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Abstract

The microbiological examination of water is used worldwide to monitor and control the quality and safety
of various types of water. Peracetic acid (PAA) has garnered increasing attention as an alternative oxidant and
disinfectant in water treatment due to the rising demand to reduce chlorine usage and control disinfection
byproducts. The main aim of the research was to assess the well watermicrobiological quality before and after
disinfection with PAA. The water samples were taken from 5 wells in the rural areasof Probishtip and Kocani
regions of North Macedonia. Sampling was conducted twice (before and after disinfection) per season during
the four seasons of the year. Water samples from5 shallow wells were analysed for microbiological parameters
using reference methods. The results were compared with the quality of control water and the permissible
values according to the national legislation. Water quality parameters indicated that all well water samples
failed to meet safe drinking water limits. A significantimprovement in the microbiological quality of the water
was observed during the seasons when a PAA working solution with concentrations of 0.05% and 0.1% was
used. The regression statistical. model revealed that disinfection with PAA and the seasonal variation in its
concentration had a statistically significant influence on the microbiological quality of well water (p<0.001).
Identification and management of groundwater quality are of utmost importance for maintaining freshwater
resources, which are essential for sustainable rural development.
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INTRODUCTION
Clean water is the most precious resource  created. There, the water is still moving slowly.

on planet Earth. Water is the most important
compound without which there is no life. Water
sources can be surface and underground.
Surface waters include streams, rivers, natural
and artificial lakes, as well as seas and oceans.
From the aspect of hygienic water quality,
underground sources are of the greatest
importance for supplying high-quality and safe
water. Groundwater is used through wells that
can be dug or drilled. Groundwater is formed
by the percolation of surface or atmospheric
water through permeable layers of soil. When
it encounters an impermeable layer, the water
is retained, and an underground reservoir is

In addition, depending on the depth to which
the water has reached, groundwater can be
shallow (<10m) or deep (>10m), i.e. high or low.
Groundwater has the best quality compared to
other types of water.

Water quality is a key factor in the use of
groundwater for households and agricultural
production. Moreover, groundwater quality is
largely influenced by the natural processes and
anthropogenicactivities in the surrounding area.
The contamination typically results from polluted
surface water seeping through the soil and into
underground water reserves (Llopis-Gonzalez et
al., 2014). Rainwater runoff further exacerbates
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the problem by carrying microorganisms from
the air, roads, household waste, animal waste,
and improperly discarded solid materials into
both surface and underground water sources.
Safe drinking water is considered to be water
that does not contain microorganisms, parasites
and their forms in a number (concentration)
that poses a danger to human health, does not
contain physical and chemical substances and
radioactive properties that are harmful to human
health, and corresponds in terms of organoleptic
properties of drinking water.

Groundwater quality, particularly from
shallow wells, poses significant challenges
for microbial safety in various applications,
including agricultural and domestic use. In many
rural regions, natural springs and water sources
face significant microbial contamination.
This issue becomes more pronounced when
the water source is located near villages or
in areas where livestock farming is prevalent.
Communities living nearby often rely .on
these springs for drinking water, unknowingly
exposing themselves to serious health risks.
Groundwater can be contaminated with feces
if septic tanks are built uncontrolled, without
taking into account the groundwater level. The
greatest danger for groundwater contamination
is municipal wastewater that is discharged
uncontrolled, directly or indirectly, into the
recipients (rivers, lakes, septic tanks). From
the recipients, through the penetration of the
water, harmful substances and microorganisms
contaminate the groundwater and well waters,
thereby changing the quality of the water.

Chlorine and chlorine-based compounds

are the most widely used disinfectants in
water treatment due to their antimicrobial
properties (Song et al, 2019). However,
chlorination concerns over the formation of
toxic, carcinogenic, mutagenic and teratogenic
disinfection by-products (Doederer et al,
2014). As an alternative, peracetic acid (PAA) is
recognised for its efficacy as a broad-spectrum
disinfectant, making it suitable for treating
microbial contaminants in groundwater. PAA
exhibits strong oxidizing properties, allowing it
to efficiently target a wide range of pathogens
in various environmental contexts. Studies
have demonstrated that PAA can significantly
reduce bacterial counts even in the presence
of organic matter, which typically complicates
disinfection processes. For instance, Smither et
al. (2018) indicate PAA’s broad-spectrum activity
and effectiveness against various pathogens,
supporting its application in the microbiological
disinfection of water sources, including shallow
wells. Additionally, Zhang et al. (2021) found that
PAA had a faster disinfection effect than other
disinfectants, underscoring its rapid action and
effectiveness.

Wells used by households and the food
industry should be protected from pollution, and
the microbiological quality of the water should
be regularly monitored. Water quality standards
are needed to determine whether groundwater
of a certain quality is suitable for its intended
use. The main objective of the research was to
monitor the microbiological quality of well water
yielded from shallow wells in two districts of
North Macedonia before and after disinfection
with different working concentrations of PAA.

MATERIAL AND METHODS

A field survey was undertaken to monitor
the water quality from shallow wells to assess
seasonal changes over a period of the year. The
impact of disinfection methods involving PAA
has been studied.

The shallow wells included in the survey are
neither lined nor covered and are located close
to the surface, near waste dumps or pit latrines,
making the water susceptible to high levels of
contamination.

The water samples were taken from 5
wells in the rural areas of Probishtip and Kocani
regions of North Macedonia. For the assessment
of groundwater hygiene quality before and

after disinfection with PAA, the following
microbiological parameters were analyzed: total
number of coliforms, total bacteria count in
Tml at 37°C, total bacteria count in 1T ml at 22°C,
faecally derived enterococci, Pseudomonas
aeruginosa, Escherichia coli as number /100ml).
The well water samples were tested at the Public
Health Center - Kocani.

The research and sampling of well water
were carried out during one calendar year by
seasons of the year, as follows:

. Season 1 or autumn 2023 (months
of September, October and November);
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« Season 2 or winter 2023/2024 (months of
December, January and February);

« Season 3 or spring 2024 (months of March,
April and May);

- Season 4 or summer 2024 (months of June,
July and August);

To assess the hygienic quality of well
water, samples were collected both before and
after disinfection, with testing conducted twice
during each season of the year. In the first season,
a disinfectant was applied at a concentration of
0.01%, equivalent to 100 ml of PAA per 1,000
liters of water. Seven days after treatment, water
samples were taken to evaluate the hygienic
condition. In the second season, the disinfectant
concentration was increased to 0.025% (250
ml PAA per 1,000 liters). The third season was

used a concentration of 0.05% (500 ml PAA per
1,000 liters), and during the fourth season, the
highest concentration of 0.1% or 1,000 ml PAA
per 1,000 liters was used. This gradual increase
in disinfectant concentration aimed to identify
the optimal concentration of PAA required to
achieve the best disinfection efficiency and
improvement in the microbiological quality of
well water.

The standard methods used for the
examination of microbiological parameters
are following the Regulation on Water Safety
(Official Gazette of the Republic of Macedonia
No. 183 /2018). Sterilized 500 ml laboratory glass
bottles were used to take water samples for
microbiological analysis.

The following microbial analyses for water samples were performed:

- Most probable number of coliform bacteriain 100 ml of water sample (ISO 9308:2006);

- Coliform bacteria of faecal origin in 100 ml of water sample (ISO 9308:2:1990)

-Total number of microorganisms - number of colonies at a temperature of 37°C (ISO 6222:1990);
- Total number of microorganisms - number of colonies at a temperature of 22°C (ISO 6222:1999);
- Enterococci in 100 ml of water sample (I507899-2:2000);

- Pseudomonas aeruginosa in 100 ml of water sample (ISO 12780:2002)

The statistical General Linear Model (GLM) for repeated measurement was used to determine the
influence of water disinfection with PAA, season of year and well location on water microbiological

quality.

RESULTS AND DISCUSSION
The Graphs 1-6 showed the microbiological quality of well water (W1 — W5) including control
water samples (C) and Maximum Permitted Concentration (MPC), regarding the period of sampling
(1p before disinfection and 2p after disinfection) and seasons of the year (1_23 - autumn 2023;2_23
- winter 2023/2024; 3_24 - spring 2024 and 4_24 - summer 2024).

600 I
500
400
300
200
100
0 s— —

Wip-1.23 W1-1p2.23 Wi-1p3.24 Wi-1p4 24 Wi-2p123 W1-2p2.23 W12p3_24 Wi-2p-4_24
m Total number of coliforms mTBC/1 ml 37°C
=TBC/1m 22°C

Fecally derived enterococci

= Pseudomonas aeruginosa = E. Colli (number /100mi)

500 I I
400
300
200
100 .
. — I

W2-1p-1.23 W2-1p2.23 W2-1p3.24 W2-1p-4_24 W22p123 W22p2.23 W22p324 W22p-4_24
= Total number of coliforms @ TBC /1 ml 37°C

mTBC/1ml 22°C

Fecally derived enterococci

aeruginosa wE. Colli (number /100ml)

= Pseudomonas

Figure 1. Microbiological quality of water in well 1
before and after disinfection.

Figure 2. Microbiological quality of water in well 2
before and after disinfection.
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Figure 3. Microbiological quality of water in well 3 before
and after disinfection.

Figure 4. Microbiological quality of water in well 4
before and after disinfection:
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Figure 5. Microbiological quality of water in well 5 before
and after disinfection.

It can be noted that the microbiological quality
of the tested well water samples is not satisfactory
from a microbiological point of view, and the
obtained values are significantly higher compared
to the microbiological quality values of the control
water sample and the maximum permitted
concentrations (MPC). The results showed that
some wells have microbial contamination that
can be fatal if the water is consumed untreated.
In the water samples from all wells, the highest
concentration was determined for the total
number of coliform microorganisms and the total
number of bacteria, in all four seasons during the
year before the well water was disinfected with
peracetic acid. The microbiological quality of
the control sample in all seasons during the year
was within the MPC, which satisfied the needs of
drinking water.

Disinfection using PAA and the seasonal
variation in its concentration had a statistically
significant effect on the microbiological quality
of well water (p<0.001). In contrast, the location
of the shallow wells did not have a significant
impact on the microbiological quality of the
water.

The microbiological quality of groundwater
in shallow wells is a critical public health
concern, especially in rural areas where residents
often rely on these sources for drinking water.

Figure 6. Microbiological quality of control water
samples and Maximum Permitted Concentration (MPC).

After the disinfection of the well water
with an oxidative disinfectant, a significant
improvement in the microbiological quality of the
water was observed in the seasons when a PAA
working solution with a concentration of 0.05%
and 0.1% was used. This concentration of PAA used
in the third and fourth seasons gave satisfactory
results for the tested parameters, so that the
sample complies with the rulebook on the safety
and quality of drinking water (Official Gazette of
the Republic of Macedonia No. 183/18). However,
disinfection with 0.01% and 0.025% PAA did not
achieve the required microbiological standards.

Table 1 shows the results of the regression
statistical model for the impact of the inter-factor
variable of the performed disinfection of well water
and the fixed factor variables on the microbiological
quality of well water.

The presence of various pathogens in untreated
groundwater supplies can result in serious
health risks. Bacteria, such as Escherichia coli
and Salmonella spp., frequently emerge as focal
points in assessments of shallow well water
quality due to theirimplications for public health
(De Giglio et al., 2017; Olorunleke et al., 2022).
Escherichia coli and Enterococci are indicators of
human faecal contamination and are possibly
associated with human enteric pathogens.
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Table 1. Regression model for the influence of disinfection, season and well location on water

microbiological quality.

Dependent variable: Microbiological parameters for water quality
Source of variations df Mean square F-value
Disinfection 125691.743 32.832%**
Disinfection*seson of year 3 91572.526 23.920%**
Disinfection*well 4 584.165 0.153NS
Error 112 3828.326
*** significant at level p<0.001; NS non-significant;
As a result, testing for coliform bacteria harmful residual = effects often.. associated
can be a reasonable indication of whether with chlorine-based water treatment. This

other pathogenic bacteria are present.
Therefore, coliform (thermotolerant) bacteria
are a commonly used bacterial indicator
of the sanitary quality of food and water.
Kovaci¢ et al. (2017) noted a documented
association between drinking water quality and
gastrointestinal disease outbreaks, emphasizing
the need for precautions against using untreated
groundwater

Effective disinfection methods can mitigate
these risks significantly. Moreover, the choice
of disinfection method plays' a significant
role in the post-treatment microbial profile of
groundwater. Different methods, including
chlorination and PAA treatment, have distinct
impacts on microbial populations. Similar to our
results, the assessment of microbiological quality
in groundwater before and after disinfection
with  PAA  has demonstrated significant
improvements in microbial contamination levels
(Luukkonen & Pehkonen, 2016). The research
of Hwang et al. (2012) has identified PAA as a
promising disinfectant, noted for its virucidal
and bactericidal properties and its efficacy in
degrading  potential contaminants without

effectiveness can be attributed to PAA’s ability
to penetrate biofilms and inactivate bacteria
and viruses upon contact (Shen et al., 2016).
Cadnum et al. (2016) highlight. that ensuring
proper concentration measurements of PAA
is necessary for effective disinfection without
compromising microbial safety. Queiroz et al.
(2013) noted that inadequate concentrations of
PAA could lead to reduced effectiveness, similar
to other disinfectants like sodium hypochlorite.
In addition to its disinfectant capabilities,
PAA decomposes into non-toxic byproducts,
primarily acetic acid and oxygen, enhancing
its appeal as a sustainable disinfectant choice
(Candeliere et al., 2016).

Variations in treatment efficacy against
specific pathogens depend on factors such as
water source characteristics and environmental
conditions affecting the target pathogen’s
viability. Source versus household contamination

dynamics can also influence disinfection
effectiveness. Therefore, both immediate
intervention and long-term management

strategies must be implemented to sustain water
quality improvements (Ercimen et al., 2017).

CONCLUDING REMARKS

Shallow wells are one of the most
important types of water supplies for rural areas,
mainly due to their low cost and easy way of
construction. The groundwater is vulnerable
to microbiological contamination due to risk
factors such as human activities, lack of well
protection structures and the hydrogeological
characteristics in the area. The application of PAA
in the disinfection of microbial contamination
in groundwater, especially from shallow wells,
presents numerous benefits. Its broad-spectrum
antimicrobial efficacy, rapid action, minimal

ecological footprint, and effective degradation
into non-toxic components align well with
the urgent need to enhance groundwater
microbiological quality in various settings.
Bridging to adopting and implementing water
safety plans, an integrated strategy addressing
infrastructure interventions, hydrotechnical
protection of water sources, regular monitoring
of water quality, and public education and
awareness-raising initiatives is needed.
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MWKPOBUOJIOLKU KBAJIUTET HA BYHAPCKATA BOAA NMPEA U MO U3BPLUEHATA AE3NHOEKLUJA
CO NEPOLETHA KUCEJIMHA

Anknua AHactacoa'’, lumutap Hakos', Auo Ky3e11031
'3emjogencku chakyniueld, YHugep3uitei ,loye [lenues” - Lliuud, Penubnuka CesepHa MakegoHuja
*Kontuaku asitiop: dimitar.nakov@ugd.edu.mk

Pesume

MnKpPOBMONOLIKOTO NCNUTYBakbe Ha BOJaTa Ce KOPUCTW 3a Clefiere M KOHTPOsa Ha KBanuTeToT W
6e36eHOCTa Ha pa3fMyHUTe BMAOBWU BoAa. [epoueTHaTa KncenuHa npusiekyBa C& MOrofsieMo BHUMaHue
KaKo anTepHaTMBHO CpeAcTBO 3a Ae3nHdekuuja Ha BofaTa 3apafv TPeHAOT Ha HamaneHa ynoTtpebata Ha
XNOPOT KOj Npu Ae3nHdeKLmnja Ha BogaTa dopmumpa WTeTHN pe3uayu. naBHaTa Len Ha UCTpaKkyBarbeTo Oelle
[la ce NpoLeHN MUKPOOMONOLIKMOT KBanuTeT Ha OGyHapcka Boda npep v no u3BplieHa aesvHbekumja co
nepoueTHa KucenvHa. MNprmepounTe Bofa 6ea 3emeHun of 5 6GyHapu BO pypanHuTe ob6nacTy Ha pernoHuTe
MpobuwTtnn n KoyaHn Bo CeBepHa MakeaoHwMja. 3emareTo NprmMmepoLum beLle crnpoBeaeHO ABaMNaTth Bo cekoja
o[l YeTMpUTe Ce30HM BO rofiHaTa Kora 6ea HanpaBeHU NCTPaKyBakaTa, OfHOCHO BO ceKoja ce30Ha npeg 1 no
n3BpLUeHaTa Ae3nHdekumja Ha BogaTa. MMKpobronoLwKknTe McnuTyBaka Ha npriMepoumTe OyHapcka Boga 6ea
HanpaseHu co pedepeHTHN MmeToaw. PesynTtatute 6ea cnopefeHN CO KBaNMTETOT Ha KOHTPOJTHMTE NPUMepPOLI
BOAA W MaKCMMaNHO [03BONEHWTE BPEedHOCTU Cnopef HauMOHanHOTO 3aKOHOAABCTBO. [lapameTpuTte 3a
MUKPOOMONOLWKMOT KBanuTeT Ha GyHapcKaTa Bofa NMokaxaa fJeka NpumepouuTe BOAa He v WUCMONHyBaaT
KputeprymmTe 3a 6e3begHa Bofa 3a nMuere. 3HayajHO MoJobpyBare Ha MUKPOOMOMNOLWKMOT KBanuTeT Ha
6yHapckaTa Bofa Oelle NOCTUrHAT BO CE30HUTE Ha rofMHaTa Kora belle n3splueHa aesnHbekurja Ha BogaTa
co paboTeH pacTBOP Ha NepoLeTHa K1ucenrnHa Bo KoHUeHTpauuja 0g0,05% v 0,1%. PerpecroHnoT CTaTUCTUYKN
Mofen NoKarka fieka fe3nHdeKLmjaTa 1 MHTepakyujata mery fe3nHeKkLmjata 1 ce30HaTa BO rogmMHaTta nmaat
CTaTUCTUYKM 3HAYajHO BMjaHUe BP3 MMKPOOMONOLWKNOT KBanuTeT Ha byHapckata Boaa (p<0,001). Cneperbe
ynpaByBatbe CO KBaMTETOT Ha NOA3EMHUTE BOAW Ce Of rofiema 3HauyajHOCT 3a Ofp»KyBatbe Ha CTaTKOBOAHUTE
pecypcu, Kov ce HEOMNXOAHW 3a O4PXK/IUB PypasieH pa3Boj.

KnyuHun 360poBu: 80ga, 6U0/IOWKA KOHIUAMUHAYUjA, MUKpobuoiowka b6esbegHocm, ylpasysdrbe o
pusuyu.
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