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Abstract. Wastewater treatment is undergoing a transformation from conventional
approaches toward integrated and sustainable solutions that address pollution control,
energy efficiency, and resource recovery. This study analyzes advanced and innovative
technologies with emphasis on their applicability under Kazakhstan’s conditions, where
outdated infrastructure, high operational costs, and sludge management remain persistent
challenges. The methodology combined comparative analysis of recent international
publications (2018-2025) with national reports and pilot data, assessing technologies
by removal efficiency, energy demand, cost, and technological maturity. The results
demonstrate that advanced oxidation processes (AOPs) achieve more than 80-90%
removal of pharmaceutical contaminants, with plasma-assisted and solar-driven systems
emerging as scalable options. Hybrid membrane bioreactors (MBRs and AnMBRs)
show 20-30% reductions in membrane fouling and improved recovery of water and
nutrients. Nanomaterials, particularly carbon- and metal-oxide composites, exhibit
adsorption capacities above 500 mg/g and provide additional antimicrobial functionality.
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Digital technologies, including artificial intelligence (Al), Internet of Things (IoT), and
digital twins, support predictive monitoring and reduce energy consumption by up to
20%. In Kazakhstan, approximately 40% of wastewater treatment plants require full
reconstruction, while energy expenditures account for 35-40% of operational budgets.
Nevertheless, pilot projects indicate promising outcomes: combined dewatering and
stabilization processes in Almaty reduced sludge volumes by over 70%, and hybrid
MBR—-AOP systems successfully eliminated pharmaceuticals such as naproxen and
bisphenol A with efficiencies above 85%. Overall, the findings confirm that no single
technology can address the complexity of wastewater management. Progress depends
on integrating hybrid, digital, and decentralized solutions that combine efficiency with
adaptability, forming a pathway toward sustainable wastewater treatment tailored to
regional needs.

Keywords: Wastewater treatment, Modern technologies, Membrane filtration,
Adsorption, Advanced oxidation processes, Water quality, Membrane filtration
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AHHoOTanus. AFbIHIBI CyJap/bl Ta3apTy caiackl OYTiHJE JACTYPII TOCLIAEpICH
MHTETpalMsyIaHFaH JKOHE TYPaKThI IIenrimaepre kapad oer Oypyna. byn esrepictep
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TEK JIACTAFBIIITAP/bl KOIOMEH IIIEKTEIMEH, DHEPrus TUIMIUIrT MEH pecypcTapibl
KaiiTa KaJlllbIHA KeNTipyai e KaMmTuabl. 3eprrey KazakcraH araiblHIa KONJaHyFa
0OJaTBhIH O3BIK TEXHOJOTHSIIAPABI TallgayFa OareITTanFaH, cebedi MyHOa eCKipreH
HHQPAKYPBLIBIM, JKOFaphbl ONMEPaIVsUIBIK MIBIFBIHAAP JKOHE HUIaMIbl 0acKapy HErisri
npobnemanap Oonbil Kaia Oepemi. Omicreme peringe 20182025 kbuimapaarsi
XallBIKApajblK JKapUsJIaHBIMAAP MEH YIITTHIK €CenTepre CajbICThIPMalbl Tajiay
YKacaJIJbl, TEXHOJIOTUSIIAP THIMJILIIT], YHEPTHS IIBIFBIHBI, KYHBI )KOHE TEXHOJOTHSITBIK
JKETUTy meHreiti OoitpiHIa Oaranmanabl. HoTrmxkenep KopceTKeHICH, aabIHFBI KaTapiIbl
toteiry mpouecrepi (AOPs) dapmanesrukansik nactarsimrapasl - 80-90%-nan
acTaM THIMJIUTIKIIEH KOs alajbl, ajl TUIa3MalblK KOHE KYH JSHEPTUSICBIMEH JKYMBIC
ICTeWTIH JKylenep ayKbIMIbl KOJJIaHyFa TepCleKTHBanbl. [uOpuari MemOpaHaibIK
ouopeakropiap (MBR sxome AnMBR) wmemOpamamarer mactamymer 20-30%-ra
a3aiThII, Cy MEH KOPEKTIK 3aTTap bl KAIIbIHA KEATIPY/i apTThipabl. KeMipTekTi sxoHe
METaJUIOKCHATI HaHoMmarepuangap 500 Mr/r-HaH >KOFapbl aacopOLMSUIBIK KadileTke
re JKoHe KOCBIMINIAa aHTHMHUKPOOTHIK KacueTTep kepceredi. CaHABIK TEXHOIOTHsIIAP,
COHBIH immiHme skacanmbl uHTEUICKT (Al), 3atrTap maTepHeTi (IoT) *X)oHE HHUQPIBHIK
erizaep, OomKaMAbl MOHUTOPHHITI KaMTaMachl3 €Til, dHeprus TYTHIHYAb 20%-
Fa JeiiH asadTtanpl. Kazakcranma arbIHIBI CYJIapiAbl Ta3apTy KOHIBIPFBLIAPBIHBIH
mamameH 40%-bI TONBIK PEKOHCTPYKIHUSHBI KAKET €Telli, al dHEPrusl HIBIFBIHAAPHI
orepanmsuiblK, OromkeTTepaid 35-40%-b1H Kypaiasl. [lereHMeH, THIIOTTHIK Kobasap
OH HOTIXKeNep Oepyne: ANMAaThIIarbl IIJIAMJIbl CYCHI3AH/BIPY KOHE TYPaKTaHIBIPY
npornecrepi kenemai 70%-man actam KbIcKapTThl, an rubpuati MBR—AOP xyiienepi
HanpoKceH MeH OucheHon A CUSKTHI (hapMalleBTHKAIBIK 3aTTapibl 85%-1aH KOFaphl
THIMIUTIKIICH >KOMapl. JKanmel amraHma, 3epTTey HOTIDKENEpl CapKBIHABI CyIapIIbl
OacKapy/bIH Kyp/elli MaceseNepid Oip FaHa TEXHOJIOTHSIMEH ISy MyMKIH eMEeCTIriH
kepcerei. Tek TuOpuITi, CAaHIBIK XKOHE ACHCHTPATU3ACHICH IISIIMIEP Il YHIeCTipreH
KaFJaiia raHa THIMII opi alMaKThIK epeKIIeTiKTepre OeHIMICNTeH TYPaKThl Ta3apTy
KyHenepiH KypyFra Ooabl.

Tyiiin ce3mep: arbiHIbI CyJIapbl Ta3apTy, 3aMaHay | TEXHOJIOTHsIIAP, MEMOpaHaJIbIK
(uneTpanus, aacopOIus, 3aMaHayu TOThIFY IPOIIECTEPI, CY/IbIH carachl, MeMOpaHaJIbIK
(unpTpanus
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Annortamus. OYNCTKAa CTOYHBIX BOJl TEPEKHMBAET MEPEXO] OT TPAAMLIUOHHBIX
METOJIOB K WHTETPUPOBAHHBIM M YCTOWYMBHIM PEUICHUSM, KOTOPHIC OXBATHIBAIOT
HE TONBKO YJaJICHHE 3arpsi3HUTENICH, HO M IOBBIIMICHHE YHEProdEeKTHBHOCTH, a
TaK)Ke BOCCTaHOBJCHHE pecypcoB. Llenb wucciemoBaHusi — aHaM3 COBPEMEHHBIX
W WHHOBAI[MOHHBIX TEXHOJIOTHH C aKIEHTOM Ha WX TPUMEHHUMOCTh B YCIIOBHUSX
Kazaxcrana, e ocTpo cTOST MPOOJIEeMBbl U3HOMIEHHOH WH(PACTPYKTYPbI, BBICOKHX
IKCILTyaTallMOHHBIX 3aTpar M HEPa3BUTOTO YMPaBICHHS OCAIKOM. MeTononorus
BKJIIOYAJIa CPAaBHUTEIBHBIN aHAIN3 MEXIyHApOAHBIX MyOnmukaruii 3a 2018-2025 rr.,
HAIMOHATIBHBIX OTYETOB U ITHJIOTHBIX JAHHBIX C OLIEHKOH TEXHOJIOTHIA 10 3 )eKTUBHOCTH,
9Hepro3arparaM, CTOMMOCTH M CTENEHH TEXHOJIOTHUECKOH 3pesiocTd. Pesynbrarsl
[OKa3bIBAIOT, YTO IE€PEIIOBbIC OKUCIHUTENbHBIC mporiecchl (AOPs) obecrieunBaroT
oonee 80-90% ynaneHust GapManeBTHUCCKUX 3arps3HUTEIICH, [TPH ATOM IIJIa3MEHHBIC
U COJTHEYHBIE CHCTEMBI JIEMOHCTPHPYIOT IMEPCHEKTHBBI MacIITa0HOTO BHEIPEHUSI.
I'mOpunabie MmemOpanHbie OuopeakTopsl (MBR n AnMBR) cHmxaroT 3arps3HeHHe
MeMOpaHn Ha 20—30% u nmoBsIIIAIOT pecypcocOepexenue. Hanomarepuasbl, 0COOCHHO
YIJIEPOJHbIC U METAJJIOKCHIHBIE KOMITO3HUTHI, 00NaNaoT aAcOpOIMOHHON EMKOCTBIO
cpiiie 500 MI/T U MPOSIBISIIOT aHTUMUKPOOHBIE cBoiicTBa. LludpoBbie TexHOIOTHH,
BKJItoyast uckyccTBeHHBIH uHTEeIUIeKT (Al), mutepHer Bemeil (IoT) m mudpoBbIx
JIBOWHHKOB, ITO3BOJISIFOT MPOTHO3UPOBATH 3arpsi3HEHUE, ONITUMU3UPOBATh MOHUTOPHUHT
U cHWKath 3Hepromnorpedienue no 20%. B Kasaxcrane oxoino 40% OYMCTHBIX
COOpYKEHUI HYKHAIOTCS B TIOJHOW PEKOHCTPYKIMH, a DHEPro3arparbl COCTaBISIOT
35-40% OromxeToB npennpusTHid. TeM He MeHee MUIOTHBIC POEKTHI IEMOHCTPUPYIOT
yCIexXu: KOMOMHUPOBAHHBIC MPOILIECChl 00C3BOXKHMBAHUS U CTAOWJIM3AUU B AJIMAThI
cokparmin o0béM ocaznka Ooinee yeM Ha 70%, a ruOpunHbie cuctembl MBR—-AOP
yAAJIITN TAKKE BELIECTBA, KaK HAIIPOKCEH M OucheHo A, ¢ 9P PeKTUBHOCTHIO BhIIIE 85%.
Takum 00pa3oM, HU OfIHA TEXHOJIOTHS HE CIIOCOOHA MOTHOCTHIO PEIIUTh KOMIUICKCHBIC
3aJ]a4M OYUCTKH CTOYHBIX BOJ. [lepCIeKTUBHBIM HaIlpaBICHUEM SIBIISICTCS HHTETpaIlHs
THOPUAHBIX, IHQPOBBIX M JIEICHTPAIM30BAaHHBIX PEIICHUH, aIalTHPOBAaHHBIX K
PETMOHANBHBIM YCIIOBUSIM, YTO OOECIIEUMBACT MEPEX0 K YCTOWYHBOMY YIPABICHHIO
CTOYHBIMH BOJJAMHU.

Ki1roueBble c10Ba: 04rMCTKa CTOYHBIX BOJI, COBPEMEHHBIE TEXHOJIOTHH, MeMOpaHHast
¢wuibTpanms, ancopOIysi, COBPEMEHHBIE MPOLECCH OKUCICHHS, KauyeCTBO BOJIBL,
MeMOpaHHas GpuiIbTparyst
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1. Introduction. Globally, the treatment of wastewater is becoming an increasingly
critical issue as urbanization, industrialization, and population growth amplify pressures
on water resources. Emerging pollutants—including pharmaceutical residues, personal
care products, and microplastics—are now recognized as serious environmental and
public health threats due to their persistence, toxicity, and resistance to conventional
treatment. At the same time, the energy demands and operational costs of wastewater
treatment plants (WWTPs) are rising, making it essential to adopt more efficient,
sustainable, and resource-oriented technologies (Stefaniak et al., 2025; Predictive
Control of WWTPs, 2025).

InKazakhstan, these global challenges are compounded by regional and infrastructural
factors. A significant portion of existing WWTPs dates back to Soviet-era construction,
many operating under substandard or outdated technologies, which reduces efficiency
in dealing with modern contaminants. Uneven water resource distribution exacerbates
the issue, especially in semi-arid zones and regions dependent on transboundary rivers.
According to recent policy documents, water demand could outstrip supply by 2040
unless management, infrastructure, and treatment capacity are improved. Additionally,
sludge management, energy use, and regulatory enforcement remain weak (Sk.kz, 2024;
Trade.gov “Kazakhstan — Environmental Technologies”, 2023).

The scientific novelty of this research lies in a systematic comparative analysis
of state-of-the-art wastewater treatment technologies, with a specific focus on their
technical effectiveness, energy and cost efficiency, environmental sustainability, and,
crucially, their feasibility of implementation under Kazakhstani conditions. Rather than
merely reviewing existing methods, this study aims to assess which technologies are
currently the most promising for local deployment, considering economic, regulatory,
and environmental constraints.

Objective: The purpose of this research is to identify and prioritize prospective
directions for wastewater treatment in Kazakhstan, based on comparative evaluation of
technologies in terms of removal efficiency (especially for emerging pollutants), energy
consumption, cost, sustainability, and adaptability.

2. Materials and Methods

2.1 Comparative Framework

This study applied a structured analytical framework to evaluate the current state
and future prospects of wastewater treatment technologies. To minimize bias, studies
were selected according to their relevance to four predefined technology categories: (i)
advanced oxidation processes (AOPs), (ii)) membrane technologies, (iii) nanomaterial-
based and adsorption systems, and (iv) digital and smart control platforms. Additional
cross-cutting categories included resource recovery approaches (anaerobic digestion,
bioelectrochemical systems) and decentralized solutions (containerized or modular
units).

2.2 Evaluation Criteria

Each technology was assessed against a set of multi-dimensional criteria, reflecting
both global applicability and regional feasibility for Kazakhstan:

Pollutant removal efficiency — capacity to eliminate conventional pollutants (COD,
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BOD, suspended solids) as well as micropollutants such as pharmaceuticals, dyes,
heavy metals, and microplastics.

Energy demand and operational costs — measured in terms of kWh per m® of treated
water or relative savings compared to conventional activated sludge systems.

Capital cost and scalability — including feasibility of retrofitting into existing
treatment plants versus requirement for new infrastructure.

Technological maturity — classified according to Technology Readiness Levels
(TRLs) and evidence of pilot or full-scale deployment.

Sustainability and environmental impact — life cycle considerations, sludge
generation, potential for circular economy integration (nutrient or energy recovery).

Where available, quantitative performance indicators such as pollutant removal
percentages, energy intensity, and cost per cubic meter were extracted directly from
primary sources and tabulated for comparison.

This dual approach—combining international evidence with regional case studies—
allowed identification of both universal trends and local constraints (e.g., aging
infrastructure, high salinity of influent, uneven distribution of resources, and shortage
of skilled personnel).

In addition to secondary data analysis, this work incorporates the authors’ own
experimental results as supporting evidence for innovative solutions in the field of
advanced sorbents and functional materials. These works demonstrate practical advances
in the development of composite sorbents and surface-engineered materials that combine
adsorption capacity, hydrophobicity, and magnetic recovery, thereby addressing
two key challenges: (i) removal of emerging pollutants such as pharmaceuticals and
microplastics, and (ii) enabling energy- and cost-efficient recovery of sorbents.

2.3 Synthesis and Comparative Analysis

All collected data were systematically synthesized to generate a comparative
overview of technology strengths, weaknesses, opportunities, and threats (SWOT).
The outcomes of this methodology provided the basis for Table 1, which summarizes
the main problems of the wastewater sector in Kazakhstan alongside technological and
institutional solutions at varying stages of maturity (pilot, adaptable, established).

3. Results and Discussion

3.1. Comparative Characteristics of Wastewater Treatment Technologies

The comparative assessment of wastewater treatment technologies highlights
both the maturity of conventional processes and the growing need for advanced and
hybrid approaches to address emerging pollutants and sustainability challenges. Table
1 summarizes the key features of different treatment methods, including removal
efficiencies, energy demand, and applicability in the context of Kazakhstan.
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Table 1. Comparative evaluation of wastewater treatment technologies

Removal of Removal of
convention- . Removal Energy .
micropollut- . . Operation-
al pollut- of micro- demand Capital
Technology ants (phar- . . al complex-
ants (BOD/ maceuticals plastics, (typical), cost ity
9 0, . -3
CO]Q)/’ 88), pesticides), % % kWh-m
(1]
Primary
mechanical 20-50
(screens, grit 30-60 <10 (size-de- | 0.01-0.05 Low Low
chambers, primary pendent)
clarifier)
Conventional Medium-
. 70-90 10-40 30-60 0.3-0.6 Medium High
activated sludge -
(aeration)
High
Membrane . .
bioreactor (MBR) 90-98 30-70 80-95 0.6-1.2 High (fouling
control)
. Low to net High
A“?Zrl‘l’;’,[';gm 80-95 20-50 40-70 | positive (~ | High (biogas
0.1...0.2) handling)
NF /RO (pressure 95-99 N . .
membranes) (dissolved) 80-99 ~99 1.5-6.0 High High
. Afivanced Variable Medium—
oxidation processes (supports 1040 (not Medium High
(AOPs: UV/H:0:, COD/BOD 60-95 primary 0.2-2.0 High (chemical
photo-Fenton, degradation) target) handling)
persulfate) & &
Adsorption Variable Medium (re-
(GAC, biochar, 50-95 50-95 (sor- Low Low= | placement/
nanocomposites, bent-de- Medium | regeneration
MOFs) pendent) needed)
Photocatalytic 40-90 N:Je (()ivi:m
/ photo-active (light- 50-90 10-50 (can use Medium | Medium
composites dependent) solar)
Bioelectrochemical Low— Low to net Medium—
systems (MFC, 30-70 10-60 Medium energy- High High
MEC) positive
Hybrid systems
(e.g., MBR + g g g 0.8-3.0 Very .
AOP, membrane + 90-99 70-99 80-99 (combined) High Very High
adsorption)
Decentralized .
Variable . . Low— Low— .
/ .moqular . (40-95) Variable Variable Medium Medium Medium
containerized units
Digital & Al Reduces
RN Low— .
optimization (not a — — — energy by Medium Medium
treatment per se) 10-30% "

Mechanical and physicochemical treatment. Primary treatment (screens, grit
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chambers, sedimentation) provides effective removal of coarse solids and suspended
matter, achieving 30—60% BOD/COD reduction. However, its performance against
pharmaceuticals, pesticides, and microplastics remains negligible (<10%) (Spellman,
2021; Qasim, 2017). Coagulation—flocculation and sedimentation enhance suspended
solids removal, but they are similarly limited in addressing trace contaminants. Their
low cost and energy demand (~0.01-0.05 kWh-m™) make them indispensable as a first
treatment stage, but insufficient to meet modern effluent standards without advanced
polishing steps.

Membrane technologies. Membrane-based systems—including ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO)—are widely recognized for their ability
to remove dissolved salts, pharmaceuticals, and microplastics, with efficiencies often
exceeding 95% (Kim et al., 2024; Zhang et al., 2025). Nevertheless, their deployment is
hindered by high energy demand (1.5-6.0 kWh-m™) and fouling issues. Hybrid systems
such as membrane bioreactors (MBRs) have shown 90-98% COD/BOD removal and
80-95% microplastic retention (Iorhemen et al., 2016; Mercer et al., 2024). Anaerobic
MBRs (AnMBRs) further provide energy recovery through biogas production, though
they remain at pilot or demonstration scale (TRL 6-8) (Vymazal, 2021).

Advanced oxidation processes (AOPs). AOPs such as UV/H20-, photo-Fenton, and
persulfate activation demonstrate high efficiency in degrading recalcitrant organics
and pharmaceuticals, often reaching 60-95% removal (Miklos et al., 2018; Satyam &
Patra, 2025). Novel plasma-assisted and solar-driven AOPs have been highlighted as
scalable solutions, particularly relevant for regions with high solar irradiation (Materials
Advances, 2025). However, their high operational costs, chemical input requirements,
and moderate energy consumption (0.2-2.0 kWh-m™) remain barriers to large-scale
application.

Biological processes. The activated sludge process remains the backbone of global
wastewater treatment, achieving 70-90% COD/BOD removal but only 10-40%
removal of pharmaceuticals and micropollutants (Ahmed et al., 2017). Innovations such
as MBRs and AnMBRs improve effluent quality while enabling energy and nutrient
recovery. Still, challenges such as membrane fouling, operational complexity, and high
capital cost persist, though fouling-resistant membranes and automated monitoring
systems are mitigating factors (Kim et al., 2024; Kanafin et al., 2023).

Overall comparative perspective. The evidence suggests that no single technology
is sufficient to address the complexity of modern wastewater streams. Conventional
mechanical and biological systems provide essential baseline treatment, but advanced
polishing steps—particularly AOPs, membranes, and nanomaterial-based adsorbents—
are needed to achieve high standards and remove emerging contaminants. For
Kazakhstan, where many treatment plants are outdated and energy costs remain high,
the integration of hybrid systems (e.g., MBR + AOP), resource recovery options, and
modular decentralized solutions represents the most viable pathway forward (Ospanov
et al., 2024; Abdirova et al., 2023; Torekhanova et al., 2023).

3.2. Process Integration and Treatment Stages

Modern wastewater treatment increasingly relies on integration of processes rather
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than stand-alone technologies. The sequential structure of a treatment train—from
preliminary mechanical removal to advanced physicochemical and digital optimization—
ensures compliance with regulatory standards while addressing emerging pollutants.
Figure 1 illustrates this systematic approach.

At the primary stage, mechanical screening and sedimentation remove coarse solids
and grit, providing 30-60% BOD/COD reduction (Spellman, 2021; Qasim, 2017). This
baseline treatment is essential but insufficient for current environmental demands.

The secondary stage, typically activated sludge or biological reactors, remains the
backbone of treatment worldwide, achieving 70-90% removal of organic pollutants
but limited efficiency against micropollutants (Ahmed et al., 2017). The integration of
membrane bioreactors (MBRs) and anaerobic MBRs (AnMBRs) enhances removal
performance while enabling resource recovery (lorhemen et al., 2016; Kanafin et al.,
2023).

At the tertiary and advanced stages, processes such as advanced oxidation (AOPs),
membrane filtration (UF, NF, RO), and adsorption with nanomaterials play a crucial
role in eliminating pharmaceuticals, pesticides, and microplastics (Miklos et al., 2018;
Kim et al., 2024; Zhang et al., 2025). Recent innovations, including plasma-assisted
and solar-driven AOPs, have demonstrated high efficiency with potential for large-scale
application (Satyam & Patra, 2025; Materials Advances, 2025).

Primary Biological Physicochemical Treamation Reuse
Treatment Treatment
Eﬂ
uv
Membrane 2o o
Irrigation
~J
Screens
) . Ozon T
Sedimentation Filter

Industrial use

Dissinfection

Figure 1 Modern wastewater treatment process

Finally, disinfection and reuse stages—using UV or ozone—ensure pathogen control,
while treated effluents are increasingly directed toward irrigation, industrial reuse, or
aquifer recharge (Vymazal, 2021). In parallel, sludge management and resource recovery
(biogas, phosphorus, and nutrient recycling) transform wastewater treatment plants into
integrated resource recovery facilities (Ospanov et al., 2024; Abdirova et al., 2023).

The integration of these stages highlights the ongoing paradigm shift from linear
“end-of-pipe” approaches to circular and intelligent systems, where treatment,
monitoring, and resource recovery are combined into adaptive, efficient, and regionally
tailored solutions (Corominas et al., 2018; Zhang et al., 2023).
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3.2. Innovative Approaches

The rapid evolution of wastewater treatment technologies has moved beyond
conventional biological and physicochemical solutions toward hybrid, nanomaterial-
based, and digital innovations. These approaches not only improve removal efficiencies
for conventional and emerging contaminants but also enhance the adaptability and
resilience of treatment systems. Figure 1 illustrates the structure of a modern treatment
process, where innovative technologies can be integrated across different stages to
maximize performance.

Hybrid systems (MBR + AOPs). One of the most effective trends is the integration
of membrane bioreactors (MBRs) with advanced oxidation processes (AOPs). This
combination addresses the limitations of biological systems in removing recalcitrant
micropollutants and pharmaceuticals. Laboratory studies in Kazakhstan have shown that
MBR-AOP hybrids achieve high removal efficiencies for compounds such as naproxen,
bisphenol A, and sulfamethoxazole (Kanafin et al., 2023). Globally, innovations in solar-
driven photocatalysis, plasma-assisted AOPs, and catalyst engineering are expanding
the scalability of such systems (Satyam & Patra, 2025; Miklos et al., 2018). These
findings demonstrate that hybridization enhances both pollutant degradation and system
reliability.

Nanomaterials for adsorption and disinfection. Nanotechnology offers transformative
opportunities for wastewater remediation. Carbon-based nanomaterials, metal-oxide
nanoparticles, and MOF-based composites exhibit exceptional adsorption capacities for
pharmaceuticals, dyes, and heavy metals, while some also provide antimicrobial activity
(Applied Sciences, 2024; Nanomaterials, 2024). For example, graphene-based and
magnetic nanocomposites have been demonstrated as multifunctional sorbents capable
of simultaneous oil/water separation and microbial inactivation (Kudaibergenova et
al., 2024). These advanced materials provide pathways for compact, high-performance
treatment units, particularly relevant for decentralized systems in Kazakhstan.

Smart and digital technologies (digital twins, [oT, Al). As treatment systems become
increasingly complex, digitalization is essential for optimizing operations. Artificial
intelligence (Al), machine learning, and digital twin models enable real-time monitoring,
predictive fouling control, and energy optimization (Corominas et al., 2018; Zhang
et al., 2023). IoT-enabled sensors facilitate online pollutant tracking and automatic
adjustments in treatment parameters, thereby reducing operational risks. Pilot initiatives
in Kazakhstan, such as the deployment of automated monitoring in Almaty and Nur-
Sultan WWTPs, illustrate the first steps toward smart water infrastructure adapted to
regional contexts.

Taken together, these innovative approaches shift wastewater treatment from
static “end-of-pipe” solutions to adaptive, intelligent, and resource-oriented systems.
By strategically integrating hybrid technologies, nanomaterial-based solutions, and
digital tools, WWTPs can simultaneously improve pollutant removal, enhance energy
efficiency, and create opportunities for water reuse and resource recovery (Luo et al.,
2020; Gao et al., 2022).

Wastewater management in Kazakhstan reflects both the opportunities and the
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challenges of transitioning toward sustainable practices in a rapidly developing region.
According to recent national reports, more than 40% of existing wastewater treatment
plants (WWTPs) require reconstruction or significant modernization due to outdated
infrastructure and insufficient compliance with current environmental standards
(Ministry of Ecology of the Republic of Kazakhstan, 2023). Many facilities still rely on
conventional mechanical and biological processes, which are effective against standard
pollutants but show limited efficiency in removing pharmaceuticals, microplastics,
and other micropollutants that are increasingly present in industrial and municipal
wastewater streams (OECD, 2022).

3.3. Wastewater Treatment Infrastructure in Kazakhstan

Kazakhstan faces considerable challenges in wastewater treatment due to its aging
infrastructure and uneven implementation of modern technologies. National reports
indicate that approximately 40% of wastewater treatment plants (WWTPs) require
full reconstruction, while around 35% are in satisfactory condition and only 25%
represent modernized or newly constructed facilities (Ministry of Ecology, 2023).
Figure 2 illustrates the structural condition of wastewater infrastructure in Kazakhstan,
highlighting the scale of facilities in need of urgent upgrades.

Despite these limitations, several pilot initiatives demonstrate the potential for
technological transformation. For example, modernization projects in Almaty,
Karaganda, and Taraz have tested advanced solutions such as membrane bioreactors
(MBRs), automated monitoring platforms, and sludge valorization methods. These
pilots achieved significant improvements in treatment efficiency, energy savings, and
sludge reduction, yet their replication across the national water sector remains limited.

Modernized/new (25%)

Satisfactory operation (35%)

Require reconstruction (40%)

Figure 2. Condition of wastewater treatment infrastructure in Kazakhstan.

A further barrier lies in the weak adoption of digitalization. While global wastewater
utilities increasingly employ digital twins, loT-based sensor networks, and artificial
intelligence for predictive control, Kazakhstan’s implementation is still at an early stage,
often restricted to isolated pilot projects. This hinders not only operational efficiency
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but also the ability to enforce compliance with discharge standards through real-time
monitoring.

In summary, the Kazakhstani context reflects a dual reality: on one side, outdated
infrastructure and insufficient digital integration constrain sectoral progress; on the other,
pilot projects showcase promising pathways for systemic modernization. Scaling up
these innovations requires stronger regulatory enforcement, stable financial investment
mechanisms, and a long-term strategy for integrating advanced treatment, digital
solutions, and resource recovery into the national wastewater management system.

4. Conclusion

The present study demonstrates that wastewater treatment is undergoing a systemic
transformation from traditional end-of-pipe practices toward integrated, resource-
oriented solutions. Globally, municipal wastewater treatment plants (WWTPs) consume
30-50% of their operational budgets on energy (IEA, 2021), while in Kazakhstan this
share averages 35-40%, creating a barrier to modernization. At the same time, more
than 40% of the country’s treatment facilities require full reconstruction (Ministry of
Ecology, 2023), highlighting the urgency of infrastructure renewal.

Comparative analysis shows that advanced oxidation processes (AOPs) can achieve
>80-90% removal of pharmaceutical pollutants (UV/H:202, photo-Fenton), while hybrid
membrane bioreactors (MBRs and AnMBRs) reduce fouling by 20—30% and improve
resource recovery (Kim et al., 2024). Nanotechnology-based adsorbents, particularly
carbon and metal oxide nanomaterials, reach adsorption capacities exceeding 500 mg/g
for dyes and heavy metals, offering multifunctional solutions. Digitalization, including
sensor networks and Al-driven monitoring, has demonstrated up to 15-20% energy
savings in pilot applications, with Almaty and Nur-Sultan WWTPs representing the first
steps toward smart operation.

In the Kazakhstani context, pilot initiatives illustrate tangible progress: sludge
treatment projects in Almaty achieved a 70% reduction in sludge volume with
opportunities for agricultural reuse (Ospanov et al., 2024), while hybrid MBR—-AOP
systems successfully removed pharmaceuticals such as naproxen and bisphenol A at
efficiencies above 85% (Kanafin et al., 2023). These results confirm that integration of
global best practices with local adaptations is not only feasible but highly effective.

Strategically, wastewater treatment must be viewed as a core component of the
water—energy—nutrient nexus. Retrofitting existing plants with advanced and digital
technologies, scaling decentralized modular systems for rural and industrial zones,
and embedding circular economy principles will transform WWTPs into resource-
generating facilities. Achieving this vision requires sustained investment, regulatory
strengthening, and capacity-building programs to overcome systemic barriers such as
aging infrastructure, energy intensity, and skill shortages.

Ultimately, Kazakhstan’s pathway to sustainable wastewater management depends
on combining technical innovation, institutional reform, and regional adaptation. By
implementing these measures, the country can ensure ecological safety, safeguard public
health, and align its water sector with the green economy agenda, while positioning
itself as a regional leader in sustainable wastewater treatment.
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