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This paper specifies the effect of using strong oxidants in water treatment
technologies on the formation of disinfection by-products. The study was de-
veloped by collecting water samples from four water treatment plants of the
Municipal Water and Sewerage Company (MPWiK) in Krakow and at select-
ed sampling points within the water supply networks. The analysis was com-
prised of selected indicators of water quality after the treatment process during
the years of 2011-2017. From the carried-out investigation, it was concluded
that the concentration of free chlorine in the water supply network concur-
rently decreased with increases in the distance from the treatment plant. This
dependence was found in 19 out of 28 water supply points. While analyzing
the annual average concentrations of free chlorine in the municipal water, it
was noted that the highest values at the study points occurred in 2011. During
the other years, decreases in this indicator were observed. This follows from
the analysis that the water disinfection by-products did not exceed permissible
limits.
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1. Introduction

The main factor that determines the effectiveness of water disinfection is its
degree of contamination [1]. On the other hand, ensuring the bacteriological safety of
water is one of the main purposes of the treatment. In currently used treatment tech-
nologies, the microbiological purity of water is ensured through disinfection — the
task of which is to remove, destroy, or inactivate any forms of pathogenic organisms.
This helps prevent the spread of many infectious diseases. The microbiological puri-
ty of water is also essential due to the possibility of its recontamination in the water
supply network. The disinfection of water is the last stage of the treatment process,
and it can be achieved by applying some physical and chemical methods [2, 3-6].

The application of strong oxidants like chlorine, chlorine dioxide, and ozone
cause the formation of disinfection by-products [7-9]. These by-products consid-
erably affect the sanitary assessment of the municipal water supply [10]; they also
make up a group of undesirable substances — the majority of which are organic com-
pounds that result from the reaction between the disinfectant with organic pollut-
ants in water. This results in oxidation products of the inorganic components in the
form of bromates(V), chlorates(Ill), and chlorates(V) [11].

The aim of this paper is to determine the effect of applying strong oxidants in
water treatment technology and their effects on the formation of disinfection by-prod-
ucts. The study was developed by collecting water samples from four water treatment
plants of the Municipal Water and Sewerage Company in Krakow and at selected
sampling points within the water supply network corresponding to those plants.

2. Characteristics of Selected Methods of Water Disinfection

The methods of water disinfection include heating, ultraviolet (UV) radiation,
ultrasonic treatment, and ultrafiltration. The physical disinfection techniques cur-
rently applied in the water treatment technology are restricted to ultraviolet radia-
tion as a bactericidal agent [6].

The use of ultraviolet radiation is a disinfection method that does not change
the taste, smell, or physicochemical composition of the water. UV light is a part
of electromagnetic radiation with a wavelength of 100-400 nm. Within a range of
200-280 nm, it has a bactericidal effect on microorganisms, destroying their DNA
structure; if the appropriate absorption time and intensity of UV radiation are
used, microorganisms can be completely destroyed. The efficiency of UV radiation
depends on the color and turbidity of the water to be disinfected. The effect of UV
disinfection can be attenuated in the presence of suspensions and colloidal parti-
cles. These can absorb some amounts of radiation. In this method, no by-products
are formed as a result of reactions with organic matter. On the other hand, the
lack of any remains of a disinfectant in the water may promote recontamination
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in the distribution network. For this reason, this technique should be applied in
combination with chlorination, chloramination, or with disinfection by means of
chlorine dioxide [2, 3, 5, 6, 12, 13].

Chemical disinfection consists of introducing chemical substances that destroy
microorganisms in the water. The effectiveness of the chemical agent depends on
the concentration of the bacterial strains living in the water, the duration of micro-
organism contact with the disinfectant, and the physicochemical properties of the
water [2, 3, 14]. At present, the following water disinfection agents are used: chlorine
gas, chlorine dioxide (ClO,), iodine, ozone, a sodium chlorate(I) (sodium hypochlo-
rite — NaOCl) solution, and a calcium chlorate(I) (calcium hypochlorite — Ca(OCl),)
solution [2, 3, 5, 6].

Chlorination is the most popular and cheapest method of water disinfection.
This consists of destroying microorganisms using pure chlorine gas or chlorine
compounds. The water is typically disinfected with chlorine in the form of chlorine
water or chlorine gas added directly in situations requiring the application of large
doses of disinfectant [3].

In the case of chlorinating water that contains organic components, there may
be chlorine derivatives formed from these compounds; also, the taste and odor of
the water may deteriorate [2, 5]. The products of reactions between halogens (Cl, F,
Br, I) and hydrocarbons are halogenated hydrocarbons. Of the greatest importance
among these are trihalomethanes (THMs). The most important factors affecting the
formation of THMs in a water supply network are their precursors and the pres-
ence of chlorine in the water [14-18]. Increases in total THM concentrations are also
affected by the formation of brominated THMs caused by bromide ions present in
the water. Despite the decrease in the concentration of dissolved organic carbon in
chlorinated water, the share of brominated THMs and organobromine compounds
remains unaffected [15].

Atwater production plants, chlorine is more and more commonly being replaced
with chloride dioxide. This is produced on-site from sodium chlorite and hydrochlo-
ric acid. Chloride dioxide has stronger disinfecting properties than chlorine, and its
effectiveness is not dependent on the pH of the water. The higher technological effi-
ciency of this disinfectant stems from the considerably higher oxidizing potential.
Compared with chlorine gas, chlorine dioxide has an oxidizing rather than chlorin-
ating effect on many compounds — when added to water, it does not create halogen
side compounds. However, the application of chloride dioxide causes the forma-
tion of such by-products as chlorates(Ill, V). The prolonged duration of its action
in water stems from the longer half-life period. The application of chlorine dioxide
does not cause any increase in mutagenic or carcinogenic activity in the water. The
ClO, doses are considerably lower as compared to chlorine doses and surpass them
in efficiency in a wider range of water pH values (up to approx. pH 9). Chlorine
dioxide introduced into water does not impair its taste or odor, and it completely
oxidizes phenols [2, 3, 5, 14, 15, 19-21].
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The need to minimize the technical problems and hazards resulting from the
use of chlorine and sodium chlorate(l) as disinfectants led to the development of the
MIOX (Mixed Oxidant) technology. This consists of taking advantage of the mixture
of oxidants (chlorate ion (I), chloride oxide(IV), and ozone) that were formed as
a result of the electrolysis of an aqueous solution of NaCl. This mixture inactivates
the bacteria and viruses present in water more effectively than the disinfectants used
separately [2, 6, 22, 23].

Ozonation is applied by passing a stream of ozonized air (O,) through the water.
Ozone is produced on the principle of electrical discharge in an alternating field of
high voltage in so-called ozone generators. The pre-ozonation of water improves its
color and taste and destroys any microorganisms present in the water. The advan-
tage of ozone is that it offers the highest effectiveness of disinfection among the tra-
ditionally used oxidants. In the course of ozonation, compounds such as pesticides
and surfactants are oxidized. A disadvantage of using ozone is its instability and low
solubility in water. At room temperature, it decomposes to form two-atom oxygen
[3, 5, 6]. The low persistence of ozone increases the hazard of secondary bacterial
growth in the water supply network. Therefore, the water is subjected to chlorina-
tion or disinfection with chlorine dioxide after the ozonation process. In ozonized
water, products of the reactions between the organic compounds and ozone are
formed. They are characterized by significantly easier biodegradability than their
reagents. For this reason, the lack of an active disinfectant in the water can lead to
the growth of microorganisms in the presence of easily absorbed nutrients — the
products of ozonation [3, 24]. Ozonation can cause the formation of bromates(V) as
by-products — in the event of the presence of bromides in the water [5, 8]. In conclu-
sion, this process should not be the last stage of treatment [14].

Strengthened provisions concerning the quality of the water in a distribution
system requires the application of new disinfection solutions. In order to improve
the quality, safety, reliability, and (above all) effectiveness of the water disinfec-
tion process, many plants seek alternative solutions to chloride gas and sodium
hypochlorite. One of the most modern technologies is disinfection with 65% solid
calcium hypochlorite; this agent ensures a low level of chlorates and bromates due
to its high purity [25]. The compounds mentioned remain on a level that ensures the
fulfillment of requirements concerning the quality of drinking water that are com-
pliant with the Regulation of the Ministry of Health [26].

3. Materials and Methods

The study was developed by collecting water samples after the treatment pro-
cess from Krakow-based water treatment plants and from selected sampling points
within the water supply network. The laboratory analysis of drinking and municipal
water covered the years of 2011-2017. Samples of water after treatment were collect-
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ed at three-day intervals. Based on the results obtained, the average annual values
were calculated for the seven-year period of study. The municipal water samples
were collected at the designated points within the supply network every quarter on
average during each year. The results of the analyses were made available by the
Central Laboratory of the MPWiK S.A. in Krakow (Tab. 1).

Table 1. Methodology of testing parameters determined in 2011-2017

Indicator M;tggd Title of the standard/test procedure

PB-NJL-W-33, issue 1 on 17.10.2011
Free chlorine 22 Determination of free chlorine and general chlorine in
accordance with PN-ISO 7393-2: 1997

PN-EN ISO 10304-1: 2009

Chlorates(III), 57 Water quality. Determination of dissolved anions by ion
chlorates(V) chromatography. Part 1: Determination of bromides, chlorides,
fluorides, nitrates, nitrites, phosphates, and sulfates

PB-NJL-W-06, issue 1 of 18.01.2008
Determination of volatile organic compounds

Y. THM 75

Source: own study based on data [27]

The statistical analysis was performed for the selected quality indicators of
municipal water: free chlorine, total THMs, and the totals of chlorates(IlI) and chlo-
rates(V). The data gathered over the seven-year period of study included purity
parameters of the water collected from the distribution network during the period
of January 1, 2011, and December 31, 2017. The analysis covered city zones supplied
with water produced at four Krakow treatment plants (Tab. 2).

Table 2. Water sampling points in municipal water supply network in Krakéw
during years of 2011-2017

Sampling points | Supply area
ul. Zarzecze 106, al. Sosnowa 8, ul. Stawowa 179, ul. Tokarskiego 1,
ul. Natkowskiego 1, ul. Lokietka 177 WTP Rudawa
ul. Poroninska 7, ul. Chalubinskiego 21, ul. Stojalowskiego 1,
ul. Cechowa 57, ul. Babinskiego 29, ul. Spoétdzielcow 3, ul. Biezanowska WTP Raba

40, ul. Brozka 3, ul. Gronostajowa 3, ul. Kutrzeby 4, ul. Kosiarzy 1,
Rynek Podgorski 1, ul. Stoczniowcoéw 7, ul. Stawka 8, ul. Sanocka 2

ul. Kantorowicka 77, os. Ztotej Jesieni 1, os. Gorali 5, os. Na Skarpie 8 WTP Dtubnia
ul. Astronautow 5, ul. Kamedulska 70, ul. Bolestawa gmia}ego 7 WTP Bielany

The samples of treated water for laboratory testing were taken at points located
in various Krakow districts. These were primarily public facilities such as schools,
kindergartens, shops, petrol stations, and offices.
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4. Results and Discussion

Active chlorine responsible for the course of both oxidation and disinfection is
present in chlorine water and in all of the chlorine compounds used. Therefore, it
is essential to determine such a dose of chlorine that would ensure that free chlorine
remains in the water after disinfection [3, 28]. The quantity of free chlorine in potable
water and household water may not exceed 0.3 mg-dm™ [25]. Also, a problem faced
by many water treatment plants is the disappearance of chlorine at the end of the
network [2, 29].

The highest concentrations of free chlorine were found in the waters produced
at the Water Treatment Plant (WTP) Dtubnia; the average results ranged from
0.03 (os. Na Skarpie 8) to 0.14 mg-dm™ (os. Gérali 5) (Fig. 1c). In addition, the maxi-
mum value of this indicator was noted on April 4, 2012 (0.50 mg-dm™) at ul. Babinsk-
iego 29. The lowest concentrations of free chlorine were found in the water from the
WTP Rudawa (Fig. 1a); the average results ranged from 0.02 (ul. Lokietka 177) to
0.06 mg-dm™ (ul. Zarzecze 106).
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Fig. 1. Average concentrations of free chlorine in water supply network of Krakow during
years of 2011-2017: a) WTP Rudawa supply zone; b) WTP Raba supply zone;
c) WTP Dtubnia supply zone; d) WTP Bielany supply zone

Source: own study based on results obtained from MPWiK
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It follows from the study that the free chlorine consumption in the distribution
system increased along with increases in the distance from the treatment plant. This
dependence was found for 18 of 29 water sampling sites. When analyzing the annual
average concentrations of free chlorine in the municipal water, it was observed that
the highest values were recorded in 2011 for 72% of the sites examined. During the
other years, a decrease in this indicator was observed.

The highest concentrations of total THMs were found in the waters in which dis-
infection with chlorine gas/sodium hypochlorite was applied. These were waters deliv-
ered from WTP Raba and WTP Bielany (Fig. 2). The highest values of this indicator
were recorded for the water delivered from WTP Raba. The average values during the
seven-year period ranged from 18.68 (ul. Chatubinskiego 21) to 25.77 pug-dm™ (ul. Broz-
ka 3) (Fig. 2a). In addition, the lowest values were observed in the zone supplied with
drinking water from WTP Dtubnia, where the values were within a range of 0.27
(ul. Kantorowicka 77) and 8.17 pg-dm™ (os. Na Skarpie 8). In this case, the increase in
the distance between the sampling place and the plant was matched by the increase
in the concentration of disinfection by-products. On the other hand, this dependence
was not observed in the cases of the WTP Raba and WTP Bielany delivery zones.

In the water from WTP Bielany after the treatment process, the values of this
indicator ranged from 0.3 to 32.8 pg-dm™ during the years of 2007-2014. After mod-
ernization of the chlorine plant, downward trends were observed where choline gas
was replaced with sodium hypochlorite produced by the electrolysis of common salt.
From April 2012, concentrations of total THMs ranged between 1.5 and 9.5 pug-dm™.
A sudden drop in the concentration of trihalomethanes was also observed at the
sampling places in the network supplied from WTP Bielany [30].
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Fig. 2. Average concentrations of total THMs in water supply network of Krakow during
years of 2011-2017: a) WTP Raba supply zone; b) WTP Bielany supply zone

Source: own study based on results obtained from MPWiK
The totals of chlorates(V) and chlorates(IlI) in the highest concentrations were

present in the waters for which disinfection with chloride dioxide was applied; e.g.,
at the Rudawa and Dtubnia plants (Fig. 3). The average values at the sampling places
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varied from 0.03 (ul. Tokarskiego 1) to 0.43 mg-dm™ (ul. Zarzecze 106). The maxi-
mum value was recorded at os. Na Skarpie 8 (0.80 mg-dm™).
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Fig. 3. Average concentrations of total chlorates(IIl) and chlorates(V) in water supply
network of Krakow during years of 2011-2017: a) WTP Rudawa supply zone;
b) WTP Dtubnia supply zone

Source: own study based on results obtained from MPWiK

The formation of disinfection by-products in water supply networks can be
reduced by removing the precursors of its formation from the water (mostly organic
compounds). The greatest effectiveness for eliminating THM precursors from sur-
face waters is achieved at filtration intakes. The removal of large quantities of organ-
ic matter is achieved through coagulation or flocculation. Slow filter processes have
good effectiveness, as do filtration through charcoal beds and membrane processes.
The choice of these technologies for surface water treatment considerably reduc-
es the dose of disinfectant, reduces the potential for the formation of disinfection
by-products, and does not impair the biological stability of the water [5, 31].

5. Conclusions

1. Concentration of free chlorine decreased along with increases in the distance
from the treatment plant. This dependence was confirmed in 19 of 28 water
sampling places. When analyzing the annual average concentrations of free
chlorine in the municipal water, it was noted that the highest values were
recorded in 2011 for 72% of the places examined. During the other years,
a decrease in this indicator was observed.

2. The highest concentrations of total THMs were found in the waters in those
distribution network in which disinfection with chlorine gas was applied.
After modernization of the chlorine plant at WTP Bielany, a decrease was
observed for this indicator in the water after the treatment process in munici-
pal water starting in 2012.
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3. In the zones supplied with drinking water by WTP Raba and WTP Bielany,
an increase in the concentration of total THMs along with an increase in
distance from the plant was not observed. However, there was an increase
in this indicator along with an increase in the distance from the plant in the
case of the water supplied from WTP Dtubnia. This stems from the analysis
that the disinfection by-products (total THMs) did not exceed permissible
limits [26]

4. From the analysis of the disinfection by-products, it can be concluded that the
greatest concentrations of total chlorates(Ill) and chlorates(V) were found in
the waters that were disinfected with chloride dioxide.
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roznych metod dezynfekcji na jako$¢ wody wodociagowej

Streszczenie: W artykule okreslono wptyw stosowania silnych utleniaczy w technologii uz-

Slowa
kluczowe:

datniania wody na powstawanie ubocznych produktéw dezynfekcji. Przed-
miotem badan byty wody pobierane z czterech zakladéw uzdatniania wody
Miejskiego Przedsiebiorstwa Wodociagéw i Kanalizacji w Krakowie oraz z wy-
branych punktéw sieci wodociggowej. Analizie poddano wybrane wskazni-
ki jako$ci wody (chlor wolny, sume chlorandéw(IIl) i chloranéw(V) oraz sume
trihalometanéw) po procesie uzdatniania w latach 2011-2017. Z przeprow-
adzonych badan wynika, ze stezenie chloru wolnego w sieci wodociagowej
malalo w miare wzrostu odlegtosci od zaktadu uzdatniania. Zaleznos¢ te stwi-
erdzono w 19 z 28 punktéw poboru wody. Analizujac sSrednioroczne stezenia
chloru wolnego w wodzie wodociggowej, zauwazono, ze najwyzsze wartosci
w badanych punktach wystepowaty w 2011 r. W pozostatych latach obser-
wowano spadek tego wskaznika. Z przeprowadzonej analizy wynika, ze pro-
dukty uboczne dezynfekcji wody nie przekraczaty dopuszczalnych norm.
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