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Reaction of methionine with chlorine: kinetics,
product formation, and potential use as a
scavenger in chlorine dioxide-based systems†
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The present study investigates the reaction of methionine with free available chlorine (FAC) and estimates

the usability of methionine as a selective scavenger for intrinsically formed FAC in chlorine dioxide (ClO2)-

based reactions. It has been reported that ClO2 forms chlorite and FAC in the reaction with phenolic

compounds. However, for some reactive moieties such as reduced sulfur-containing compounds, no

quantification of FAC could be carried out yet, due to the limitation of the current methods which arise

from the high reactivity of these compounds with both ClO2 and FAC. Methionine reacts fast with FAC (kapp
= 6.8 × 108 M−1 s−1 at pH 7), and very slow with ClO2 (kapp = 10−2 M−1 s−1 at pH 7). Methionine sulfoxide and

chloride are formed in equal parts in the reaction of methionine with FAC, as stable products. Hence the

yield of methionine sulfoxide and chloride can principally be used to quantify intrinsically formed FAC.

While the results for phenol were in accordance with the literature (50% chlorite and 50% FAC),

hydroquinone and 1,4-dimethylpiperazine also resulted in methionine sulfoxide yields, even though no FAC

formation has been reported for these compounds. It is possible that reactive organic intermediates are

formed, which additionally causes methionine sulfoxide formation (e.g., semiquinone or phenoxy radicals).

Based on this study, the FAC formation in the reaction of glutathione with ClO2 can be confirmed and is

expected to be 50%. However, since methionine sulfoxide can be formed by reactive organic intermediate

species, quantitative statements should be handled with care.

Introduction

Chlorine dioxide (ClO2) based oxidation is increasingly used in
water treatment since it is less prone to form halogenated
disinfection by-products (DBPs) compared to chlorine which
forms DBPs such as trihalomethane (THM).1,2 Indeed, ClO2

shows less THM formation compared to chlorine.3 However, it
is proven that in its reactions with specific reactive moieties

(e.g., phenols) free available chlorine (FAC) is formed as a
reaction product.4–8 Although the most abundant reaction
product is chlorite (ClO2

−), in the reaction with most phenolic
moieties, FAC and ClO2

− are formed in 50% ratios each.4–8 In
the reaction with saturated nitrogen-containing heterocycles,
ClO2 is reported to react mainly via electron transfer, and
nearly 100% ClO2

− is formed.9 Other studies showed that ClO2

could react with specific amino acids and form 50% FAC and
50% ClO2

−.7,10,11 The fate of this intrinsically formed FAC has
not been fully investigated yet. Intrinsically formed FAC may
cause the formation of harmful DBPs in ClO2 treatment.
However, FAC as secondary oxidant might positively affect
pollutant degradation and disinfection.12,13 For instance, the
reaction with phenols and amines, which are reactive moieties
of a broad range of micropollutants, differs strongly between
ClO2 and FAC. While phenolic compounds react fast with
ClO2,

12 they react slow with FAC.14 On the other hand, FAC
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Water impact

This study showed that methionine can be used to scavenge intrinsically formed FAC in reactions of organic compounds with ClO2. This finding will
increase the knowledge about ClO2 reactions and thus help to improve ClO2-based water treatment.
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reacts very fast with primary amines, which react slow with
ClO2. This synergy might allow to degrade a broader spectrum
of pollutants during ClO2 based (waste)water treatment.4,12

The challenge of determining intrinsic FAC formation is
to outcompete all other reactions that FAC might undergo in
the corresponding reaction system (cf. reactivities of FAC).14

This can only be done with a selective scavenger (for FAC
reactions) which provides full scavenging of FAC without
reacting with ClO2. Different approaches have been used so
far. One reported approach is the addition of ammonia as a
selective scavenger.5 Thereby, ammonia reacts several orders
of magnitude faster with FAC than ClO2 (kapp (FAC + NH3) =
1.3 × 104 M−1 s−1 at pH 7, kapp (ClO2 + NH3) = <10−6 M−1 s−1

at pH 7)14,15 and forms chloramine (NH2Cl), which can be
quantitatively detected.5 Terhalle et al., used bromide (Br−) as
FAC scavenger. Br− reacts fast with FAC (kapp = 5.3 × 103 M−1

s−1 at pH 7)14 and forms free available bromine (FAB), which
further reacts with phenol to form bromophenols and the
quantification of intrinsic FAC was carried out by
quantification of formed bromophenols.4 Glycine has also
been used as a selective scavenger.6–9 Glycine reacts fast with
FAC (kapp = 1.5 × 105 M−1 s−1 at pH 7)14 and slow with ClO2

(kapp = <10−5 M−1 s−1 at pH 7)15 and is, therefore, a suitable
scavenger for intrinsically formed FAC. The reaction of FAC
with glycine forms chloro–glycine (Cl–Gly), which can be
detected photometrically in the presence of iodide in excess16

or with IC simultaneous to other chlorine species formed in
the reaction (glycine method).17 The sensitivity of the glycine
method can be further increased by installing post column
reaction using potassium iodide as reactant and ammonium
molybdate as a catalyzer.17 However, it has been shown that
Cl–Gly can undergo follow-up reactions with intrinsically
formed reactive species (e.g., ortho-benzoquinone) which
would result in a wrong interpretation of the FAC yields.8

All methods mentioned above have the drawback that the
second-order reaction rate constant of FAC with the scavenging
compound is the limiting factor. Thus, most sulfur-containing
compounds can hardly be investigated in terms of FAC
formation because the reaction rate of FAC with these sulfur-
containing compounds is several orders of magnitude faster
compared to the reaction rate of FAC with the aforementioned
scavengers.14 For full scavenging of FAC high scavenger-
surpluses over the compound under study are required, which
may result in undesired ClO2 scavenging. Ison et al. gave
evidence that FAC might be formed in the reactions of cysteine
and glutathione (GSH) with ClO2.

18 However, the available FAC
determination methods are not capable of quantifying the FAC
yields in these reactions. This study investigates methionine as a
novel scavenger for the determination of intrinsically formed
FAC in the reaction of ClO2 with sulfur-containing compounds.
The reaction rate for methionine with FAC is kapp = 6.8 × 108 M−1

s−1 at pH 7 (ref. 14) and methionine has been reported to be
unreactive toward ClO2 at pH 6.19 A proposed pathway for the
reaction of methionine shows that the reaction stoichiometry of
FAC with methionine is 1 : 1 and yields 1 molecule of methionine
sulfoxide (MSO) and one molecule of chloride (Cl−).14

Material and methods
Chemicals, instruments, & methods

The chemicals used in this study and their purpose of
use are listed in Table S1.† Table S2† provides an
overview of the instruments used in this study. Finally,
Tables S3 and S4† show the IC and LC method used for
detection, respectively.

Production of ClO2 and FAC solutions

ClO2 solutions were produced on-site by using the persulfate–
chlorite method. Detailed information on the procedure is
provided in literature.4 Since ClO2 is an unstable and volatile
oxidant, the concentration of the ClO2 stock solution needs
to be measured before every experiment. This was carried out
by direct absorption measurement at λ = 359 nm (ε359 = 1250
M−1 s−1).20 ClO2 stock solutions were stored in the dark at 4
°C and were used until the concentration of ClO2 dropped
below 80% of the initial concentration after production.
Detailed information about the impurities of the stock
solution can be found in previous work.8

FAC solutions were prepared daily before every
experiment. A 15% FAC solution was 400-fold diluted in pure
water and the FAC concentration was measured by direct
absorption measurement at λ = 292 nm (ε292 = 350 M−1 cm−1)
(note that the concentration is determined by measuring
absorption of OCl− thus, pH should be above 10 (pKa =
7.54)).17

Determination of reaction kinetics

The second-order reaction constant (kapp) for the reaction of
methionine with ClO2 has been determined by pseudo-first-
order kinetics by monitoring the UV absorbance of ClO2 over
time. Therefore, a reaction solution containing different
concentrations of methionine and ClO2 was mixed in a 3 mL
quartz cuvette (optical path length 1 cm), and the adsorption
of ClO2 at λ = 359 nm was monitored over time (data points
were measured every 2 seconds for 30 minutes). Furthermore,
the reaction solution contained 5 mM phosphate buffer to
ensure a constant pH of 7. ClO2 was added with two different
molar ratios towards methionine (1 : 10, and 1 : 100). All
experiments were carried out in triplicates.

By plotting the ClO2 degradation as ln([ClO2]/[ClO2]0) over
time, the pseudo-first-order rate constant (kobs) of the
reaction can be calculated. The slope of this plot (kobs) needs
to be divided by the initial concentration of the compounds
in excess ([A]), which gives the second-order reaction rate
constant according to eqn (1).

kapp ¼ kobs
A½ �0

(1)
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Formation of chloride and MSO in methionine oxidation by
FAC

The inorganic reaction products of the reaction of
methionine with FAC have been determined via IC.
Therefore, 100 μM methionine solution reacted with
different concentrations of FAC (20–100 μM) at pH 7. After
a reaction time of 10 minutes, to ensure full turnover of
FAC (kapp (FAC + methionine) = 6.8 × 108 M−1 s−1),14 the
aliquots were transferred into IC vials (polypropylene (PP))
and measured with the IC method described in Table S3.†
One has to take into account that the stock solution of
FAC contains high impurities of Cl−. Therefore, the
determination of Cl− impurities is necessary. For this
purpose, identical FAC concentrations were dosed into a
10 mM glycine solution (further containing 5 mM
phosphate buffer at pH 7) to scavenge all FAC species.
The remaining Cl− can be quantified and later subtracted
from the measured Cl− concentration in the reaction of
methionine with FAC.

The formation of MSO as a reaction product was
measured via LC–MS/MS, described in Table S4.† The
formation of MSO was measured as the reaction product of
methionine with FAC and calibrated with the commercially
available standard. To determine the reaction products of
methionine and FAC, different doses of FAC were added to
100 μM methionine solution, buffered at pH 7. Formed MSO
was quantified using a calibration based on external
standards which were commercially available. All
experiments were carried out in triplicates.

Model compounds

To test the suitability of the developed method, four model
compounds were chosen with different chlorine balances
(sum of different chlorine species formed per consumed
ClO2). While phenol is reported to show 50% FAC and 50%
ClO2

− formation,4,5 1,4-dimethylpiperazine (DMP) and
hydroquinone have been observed to form 100% ClO2

− in
ClO2-based reactions as inorganic by-products.6,9 GSH was
investigated as a sulfur-containing model compound.

Reaction solutions contained 100 μM of the model
compound, 1 mM methionine, and 5 mM phosphate buffer
adjusted to pH 7. ClO2 was added in different doses (50,
100, and 200 μM). After a reaction time of 30 min, aliquots
were transferred to LC (glass) and IC (PP) vials and were
measured by IC and LC–MS/MS described in Tables S3 and
S4.† All chlorine balances were determined in triplicates.
For determination of FAC recovery a defined dose of FAC
(100 μM) was added to an aliquot of the exact same
reaction solutions which was used for ClO2 treatment. The
FAC recovery rate was determined by the ratio of measured
vs. added FAC. By this any matrix effects of the reaction
solution could be observed/ruled out. Note, that is approach
does not cover the interference by intrinsically formed
species.8

Follow-up reactions

To investigate the follow-up reactions of GSH with ClO2
−,

different GSH doses were dosed to 100 μM ClO2
− in presence

of 10 mM glycine at pH 7. The chlorine balance of these
solutions were measured after 5 min, 24 hours, and 48
hours.

To investigate if formed ClO2
− is causing MSO formation

by reacting with methionine, a long-term monitoring
experiment was conducted. Thereby 100 μM ClO2

− and 100
μM methionine were mixed in the presence of 5 mM
phosphate buffer at pH 7. Then ClO2

−, Cl−, and MSO were
monitored over time. To achieve comparable results, it was
ensured that IC and LC were always measured
simultaneously (same time of sample injection). The total
period was set to 24 hours. Cl− samples need to be blank
corrected and the impurity of ClO2

− solutions (purity = 80%)
also contains Cl−. Thus, the Cl− concentration of the impurity
needs to be determined as well and subtracted from the final
result.

To investigate the follow-up reaction of methionine
with benzoquinone, as reactive organic transformation
product, 100 μM methionine and 100 μM benzoquinone
were mixed at pH 7 and MSO formation was monitored
for 18 hours.

Results and discussion
Reaction kinetics

To investigate if methionine is a suitable scavenger for the
intrinsically formed FAC as the secondary oxidant in ClO2-
based reactions, two features are necessary. First, the second-
order reaction rate constant for the reaction with FAC should
be high, which has been reported for methionine to be kapp =
6.8 × 108 M−1 s−1 at pH 7.14 Furthermore, the second-order
reaction rate constant for the reaction with ClO2 should be
several orders of magnitude lower. The second-order rate
constant for the reaction of methionine and ClO2 has not
been reported in the literature yet. Table 1 shows the
obtained pseudo-first-order reaction rate constants and the
second-order reaction rate constants for different ratios
between methionine and ClO2.

Overall, the second-order rate constant of methionine with
ClO2 is low (10−2 M−1 s−1) and ten orders of magnitude lower
than the corresponding reaction with FAC. Thus, methionine
can effectively and selectively scavenge FAC in the presence
of ClO2.

Formation of chloride and MSO

It was investigated if Cl− is the only inorganic reaction
product of the reaction of methionine and FAC. In that,
different concentrations of FAC were added to a 0.1 mM
methionine solution and measured with IC. The relative
yields based on the dosed FAC concentration are shown in
Fig. 1. It is visible that Cl− is the main reaction product in
this reaction, with yields ranging between 90 and 110%. The
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standard deviation of the triplicate measurement is relatively
high in this experiment, which can be explained by the high
Cl− background concentrations in the FAC stock solution.
Despite the high Cl− background concentrations, precise
determination of Cl− is possible. It has to be mentioned that
no other chlorine species (i.e., ClO2

−, chlorate (ClO3
−)) were

detected in this experiment, indicating that the reaction of
FAC with methionine forms 100% Cl− which is according to
the proposed reaction mechanism (Fig. S1†).14

The formation of MSO as the reaction product of the
reaction of methionine with FAC has been investigated as
well. Thereby, the focus was to determine the yield of MSO
per FAC consumed. The MSO yields are later required to
correlate with intrinsically formed FAC yields when
methionine is applied as a FAC scavenger. For this purpose,
FAC was added in different concentrations to methionine
and the formed MSO was measured (determined using
commercially available MSO standards). The amount of FAC
added was than correlated with MSO formed to determine
the MSO yield (Fig. 2).

The correlation of MSO formation with added FAC shows
a linear trend. Based on the slope of the plot, which is very
close to 1, it can be stated that the stoichiometry of the
proposed reaction mechanism is 1, i.e., one molecule of
MSO is formed per molecule of FAC consumed.

Chlorine mass balance of model compounds during
reactions with chlorine dioxide

Phenol, hydroquinone, and DMP have been chosen as model
compounds since their chlorine balance is known. While
phenol is reported to form 50% FAC and 50% ClO2

−,4,5

hydroquinone and DMP are reported to form 100%
chlorite.6,8,9,21,22 These data will later be compared to the
chlorine balances measured with the methionine method.

The determined chlorine mass balance for phenol is
shown in Fig. 3. Fig. 3A shows all species formed in this
reaction (Cl−, ClO2

−, and MSO). Additionally, direct addition
of FAC to an aliquot of the reaction solution displays close to
100% turnover to MSO (recovery (REC)). This indicates that
methionine is added in sufficient concentrations to
effectively scavenge intrinsically formed FAC (if formed) and
yield MSO.

As demonstrated before, FAC reacts with methionine in a
1 : 1 stoichiometric ratio and forms 1 mole of Cl− and MSO.
Therefore, if MSO and Cl− are included in the mass balance,
the total yield would be >100%. For instance, if a compound
forms 50% FAC and 50% ClO2

− in the reaction with ClO2,
FAC would react with methionine and form 50% Cl− and 50%
MSO (relative to the dosed molar ClO2 concentration). Hence,
the Cl− and MSO yields need to be converted into FAC yields.
Thereby it has to be considered that Cl− and MSO can form
from reactions not involving FAC, while equal yields of Cl−

and MSO are formed in the reaction of FAC with methionine.

Table 1 Results of pseudo-first order kinetic reactions of methionine with ClO2. The reaction solution contained different concentrations of methionine
(5 and 50 mM) and 5 mM phosphate buffer at pH 7. 0.5 mM ClO2 was dosed to all samples, and all experiments were carried out in triplicates

Molar ratios methionine : ClO2 kobs [s
−1] kapp [M−1 s−1]

1 : 10 5.05 (± 0.02) × 10−5 1.01 (± 0.01) × 10−2

1 : 100 5.82 (± 0.02) × 10−4 1.16 (± 0.01) × 10−2

Fig. 1 Relative yields of chloride based on the dosed concentration of
FAC. Solutions contained 1 mM methionine and 5 mM phosphate
buffer at pH = 7. All experiments were carried out in triplicates and the
linear regression is based on all data points of the triplicate
measurement.

Fig. 2 Correlation of MSO formation with the addition of FAC. Reaction
solutions contained 1 mM methionine and 5 mM phosphate buffer at pH
7. All experiments were carried out in duplicates, and the linear
regression is based on all data points of the triplicate measurement..
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Accordingly, formed FAC equals the yield of Cl− if MSO is
formed at higher concentrations than Cl− and vice versa. (i.e.,
[FAC] = [MSO], if [MSO] ≤ [Cl−]; [FAC] = [Cl−] if [MSO] ≥
[Cl−]). In this case, the formed Cl− yields (gray columns in
Fig. 3A) represents the formed FAC in this reaction, which is
in accordance with previously reported literature values for
phenol (40–50%).4,5 After subtracting Cl− yields from MSO
yields, a fraction of MSO remains, labeled as unknown in

Fig. 3B, which is not formed from the reaction of FAC with
methionine. Thus, MSO must be formed during a different
reaction pathway involving different reaction partners. This
could point to a reaction of ClO2

− with methionine. However,
in this experiment, ClO2

− is formed with a 50% yield of the
dosed ClO2 concentration, which is in accordance with the
previously reported literature.4,5 Therefore, MSO might be
formed by reactive organic species, which are formed during

Fig. 3 Measured relative chlorine and MSO yields from the reaction of ClO2 with phenol in presence of methionine. The yields are based on the
dosed ClO2 concentration. (A) shows the yields of all compounds (please note that chloride is formed in the reaction of FAC with methionine), (B)
shows the remaining MSO fraction after subtracting the chloride yields from MSO yields (remaining MSO is labeled as MSO from unknown source).
All reaction solutions contained 0.1 mM phenol, 1 mM methionine, and 5 mM phosphate buffer at pH = 7. All experiments were carried out in
triplicates, and the error bars represent the standard deviation of the triplicate measurement; REC: recovery rate of FAC after addition of FAC to an
aliquot of the reaction solution containing phenol and methionine.

Fig. 4 Measured relative chlorine and MSO yields from the reaction of ClO2 with hydroquinone (A) and DMP (B) in presence of methionine. The
yields are based on the dosed molar ClO2 concentration. All reactions contained 0.1 mM of either hydroquinone or DMP, 1 mM methionine, and 5
mM phosphate buffer at pH 7. All experiments were carried out in triplicates, and the error bars represent the standard deviation of the triplicate
measurements; REC: recovery rate of FAC after addition of FAC to an aliquot of the reaction solution containing phenol and methionine.
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the reaction of phenol with ClO2. It is postulated that the
reaction of ClO2 with phenol forms benzoquinone,21 a weak
oxidant with a standard reduction potential of 0.6992 V,23

which might be reactive toward methionine. Another
explanation could be the formation of reactive intermediates
(i.e., phenoxy radicals),24 which could also react with
methionine. The reaction of these reactive products or
intermediates with methionine would also explain the lower
Cl− yields compared to MSO.

The chlorine balances of two other compounds have been
investigated as well. Hydroquinone is also a phenolic moiety
with a second hydroxyl group in the para-position.
Hydroquinone is reported to form 100% ClO2

−.6,8,21 DMP is
also reported to form 100% ClO2

−;9 however, the reactive
moiety of DMP is a tertiary amine. This compound is
investigated as well to discover if different functional groups
have different outcomes in the chlorine balances. Fig. 4 shows
the chlorine balances of hydroquinone (A) and DMP (B).

In both cases, the main inorganic product is ClO2
−, which

is in accordance with the literature. However, the yields of
ClO2

− are below 100%. Additionally, the recoveries of MSO by
dosing 100 μM FAC directly into aliquots of either reaction
solution without ClO2 ranges between 80–90%, which is
lower compared to the results of phenol. An increase in the
methionine concentration might support better results;
however, due to the low solubility of methionine, the initial
concentration could not be increased much further.

Based on literature data, no FAC should be formed in the
reaction of hydroquinone and DMP with ClO2. However, in
this experiment, 20–30% MSO is detected. The
simultaneously formed Cl− concentrations are much lower,
which indicates, that not FAC but another reactive organic
species is formed during the reaction. The hypothesized
reactive species may cause the oxidation of methionine to
MSO similar to phenol (e.g., benzoquinone, semiquinone, or
phenoxy radical in case of hydroquinone, cation radical in
case of DMP).

Another critical aspect is the overall chlorine recovery. The
sum of Cl− and ClO2

− is around 80% which is lower than the
dosed ClO2 concentration. A loss in the chlorine mass
balance typically indicates the formation of halogenated
products. However, from the reaction of DMP and
hydroquinone with ClO2, no halogenated reaction products
are reported.12 It might be possible that the presence of
methionine interferes with the reaction pathway and causes
the chlorination of organic compounds. For both
compounds, the overall chlorine mass balance shows an
increasing trend with increasing ClO2 dose, mainly due to
the increasing yields of ClO2

−. This might be caused by the
fact that the effect of side reactions is reduced with a higher
degree of reactant oxidation by ClO2. Further experiments are
necessary to investigate if this effect is canceled out
completely at one point, where the [ClO2]/[reactant] fold
increased.

To investigate if the developed method can be applied to
study sulfur-containing compounds, GSH has been chosen as

a model compound. The determined chlorine mass balance
and the FAC recovery are shown in Fig. 5. Please note that
minor yields (<5%) of ClO3

− were detected as well (dark gray
columns Fig. 5). The low formation of highly oxidized form
of chlorine might be caused by side reactions of e.g., ClO2

with FAC.12 The FAC recovery (REC), measured as formed
MSO, is nearly complete (92%). Thus, if FAC is formed in this
reaction, it will be scavenged by methionine. For GSH, the
yields of inorganic chlorine species show a strong
dependency on the ClO2 dose. If ClO2 is dosed in a molar
ratio of 0.5 : 1 to GSH, the most dominant reaction product is
Cl−. The higher the stoichiometric ratio, the more dominant
ClO2

− becomes. This might be explainable by follow-up
reactions of ClO2

− with residual GSH concentration. The
reaction of ClO2

− with GSH is very slowly and forms Cl− (see
Fig. S2†). The stoichiometry of this reaction has been
determined to be two moles of GSH reacting with one mole
of ClO2

− (see Fig. S4†), which is in accordance with reported
literature values.18 Please note that the Cl− yields were
determined by experiments where ClO2

− was in two to five-
fold excess over GSH. However, further experiments are
necessary to determine if the chlorine balance changes
significantly if GSH is present in excess over ClO2

− (i.e., shift
in the molar yields of Cl−). The principle of the reaction of
GSH and ClO2 for the dosed ClO2 concentrations is shown in
Fig. 6.

In case 50 μM ClO2 is dosed to 100 μM GSH (Fig. 6A),
ClO2 will be fully consumed, and 50% of ClO2 will be
transformed to FAC (25 μM), and 50% will be transformed to
ClO2

− (25 μM), which leaves 75 μM GSH (reaction
stoichiometry of ClO2 : GSH 2 : 1 see Text S1 and Fig. S3†).
This quantity of GSH will react with ClO2

− in a 2 : 1
stoichiometry (Fig. S4†), eventually forming 25 μM Cl− and

Fig. 5 Chlorine balance of GSH established by using the methionine
method. A reaction solution containing 0.1 mM GSH, 5 mM phosphate
buffer, and 1 mM methionine at pH 7 were mixed with different
concentrations of ClO2. All experiments were carried out in triplicates,
and the error bars represent the standard deviation.
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leaving a fraction of 25 μM GSH. In this case, in total, 50 μM
Cl−, 25 μM MSO, and 0 μM ClO2

− should be formed in the
final sample, which are 100, 50, and 0% of the dosed ClO2

concentration, respectively. This changes if the dosed ClO2

Fig. 6 Postulated reaction pattern of GSH in case of different dosed ClO2 concentrations at pH 7 in presence of 1 mM methionine. (A) Molar ratio
GSH :ClO2 2 : 1; (B) molar ratio GSH :ClO2 1 : 1; (C) molar ratio GSH :ClO2 1 : 2.

Fig. 7 Proposed reaction mechanism for glutathione with chlorine dioxide. GSH reacts with two molecules of ClO2 and forms ClO2
− and HOCl.
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concentration is increased (Fig. 6B and C), whereby the
fraction of GSH available for follow-up reaction with ClO2

− is
getting reduced. The theoretical values in Fig. 6 are in good
accordance with the measured values in Fig. 5. The
differences in yields of ClO2

− can be explained by the
different reaction times used to generate the data in Fig. 5
and S2.† Since the reaction of ClO2

− with GSH is very slow,
the reaction in Fig. 5 did not fully proceed. Based on the
observed results, it can be concluded that FAC is formed in
the reaction of ClO2 with GSH during a two-step reaction
mechanism, which is shown in Fig. 7.

MSO formation by follow-up reactions

Previous results indicated a slow but possible reactivity
between methionine and some transformation products. To
investigate this hypothesis, ClO2

− and methionine were
mixed with a molar ratio of 1 : 1, and the evolution of ClO2

−

and formation of MSO was monitored for 24 h (sampling
rate: 1 sample per 40 min). The results are shown in Fig. 8.

It can be stated that ClO2
− is not significantly degraded

during the investigated time frame. In contrast, MSO is
formed instantaneously by around 30% (of the initial molar
methionine concentration) and shows a slightly decreasing
trend during the investigated period. Cl− was also monitored
in this experiment. However, after subtracting the Cl−

concentration of the blank samples and the impurities of the
ClO2

− solution, the remaining value residual concentration
for Cl− was below zero. It has to be noted that the sensitivity
of the Cl− measurement is strongly affected due to the high
Cl− background concentration in the ClO2

− solution. Based
on these results, it can be stated that ClO2

− does not react
with methionine. However, MSO is formed from an unknown
source. So far, it cannot be explained why MSO is formed in
the presence of ClO2

− and is not formed in the absence of
ClO2

−, although no ClO2
− degradation can be observed. One

possibility might be the presence of 20% impurities in ClO2
−

stock solutions. Although the impurities mainly consist of

Cl−, it might be possible that other impurities may be reactive
towards methionine. Note that ClO3

− and OCl− were not
detected in ClO2

− standards. The slow degradation of MSO
over time might be explainable by the formation of
methionine sulfone. It is reported that sulfoxides might be
further oxidized to sulfones.25 However, the formation of
methionine sulfone was not observed in this study.

The follow-up reaction of methionine with benzoquinone
has been investigated as well. Therefore, benzoquinone and
methionine were mixed in a 1 : 1 ratio and MSO formation
was monitored over time (Fig. 9).

The results show that MSO also forms in the reaction of
methionine and benzoquinone; however, only small yields of
MSO have been formed after 18 h reaction time (4–5% per
added benzoquinone). This shows that methionine can react
with benzoquinone to form MSO but it does not explain the
30% MSO yields in case of hydroquinone or 1,4-DMP. This
indicates that MSO formation from other reactants than FAC
is a complex interplay of different intrinsically formed
reactive species such as semiquinone or phenoxy radicals.

Conclusion and outlook

Based on the results of this study, it can be concluded that
methionine can scavenge intrinsically formed FAC in ClO2-
based reaction mechanisms and form a product which is not
reactive. Thus, the scavenger is less prone in causing
interferences compared to e.g., glycine which forms Cl–Gly.
However, further investigations are necessary to use this
method for intrinsically formed FAC quantification. Even
though the reaction of methionine and FAC leads to the
formation of MSO and Cl− in a 1 : 1 ratio, the additional
formation of MSO from a yet unknown source (i.e., potential
reaction of reactive intermediates with methionine) might
bias the final results. It seems that this unknown reaction
with methionine does not form Cl−. Therefore it is possible
to quantify the MSO yields caused by the reaction with FAC.
However, if the chlorine balance is not known many

Fig. 8 Monitoring the reaction of ClO2
− and methionine by ClO2

−

degradation and MSO formation for 24 hours. The reaction solution
contained 0.1 mM methionine and 5 mM phosphate buffer at pH 7. 0.1
mM ClO2

− was added and measured with IC and LC–MS/MS.

Fig. 9 Formation of MSO in the reaction of benzoquinone and
methionine at pH 7. The solution contained 100 μM benzoquinone,
100 μM methionine, and 5 mM phosphate buffer at pH 7. The
formation of MSO was monitored for approximately 18 hours.
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assumptions have to be made, which makes quantification of
FAC yields difficult. Especially, in the case of GSH, where a
stoichiometry-dependent chlorine balance was observed, it is
hard to predict exactly which fraction of MSO is formed by
FAC. One possible option to solve this problem is combining
this method with an existing method. It would be for example
possible to quantify the ClO2

− yields of the reaction of GSH
with ClO2 in presence of glycine as FAC scavenger to avoid any
interferences by FAC.17 Then only the FAC yields are unknown
and could be determined by using the methionine method,
since MSO is more stable than Cl–Gly.8 Additionally, it still
needs to be investigated which other reactive species or
generally which factors may contribute in to MSO formation.
Even though the methionine method does not seem suitable
for quantification of FAC yields, it can be used to make
qualitative statements about FAC formation. For instance, GSH
seems to form FAC, however, precise FAC yields are yet unclear
and their determination requires further investigations.

Safety precautions

Chemicals can be hazardous and have to be used with care.
Especially ClO2 is toxic, volatile, and explosive. Hence, the
production and application of ClO2 have to be done in a
suitable fume hood. Measures have to be applied for
disposing ClO2-containing solutions after work. All
precautions of the manufacturers regarding instruments and
chemicals have to be studied and applied with care. All
general laboratory safety rules have to be applied carefully.
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