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Abstract: Chlorine dioxide was produced by the reduction of chlorate with hydrogen peroxide in
strongly acidic media. To avoid reaction interference during measuring procedures, UV spectra
were acquired to monitor the chlorate reduction. This reduction led to the formation of chlorine
dioxide and notable concentrations of chlorite and hypochlorous acid/chlorine, suggesting that
the hydrogen peroxide:chlorate ratio is important. Once chlorates are transformed to chlorine
dioxide, the surplus hydrogen peroxide promoted the further reaction of the chlorinated species
down to less-important species. Moreover, chlorine dioxide was stripped with the outlet gas flow.
A linear relationship was established between the amount of limiting reagent consumed and the
maximum height of the absorption peak at 360 nm after testing with different ratios of hydrogen
peroxide and chlorate, allowing calculations of the maximum amount of chlorine dioxide formed.
To verify the reproducibility of the method, a test with four replicates was conducted in a hydrogen
peroxide/chlorate solution where chlorine dioxide reduction was not promoted due to the presence
of surplus chlorate in the reaction medium after the test. Results confirmed the efficient formation of
this oxidant, with maximum concentrations of 8.0 ± 0.33 mmol L−1 in 400–450 min and a conversion
percentage of 97.6%. Standard deviations of 0.14–0.49 mmol L−1 were obtained during oxidation
(3.6–6.5% of the average), indicating good reproducibility.

Keywords: hydrogen peroxide; chlorates; chlorine dioxide; UV-vis spectrophotometry

1. Introduction

Chlorine dioxide (ClO2) is an oxidizing gas that is extensively used as a bleaching
and disinfectant reagent [1]. The paper industry regularly consumes large amounts of
ClO2 where, because of environmental concerns, ClO2 substitutes molecular chlorine in
pulp bleaching. ClO2 was also considered suitable for application in the disinfection of
drinking water, and, opposite to other chlorinated disinfectants, it prevents the formation
of chlorinated organic compounds [2–4]. It has several other advantages over chlorine. For
example, unlike with chlorine, the disinfection capability of ClO2 does not deteriorate with
increasing pH [5,6]. In addition, ClO2 is also stable in hydraulic systems for longer periods
and provides microbiological protection to water for durations ranging from hours to a
few days. Research is ongoing on many different applications relating to disinfection as
has been recently pointed out with the COVID-19 pandemic [7–9].

The chemistry of ClO2 is complex as compared to those of other chlorine compounds
because of its high reactivity. Two important properties are its high solubility in water and
partial pressure above 76 mm of Hg [10]. ClO2 is a stable compound known to possess
biocidal characteristics, even at low concentrations (0.001 mmol L−1). It acts as an oxidizing
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biocide and controls the growth of Gram-positive and Gram-negative bacteria by inhibiting
the transport of nutrients through the cell wall and also by destroying it [11]. Its biocidal
effectiveness is associated with its good target selectivity as compared to those of other
known oxidants, such as ozone or chlorine, which are more reactive and mostly consumed
by organic matter. Hence, low concentrations of ClO2 can be used to obtain a longer stable
residual effect [12]. Although there are other routes, ClO2 can be produced by reacting
sodium chlorate in a concentrated acid solution with reducing agents such as sulfur dioxide,
methanol, oxalic acid, hydrogen peroxide, hydrochloric acid, or sodium chloride. However,
hydrogen peroxide is replacing the other reagents in the reduction of chlorate, because this
reaction involves an eco-friendly environmental step where the main by-product formed is
oxygen, according to Equation (1) [13].

ClO3
− + 1/2 H2O2 + H+ → ClO2(aq) +

1
2

O2 + H2O (1)

This reduction does not only lead to the formation of ClO2, but also to the generation
of chlorine and hypochlorous acid/chlorine in high concentrations, which highlights
the importance of keeping the ratio between hydrogen peroxide and chlorate in suitable
values [7,14,15]. More recently, the production of ClO2 using electrochemical technology
was studied using mixed metal oxide (MMO) electrodes in the presence of chlorite [16–19]
and Boron Doped Diamond BDD anodes were used to promote the evolution of chlorine
species [20,21].

ClO2 was determined for the first time in the mid-1990s by an indirect analysis
through the mass balance of all chlorinated species [22,23]. Additionally, chromatographic,
titration and iodometric techniques were employed. These methods present important
drawbacks such as the need for sample pretreatment, high consumption of chemicals
and large amounts of waste. In fact, the reactivity of chlorine species is a very important
input during conventional methods of measurement. Thus, based on the high reactivity
of chlorine species with other chemicals, even during the application of chromatographic
techniques, it can be understood that the measurement methods may interfere with the
determination of real concentrations in which these species are contained in reaction
media [22]. Such analysis parameters are limited because they are dependent on the
appropriate pH, temperature, and addition of specific reagents [24] and even, the reagents
used in the measurement can influence the speciation.

With the aim of addressing these concerns and considering previous related research,
in this study, the production of ClO2 by the reduction of chlorates with hydrogen peroxide
in strongly acidic reaction media is confirmed. Additionally, it is proposed its verification
by following the course of the reaction spectrophotometrically, as this approach does
not interfere with the progress of reduction and allows the quantitative determination
of ClO2, HClO, Cl2, Cl− during the reaction. The reproducibility in the production of
these important oxidants was also confirmed. The findings also provide insights into the
mechanisms of this production.

2. Results and Discussion
2.1. Production of Chlorine Dioxide

It is important to monitor reactions based on methodologies that entail a low degree
of interaction with the chlorinated species. UV-vis spectrophotometry is a suitable choice
because the absorption peaks of the different species of interest required to evaluate the
reactivity are sufficiently separated in the UV-vis spectra. This is clearly seen in Figure 1a,
which shows the spectra of different species of interest for evaluating the chemistry of
ClO2. The spectra show that the maximum absorption peaks for chlorate, chlorite, chlorine,
hypochlorous acid, and ClO2 occur at 200 nm, 230 nm, 310 nm, 323 nm, and 360 nm,
respectively, all of which are sufficiently separated from the others, allowing their moni-
toring in order to understand their interaction in the reaction system. To deconvolute the
contribution of each species from the spectra, the features of the spectra of each compound
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were modeled by means of Gaussians, and their contribution was added to have a complete
model of the spectra, where the weight of each of these gaussian curves is expected to be
proportional to the concentration of the species according to the Lambert-Beer law. Then
the experimental weights were obtained by fitting the experimental data coming from the
spectra using a least-square optimization methodology.

Figure 1. UV-vis spectra (a) and deconvoluted UV-vis spectra lines (b) of samples containing H2SO4

5 M (

Catalysts 2021, 11, x FOR PEER REVIEW 3 of 10 
 

 

compound were modeled by means of Gaussians, and their contribution was added to 
have a complete model of the spectra, where the weight of each of these gaussian curves 
is expected to be proportional to the concentration of the species according to the Lambert-
Beer law. Then the experimental weights were obtained by fitting the experimental data 
coming from the spectra using a least-square optimization methodology. 

 
(a) 

 
(b) 

Figure 1. UV-vis spectra (a) and deconvoluted UV-vis spectra lines (b) of samples containing H2SO4 
5 M (25AC), ClO3− 4.7 mM (▬), HClO 6.7 mM (▬), ClO− 5.4 mM (▬), chlorite 1.5 mM (▬). ), ClO3

− 4.7 mM (

Catalysts 2021, 11, x FOR PEER REVIEW 3 of 10 
 

 

compound were modeled by means of Gaussians, and their contribution was added to 
have a complete model of the spectra, where the weight of each of these gaussian curves 
is expected to be proportional to the concentration of the species according to the Lambert-
Beer law. Then the experimental weights were obtained by fitting the experimental data 
coming from the spectra using a least-square optimization methodology. 

 
(a) 

 
(b) 

Figure 1. UV-vis spectra (a) and deconvoluted UV-vis spectra lines (b) of samples containing H2SO4 
5 M (25AC), ClO3− 4.7 mM (▬), HClO 6.7 mM (▬), ClO− 5.4 mM (▬), chlorite 1.5 mM (▬). ), HClO 6.7 mM (

Catalysts 2021, 11, x FOR PEER REVIEW 3 of 10 
 

 

compound were modeled by means of Gaussians, and their contribution was added to 
have a complete model of the spectra, where the weight of each of these gaussian curves 
is expected to be proportional to the concentration of the species according to the Lambert-
Beer law. Then the experimental weights were obtained by fitting the experimental data 
coming from the spectra using a least-square optimization methodology. 

 
(a) 

 
(b) 

Figure 1. UV-vis spectra (a) and deconvoluted UV-vis spectra lines (b) of samples containing H2SO4 
5 M (25AC), ClO3− 4.7 mM (▬), HClO 6.7 mM (▬), ClO− 5.4 mM (▬), chlorite 1.5 mM (▬). ), ClO− 5.4 mM (

Catalysts 2021, 11, x FOR PEER REVIEW 3 of 10 
 

 

compound were modeled by means of Gaussians, and their contribution was added to 
have a complete model of the spectra, where the weight of each of these gaussian curves 
is expected to be proportional to the concentration of the species according to the Lambert-
Beer law. Then the experimental weights were obtained by fitting the experimental data 
coming from the spectra using a least-square optimization methodology. 

 
(a) 

 
(b) 

Figure 1. UV-vis spectra (a) and deconvoluted UV-vis spectra lines (b) of samples containing H2SO4 
5 M (25AC), ClO3− 4.7 mM (▬), HClO 6.7 mM (▬), ClO− 5.4 mM (▬), chlorite 1.5 mM (▬). ), chlorite 1.5 mM (

Catalysts 2021, 11, x FOR PEER REVIEW 3 of 10 
 

 

compound were modeled by means of Gaussians, and their contribution was added to 
have a complete model of the spectra, where the weight of each of these gaussian curves 
is expected to be proportional to the concentration of the species according to the Lambert-
Beer law. Then the experimental weights were obtained by fitting the experimental data 
coming from the spectra using a least-square optimization methodology. 

 
(a) 

 
(b) 

Figure 1. UV-vis spectra (a) and deconvoluted UV-vis spectra lines (b) of samples containing H2SO4 
5 M (25AC), ClO3− 4.7 mM (▬), HClO 6.7 mM (▬), ClO− 5.4 mM (▬), chlorite 1.5 mM (▬). ).



Catalysts 2021, 11, 1478 4 of 10

Considering that, Figure 2 shows changes in the UV spectra of a mixture containing
5 mL of an aqueous solution containing 5 g/L NaClO3, 25 mL of 5 M H2SO4 and 5 mL
of an aqueous solution containing 3.3 g/L H2O2 kept at 60 ◦C for 24 h. Considering
the high reactivity of the species, and as explained before, this method is expected to
allow us to monitor the changes in the key species involved without interfering in the
system. The peak at 360 nm is associated with the formation of ClO2. As seen, the
combination in strongly acidic media of chlorates and hydrogen peroxide produces high
concentrations of this oxidant. In addition, over the 24 h of testing, there are significant
changes in the reaction media. The formation of ClO2, chlorite (maximum absorption
peak near 230 nm), hypochlorous acid (maximum absorption peak at 323 nm) and chlorine
(maximum absorption peak at 310 nm) was observed. Regarding chlorite formation, the
high concentrations of chlorate at the beginning of the test masked the peak, which, when
combined with that of chlorine, resulted in a broader peak. When chlorate is depleted,
the peak is more clearly observed. Hence, when mixing chlorates and hydrogen peroxide
in strongly acidic media many reactions are observed to occur simultaneously. This set
of reactions results in the formation of ClO2, chlorine/hypochlorous acid, and chlorite in
the reaction mixture and there is an interconversion of these species during the complete
duration of the test.

Figure 2. Changes in the UV-vis spectrum over 24 h during the liquid reaction of chlorate and
hydrogen peroxide in strongly acidic media. (
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The inset panel shows the absorbance of chlorine dioxide (360 nm) produced in the system during
the reaction.

It is worth observing the time course of the peak at 360 nm over the reaction time
(for ClO2) which increases up to a maximum absorption of 0.522 units at the third hour
of reaction and then, it decreases gradually. At the end of the treatment, the amounts of
chlorate and hydrogen peroxide consumed were 5.55 and 11.94 mmol/L, with decreases in
the concentration from 5.26 to 0.91 mmol L−1 in the case of chlorate and from 21.78 down
to 1.91 mmol L−1 in the case of hydrogen peroxide. The H2O2/ClO3

− ratio between the
consumed reagents is 2.15, slightly higher than the ratio of 2 which is stoichiometric for
the ClO2 production (Equation (1)), and which may suggest that once chlorine dioxide
is formed, the reduction of the chlorinated species continues, leading to the formation of
other species, as also is confirmed by the occurrence of a chlorite peak (Equation (2)).

2ClO2 + H2O2 → 2H++2ClO2
−+ O2 (2)
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Regarding the production of gaseous ClO2, samples of gas (5 mL) were bubbled into a
solution containing iodide, producing iodine. The oxidation capacity of the gaseous flow is
shown in Figure 3, confirming the viability of the production of the gaseous oxidant reagent.
The transient delay in the observation of the maximum production can be explained in
terms of gas transport.

Figure 3. Concentration of total oxidants in the gas phase.

Several additional tests were carried out changing the ratios between hydrogen perox-
ide and chlorate after considering the results obtained in this previous test. The concen-
trations of chlorate and hydrogen peroxide were monitored in all tests, and the limiting
reagent concentration was plotted vs. the maximum height of the 360 nm absorption peak.
The results are shown in Figure 4. As seen, regardless of the variability, which is associated
with the presence of many other species which may have an impact on the photometric
response, there is a clear relationship that allows for calculating the maximum amount of
ClO2 produced. In all these tests, the absorbance at 360 nm increases up to a maximum,
then subsequently decreases. This supports those consecutive reactions that occur in the
system if hydrogen peroxide remains in the reaction medium.

Figure 4. Relationship between the maximum reached in the absorbance at 360 nm and the amount
of limiting reagent reacted in the interaction between hydrogen peroxide and chlorates.
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2.2. Reproducibility in the Production of ClO2

Figure 5 shows the time course of the concentration of ClO2 produced in the liquid
reaction media when 10 mL of HClO3 (5 g/L NaClO3) are mixed with 4 mL of H2O2
(3.3 g/L) and 25 mL of H2SO4 5M, at a constant temperature of 68 ◦C. The reaction tests
lasted after 24 h and were repeated four times to check reproducibility. Dosing between
chlorates and hydrogen peroxide was 1.2 mmol chlorate/mmol hydrogen peroxide. The
concentrations of hydrogen peroxide and chlorate decrease almost immediately from the
initial 9.95 and 12.03 mmol L−1 down to 5.74 ± 0.01 and 9.62 ± 0.24 mmol L−1 and, after
24 h, to 0.73 ± 0.08 and 3.83 ± 0.23 mmol L−1, respectively. This confirms a fast interaction
between both reagents, providing insight into further reactions during the aging of the
reaction mixture. This also supports that reaction proceeds stoichiometry because hydrogen
peroxide is almost exhausted during the process.

Figure 5. Concentration of ClO2 produced in the liquid phase. TªReactor = 68 ◦C. Test 1 (•), test 2 (∆),
test 3 (N) and test 4 (#). n = 4.

As seen, the reproducibility of the four tests is very good, with standard deviations
in the range 0.14–0.49 mmol L−1 during the oxidation (3.6–6.5% of the average values).
Maximum concentrations of 8.0 ± 0.33 mmol L−1 were obtained in 400–450 min of reaction.
The conversion of chlorates into ClO2 reaches 97.6%, for these conditions, indicating that
chlorate anions are the limiting reagents (despite there still being important concentrations
of surplus chlorate after the 24 h tests). Decreases at longer times may be explained in
terms of the stripping of chlorine dioxide to the gas phase.

Thus, and as observed in Figure 6, gas-phase oxidants are collected from the reaction
system. This gas has a very important oxidation capacity, as it is confirmed with the
formation of iodine, following the bubbling of the gas through a solution of 1.0 g L−1 KI. In
this case, the standard deviations range between 0.006 and 0.051 mmol e− L−1 (9.8–28.75%
with respect to the corresponding average value) and the maximum amount formed was
0.22 ± 0.02 mmol e− L−1.
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Figure 6. Concentration of total oxidants in the gas phase. Test 1 (•), test 2 (∆), test 3 (N) and test 4 (#).

In Figure 7, the UV-vis spectra are shown in the four tests. As it can be observed, these
spectra do not only confirm the reproducibility of the tests made but also points out that no
important concentrations of hypochlorous acid (absorption peak at 323 nm) nor chlorine
(absorption peak at 310 nm) are produced in the reaction system.

Figure 7. UV-vis spectra of samples (liquid phase) taken at different reaction times during the four
tests carried out (a) test1; (b) test 2; (c) test 3; (d) test 4. (
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24 h.

This result is important because the reactivity of chlorates and hydrogen peroxide is
rather complex. In fact, paying attention to the UV-vis spectra, absorption in the nearness of
230 nm (chlorite) can be seen over the reaction time, decreasing down to almost negligible
at 24 h of reactions. This may indicate that chlorite is formed during the process from the
very first moments of the reaction.
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3. Materials and Methods
3.1. Chemicals

Sodium chlorate (ACS reagent, ≥99.0%), hydrogen peroxide (33% w/v) were sup-
plied by Merck (Darmstadt, Germany) and Labbox (Vilassar de Dalt, Barcelona, Spain),
respectively. Sulfuric acid (90–91%) and potassium iodide (ACS reagent, ≥99.0%) were
purchased from Scharlab (Sentmenat, Barcelona, Spain). Acetone and sodium carbonate
(analytical grade, from Merk) were used for the mobile phase to determine chlorates. Tita-
nium (IV) oxysulfate (1.9–2.1%, from Merck) was used as indicator of hydrogen peroxide.
All solutions were prepared with double deionized water obtained from a Milipore Mili-Q
system (18.2 MΩ cm, 25 ◦C).

3.2. Experimental Setup

Experiments were carried out in completely closed glass reactors (250 mL). Different
volumes of chlorate (5 g L−1) and hydrogen peroxide (3.3 g L−1) were added to the reactor
for ClO2 formation. To achieve a strongly acidic pH, 25 mL of sulphuric acid (5 M) was
added in all cases. The mixture was stirred softly (350 rpm) at constant temperature (60 or
68 ◦C) by using a thermostatic bath for 24 h. These studies were limited to temperature
range because of concerns about the possibility of chlorine dioxide decomposition at higher
temperatures [8,22]. Samples of the liquid and gas phases were collected periodically to
quantify the evolution of ClO2.

3.3. Characterization Methods

Chlorates (ClO3
−) were determined by ion chromatography using a Metrohm 930

Compact IC Flex (Madrid, Spain) coupled to a conductivity detector. Mobile phase is
composed of 85:15 v/v 3.6 mM Na2CO3/Acetone solution and flowed at 0.8 mL min−1

through a Metrosep A Supp 7 column. The temperature of the oven was 40 ◦C and the
injection volume was 20.0 µL. Hydrogen peroxide was analyzed by spectrophotometry due
to the complex formed between H2O2 and Ti2+ [25] at a wavelength of 410 nm. The chorine
species in liquid phase were monitored by spectrophotometry using a UV-1700 Shimadzu
Spectrophotometer (Duisbur, Germany). The characteristic wavelengths at which absorb
chloride (Cl−), hypochlorous acid (HClO), chlorine (Cl2) and chlorine dioxide (ClO2)
were 230, 323, 310 and 360 nm, respectively. ClO2 determination was also carried out
spectrophotometrically using a calibration curve of standard ClO2, which ranged from
0–14.73 mmol L−1.

Regarding the gaseous phase, samples of 5 mL of gas were taken and bubbled into
water for measuring the spectra or into a solution containing iodide, producing its trans-
formation into iodine. In this latter case, the iodine solution was titrated with sodium
thiosulphate to quantify oxidants.

4. Conclusions

From this work, the following conclusions can be drawn:

• ClO2 can be produced by the reduction of chlorate with hydrogen peroxide in strongly
acidic media. Further reduced chlorinates species can be produced when chlorate is
exhausted from the reaction media. This is because ClO2 is further reduced to chlorite
and even to hypochlorous acid/chlorine.

• There is a good relationship between the height of the absorption peak at 360 nm
and the amount of the limiting reagent consumed in the production of chlorine diox-
ide, which allows the use of the spectrophotometric measurement to quantify this
important oxidant. A value of 13.586 mmol/absorption unit was found by fitting
experimental results obtained in a set of tests in which the ratio of hydrogen perox-
ide/chlorate was evaluated.

• Part of the chlorine dioxide produced is stripped to the gas flow producing gas with
high oxidation capacity.
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• Reproducibility of the reaction is very high with standard deviations in the range
0.14–0.49 mmol L−1 during the oxidation (3.6–6.5% of the average values). If a suitable
hydrogen peroxide/chlorate is used and chlorate is not exhausted from the reaction
media, production of chlorine dioxide can be very high with conversions near 100%.
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