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Chlorine dioxide is a hypochlorite alternative disinfectant agent. In this context, we have determined
the products formed in the reaction of ClO, with selected amino acids as model compounds that can be
present in natural waters. The reaction of tryptophane, histidine and tyrosine (10 ppm each) with ClO,
were studied at molar ratios ranging from 0.25 to 4 in the presence or absence of oxygen. It was found that
in the absence of oxygen adding substoichiometric amounts of ClO, creates products that are structurally
similar to the starting amino acids. Through a series of cascade reactions the initial product distribution
gradually evolves toward simple, small carbon chain products that are far from the starting amino acid.
The reaction product distribution revealed that chlorine dioxide can attack the electron-rich aromatic
moieties as well as the nitrogen atom lone electron pair. Our study is relevant to gain knowledge on the

reaction mechanism of ClO, with ubiquitous amino acids present in natural waters.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Among the different chemical agents that can be used as chlo-
rine alternatives for water potabilization, chlorine dioxide is one
that has attracted considerable attention [1-9]. The use of chlo-
rine dioxide as a preoxidant instead of chlorine is known to have a
beneficial influence of minimizing the trihalomethane (THM) for-
mation following post-chlorination [6,10-17]. Although the origin
of this THM reduction when using ClO, in pre-oxidation is believed
to arise from the lack of ClO, tendency to produce chlorination in
organic molecules [18].

Aimed at gaining some understanding on the reaction mecha-
nism of chlorine dioxide as a water disinfection agent, herein we
have carried out a product study of the reaction of chlorine dioxide
with some representative amino acids in water. Among the natural
constituents of surface water besides humic and fulvic acids, pep-
tides [19,20] and glycids from plants and microorganisms [21-25]
are the main components. Therefore, the positive effect of chlorine
dioxide treatment on the reduction of THM content could arise from
aspecificreactivity of chlorine dioxide with carbohydrates and pep-
tides which is different from that of chlorine. Thus, while most of
the studies on the action of ClO, have been limited to phenolic
structures, some reports [26] have shown that amino acids can give
rise to high THM concentrations when reacted with chlorine.

Although there are some old precedents regarding the reactivity
of C10, with amine compounds [27,28], it is note worthy that there
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is a paucity of studies focused on the identification of the chemical
structure of the products arising from reaction of organic sub-
strates with chlorine dioxide under conditions and concentrations
relevant to potable water treatment [29]. However, systematic
studies of the product distribution by reaction of relevant organic
compounds with chlorine dioxide could eventually lead to the
understanding of the specific way of action of chlorine dioxide
with respect to the THM reduction in potable water. Moreover, the
actual product distribution could depend on the amount of ClO,
(substrate to ClO, molar ratio) since a cascade of reactions can
occur. Therefore, rather than determining the identity of the prod-
ucts resulting from a single ClO, dose level, it is more informative
to follow the evolution of the product distribution as a function
of the ClO, concentration. This novel methodology has never been
applied to the understanding of ClO, pretreatment and can basi-
cally answer the question of whether or not the reaction of a given
organic compound is catalytic or stoichiometry from the ClO, point
of view. In addition the role of ambient oxygen on the ClO, reaction
should be addressed to determine if there is a synergism of the Cl1O,
reactivity by oxygen. This point can be simply studied by perform-
ing some control experiments in absence of oxygen under inert
atmosphere.

2. Experimental
2.1. Generation of chlorine dioxide
Chlorine dioxide was generated by chlorate reduction with sul-

phuric acid and hydrogen peroxide, according to Eq. (1) [30]. The
CIO, generation was accomplished by stirring at 60°C in a flask a
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mixture of KClO3 (5 g), HyO, (4 mL, 33% in water) and concentrated
H,S04 (4.5mL, 50% in water). The evolved gaseous ClO, was
collected in water and the resulting concentrated aqueous ClO;
solution was titrated by determining the optical absorption of the
solution at 360 nm (&350 = 1250 cm~! M~1) after buffering the solu-
tion pH at 7 (with HCO3~, 1 M). ClO;, is a highly toxic and chemically
unstable compound that has to be handled with extreme precau-
tion. Fume hoods and safety gloves and glasses have always to be
used. Avoid breathing of ClO; vapors. A chlorine dioxide stock solu-
tion of 500 ppm was used to dose amino acid solutions in the range
of 1-15 ppm ClO,.

2KClO3 +H,0, + HyS04 — 2Cl0;, + 05 +K3S04 +2H,0 (1)

2.2. General reaction conditions

A previous issue that we considered important when perform-
ing the present study is to determine the experimental conditions
and the substrate to ClO, molar ratio that could later be relevant
with respect to those commonly employed in water treatment
plants. Obviously all the reactions were performed in water at near
ambient temperature under continuous stirring, using amino acid
concentrations in the range of 10 ppm and a substrate to ClIO, molar
ratio between 10 and 0.25. In this way, the concentration of amino
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acid in the synthetic water has been kept to the minimum amount
that makes possible product detection while the required ClO, to
react with this amount of amino acids is only slightly above the
concentration that can be used industrially in water potabiliza-
tion (1.4 ppm as maximum) [31,32]. Also the contact time has to
be limited to the usual period occurring during the water treat-
ment process that is typically of a few hours.After titration of ClO,
at pH 7, experiments have been performed buffered at pH 7.5 with
CO,/HCO3~ (10 mM) or unbuffered, in which case the pH typically
decreased from pH 6 to pH 4 during the course of the reaction.
Experiments were conducted in the absence of buffer in order to
prevent modification or alteration of the product distribution of
each amino acid by the carbonate buffer. A series of reactions were
conducted in the presence of oxygen working at the open atmo-
sphere that should permit the formation of oxygenated products.
Other series of reactions were carried out using the same substrate
concentration (10 ppm) but in the absence of oxygen. Oxygen free
solutions were obtained by purging with an Ar stream (45 min)
prior to the reaction and conducting the treatment on a sealed
vessel. In these cases, the water was not concentrated by rotary
evaporation but submitted immediately to lyophilization to ensure
the absence of oxygen during the work up. There are some cases
in which the solution was coloured and the presence or absence
of Cl0, could not be determined by optical spectroscopy. In these
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Scheme 1. Proposed reaction mechanism for the attack of ClO, to tryptophane.
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cases, the presence of ClO, was detected by the positive test using
DPD (N,N’-diethyl-1,4-phenylenediamine) as indicator (ISO 7393-
2:1985) [33]. For those reactions in where ClO, did not completely
react at the final reaction time, the reaction was stopped by addi-
tion of sodium thiosulphate (50 mg) until the solution does not give
positive test using DPD as indicator.

2.3. Analysis of reaction products

At the final time (24 h) the reaction mixtures were acidified to
pH 2 with HCI, concentrated at 40°C and lyophilized. The residue
as suspended in BSTFA+10% TMCS and the solution stirred at
80°C for 8h [34]. The resulting silylated mixture was dissolved
in anhydrous acetonitrile, filtered through a 0.45 pm membrane
and injected in a gas chromatography GC-MS system (Hewlett
Packard HP6890 Chromatograph and mass detector Agilent 5973).
The capillary column (30m) contains crosslinked (5%) phenyl-
methylsilicone (HP-5MS) as stationary phase. Helium was used
as a carrier gas (1.2 mL/min). The injection volume was 1 L. The
injection and detector temperatures were 250 and 280 °C, respec-
tively. The oven temperature programme starts at 50 °C for 3 min,
then it increases at a rate of 8 °C/min up to 90°C, maintains this
temperature for 2 min and subsequently rises again at a rate of
15°C/min up to 280°C for 10 min [35,36]. Quantification of the
reaction products was made by using the internal standard method
consisting in the addition of a known amount of nitrobenzene to
the solution to be injected. A response factor of 1 was assumed for
all the products in the calibration. The absence of buffer makes
the analysis of non-volatile products easier since a large quan-
tity of BSTFA is consumed by the buffer. Complete silylation of
the reaction products in the presence of buffer requires an enor-
mously large excess of BSTFA since otherwise silylation is not
achieved.

2.4. Compound identification

Product identification was based on the mass spectra of each
compound. When the proposed structures were available in the
mass spectra databes (NIST 98), the match between the mass spec-
tra and the spectra from the NIST 98 database is given (see Table S5).
In some other cases, when commercially available, comparison of
the retention time in GC of the proposed structure with that of an
authentic standard was made.

The compounds that had been characterized by compari-
son of the retention time and MS with authentic standards
are listed in Table S1. Furthermore, compounds 5-hydroxy 2,4-
imidazolidinedione and N-formylanthranilic acid were synthesized
by alternative routes (Table S2) [37,38] to compare their reten-
tion time and mass spectra of their trimethylsilyl derivatives
with the data of the reaction mixture. The identification of
the other products was based solely on their mass spectra
of their trimethylsilyl derivative and they are also listed in
Tables S3, S4 and S5. Supplementary information (Tables S3, S4
and S5) contains the actual mass spectra for each reaction prod-
uct.

3. Results and discussion

In the present work we have made a product study of the reac-
tion of chlorine dioxide with a series of amino acids that have
been earlier reported to react with ClO, [39-42]. It is pertinent
to comment here that while some kinetic data about the ClO,
disappearance in the presence of amino acids and peptides [43]
constitutes a related precedent to our work, no efforts to disclose
the structure of the reaction products was done in these precedents.
Schemes 1-3 will summarize our mechanistic proposals. The lack
of data related to the chemical structure of the reaction products
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Scheme 2. Proposed reaction mechanism for the attack of ClO, to histidine.



1092 S. Navalon et al. / Journal of Hazardous Materials 164 (2009) 1089-1097

mCOOH
HO NH,

Peroxy
radicals

COOH
HO . bk

COOH
-

Peroxy
radicals

Oxidized Products (Table 3)

Scheme 3. Proposed reaction mechanism for the attack of ClO, to tyrosine.

with Cl0; has impeded up to now the understanding of the origin of
THM reduction by treating waters with ClO, as disinfectant agent
instead of chlorine.

3.1. Reaction of ClO, with tryptophane

When tryptophane was reacted with excess of ClO, (4:1 molar
ratio of ClO, respect to tryptophane, 10 ppm tryptophane concen-
tration, aerated aqueous solutions, room temperature), the reaction
proceeded instantaneously as evidenced by the change in the
colour from yellow (characteristic of aqueous ClO; solutions) to
brown. Our observation agrees with earlier report [43] that mea-
sured the ClO, disappearance kinetics for the tryptophane/ClO,
reaction using a fast kinetics stopped-flow set up.

In our case, the analysis of the reaction products has allowed
detection of the compounds indicated in Table 1. As can be seen
there, when tryptophane is treated with an excess of ClO, the most
abundant products were oxalic and fumaric acid, accompanied
with lesser amounts of 2-aminobenzoic acid, N-formylanthranilic
acid and 2-(2-oxoindolin-3-ylidene)acetic acid. These products,
particularly the two or four carbon atom carboxylic acids, indicate
that a cascade of consecutive degradation reactions with extensive
carbon-carbon bond breaking has broken tryptophane down
into low molecular mass compounds. No other products were
observed.

While the previous data indicate the most robust part of
the tryptophane structure (the one corresponding to the 2-
aminobenzoic moiety) and also that the five-member indol ring
is quite reactive and undergoes oxidative ring opening [44], the
reaction products are too far from the starting tryptophane to give
any indication of the initial sites where chlorine dioxide attacks or
to identify some of the primary reaction intermediates with larger
number of carbons.

In order to address specifically the initial attack site and also
to illustrate in which extent the substrate to ClO, molar ratio
influences the product distribution, we performed the same reac-

tion between tryptophane and ClO, under less ClO, excess in the
absence of oxygen. The rationale behind this experiment was to
stop the reaction cascade at early stages while preventing oxygen
from intervening in the degradation pathway.

As expected, the product distribution under these conditions
changes completely with respect to that previously commented for
ClO, excess under aerobic conditions. Also in accordance with our
expectations the majority of the products still contain most of the
carbon skeleton intact or very similar to that of tryptophane.

Upon consideration of the product structures it can be inferred
that there are two preferential competing sites at which reactions
between ClO, and tryptophane can take place (Scheme 1). One of
them is the amino acid nitrogen atom forming hydroxylamines,
oximes and imines. In the chemistry of organic nitrogenated com-
pounds oxidation to hydroxyl imines, oximes and imines is a
well-known chemistry [45]. Although no evidence based on prod-
uct characterization was obtained, it is very likely that further
oxidation at this position will lead eventually to the loss of the lat-
eral chain with disconnection between the indol and the a-amino
acid moieties. Oxidative C—C bond breaking in the a-positions to
heteroatoms is also a well-known process [45].

On the other hand, ClO, also attacks to the 2 and 3 positions of
the indol ring producing initially hydroxylation of a ring with sub-
sequent formation of the carbonyl group that eventually promotes
ring opening. Indol chemistry has been subject of extensive studies
[46].

A reasonable degradation route to account for the products
observed is proposed in Scheme 1. According to this scheme that
is compatible with thermodynamic data based on known redox
potential of tryptophane and ClO,, the products formed in the early
degradation events will arise from single electron transfer. Single
electron donation from electron-rich organic molecules is a very
general process for aromatic amines and heterocycles that can lead
to degradation [47]. In this process, ClO, will be converted into
chlorite while a highly reactive tryptophane radical cation will be
formed (Scheme 1).



Table 1

S. Navalon et al. / Journal of Hazardous Materials 164 (2009) 1089-1097 1093

Product distribution observed for the reaction of ClO, with tryptophane, at 20 °C, under argon or oxygen atmosphere using several reagent molar ratios.

Tryptophane / ClO, Molar Ratio 0.25, under oxygen atmosphere, pH from 6 to 4

COOH
(0]
. COOH N
HOOC-COOH 10 % Hooc™ 1% H 3%
COOH
COOH
NH, o
N-CHO 2%
H 3%

Tryptophane / ClO; Molar Ratio 0.5, under oxygen atmosphere, pH fromé6 to 4

Mixture of stereoisomers

/ COOH @[COOH ©\/COOH
(0] N—-CHO N—CHO
N H <1% H 1 %,
H 4%
Tryptophane / ClO; Molar Ratio 1, under argon atmosphere, pH from 6 to 4
NH,
COOH COOH NH;,
o) [::Ij<;; COOH
N 0o A
H 5% N
H 39, N
H 3%
Mixture of stereoisomers
HO_
N NH,
COOH HO COOH
OH 1)
N N
H 15% H 4%

Tryptophane / C10, Molar Ratio 0.5, under oxygen atmosphere, pH buffered 7.5

COOH [::I:f—COOH
~-COOH
HoOC™ 2% [::I: N-CHO
NHy <o H 4%
HN-OH
NH,
COOH
/i COOH
J  COOH
o) c
< 9 <
0.5% N “0.5%
0.5%
COOH COOH
A COOH
pes { Cr
s N N OH  <0.5%
Cl <0.5% H <0.5%

The product percentage has been estimated using nitrobenzene as external GC standard and is given with respect to the initial moles of tryptophane.

Cyclic voltammetry of tryptophane in aqueous solution shows
an oxidation potential around +1.0V vs NHE [48] and therefore it
should be easily oxidized by ClO, [49] (Eox=1.27V vs NHE). Two
possible sites of tryptophane can give the electron to ClO, either
the lone pair of amino acid nitrogen atom or from the electron-rich

five member ring heterocycle of the indol structure. After the ini-
tial electron transfer, tryptophane radical cation can evolve giving
a proton and forming the corresponding radical that would cou-
ple with ClO,. In this regard we should recall the radical nature
of ClO,. Thus, ClO, will attack to the tryptophane derived radical
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Product distribution observed for the reaction of ClO, with histidine, at 20°C, under argon or oxygen atmosphere using several reagent molar ratios.

Histidine / C10, Molar Ratio 10 , under oxygen atmosphere, pH from 6 to 4

N COOH 0]
Y X
HN— HoN HoN™ “NH,

2 76 % <1%

Histidine / C10, Molar Ratio 1, under argon atmosphere, pH from 6 to 4

N 0
¢ fCOOH
HN HaN

10 % NHy <o

Histidine / C10, Molar Ratio 1, under oxygen atmosphere, pH buffered 7.5

H
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NH; 10,

Histidine / C1O, Molar Ratio 1, under argon atmosphere, pH buffered 7.5
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H
N.oH o N~ OH
N O COOH
- < 1
HN 41 % 9 2% O 1%
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The product percentage has been estimated using nitrobenzene as external GC standard and is given with respect to the initial moles of histidine.

forming a covalent bond giving rise to a chlorite ester which would
hydrolyze to a tryptophane hydroxy derivative. Also at the stages
of radical cation or radical, the species can react with dissolved
oxygen when the reaction is carried out under aerobic conditions.
Thus, ClO, shows as preferential attack sites either at the amino
acid nitrogen or at C-2 and C-3 of the indol ring (Scheme 1). Then,
in the absence of oxygen, if an excess of ClO, is present, these
primary products will be unstable and will continue their way
to further degradation by consecutive reactions with ClO, (see
Scheme 1).

Different pathways are possible depending on the position of
the second and subsequent attacks (Scheme 1). When the attack
has occurred initially at the amino acid nitrogen, the reaction route
probably continues with the formation of multiple carbon-nitrogen
bonds and decarboxylation [2-(hydroxyimino)-3(2-hydroxy-
indolin-3-yl)propanoic acid, 3-(2-chloroindolin-3-yl)-2-(hydroxy-
amino)propanoic acid, 2-(2-oxoindolin-3-ylidene)acetic acid,
indole-3-carboxylic acid]. When the initial attack was at the indol
ring further hydroxylation and ketone formation would occur
leading eventually to the heterocyclic ring aperture [2-amino-3-
(3-hydroxy-2-oxoindolin-3-yl)propanoic acid, N-formylanthranilic
acid]. According to the product distribution observed for the high
substrate to ClO, molar ratios it seems that attack to the indol
ring is more favourable giving higher product yields than attack

to the amino acid nitrogen [46]. The latter will proceed leading to
products with a few carbon atoms.

In summary according to our data, ClO, initiates the attack to
tryptophane by single electron abstraction and subsequent oxida-
tive radical coupling processes. Oxygen is not needed in the initial
steps but, if present in the medium, it will intervene intercepting
the radicals and given oxygenated products.

3.2. Reaction of histidine with CIO,

The previous conceptual framework to understand tryptophane
degradation also applies in part for histidine degradation by CIO,
(Scheme 2). Thus, under conditions in which there is an excess of
ClO,, with respect histidine, and working under aerobic conditions,
extensive degradation steps occurs leading to one or three carbon
carboxylicacids as indicated in Table 2. Histidine degradation under
these conditions is not a chain reaction since when histidine/ClO,
molar ratio is 10 most of histidine remains unaltered even in the
presence of oxygen. Nevertheless, the role of oxygen promoting
decomposition after the initial stoichiometric attack of ClO, is also
manifested by the fact that treating histidine with ClO, under argon
shows a different product distribution pattern, wherein the primary
products arise from the preferential attack of ClO, to the amino
acid nitrogen atom leading in the case of histidine to high chemical
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Product distribution observed for the reaction of ClO, with tyrosine, at 20 °C, under argon or oxygen atmosphere using several reagent molar ratios.

Tyrosine / C1O, Molar Ratio Ratio 0.25, under oxygen atmosphere, pH from 6 to 4
HOOC-COOH 6 % ’ l
Tyrosine / ClO, Molar Ratio 0.4, under oxygen atmosphere, pH from 6 to 4
/©/COOH /@A oo mCOOH
OH
HO <1% HO 1% | HO <1%
Tyrosine / C1O, Molar Ratio 1, under oxygen atmosphere, pH from 6 to 4
COOH COOH COOH
NH,
HO 21% | HO 2% | HO <1%
COOH (e}
Homz /@*COOH
OH 1% | HO 1%
Tyrosine / ClIO, Molar Ratio 1, under argon atmosphere, pH from 6 to 4
COOH
COOH cooH L,
NH, HO
HO 27% | HO 1% OH 8%
COOH (o}
COOH
u o/(;/ /©)J\COOH /@/
OH <1% HO 1% | HO <1%
Tyrosine / C1O, Molar Ratio 0.5, under oxygen atmosphere, pH buffered 7.5
COOH
/©/ HooC COOH
HOOC™ >COOH 4 9 HO <1% COOH <1%
o
HO. COOH
COOH
COOH '_l\sz
I Ho NH, HO ol
HO 2 6% oH 8 % o 2%
Tyrosine / C1O, Molar Ratio 0.25, under oxygen atmosphere, pH buffered 7.5
HOOC™ " ~COOH HOOC™ ™7 COoOH
HOOC-COOH 10 % COOH 2% COOH 1%

The product percentage has been estimated using nitrobenzene as external GC standard and is given with respect to the initial moles of tyrosine.

yields of the corresponding 4-imidazolyl acetic acid. As in the case
of tryptophane, this primary compound is again not stable and, if
an excess of ClO, is available, hydroxylated heterocyclic compounds
start to appear leading eventually to the cleavage of the histidine
lateral chain and the heterocyclic ring opening. Table 2 contains a
summary of the products characterized as a function of the ClO,
molar ratio and the presence or absence of oxygen.

3.3. Reaction of ClO, with tyrosine

The same methodology, i.e., working at different substrate to
ClO, molar ratio either in presence or absence of oxygen, was also
applied to understand the degradation of tyrosine and the result-
ing reaction products. The product distribution characterized upon
the treatment of tyrosine with ClO; is shown in Table 3. As on the
previous cases, stoichiometric amounts of ClO, in the absence of
oxygen lead to products that are structurally closely related to the
starting tyrosine.

Recently the CIO, oxidation of tyrosine in presence of oxygen
using a substoichiometric amount of C1O; has been studied [29] and
the formation of 3-(3,4-dihydroxyphenyl)-L-alanin (L-DOPA) has
been observed by UV spectroscopy. In contrast, in our case, excess of
ClO, in the presence of oxygen leads to short-chain, highly function-
alized carboxylic acids very far from the starting tyrosine. This again
indicates that ambient oxygen is intercepting radical species lead-
ing to massive degradation of the initial structure. By combining
the product distribution of this series of reactions under differ-
ent conditions, a more complete understanding of the degradation
pathways was obtained. Based on Table 3 a degradation route can
be proposed as indicated in Scheme 3. Common with the previous
examples is that the initial proposed step consists of a single elec-
tron oxidation of tyrosine, followed by a series of radical couplings
and decarboxylation of the phenolic lateral chain. In this way, phe-
nolic carboxylic acids with one or two aliphatic carbon atoms are
formed. Also, hydroxylation of the aromatic ring forming hydro-
quinone derivatives is competitively occurring and eventually will
lead to the benzene ring rupture and formation of mono and dicar-
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boxylic acids. Again hydroxylation can take place by ClO, coupling
with a carbon centered radical and hydrolysis of the corresponding
chlorite ester or by the interception and trapping by oxygen of the
carbon centered radicals.

4. Conclusions

In the present work we have shown that the product distri-
bution for the reaction of a compound with an excess of CIO, in
the presence of oxygen is not enough to obtain sufficient conclu-
sive information about the operating degradation pathways. In fact,
the product distribution changes drastically depending on whether
substoichiometric or excess amounts of ClO, are used and also
on the presence or absence of oxygen. Also we have shown that
appropriate characterization of the reaction products requires the
adequate derivatization of polyhydroxylic and carboxylic acids. By
applying a systematic methodology, consisting of increasing the
ClO, molar ratio and performing the reaction in the absence or pres-
ence of oxygen to the three amino acids studied, we have reached
the conclusion that ClO, attack initiates at the amino acid nitro-
gen atom or at electron donor aromatic substructures. The initial
primary products are unstable under the reaction conditions and
continue the degradation mainly by a cascade of hydroxylation, car-
bonyl formation, decarboxylation and ring opening steps. Given the
current and potential importance of Cl1O, treatment for water pota-
bilization our study is relevant to gain insight into the mechanisms
of THM formation potential reduction by ClO, as compared with
conventional chlorination treatment. This type of studies can be
of relevance to understand the influence of ClO, pretreatment on
subsequent THM evolution.
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