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Abstract 

Objectives. To develop a method for the determination of hypochlorite, chloride, chlorite, chlorate, 
and perchlorate ions in solution; to determine the limits of detection and quantitation for ClO−,  
Cl−, ClO2

−, ClO3
−, and ClO4

− ions; to evaluate the applicability of the developed method and its 
suitability for disinfectant analysis.
Methods. Ionic chromatography using a conductometric detection system in isocratic  
elution mode.
Results. The method developed for chromatographic determination of chlorine-containing ions 
can be used to quantify the content of hypochlorite, chloride, chlorite, chlorate, and perchlorate 
ions. In isocratic elution mode at 7.5 mM NaOH and a flow rate of 0.4 mL/min, the content  
of chlorine-containing ions can be determined with high sensitivity. The presented method  
does not require the use of expensive equipment for the ultrasensitive analysis of the studied 
compounds.
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Conclusions. A novel method for the simultaneous determination of hypochlorite, chloride, 
chlorite, chlorate, and perchlorate ions in case of their combined presence is proposed. 
The technique can be used to carry out routine control of the content of these disinfectant  
components during use, increasing their effectiveness at the same time as managing  
associated toxicological risks.
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Аннотация 

Цели. Разработать методику определения гипохлорит-, хлорид-, хлорит-, хлорат-  
и перхлорат-ионов при их совместном присутствии в дезинфицирующих средствах. 
Определить пределы обнаружения и пределы количественного определения ионов ClO−, 
Cl−, ClO2

−, ClO3
−, ClO4

−. Провести расчеты валидационных параметров разработанной  
методики, а также оценить ее пригодность для анализа дезинфицирующих средств.
Методы. Ионообменная хроматография с системой кондуктометрического детек- 
тирования в изократическом режиме элюирования.
Результаты. Новая методика хроматографического определения хлорсодержащих  
ионов позволяет количественно оценить содержание гипохлорит-, хлорид-, хлорит-, 
хлорат- и перхлорат-ионов при их одновременном нахождении в модельном растворе  
и в дезинфицирующих средствах. Изократический режим элюирования 7.5 мМ NaOH  
при скорости движения потока 0.4 мл/мин позволяет с высокой чувствительностью 
определять ионы, содержащие атом хлора. Разработанная методика не требует  
использования дорогостоящего оборудования, необходимого для сверхчувствительного 
анализа исследуемых соединений.
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Выводы. Впервые предложена методика определения гипохлорит-, хлорид-, хлорит-,  
хлорат- и перхлорат-ионов при совместном присутствии. Ожидается, что разработан-
ная методика позволит проводить рутинный контроль содержания этих компонентов  
в дезинфицирующих средствах при их практическом использовании, что приведет  
к повышению эффективности применения дезинфектантов на их основе и снижению 
возможных токсикологических рисков.

Ключевые слова: гипохлорит-ионы, хлорид-ионы, хлорит-ионы, хлорат-ионы, перхлорат-ионы, 
ионообменная хроматография, дезинфицирующие средства
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INTRODUCTION

One of the key roles in public health consists  
in preventing the transmission of infectious diseases. 
The main basis of non-specific prophylaxis consists  
in implementing disinfection measures using  
appropriate means. Nowadays, many food products 
undergo thorough disinfection treatment during  
the preparation of goods for sale [1–3], typically 
involving the use of chlorine-containing disinfectants. 
Since, due to its high toxicity, pure chlorine  
is not suitable for these purposes, various chlorine-
containing compounds—e.g., sodium hypochlorite—
are used [2, 4–7]. The industrial production of sodium 
hypochlorite involves the electrolytic dissociation  
of an aqueous solution of sodium chloride. In the  
process, byproducts containing chlorite, chlorate, 
and perchlorate ions can also be formed [3, 8]. In  
an aqueous medium, due to being in chemical  
equilibrium, such ions can transform into different  
forms [9].

Chlorine-containing anions pose a particular  
risk to human health [3, 10]. For example, perchlorate 
ions have a negative effect on the production  
of thyroid hormone, which affects the functioning  
of the brain. The US Environmental Protection  
Agency has set the maximum allowable concentration 
of such substances at 15 µg/L, while the maximum 
pollution limit is set at 2 µg/L [11]. The World  
Health Organization, which is responsible for  
controlling the content of chlorate ions in drinking  

water, sets its maximum permissible concentration  
at 0.7 mg/L [12]. Since disinfectants based on  
chlorine compounds are typically used in food 
production processes, their residual amounts are  
found in dairy products, vegetables, and drinking  
water [1, 2, 10, 13–16].

Classical methods for the determination of 
chlorine-containing compounds in various objects  
are iodometric and potentiometric titration, colorimetric 
and fluorometric methods, capillary electrophoresis,  
etc. [4, 6, 12, 17–19]. Contemporary approaches  
are based on the use of ultrasensitive sensors to  
chloride-containing ions, which use elements of 
the platinum and palladium series in tandem with 
spectrophotometry, as well as on high-performance 
liquid chromatography methods using a mass-selective 
detection system [5, 7, 11, 20, 21]. Although such 
methods offer high sensitivity and a low detection  
limit of the studied compounds, they remain expensive.

Ion-exchange chromatography has been used  
in the analysis of chlorine-containing compounds  
since the end of the 20th century [22]. The first  
studies with chromatographic separation of chlorate  
and chlorite ions were carried out under conditions  
of low pH values. However, this solution led to the 
degradation of other compounds in the analyzed 
solution. Subsequent methods for analyzing the  
content of chlorine-containing ions in drinking water 
and other inorganic objects are based on the use of 
weakly alkaline or weakly acidic eluents to achieve a 
better separation of the compounds under study [16, 23].  
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Contemporary analysis techniques are based on  
a similar class of eluents [24, 25]. For example, 
depending on the type of analytical column for the 
analysis of chlorine-containing ions, eluents can be  
based on orthophthalic acid and acetonitrile. Eluents 
based on sodium carbonate and bicarbonate (also 
separately) and alkaline eluents based on sodium 
or potassium hydroxide in various concentrations 
are also used. In order to improve existing ion  
exchange chromatography methods, high resolution 
mass-selective detection systems are used in place 
of classical conductometric detection. This makes  
it possible to increase the analysis sensitivity  
and suppress the effect of high concentrations  
of side ions [26–28].

An analysis of the literature data shows that  
works based on the quantitative assessment of  
chlorine-containing ions fail to present a general  
picture of the analysis of all such ions simultaneously. 
Most studies in this area are aimed at studying ions  
having dangerous effects on human health: chlorite, 
chlorate, and perchlorate ions [24, 28]. At the same  
time, the complexity of chromatographic analysis 
involves a large number of “interfering” ions, for 
example, Cl−, whose chromatographic peaks, due  
to high concentrations, overlap the signals of other 
compounds [13].

Thus, the present study sets out to develop  
a method for determining hypochlorite, chloride, 
chlorite, chlorate, and perchlorate ions in their  
combined presence in solution using ion exchange 
chromatography with a conductometric detection 
system. The improved approach can be used to  
carry out quality control of manufactured disinfectants 
and other possible objects without the use of  
expensive equipment. The technique can additionally  
be used to determine the studied compounds  
even in trace amounts, thus reducing possible 
toxicological risks.

MATERIALS AND METHODS

Reagents

The study used sodium chlorite (80%), potassium 
chlorate (99%), potassium perchlorate (99.9%),  
and sodium hypochlorite solution having a base  
substance content of 10%, manufactured by  
Sigma-Aldrich (USA). Sodium hydroxide (99.3%)  
was produced by VWR (USA). Potassium  
permanganate, hydrochloric acid, iodine, sodium 
thiosulfate, potassium bromide, sodium carbonate, 
sodium bicarbonate, and potassium biphthalate used 
in the work were of analytical grade or higher and  
used without further purification.

Samples of disinfectants

In order to assess the suitability of the developed 
method, three commercially available samples of 
disinfectants—anolytes were studied. In order to 
maintain experimental independence, the samples  
were submitted for testing after removing  
information about the manufacturer and component 
composition of the studied products from  
the packaging.

Equipment

The following equipment was used in the work: 
Elmasonic S 70 H ultrasonic bath (Elma, Germany);  
EBA 280 centrifuge (Hettich, Germany); Millipore 
Direct Q3 water purification system (Millipore, USA); 
Adventure AR-2140 balance with a resolution  
of 0.0001 g (Ohaus, Switzerland); variable volume 
dispensers (Sartorius, Germany).

Preparation of solutions

For the preparation of eluents and solutions  
of the studied compounds, degassed deionized  
water was used. Degassing was carried out for  
15–20 min at a temperature of 50°C using an  
ultrasonic bath with an ultrasound frequency of  
37 kHz. The preparation of eluent solutions was  
carried out by weighing the required amount  
of the substance to an accuracy of four decimal  
places and diluting it in prepared water. The  
preparation of solutions of chlorine-containing  
compounds used to develop calibration curves  
was carried out by diluting the stock solution  
of compounds. The stock solution was prepared  
by weighing the required amount of the substance  
to an accuracy of four decimal places and diluting  
it in prepared water.

Synthesis of sodium hypochlorite

Sodium hypochlorite was synthesized by gradual 
addition of crystalline potassium permanganate  
(0.025 mol) to concentrated hydrochloric acid  
(0.20 mol; 4 M) with heating. Gaseous chlorine  
(0.063 mol) released as a result of the reaction 
was introduced into a sodium hydroxide  
solution (0.13 mol; 45 wt %) until the end of  
gas evolution. The resulting solution was filtered,  
cooled to 15°C, and centrifuged at 5000 rpm.  
The formed precipitate was separated by  
decantation and dried under vacuum for 24 h in  
a dark place. The content of sodium hypochlorite  
in the product confirmed by iodometric titration  
was 39.8 wt %.
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Infrared (IR) spectroscopy

The IR spectra of sodium hypochlorite hydrate, 
potassium chlorate, and sodium chloride were  
recorded on an InfraLYUM FT-08 IR-Fourier 
spectrometer (Lumex, Russia) using a KBr beam 
 splitter in the spectral range of 500–2000 cm−1.

Chromatograph parameters

Chromatographic analysis was performed on 
a Stayer-M instrument (Akvilon, Russia) using an  
analytical column Shodex IC SI-90 4E 4.0 × 250 mm,  
PEEK particle size 9 µm (Shodex, USA) with a 
conductometric detection system. The volume of  
the injected sample was 20 μL, while the temperature 
of the column thermostat was 35°С and the  
conductivity scale of the detector was 40 mA.

Data processing

A Stayer-M liquid chromatograph was controlled 
and chromatographic data were processed on a PC 
using the MultiChrom program (Ampersend, Russia). 
The chromatograms of the analyzed compounds  
were designed using the OriginPro 2016 program 
(OriginLab, USA). The IR spectra of the compounds 
were designed using the Omnic 9.2 program  
(Thermo Fisher Scientific, USA). The calculation 
and processing of validation calculation data was  
carried out in Microsoft Excel 2016 program  
(Microsoft, USA).

RESULTS AND DISCUSSION

The chromatographic separation of chlorine-
containing ions in isocratic mode using various  
types of eluents has been already described in  
the literature. At the initial stage, when selecting  
the conditions for the separation of chloride,  
chlorite, chlorate, and perchlorate ions, eluents  
based on Na2CO3–NaHCO3 were used with  
concentrations in the ratios of 1.7–1.8 mM,  
0.8–0.9 mM, and 2.5–0.4 mM, respectively1. In  
the first case, only the presence of Cl−, ClO2

−,  
and ClO3

− ions was detected by varying the flow  
rate from 0.3 to 1.0 mL/min. When the  
concentration of eluents used was halved and their 
proportional ratios changed, chromatographic 
signals of chloride, chlorite, and chlorate ions were 
also observed. No chromatographic signals of  
perchlorate ions were detected upon increasing the 

concentrations of sodium carbonate and bicarbonate  
to 2.5 and 0.4 mM, respectively.

Further attempts at chromatographic determination 
of the studied ions using an eluent based on potassium 
biphthalate (C8H5O4K) were carried out. When carrying 
out the analysis at an eluent rate ranging from 0.3  
to 1.0 mL/min using 0.5 mM potassium biphthalate,  
it was not possible to detect chloride ions. However,  
an increase in the substance concentration in the  
eluent to 7.0 mM resulted in the identification of  
only chloride and chlorite ions in the studied solutions.

When determining chromatographically chloride-
containing ions in isocratic mode, the use of a  
sodium hydroxide eluent is often described. When 
analyzing the same solutions of chlorine-containing  
ions using 20.0 mM NaOH as an eluent at a  
flow rate of 0.7 mL/min, it was possible to detect  
signals of chloride, chlorate, and perchlorate ions. 
In this case, varying the eluent flow rate did not  
lead to the detection of the chlorite ion: apparently,  
its chromatographic peak was overlapped by the  
signal of the chloride ion. A twofold decrease in 
the concentration of the alkaline eluent to 10.0 mM 
of sodium hydroxide at a flow rate of 0.3 mL/min  
led to the detection of only chloride and chlorate  
ions in the solution. However, in the case of such  
a substance being present in the eluent, an increase  
in the flow rate also resulted in the detected presence 
of perchlorate ions. An alkaline eluent based on  
7.5 mM NaOH at a flow rate of 1.0 mL/min  
facilitates the detection of chloride, chlorate, and 
perchlorate ions. However, when the flow rate of  
this eluent was reduced to 0.7 mL/min, it was  
possible to detect all chloride, chlorite, chlorate,  
and perchlorate ions studied at this stage in  
the studied solutions (Fig. 1). At the same time,  
it should be noted that a greater decrease in  
the flow rate increases the time of a single  
chromatographic experiment.

Thus, to determine the quantitative assessment  
of Cl−, ClO2

−, ClO3
−, and ClO4

− ions, it is optimal  
to use 7.5 mM NaOH as an eluent at a flow  
rate of 0.7 mL/min.

As discussed earlier, the use of commercial  
samples of sodium hypochlorite to evaluate the  
content of hypochlorite ions is difficult due to  
the high chloride ion content. To solve this  
problem, we synthesized a sample of sodium  
hypochlorite with a higher content of the main  
substance according to the previously proposed  
method [29]. The method is based on the absorption  
of gaseous chlorine released as a result of the 
interaction of crystalline potassium permanganate 
with concentrated hydrochloric acid when heated  
with a solution of sodium hydroxide. Following  
complete gas evolution, the resulting solution was  

 1  The analysis was carried out using an electrodialysis 
suppressor of carbonate and bicarbonate ions.
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filtered to remove possible precipitated impurities,  
then cooled and centrifuged. The precipitate formed  
after centrifugation was separated from the main 
solution by decantation and dried under vacuum in 
a dark place. The analysis of the obtained substance 
was carried out using ion-exchange chromatography 
under previously developed conditions for the 
chromatographic determination of chlorine-containing 
ions (Fig. 1). In addition to the new signal assigned  
to the hypochlorite ion, the resulting substance as 
revealed by the chromatogram contains the chloride 
ion as a byproduct, as well as impurity amounts  
of the chlorate ion. According to ion-exchange 
chromatography, the content of sodium chloride was 
1.21% ± 0.07%, while that of sodium chlorate was 
0.015% ± 0.001%. According to the IR spectroscopy 
data, no other chlorine-containing ions were present  
in the samples of the obtained sodium hypochlorite 
crystalline hydrate (Fig. 2). Therefore, the content 
of hypochlorite ions was determined by iodometric 
titration. The average content of sodium hypochlorite  
in the crystalline hydrate was 39.8% ± 0.3%.

Analysis of the chromatographic determination 
of the resulting hypochlorite ions in combination  
with chloride, chlorite, chlorate, and perchlorate ions  
was carried out under previously selected conditions 
using 7.5 mM NaOH as an eluent. By varying the  
flow rate, it was possible to achieve the optimal 
separation of all ions already at an eluent flow rate  
of 0.4 mL/min (Fig. 1). In this case, the analysis  
time was 50 min. A decrease in the eluent flow rate  
led to an increase in the analysis time without  
affecting the resolution of chloride-containing ion 
determination.

To assess the applicability of the developed 
method, the validation parameters were also  
calculated in accordance with the recommendations  
for analytical methods [30]. The measurement accuracy 
was evaluated using the addition method for each 
compound. The obtained values of the extraction  
degree of all ions in the range of 99–101% testify to the  
lack of systematic measurement errors. Calibration  
curves for the studied chlorine-containing ions 
(hypochlorite ion 0.50–3.00 mg/L; chloride ion  
0.249–2.50 mg/L; chlorite ion 0.373–2.61 mg/L;  
chlorate ion 0.498–2.52 mg/L; perchlorate ion  
0.498–2.49 mg/L) are linear in all cases with a  
correlation coefficient above 0.9990 (Fig. 3 and Table). 
The calculation of the limit of detection (LOD) and  
limit of quantification (LOQ) values was based on  
the signal-to-noise ratio. Due to the high intensity  
of the chromatographic chloride ion signal, the  
detection and quantitation limits are 0.87 µg/L  
and 2.63 µg/L, respectively; this figure is much  
lower as compared to other ions. For example,  
according to the LOD and LOQ values for the 

Fig. 1. Chromatograms of chlorine-containing compounds 
obtained by ion-exchange chromatography with 

conductometric detection under various conditions:  
(1) eluent 7.5 mM NaOH, flow rate 1.0 mL/min;  
(2) eluent 7.5 mM NaOH, flow rate 0.7 mL/min  

(synthesized NaClO sample);  
(3) eluent 7.5 mM NaOH, flow rate 0.4 mL/min.
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hypochlorite ions are at the level of 47.8 μg/L  
and 145 μg/L, respectively, the developed method  
can be additionally characterized as selective and 
sensitive. More detailed results of calculations of 
validation parameters for the studied chlorine-containing 
ions are given in the table.

The suitability of the developed method was 
assessed using three commercially available samples  
of disinfectants comprising anolytes produced by 
different manufacturers. In order to ensure a “blind” 

independent experiment, the studied samples of  
anolytes were encrypted under the codes Anolyte-1, 
Anolyte-2, and Anolyte-3. According to the results  
of the tests, samples Anolyte-1 and Anolyte-3 were 
found to contain only chloride ions 0.571 ± 0.027  
and 0.730 ± 0.035 wt %, respectively. The Anolyte-2 
sample, on the other hand, contained hypochlorite, 
chloride, and chlorite ions at concentrations of  
0.0382 ± 0.0019, 0.0738 ± 0.0035, and 0.0181 ± 0.0008 wt %, 
respectively (Fig. 4). When comparing the obtained 
results with the data indicated by the manufacturers, 
the total concentrations of chlorine-containing ions  
in all the studied samples were found to exceed the  
values indicated in the instructions for use by the 
manufacturer. This finding additionally indicates 
the need for careful quality control and procedural  
accuracy when using anolytes.

Fig. 2. IR spectra of sodium chloride (1), potassium chlorate (2), and sodium hypochlorite (3).

Fig. 3. Graphical representation of the calibration curves 
of hypochlorite, chloride, chlorite, chlorate,  

and perchlorate ions. Fig. 4. Chromatogram of the Anolit-2 disinfectant. 
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CONCLUSIONS

As part of the development of a procedure  
for the determination of hypochlorite, chloride,  
chlorite, chlorate, and perchlorate ions simultaneously 
present in solution, optimal conditions for their 
chromatographic separation were obtained using 
ion-exchange chromatography with conductometric 
detection. The best separation of the mixture  
components was obtained using a 7.5 mM NaOH 
solution as an eluent at a flow rate of 0.4 mL/min  
with a Shodex IC SI-90 4E anionic column.  
According to the validation parameter calculations,  

the developed method can be used to quantify all the  
listed chlorine-containing ions in the studied 
concentration ranges. The performed calculations  
also confirm the high sensitivity and extraction  
degree of each chlorine-containing compound under 
study.

The results of the study suggest the suitability 
of the developed method not only for the analysis  
of disinfectants, but also in the preparation  
centralized and non-centralized water supplies, 
as well as for determining residual quantities of  
chlorine-containing ions in wastewater.

Table. Results of calculation validation parameters (n = 5; P = 0.95)

Parameter
Ions

ClO− Cl− ClO2
− ClO3

− ClO4
−

Retention time repeatability RSD, % 0.66 0.28 0.23 0.15 0.029

Area repeatability RSD, % 0.58 0.55 0.77 1.28 0.86

Theoretical plates 3123 3850 3695 2290 3296

Resolution 1.52 1.58 1.78 2.19 2.26

Peak asymmetry 1.50 1.04 1.23 1.21 1.47

Linearity

Correlation coefficient 0.9991 0.9994 0.9992 0.9992 0.9990

Sensitivity factor 1.7450 116.15 46.282 74.780 54.421

Axial displacement 4.4765 −4.7886 −1.1377 −16.154 −11.805

Accuracy

Recovery, % 99.4 100.3 99.8 100.1 99.1

RSD, % 2.48 1.24 0.62 0.97 0.87

Limit of detection (LOD), µg‧L−1 47.8 0.867 7.11 18.0 52.9

Limit of quantitation (LOQ), µg‧L−1 145 2.63 21.5 54.9 160

Note: RSD – relative standard deviation, S/N – signal-to-noise ratio.
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