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ABSTRACT: An advanced experimental protocol is reported for studying the kinetics and mechanism of the complex redox
reaction between chlorite ion and hypochlorous acid under acidic condition. The formation of ClO, is followed directly by the
classical two-component stopped-flow method. In sequential stopped-flow experiments, the target reaction is chemically quenched
using Nal solution and the concentration of each reactant and product is monitored as a function of time by utilizing the principles
of kinetic discrimination. Thus, in contrast to earlier studies, not only the formation of one of the products but the decay of the
reactants was also directly followed. This approach provides a firm basis for postulating a detailed mechanism for the interpretation
of the experimental results under a variety of conditions. The intimate details of the reaction are explored by simultaneously fitting
78 kinetic traces, i.e., the concentration vs. time profiles of ClO,”, HOC], and ClO,, to an 11-step kinetic model. The most
important reaction steps were identified, and it was shown that two reactive intermediates have a pivotal role in the mechanism.
While chlorate ion predominantly forms via the reaction of Cl,0O, chlorine dioxide is exclusively produced in reaction steps involving
Cl,0,. This study leads to clear conclusions on how to control the stoichiometry of the reaction and achieve optimum conditions to
produce chlorine dioxide and to reduce the formation of the toxic chlorate ion in practical applications.

1. INTRODUCTION In addition to the practical aspects, understanding the kinetics
and mechanism of the HOCI-CIO,™ reaction is theoretically
also challenging since it plays a central role in systematically
designed chlorite-based chemical oscillators.”®*"** Because of
the inherent kinetic complexity of this system, well-defined
reaction orders of the reactants and an explicit rate expression
cannot be established for the overall process.

With respect to water treatment technologies and industrial

Practical applications and exotic kinetic phenomena have
generated considerable interest in the chemistry of chlorite
ion that has been utilized as oxidizing agent in very diverse
areas.” '? Chlorite ion is also the precursor in the generation
of chlorine dioxide,''~"? which has extensively been used in
water and wastewater treatment technologies, cellulose

bleaching, disinfection processes, deactivation of Bacillus

anthracis spores, food industry, et 1320734 [0 these systems, processes, the primary concern is the formation of chlorate ion
chlorine(I) always forms as an intermediate and, in turn, is and other toxic byproducts when various dg%i?f_igedes are
involved in complex reactions with chlorite ion yielding CI7, used as disinfection and oxidizing agents.”™ """ Toxico-
ClO,, and ClO;~ in variable concentration ratios depending on logical studies confirmed that chlorate ion has antagonistic
the actual conditions.>>™*° According to earlier studies, the effects in living systems leading to renal insufficiency,
stoichiometry of this reaction is very sensitive to the pH, the methemoglol;in_6f0rmation, hemolysis, nephrotoxicity, and
concentrations as well as the concentration ratios of the genotoxicity.”” " The most challenging issue is how to limit
reactants, and the presence of additional components that may the formation of this species at the possible lowest
act as promoters or inhibitors in the overall process. In general,
the stoichiometry can be defined as the linear combination of Received: December 8, 2022 Inogaic sty
egs 1 and 2. Published: March 28, 2023 )

ClO,” + HOCl = ClO;” + CI” + HY (1)

2ClO,” + HOCI + H' = 2ClO, + CI” + H,0 (2)
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concentration levels and achieve efficient production of
chlorine dioxide at the same time. Adequate answers to this
problem require understanding the intimate details of the
corresponding processes.

The HOCI—-CIO,™ reaction is relatively slow under alkaline
condition and can easily be monitored by conventional kinetic
techniques.””” However, it becomes increasingly faster by
decreasing the pH and the use of fast kinetic methods is
required in acidic solution.’****%3”%% Kinetic studies on fast
reactions mainly utilize some sort of an optical detection, and
the single-wavelength stopped-flow (SF) method has become
the workhorse in this field since the pioneering work of
Hartridge and Roughton as well as Chance.””® Recent
developments, i.e., the introduction of advanced diode array
and CCD detectors combined with comprehensive data
treatment algorithms, led to improved performance of the SF
technique in terms of both spectral features and time
resolution, thus broadening the scope of fast kinetic studies.
Still, inherent limitations prevent the use of these instruments
for studying composite reactions even if the corresponding
reaction times are well within the SF time domain.

When the stoichiometry remains constant over the course of
a reaction, measuring the concentration profile of only one
component (reactant or product) may provide sufficient and
reliable kinetic information even at one appropriately selected
wavelength. However, complications arise when the stoichi-
ometry is a function of time and monitoring the concentration
change of each relevant species is not feasible. Such a situation
may occur when (i) there are only weakly absorbing species,
(i) a strong absorbance band overlaps other spectral features,
or/and (iii) the spectral changes are too complex, and the
individual spectral contributions cannot be evaluated. Because
of these constraints, the use of fast time-resolved spectroscopy
is often of limited use for analyzing complex reaction mixtures.

In the HOCI-CIO,~ system, the most convenient way of
monitoring the progress of the reaction has been the use of the
SF method in two-component mixing mode at the character-
istic spectral band of ClO, (4, = 360 nm), &4586162
However, the strong absorbance of this species overlaps with
other spectral effects, and the obvious disadvantage of this
approach is that the formation of only one of the final products
is monitored. Thus, the SF results do not carry direct
information on the concentration profiles of the reactants
and other products. This leads to ambiguity in the
interpretation of the experimental data because the stoichiom-
etry is not constant over the entire course of the reaction.
Consequently, the previously proposed kinetic models carry a
substantial amount of uncertainty.

Earlier, we have shown that chemical quenching of a
complex reactive system can successfully be used to circumvent
the noted problems of spectrophotometric detection.””** In
the iron(III)-catalyzed decomposition of chlorite ion, the
reaction was stopped by adding fluoride ion in a pH 3.2 buffer
to the reaction mixture at different reaction times. The
quenching agent quickly and efficiently removed the catalyst
and decreased the number of absorbing species from 7 to 2 by
converting iron(III) into colorless fluoro complexes. Spec-
trophotometric and potentiometric analysis of the quenched
reaction mixture made it possible to construct the concen-
tration vs. time profiles for the reactants and products in the
subsecond time domain. This rather arduous method provided
specific kinetic information on the overall reaction, which was
not accessible by the classical SF method.
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In this study, we report an experimental protocol for
monitoring the time-dependent concentration profiles of the
individual species in the HOCI-CIO,” reaction in the
subsecond time domain using chemical quenching and kinetic
discrimination. Based on the results, we provide a well-
established kinetic model for the reaction, which Cclarifies
specific details and resolves discrepancies in earlier reported
results. The model can efficiently be used to predict the
amount of chlorate ion formed in the system under various
conditions. In a broader sense, these results also demonstrate
that such a kinetic approach may provide a new insight into
complex fast inorganic reactions and serve as a basis for
detailed mechanistic studies.

2. EXPERIMENTAL SECTION

2.1. Materials. A chlorine-free sodium hypochlorite solution was
prepared as described earlier.”® The purification of the stock
solutions (eliminating chloride ions) was carried out by acidifying the
sample with HCIO, and adding AgClO, in appropriate amount. The
AgCl precipitate was filtered off using a glass filter. Subsequently,
NaOH was added to the solution to reach pH ~ 11.5 where the
hypochlorite ion is stable. The remaining chloride ion contamination
was measured by ion chromatography. It was always less than 1.5% of
the total amount of OCI™.

Commercial sodium chlorite (Fluka, ~80%) was purified as
reported earlier.>**® The purity was determined by standard
iodometric titration and found >99%. Chlorine dioxide stock solution
was prepared by mixing solid sodium chlorite with perchloric acid and
transferring the evolving ClO, into a 1.0 mM HCIO, (I = 1.0 M
NaClO,) solution by a steady stream of argon gas.

All other chemicals were used without further purification. The
reagent solutions were prepared with doubly deionized and
ultrafiltered water obtained from an ELGA Purelab Classic water
purification system. Sodium perchlorate was used to set the ionic
strength to 1.0 M, and all experiments were carried out at 25.0 + 0.1
°C.

2.2. Instrumentation. Iodometric titrations were made with a
Metrohm 888 Titrando automatic titrator equipped with a Metrohm
6.0451.100 combination platinum electrode.

The pH was either calculated from the composition of the sample
(pH < 1.9) or measured with a Metrohm 721 NET Titrino system
equipped with a Metrohm 6.0262.100 combination glass electrode by
converting the readout of the instrument into pH = —lg[HJ'].(77 In the
calculations, the acid dissociation of HCIO, was taken into account
using pK, = 1.82 =+ 0.04 obtained in this work as described earlier.*®

To avoid the loss of chlorine dioxide from the stock solutions and
the reaction mixtures, a home-built “shrinking bottle” was utilized in
the experiments.”*® The syringe of this device can be filled with a
solution of ClO, or the reaction mixture by avoiding the headspace
above the liquid phase. This arrangement assures that the
concentration of the dissolved gas remains constant during dispensing
of the solution. It was confirmed that the loss of chlorine dioxide was
less than 0.5% over a day from the shrinking bottle.

Spectrophotometric experiments were made with an Agilent
Technologies Cary 8454 UV—vis diode array spectrophotometer. It
was confirmed that undesirable photochemical processes did not
occur.”

The concentrations of chloride, chlorate, and chlorite ion were
determined using a Thermo Scientific Dionex ICS-5000" ion
chromatograph equipped with an AS — DV Dionex autosampler, a
gradient pump (Dionex ICS-5000 DP), a conductivity detector
(Dionex ICS - 3000/5000), and a 4 mm anion self-regeneration
suppressor (Dionex AERS) operated in the auto-suppression recycle
mode. A Dionex IonPac AS19 4 X 250 mm analytical column was
used in conjunction with a Dionex IonPac AG19 4 X 250 mm guard
column. A 25 uL injector loop and isocratic elution were applied
using NaOH solution (0.020 M) at 1.0 mL X min~" flow rate.

https://doi.org/10.1021/acs.inorgchem.2c04329
Inorg. Chem. 2023, 62, 5426—5434


pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c04329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Kinetics measurements were performed with an Applied Photo-
physics SX-20 sequential stopped-flow instrument using a 10.0 mm
optical path length. Chlorine dioxide formation was monitored in the
simple two-component mixing mode at 400 nm where other
components do not contribute to the absorbance. The decay of
HOCI and ClO,™ was followed by utilizing the sequential mode of the
instrument. In this case, the target reaction (ie., the HOCI-CIO,
reaction) was triggered by mixing HOCI and ClO,™ in a 1:1 ratio.
After a certain incubation time, the reaction was quenched by mixing
the reaction mixture with Nal solution also in a 1:1 ratio. The
concentration profiles of the reactants and ClO, were obtained by
combining these fast kinetic measurements as detailed in the
subsequent chapter of this paper.

2.3. Molar Absorptivity of I3~ and ClO,. The isosbestic
wavelength of I, and I;”, 468 nm, was established by recording the
spectra of acidic KIO; solutions containing large excess of KI in
different concentrations. The molar absorptivity of iodine was
determined in both the stopped-flow instrument and the spectropho-
tometer: €, = 711 + 1 and 738 + 1 M~ cm ™!, respectively.

For the determination of the molar absorptivity of chlorine dioxide,
the shrinking bottle was filled with a solution of ClO,. Then, a
precisely known amount of this solution was injected into acidic
sodium ijodide solution and the iodine formed was titrated by
standard iodometric method. Other portions of the ClO, solution
were either transferred into the optical cell of the stopped-flow
instrument or used to fully fill a standard quartz cuvette which was
immediately sealed. The absorbance of these samples was measured at
400 nm. This procedure was repeated several times at different ClO,
concentrations, and the molar absorbance was determined both in the
SF instrument and the spectrophotometer: £cjo, = 537 + 1 and 548 +
1 M™! em™, respectively.

The SF and spectrophotometric absorbance data were evaluated
using the molar absorptivities determined in the given instrument.

2.4. Stoichiometric Experiments. The syringe of the shrinking
bottle was filled with the reaction mixture immediately after mixing
HOCI and chlorite ion reagent solutions. After about S5 min
incubation time, an aliquot of the reaction mixture was transferred
into a quartz cuvette and the concentration of chlorine dioxide was
determined by spectrophotometry. Another portion was added to a
neutral phosphate buffer (Na,HPO, = 4.8 mM, NaH,PO, = 1.2 mM)
and purged with argon for 10 min to remove ClO,. Subsequently,
HOCI was converted to Cl~ by adding I” (eq 1). Since ClO,” and
ClO;™ do not oxidize I"” under such conditions, the concentration of
HOCI was directly obtained from the amount of I, produced. The
same sample was also used to determine the concentrations of CI7,
ClO,7, and ClO;™ by ion chromatography. The concentration of ClI~
produced in the target reaction was calculated as the difference of the
measured CI” and the iodometrically determined HOCI concen-
trations. In control experiments, an aliquot of the reaction mixture
was injected into acidic sodium iodide ion solution and the amount of
iodine formed was obtained from spectrophotometric measurements
at 468 nm. Within the experimental limitations, the same amount of I,
was produced that was expected based on eqs 3 and 4 using the
concentrations of HOCI, ClO,, and ClO,” from the other
experiments. This confirms the dependability of the analytical
protocol applied here.

HOCI + 21" + H* =1, + CI” + H,0

()

2CI0, + 21" =1, + 2ClO,~ (4)

ClO,” + 41" + 4H" =21, + CI” + 2H,0 (s)
It needs to be emphasized that the acid-catalyzed decomposition of
ClO," is orders of magnitude slower than the HOCI-CIO, " reaction
and has negligible contribution to ClO, formation within the
timescale of the experiments. Accordingly, all results are discussed
by considering only the latter process.
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3. RESULTS AND DISCUSSION

3.1. Stoichiometry. The stoichiometry of the HOCI-
ClO," reaction shows complex dependence on the conditions
applied (cf. eqs 1 and 2), and it may also vary over the course
of the reaction. In twofold excess of hypochlorous acid, the
concentrations of the reactants and the products are
independent of the pH at the end of the reaction (Figure
S1). Under such conditions, chlorite ion completely dis-
appears, and the concentration ratios of the products are
practically the same.

Upon increasing the excess of chlorite ion over HOCI, the
concentration of chlorine dioxide increases and eventually
reaches a limiting value (Figure 1). Consequently, the relative
amount of ClO;7, ie., the concentration ratio of ClO;~ and
ClO,, decreases. At twofold excess of chlorite ion, HOCI is
completely consumed.
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Figure 1. Concentration of the product ClO, in the HOCI-CIO,~
reaction as a function of the chlorite ion concentration. B, ClO,; red
@, ClO;7; blue A, CI” ¢yo = 1.0 mM, pH = 2.0, T = 25.0 °C.

Chloride ion has a profound effect on the reaction because it
promotes the formation of chlorine dioxide over chlorate ion.
The final concentrations of the products obtained from the
kinetic experiments under the same conditions (vide infra)
corroborate the results of the stoichiometric studies (Figure 2).

3.2. Kinetics. In conventional two-component stopped-
flow experiments (SF), the solutions of HOCI and ClO,” of
equal pH were mixed and the formation of chlorine dioxide
was monitored at 400 nm. At the expense of some loss in
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Figure 2. Effect of added chloride ion on the formation of ClO, and
ClO;™. ClO,: M stoichiometric study, red @ kinetic study (at the end
of the reaction), ClO;™: light green A stoichiometric study, blue W
kinetic study (at the end of the reaction). ccio,- = 1.0 mM, coc = 1.0

mM, pH = 2.0, T = 25.0 °C.
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sensitivity, this wavelength was selected instead of A, = 360
nm to avoid any spectral interference by the reactants. While
ClO;™ and CI” are nonabsorbing species, HOCI and ClO,~
have overlying spectra and relatively weak contribution to the
absorbance in the UV region, where ClO, is the dominant
absorbing species. The noted contribution is not sufficient
enough for the determination of the reactant concentrations
even using multicomponent analysis of the spectra, i.e., time-
resolved UV spectral experiments do not carry reliable
information on the concentration profiles of the reactants
and products.

As expected, composite kinetic features were observed at
400 nm, and the traces cannot be fitted to simple kinetic
expressions. As shown in Figure 3, chloride ion catalyzes the

0.50

0.25

A400nm

0.00
0.0

01
t(s)
Figure 3. Kinetic traces of chlorine dioxide formation in the HOCI—
ClO,™ reaction at different chloride ion concentrations (400 nm).
Chloride ion was added to the HOCI reagent solution prior to mixing
the reactants. Added CI™ concentration: 0.0; 1.0; 2.0; 5.0; 30.0 mM
(in the order of increasing absorbance at a reaction time) ¢cjo- = 1.0

mM, cyoc = 3.0 mM, pH = 1.0, I = 1.0 M (NaClO,), T = 25.0 °C.

formation of chlorine dioxide. The actual shape of the kinetic
curves depends on how the reactant solutions are assembled.
When chloride ion is added to the solution of ClO,, the
kinetic traces start at the origin regardless of the concentration
of chloride ion. However, when Cl~ is added to the HOCI
solution, a clear absorbance jump is observed at the very
beginning of the SF traces, which increases by increasing the
concentration of CI™. This observation can be explained by
considering that preliminarily chlorine is formed in the reagent
solution in an equilibrium reaction (eq 6). It reacts much faster
with ClO,~ than HOCI and, consequently, fast C1O, formation
occurs within the dead time of the SF experiments.

Cl, + H,0 = HOCl + H + CI”
- [HOCI[H'][CIT]

" [CL,] (6)

The correlation between the initially formed ClO, concen-
tration and the initial chlorine concentration calculated by
using the independently determined value of K, at different
Cl™ concentrations clearly supports this interpretation (Figure
4). To avoid the uncertainties associated with the very
beginning of the SF traces, the initial ClO, concentration was
calculated from the absorbance at 5 ms. The estimated
hydrolytic constant based on these absorbance values, —lg K, =
3.14 + 0.09, is in excellent agreement with the result from our
independent measurements (vide infra): —lg K, = 3.18.

The results also confirm that the hydrolytic equilibrium of
Cl, is one of the key reaction steps in the overall process,

pubs.acs.org/IC
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Figure 4. Effect of chloride ion concentration on the initial formation
of ClO, in the HOCI-CIO, reaction. The initial ClO, concentration
calculated from the absorbance at 5 ms when chloride ion is added to
HOCI (M) and the result of fitting the data based on eq 6 (red ).
The calculated initial concentration of Cl, using the value of Kj, from

the independent experiments is also shown (blue @). ccjp,- = 1.0 mM,
thoa = 3.0 mM, pH = 1.0, I = 1.0 M (NaClO,), T = 25.0 °C.

which by no means should be considered as a fast
preequilibrium reaction.

In the sequential stopped-flow experiments (SSF), the
reactant solutions were mixed, and the target reaction was
quenched in the second phase of the experiment with sodium
iodide solution (pH = 2.5) after a predetermined incubation
time. The formation of I, was monitored at 468 nm. The
general description of the procedure is provided in the SI
(Figure S2). A typical SF trace and the corresponding SSF
trace are shown in Figure 5.

The kinetic trace in the SSF experiment exhibits an initial
absorbance jump, AA,. This is due to the fast oxidation of
iodide ion by HOCI and ClO, within the dead time of the
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0.00

2.0 3.0

A468 nm

0.5+

0.0 T T T
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Figure 5. Kinetic traces recorded in the HOCI-CIO," reaction. The
formation of ClO, in a simple two-component stopped-flow
experiment (a) and the formation of I;” in the corresponding
sequential stopped-flow experiment (b). Target reaction: ccp,” = 1.0
mM, cyoq = 2.0 mM, pH = 2.0, I = 1.0 M (NaClO,), T = 25.0 °C.
Quenching solution (SSF): ¢y, = 0.3 M, pH = 2.5.
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stopped-flow instrument (eqs 3 and 4). The subsequent
relatively slow process is the oxidation of I~ by ClO,” (eq 5).
This is a simple first-order reaction under the conditions
applied, the rate of which can easily be controlled by the pH.
The measured absorbance change (AA;) corresponds to the
sum of the concentration of chlorite ion unreacted in the target
reaction and generated by the reduction of ClO, (eq 2).

The kinetic traces from SF experiments can readily be
converted into ClO, concentration by eq 7.

400 nm
[ClO,], = —*
£cio,

(7)

In the target reaction, the concentrations of HOCI and ClO,~
were calculated from AA, and AA,; by considering the twofold
dilution of the reaction mixture during quenching.

2AA 8™ ClO
[HOCI], = g _ Kol
&, 2 (8)
__ (AAuesom)
[ClO ], = —HEm2 _ [ClO, ],
€, )

The concentrations of the other products, CI™ and ClO;~, were
calculated by utilizing the mass balance and redox balance
equations (eqs 10 and 11)

[HOCI], + [HCIO,],
= [CIO,], + [CIO3], + [CI'], + [HOCI], + [HCIO,],

(10)
[HOCI], + 3[HCIO,],
= 4[CIO,], + S[CIO;], — [CI'], + [HOCI], + 3
[HCIO, ], (11)

In the target reaction, a small but typically negligible amount of
Cl, is always present in accordance with eq 6. This species also
rapidly oxidizes iodide ion (in 1:2 stoichiometric ratio) in the
SSF experiments. It follows that [HOCI], and [CI7],
correspond to the sum of the actual concentration of
hypochlorous acid or chloride ion and the concentration of
chlorine, respectively. This was considered during the fitting
procedure.

The kinetics of the reaction was studied as the function of
the concentrations of chlorite ion, hypochlorous acid, chloride
ion, and the pH in detail (the experimental conditions are
provided in Table S1). As demonstrated by Figure 6, the
concentration vs. time profiles of the individual species could
reliably be determined by the method described here. Further
examples are shown in the SI (Figures S3—S7).

As expected, the stoichiometry of the reaction changes
significantly within an individual kinetic run and as a function
of the reactant concentrations (Figure 7). This clearly supports
the basic premise of this study that monitoring the time
profiles of each reactant and product is the prerequisite of
developing a well-established kinetic model for this reaction.

The final concentrations of the reactants and their
concentration ratios are in excellent agreement with the results
obtained in the stoichiometric experiments (Figure 2). This
also lends support to the reliability of the kinetic experiments.
In general, the following trends were established. The
formation of chlorine dioxide becomes faster and more
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Figure 6. Concentrations of the reactants and products as a function
of time in the HOCI—-CIO, ™ reaction. l: ClO,; red ®: HOCI; blue
A: ClO,7; green @: ClO;7; pink ¥: CI™. The solid lines are fitted
kinetic traces obtained by simultaneous evaluation of 78 experimental
concentration profiles of ClO,, HOCI, and ClO,~ (cf. Table S1). The
dashed lines are the simulated kinetic curves for ClO;™ and CI,
which are also calculated by the fitting algorithm. ¢~ = 1.0 mM,

ol = 2.0 mM, pH = 2.0, I = 1.0 M (NaClO,), T = 25.0 °C.
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Figure 7. Effect of added CI™ concentration on the concentration
ratio of the products as a function of time. c¢¢: 0.0 mM (green 4),
0.25 mM (pink ¥), 1.0 mM (blue A), 2.0 mM (M), 5.0 mM (red ®).
ccio,” = 1.0 mM, ¢yyo; = 1.0mM, pH=1.0,I=1.0 M (NaClO,), T =

25.0 °C.

significant by increasing the chloride ion concentration,
decreasing the pH, and increasing the excess of chlorite ion
over HOCI. This provides hints on how to optimize the CIO,
formation and to minimize ClO;~ formation in practical
applications.

3.3. Mechanistic Considerations. The experimental
results were evaluated by simultaneously fitting 78 kinetic
traces (1065 concentration vs time data pairs) to a
comprehensive kinetic model assembled based on earlier
literature results. In these calculations, the kinetic model was
represented by an ordinary differential equation system, which
was integrated with the program package ZITA”' using the
GEAR algorithm.”” Tt was assumed that each reaction step is
elementary and follows either first- or second-order kinetics.
The concentration vs. time profiles were calculated for each
species, and the kinetic parameters were estimated by
minimizing the differences between the measured and
calculated concentrations of HOCI, ClO,~, and ClO, utilizing
the built-in nonlinear least squares algorithm of the software.

First, the kinetic model included all previously proposed
reaction steps with the originally reported rate constants
(Table S2). A systematic analysis of the results revealed that
quite a few reaction steps have no kinetic importance and can
be eliminated from the model without affecting the goodness
of the fit. It was concluded that 11 reaction steps are sufficient
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Table 1. Kinetic Model for the ClO,"-HOCI Reaction
rate constant
reaction this study literature refs
R1 2HOCI = CLO + H,0 ko 4.00 x 10?
ko 348 x 10*
K, 1.15 x 1072 1,15 x 1072 73
8.70 x 1073 74
R2 Cl, + H,0 = HOCl + CI” + H* k¢ 1.94 x 10" 223 x 10 75
1.10 x 10 76
1.20 x 10" 77
1.61 x 10! 78
k,o° 291 x 10* 2.14 x 10* 75
1.80 x 10* 76
1.60 x 105/ 65
4.34 x 10* 78
—IgK; 3.18 3.36 74
R3 HOCI + HCIO, = Cl,0, + H,0 kb (4.6 + 0.3) x 10* 1.91 x 10* 41
1.00 X 10° 40
1.55 x 10* 79
2.10 x 10* 64
ky® (24 + 0.5) x 10" -
R4 Cl, + HCIO, = CL,0, + CI” + H* k.’ (44 + 1.0) x 10° 7.26 X 10° 41
RS Cl, + ClO,” = CL0, + CI” kb 5.00 x 10° 1.30 X 10° 41
R6 CLO + HCIO, = Cl, + ClO;” + H* k& (29 +0.2) x 107
R7 CLO, + ClO,” = 2ClO, + CI” k,” (1.0 £ 02) x 10° 4.10 x 10° 41
1.00 x 10* 80
5.00 x 108 64
2.00 x 10° 81
R8 ClL,0, + HCIO, = 2CIO, + CI” + H* ke® (34 +£03) x 10° 1.50 x 10° 41
R9 CLO, + ClO,” + H,0 = 2HOCI + ClO;~ ko? (3.9 £ 0.5) x 10* 1.20 x 10* 41
R10 CLO0, + HOCI = Cl, + ClO;™ + H* ki’ 1.00 x 10* 1.00 x 10* 41
RI11 ClO,” + H* = HCIO, ke 1.00 X 10'°
k" 1.50 x 10°
IgK,,’ 1.82 1.74 41
1.72 40
1 -1

“First-order rate constant, s . bSecond-order rate constant, M~ 71,

Third-order rate constant, M~ s™'. “Lower limit. “Determined in separate

experiments in this study and kept fixed during the fitting process. "Calculated from the forward and reverse rate constants obtained in this study.
2Estimated value. "Calculated form k;; and K;,. ‘Determined in separate experiments in this study. ’At 50 °C.

for the interpretation of the experimental observations under
the conditions applied (Table 1). It needs to be emphasized
that the eliminated reaction steps could not be excluded based
on preliminary considerations because most of them involve
the same species that are reported in Table 1. Thus, a detailed
sensitivity analysis was performed to reduce the kinetic model.
To some extent, it is puzzling why so many unjustifiable
reaction steps were postulated in the previous literature under
similar conditions. Perhaps, analyzing the kinetic profiles of
only one of the final products, ClO,, led to biased conclusions
regarding the mechanism.

In our calculations, the acid—base equilibrium between
ClO,~ and HCIO, (R11) was considered diffusion-controlled
assuming k;; = 10'° M™' s7! and calculating the reverse rate
constant as k_;; = k;;/K;;. The equilibrium constant for the
formation of CL,O (R1) was taken from the literature and the
corresponding rate constants were obtained as lower limits
based on sensitivity analysis. When smaller values were used
for these rate constants, the fitting process led to unrealistic
results confirming that R1 is a preequilibrium step. The rate
constants found here are considerably higher than those
reported in the literature under slightly acidic conditions. This
difference is consistent with earlier conclusions that R1 is acid-
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catalyzed.”> The forward and reverse rate constants for
chlorine hydrolysis were determined in independent experi-
ments in this study, kg, = 19.4 + 0.1 s7" and kz_, = (291 +
0.01)10* M2 s™" (cf. SI) and introduced as fixed parameters in
the fitting process. These results are in excellent agreement
with previous results. In general, the standard deviation of the
fitted rate constants in the kinetic model is less than 15%,
which should be termed satisfactory by considering the
complexity of the system. As demonstrated in Figures 6 and
§2—S85, the reduced model provides excellent interpretation of
the experimental kinetic traces.

Rate constants k,, ks, k;, and ko agree with earlier reported
results within an order of magnitude; however, k; and kg differ
by several orders of magnitude. Such discrepancies are not the
consequence of different experimental conditions rather due to
different interpretations of the results. In general, some of the
rate constants may be altered significantly when a kinetic
model is modified. There are profound differences between the
kinetic models presented here and reported earlier. In contrast
to earlier studies, our results confirm that R2 cannot be
considered as a fast preequilibrium; R3 is a reversible reaction
step; R6 is operative instead of the reaction of Cl,O with
ClO,7; and the direct hydrolysis of CL,0, (CL0, + H,0 —
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ClO;™ + CI™ + 2H") can be eliminated from the kinetic model.
The latter step has been considered significant in earlier
studies; therefore, we have thoroughly tested its feasibility.
However, the inclusion of this step in the model either without
steps R9 and R10 or with one of them led to considerably
worse fitting results. The average deviation of the fitted and
calculated data increased significantly and most of the rate
constants became ill-defined. Again, we attribute the noted
discrepancies to the limited information gained by monitoring
only ClO, in the earlier studies.

According to the kinetic model, the competing reaction
paths via the formation and subsequent reactions of the two
reactive intermediates, Cl,0, and Cl,0, control the
stoichiometry of the HOCI-CIO,™ reaction. Chlorine dioxide
is exclusively produced in reactions involving Cl,0,, R7, and
R8. These steps are considerably faster than steps R9 and R10
that produces chlorate ion via the same intermediate. Thus, the
reactions of Cl,0, have a limited contribution to the formation
of ClO;™ and the main source of this product is step R6. It
follows that increasing the transient concentration of Cl,O,
compared to CL,O promotes the formation of chlorine dioxide
over chlorate ion. This finding is in line with the general trends
noted earlier. By adding chloride ion to the system and
decreasing the pH, the R2 equilibrium is shifted toward the
formation of Cl,. Consequently, the concentration of HOCI
becomes smaller and less CL,O is formed (R1), while step R4
becomes faster and more Cl,O, is generated. Similarly,
increasing the concentration of chlorite ion also makes the
formation of the latter intermediate more favorable via steps
R3 and R4.

4. CONCLUSIONS

The combined two-component and sequential stopped-flow
experimental protocol made it possible to explore the intimate
details of the HOCI—-CIO,™ reaction. In contrast to earlier
studies, not only the formation of one of the final products,
ClO,, was monitored, but the time-dependent concentration
profiles of all reactants and products were determined. These
results provide a firm basis for postulating a detailed kinetic
model for the interpretation of the experimental results under a
variety of conditions. The most important reaction steps were
identified, and it was shown that numerous irrelevant reaction
steps were proposed in previous studies. This study leads to
clear conclusions on how to control the stoichiometry of the
reaction and achieve optimum conditions to produce chlorine
dioxide in practical applications. Keeping the concentration of
ClO,™ in excess over HOCI and adding CI™ to the reaction
mixture enhances the formation of ClO, over chlorate ion. In
general, the kinetic approach presented here could be
beneficial in exploring the details of many complex redox
reactions.
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