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a b s t r a c t

Chlorine dioxide is a hypochlorite alternative disinfectant agent. In this context, we have determined
the products formed in the reaction of ClO2 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 ClO2
vailable online 7 September 2008

eywords:
hlorine dioxide
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eaction mechanism

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 ClO2 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
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reaction mechanism of ClO

. Introduction

Among the different chemical agents that can be used as chlo-
ine alternatives for water potabilization, chlorine dioxide is one
hat has attracted considerable attention [1–9]. The use of chlo-
ine dioxide as a preoxidant instead of chlorine is known to have a
eneficial influence of minimizing the trihalomethane (THM) for-
ation following post-chlorination [6,10–17]. Although the origin

f this THM reduction when using ClO2 in pre-oxidation is believed
o arise from the lack of ClO2 tendency to produce chlorination in
rganic molecules [18].

Aimed at gaining some understanding on the reaction mecha-
ism of chlorine dioxide as a water disinfection agent, herein we
ave carried out a product study of the reaction of chlorine dioxide
ith some representative amino acids in water. Among the natural

onstituents of surface water besides humic and fulvic acids, pep-
ides [19,20] and glycids from plants and microorganisms [21–25]
re the main components. Therefore, the positive effect of chlorine
ioxide treatment on the reduction of THM content could arise from
specific reactivity of chlorine dioxide with carbohydrates and pep-

ides which is different from that of chlorine. Thus, while most of
he studies on the action of ClO2 have been limited to phenolic

tructures, some reports [26] have shown that amino acids can give
ise to high THM concentrations when reacted with chlorine.

Although there are some old precedents regarding the reactivity
f ClO2 with amine compounds [27,28], it is note worthy that there

∗ Corresponding author. Tel.: +34 96 387 7807; fax.: +34 96 387 78 09.
E-mail address: hgarcia@qim.upv.es (H. Garcia).
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th ubiquitous amino acids present in natural waters.
© 2008 Elsevier B.V. All rights reserved.

s a paucity of studies focused on the identification of the chemical
tructure of the products arising from reaction of organic sub-
trates with chlorine dioxide under conditions and concentrations
elevant to potable water treatment [29]. However, systematic
tudies of the product distribution by reaction of relevant organic
ompounds with chlorine dioxide could eventually lead to the
nderstanding of the specific way of action of chlorine dioxide
ith respect to the THM reduction in potable water. Moreover, the

ctual product distribution could depend on the amount of ClO2
substrate to ClO2 molar ratio) since a cascade of reactions can
ccur. Therefore, rather than determining the identity of the prod-
cts resulting from a single ClO2 dose level, it is more informative
o follow the evolution of the product distribution as a function
f the ClO2 concentration. This novel methodology has never been
pplied to the understanding of ClO2 pretreatment and can basi-
ally answer the question of whether or not the reaction of a given
rganic compound is catalytic or stoichiometry from the ClO2 point
f view. In addition the role of ambient oxygen on the ClO2 reaction
hould be addressed to determine if there is a synergism of the ClO2
eactivity by oxygen. This point can be simply studied by perform-
ng some control experiments in absence of oxygen under inert
tmosphere.

. Experimental
.1. Generation of chlorine dioxide

Chlorine dioxide was generated by chlorate reduction with sul-
huric acid and hydrogen peroxide, according to Eq. (1) [30]. The
lO2 generation was accomplished by stirring at 60 ◦C in a flask a

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hgarcia@qim.upv.es
dx.doi.org/10.1016/j.jhazmat.2008.09.010
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ixture of KClO3 (5 g), H2O2 (4 mL, 33% in water) and concentrated
2SO4 (4.5 mL, 50% in water). The evolved gaseous ClO2 was
ollected in water and the resulting concentrated aqueous ClO2
olution was titrated by determining the optical absorption of the
olution at 360 nm (ε360 = 1250 cm−1 M−1) after buffering the solu-
ion pH at 7 (with HCO3

−, 1 M). ClO2 is a highly toxic and chemically
nstable compound that has to be handled with extreme precau-
ion. Fume hoods and safety gloves and glasses have always to be
sed. Avoid breathing of ClO2 vapors. A chlorine dioxide stock solu-
ion of 500 ppm was used to dose amino acid solutions in the range
f 1–15 ppm ClO2.

KClO3 + H2O2 + H2SO4 → 2ClO2 + O2 + K2SO4 + 2H2O (1)

.2. General reaction conditions

A previous issue that we considered important when perform-
ng the present study is to determine the experimental conditions
nd the substrate to ClO2 molar ratio that could later be relevant

ith respect to those commonly employed in water treatment
lants. Obviously all the reactions were performed in water at near
mbient temperature under continuous stirring, using amino acid
oncentrations in the range of 10 ppm and a substrate to ClO2 molar
atio between 10 and 0.25. In this way, the concentration of amino

v
e
t
i
o

Scheme 1. Proposed reaction mechanism f
Materials 164 (2009) 1089–1097

cid in the synthetic water has been kept to the minimum amount
hat makes possible product detection while the required ClO2 to
eact with this amount of amino acids is only slightly above the
oncentration that can be used industrially in water potabiliza-
ion (1.4 ppm as maximum) [31,32]. Also the contact time has to
e limited to the usual period occurring during the water treat-
ent process that is typically of a few hours.After titration of ClO2

t pH 7, experiments have been performed buffered at pH 7.5 with
O2/HCO3

− (10 mM) or unbuffered, in which case the pH typically
ecreased from pH 6 to pH 4 during the course of the reaction.
xperiments were conducted in the absence of buffer in order to
revent modification or alteration of the product distribution of
ach amino acid by the carbonate buffer. A series of reactions were
onducted in the presence of oxygen working at the open atmo-
phere that should permit the formation of oxygenated products.
ther series of reactions were carried out using the same substrate
oncentration (10 ppm) but in the absence of oxygen. Oxygen free
olutions were obtained by purging with an Ar stream (45 min)
rior to the reaction and conducting the treatment on a sealed

essel. In these cases, the water was not concentrated by rotary
vaporation but submitted immediately to lyophilization to ensure
he absence of oxygen during the work up. There are some cases
n which the solution was coloured and the presence or absence
f ClO2 could not be determined by optical spectroscopy. In these

or the attack of ClO2 to tryptophane.



rdous

c
D
2
r
t
p

2

p
a
8
i
a
P
T
m
a
i
t
t
t
1
r
c
t
a
t
t
t
m
a

2

c
m
t
I
t
a

s
a
i
b
t
w
t
o
T
a
u

3

t
b
t

S. Navalon et al. / Journal of Haza

ases, the presence of ClO2 was detected by the positive test using
PD (N,N′-diethyl-1,4-phenylenediamine) as indicator (ISO 7393-
:1985) [33]. For those reactions in where ClO2 did not completely
eact at the final reaction time, the reaction was stopped by addi-
ion of sodium thiosulphate (50 mg) until the solution does not give
ositive test using DPD as indicator.

.3. Analysis of reaction products

At the final time (24 h) the reaction mixtures were acidified to
H 2 with HCl, concentrated at 40 ◦C and lyophilized. The residue
s suspended in BSTFA + 10% TMCS and the solution stirred at
0 ◦C for 8 h [34]. The resulting silylated mixture was dissolved

n anhydrous acetonitrile, filtered through a 0.45 �m membrane
nd injected in a gas chromatography GC–MS system (Hewlett
ackard HP6890 Chromatograph and mass detector Agilent 5973).
he capillary column (30 m) contains crosslinked (5%) phenyl-
ethylsilicone (HP-5MS) as stationary phase. Helium was used

s a carrier gas (1.2 mL/min). The injection volume was 1 �L. The
njection and detector temperatures were 250 and 280 ◦C, respec-
ively. The oven temperature programme starts at 50 ◦C for 3 min,
hen it increases at a rate of 8 ◦C/min up to 90 ◦C, maintains this
emperature for 2 min and subsequently rises again at a rate of
5 ◦C/min up to 280 ◦C for 10 min [35,36]. Quantification of the
eaction products was made by using the internal standard method
onsisting in the addition of a known amount of nitrobenzene to
he solution to be injected. A response factor of 1 was assumed for
ll the products in the calibration. The absence of buffer makes

he analysis of non-volatile products easier since a large quan-
ity of BSTFA is consumed by the buffer. Complete silylation of
he reaction products in the presence of buffer requires an enor-

ously large excess of BSTFA since otherwise silylation is not
chieved.

d
c
t
S
o

Scheme 2. Proposed reaction mechanism
Materials 164 (2009) 1089–1097 1091

.4. Compound identification

Product identification was based on the mass spectra of each
ompound. When the proposed structures were available in the
ass spectra databes (NIST 98), the match between the mass spec-

ra and the spectra from the NIST 98 database is given (see Table S5).
n some other cases, when commercially available, comparison of
he retention time in GC of the proposed structure with that of an
uthentic standard was made.

The compounds that had been characterized by compari-
on of the retention time and MS with authentic standards
re listed in Table S1. Furthermore, compounds 5-hydroxy 2,4-
midazolidinedione and N-formylanthranilic acid were synthesized
y alternative routes (Table S2) [37,38] to compare their reten-
ion time and mass spectra of their trimethylsilyl derivatives
ith the data of the reaction mixture. The identification of

he other products was based solely on their mass spectra
f their trimethylsilyl derivative and they are also listed in
ables S3, S4 and S5. Supplementary information (Tables S3, S4
nd S5) contains the actual mass spectra for each reaction prod-
ct.

. Results and discussion

In the present work we have made a product study of the reac-
ion of chlorine dioxide with a series of amino acids that have
een earlier reported to react with ClO2 [39–42]. It is pertinent
o comment here that while some kinetic data about the ClO2

isappearance in the presence of amino acids and peptides [43]
onstitutes a related precedent to our work, no efforts to disclose
he structure of the reaction products was done in these precedents.
chemes 1–3 will summarize our mechanistic proposals. The lack
f data related to the chemical structure of the reaction products

for the attack of ClO2 to histidine.
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Scheme 3. Proposed reaction mech

ith ClO2 has impeded up to now the understanding of the origin of
HM reduction by treating waters with ClO2 as disinfectant agent
nstead of chlorine.

.1. Reaction of ClO2 with tryptophane

When tryptophane was reacted with excess of ClO2 (4:1 molar
atio of ClO2 respect to tryptophane, 10 ppm tryptophane concen-
ration, aerated aqueous solutions, room temperature), the reaction
roceeded instantaneously as evidenced by the change in the
olour from yellow (characteristic of aqueous ClO2 solutions) to
rown. Our observation agrees with earlier report [43] that mea-
ured the ClO2 disappearance kinetics for the tryptophane/ClO2
eaction using a fast kinetics stopped-flow set up.

In our case, the analysis of the reaction products has allowed
etection of the compounds indicated in Table 1. As can be seen
here, when tryptophane is treated with an excess of ClO2 the most
bundant products were oxalic and fumaric acid, accompanied
ith lesser amounts of 2-aminobenzoic acid, N-formylanthranilic

cid and 2-(2-oxoindolin-3-ylidene)acetic acid. These products,
articularly the two or four carbon atom carboxylic acids, indicate
hat a cascade of consecutive degradation reactions with extensive
arbon–carbon bond breaking has broken tryptophane down
nto low molecular mass compounds. No other products were
bserved.

While the previous data indicate the most robust part of
he tryptophane structure (the one corresponding to the 2-
minobenzoic moiety) and also that the five-member indol ring
s quite reactive and undergoes oxidative ring opening [44], the
eaction products are too far from the starting tryptophane to give
ny indication of the initial sites where chlorine dioxide attacks or

o identify some of the primary reaction intermediates with larger
umber of carbons.

In order to address specifically the initial attack site and also
o illustrate in which extent the substrate to ClO2 molar ratio
nfluences the product distribution, we performed the same reac-

e
g
t
c
f

for the attack of ClO2 to tyrosine.

ion between tryptophane and ClO2 under less ClO2 excess in the
bsence of oxygen. The rationale behind this experiment was to
top the reaction cascade at early stages while preventing oxygen
rom intervening in the degradation pathway.

As expected, the product distribution under these conditions
hanges completely with respect to that previously commented for
lO2 excess under aerobic conditions. Also in accordance with our
xpectations the majority of the products still contain most of the
arbon skeleton intact or very similar to that of tryptophane.

Upon consideration of the product structures it can be inferred
hat there are two preferential competing sites at which reactions
etween ClO2 and tryptophane can take place (Scheme 1). One of
hem is the amino acid nitrogen atom forming hydroxylamines,
ximes and imines. In the chemistry of organic nitrogenated com-
ounds oxidation to hydroxyl imines, oximes and imines is a
ell-known chemistry [45]. Although no evidence based on prod-
ct characterization was obtained, it is very likely that further
xidation at this position will lead eventually to the loss of the lat-
ral chain with disconnection between the indol and the �-amino
cid moieties. Oxidative C C bond breaking in the �-positions to
eteroatoms is also a well-known process [45].

On the other hand, ClO2 also attacks to the 2 and 3 positions of
he indol ring producing initially hydroxylation of a ring with sub-
equent formation of the carbonyl group that eventually promotes
ing opening. Indol chemistry has been subject of extensive studies
46].

A reasonable degradation route to account for the products
bserved is proposed in Scheme 1. According to this scheme that
s compatible with thermodynamic data based on known redox
otential of tryptophane and ClO2, the products formed in the early
egradation events will arise from single electron transfer. Single

lectron donation from electron-rich organic molecules is a very
eneral process for aromatic amines and heterocycles that can lead
o degradation [47]. In this process, ClO2 will be converted into
hlorite while a highly reactive tryptophane radical cation will be
ormed (Scheme 1).
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Table 1
Product distribution observed for the reaction of ClO2 with tryptophane, at 20 ◦C, under argon or oxygen atmosphere using several reagent molar ratios.

T dard a

a
s
p
t

he product percentage has been estimated using nitrobenzene as external GC stan
Cyclic voltammetry of tryptophane in aqueous solution shows
n oxidation potential around +1.0 V vs NHE [48] and therefore it
hould be easily oxidized by ClO2 [49] (Eox = 1.27 V vs NHE). Two
ossible sites of tryptophane can give the electron to ClO2 either
he lone pair of amino acid nitrogen atom or from the electron-rich

fi
t
a
p
o

nd is given with respect to the initial moles of tryptophane.
ve member ring heterocycle of the indol structure. After the ini-
ial electron transfer, tryptophane radical cation can evolve giving
proton and forming the corresponding radical that would cou-

le with ClO2. In this regard we should recall the radical nature
f ClO2. Thus, ClO2 will attack to the tryptophane derived radical



1094 S. Navalon et al. / Journal of Hazardous Materials 164 (2009) 1089–1097

Table 2
Product distribution observed for the reaction of ClO2 with histidine, at 20 ◦C, under argon or oxygen atmosphere using several reagent molar ratios.

T dard a
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he product percentage has been estimated using nitrobenzene as external GC stan

orming a covalent bond giving rise to a chlorite ester which would
ydrolyze to a tryptophane hydroxy derivative. Also at the stages
f radical cation or radical, the species can react with dissolved
xygen when the reaction is carried out under aerobic conditions.
hus, ClO2 shows as preferential attack sites either at the amino
cid nitrogen or at C-2 and C-3 of the indol ring (Scheme 1). Then,
n the absence of oxygen, if an excess of ClO2 is present, these
rimary products will be unstable and will continue their way
o further degradation by consecutive reactions with ClO2 (see
cheme 1).

Different pathways are possible depending on the position of
he second and subsequent attacks (Scheme 1). When the attack
as occurred initially at the amino acid nitrogen, the reaction route
robably continues with the formation of multiple carbon–nitrogen
onds and decarboxylation [2-(hydroxyimino)-3(2-hydroxy-

ndolin-3-yl)propanoic acid, 3-(2-chloroindolin-3-yl)-2-(hydroxy-
mino)propanoic acid, 2-(2-oxoindolin-3-ylidene)acetic acid,
ndole-3-carboxylic acid]. When the initial attack was at the indol
ing further hydroxylation and ketone formation would occur

eading eventually to the heterocyclic ring aperture [2-amino-3-
3-hydroxy-2-oxoindolin-3-yl)propanoic acid, N-formylanthranilic
cid]. According to the product distribution observed for the high
ubstrate to ClO2 molar ratios it seems that attack to the indol
ing is more favourable giving higher product yields than attack

d
m
s
p
a

nd is given with respect to the initial moles of histidine.

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

In summary according to our data, ClO2 initiates the attack to
ryptophane by single electron abstraction and subsequent oxida-
ive radical coupling processes. Oxygen is not needed in the initial
teps but, if present in the medium, it will intervene intercepting
he radicals and given oxygenated products.

.2. Reaction of histidine with ClO2

The previous conceptual framework to understand tryptophane
egradation also applies in part for histidine degradation by ClO2
Scheme 2). Thus, under conditions in which there is an excess of
lO2 with respect histidine, and working under aerobic conditions,
xtensive degradation steps occurs leading to one or three carbon
arboxylic acids as indicated in Table 2. Histidine degradation under
hese conditions is not a chain reaction since when histidine/ClO2

olar ratio is 10 most of histidine remains unaltered even in the
resence of oxygen. Nevertheless, the role of oxygen promoting

ecomposition after the initial stoichiometric attack of ClO2 is also
anifested by the fact that treating histidine with ClO2 under argon

hows a different product distribution pattern, wherein the primary
roducts arise from the preferential attack of ClO2 to the amino
cid nitrogen atom leading in the case of histidine to high chemical
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Table 3
Product distribution observed for the reaction of ClO2 with tyrosine, at 20 ◦C, under argon or oxygen atmosphere using several reagent molar ratios.

T dard a

y
o
a
s
l
s
m

3

C
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i
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b
e
t

he product percentage has been estimated using nitrobenzene as external GC stan

ields of the corresponding 4-imidazolyl acetic acid. As in the case
f tryptophane, this primary compound is again not stable and, if
n excess of ClO2 is available, hydroxylated heterocyclic compounds
tart to appear leading eventually to the cleavage of the histidine
ateral chain and the heterocyclic ring opening. Table 2 contains a
ummary of the products characterized as a function of the ClO2
olar ratio and the presence or absence of oxygen.

.3. Reaction of ClO2 with tyrosine

The same methodology, i.e., working at different substrate to
lO2 molar ratio either in presence or absence of oxygen, was also
pplied to understand the degradation of tyrosine and the result-

ng reaction products. The product distribution characterized upon
he treatment of tyrosine with ClO2 is shown in Table 3. As on the
revious cases, stoichiometric amounts of ClO2 in the absence of
xygen lead to products that are structurally closely related to the
tarting tyrosine.

a
n
f
q
l

nd is given with respect to the initial moles of tyrosine.

Recently the ClO2 oxidation of tyrosine in presence of oxygen
sing a substoichiometric amount of ClO2 has been studied [29] and
he formation of 3-(3,4-dihydroxyphenyl)-l-alanin (l-DOPA) has
een observed by UV spectroscopy. In contrast, in our case, excess of
lO2 in the presence of oxygen leads to short-chain, highly function-
lized carboxylic acids very far from the starting tyrosine. This again
ndicates that ambient oxygen is intercepting radical species lead-
ng to massive degradation of the initial structure. By combining
he product distribution of this series of reactions under differ-
nt conditions, a more complete understanding of the degradation
athways was obtained. Based on Table 3 a degradation route can
e proposed as indicated in Scheme 3. Common with the previous
xamples is that the initial proposed step consists of a single elec-
ron oxidation of tyrosine, followed by a series of radical couplings

nd decarboxylation of the phenolic lateral chain. In this way, phe-
olic carboxylic acids with one or two aliphatic carbon atoms are

ormed. Also, hydroxylation of the aromatic ring forming hydro-
uinone derivatives is competitively occurring and eventually will
ead to the benzene ring rupture and formation of mono and dicar-
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oxylic acids. Again hydroxylation can take place by ClO2 coupling
ith a carbon centered radical and hydrolysis of the corresponding

hlorite ester or by the interception and trapping by oxygen of the
arbon centered radicals.

. Conclusions

In the present work we have shown that the product distri-
ution for the reaction of a compound with an excess of ClO2 in
he presence of oxygen is not enough to obtain sufficient conclu-
ive information about the operating degradation pathways. In fact,
he product distribution changes drastically depending on whether
ubstoichiometric or excess amounts of ClO2 are used and also
n the presence or absence of oxygen. Also we have shown that
ppropriate characterization of the reaction products requires the
dequate derivatization of polyhydroxylic and carboxylic acids. By
pplying a systematic methodology, consisting of increasing the
lO2 molar ratio and performing the reaction in the absence or pres-
nce of oxygen to the three amino acids studied, we have reached
he conclusion that ClO2 attack initiates at the amino acid nitro-
en atom or at electron donor aromatic substructures. The initial
rimary products are unstable under the reaction conditions and
ontinue the degradation mainly by a cascade of hydroxylation, car-
onyl formation, decarboxylation and ring opening steps. Given the
urrent and potential importance of ClO2 treatment for water pota-
ilization our study is relevant to gain insight into the mechanisms
f THM formation potential reduction by ClO2 as compared with
onventional chlorination treatment. This type of studies can be
f relevance to understand the influence of ClO2 pretreatment on
ubsequent THM evolution.
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