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Abstract: This study investigates the presence of microplastics in tap drinking water and evaluates
the efficacy of various sorbents for their removal in the context of Kazakhstan’s water treatment
system. Water samples taken in the cities of Kokshetau and Krasny Yar (Akmola region) were
analyzed. Microplastics were detected in all samples, with concentrations ranging from 2.0 x 102
to 6.0 x 1072 particles/dm?, predominantly in fiber form (74.1%). Outdated technologies and non-
compliance with treatment regimens contribute to poor water quality, including high turbidity (87% of
samples), color deviations (40% of samples), and acidity issues (20% of samples). To address these
challenges, the study examined the sorption efficiency of different sorbents, with results indicating
high retention rates (82.7-97.8%) for microplastic particles. Notably, aliphatic structures like PE
and PP exhibited higher retention than PET. Among the sorbents tested, the synthesized carbon
sorption material (CSM) demonstrated the highest efficiency in both microplastic retention and
improvement in water quality parameters, making it a promising option for water treatment facilities
and household filters.

Keywords: microplastic; tap water; Kazakhstan water treatment technologies; drinking water quality;
microplastic sorption

1. Introduction

Microplastics, particles smaller than 5 mm, pervade various environmental objects,
as evidenced by ongoing scientific investigations worldwide. Documentation exists on
their presence in natural waters [1,2], soils [3,4], atmospheric air [5,6], wastewater [7], and
municipal solid waste landfills [8]. Initial studies exploring microplastic contamination
of drinking water date back to 2017, encompassing examinations of raw and treated
water from treatment facilities, tap water, and bottled water [9,10]. Disparities emerge in
microplastic concentrations between natural and treated waters, attributed to the lesser
susceptibility of groundwater to anthropogenic influences [11].

Nevertheless, the quantification of microplastics in drinking water yields variable
data. For instance, in ref. [12], no microplastic particles were discerned, despite employing
an analytical method with a relatively high detection limit (60 um). Conversely, ref. [11]
identified minute concentrations, averaging 0.7 microplastics/m?.

The concentration of microplastic fragments increases inversely with particle size,
with the regular fragmentation contributing to heightened levels in smaller particles. Con-
sequently, analyses of microplastics smaller than 10 um in mineralized drinking water [13]
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unveiled elevated concentrations (656.8 pg/L). Notably, nanomicroplastics, ranging from
0.7 to 20 um, were detected in Barcelona tap water at notable concentrations, up to 19 ug/L.
Diverse polymers such as polyethylene (PE), polypropylene (PP), polyisoprene (PI), polybu-
tadiene (PBD), polystyrene (PS), polyamide (PA), and polydimethylsiloxanes (PDMS) have
been identified [14].

Furthermore, studies commonly report higher concentrations of microplastics in
bottled water compared to tap water, potentially linked to contamination from plastic pack-
aging materials (e.g., caps and bottles) [15]. Researchers also explore the size distribution of
microplastics in drinking water. Disparities in particle size between raw and treated water
are documented in [16], where particles larger than 125 pm predominate in raw water,
while those between 20 nm and 125 um are prevalent in treated water.

Understanding the origins of microplastic contamination of drinking water is also a
subject of investigation. The primary source of contamination of treated drinking water may
be the materials used in containers (e.g., water pipes, bottles) [17]. Additionally, potential
secondary contamination may arise from the erosion of plastic pipes within the water
supply system [17,18]. The choice of pipe materials is assumed to significantly influence
the migration of microplastics during water conveyance and storage. Notably, tap water in
contact with polymer pipes exhibits the highest average concentrations of microplastics
(polyvinyl chloride (PVC), polyamide (PA), polypropylene (PP), polyethylene (PE), and
polyethylene terephthalate (PET)).

The primary forms of microplastic content in drinking water include PET, PP, and PE
fibers [16], as well as films [19]. Concerns arise regarding the presence of microplastics
in natural waters (potential sources of drinking water) and treated drinking water [19,20],
particularly due to the potential ingestion of microplastics through swimming or drinking.
Moreover, published data highlight the detection of microplastics in aquatic organisms [21,22],
food items [23], and human organs [24,25], suggesting a potential trophic transfer of
microplastics through the food chain [26], thereby raising concerns about the potential
toxic risks to human health associated with the ingestion of microplastics in food and
water [27-29].

Reports documenting the presence of microplastics in water are widespread across
various regions worldwide, including North and South America [30,31], Asia [32], and
Europe [10,33]. However, there has been no systematic monitoring of microplastics in the
environment in Kazakhstan. Kazakhstan, ranked 93rd out of 180 countries in the Environ-
mental Performance Index [34] in 2022 and 76th out of 85 in 2023 [35], faces significant
environmental quality challenges, particularly concerning the quality of drinking wa-
ter [36,37]. Consequently, efforts by Kazakhstani authorities and scientists primarily focus
on achieving drinking water quality according to standardized indicators, which currently
do not include microplastics. Kazakhstani scientists initiated the study of microplastic
distribution in human-contact media only in 2022, funded by the Ministry of Science and
Higher Education. The widespread use and unregulated disposal of plastics, coupled with
a deficient waste management system, pose significant risks of plastic waste pollution in
Kazakhstan’s natural environment, potentially serving as sources of microplastics in the
soil and natural waters [38,39]. The absence of standards and quality control measures for
drinking water regarding microplastic content heightens the likelihood of these pollutants
entering the Kazakhstani population’s bodies through drinking water consumption.

The aim of this study is to assess the presence of microplastics in tap water and, by
analyzing the current water treatment infrastructure, identify optimal filtration materials
for microplastic removal in Kazakhstan. However, purifying water from microplastics
presents a formidable challenge. Microplastics represent a diverse group of emerging pol-
lutants with varying structures, sizes, and densities, compounded by their inert properties,
rendering them resistant to removal from water [40,41]. Existing water treatment systems
exhibit variable efficacy in trapping microplastics, contingent upon factors such as size,
nature, and technological sophistication [7,42]. A straightforward approach in drinking
water treatment involves passing water through filter media, where the effectiveness of
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microplastic removal hinges on the pore size of the filter medium. In resource-constrained
settings like Kazakhstan, quartz sand serves as a readily available and cost-effective filtering
material in drinking water treatment systems. Nonetheless, zeolites and coals, including
those indigenous to Kazakhstan, demonstrate notable sorption capabilities against organic
contaminants, heavy metals, and radionuclides [43—46]. Published findings suggest that
sand filters could be replaced effectively by aluminosilicate filter media [47], and zeolites
have shown promise in microplastic treatment in wastewater [48], while granular coals,
when combined with ion exchange and microfiltration, have demonstrated efficacy in
removing certain microplastic types [49].

However, research on microplastic water treatment primarily focuses on wastewater
and is limited to specific types and sizes of microplastics. Moreover, studies on water
treatment for microplastics are comparatively scant, falling short of evidence substantiating
their presence in water. There is a dearth of sorption studies for domestically produced
plastics in the Kazakhstani market utilizing locally sourced sorbents. Consequently, investi-
gating microplastic content in local tap water as an indicator of water treatment system
efficiency in Kazakhstan and evaluating the viability of incorporating local zeolites, acti-
vated carbon sorbents (derived from local organic waste) and widely available ion-exchange
resins into the sorption complex represents novel and pertinent research. The outcomes
of this study will contribute to a better understanding of drinking water quality and offer
guidance for effective management of water treatment systems in Kazakhstan in terms of
microplastic content.

2. Materials and Methods
2.1. Methods of Sampling and Analyzing Tap Water

To assess microplastic particles and physicochemical parameters in tap water, 15 water
samples were collected over the course of one month from various buildings in Kokshetau
city and Krasny Yar village, located in the Akmola region of Kazakhstan. These buildings
exhibit varying degrees of water supply system degradation, including flats with central-
ized water supply in multistory buildings and individual houses with water supply pipes
constructed between 1960 and 2008.

Figure 1 illustrates the geographical location of Kokshetau and Krasny Yar within the
Akmola region, while Figure 2 and Table 1 provide details regarding the specific sampling
points for tap water within these two cities.
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Figure 1. Location of Kokshetau city inside the Akmola region in Kazakhstan.
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Figure 2. Location of tap water sampling points inside Kokshetau and Krasny Yar.
Table 1. Universal Transverse Mercator (UTM) coordinates of the sampling points.
Sample No. UTM X UTMY Sample No. UTM X UTM Y
1 53.289008 69.404590 9 53.252827 69.359687
2 53.274207 69.405828 10 53.264980 69.371940
3 53.289204 69.391170 11 53.277500 69.361754
4 53.289488 69.392308 12 53.292318 69.336518
5 53.293338 69.386138 13 53.329990 69.253996
6 53.292478 69.386359 14 53.322229 69.264094
7 53.306466 69.389917 15 53.271033 69.428809
8 53.302045 69.427693

Tap water sampling for microplastic analysis was conducted directly at the water
source following the protocol outlined in [50]. Microplastic extraction from water was
accomplished using a custom-designed filtration device, which comprised a plastic slip-on
coupling with sealing gaskets measuring 110 mm in diameter, featuring a transition from
polypropylene. This transition tightly joined with the coupling, as detailed in [51], and
connected to a Sefar polyamide filter with a diameter of 120 mm and a mesh size of 300 um.
During tap water sampling, 100 dm?® of water was passed through the polyamide filter.
The volume of water drawn was controlled using a metal bucket with a capacity of 10 dm?.
Before each filtration, the bucket and filtering device underwent thorough rinsing with
distilled water. Subsequently, the filters were placed in labeled glass petri dishes and
transported to the laboratory for further analysis.

The surface of the filters was washed with distilled water, and the filter washes were
collected in glass heat-resistant beakers. The collected samples underwent non-destructive
oxidation for plastics, followed by density separation and the collection of microplastics on
filters for subsequent optical identification [52-55]. To prevent microplastic degradation,
the filters were dried in a desiccator at a temperature not exceeding 35 °C within closed
petri dishes [56]. The dried filters were then examined under a DTX 500 LCD Levenhuk
microscope with photoregistration at magnifications ranging from 100 to 500 [57-59]. The
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concentration of particles/ dm?3 was calculated based on the volume of water filtered
through the filter [60].

In the study, measures were taken to prevent cross-contamination of samples with
microplastic according to quality criteria [61-63]. The estimation of microplastic particle
losses at different stages of the study was carried out by introducing a mixture of microplas-
tics of different compositions into blank samples and further extraction of a known number
of colored particles. According to the results of the positive control, the recovery rate of
microplastics of the 170-300 pm fraction was 80.32 % 6.01%.

Analysis of physicochemical parameters of water was carried out according to State
mandatory standards 31868-2012 [64], 3351-74 [65], 26449.1-85 [66] and ISO standard
4316-2019 [67].

2.2. Methodology for Sorption Treatment of Water from Microplastics

The investigation into the removal of microplastics from drinking water was conducted
using model waters representing the most common types of plastics (PET, PP, PE) utilized
for transporting or storing drinking water in Kazakhstan. To generate plastic microparticles,
PET bottles and water pipes made of PP and PE were crushed using a homemade crusher,
grinding equipment, laboratory mill, and other methods. The resulting shredded particles
were then sieved using a Lab-VIBSIEVE-8 electric vibrating screen (Bessaiman Group LLP,
Almaty, Kazakhstan) to obtain fractions with sizes of 0.45 mm, 0.2 mm, 0.105 mm, and
0.0063 mm.

Sorption materials were chosen based on their availability and widespread application
in water treatment in Kazakhstan and globally [68-71]:

e  Carbon sorption material (CSM), obtained by carbonizing apricot pits, an annually
renewable waste material from plant sources.

e  Zeolite sourced from the Chankanaisky zeolite deposit in the Kerbulak district of the
Almaty region, Republic of Kazakhstan. This zeolite is a medium-porous material with
a brown hue, featuring particle sizes not exceeding 2—4 mm. Its generalized formula is
Ky/n [Alx Si Oy (x + y)] X pH20, where K represents alkali and alkaline-earth metal
cations, ammonium, etc., p denotes cation charge, y/x = 1:6, and p/x = 1:4.

e A complex comprising activated carbon sorption material (CSM) and ion exchange
resins, specifically anionite Ecotar-B and cationite KU-2-8, utilized in household filters
for drinking water treatment at a ratio of 1:1:1 (CSM:anionite:cationite).

The carbon sorption material was derived from the carbonization of apricot pits,
which are agricultural industry by-products. Dried apricot pits were crushed into particles
ranging from 2 to 4 mm in size and then placed in a carbonization reactor. The carbonization
process was conducted under precisely controlled isothermal conditions (at a temperature
of 850 °C) within a rotating reactor, and the environment was filled with an inert gas
(argon), supplied into the reactor at a constant rate of 50 cm?/min. Following carbonization,
the samples were activated using a potassium hydroxide solution in a 1:2 ratio.

Electron microscopy was employed to examine the morphological and structural
characteristics of the synthesized carbon sorption materials (CSMs) using a Quanta 3D
200iDualSystem (FEI company, Hillsboro, OR, USA), an FEI double-beam microscope that
integrates scanning electron microscopy (SEM) and ion scanning microscopy. Additionally,
it features an integrated energy-dispersive microanalysis system. The specific surface area
of the sorbents and the specific pore volume were determined on a Sorbtometer-M analyzer
manufactured by Katakon LLP (Novosibirsk, Russia) using the Brunauer-Emmet-Teller
low-temperature nitrogen adsorption method [72]. This method is associated with the
evacuation of air and moisture from the sample by heating (to 200 °C) under high vacuum,
which makes it impossible to determine the specific surface area and specific pore volume
of sorption materials of organic origin, such as ion exchange resins.

The elemental composition of the sorbents, including a sample of carbon sorption
material and zeolite, was determined using an energy dispersive spectrometer, which serves
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as an auxiliary device of the Quanta 3D 200iDualSystem scanning electron microscope
(refer to Tables 2 and 3 for detailed results).

Table 2. Elemental composition of CSM (%).

Chemical Element C (0) Si K Ca
Share (%) 92.45 6.87 0.06 0.17 0.44
Table 3. Elemental composition of zeolite (%).
Chemical Element C (0] Na Mg Al Si K Ca Fe
Share (%) 8.52 60.09 0.52 1.15 6.91 19.29 0.68 1.62 1.22

As shown in Table 2, 92.45% of the composition of CSM is carbon. The EDX spectrum of
carbon sorption material is shown in Figure 3. The energy-dispersive spectrum of elemental
composition of zeolite is presented in Figure 4. The main element in the composition of
zeolites is oxygen (60.09% of the total composition), as shown in Table 3.

25.6 -
20.5 4
C
15.3 4
KCnt
10.2
5.1 1
Ca
K Ca
0 Si K
0.0 T 1 1 1 1 1 T 1 T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Energy (keV)
Figure 3. EDX spectrum of carbon sorption material.
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Figure 4. EDX spectrum of the zeolite.

The energy-dispersive spectrum of the elemental composition of the sorbent (ion
exchange resins) was established using an energy-dispersive X-ray analyzer built into a
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JSM-6490LA scanning electron microscope (JEOL Ltd., Tokyo, Japan) and is presented in
Figure 5.
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Figure 5. EDX spectrum of the sorbent (CSM + ion exchange resins).

The main element in the composition of sorbent (CSM + ion exchange resins) is carbon
(84.06%), as shown in Table 4. There is a decrease in carbon content and an increase in
oxygen content in comparison with the original CSM.

Table 4. Elemental composition of the sorbent (CSM + ion exchange resins), %.

Chemical Element C (@) Al Si Ca In
Share (%) 84.06 14.03 0.75 0.61 0.35 0.20

Glass columns containing sorbent materials (CSM, zeolite, complex of CSM + ion-
exchange resins) were prepared for purifying water from plastic microparticles. Prior to
sorption, the columns were rinsed with distilled water (300 dm? volume) to remove any
fine dust-like particles of sorbents. Model solutions of polymers (PET, PP, PE) were created
by mixing 0.2 g of microplastics of a specific fraction in 10 dm? of distilled water. The mass
of microplastics before and after sorption was measured using a RADWAG 220R2 analytical
scale (RADWAG Wagi Elektroniczne, Radom, Poland) with an accuracy of £0.0001 g.

The prepared model solutions of microplastics were then passed through the sorbent
columns, followed by washing the columns with 200 mL of distilled water. The water that
passed through the columns was collected for subsequent optical analysis.

Samples of the initial plastics used to prepare the model solutions were analyzed
using infrared (IR) spectroscopy on a Shimadzu IR-Prestige 21 instrument (Shimadzu
Corporation, Kyoto, Japan) in the wavelength range of 4000-400 cm~!. The IR spectra were
obtained without special sample preparation using the DuraSampl IR II (Smiths detection,
Danbury, CT, USA) broken total internal reflection attachment with single reflection (prism
material diamond on ZnSe substrate). To identify polymers, we analyzed absorption bands
caused by stretching and bending vibrations of groups characteristic of certain types of
polymers. IR spectra were compared with library databases such as IRs Polymer2, Polymer,
T-Polymer and T-Organic in order to identify the structures of polymers that are difficult to
interpret (PET, microplastics found in tap water).
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3. Results and Discussion
3.1. Analysis of Technological Processes of Water Treatment in Kazakhstan

Surface water sources constitute the primary source of drinking water for the pop-
ulation of cities in Kazakhstan, accounting for 96.1% of supply, with centralized water
supply serving 94.7% of the population. Among these, 14.6% of the population utilizes
standpipes [73].

The construction of water supply systems in Kazakhstani cities began in the early
1950s, with significant development occurring between 1960 and 1970. During this period,
extensive water supply and sewerage infrastructure was established, resulting in a total
urban water supply network length of 23.44 thousand kilometers. However, prolonged
operation without adequate maintenance and timely renovation has led to considerable
wear and tear of the fixed assets within water supply and sewerage systems. Consequently,
the technical condition of water supply and drainage systems in most cities and towns of
Kazakhstan is deemed critical [74]. The fundamental processes of drinking water treatment
technology within the water supply system are depicted schematically in Figure 6.

1 - Water intake structure
2 - Pumping station of the first lift

3 - Net chamber

4 - Mixer

5 - Flaking chambers
6 - Settling tank

7 - Filter block

8 - Clean water tank

9 - Pumping station of the second lift

Chlorination

Calcium hydroxide
Coagulant

Flocculant

-
7

-~

- —

e S
s )
f:1;~2-3~ 8

S

Figure 6. Technological scheme of water intake and treatment of water treatment facilities in Kaza-
khstan.

A conventional purification scheme is implemented to clarify and treat water entering
the municipal water supply, encompassing the following processes.

Mechanical cleaning: Coarse debris is removed through screening or gridding.
Settling: Preliminary removal of suspended solids occurs in settling tanks (radial or
horizontal).

o  Coagulation: Reagents such as iron chloride or aluminum sulfate are used to induce
coagulation.
Flocculation: Aggregation of particles into larger masses for easier removal.
Alkalization: Water may be alkalinized with a calcium hydroxide solution if necessary.
Clarification: Large impurities precipitate and settle in settling tanks for 3—4 h after
coagulation and flocculation.

e  Filtration: Final clarification and removal of bacteria, and small impurities are achieved
through rapid filtration. Quartz sand (Kokshetau) or a combination of quartz sand
and silica (Almaty) serve as filtering materials.
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e Disinfection: Water is disinfected by chlorination to maintain residual free chlorine
content in the supplied water at 0.3-0.5 mg/L. Currently, water disinfection is ac-
complished using sodium hypochlorite (NaClO) solution produced from table salt at
electrolysis plants.

e  Fluoridation: Fluoride content in drinking water is adjusted at the fluorator unit when
it falls below 0.5 mg/L, raising it to a concentration of 0.9-1.2 mg/L. Sodium fluoride
is typically used as the reagent.

The treated water is conveyed to clean drinking water tanks, from where it is distributed
to consumers through gravity and pumping stations within the distribution network. Quality
control of treated drinking water is conducted to ensure compliance with sanitary norms [75],
which presently do not stipulate limits on the content of microplastic particles.

Analysis of the technological process of drinking water treatment in Kazakhstan has
enabled an assessment of its potential efficacy in retaining particles smaller than 5 mm.
The disinfection stage, particularly chlorination, may impact the structure of polymers,
indirectly influencing their sorption and sedimentation capacity. However, there is no
definitive consensus on the effect of chlorination on the degree of microplastic removal
from drinking water [76,77]. Due to the unique physicochemical properties of microplastics,
characterized by a small surface area and minimal porosity, their removal from water is
primarily influenced by mechanical processes such as filtration and sedimentation, as well
as the physicochemical process of coagulation [78-80].

In Kazakhstan, mechanical filtration of treated water is performed through screens
and grids featuring vertical or inclined metal bars spaced at regular intervals (15-20 mm
or more) to create a mesh-like structure (Figure 7a). This design anticipates that natural
water pretreatment on these grids can effectively capture macroplastic particles larger than
15-20 mm. Subsequently, water coarse-filtered from larger impurities on the meshes/grids
undergoes further treatment in sedimentation tanks (Figure 7b), engineered to retain
suspended solids larger than 0.2-1 mm [81].

Figure 7. (a) Grate system for coarse debris removal at Kokshetau, and (b) radial settling tank for
fines removal at Almaty.

The potential efficacy of the coagulation stage within the Kazakhstani water treatment
system can be assessed based on findings from published studies. For instance, in ref. [82],
the efficiency of microplastics removal using coagulants derived from Al and Fe salts
in the presence of sodium dodecylbenzenesulfonate was reported as 95.92% and 98.9%,
respectively. However, the specific size range of effectively removed microplastic particles
was not specified in the study. Conversely, in [83], it was observed that with the coagulant
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Al»(SOy)3, the deposition rate of pure plastic remained below 2.0% for all plastic particle
sizes. Even with the addition of the coagulant PolyDADADMAC, the maximum removal
achieved was only 13.6% for particle sizes ranging from 45-53 pm. The authors highlighted
that the critical size at which microplastic removal efficiency significantly decreased was
within the range of 10-20 um. However, the sequential combination of coagulation and
sand filtration was found to completely remove microplastics larger than 45 um [84].

Thus, by adhering to the prescribed technological process regimes of drinking water
treatment in Kazakhstan, it is feasible to retain microplastic particles larger than 45 microns.
However, the non-compliance with water treatment protocols in Kokshetau city, such as the
absence of coagulation and flotation units, coupled with a limited number of sand filters
with low productivity, results in the presence of microplastics in tap water samples from
Kokshetau city, particularly in sizes exceeding 300 um (refer to Section 3.2).

3.2. Microplastics in Tap Water

The results of the physicochemical analysis of 15 water samples for color, turbidity,
pH, acidity, and microplastic content are summarized in Table 5.

Table 5. Results of physicochemical analysis of the tap water samples.

Samole No Color Turbidity H Oxidization Microplastic Concentration
P ) (Degrees) (mg/dm?3) P (mg/dm?) (Particles/dm?3)
MPC <20 <15 6-9 <5 -
1 18 9.51 6.82 6.8 40 x 1072
2 11 452 6.81 5.4 40 x 102
3 15 3.42 6.80 5.8 40 x 1072
4 14 413 6.83 47 2.0 x 1072
5 37 5.22 6.82 33 2.0 x 102
6 23 2.64 7.01 3.3 6.0 x 1072
7 22 3.10 7.10 32 6.0 x 1072
8 32 3.13 7.12 32 6.0 x 1072
9 18 3.82 7.13 2.4 2.0 x 1072
10 35 291 7.04 29 40 x 102
11 29 3.50 7.10 3.2 2.0 x 1072
12 16 1.90 7.03 2.8 2.0 x 1072
13 6 0.34 7.12 0.7 2.0 x 1072
14 7 0.46 7.10 0.8 40 x 102
15 26 493 7.02 29 40 x 1072

Analysis of Table 5 reveals inconsistencies in the quality of drinking water across the
majority of samples, potentially attributable to the degradation of water supply networks
and the subpar quality of water provided by the Kokshetau Su Arnasy water treatment
facilities. Exceedances of sanitary and hygienic quality standards for drinking water are
observed in the following parameters.

e  Turbidity: Exceedance in 87% of samples (ranging from 1.26 to 6.33 times the maximum
allowable concentration).

e  Color: Exceedance in 40% of samples (ranging from 1.10 to 1.85 times the maximum
allowable concentration).

e  Acidity: Exceedance in 20% of samples (ranging from 1.1 to 1.36 times the maximum
allowable concentration).

Only two samples, collected from private houses in Krasny Yar village (samples 13
and 14), comply with sanitary-hygienic norms. These samples from Krasny Yar village met
the standards for the studied indicators.

All tap water samples exhibit the presence of microplastics in various forms, as de-
picted in Figures 8 and 9. Fiber-shaped microplastics (acrylic, viscose, polyamide) comprise
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the majority, accounting for 74.1% of the total number of microplastic particles, followed by
fragments at 22.2% (polyethylene terephthalate, polypropylene, and polystyrene). Addi-
tionally, one particle (3.7%) in the form of a film (polyimide) was identified. These findings
are consistent with published data, indicating that fibers dominate over fragments and
other forms of microplastic in drinking water, often comprising up to 90% of the total
microplastic content [85]. The Supplementary Materials presents FTIR spectra of the types
of microplastics found in tap water and their identification in Figures S1-514.

00000/00000
12M

AW ARG
- 12

xOOOOO/OOOOO

Figure 9. (a) Fragments, and (b) films of microplastics found in tap water samples.

The microplastic content in the analyzed tap water samples ranges from 2.0 x 1072 to
6.0 x 1072 particles/ dm3, aligning with published data worldwide, which typically ranges
from 1 x 10~% to 100 particles/drn3 [11].

Table 6 presents a comparison between the concentration of microplastics observed in
this study and those reported in several previous studies conducted at various sites world-
wide.
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Table 6. Comparison with results from previous research about microplastic concentration in tap

water.
Reference Location Number of Samples Mlcro}()llaﬁtlizlg:/g;i?)t ration
This study Kokshetau and Krasny Yar (Kazakhstan) 15 4.0 x 1072-6.0 x 102
[23] Central region (Saudi Arabia) 2 1.8
[86] Barcelona city (Spain) 21 0-5.0 x 1072
[40] Tianjin (China) 1 13.23
[87] Zahedan (Iran) 10 7.5 x 1072-40.0 x 1072
[88] Mexico City (Mexico) 42 5.0-91.0
[11] North-western region (Germany) 24 1 x 107%-100
[89] England and Wales (UK) 39 0-2.4 x 1072
[90] Baden-Wurttemberg (Germany) 2 0.6 x 1072-7.4 x 1072
[91] Chongqing (Southwest China) 1 1.4
[92] Gauteng (South Africa) 30 4.7-31
[93] Denmark 17 8.0 x 1072-60.0 x 1072
[94] Japan 28 29-45

The results shown in Table 6 demonstrate that the concentration of microplastics found
in Kokshetau city and Krasny Yar village is similar to those found in Barcelona [86] and
England and Wales [89]. It has been observed that the tap water quality in Kokshetau City
and Krasny Yar village, in terms of microplastic concentration, is better than in the rest of
the case studies found in the scientific literature. However, the detection of microplastic
particles in 100% of the analyzed tap water samples, coupled with the unsatisfactory quality
of water based on physical and chemical indicators, underscores the necessity to explore
new technological solutions for the water treatment system in Kazakhstan, particularly
focusing on sorption processes.

The detection of microplastic particles in 100% of the analyzed tap water samples,
coupled with the unsatisfactory quality of water based on physical and chemical indicators,
underscores the necessity to explore new technological solutions for the water treatment
system in Kazakhstan, particularly focusing on sorption processes.

3.3. Treatment of Water from Microplastics by Sorption Methods

Our study departed from using standard polymer granules of known quality and
instead employed grinding to mimic the forms of microplastics found in water more
accurately. In identifying plastics, the study considered the infrared (IR) spectrum of PET,
which exhibits absorption bands characteristic of out-of-plane and in-plane vibrations of
the benzene group, stretching vibrations of the C=0 bond of ester groups, the carbonyl
group C=0 conjugated with the benzene ring, and asymmetric stretching of the C-O-C
group (at 721, 870, 1018, 1246, 1710, and 1095 cm L respectively).

Polypropylene was identified based on the presence of absorption bands characteristic
of stretching and bending vibrations of CH, CHj, and CHj3 groups in its IR spectrum (at
2950, 2918, 2836, 1456, and 1376 cm ™). Similarly, the IR spectrum of PE contains absorption
bands (at 2916, 2846, 1468, and 717 cm 1) arising from stretching and bending vibrations of
the CHj group [95]. Furthermore, the complex structure of PET was further elucidated by
comparing its FTIR spectrum with those in polymer library databases. The Supplementary
Materials present the spectra of polymers used in the sorption process in Figures S15-518.

The efficacy of the selected sorbents in retaining microplastics (PET, PP, PE) of various
fractions was also assessed (Table 7).
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Table 7. Sorption efficiency of microplastic by different sorbents (%).

Fractional Size of Microplastic (mm)

Polymer
0.105 0.2 0.45
Complex (CSM + ion exchange resins)
PET 82.7 85.2 86.0
PE 91.7 92.1 93.6
PP 85.8 85.7 89.9
Average efficiency by sorbent 86.7 87.7 89.8
Zeolite
PET 91.0 91.3 91.2
PE 90.2 90.8 94.3
PP 89.9 90.0 92.8
Average efficiency by sorbent 90.4 90.7 92.8
Carbon sorption material (CSM)

PET 92.7 92.6 93.3
PE 95.3 97.2 97.8
PP 95.0 94.9 96.8
Average efficiency by sorbent 94.3 94.9 96.0

The sorption findings demonstrate a high retention of microplastic particles by the
investigated sorbents, ranging from 82.7% to 97.8%. These results from weight analysis
were corroborated by optical microscopy examinations of aqueous solutions before and
after filtration through the sorbents. Figures 10-12 show microphotographs of water
samples containing PET, PP, and PE microparticles (0.45 mm fraction as an example) after
filtration through columns containing the examined sorbents.

(a) [y am 3

100 pm

(d) e

Figure 10. Microphotographs of water samples with 0.45 mm PET microparticles before and after
sorption. (a) Model solution before sorption; (b) complex (CSM + ion exchange resins); (c) zeolite;
(d) CSM.
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Figure 11. Microphotographs of water samples with PP microparticles of 0.45 mm fraction before
and after sorption. (a) Model solution before sorption; (b) complex (CSM + ion exchange resins);
(c) zeolite; (d) CSM.

Figure 12. Microphotographs of water samples with 0.45 mm PE microparticles before and after
sorption. (a) Model solution before sorption; (b) complex (CSM + ion exchange resins); (c) zeolite;
(d) CSM.

Optical scanning microscope studies revealed that in all solutions filtered through
the sorbents, there was virtually no microplastic content of any fraction. The utilization
of zeolite for microplastic retention at filter stations in the Kazakhstani drinking water
treatment system can be justified due to its high efficiency in retaining microplastic particles
(PP, PE, PET), ranging from 90.4% to 92.8%. However, the denser structure of zeolite, as
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opposed to the uneven and rough surface of highly porous CSM, as established by scanning
microscopy (Figure 13), demonstrates lower microplastic retention. Specifically, the average
efficiency of PP retention on zeolite is 91.3%, while on CSM it is 95.1%.

HV mag O mode

Vv
15.00 kV

1000 x

Custom [11.7 mm| 298
Figure 13. Electronic images of CSM structure (a) and zeolite structure (b).

The hydrophobic structure of CSM, with a high specific surface area (475 m?/g) and its
porosity (specific pore volume—0.0642 cm3/g) create significantly more potential sites for
the sorption of inert microplastics in comparison with zeolite (specific surface area—7 m? /g,
specific pore volume—0.0091 cm3/g) [96,97].

The addition of ion exchange resins to the CSM diminishes its sorption capacity against
all types and sizes of microplastics. It is likely that ion exchange sorbents are not effective
against inert microplastic particles. Furthermore, ion exchange resins compete with mi-
croplastic particles during sorption on free cavity carbon sorbent (CSM). Consequently,
the average efficiency on the mixed sorbent averages 88.1%, decreasing with decreas-
ing microplastic fraction size from 89.8% (for 0.45 mm particles) to 86.7% (for 0.105 mm
particles).

The highest degree of retention of PE particles was observed, with an average efficiency
of sorption on the three sorbents reaching 93.7%. Following PE, PP exhibited the next-
highest retention, with an average sorption efficiency on the three sorbents at 91.2%. PET
showed a lesser degree of sorption retention (89.6%). These results may suggest the
predominance of hydrophobic effects in the sorption of aliphatic compounds (PE, PP) over
7=t donor—acceptor interactions, which are characteristic in the case of carbon affinity
for compounds containing an aromatic ring (PET). Thus, based on their ability to retain
microplastic particles, the studied sorbents can be ranked in the following order, according
to the degree of efficiency reduction: carbon sorbent (CSM) > zeolite > complex (CSM + ion
exchange resins).

The efficiency of drinking water treatment from microplastics should also ensure the
improvement of the treated water quality according to standardized indicators, generally
accepted in the world and Kazakhstan practice. This primarily concerns the content of
suspended substances of organic and inorganic nature capable of sorbing microplastic
particles, as determined in the study by color, turbidity, and oxidizability. The results of the
study on the effect of selected sorbents on the physicochemical parameters of water—color,
turbidity, and acidity—as well as on the ability of these sorption processes to alter the
acid-base balance of treated water are presented in Table 8.
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Table 8. Results of physicochemical analysis of water before and after sorption.
Color Turbidity H Oxidization
Sample (Degrees) (mg/dm?) P (mg/dm?®)
No. . . . . . .
Initial Final ~ CITICIENCY a1 Final ~ CHciency e Final  CHciency e Final Efficiency
(%) (%) (%) (%)
Sorbent 1—Zeolite

1 10 1 90.0 1.87 141 24.6 8.05 7.52 6.5 132.0 0.67 99.5

2 9 0 90.0 1.87 143 23.5 7.96 7.53 54 132.8 0.70 99.5

3 10 1 90.0 1.90 1.51 20.5 8.00 7.53 5.8 132.7 0.60 99.5

Sorbent 2—CSM

1 10 0 100.0 1.87 0.50 73.3 8.05 7.38 8.3 132.0 0.32 99.8

2 9.0 0.0 100.0 1.87 0.46 754 7.96 7.38 7.2 132.8 0.25 99.8

3 10 0 100.0 1.90 0.48 74.7 8.00 7.39 7.6 132.7 0.30 99.8

Sorbent 3—(CSM + ion exchange resins)

1 10 2 80.0 1.87 0.77 58.8 8.05 7.63 52 132.0 4.32 96.7

2 9 2 77.7 1.87 0.73 61.0 7.96 7.62 4.2 132.8 4.40 96.7

3 10 2 80.0 1.90 0.72 62.1 8.00 7.60 5.0 132.7 4.25 96.8

As evident from the results presented in Table 7, the sorption of suspended organic
and inorganic impurities on the studied sorbents results in a reduction in water turbidity, a
shift in pH towards a more neutral environment, and an improvement in color and acidity
parameters.

The investigated sorbents exhibited the highest efficiency with respect to acidity and
chromaticity. The average efficiency of sorbents in terms of water acidification was 99.8%
for CSM, 99.5% for zeolite, and 96.7% for the complex (CSM + ion exchange resins).

Regarding the water color index, the average efficiency of sorbents was 100% for CSM,
90.0% for zeolite, and 79.2% for the complex (CSM + ion exchange resins). Additionally,
the average efficiency of sorbents on the water turbidity index was 74.5% for CSM, 60.6%
for the complex (CSM + ion exchange resins), and 22.9% for zeolite.

Furthermore, sorption on all sorbents resulted in a shift in pH of treated water towards
a more neutral value, averaging 4.2-8.3%.

Our synthesized sorbent, CSM, demonstrated the highest efficiency among the investi-
gated sorbents, both for microplastic particles (PP, PE, PET) and concerning all investigated
water parameters (color, acidity, turbidity). Therefore, it can be recommended as an ef-
fective sorbent for treatment facilities in cities of Kazakhstan and in household filters for
drinking water purification.

It is difficult to compare the sorption efficiency of microplastics in this study with other
published works, due to the impossibility of ensuring equality of experimental conditions
(types and shapes of microplastics, their size, and concentration). However, based on the
efficiency value (%), it can be argued that the carbon sorption material we synthesized
shows better results than new sorbents such as organic sponge materials (81.2% at pH
6-9) [98]. Modification of biochar adsorbents, Mg, and Zn demonstrates high efficiency
rates (97.7%) against high-concentration polystyrene (0.1 g/mL) [99]. Synthesized Zn-Al
layered double hydroxide shows high sorption efficiency (100%) at very low pH values
(pH = 4), which are not found in natural and tap waters. Increasing the pH to 9 leads to a
decrease in the efficiency of polystyrene sorption to 37% [100], which is significantly lower
than the results obtained in our study.

A combination of sorption processes based on carbon sorption material and zeolite
with microfiltration can improve the efficiency of removing microplastic particles. Complex
methods of water purification, including carbon sorbents, were tested in [49] and showed
sorption efficiency of PVC and PET (with particle sizes of 30-1000 microns) of 78-86% and
94-100%, respectively.

However, in the conditions of Kazakhstan, the use of physical barriers, such as mem-
brane filters with a pore size of less than 1 micron, is unlikely in the near future due to
their high cost of implementation. That is why our further research on purifying drinking
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water from microplastics will relate to increasing the efficiency of existing water treatment
technologies to minimize enterprise costs for their implementation.

4. Conclusions

The assessment of microplastic content in tap drinking water and its potential reten-
tion by the water treatment system in Kazakhstan is critical, particularly given that the
centralized water supply is the main source of drinking water for the population. In our
study, microplastic was detected in all drinking water samples, regardless of the service life
of water pipes. The concentrations ranged from 2.0 x 1072 to 6.0 x 10~2 particles/dm3,
with fibers being the predominant form (74.1%), followed by fragments (22.2%) and films
(3.7%). These findings align with internationally published data.

The need to remove microplastics from water and improve the physical and chemical
parameters of treated water prompted the search for new technologies and materials in the
water treatment system. Analysis revealed that outdated technologies and noncompliance
with treatment regimens result in the presence of microplastics in tap water samples of
Kokshetau city and poor water quality in terms of turbidity (87% of samples), color (40% of
samples), and acidity (20% of samples).

To address this, we studied the efficiency of sorption of microplastics and other
pollutants on various sorbents. The results showed high retention of microplastic particles
by the investigated sorbents (82.7-97.8%). Sorbents with larger pores and hydrophobic
interactions exhibited greater retention efficiency. Specifically, aliphatic structures, such as
PE and PP, showed higher retention (93.7% for PE, 91.2% for PP) compared to PET (89.6%),
which has a more complicated structure.

The investigated sorbents were ranked based on their ability to retain microplastic
particles: carbon sorbent (CSM) > zeolite > (CSM + ionites). Moreover, the sorption of
suspended impurities on the studied sorbents led to a reduction in water turbidity, pH
adjustment towards neutrality, and improvement in color and acidity parameters.

Among the studied sorbents, our synthesized sorbent, CSM, demonstrated the highest
efficiency in retaining microplastic particles and improving water parameters. Therefore,
it can be recommended for use in treatment facilities across cities in Kazakhstan and in
household filters for drinking water purification.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/w16101363/s1. Figure S1: FTIR spectrum of Polyamide
fiber (experimental sample); Figure S2: Identification of Polyamide fiber by FTIR spectrum of library
databases; Figure S3: FTIR spectrum of Acryl fiber (experimental sample); Figure S4: Identifica-
tion of Acryl fiber by FTIR spectrum of library databases; Figure S5: FTIR spectrum of Viscose
fiber, Bember (experimental sample); Figure S6: Identification of Viscose fiber (Bember) by FTIR
spectrum of library databases; Figure S7: FTIR spectrum of polyethylene terephthalate (experi-
mental sample); Figure S8: Identification of polyethylene terephthalate by FTIR spectrum of library
databases; Figure S9: FTIR spectrum of polystyrene (experimental sample); Figure S10: Identification
of polystyrene by FTIR spectrum of library databases; Figure S11: FTIR spectrum of polyimide
film Kapton, (experimental sample); Figure S12: Identification of polyimide film (Kapton) by FTIR
spectrum of library databases; Figure S13: FTIR spectrum of polypropylene (experimental sample);
Figure S14: Identification of polypropylene by FTIR spectrum of library databases; Figure S15: FTIR
spectrum of polypropylene (experimental sample); Figure S16: FTIR spectrum of polyethylene (ex-
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