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Abstract. The results of the conducted research made it possible to establish that in EU countries
chlorine dioxide (CD) is more often used for secondary or final disinfection of drinking water. By-products
of this process are chlorites and chlorates, which are subject to control in the drinking water of all EU
countries. Aldehydes and carboxylic acids can also be formed in drinking water, which leads to a decrease
in the microbiological stability of tap water. Ozonation and filtration using a carbon filter are used in the
final stage of drinking water purification, which contributes to a significant reduction in the dose of CD and
water contamination with toxic chlorites. In the case of pre-oxidation of water with sodium hypochlorite,
the largest amount of chlorites and chlorates is formed, while in the case of using potassium permanganate
for the same purpose, the need for CD and the amount of chlorites and chlorates in drinking water reduced.
Chlorination of natural water that has undergone CD pre-oxidation leads to complete oxidation of the
chlorites that have formed, increases the effectiveness of disinfection, and provides a bacteriostatic effect
in the distribution network. During 2021-2022, when using CD for the treatment of drinking water at
the Dniprovska WTP in Kyiv it was established that the process of treating natural water with CD is
accompanied by the formation of its by-products, mainly toxic chlorites, the levels of which depend on the
applied doses of CD and are the lowest in winter, while the largest ones are observed in summer and do
not always reach regulatory values (0.2 mg/l) and range up to 0.7 mg/l, which corresponds to the WHO
recommended standard for this substance in drinking water. Italian scientists focus their attention on the
fact that during the first years of using CD at each water supply station, optimal conditions must be ensured
Jfor the safe and effective use of this reagent. Therefore, CD is becoming widespread in the EU countries and
Ukraine for the treatment of tap drinking water, it is an alternative method of water effective disinfection
at water supply stations with traditional surface water purification technology. Using such a method for
treating surface water requires a preliminary pilot experiment and should be carried out along with an
analysis of the feasibility of using the methods for preliminary and/or final purification of drinking water
from organic substances and additional disinfection. Today, based on experimental and natural studies, it
is relevant to expand knowledge about the properties of CD in the case of its use in drinking water supply
Jor the treatment of surface water with a high content of organic substances.
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Relevance of research. For the population
of Ukraine, as in many European countries, the
problem of providing drinking water of guaranteed
quality is particularly relevant [1]. Data from
scientific sources indicate the unsatisfactory
quality of surface water in Ukraine in general
and their critical condition in certain regions. Its
condition is directly related to the composition and
volume of return water, in particular, the efficiency
of wastewater treatment and disinfection at sewage
treatment plants in settlements and industrial
enterprises. Climate change also has a significant
negative impact on surface water quality [2-4].
Screening monitoring of the Dnipro River basin
showed extremely high levels of predicted safe
concentrations in water of herbicides, insecticides,
fungicides, as well as pharmaceutical substances
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such as carbamazepine, lopinavir, diclofenac,
efavirenz, etc.

As a result of the intensive inflow of biogenic
compounds into rivers and reservoirs, the latter
have a massive development of phytoplankton,
which complicates the processes of treating
high-quality drinking water at water supply
stations (WSS) [5]. In the zone of active
hostilities, providing a drinking water supply
to the population is a particularly difficult
task. Enterprises of centralized drinking water
supply bear the burden of problems due to the
non-guaranteed quality of the source water, the
lack of stable conditions for the technological
process of water treatment as well as for the
operation of water treatment facilities and
networks, etc. [6, 7].
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Thus, in general, in the current conditions of
anthropogenic load and climate change, which
negatively affect the quality of surface water,
namely, lead to an increase in the concentration
of the organic component of water pollution,
deterioration of microbiological indicators, etc.,
traditional coagulants and disinfectants are not
able to ensure the normative quality of drinking
water [8]. Disinfection is the priority process of its
treatment. Due to the low cost, ease of operation,
high efficiency, and stability in the distribution
network, drinking water is chlorinated (with
chlorine or sodium hypochlorite), but the
identified shortcomings of the chlorination
process became the basis for the application of
chlorine dioxide (CD) in disinfecting tap drinking
water [9—11].

Scientists have carried out a wide range of
research on the properties of CD, in particular,
when applying it at water supply stations,
the advantages of using CD for disinfection
of drinking water compared to chlorine, its
disadvantages, features of combined action
with other disinfectants, etc. However, today
disinfection of drinking water with CD is
becoming widespread in the EU countries and
Ukraine [12]. Scientists emphasize the relevance
of researching and analyzing an appropriate
applied technology for each drinking water supply
station, primarily due to the large difference in the
composition of the source water and the applied
technological approaches at WSS [13]. Because
of the above, we analyzed data from the scientific
sources on the experience of using CD at WSS.

Analysis of recent research and publications.
For the first time in the world, CD was used to
disinfect drinking water in Germany in 1894.
The use of this reagent in water supply was
restrained for a long time, but after solving the
problem of industrial production of sodium
chlorite, which is the main component in
obtaining CD, as well as after establishing
the fact that in the process of chlorination
carcinogenic organochlorine is formed in water,
CD started to be used for decontamination of
tap drinking water [14, 15]. At the end of the
20th century, this reagent was already widely
used, primarily for the secondary disinfection
of drinking water at water treatment plants in
the USA and Western Europe, and it also began
to be used in Ukraine [16—18]. Today it is used
for treating municipal water supply in 13 EU
countries — Austria, Finland, France, Germany,
Greece, Hungary, Italy, Luxembourg, Poland,
Portugal, Romania, Slovenia, and Spain [19].

The purpose of the scientific research is to
analyze the features of using CD for surface water

treatment based on literary sources regarding the
relevant field studies conducted.

Research materials and methods. Theoretical
methods of scientific research such as analysis
and synthesis, comparison, classification, and
generalization were used in the study.

Research results and their discussion. Based
on the analytical studies, it was established that
in the EU countries, CD is more often used for
secondary orfinal disinfection of drinking water, in
particular for the treatment of surface water at the
stage of disinfection after preliminary ozonation
and before UV disinfection. For example, in
the south-east of Poland in the Subcarpathian
Voivodeship, there are the following water
intakes and their water treatment technologies:
A — the Wistok River (capacity — 84,000 m*/day,
drinking water treatment technology: preliminary
ozonation, coagulation, filtration (anthracite-sand
layer), secondary ozonation, filtration (carbon
layer), CI2 disinfection, CD, UV disinfection);
B — the Yasiolka River (capacity — 7000 m*/day,
drinking water treatment technology: preliminary
oxidation, coagulation, filtration (sand-gravel
layer), CD disinfection, UV disinfection); C — the
Besko reservoir (17,000 m*/day, drinking water
treatment technology: preliminary oxidation,
coagulation, filtration (anthracite-sand layer), CD
disinfection, UV disinfection) [20].

Following the literature data, by-products are
formed in drinking water after CD disinfection,
the main of which are chlorites (standard by
Directive 2020/2184/EU — < 0,7 mg/l) and
chlorates (standard by Directive 2020/2184/ EU —
<0,7mg/1), which are subject to control in drinking
water in all EU countries. In particular, 50—70 %
and 0-10% of applied CD are transformed
into chlorite and chlorate, respectively
[21]. Carboxylic acids and aldehydes — low
molecular weight organic compounds with
high biodegradability can also be formed in
drinking water treated with CD. CD, like ozone,
reacts with organic substances in surface water
as a result of which aldehydes are formed.
Their presence in the water supply network is
extremely undesirable due to the possibility of
secondary growth of microorganisms present in
running water and forming biofilms on the inner
walls of distribution pipes, especially when the
disinfectant remains disappear at the same time
[22-27].

The other researchers [13], in the city of
Poznan (Poland), conducted a research for
several years on the method of using CD in
the centralized drinking water supply for the
treatment of surface water with high reactivity of
natural organic matter, which led to a decrease in
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the microbiological stability of water. A particular
increase in this phenomenon was observed after
using CD for secondary disinfection. The sourse
water of the Mosina WTP, located approximately
20 km from Poznan, is a mixture of groundwater
and infiltration water (40 %) of the wells drilled
on the shoreline in the Warta River dam to reduce
organic matter in source water.

Despite numerous attempts, it was impossible
starting use only CD due to the growth of
psychrophilic bacteria in the water supply system.
Therefore, the water was constantly disinfected
with a mixture of two agents: gaseous chlorine
and CD in a ratio of 60-40 %. However, mixing
disinfectants with a seasonal change in their rate
was not completely effective and worsened the
organoleptic parameters of the water.

Cast iron and PVC/PE are the basic
materials of the pipes; there are some sections
of the water supply pipeline, which are made of
asbestos-cement pipes, which can be successively
replaced. The age of almost half of the pipes is
10-40 years; 15 % of the network was constructed
more than 40 years ago [28]. Modernization of the
WTP was carried out during 2010-2015, which
primarily included the construction of the facilities
for the final stage of purification, which involved
ozonation and sorption with activated carbon, as
well as an increase in the capacity of the WWTP
from 100.000 to 150.000 m*day, while liquid
chlorine was replaced with sodium hypochlorite.
Figure 1 shows which technologies are correlated
with the CD rate used at the Mosina WTP.
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After the two-stage treatment, the water at
the Mosina WTP was characterized by a reduced
content of disinfection by-products and organic
substances, which led to a decrease in the need
for disinfectants. In 2015, the leaching of organic
compounds, which were in the water supply
network before the reconstruction was observed
(in 2019, it was not observed) [13].

Another article presents the results of
experiments conducted at the Fortore (Foggia,
Southern Italy) and Mosina (Poznan, Poland)
WTPs. Chlorine was added to the CD solution
used for preliminary water disinfection.

The results showed high chlorite removal
efficiency on GAC filters up to 5.500 and 10.000
bed volumes for mineral and vegetable GAC at
Fortore and up to 11.000 bed volumes at Mosina.
Natural organic matter (NOM) dissolved in raw
Fortore water was also characterized. The presence
of small molecules (< 500 Da) in water that was
previously disinfected led to the formation of
trihalomethanes (THM) and carboxylic acids due
to a rapid reaction with C1,-Cl1O2. Low molecular
weight carboxylic acids are effectively removed
from water during filtration through biologically
active carbon layers. GAC filters showed removal
percentages from 60 to 72 % for THM and from
14.6 to 43 % for total organic carbon (TOC) [29].

CD is usually used in medium and large
drinking water treatment plants due to high
production and management costs. Practical
experience has shown that the service life of
polyethylene pipes is significantly reduced due to
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Fig. 1. Dynamics of CD rates depending on the drinking water treatment technology at the second
stage: 2005 — modernization of post-filters for cleaning from iron and manganese compounds;
2012 — a new aeration plant was put into operation; 2014 — powdered coal was dosed;

2015 — the entire technological line was put into operation, including ozonation and filtration
through a carbon filter (without powdered coal)
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their being affected by the water with CD. The CD
is more aggressive to plastic pipes, in particular
polyethylene (PE) ones than other chlorine-based
disinfectants. That can be explained by the fact
that CD is a dissolved gas that diffuses faster into
the polymer compared to other disinfectants that
accelerate degradation reactions. Recently, many
companies have offered new polyethylene pipes
with a modified formulation, more resistant to
CD. However, there is still no standardized test
method for evaluating the long-term performance
of polyethylene pipes. Further experiments
are necessary to correlate the parameters of
the chemical and mechanical characteristics of
polyethylene pipes with their service life [30].

According to the research results of Italian
scientists, it has been established that in the
case of preliminary oxidation of water with
sodium hypochlorite, the need for CD is
high, and the largest amount of chlorites and
chlorates is formed. At the same time, in the
case of preliminary oxidation with potassium
permanganate, coagulation with both iron
chloride and aluminum sulfate reduces the need
for CD, as well as the number of chlorites and
chlorates in drinking water. Activated carbon
reduces the content of CD by about 50% and
leads to a decrease in the formation of chlorite
and chlorate [31].

Data from field studies on the combined use
of CD and chlorine for the treatment of surface
water in five cities of Ukraine (Zaporizhia,
Dnipro, Sevastopol, Kremenchuk, Zhovti vody)
showed that the most optimal is the use of CD
for primary disinfection, while chlorine (liquid
or sodium hypochlorite) is effective to be used
at the stage of post-disinfection. Depending on
the quality of the source water, the effective rate
of CD at the pre-oxidation stage is 1.0—1.5 mg/I,
which is 3—4 times less than the CD rate sufficient
to achieve a similar effect. Chlorination of natural
water that underwent peroxidation with CD
leads to complete oxidation of formed chlorites,
increases the effectiveness of disinfection, and
provides a bacteriostatic effect (prolonged effect)
in the distribution network [32].

By the literature sources, at the stage of
industrial research (2017) on the use of CD for
the treatment of drinking water at the Dniprovska
WTP in Kyiv city, for primary disinfection
a rate of 1.2-1.5 mg/l was used [15], for the
secondary disinfection — 0.3-0.45 mg/l, and

after its introduction into the technological
process (2021-2022) [33] — 0.8-2.5 mg/l, and
0.2-0.6 mg/1 respectively. Before entering clean
water tank (CWT), the water undergoes the
stages of treatment with CD, coagulation (with
aluminum sulfate and iron chloride), settling,
filtering, and disinfection with CD. The process
of treating natural water with CD is accompanied
by the formation of its by-products, mainly toxic
chlorites, the concentrations of which depend
on the applied rates of CD and are the lowest in
winter and the largest in summer. In the summer
period, the maximum concentration of chlorites
in drinking water from CWT can be higher than
the national hygienic standard (0.2 mg/l) and
range up to 0.7 mg/l, which corresponds to the
WHO recommended standard for this substance
in drinking water. Based on the hygienic
assessment of individual options for using CD in
technology of drinking water preparation from
surface sources compared to traditional chlorine
technology, the advantages of using CD in water
treatment instead of ordinary chlorine at the
initial and final stages of surface water treatment
are shown.

Italian scientists emphasize that in the case of
applying CD, the staff of each WTP accumulate
their own experience for the implementation of
the optimal technological process. During the
first years of applying CD, the personel at WTP
should elaborate on their optimal conditions for
the safe and effective use of this reagent. Correctly
conducted pilot studies are a mandatory element
of planning modernization changes in water
supply facilities [13].

Conclusions. The CD is becoming widespread
both in the EU countries and in Ukraine for the
treatment of tap drinking water. It is an alternative
method of an effective disinfection for water
treatment plants with traditional surface water
purification technology. It was established that the
use of CD for surface water treatment requires a
preliminary pilot experiment and should be carried
outtogether with an analysis of the feasibility of using
methods for preliminary and/or final purification
of drinking water from organic substances and
additional its disinfection. Thus, today it is relevant,
based on experimental and natural studies, to
expand knowledge about the properties of CD in
the case of its use for the treatment of surface water
with a high content of organic substances in the
field of drinking water supply.
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Wo npuzBooUms 00 3HUNCEHHST MIKPOOION02IUHOI cmabiibHOCmi 8000NPosioHoT 6oou. Yepes 3aznauene
Ha 3aKIAIOUHOMY emani o4uujeHHs NUMHOL 600U BUKOPUCIOBYIOMb O30HYBAHMS Mma hitbmpayilo uepes
8y2iNbHULL Qinbmp, Wo CNpuse cymmesomy 3meHulenuio oo3u [X ma 3a6pyoHennio 00U MOKCUUHUMU
xnopumamu. Y paszi nonepeoHvb020 OKUCHEHHS 800U 2INOXIOPUMOM HAMPIIO0 YMEOPIOEMbCA HAOITbULA
KIIbKICMb XJIOpUmMIi6 ma Xaopamie, a y pasi SUKOPUCMAHHA 3 YIEI0 JC MEmoi0 NepMananamy Kauiio
3nudACyemvcsi nompeba y J[X ma KineKicmov X10pumis ma Xaiopamis y numuitl 600i. X10pyeanus npupooroi
600U, Wo npotiuwna npeoxuctenns X, npuzeo0ums 00 NOBHO2O OKUCHEHHS XA0PUMIG, SKi YMEOPUIUCS,
niosuUWyE ephekmuHicmy 3He3apadiceHHs ma 3abesneuye daxmepiocmamudnuil egpekm y po3nooinbHill
mepedici. Ilpomseom 2021-2022 pp. suxopucmanns JX ona odpobku numnoi 6oou Ha /[Hinpoecekiti BC
M. Kueea ecmanoeneno, wjo npoyec 0b6pooku npupoonoi oou /X cynpogooscycmuvcs YmeopeHHIM
Hill 11020 NOOIYHUX NPOOYKMIB, NEPEeSANCHO MOKCUUHUX XJAOPUMI8, PIGHI AKUX 3anexcams 6i0 3acmoco-
sysanux 003 J[X i € HauMeHWUMU 63UMKY, d HAUOLIbUUMU — GTIMKY MA He 3A8HCOU Q0CA2AI0Mb HOPMA-
muenux 3nauers (0,2 me/n) i konusaromucs y medicax 0o 0,7 me/n, wjo gionosioac pexomernoosaromy BOO3
Hopmamugy 0ns yici pevosunu y nummitl 600i. Imaniticbki HaAyKo8Yi aKyeHmyms C80k0 y6azy Ha Momy,
wo npomsa2om nepuiux poxie euxopucmarnun /X Ha KodcHill 6000npoGiOHIll cmanyii nosuHHI 3abe3ne-
4yeamucy c80i ONMUMANbHI YMOGU 0151 6e3neuno20 ma epekmuHoco GUKOPUCMAHH YbO2O pPeazeHmy.
Omorce, [{X nabysae nowupenns 6 kpainax €C ma Yxpaini 0na 00podxu 6000npogioHoi numuoi 6oou,
€ AnbMEPHAMUBHUM MemOoO0oM T egheKmusHo2o 3He3apadcents. Ha 8000NPOBIOHUX CIAHYIAX 13 Mpaou-
YITIHOIO MEXHONO2IEIO OYUUeHHs NOBEPXHEeBOI 800U. 3ACMOCYB8ANHS MAKO20 Memody 0 00pOOKU NoGepx-
Hegoi 800U nompebye NonepeoHbO20 NIIOMHO20 eKCHepUMEHmy mda NOBUHHO 30IUCHIOBATNUCA PA3OM 3
AHAni30M OOYITLHOCHI 3ACTOCY8AHH MemOo0ig 0Ji1 NONEPEOHbO20 MaA/ab0 3aKIIOUHO20 OYUUJEHHS NUMHOT
800U 8i0 OP2AHIUHUX PEYOBUH A 000AMK08020 ii 3He3apadcenns. Ha cb0200Hi € akmyanbHum Ha niocmasi
EKCHEePUMEHMANbHUX Md HAMYPHUX 00CTI0NHCeHb POZWUPUMU 3HAHHSL w000 éracmusocmett /IX y pasi 1io2o
BUKOPUCTNAHHSL 8 NPAKMUYT NUMHO20 8000NOCMAYAHHS /s 00POOKU NOBEPXHEBOT 600U 3 BUCOKUM 8MICHOM
OP2AHIYHUX PEYOBUH.
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