 50°C for 1h (hydrolysis yield >90%) as reported
below.

O NH, O  NHp
SO;Na SO;Na
CO0 o I
e

O N O NH

SO,CH=CH, SO,CH,CH,OH

Uniblu-A Uniblu-OH

Solvents used for high-pressure liquid chromatography
(HPLC) were HPLC-MS grade and purchased from Sigma-
Aldrich (St. Louis, MO, USA). Water used for liquid
chromatography as well as for preparing all standard aqueous
solutions (18.2 M{dcm, organic carbon content <4pg/L) was
obtained from a Milli-Q Gradient A-10 system (Millipore,
Billerica, MA, USA). 24-Dinitrophenylhydrazine (DNPH;
purity > 99%) was purchased from Aldrich. All other reagents
were analytical grade and purchased from VWR (West
Chester, PA, USA) or Carlo Erba (Milan, Italy).

Ozonation experiments

A volume of 500mL of a Uniblu-OH aqueous solution (the
pH was adjusted to 7 with HCl) was placed into a
Normag reactor (Normag, Limenau, Germany). Ozone
was produced by a Fisher 502 ozonator (Meckenheim,
Germany) fed with oxygen. The oxygen/ozone mixture
(1L/min, 16 mg/L) was split to allow just 0.1 L/min to be
bubbled into the Normag reactor. The ozone output was
monitored before each experiment by determining (by
titration with sodium thiosulfate) the amount of free
iodine liberated from a potassium iodide solution. Sam-
ples (10mL) were withdrawn from the reaction mixtures
at scheduled times and the residual ozone was stripped by

purging with air. They were then subjected to derivatiza-
tion with DNPH according to a published procedurel®*>7]
in order to determine the aldehydes and ketones by LC/
MS. Briefly, 50mL of an aqueous sample was buffered to
pH 3 with citrate buffer and 3mL of a DNPH aqueous
solution (3 g/L) was added. The compounds were deriva-
tized at 40°C for 1h. The aqueous phase was then
analyzed by LC/MS.

LC/ESI-QqTOFMS and LC/ESI-QqTOFMS/MS analysis

A QSTAR QqTOFMS/MS system (AB Sciex, Foster City,
CA, USA) equipped with a TurbolonSpray source oper-
ated in negative ion mode was used throughout this
work. High-purity nitrogen gas was used as the curtain
and collision gas, while high-purity air was used as the
nebulizer and auxiliary heated gas. The TurbolonSpray
interface conditions were as follows: nebulizer voltage,
—4200V; declustering potential, —20V; focusing potential,
—-100V; nebulizer gas flow rate, 1 L/min; curtain gas flow
rate, 1 L/min; auxiliary gas (air) flow delivered by a turbo
heated probe, at 8L/min at 350°C. Samples injected by a
series 200 autosampler (Perkin-Elmer, Waltham, MA,
USA), equipped with a 9010 Rheodyne valve and a 200
uL loop, were eluted at 0.6 mL/min through an Alltima
5mm C18 reversed-phase column (250 x 3.2 mm; Alltech,
Deerfield, IL, USA) and C18 precolumn (4x2.0mm;
Phenomenex, Macclesfield, UK) with the following gra-
dient, delivered by three series 200 micro-LC pumps
(Perkin-Elmer): from 85:5:10 (water/CH3zCN/CH;COOH
1% in CH3CN) to 10:80:10 in 20 min, which was then held
for 5min. The flow from the LC pumps was split 1:1, by
means of a zero dead volume T-piece, to allow one-half to
enter the TurbolonSpray interface. A few analyses were
also performed using two C18 Chromolith columns
(Merck, Darmstadt, Germany) connected in series at
1mL/min using the same above-reported gradient. In
this case the flow from the LC pumps was split 1:2.

Accurate mass measurements (four decimal places) were
carried out at a mass resolution higher than 5000 (full
width at half maximum) by obtaining averaged spectra
from chromatographic peaks and by then recalibrating
them using the [M-H]™ ions of polyacrylic acid injected
pOSt-COlumn (C9H1304_, C12H17O6_ and C15H2108_ at m/z
185.08193, 257.10306 and 329.12419, respectively). Accu-
rate mass product ion measurements (four decimal places)
were carried out by fragmenting the target (precursor)
[M-H]™ ions of the selected DNPH derivative at an
optimized collision energy (CE) and at a collision gas
pressure of 4 mTorr. Each averaged spectrum was
recalibrated using, as a lock mass, the precursor ion mass
obtained in single MS mode or the product ion at m/z
182.0207 ([IM-H]™ ion of 2,4-dinitroaniline) which is the
typical product ion deriving from the derivatization agent,
or both these masses. The CE was optimized for each
deprotonated DNPH derivative by-product in order to
obtain, where possible, spectra showing acceptable signal-
to-noise (S/N) ratios in the MS/MS spectra, with both the
[M-H] ion and the highest number of product ions being
of high enough abundance for accurate mass determina-
tion. All MS data handling was performed using Analyst
QS software (AB Sciex).
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RESULTS AND DISCUSSION

The reaction of Uniblu-OH with ozone led to the quick
disappearance of the parent compound. At the same time, a
number of by-products were formed as a result of oxidation
reactions of the amino group, of the aromatic rings of the
anthraquinone nucleus and/or of the benzenesulfoxide
groups. Competitive reactions such as the hydrolysis of the
2-hydroxyethylsulfonyl and benzenesulfoxide groups can be
invoked to explain the formation of the already detected by-
products.®! It is worth noting that such by-products were
mainly identified at short ozonation times and disappeared
completely at reaction times longer than 15min. At such
reaction times no by-product was detectable by HPLC-UV-MS
but several low molecular weight DNPH-aldehydes were
detected on the basis of authentic standards (formaldehyde,
acetaldehyde, glyoxal, propanal, 2-propenal, propanone,
butanal, butanone, 2-butenal). However, these compounds
failed to account for the whole organic matter left in the
reaction mixture suggesting the presence of unidentified
aldehydes and ketones. Indeed, some of them are also likely
to be sulfur-containing aldehydes, on the basis of the finding
that the amount of mineralized sulfur (i.e. inorganic sulfate)
fails to account for the total organic sulphur of Uniblu-OH
present at the beginning of the reaction. Employing the
derivatization procedure with DNPH ten unknown by-
products were identified on the basis of accurate mass
measurements of both the [M-H] ™ ions and their main product
ions, as listed in Table 1. As expected, all the derivatized by-
products gave a characteristic product ion at m/z 182,
corresponding to the [M-H]™ ion of 2,4-dinitroaniline, as a
consequence of the derivatization procedure with DNPH.
Therefore, this ion was usefully employed as a lock mass, as
mentioned in the Experimental section. It is worth noting that
the mass measured [M-H]™ ions reported in Table 1 often have
associated errors of a few ppm due to the employed QqTOFMS
instrumentation. However, this did not prevent the elemental
composition being unequivocally assigned. In fact, if no atom
constraints were set several possible elemental compositions
are possible for each by-product within 6 ppm error for mass
accuracy. Instead, by considering the additional information
that each by-product had previously been derivatized by
DNPH it was possible to apply proper atom and DBE
constraints (C>6, H>3, O>4, N>4, S>0, DBE>7.5)
leading to obtaining a single or a couple of possible elemental
compositions for each compound (Supplementary Fig. S1,
Supporting Information). Further, when two elemental com-
positions were obtained, we found that one was not
chemically consistent due to the low number of hydrogen
atoms. Therefore, for all the derivatized by-products a single
elemental composition was confidently obtained although the
mass accuracy error was about 6 ppm.

By-products 1 and 2 showed [M-H]" ions at 11/z 303.0038 and
317.0217, consistent with elemental compositions CgH;N,O7S™
and CoHoN,O;S™ (error -1.0 and 6.2ppm, respectively)
indicating a methylene group difference between the two com-
pounds. Their MS/MS spectra (Fig. 1(a) and Supplementary
Fig. S1, Supporting Information) show product ion at m/z
80.9648 and 80.9681 attributed to HSO;™ (error —4.8 and
35.8 ppm for by-product 1 and 2, respectively), suggesting that
these compounds are sulfur-containing by-products. The high
error in the measurement of the HSO;™ product ion from

by-product 2 is probably due to its low intensity. Close
examination of the product ion spectrum of the deprotonated
by-product 1 (Fig. 1(a)) reveals other minor product ions at m/z
223.0512 and 257.0130, corresponding to CgHyN,O, and
CsH;N3OsS™, respectively. The ion at m/z 223 is formed through
the loss of SO; from the precursor ion. This ion then gives rise
to the [M—H]™ ion of 2,4-dinitroaniline (1m/z 182) through loss
of acetonitrile. The radical anion at m/z 257 represents
the competitive loss of nitrous acid from the deprotonated
molecule followed by a proton shift. All the information
obtained from the product ion spectrum was rationalized in the
fragmentation pathway depicted in Fig. 2, leading to the
conclusion that by-product 1 is a 2-oxoethanesulfonic acid,
DPNH derivatized in position 2. It is formed by loss of 2-
hydroxyethanesulfonic acid from Uniblu-OH and then oxida-
tion of the ethoxy group.

The product ion mass spectrum of deprotonated by-product
2 (Supplementary Fig. S1, Supporting Information) revealed
only an additional product ion at m/z 96.9600, assigned to
HSO,™ (error —1.1ppm). On the basis of such few observed
product ions, the structure of by-product 2 is proposed as 3-
oxopropane-1-sulfonic acid, DPNH derivatized in position 3
(Supplementary Fig. S2, Supporting Information). This com-
pound is formed by cleavage of the 2-hydroxyethylsulfonyl
group of Uniblu-OH and oxidation of the hydroxyl moiety.
From Table 1 it can be seen that many of the by-products (3-8)
formed product ions through neutral loss of 44 Da, generally
indicating the presence of a carboxylic acid group. The [M-H]~
ions of by-products 3 and 4 were at m/z 253.0208 and 267.0364
with elemental compositions of CsHsN4Og (error —2.6 ppm)
and CoH;N4Og~ (error —2.6 ppm), respectively. Their struc-
tures were assigned as the DNPH derivatives of 2-oxoacetic
acid and 2-oxopropanoic acid, i.e. an aldehyde and a saturated
ketone, respectively. The product ion spectra of these by-
products were mainly dominated by the m/z 182 ion
(Supplementary Figs. S3 and S5, Supporting Information)
and had similar fragmentation pathways. Specifically, the
deprotonated molecules yield product ions at m/z 209.0363
and 223.0504, neutral loss of CO, and then the base peak (the
[M-H] ion of 2,4-dinitroaniline at m/z 182) through CH;CN
loss and hydrogen shift (Fig. 3 and Supplementary Fig. 54,
Supporting Information). This product ion, in turn, gives rise
to an ion at m/z 152, an odd-electron ion consistent with an
elemental composition of C{H4N,O3 ™, formed by loss of a NO
radical (30Da). It has been reported that product ions
originating from the DNPH moiety might be affected by the
structure of the respective carbonyl compound, making it
possible to distinguish between aliphatic aldehydes (product
ion atmy/z 163 and less abundant ion at 111/z 179), aldehydes and
ketones (intense m/z 152 product ion) and dicarbonyl
compounds (intense 1/z 182 product ion).**3?! The product
ion spectra of the DNPH derivatives of by-products 3 and 4
(Supplementary Figs. S3 and S5, Supporting Information)
revealed a base ion peak at m/z 182 and product ions at 11/z 152
and 163 of very low intensity. It follows that the above
reported features cannot be applied to compounds having
multiple functional groups. Specifically, when the carboxylic
group is present together with an aldehyde or a ketone, a very
intense m/z 182 product ion (base peak) is observed. This
means that in such a situation the dicarbonyl character of the
compound prevails in the product ion spectrum over the other
characteristics. The product ion at m/z 163.0279 of by-product
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Table 1. Accurate mass measurements and elemental compositions of degradation products of Uniblu-OH derivatized with
DNPH and their product ions using LC/QqTOF-MS and LC/QqTOF-MS-MS analysis
Structures of by-products Measured mass CE Major Elemental Calculated Error
derivatized by DNPH [M-H]~ (eV) ions composition mass (ppm)
) 303.0038 20 303.0038 CgH,;N,O,S™ 303.0041 -1.0
NO, 257.0130 CgH,N;055™ 257.0112 7.0
N. N 223.0512 CgH,N,O4 223.0473 17.5
182.0207 CeH4N30,4~ 182.0207 LM
ON T\SOBH 809648  HSO; 809652 48
@) 317.0217 15 317.0217 CoHoN,O,5 317.0197 6.2
NO 1820207  CqHuN;O4” 1820207 LM
N 96.9600 HSO,~ 96.9601 -1.1
NY\/SC%H 80.9681 HSO; 80.9652 35.8
O.N H
3) 253.0208 15 253.0208 CgHsN,Og™ 253.0215 -2.6
NO, B o 209.0363 C,HsN4,O4 209.0316 22.3
N. N 182.0145 CcH4 N304~ 182.0207 -34.2
%OH 163.0279 CeHsN,O,~ 163.0261 10.7
O,N H 152.0240 CeH4N,O3™ 152.0227 8.3
@) 267.0364 20 267.0364 CoH,;N,Og~ 267.0371 -2.6
NO, o 223.0504 CsH;N,O4~ 223.0473 13.9
N. N 197.0328 CeHsN,O4 197.0316 59
%OH 182.0209 CeH4N30,4~ 182.0207 0.9
O,N CHj 179.0232 CeH3N,O3™ 179.0211 11.9
167.0335 CeHs5N505™ 167.0336 -08
163.0288 CeH3N4O5™ 163.0261 16.3
152.0248 CcHsN,O3™ 152.0227 13.5
(5) 323.0288 15 323.0288 C11H;N4O5™ 323.0269 5.8
NO, o 279.0360 Ci1oH7N,Og™ 279.0371 -39
N. 182.0207 CgH4N;0,4~ 182.0207 LM
A NMO 96.0064 C,H,NO,™ 96.0091  -28.1
O,N H O OH
- (0]
B N-n CHj
O,N o OHo
(6) 297.0101 20 297.0101 CoHsN,Og™ 297.0113 -4.0
NO, 253.0212 CgHs5N4O4™ 253.0215 -1.2
N. 0 209.0306 C,HsN,O,4~ 209.0316 -49
NﬁOH 182.0207 CeHiN30,4~ 182.0207 LM
N
O, HO™ O
311.0286 15 311.0286 Ci0H;N,Og™ 311.0269 5.3
OH 10H17N4Og
@ NO, O 267.0387  CoHyN,Op 267.0371 5.9
Ny o 223.0476  CgH,N,O, 223.0473 14
A 182.0207 CsHiN;0,~ 182.0207 LM
O,N H O
NO, Oy ©H
’ @ N‘Nf
O2N HO o
(Continues),
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Table 1. (Continued)
Structures of by-products Measured mass CE Major Elemental Calculated Error
derivatized by DNPH [M-H]™ (eV) ions composition mass (ppm)
325.0442 15 325.0442 C11HoN4Og~ 325.0426 5.0
8) NO o on 281.0536 C1oHoN,Og~ 281.0528 3.0
Ny 0 253.0184 CsHsN4,Og™ 253.0215  -122
A 182.0207 CeHuN3O4~ 182.0207 LM
O,N H OH 179.0219 CeH3N,O5~ 179.0211 4.6
163.0219 CeH5N4O;5™ 163.0261 -26.1
NO. 153.0301 CeHsN,O5~ 153.0306 - 3.0
2
N o)
N-y I\)k
B OH
OcN 0~ "OH
252.0366 15 252.0366 CsHeNsOs- 252.0374 -3.3
©) MO o 209.0318  C;HsN,O4 209.0316 0.8
Ny 182.0169 CeHiNZO4~ 182.0207 -21.0
166.0283 CeHiN;O5~ 166.0258 14.9
O,N H 163.0247 CeH5NLO;5™ 163.0261 -89
260.0425 10 260.0425 C10HeNs04~ 260.0425 -0.1
10) o, 223.0471 CsH,N, Oy~ 223.0473 ~09
N. 182.0198 CeHiN3;O4~ 182.0207 -5.1
NMN
LM: lock mass used to recalibrate the averaged spectrum.

3, typical for aliphatic DNPH-aldehydes, is formed by oxalic
acid elimination and a cyclization reaction which stabilizes the
formed product ion (Supplementary Fig. S4, Supporting
Information). In addition, the formation of an ion at m/z
179.0232 of by-product 4 was assigned to C¢H3zN,O3" (error
11.9 ppm). Its formation can be rationalized by consecutive
loss of ethene (leading to the ion at m/z 197.0328, CcHsN4O4~,
error 5.9 ppm) and water from the product ion at m/z 223.0504
(Fig. 3), assigned to acetaldehyde-DNPH, this hypothesis
being supported by published data.®® In addition, the
proposed structure of by-product 4 was also consistent with
its chromatographic behaviour, showing a double peak, as
typically found for asymmetric DNPH-ketones.

By-product 5 showed a [M-H]™ ion at m/z 323.0288
consistent with elemental composition Cy;H;N,Og™ (error
5.8 ppm) for which two possible chemical structures can be
proposed (Table 1). The product ion spectrum (Supplementary
Fig. S6, Supporting Information) showed, in addition to the
intense ion at m/z 182, the formation of a product ion at m/z
279.0360 whose elemental composition is C;oH7N4Og
(error 3.9 ppm). This ion can be assigned to deprotonated
2,3-dioxobutanal-DNPH, formed by CO, neutral loss, sup-
porting the presence of a mono-carboxylic acid group on this
by-product. This ion fragmented further, leading to the ion at
m/z 182 and competitively to the ion at 71/z 96.0064 assigned to
C4HoNO,™ (error —28.1 ppm), as depicted in Supplementary
Fig. S7 (see Supporting Information). However, in this case
the fragmentation pattern did not allow us to distinguish

between the two proposed DNPH structures, namely 3,4,5-
trioxopentanoic acid and 2,3,4-trioxopentanoic acid.

By-products 6 and 7 showed similar fragmentation patterns.
They exhibited [M-H]™ ions at m/z 297.0101 and 311.0286,
associated with elemental compositions of CoHsN,Og™ and
Cy0HN4Og™ (error —4.0 and 5.3 ppm), respectively. Both
product ion spectra showed two consecutive carbon dioxide
eliminations, compatible with a double carboxylation on the
DNPH derivative, leading to the formaldehyde derivative at
m/z209.0306 (error —4.9 ppm) and the acetaldehyde derivative
at m/z 223.0476 (error 1.4ppm) for by-products 6 and 7,
respectively (Figs. 1(b) and 1(c)). These ions then undergo
further fragmentation leading to the ion at m/z 182 (Figs. 4 and
5). For by-product 6 the accurate mass measurement result
supported the assignment of a malonic acid derivative with a
carbonyl group at the 2-position. For by-product 7, on the
other hand, on the basis of the product ion spectrum alone it
was not possible to distinguish between two possible
dicarboxylic acid structures derivatized at the oxo position,
namely 2-formylmalonic acid and 2-oxosuccinic acid. The
second possible structure can be also correlated with by-
product 4 through an oxidative decarboxylation.

By-product 8 showed a [M-H] ™ ion at /2 325.0442 consistent
with the elemental composition C;1HgN4Og™ (error 5.0 ppm).
The product ion spectrum easily allowed us to assign this by-
product as a carboxylated derivative but, once again, it was not
possible to unequivocally assign a single structure (Supple-
mentary Fig. S8, Supporting Information). In fact, two product
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Figure 1. Calibrated product ion spectra of (a) by-product 1 (20eV), (b) by-product 6 (20eV), (c) by-product 7 (15eV), and (d)
by-product 9 (15eV). Ions at m/z 182.0207 (by-products 1, 6 and 7) and 252.0374 (by-product 9) were used as lock mass.
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Figure 2. Proposed fragmentation pathway of by-product 1 from LC/QqTOF-
MS/MS data at 20eV. Accurate mass measurements of product ions are
reported in Table 1.

ions are present, at 11/z 281.0536 and 253.0184, consistent with a mass measurement of the latter ion made it possible to remove
CO; loss (error 3.0ppm) and C,H; elimination (error ambiguities between CO and C,H, elimination from [M-HJ",
-12.2ppm) from [M-H]", respectively. Interestingly, accurate both of which have the same nominal mass of 28 Da. A
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Figure 3. Proposed fragmentation pathway of by-product 4 from LC/QqTOF-
MS/MS data at 20eV. Accurate mass measurements of product ions are

reported in Table 1.

further fragmentation pathway that is common to that of the
2-oxoacetic acid-DNPH derivative (by-product 3) is depicted in
Supplementary Fig. S9 (see Supporting Information).
By-products 9 and 10 were shown to be nitrogen-containing
compounds. They exhibited [M-H]™ ions at m/z 252.0366
and 260.0425, associated with elemental compositions of
CsHeNsOs and C1oHgNsO,~ (error -3.3 and -0.1ppm),
respectively. Their structures were rationalized as the DNPH
derivatives of 2-nitrosoacetaldehyde and 4-oxobut-2-enenitrile,
respectively. Their identification confirmed the assumption
that nitrogen-containing by-products must be present during
the ozonation of Uniblu-OH. In fact, previous experiments
employing total nitrogen measurements showed that almost no
nitrogen mineralization occurs during the entire reaction
time.” The product ion spectrum of deprotonated by-product
9 (Fig. 1(d)) revealed the presence, in addition to the ion at m1/z
182 (base peak), of ions at 11/z 209 and 163 typical of aldehyde-
DPNH derivatives as discussed above (Fig. 6). The product ion
spectrum of deprotonated by-product 10 (Supplementary

NOz _ 0 NO, o
Noy - CO, N-.
OH N%OH
by-product 6, C4H;N,O5" 08'25';‘400261'
m/z 297.0113 m/z 253.0215
l— C3HNO, l CO,
NO, NO,
NH - HCN N.
B S Ny
CHy
O,N O,N
CeH4N304” C7HsN4O4”
m/z 182.0207 m/z 209.0316

Figure 4. Proposed fragmentation pathway of by-product 6
from LC/QqTOF-MS/MS data at 20eV. Accurate mass
measurements of product ions are reported in Table 1.
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Figure 5. Proposed fragmentation pathway of by-product 7 from LC/QqTOF-

MS/MS data at 15eV. Accurate mass measurements of product ions are
reported in Table 1.
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Figure 6. Proposed fragmentation pathway of by-product 9 from LC/QqTOF-
MS/MS data at 15eV. Accurate mass measurements of product ions are

reported in Table 1.

Fig. S10, Supporting Information ) showed a diagnostic ion at
m/z 223.0471 (base peak) with elemental composition of
CgH;N4Oy4 (error —0.9 ppm) assigned to acetaldehyde-DNPH
that further decomposes to the ion at m/z 182 (Supplementary
Fig. S11, Supporting Information).

Formation mechanism of identified low molecular weight
carbonyl by-products

The identified low molecular weight carbonyl by-products
were monitored over a long ozonation time in order to gain

insights about their formation mechanism, and the measured
profiles are depicted in Fig. 7. The identified by-products are
consistent with further oxidation of the anthraquinone
moiety and/or of the benzenesulfoxide group of by-products
previously detected in the early stage of Uniblu-OH
ozonation.”! Tt follows that through hydroxylation and
subsequent decarboxylation reactions, very polar low molec-
ular weight carbonyl compounds, such as keto-acids and
aliphatic aldehydes, are formed. These include newly identi-
fied by-products (Table 1) as well as a number of aldehydes of
known chemical structure. Specifically, by-products 6, 7 and 8
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Figure 7. Formation/degradation profiles of identified carbonyl by-products (extracted ion peak area from
HPLC-ESI-QqTOFMS) during ozonation of Uniblu-OH.

are likely to be correlated since their structures differ by one
methylene group. The most probable mechanism begins with
the decarboxylation of by-products 5 and 8 followed by
oxidation of the terminal carbon of the formed intermediate,
leading ultimately to by-product 7. Such an oxidation is likely
to proceed through hydrogen homolytic abstraction by a
hydroxyl radical forming a peroxy radical, and then a
hydroperoxide. This mechanism can further proceed giving
rise to by-product 6 as shown in the degradation pathway
(Fig. 8). In addition, the formation of this compound also
occurs through degradation of by-product 5 by decarboxyla-
tion and oxidation of both the aldehyde and the methyl group
(structure A) or homolytic cleavage of the terminal acetyl
group and further oxidation (structure B). In addition,
cleavage between the keto groups in positions 2 and 3
followed by hydrolysis produces by-product 4 (Fig. 8). It

follows that three of the by-products all lead to a single
compound, namely by-product 6. This is also consistent with
the formation/decomposition profiles of the identified by-
products (Fig. 7), showing that by-product 6 is formed at much
higher abundance than by-products 5, 7 and 8. In addition, a
further decarboxylation of by-product 6 may lead to by-
product 3. Again, this is consistent with the formation/
decomposition profiles, showing the latter compound to be
persistent at longer reaction time with high abundance.

The same mechanism of decarboxylation and further
oxidation discussed above can be applied to by-product 2 in
order to explain the formation of by-product 1. This is, once
again, consistent with the formation/decomposition profiles
showing by-product 1 to be persistent and to be formed at
much higher abundance than the other compounds. The
finding that sulfur-containing by-products are still present at

O NH, o o
SO4H NO
O‘O ozonation . t diat _
—— [nlermediale -~ py-product 1 by-product9 ——> ——— Organic
by-products?®! acids
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Figure 8. Proposed pathway for Uniblu-OH degradation by ozone leading to carbonyl by-products.
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longer ozonation time confirms that the sulphur present in
Uniblu-OH does not undergo complete mineralization. The
concentration of inorganic sulfate alone, in fact, fails to
account for the entire organic sulfur balance initially present
in the Uniblu-OH.

CONCLUSIONS

QqTOEF-ESI-MS both in single and tandem MS mode,
coupled to HPLC, was employed for the characterization of
the several polar by-products generated at longer reaction
time during the degradation of Uniblu-OH by ozonation.
Specifically, the obtained results demonstrated the effective-
ness of accurate mass measurements for the identification
of by-product structures as well as for obtaining detailed
information about their fragmentation patterns. Most of
the by-products were characterized by single or double CO,
loss, consistent with assignment to aldheyde or keto-
carboxylic acid structures. The employed experimental
approach allowed the identification of both nitrogen- and
sulfur-containing carbonyl by-products during Uniblu-OH
ozonation. This result is of environmental relevance for
the balance of both organic nitrogen and sulfur during
the ozonation of Uniblu-OH. These atoms, in fact, do not
undergo complete mineralization during AOPs. Owing to the
complexity of the reactions occurring during ozonation, it
is difficult to draw exhaustive reaction schemes explaining
the formation of all the formed by-products. However, it
was possible to assess the presence of correlations between
different identified by-products, such as aldehyde acids
and keto acids. Most of these compounds in turn decom-
pose, through decarboxylation and further oxidation, to
smaller homologues. Finally, formation/decomposition pro-
files confirm that most by-products were further degraded
probably leading to the formation of low molecular weight
organic acids whose identification is still in progress in
our laboratory.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article.
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