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Abstract. The study focuses on evaluating the efficiency of local post-
treatment and conditioning of tap water using «Zhivaya VVoda» stationary
water vending machines in Kokshetau. The aim of the work was to
conduct a comparative analysis of the properties of initial tap water and
permeate obtained after filtration and reverse osmosis. «TURAN> bottled
table water was adopted as a benchmark for comparing physicochemical
parameters. Sampling for laboratory analysis was carried out in three
districts of the city. The membrane elimination capacity was calculated
using the classic formula for baromembrane separation. It was established
that the cascade filtration system provides 100 % barrier efficiency against
suspended solids, reducing turbidity to 0 NTU (Nephelometric Turbidity
Units) and odor intensity by 1 point on the organoleptic scale.
Spectrophotometric analysis demonstrated a high elimination rate of
residual free chlorine (up to 96.0 %), total iron (up to 78.6 %), total
chromium (up to 70.0 %), copper (25.0-40.0 %), manganese (up to
50.0%), and phosphate ions (up to 100 %), alongside characteristically
lower selectivity toward low-molecular-weight singly charged nitrate
anions. The results indicate a significant improvement in the overall
physicochemical profile of the water. A directional downward shift in
water pH was recorded in the samples, driven by the membrane's retention
of the hydrocarbonate buffer and the concomitant carbonic acid
equilibrium shift. Meanwhile, the stability of total hardness values
confirmed the efficiency of water conditioning in the integrated
mineralization unit, which completely prevents deep demineralization.
The data obtained demonstrate that water vending machines effectively
bring tap water quality closer to the natural benchmark parameters, which
allows recommending them as an accessible method for decentralized
drinking water safety enhancement at the consumer level.

Keywords: water quality; local post-treatment; water vending machines;
water conditioning; reverse 0smosis; remineralization; permeate;
centralized water supply; drinking water.

1. Introduction
The Sustainable Development Goals (SDGs) represent a complex
set of seventeen interconnected global targets aimed at improving human
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quality of life. Goal 6, 'Clean Water and Sanitation," focuses on ensuring the availability and
sustainable management of water resources, guaranteeing not only public access to water but also
compliance with sanitary and hygienic water quality standards. Safe and high-quality drinking water
constitutes a fundamental cornerstone of modern healthcare and a pivotal prerequisite for the
sustainable development of society (United Nations [UN], 2015; World Health Organization [WHO],
2024). Under conditions of increasing anthropogenic pressure, intensifying industrial production, and
global climate change, a steady degradation in the state of natural water supply sources is being
observed (Church, 2024; United Nations Educational, Scientific and Cultural Organization
[UNESCO], 2023). According to current statistical data, more than two billion people worldwide
experience a deficit of clean drinking water (UN, 2024). The consumption of contaminated water
coupled with poor sanitary and hygienic conditions leads to severe medical and environmental
consequences, contributing to the spread of acute intestinal infections and somatic diseases (WHO,
2024). In this regard, a preventative approach focused on improving the quality of consumed water
directly at the local level is recognized as the most cost-effective instrument for reducing public
morbidity (UNESCO, 2023).

In the Republic of Kazakhstan, the water issue is of a strategic nature. The country is
characterized by a pronounced deficit of its own water resources and a high dependence on
transboundary hydrological systems, which significantly limits the self-purification potential of rivers
and water bodies (Aben & Zholdasqyzy, 2026; Tursunova et al., 2022). Despite a formally high level
of public coverage by centralized water supply (94 % in urban areas and 63 % in rural areas) (World
Bank Group [WBG], 2022), the actual quality of the supplied water often raises justified concerns
among end consumers. The primary reason for the degradation of drinking water quality
characteristics on its path from treatment facilities to the consumer is the deterioration of communal
distribution networks. As of 2025, the average wear and tear of water supply networks in the Akmola
Region ranges from 51 % to 58 %, which represents an elevated indicator across the country (United
Nations Economic Commission for Europe [UNECE], 2026). During transportation through old,
corrosion-prone pipelines, the water undergoes secondary contamination by pipe degradation
products, leading to an increase in total iron concentration, elevated turbidity, and deterioration of
organoleptic properties (Li et al., 2016; Wang et al., 2025).

The traditional method of centralized disinfection—chlorination—effectively mitigates
biological threats but gives rise to new risks. An excessive content of residual free chlorine imparts a
specific unpleasant odor to the water and promotes the formation of halogenated compounds
(Richardson & Postigo, 2012). Furthermore, in several industrial regions of Kazakhstan, including
the Akmola Region and the city of Kokshetau, elevated concentrations of heavy metals (chromium,
copper, manganese) are recorded in tap water, originating from surface water intakes due to
anthropogenic pollution and rock leaching (Khripko & Baykenova, 2025; Salikova & Uralbayeva,
2016). Chronic consumption of such water is associated with the risk of cumulative toxicity and exerts
a destructive impact on the liver, kidneys, and urogenital system (Balali-Mood et al., 2021; Chen et
al., 2025; Teschke & Xuan, 2025).

Under these circumstances, standard domestic pitcher-type filters often prove ineffective due
to their limited service life. Vending water purification machines (water vending machines) with
integrated deep multi-stage treatment systems have emerged as an innovative and accessible
alternative. Functioning on the basis of reverse osmosis technology, such localized units perform
filtration under high pressure through semipermeable membranes with a pore size of up to 1-10~* um.
A cascade of mechanical filters pre-cleans the water from insoluble impurities (sand, rust, suspended
solids) up to 1 micron in size. Next, under high pressure, the water passes through a reverse o0smosis
membrane where the primary purification occurs: mainly water molecules and dissolved gases pass
through the pore structure, whereas the salt concentrate is discharged into the drainage system
(Dedele et al., 2022; Hazzazi et al., 2024; Kapepula et al., 2022; Yu et al., 2024). Subsequently, the
water passes through a carbon post-filter and is disinfected by ultraviolet irradiation, which
guarantees its microbiological safety.
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In Kazakhstan, «Zhivaya Voda» water vending machines have been actively operated since
2015, offering clean water within walking distance at a socially oriented price. They are connected
to the centralized water supply and can be installed both indoors and outdoors. The filters in the
machines are replaced every two weeks, with the date of the last replacement displayed on the screen.
Since reverse osmosis removes up to 99 % of all dissolved solids, leading to deep demineralization,
a post-mineralization unit is integrated into the technological scheme of «Zhivaya Voda» vending
machines. Passing through this cartridge, the purified water comes into contact with natural minerals
(calcite and dolomite), becoming dosed and enriched with calcium ions, magnesium ions, and
hydrocarbonates. This allows for the restoration of the physiological value and salt balance of the
purified water, as well as the adjustment of its taste qualities. The manufacturer offers water at a price
ranging from 10 to 15 KZT per liter (Alive Water Kazakhstan, 2026).

Despite the popularity of water vending machines, there is a pronounced deficit of independent
comprehensive examinations in domestic science confirming the actual dynamics of improvement in
the chemical composition and organoleptic qualities of water after its post-treatment under specific
urban conditions. The present study is aimed at filling this gap.

Research Objective: An objective evaluation of the efficiency of mechanical post-treatment and
conditioning of tap drinking water via «Zhivaya VVoda» stationary units in the city of Kokshetau.

Relevance and Practical Significance: The findings will provide a scientific rationale for
integrating local water vending machines into urban infrastructure as an effective tool for the
decentralized enhancement of drinking water consumption safety.

2. Materials and methods

The object of the study was drinking water samples taken from the centralized water supply
systems (urban water pipelines) in three districts of Kokshetau before and after treatment in «Zhivaya
Voda» machines. The subject of the study was the quality of drinking water before and after
mechanical post-treatment, as well as an evaluation of the efficiency of this method.

To ensure the integrity of the experiment, «<TURAN» natural bottled table water was adopted
as a comparative benchmark. Extracted from the underground sources of the Kokshetau Upland, it is
positioned as high-quality natural water (Kokshetauskie Mineralnye Vody, n.d.). According to the
manufacturer, it does not undergo reverse osmosis or artificial mineralization; it maintains the water-
salt balance and is well absorbed by the body. «TURAN» water is extracted from the «Kuskol»
deposit (Burabay region), which is recognized as one of only five unique sources of natural light
water in the world. After filtration from rock particles and ozonation, it is bottled in its pristine form.

Sampling was performed in accordance with the regulatory requirements established by the
Committee for Standardization, Metrology and Certification [CSMC] (2003). Sampling points were
selected in residential buildings at the following addresses: 158B N. Nazarbayev Avenue (hereinafter
referred to as 'Point 1'); 1/1 Osipenko Street (hereinafter referred to as ‘Point 2); and 198 Sh.
Ualikhanov Street (hereinafter referred to as 'Point 3'). To ensure sample representativeness and
eliminate the influence of stagnant plumbing fixtures, the initial tap water was allowed to run for 5-
10 minutes at a constant flow rate before collection. Clean 500 mL glass containers were rinsed three
times with the water being sampled, filled to the brim to prevent volatile component loss, and
immediately sealed. All samples were meticulously labeled with the exact date, time, and specific
location of collection.

2.1. Evaluation of organoleptic and physical parameters

Organoleptic and physical parameters of the water samples were evaluated using the following
methodologies:

1) Odor intensity and color parameters were determined in accordance with the CSMC (2003)
requirements;

2) Turbidity was determined using a PCE-TUM 20 Turbidity Meter (Direct Industry by
Virtualexpo Group, n.d.);
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3) Water pH was initially screened at the sampling sites using universal pH indicator paper 0—
12 (Tautest, n.d.). To eliminate instrumental errors and obtain high-precision values for subsequent
statistical analysis, the final pH measurements were verified photometrically usinga HACH DR 1900
spectrophotometer (Ecoinstrument LLC, n.d.).

To ensure analytical quality control and data reproducibility, all instrumental measurements
(turbidity and pH) were performed in quintuplicate for each water sample, and the average values
were recorded. Prior to each analysis cycle, calibration protocols for the PCE-TUM 20 and HACH
DR 1900 instruments were executed using verified standard baseline solutions.

2.2. Spectrophotometric chemical analysis

Chemical analysis of water samples was performed by spectrophotometry using the previously
described HACH DR 1900 instrument. During the study, concentrations of total iron (Fe?*, Fe®"),
nitrates (NOgz"), phosphates (PO4%), free chlorine (Cl2), copper (Cu?"), total chromium (Cr3*, Cr®"),
and manganese(Mn?*), as well as total hardness, were determined. Standard laboratory glassware,
graduated cylinders, pipettes, and specialized HACH reagents were used during the analysis.
Measurements for each parameter were performed according to the corresponding instrument
program code (Table 1).

Table 1. Spectrophotometer program codes for determining chemical parameters of water

No. Parameter Program Code
1 Free chlorine 81
2 Total iron 90
3 Nitrates 73
4 Phosphates 60
5 Total hardness 85
6 Copper 65
7 Chromium 76
8 Manganese 45

Water samples of 10 mL were placed into cuvettes, mixed with the corresponding reagents, and
kept on a timer until the completion of the chemical reaction. Before each measurement cycle, the
specific program code was entered, and the instrument was calibrated using verified baseline
solutions and control blanks. To ensure analytical quality control and eliminate random operational
errors, all laboratory analyses were performed in five replicates (in quintuplicate) for each controlled
parameter, and the arithmetic mean values were recorded.

The membrane rejection coefficient (purification efficiency), E, %, was determined using the
classic formula for baromembrane separation (Dytnerskii, 1986):

E =" 100% (1)
Cr
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where E is the purification efficiency, %; Cs is the concentration of substances in the feed water,
mg/L; and C; is the concentration of substances in the permeate, mg/L.

The compliance of the studied parameters with hygienic requirements was evaluated based on
the drinking water safety standards of the Republic of Kazakhstan (Ministry of Healthcare of the
Republic of Kazakhstan, 2022). Natural bottled water «TURAN» was utilized as a reference sample.

Statistical processing of the obtained results, including the calculation of mean values, standard
deviations (SD), and standard errors (SE), was performed using the MS Excel software package.

3. Results

For an objective evaluation of the performance efficiency of «Zhivaya VVoda» stationary local
post-treatment systems, a comprehensive comparative analysis of the physicochemical and
organoleptic parameters of the initial tap water and the permeate generated after passing through
membrane filters and reverse osmosis processes with subsequent conditioning was conducted.

3.1. Organoleptic parameters and water pH
Organoleptic evaluation and pH monitoring serve as primary indicators of the sanitary and
chemical condition of water. Summary measurement data are presented in Table 2.

Table 2. Changes in organoleptic properties and pH value during advanced *POU water treatment

Parameter Standard «TURAN» Point 1: Point 2: Point 3:
(not more Water N. Nazarbayev | Osipenko St, 1/1 | Ualikhanov St,
than) (reference) Ave, 158 198
(Ministry of
Healthcare Before After Before | After | Before | After
2022)
Turbidity, 1,05+
NTU 2,6 0+0 05+0,15| 0+0 |12+04| 0+0 0.3 0+0
Odor, 2 040 140 | 040 | 241 | 140 | 221 | 120
points
Color,
20 (35) 15 +0 15+15 1542 | 20+25 [20+£35|15+1,5|15+1,8
degrees
. 6,5+ 6,0 + 8,0+ 75+
pH, units 6,5-7,5 7,5+0 75+15 0.55 8,0+0,5 0.55 0.5 05

*POU - point-of-use
Analysis of the obtained data reveals that the barrier function of the membrane systems against

suspended solids reaches 100 %, reducing turbidity to zero values (0 NTU) in all samples, which
fully complies with the benchmark indicators (Figure 1; Table 2).
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Figure 1. Dynamics of turbidity changes in the investigated water samples during advanced POU
treatment

Deodorization of the purified water is observed: the odor intensity decreased by 1 point on the
organoleptic scale in all studied water samples, except for the «<TURAN» water sample, where this
value was initially 0 (Table 2).

Color analysis revealed that the initial tap water at all sampling points was characterized by
stable values at the level of 15-20 degrees, which strictly complies with the hygienic standard (no
more than 20-35 degrees) (Table 2). In the course of mechanical filtration, the color indicators of the
permeate remained practically unchanged, staying within a narrow range of 15-20 degrees across all
three points (Table 2). Minor fluctuations in the mean values (for instance, at Point 1, the indicator
was recorded at 15 degrees both before and after treatment) lie within the margin of statistical error
for laboratory measurements. The obtained results are completely identical to the parameters of the
«TURAN>» natural benchmark (15 degrees), which indicates that the initial water of Kokshetau
complies with hygienic standards for this parameter and that optical transparency is maintained after
baromembrane separation (Table 2).

The hydrogen ion exponent (pH) of the initial water is characterized by a slightly alkaline and
alkaline reaction of the medium (7.5-8.0) (Table 2). In the course of mechanical post-treatment, a
shift in the pH of the resulting permeate into the slightly acidic region was recorded. This decrease in
pH (down to 6.0-6.5 units at Points 1 and 2) can be explained by the nature of reverse osmosis: the
membrane retains hydrocarbonate ions (HCO3), thereby reducing the buffer capacity, while CO-
penetrates through the pores, forming carbonic acid (Table 2). In turn, the higher pH value at Point 3
(7.5 units) presumably indicates a final alkalization of the solution due to the intensive dissolution of
components within the integrated remineralization unit (Table 2).

3.2. Spectrophotometric analysis of chemical composition

The results of the quantitative determination of chemical components by spectrophotometry, as
well as the calculated elimination efficiency (E, %) of individual impurities, are presented in Table
3.
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Table 3. Chemical component concentrations and advanced POU treatment efficiency (E, %)

Parameter | Standard | «TURAN» Point 1: Point 2: Osipenko St, | Point 3: Ualikhanov
,mg/L | (Ministry of | Water N. Nazarbayev 1/1 St, 198
Healthcare, | (reference) Ave, 158
2022)
*Cf **Cp Cf Cp Cf Cp
Total iron 0,07+ | 0,015+ | 0,135+ 0,08+ 0,15+ 0,1+
(Fe?* 0.3 0,015 | 0,0075 0,05 0,015 0,06 0,055
' ' 0,03
3+ ]
Fe™) E=786% E=407% E=333%
Nitrates 45 5 1+0,25 | 1+0,2 1+0,25 1+0,3 5+1,55 3+1
(NO3) E=0% E=0% E = 40,0 %
2,4 2,7+
Total ' 2,5£0,8 | 2,85+0,5 2,8+0,9 . 2,8+0,75
hardness, 7 3,25 +0,65 08
mEq/L E=-42% E=+1,7% E=37%
0,2+0,05
Phosphate . 0 0 | 03+0,06 0 0,3+0,07 5
s (PO+*) ' 0,3
E=0% E =100% E=333%
Free 0,03+ | 0,008+ | 0,05+0,0 | 0,002+ 0,035+ 0,025+
chlorine | 03-05 ooy | 00095 | 0002 1 0,00085 | 0,0075 | 0,0095
(Cl E =733 % E = 96,0 % E =286 %
0,3+ 0,5+ 0,3+0,09
Copper 05 0,075 0,2+0,06 | 0,4+0,1 | 0,3+0,08 0.15 5
(Cu?) ’ 0,15
E=33,3% E=250% E =40,0%
T0t§| 0,05+ | 0,015+ | 0,05+0,0 0,025+ 0,035+0, 0,03+
chzgrlgium 0.05 0.04 0,009 | 0,0085 1 0,0085 1 0,0095
Cr®) E=70,0% E=50,0% E=143%
0,05+ | 0,045+ 0,06+ | 0,035+0,0 | 0,02+ 0,01+
Manganes 0,01 0,015 0,02 1 0,007 0,0065
. 0,1 0,09
e (Mn=%)
E=10,0% E=417% E =50,0%

*Cs - feed water concentration; **C, - permeate concentration

3.2.1. Iron and copper removal

The initial concentrations of total iron (0.07-0.15 mg/L) and copper (0.3-0.5 mg/L) did not
exceed the MPC (Maximum Permissible Concentration), yet they indicated probable secondary water
contamination processes within the deteriorated distribution networks. Local treatment reduces the

iron content with an efficiency of up to 78.6 %, bringing its level closer to the biogenic benchmark
(Figure 2; Table 3).
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Figure 2. Total Iron (Fe?*, Fe**) Removal efficiency by the barrier systems of water vending
machines

The copper concentration stably decreases by 25.0-40.0 % (Table 3).

3.2.2. Toxic Chromium Removal

Chromium is a heavy metal with a pronounced cumulative toxic effect. In the initial water, its
concentration was at a critical level near the upper limit of the normative standard (0.035-0.05 mg/L,
with an MPC of 0.05 mg/L) (Figure 3; Table 3).
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Figure 3. Comparative analysis of total chromium (Cr®*, Cr%") content in raw and purified water
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Mechanical filtration provides deep chromium extraction with an efficiency ranging from
14.3% to 70.0 %. Notably, in the «<TURAN» natural water, the chromium content was also quite high
(0.04 mg/L) but did not exceed the MPC.

3.2.3. Free chlorine elimination
Despite the low residual concentrations of free chlorine within the centralized network (0.03—

0.05 mg/L) (Figure 4; Table 3), the sorption blocks of the water vending machines exhibit a high
efficiency in capturing the disinfectant - up to 96.0 % (at Point 2).

0.3
0,25
0.2

0,15

Free chlorine , mg\L

0.1

0,05

Point 1 Point 2 Point 3 Standard «TURAN®
OFeed water OFermeate

Figure 4. Changes in residual free chlorine (Cl2) concentration following sorption-membrane
filtration)

This allows for the complete neutralization of the risks associated with the formation of
carcinogenic halogenated compounds.

3.2.4. Stability of total hardness

The total hardness value fluctuations across all points remain within a narrow range (2.4-2.85
mEqg/L) and exhibit virtually no change after decentralized filtration (variations from -4.2 % to
+1.7%, which fall within the margin of measurement error) (Table 3). A slight increase in total
hardness (E = -4.2 %) at sampling Point 1 may be attributed to the permissible instrumental error of
the HACH DR 1900 spectrophotometer when measuring low concentrations, or to the specific
operating conditions of the remineralization unit in this particular system (Table 3). The obtained
values are physiologically valuable and comparable to the mineralization of «TURAN» natural water
(3.25 mEg/L). The high stability of this parameter against the background of deep reverse osmosis
demineralization is presumably explained by the efficient performance of the integrated final
correction unit - the mineralizer. Passing through a cartridge with natural minerals (calcite/dolomite),
the deeply purified permeate becomes dosed and enriched with calcium and magnesium ions
(conditioned), which prevents its demineralization and artificially restores the physiological value of
the drinking water to the level of the benchmark.

3.2.5. Dynamics of nitrate and phosphate content
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Analysis of the nutrient concentration revealed varying selectivity of the barrier systems
towards nitrate and phosphate ions. The initial nitrate (NO3’) concentration within the Kokshetau tap
water network was at a minimum level (1-5 mg/L), well below the regulatory limit of 45 mg/L (Table
3). At Points 1 and 2, the baromembrane purification demonstrated zero efficiency (E = 0 %),
confirming the reduced selectivity of standard domestic reverse osmosis membranes towards low-
molecular-weight singly charged anions under low operating pressures (Gomelya et al., 2022; Table
3). At Point 3, where the initial nitrate level was higher (5 mg/L), a decrease to 3 mg/L was recorded
(E = 40.0 %) (Table 3). The observed discrepancy in efficiency requires a more detailed analysis.
While this phenomenon is widely documented, the reason for such a sharp transition from zero to
40% efficiency within this experiment remains unclear. Possible factors influencing the observed
difference include (Muhammad et al., 2020; Rojas-Ramos et al., 2023):

1) operational parameter fluctuations: variations in operating pressure, flow rate, or
temperature among Points 1, 2, and 3 could significantly affect membrane selectivity;

2) concentration polarization effect: at low flow rates or insufficient pressure, concentration
polarization could occur, causing contaminants to accumulate on the membrane surface, which
hinders their passage but does not ensure complete retention - the extent of this effect could vary
across the studied points;

3) initial water composition specificities: potentially, the presence of other dissolved solids in
the water at Point 3, besides nitrates, influenced their interaction with the membrane.

Nevertheless, despite the questions regarding the attainment of full purification efficiency at
individual points, the nitrate content in the purified product (1-3 mg/L) is completely comparable to
the indicator of the «TURANS> natural benchmark (5 mg/L) (Table 3).

Regarding phosphate ions, the sorption-membrane cascade demonstrated high efficiency: at
Point 2, a 100 % elimination was recorded (a decrease from 0.3 mg/L to zero), while at Point 3, the
phosphate content decreased by 33.3 % (from 0.3 to 0.2 mg/L) (Table 3). In all cases, the final
concentrations are kept well within the regulatory hygienic limit (3.5 mg/L) (Table 3).

3.2.6. Manganese removal efficiency

Manganese compounds (Mn?*) possess a pronounced cumulative effect and are capable of
deteriorating the organoleptic properties of water (U.S. Environmental Protection Agency, 2004;
World Health Organization, 2022). The initial manganese level at the studied points of the distribution
network fluctuated within the range of 0.02-0.06 mg/L, without exceeding the MPC (0.1 mg/L)
(Table 3). After passing through the «Zhivaya VVoda» units, a stable positive dynamic in the removal
of this metal was recorded: the purification efficiency ranged from 10.0 % (Point 1) to 41.7 % (Point
2) and 50.0 % (Point 3) (Table 3). At the final stage of post-treatment, the manganese concentration
decreased to 0.01-0.045 mg/L, which is substantially below the regulatory limits (Table 3).

4. Discussion

The data obtained in the course of the study allow for a detailed evaluation of the filtration
capacity and selectivity of the semipermeable reverse osmosis membranes utilized in «Zhivaya
Voda» local post-treatment vending machines. The observed changes in the physicochemical and
organoleptic profile of the tap water are governed by the fundamental laws of mass transfer and phase
separation at the solution—polymer matrix interface.

The reduction of water turbidity to 0 NTU across all monitored sampling sites serves as a clear
indicator of the efficiency of the cascade filtration blocks (Figure 1; Table 2). Similar results
regarding turbidity and color parameters were documented in a study by Thuadaij and Duangkham
(2024) evaluating 101 water vending machines in Thailand, which also demonstrated 100 %
compliance with regulatory standards. This effect is achieved through mechanical size exclusion on
ultra- and nanofiltration pre-filters, combined with a polishing reverse osmosis membrane featuring
a pore size of less than 0.0001 um. This process completely prevents the passage of colloidal particles,
hydrated oxides of iron and silicon, and high-molecular-weight organic matter. Specifically, the
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removal of total iron (up to 78.6 %) is ensured by the combined action of this mechanical filter
cascade and the selective reverse osmosis membrane (Al Sayed et al., 2012; Figure 2; Table 3).
Furthermore, the deodorization effect observed in both studies is attributed to the operation of pre-
sorption units based on activated carbon; the recorded deep elimination of residual free chlorine (up
t0 96.0 %) is directly driven by the high sorption capacity of this pre-treatment unit (Altekrety & Al-
Fatlawy, 2017; Figure 4; Table 3), which efficiently adsorbs dissolved volatile organic compounds
and active chlorine residues.

A process of directional reduction in the hydrogen ion exponent (pH) was recorded (Table 2).
At Points 1 and 2, the pH of the initial alkaline water decreased to slightly acidic values (6.0-6.5
units); at Point 3, the reduction was less pronounced, shifting from 8.0 down to 7.5 units (Table 2).
Permeate acidification is a typical manifestation of baromembrane separation (Dytnerskii, 1986).
Highly selective reverse osmosis membranes retain up to 98-99 % of multicharged anions, including
hydrocarbonate ions (HCOz3"), which form the buffering capacity of the initial solution. As a result of
the alkaline buffer removal, dissolved carbon dioxide (COz), which freely penetrates through the
membrane pores, reacts with water, shifting the carbonic acid equilibrium toward the formation of
weak carbonic acid (H2COs). A study by Thuadaij and Duangkham (2024) also revealed a widespread
drop in pH below regulatory limits, where 81.19 % of the examined vending machines exhibited pH
values between 3.24 and 6.40. This demonstrates the universality of the physicochemical process of
permeate acidification during reverse osmosis application without subsequent correction (Adams et
al., 2022; Table 2).

Notably, in our study, the total water hardness across all points remained stable (Table 3). This
indicates the occurrence of artificial remineralization processes, which were most pronounced at
Point 3 (Table 2; Table 3). From a physiological and organoleptic standpoint, the preservation of total
hardness is a critical factor preventing an aggressive or ‘flat' taste typical of raw reverse osmosis
permeate. As the deeply purified water passes through the remineralization bed containing natural
crushed calcite (CaCOs) and dolomite (CaMg(COs)2), a controlled dissolution process takes place.
The unreacted dissolved free (CO.) acts as a primary driving agent, reacting with the carbonate matrix
of the minerals to form soluble calcium and magnesium bicarbonates via a classic leaching
mechanism. This interaction enriches the water with vital divalent cations while functioning as a
natural chemical buffer. The differences in the final pH values among the points are attributed to
varying depletion levels or flow rates of water through the mineralizing cartridges, where the final
alkalization of the solution occurs due to the intensive dissolution of components within the integrated
remineralization unit, which aligns with the operating principles of local solution conditioning
systems (Vingerhoeds et al., 2016; Table 2; Table 3). Specifically, lower volumetric flow rates or
lower depletion levels prolong the hydraulic retention time within the mineralizer, maximizing
mineral leaching and successfully shifting the carbonic acid equilibrium toward complete
neutralization.

The membranes demonstrated virtually zero selectivity toward nitrate ions NOz™: at Points 1
and 2, the retention efficiency was 0 % (Table 3). This is explained by their small hydrated radius
and high mobility, which hinder their rejection by the polymer matrix under the standard operating
pressures of domestic systems (Gomelya et al., 2022; Table 3). Under these low operating pressures
typical for point-of-use (POU) systems (approximately 2—4 bar), the convective transport of solvent
through the polymer matrix often overrides the diffusive rejection component for low-molecular-
weight monovalent species. Due to their low hydration energy, nitrates exhibit higher mobility within
the concentration polarization layer, which substantially reduces the effective electrostatic repulsion
forces - known as the Donnan potential - thereby allowing unhindered passage of monovalent anions
into the permeate stream at low initial concentrations. At Point 3, where the initial nitrate level was
the highest, a 40.0 % reduction in their concentration was recorded (Table 3). Such a discrepancy in
efficiency within this experiment remains unclear, yet it suggests a concentration-dependent threshold
effect related to competitive ion transport and membrane fouling dynamics. According to Muhammad
et al. (2020) and Rojas-Ramos et al. (2023), the barrier function of membranes can be influenced by
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external factors (operating parameters of water vending machines, the concentration polarization
effect, initial water composition specificities, etc.) that were not accounted for during this study. For
instance, a localized drop in the feed flow rate or micro-fluctuations in operating pressure within the
vending unit at Point 3 could have facilitated a localized transformation of the concentration
polarization profile, shifting mass transfer toward a diffusion-dominated regime where the physical
sieve-retention properties of the polymeric dense structure became more pronounced. Nevertheless,
given that the initial nitrate concentrations were extremely low (1 mg/L against an MPC of 45 mg/L),
the resulting product remains safe regarding this parameter (Table 3). At the same time, the deep
removal of phosphate ions (up to 100 % at Point 2) is explained by their large hydrated radius and
multicharged nature. Under baromembrane separation conditions, such ions are effectively repelled
by the Donnan potential of the membrane, which guarantees the protection of the finished permeate
from the presence of phosphates that can alter the organoleptic properties of water (Aydogan Gokturk
et al., 2022; Gomelya et al., 2023; Pleshakov et al., 2023; Table 3).

Unlike nitrate ions, reverse osmosis systems effectively retain heavy metal cations. Membranes
demonstrate a consistently high rejection capacity (exceeding 95-99 %) towards many metals, which
is attributed to their significant hydrated radius, high valence, and the action of Donnan electrostatic
repulsion forces on the surface of the polymer matrix (Azmi et al., 2025; Thagi & Gashi, 2018). In
our samples, the removal efficiency varied from 14.3 % up to 70.0 % for total chromium and up to
78.6 % for total iron (Figure 2; Figure 3; Table 3). Chromium, present in the initial tap water at the
upper limit of the MPC (0.05 mg/L), was reduced to safe values (0.015-0.03 mg/L) (Figure 3; Table
3). Similarly, a stable reduction was observed for copper (Cu?*) ions, with an elimination efficiency
ranging from 25.0 % to 40.0 % (Table 3). This process successfully lowered copper concentrations
across all points down to 0.2-0.3 mg/L, remaining well below the regulatory limit of 0.5 mg/L and
closely matching the biogenic benchmark of the «TURAN» reference water (0.15 mg/L) (Table 3).
Although the chromium content in the «TURAN» natural benchmark (0.04 mg/L) is also within the
normal range, decentralized mechanical post-treatment yields water that may surpass certain natural
underground sources of the region in terms of toxicological safety, as the latter can be prone to natural
or anthropogenic metal enrichment (Imbulana et al., 2020; Figure 3; Table 3). The removal efficiency
of manganese ions (Mn2* ) was slightly lower than that of chromium and iron, ranging from 10.0 %
to 50.0 % (Table 3). Despite the fact that the initial manganese concentrations did not exceed the
MPC, its elimination is considered important from a sanitary and hygienic perspective (Table 3). This
is attributed to the ability of manganese compounds to cause cumulative neurotoxicity, as well as
their tendency to degrade the organoleptic parameters of water (taste, color) even at minimal
concentrations due to the formation of a dark precipitate of hydrated oxides (U.S. Environmental
Protection Agency, 2004; World Health Organization, 2022; Table 3).

Overall, the conducted study demonstrates that the multi-stage mechanical purification in
«Zhivaya Voda» stationary vending machines effectively corrects the organoleptic and chemical
composition of tap drinking water, which consistently aligns with existing global research on point-
of-use (POU) water post-treatment systems.

5. Conclusion

The conducted study has provided a comprehensive evaluation of the barrier role and
performance efficiency of «Zhivaya VVoda» stationary local post-treatment vending machines in
relation to the conditions of the centralized drinking water supply in the city of Kokshetau. Based on
the data obtained, the following key conclusions have been formulated:

1. The cascade filtration system, based on sorption processes and baromembrane separation,
ensures absolute 100 % efficiency against suspended solids, reducing the initial tap water turbidity to
0 NTU. Concurrently, the integrated technology achieves substantial sample deodorization,
consistently lowering the odor intensity by 1-2 points on the organoleptic scale.

2. Spectrophotometric analysis confirmed the high barrier efficiency of the multi-stage system
against key inorganic and organic pollutants. The cascade configuration ensured deep elimination of
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residual free chlorine, total iron, total chromium, manganese, and phosphate ions, while providing a
moderate, stable reduction of copper ions (up to 40.0 %). Concurrently, the system exhibited
characteristically lower selectivity toward low-molecular-weight singly charged nitrate anions.
Despite variations in ion-selective retention, the reduction of the cumulative impurity load
successfully brought the physicochemical profile of the purified permeate closer to the natural
benchmark parameters of «TURAN» bottled water.

3. A directional trend in hydrogen ion exponent changes was established: the reduction to
slightly acidic values (6.0-6.5 units at Points 1 and 2) and the shift toward neutral values at Point 3
are driven by the membrane's retention of the hydrocarbonate buffer and the concomitant shift in the
carbonic acid equilibrium. Concurrently, the maintenance of stable and physiologically valuable total
hardness values in the purified water experimentally proves the performance efficiency of the
integrated artificial mineralization units, which completely eliminate the risks of deep
demineralization of the finished product.

In conclusion, under stable technological operating regimes, «Zhivaya Voda» vending
machines serve as an effective instrument for the hygienic correction of tap water composition,
ensuring the enhancement of its organoleptic and physicochemical characteristics at the consumer
level. Further research into optimizing the performance of membrane elements in relation to high-
load systems will expand the application scope of this technology.
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KyObIp CybIH KeprujlikTi KOChIMIIA TA3aPTy MEeH KOHIUIMSJIAYAbIH THIMALTITIH
oaranay (Kekmeray KajJachbIHIaFbI Cy aBTOMATTAPbI MbICAJIBIH/IA)

Haraabs I'pabosckas, Tarbana KapnayxoBa, Tarbsina Jluray, Aceiib Araiiiaposa

AnpaTna. 3eprrey Kekmeray kanacsiHgarbl «KuBas Boga» MapKaibl CTAllMOHAPIIBIK CY Ta3apTy
aBTOMATTapbIHBIH (CyMaTTapIblH) KOMEriMeH KYObIp CYbIH KEpPriUTKTI KOCHIMILIA Ta3apTy MeEH
KOHIMIUSUIAYIbIH THIMALTITIH Oaranayra apHaiaraH. JKYMBICTBIH MaKcaThl - 0acTanksl KyObIp CybI
MEH CY3y JKOHE Kepl OCMOC MPOLECTEPIHEH KEHiH ajJblHFaH IepMeaT KaCHeTTEepiH CabICThIPMAbl
Typae Tangay. Dus3uka-XUMHIBIK TapamMeTpiiepli CalbICTBIpyFa apHaliFaH STAJOH pETiHAe
«TURAN>» GeTtenkeneri ac cybl KaObUIIaH/bl. 3epTXaHANBIK Tal1ay YIIIH ChIHaManap KaJllaHbIH YII
ayJaHbIHIA IpIKTENim anblHAbL. ~MeMOpaHalapAplH OSIUMHHALMSUIAY KaOUIeTiH —ecenTey
O6apoMeMOpaHanbIK OedyAiH KiIaccHKaiblK (opMmynacsl OoifbiHmIa >Kyprisinai. Kackanrel cysy
XKyHeci eIenHren 3aTTapra KatbIcThl a0comoTTi 100 %-apIK TOCKayBUIIBIK THIMIUTIKTI KAMTaMachl3
erim, nmainmeuislkTel 0 NTU (Nephelometric Turbidity Units) nenreiiine neifin TeMeHaeTeTiHi
aHBIKTAIABL. ByJ1 peTTe KyObIp CybIHBIH HiC KAPKbIHABUIBIFBI OPTaHOJIENITUKAJIBIK 1IKajia OoiibiHIIa 1
Oajra TOMEH/JIEM, TePeH Ae300palusianysl Tipkeni. CieKTpo(hoTOMETPHSIIBIK Tangay KalablK 60cC
xsopasl (96,0 Y%-ra neitin), xxanmsr Temipai (78,6 %-ra neiiin), sxamnsl xpomasl (70,0 %-ra neiiin),
(mbicThI (25,0-40,0 %), mapranerrri (50,0 %-ra neiiin) xone gocdar-uonmapast (100 %-ra neitin)
JKOIOJIBIH YKOFapbl JOPEXKECIH KOepCeTTi, Oyl perre TeMEeH MoJIeKyilajlbl Olp 3apsAThl HUTpAT-
aHMOHJapFa KATBICThl CENEKTUBTUIIKTIH TOH TOMEHIIr OalKanabpl. AJIBIHFAaH HOTHIKENEp CYIbIH
XKanmbl (PU3UKa-XUMUSIIBIK TPOMUITIHIH alTapIbIKTal )KaKcapraHbIH KOHE KOCTIaap/IbIH KUBIHTHIK
KYKTEMECIHIH a3aiifaHblH aifrakraiinel. ['mapokapOoHarThl OydepaiH MeMOpaHala YCTaJblIl
KaJTyblHA JKOHE KOMIPKBIIIKbUI TeNe-TeHIITHIH COFaH OallIaHbICTHI BIFBICYbIHA HeTi3/enreH ¢y pH
KOPCeTKIIIHIH TOMEHAEY YpIici Tipkenai. byn perte >Kaimbl KEpMEKTIK KOpPCETKIIITEpiHIH
TYPAaKTbUIBIFBI MHTETpalMsUIaHFaH MUHEpaIn3alus OJOTbIHAA CYAbl KOHAUIMSIIAYIbIH THIMAUIITIH
pacTtazbl, OyJ1 JaiibIH OHIMHIH TepeH JeMUHEepaTH3alUusIaHyblH TOJIBIKTal 00N IbIpMaiIbl. AJBIHFaH
MOJIIMETTEp CyMaTTapAblH KYOBIp CYBIHBIH CalachlH TAaOWFH JTAJOH TMapaMeTpiepiHe THIMII
KAKBIHAATATBIHBIH KepceTeli, Oyl oJapAbl TYTBIHYHIBUIBIK JEHTeWIe aybl3 CyIbl TYTHIHY
KAYIICI3ITH OPTaIbIKChI3IaHBIPBIIFaH TYPAE APTTHIPYABbIH KOJDKETIMI 9/iCl PETIH/AE YChIHYFa
MYMKIHJIK Oeperi.

Tyiiin ce3aep: cy canacsl; )KepriliKTi KOChIMIIIA Ta3apTy; Cy aBTOMATTaphl; CyIbl KOHAULIUATIAY; Kepi
OCMOC; peMUHEpalIn3allis; IepMear; OpTaJbIKTaHIbIPbUIFaH CYMEH Ka0IbIKTay; aybI3 CY.

Ounenka 3(PPeKTUBHOCTH JIOKAJIbLHOH JOOYMCTKH W KOHIUIMOHHUPOBAHMS
BOJIONPOBOIHOI BOAbI (HA MpUMepe BOAOMATOB B ropoae Kokieray)
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AHHOTanusi. MccienoBanue TOCBSIICHO OLEHKE A(PQGEKTUBHOCTH JIOKAIBHOW JOOYHCTKA U
KOHIUIIMOHUPOBAHHUSI BOJOTIPOBOTHOM BOJIBI C MIOMOIIBIO CTAIIMOHAPHBIX ABTOMATOB OYMUCTKU BOJIBI
(BomomatoB) Mapku «Kusas Boga» B ropone Kokmeray. Llenbio paGoTsl SIBIISUICS CpaBHUTEIbHBIN
aHaJIM3 CBOMCTB MCXOAHON BOJOIPOBOTHONM BOJBI M IIEPMeEaTa, MOJYICHHOTO MMOCie QUIbTPAIUA U
oOpaTHOro ocMoca. B kadecTBe TalioHa 1Jisi CpaBHEHHS (PU3UKO-XUMHYECKUX MApaMETPOB MPUHSTA
oyruwimpoBanHas ctosioBas Boga « T URAN». Ot6op mpob 1uist 1ab0paTOpHOTO aHATH3a BBITIOTHSIIICS
B TpEX paiioHax ropona. Pacuér snmuMUHUpYOIIEH CIIOCOOHOCTH MeMOpaH IPOBOIWICS TI0
KJIaccu4eckoi ¢opmyse GapoMeMOpaHHOTO pa3feiieHHs. YCTaHOBIIEHO, YTO KacKajJHas CUCTEMa
¢dbunpTparuu obecreunBaet adbcomotHyo 100 %-10 6apbepHyI0 3 (PEKTHUBHOCTD MO OTHOIICHHUIO K
B3BCIIICHHBIM BeliecTBaM, cHkast MyTHOCTh 710 0 NTU (Nephelometric Turbidity Units). I[Tpu sTom
3ahuKkcUpoBaHa TIIyOOKasi Je30/10palus BOJAOIPOBOJHON BOJBI CO CHUIKCHUEM MHTEHCHBHOCTH €6
3amaxa Ha 1 Oamn mo opraHonentudeckor mikane. CreKTpopOTOMETPUUESCKUN aHaIW3 IOKa3all
BBICOKYIO CTENEHb SJIUMHUHAIIMK OCTATOYHOrO CBOOOHOTO XJopa (10 96,0 %), obmiero xenesa (10
78,6 %), ob6mero xpoma (10 70,0 %), menu (25,0-40,0 %), mapranma (no 50,0 %) u pocdar-noHos
(mo 100 %) mpu xapakTepHO 00Jiee HMU3KOM CEJEKTUBHOCTH K HU3KOMOJICKYIISIPHBIM OTHO3aPSIIHBIM
HUTpaT-aHuOHaM. [loJlydeHHBIC pe3ylbTaThl CBUICTCIBCTBYIOT O 3HAYMTEIBLHOM YITYYIICHUU
o01Iero (U3MKO-XUMHUYECKOTO MPO(GWIS BOABI M CHUKCHUU COBOKYITHOM HAarpy3Kd MpPUMECEH.
3aduKCcHpOBaHO HamNpaBlieHHOEe W3MeHeHHe PH BOJBI B CTOPOHY CHHJKEHHUS, OOYCIIOBJICHHOE
yIaepXKaHHeM  THApoKapOoHaTHOro Oydepa MeMOpaHOW ©  CONYTCTBYIOUIMM  CIBHIOM
YIJIEKUCIOTHOTO paBHOBecus. [lpm 5TOM cTaOMIBHOCTH TOKaszaTreneid oOmell KECTKOCTH
nonTBepauia  3(pQPEeKTHBHOCTh  KOHJAMIIMOHUPOBAHMS BOJBl B  HHTEIPUPOBAHHOM  OJIOKE
MUHEPAU3allii, YTO TIOJHOCTHIO MPEAOTBpAIIACT TIyOOKOE JIEeMUHEPATU30BAaHUE TOTOBOTO
npoaykta. [lomydeHHbIE HaHHBIE IEMOHCTPUPYIOT, YTO BOJAOMAThl A(P(HEKTUBHO MPHUOIMIKAIOT
KaueCTBO BOJIOMPOBOJHOM BOJBI K TapaMerpaM MPHUPOJHOTO ITAJOHA, YTO IO3BOJISET
PEKOMEHIOBaTh WX KaK JOCTYIMHBIM CHOCO0 AElEeHTPATM30BAaHHOTO TMOBBIIICHHS OE30MaCHOCTH
MMUTHEBOTO BOJIOTIOTPEOICHHSI HA TOTPEOUTEITHLCKOM YPOBHE.

KiaroueBble ¢J10Ba: Ka4eCTBO BOJBI; JIOKaJIbHAA JOOYUCTKA; BOAOMATHI; KOHAUIWMOHUPOBAHUEC BOJBI;

OOpaTHBI OCMOC; peMUHEpaIu3alus; mnepMmear; HEHTPATU30BAaHHOE BOJOCHAOKEHHE, MUTHhEBas
BOJA.
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