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Abstract. The occurrence of microplastics in natural and process waters presents a
significant challenge for the design and operation of engineering water treatment and water
supply systems in buildings and structures. This study experimentally evaluated the efficiency
of a ULP21-4040 reverse osmosis membrane in removing polyethylene terephthalate (PET),
polyethylene (PE), and polypropylene (PP) particles of different sizes from artificially
contaminated water (hereafter, model water). Experiments were conducted using a pilot-
scale HAIAO RO-250 unit operated at 1.3 MPa with a nominal capacity of 250 L/h. Model
water was prepared by adding 1 g of each polymer with nominal particle sizes of 0.20 or
0.45mm to 100 L of distilled water. Each polymer—size combination was tested in triplicate.
Microplastic particles in the permeate (treated water) and concentrate (water with increased
concentrations of retained contaminants) were recovered using Sefar filter cloth with a 100
um mesh size and quantified gravimetrically. Particle presence was confirmed by digital
microscopy. Mean removal efficiency exceeded 97%, ranging from 97.81 + 0.24% for
0.20mm PP to 99.87 = 0.07% for 0.45-mm PET. Retention efficiency depended on polymer
type and particle size. Mass-balance calculations showed that an average of 0.81% of the
initial microplastic mass accumulated inside the membrane module. The results support the
potential application of the ULP21-4040 membrane as a final treatment stage in compact
engineering water treatment systems. Further research should investigate membrane fouling,
pressure losses, energy consumption, cleaning regimes, and long-term performance under
actual operating conditions to support integration into building water supply systems and
water reuse.

Keywords: microplastics; reverse osmosis;, ULP21-4040 membrane;, membrane
filtration; engineering water treatment systems, water supply systems for buildings and
structures, polyethylene terephthalate; polyethylene; polypropylene.

*Corresponding author
Meiirman Berdali, e-mail: m.berdali@satbayev.university

39
https://doi.org/10.51488/1680-080X/2026.3-03



https://doi.org/10.51488/1680-080X/2026.3-03
https://orcid.org/0000-0003-0334-8072
https://orcid.org/0000-0001-8267-142X
https://orcid.org/0000-0002-0009-5826
https://orcid.org/0000-0002-7967-7262
https://orcid.org/0000-0001-8048-4970
https://orcid.org/0000-0002-8611-0504

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

o0X 628
F'TAMP 70.25.17
FbIUJIbLIMU MAKAJIA

ULP21-4040 MEMBPAHACBIH KOJIIAHY APKbIJIbI
MUKPOIVIACTUKTEPII ’KOIOAbI DKCIHEPUMEHTTIK
3EPTTEY

M.H. Beppamn'* ® K.K. Amumosa! @ , H.C. Canuxosa! © | A.H. Xoiimues' @,
A.P. Kepumky.ioBa' © , MLE. Pogpuro-Kiasepo? ©

ICor6aes Yuusepcuteri, 050013, Anmarsl, Kazakcran
’BaieHCHS TTOJIMTEXHUKAIBIK yHuBepcuteTi, 46022, Banencus, Ucnanus

Anparna. Tabueu oJicone MEXHUKAILIK —CYnapod MUKPONIACMUKMIY —MAapaiybl
eumapammap MeH KYpPuliblcmapobll Cy OAUbIHOAY HCIHE CYMEH HCADObIKMAY UHIHCEHEPTIK
JHcytienepin JHcobanay mex nauoalany yuin esekmi maceie 00avin maowliaowvl. 3epmmeyoiy
maxcamor ULP21-4040 kepi ocmocmulk MeMOPAHACLIHBbIY HCACAHObL Mypoe JACMAH2aH
(byoan api — mo0envoik) cyoan apmypai enwemoezi nonusmuienmepegpmanam (1197),
nonsmunen (I13) orcone nonunponunen (I1ll) 6Gonwexkmepin oHcorww  muimoinicin
9KCnepuMeHmmix mypevloan basanay 6onovl. Ceitnaxmap scymoic Kvicoimol 1,3 Mlla scone
HomuHanovl enimoiniei 250 n/cae 6oramovin HAIAO RO-250 nunommoix KOHObIPEbICHIHOA
aHcypeizinoi. Mooenvoik cy sepmmenemin apoip noaumepoiy Homuranowvl eauiemi 0,20 nemece
0,45 mm 60onamuin 1 2 6onumexkmepin 100 1 ducmunoeneen cy2a Kocy apkblivl 0AUbIHOALObL.
THonumep mypi men 6enwexmep enueMiniy apoip yinecimi yus KaumaiaHblMoa 3epmmenoi.
Ilepmeammazvl  (masapmoinzan cyoagvl) dHcoHe KOHYEHMpammadvl (YCmanvin Kani2aH
jacmayuil  3ammapovly  MOmUepl  JHcoapvl  cy0agvl) MUKPONIACMUK — Oonuiekmepi
yawwvikmapwviusly oauiemi 100 mkm 6onamein Sefar cyzei mamacvinvly Kome2iMeHn OONIHIN
ATILIHBIN, 2PABUMEMPUSLIILIK, 20ICNEH aHbIKmanovl. bonuexmepoiy 601ybl KOCbLMuLA YuppaviK
Mukpockonusi adicimen pacmanovl. Mukponiacmuxmi #cow00vly opmawia muimoiniel
97%0an srcozapul 6onvin, enwemi 0,20 mm 1111 6enuexmepi ywin 97,81 + 0,24%-0an enwemi
0,45 mm II3T 6onwexmepi ywin 99,87 + 0,07%-2a Oeuiin 632epoi. bonuekmepoi ycman Kany
muimMoinicine nonumep mMypi MeH OAapObly oJueMi acep ememiHi AHbIKMANOobl.
Mamepuanovix 6ananc ecebi MeMoOpananiblk MOOYIb iWiHOe MUKPONIACMUKMIY 6ACMAnKbl
maccacvinviy opma ecenner 0,81%-v1 ncunaxmanzanvin kopcemmi. Homuowcenep ULP21-
4040 memOpanacein bIKUAM UHHCEHEPIIK CV 0AULIHOAY JHCYlUenepiHoe ma3apmyOvly, COHEbl
camvicbl peminde KOLO0aHy MyMKiHOieIH pacmatiovl. Keilinei 3epmmeynepoe memopanansviy
JIACMAHYbIH, KbICHIM UWbIELIHOAPBIH, SHEpeUs MYMbIHYObl, HCYY PEHCUMOEPIH IHCIHE
KOHOBIPEbIHLIY, HAKMbL AHCAROAUNAPOAbl Y3aK Mep3iMOi nanoananwy muimoinicin dazanay
Kaoicem. Byn mexnonocusmvl eumapammap men KYpolLIblcmapobly CyMeH iabOobiKmay
JHCyliesiepine UHMeSPAYUALAY HCOHIHOe2l YCLIHLIMOApObl a3ipieyee MYMKIHOIK Oepeoi.

Tyiinai cesmep: Mmukponnacmuk;, kepi ocmoc, ULP21-4040 membpanacol;
MeMOPAHANbIK — CY3Y;,  UHMCEHEepaiK ¢y  OaublHOay Jicyuenepi; umMapammap MeH
KYpolLIblcmapobl — CYMeH — Jcabovlkmay,  noaudsmuiienmepepmanam, — NOIUIMUILEH,
NOAUNPONUTIEH.
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HAVYYHAA CTATBHA

IKCIIEPUMEHTAJIBHOE UCCJIEAOBAHUME YIAJIEHUSA
MUKPOIIVIACTUKA C UCITIOJIB3OBAHUEM MEMbBPAHDBI
ULP21-4040

M.H. Beppaan'* ® | K.K. Anumosa! © | H.C. Caanxosa! ® , A H. Xoiimmes! @,
A.P. Kepumxyaosa! ® | M.-E. Poxpuro-Knasepo? @

'Kazaxckuii HarMoHANBLHKI HCCiIeI0BaTeNbLCKUI TexHuueckuil yausepcurter umenn K M. Carnaesa,
050013, Anmarsl, Pecniybnuka Kazaxcran
onuTexuudeckuii ynusepcuteT Banencun, 46022, Banencus, Mcnanus

Annorauus. Pacnpocmpanenue MUKponiacmuka 6 npupooHvlX U MeXHUYecKuUx 800ax
npeocmasinem aKkmyaibHyo npodaemy 0Jisk NPOeKMUpOBanUsl U IKCHIYAMAYUU UHHCEHEPHBIX
cucmem 8000N0020MOBKU U 800OCHADIICeHUs: 30anull u coopyicenuil. Llenvio uccredosanus
ABIANACH IKCNEPUMEHMATbHASL OYeHKA dhhekmusHocmu 06pamHoO0CMOMUYECKol MemMopaHvl
ULP21-4040 npu yoanenuu yacmuy noausmunenmepepmanama (I197T), nonusmunena (113)
u noaunponunena (III1) paznuumvix pazmepoe u3 UCKYCCMBEHHO 3acpsA3HEeHHOU (Oaee-
MOoOenbHolL) 800bl. Hlcnvimanus nposoounuce Ha nuriomuou yemanoske HAIAO RO-250 npu
pabouem oaenenuu 1,3 MIla u nomunansnou npouzeooumenvnocmu 250 1/4. Mooenvhyio 600y
2omosunu nymém 0obaenenus 1 2 uacmuy Kaxcoo2o uccieoyemozo noaumMepa HOMUHAIbHbIM
pasmepom 0,20 unu 0,45 mm 6 100 1 oucmuniupoganuoii 600si. Kasicooe couemanue muna
noaumepa U pasmepa Hacmuy uccieooeanu 8 mpéx nosmoprocmax. Hacmuyvl
MUKpoOniacmuka 6 nepmeame (OUUWEHHOU 600e) U KOHYeHmpame (800e C NOGbIULEHHBIM
cooeporcanuem 3a0eprHCAHHBIX 3APAHAIOWUX 6eujecms) U361eKalu ¢ UCNOIb308aHUeM
Qunbmposanvrol mxkanu Sefar ¢ pasmepom siveex 100 Mkm u onpeodensinu epasumempuiecKum
memooom. Hanuuue uacmuy OONOIHUMENbHO NOOMBEPHCOANU YUPDPOBOL MUKPOCKONUEI.
Cpeonss a¢pgexmusnocms yoanenus muxponiacmuxa npegviuiana 97% u uzmeHnsiacs om
97,81 £ 0,24% ona I pazmepom 0,20 mm 0o 99,87 + 0,07% ona [I2T pasmepom 0,45 mm.
Ycemanosneno enusanue muna noaumepa u pasmepa yacmuy HaA 3poekmusHocmsv ux
3adeporcanus. Pacuém mamepuanorho2o bananca nokazani, ymo Hympu MemopanHo2o MooyJisl
Haxkanausanocy 6 cpednem 0,81% ucxoonoti maccel mukponaacmuxa. Pezyromamor
NOOMEEPHCOAOM  BO3MONCHOCMb  npumeHenusi memopanvt ULP21-4040 6 «rauecmee
3aKAIOUUMENbHOU — CIYNEeHU  KOMNAKMHBIX — UHMICEHEPHLIX — CUCEM — 8000N0020MOBKU.
Janvhetiumue uccneoosanus OONHCHbL YUUMBIEAMb 3A2PA3HEHUe MeMOpaHvl, nomepu
0asJeHUs1, SHep2oOnompeodaeHUe, PEHCUMBL NPOMBIBKU U O01208PEMEHHYI0 IKCHIYAMAYUOHHYIO
aghpexmuenocms  YCMAaHOBKU 6 peanbHblX YCA08UAX. MO No380aum paspabomams
peKomMeHOayuy no UHmMezpayuu MexHoI02UU 6 CUCmeMbl 6000CHADNCEHUs 30aHUU U
COOPYIHCEHULL.

KiwoueBble ciioBa: Mukponiacmux, obpamuwviti ocmoc, memopana ULP21-4040;
MeMOpauHas uibmpayus, UHNCEHEPHble CUCEMbl B8000N0020MOBKU, B000CHADICEHUE
30QHULL U COOPYICEHUU,; NOTUdIMULEeHmMepedmanam, noaudIMuieH;, NoIUNponuieH.
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1 INTRODUCTION

Microplastic pollution has become a significant environmental and engineering challenge
because of the rapid growth of plastic production and consumption. Global plastic production has
reached several hundred million tonnes annually, while a substantial proportion of plastic waste
eventually enters natural ecosystems [1]. Microplastics are generally defined as plastic particles
smaller than 5 mm. They may be intentionally manufactured at microscopic sizes or formed through
the fragmentation of larger plastic materials under ultraviolet radiation, mechanical abrasion,
chemical degradation, and other environmental processes [2].

Owing to their persistence and resistance to biodegradation, microplastics have been detected
in marine and freshwater environments, rivers, lakes, groundwater, wastewater, soils, atmospheric
deposition, drinking water, and living organisms [3,4]. Their environmental impact is associated not
only with their long-term persistence but also with their ability to adsorb heavy metals, persistent
organic pollutants, pharmaceuticals, and pathogenic microorganisms [3]. Consequently, microplastics
may act as carriers of contaminants through aquatic ecosystems and food chains. Their occurrence in
drinking water, seafood, and other food products has also raised concerns regarding potential effects
on human health [5].

From an engineering perspective, the presence of microplastics in source water, wastewater,
and reclaimed water creates additional requirements for the design, construction, and operation of
water treatment and water supply systems. Particles that are not completely removed at centralized
treatment facilities may enter water distribution networks, storage reservoirs, pumping equipment,
and internal engineering systems of buildings and structures. Furthermore, the increasing use of
decentralized treatment and water-reuse systems in residential, public, industrial, and infrastructure
facilities requires compact and reliable technologies capable of removing residual particulate
contaminants.

Wastewater treatment plants are recognized as an important pathway through which
microplastics enter aquatic environments. Domestic wastewater contains synthetic fibres released
during textile washing, as well as particles originating from cosmetic products, packaging materials,
and other household activities. Industrial effluents may contain microplastics generated during plastic
manufacturing and other industrial processes [6]. Although conventional wastewater treatment
facilities can remove a considerable proportion of these particles, complete removal is rarely
achieved. Secondary and tertiary treatment processes have been reported to remove approximately
88% and 94% of microplastics, respectively. Nevertheless, considerable quantities may still be
discharged because of the large volumes of wastewater processed daily [7].

The construction of modern wastewater treatment facilities requires an integrated approach to
the selection and arrangement of individual technological processes. In addition to achieving the
required quality of treated water, the design should account for the hydraulic profile of the facility,
treatment capacity, equipment layout, energy consumption, operational reliability, maintenance
access, waste generation, and the possibility of future modernization. When microplastics and other
persistent contaminants are present, conventional mechanical and biological processes may need to
be supplemented with an advanced tertiary treatment stage.

Various technologies have been investigated for microplastic removal, including sedimentation,
coagulation—flocculation, dissolved-air flotation, rapid sand filtration, membrane bioreactors,
microfiltration, ultrafiltration, nanofiltration, and reverse osmosis [8]. Coagulation and flocculation
promote the aggregation of microplastic particles and facilitate their subsequent separation. However,
their efficiency depends on particle size, polymer type, surface properties, coagulant dosage, and
wastewater composition, while the generation of chemical sludge represents an additional limitation
[9]. Research on complex wastewater has demonstrated that multistage physicochemical treatment
combining gravitational separation, coagulation—flocculation, filtration, and adsorption can
substantially improve contaminant removal [10]. These findings confirm the importance of
combining several treatment stages when wastewater contains persistent or difficult-to-separate
pollutants.
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Among advanced treatment methods, membrane technologies have attracted considerable
attention because of their high separation efficiency, compact configuration, and operational
flexibility [11,12]. Microfiltration and ultrafiltration are generally suitable for retaining suspended
and relatively large particles, whereas nanofiltration and reverse osmosis provide an additional barrier
against smaller particles and dissolved contaminants. Another advantage of membrane separation is
the possibility of physically retaining pollutants without continuously introducing chemical reagents
into the treated water [11]. These characteristics make membrane processes suitable for both
centralized treatment facilities and compact engineering systems installed in buildings and structures.

Reverse osmosis is particularly promising as a final treatment or polishing stage because its
dense semipermeable layer can retain dissolved salts, organic pollutants, microorganisms, suspended
particles, and microplastics. Available studies demonstrate that pressure-driven membrane processes
can provide higher microplastic removal efficiencies than many conventional treatment methods
[12,13]. Investigations conducted at seawater reverse-osmosis facilities have shown that more than
97% of detected microplastic particles may be removed during the reverse-osmosis stage, although
overall treatment efficiency depends on feed-water properties, pretreatment, and treatment-system
configuration [14]. Studies of point-of-use membrane devices have also demonstrated that
membranes with smaller separation thresholds generally provide more effective microplastic
retention [15].

When planning and constructing new wastewater treatment facilities, a separate reverse-
osmosis unit may be incorporated downstream of the biological treatment stage as a modular tertiary
treatment block. A similar solution may be applied when reconstructing or modernizing existing
treatment facilities. Such a technological configuration can provide an additional barrier against
residual microplastics and other contaminants that are not completely removed during mechanical
and biological treatment. The modular arrangement also makes it possible to increase treatment
capacity gradually and to adapt the technological scheme to changing requirements for treated-water
quality.

However, the direct supply of biologically treated wastewater to a reverse-osmosis unit may
cause rapid membrane fouling. Appropriate pretreatment should therefore be provided before the
reverse-osmosis stage. Depending on feed-water quality, the pretreatment system may include
clarification, sand or multimedia filtration, microfiltration, ultrafiltration, cartridge filtration, or other
processes intended to reduce suspended solids and protect the membrane modules. The selection of
pretreatment equipment should be considered during the technological design of the facility because
it influences the required construction area, hydraulic head, capital costs, energy consumption, and
operational reliability of the entire treatment system.

The integration of reverse osmosis into an engineered treatment facility also requires specific
construction and infrastructure solutions. The design should provide sufficient space for membrane
modules, high-pressure pumps, pretreatment equipment, chemical-cleaning systems, pipelines,
control and monitoring devices, and permeate-storage tanks. Appropriate electrical capacity,
corrosion-resistant pipelines, drainage systems, ventilation, safe access for maintenance, and
measures for controlling leakage and pressure should also be included. Particular attention must be
given to concentrate collection and discharge because pollutants retained by the membrane are
transferred into a smaller wastewater stream rather than destroyed. Consequently, the effectiveness
of a reverse-osmosis treatment block should be evaluated together with its energy demand,
concentrate-management requirements, cleaning frequency, and expected service life.

For engineering systems in buildings and structures, compact reverse-osmosis units may be
incorporated into local water treatment, point-of-entry treatment, and water-reuse systems.
Depending on the intended application and the applicable water-quality requirements, treated water
may potentially be reused for technical purposes, sanitary systems, irrigation, cleaning, or other non-
potable needs. The installation of such units should be coordinated with internal water supply and
drainage networks at the building-design stage. This requires consideration of the available
installation area, water demand, operating pressure, permeate storage, concentrate discharge, noise
and vibration, energy consumption, and access for membrane replacement and maintenance.
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Despite the promising performance of membrane technologies, considerable differences exist
among reported microplastic removal efficiencies. Such variability may be associated with membrane
characteristics, operating pressure, feed-water composition, particle concentration, particle-size
distribution, polymer type, and particle morphology [12]. Polyethylene terephthalate (PET),
polyethylene (PE), and polypropylene (PP) are among the polymers frequently detected in aquatic
environments [16]. These materials differ in density, hydrophobicity, surface characteristics, and
morphology, which may influence their transport, accumulation, and retention during membrane
filtration. However, comparative pilot-scale investigations of PET, PE, and PP particles under
identical reverse-osmosis operating conditions remain limited.

In engineering applications, treatment efficiency cannot be assessed exclusively on the basis of
permeate quality. Microplastic particles may also accumulate in feed channels, membrane spacers,
pipelines, and other internal components. Such accumulation can increase hydraulic resistance,
contribute to membrane fouling, reduce permeate production, increase operating pressure, and
shorten the service life of the equipment. Consequently, mass-balance analysis covering the permeate,
concentrate, and membrane-module retention fractions is important for evaluating both treatment
efficiency and operational risks. The resulting information can support the selection of pretreatment
processes, membrane-cleaning intervals, hydraulic operating conditions, and equipment-maintenance
procedures.

Another limitation of existing studies concerns the analytical methods used for microplastic
identification and quantification. Fourier-transform infrared spectroscopy and Raman spectroscopy
provide detailed information about polymer composition but may require expensive equipment,
specialized sample preparation, and considerable analysis time [17]. Gravimetric measurements
combined with microscopic observations provide a complementary approach for controlled
experiments in which the initial polymer type and introduced particle mass are known. This method
makes it possible to evaluate the distribution of microplastic mass between the permeate (treated
water) and concentrate (water with increased concentrations of retained contaminants) and to estimate
the fraction potentially retained within the membrane module.

In Kazakhstan, the planning and construction of water-management facilities must also consider
the safety, durability, and operational reliability of engineering infrastructure. Previous studies have
examined the multifactor assessment of hydraulic structures located in seismically active areas [18],
degradation mechanisms and repair technologies for concrete hydraulic structures [19], the influence
of surfactants on the abrasion resistance of hydraulic concrete [20], and the reconstruction and
modernization of reservoir facilities [21]. These studies demonstrate that the performance of water-
management facilities depends not only on treatment technology but also on the structural reliability,
durability, maintainability, and adaptability of the infrastructure. In this context, the introduction of
membrane-based tertiary treatment should be considered as part of an integrated engineering solution
covering technological equipment, hydraulic systems, building structures, energy supply, automation,
and long-term maintenance.

Several research gaps therefore remain. First, information on the comparative removal
efficiencies of PET, PE, and PP particles by reverse-osmosis membranes under identical operating
conditions is limited. Second, the influence of particle size on membrane retention and internal
particle accumulation requires further experimental investigation. Third, combined gravimetric,
microscopic, and mass-balance approaches have not been widely applied to evaluate the distribution
of different microplastic polymers among permeate, concentrate, and membrane-module retention
fractions. Finally, the available experimental data remain insufficient for substantiating engineering
decisions concerning the inclusion of reverse-osmosis blocks in newly constructed or modernized
wastewater treatment facilities.

The aim of this study was to experimentally evaluate the efficiency of microplastic removal
from model water using a pilot-scale reverse-osmosis system equipped with a ULP21-4040
membrane. PET, PE, and PP particles with nominal sizes of 0.20 and 0.45 mm were selected as
representative microplastic pollutants. Six polymer—size combinations were investigated, with three
replicate experiments conducted for each combination. Removal efficiency was determined by
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gravimetric analysis, while digital microscopy was used to confirm the presence of particles
recovered from the permeate (treated water) and concentrate (water with increased concentrations of
retained contaminants) streams.

The scientific novelty of this study lies in obtaining a directly comparable pilot-scale dataset on
the retention of PET, PE, and PP microplastics of two nominal particle sizes by a ULP21-4040
reverse-osmosis membrane under identical feed-water and operating conditions. Unlike assessments
based exclusively on permeate quality, the present study evaluated the distribution of the introduced
microplastic mass among the permeate, concentrate, and membrane-module retention fractions. This
approach makes it possible to consider not only the quality of the treated water but also the potential
accumulation of particles inside the membrane module. The results may be used when evaluating the
feasibility of incorporating a modular reverse-osmosis block after biological treatment during the
design, construction, reconstruction, or modernization of wastewater treatment facilities. They are
also relevant to the selection of pretreatment processes, membrane-protection measures, cleaning
regimes, concentrate-management solutions, and operating conditions for compact engineering water
treatment systems used in buildings and structures.

2 MATERIALS AND METHODS

The experimental program was designed to systematically evaluate the retention of
representative microplastic particles by the ULP21-4040 reverse-osmosis membrane under controlled
pilot-scale conditions. The study comprised four main stages: (1) preparation of model water
containing polyethylene terephthalate (PET), polyethylene (PE), or polypropylene (PP) particles with
nominal sizes of 0.20 or 0.45 mm; (2) pilot-scale reverse-osmosis filtration at a constant operating
pressure of 1.3 MPa; (3) recovery and gravimetric determination of the mass of microplastic particles
in the permeate (treated water that passed through the membrane) and concentrate (water that did not
pass through the membrane and contained increased concentrations of retained contaminants),
followed by mass-balance calculations to estimate the fraction of microplastics remaining within the
membrane module; and (4) digital-microscopy examination to confirm the presence and evaluate the
morphological characteristics of the recovered particles. Six combinations of polymer type and
particle size were investigated, and each combination was tested in triplicate. A total of 18
experimental runs were conducted, enabling the repeatability of the results to be evaluated and
subsequent statistical analysis to be performed.

2.1 Design and characteristics of the custom-built reverse osmosis system

The experimental tests were conducted using a pilot-scale reverse-osmosis unit assembled from
the main components of a HAIAO RO-250 system. The unit was evaluated for its ability to retain
microplastic particles from aqueous streams under controlled operating conditions. The system had a
nominal treated-water production capacity of 250 L/h and was configured to reproduce conditions
relevant to advanced membrane water treatment.

The pilot system comprised a feed-water tank, a pretreatment unit, a high-pressure pumping
system, a central reverse-osmosis membrane module, a treated-water collection system, and a
concentrated reject-water discharge line. As shown in the process-flow diagram (Figure 1), the feed
water was continuously circulated through the membrane system. The operating pressure was
maintained at 1.3 MPa and continuously monitored using pressure gauges installed upstream and
downstream of the membrane module. Inside the module, the feed-water stream was separated into
two fractions: treated water that passed through the membrane and a concentrated reject stream
containing the contaminants and microplastic particles retained by the membrane.

From an engineering perspective, reverse-osmosis systems of this configuration can be
incorporated into water-treatment systems for buildings and structures as a final polishing stage.
Depending on the required water quality, such units may be used in centralized or decentralized
systems for drinking-water treatment, technical-water preparation, and non-potable water reuse. Their
compact and modular configuration allows them to be installed during the construction of new
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engineering facilities or incorporated into existing water-treatment systems during reconstruction and
modernization.
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Figure 1 - Process flow diagram of the reverse osmosis pilot system [Authors’ material].

The central filtration element of the constructed system is a commercial ULP21-4040 reverse
osmosis membrane manufactured by Haiao (China). This ultra-low-pressure thin-film composite
polyamide membrane was selected due to its high selectivity and widespread application in water
treatment systems. It is specifically designed to deliver high rejection efficiency under relatively low
operating pressures. The primary technical specifications of the integrated membrane are summarized
in Table 1.

Table 1 - Technical specifications of the ULP21-4040 membrane.

Parameter Value

Membrane type ULP21-4040
Membrane material Thin-film composite polyamide
Salt rejection 99.5%

Water production 9.1 m*/day

Nominal pressure 1.0 MPa

Maximum pressure 4.0 MPa

Operating temperature 2-45°C

Maximum TDS 1500 mg/L

The membrane was selected due to its high selectivity and widespread application in water
treatment systems.

2.2 Preparation of model water and experimental filtration protocol

Model feed solutions were prepared using distilled water to eliminate baseline particulate and
ionic interference. For each experimental run, 1 g of target microplastic particles - polyethylene
terephthalate (PET), polyethylene (PE), or polypropylene (PP) in discrete particle size fractions of
0.20 mm or 0.45 mm - was added to 100 L of distilled water in the feed tank to achieve an initial
concentration of 10 mg/L. Continuous mechanical agitation was applied to maintain dynamic
suspension homogeneity prior to and throughout the filtration process.
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Filtration experiments were conducted using the HAIAO RO-250 pilot unit operated at a
constant operating pressure of 1.3 MPa. Each trial was performed independently for a specific
polymer type and particle size combination. During operation, the feed stream was separated within
the ULP21-4040 membrane module into two fractions: permeate (treated water) and concentrate
(retentate containing rejected microplastics). Representative volumetric samples from both output
streams were collected at steady-state operating conditions for subsequent gravimetric quantification
and morphological analysis

2.3 Gravimetric analysis

The gravimetric method was used to quantify microplastic particles remaining in permeate and
concentrate samples.

A Sefar sieve cloth with a mesh size of 100 um was selected as the filtration medium. The
sieve cloth was initially dried and weighed using an analytical balance.Following sample filtration,
the cloth was dried again to constant mass and reweighed.

The mass of retained microplastic particles was calculated according to Equation (1):

Am =m> — m (1)

where: Am — retained microplastic mass (mg);
m: — mass before filtration (mg);
mz — mass after filtration (mg).
The removal efficiency was determined using Equation (2):

M,—-M
R=——-2=x100 )
M,
where: R — removal efficiency (%);

Mo — initial microplastic mass (mg);
Mp — microplastic mass detected in permeate (mg).
2.4 Microscopic and morphological characterization

Qualitative visual confirmation and morphological evaluation of microplastic particles
recovered from the permeate and concentrate streams were conducted using a Levenhuk MED D30T
LCD digital biological microscope equipped with an integrated digital imaging system. Following
filtration, microplastics retained on the Sefar sieve cloth (100 um mesh size) were inspected under
transmitted light.

Digital micrographs were captured to evaluate key physical characteristics, including particle
geometry, surface morphology, size distribution, and spatial accumulation behavior on the filter
matrix. This analysis provided direct qualitative verification of the gravimetric mass-balance
determinations and allowed physical assessment of particle behavior within the output streams.

2.5 Preparation and Structural Characterization of Microplastics

To prepare model microplastic (MP) solutions, commercially available polymer samples that
frequently contact water were selected: polypropylene (PP) and polyethylene (PE) water pipes, along
with polyethylene terephthalate (PET) plastic water bottles. All plastics were crushed manually and
subsequently processed using laboratory mills to mimic the particle shapes typically found in
wastewater. The comminuted microplastics were fractionated by sieving through a cascade of screens
to isolate particle fractions of 0.20 mm and 0.45 mm.

The chemical structure of the pristine polymer samples was analyzed via Fourier-transform
infrared (FTIR) spectroscopy using a Shimadzu IR-Prestige 21 spectrophotometer (Japan) in the
wavenumber range of 400-4000 cm™'. The analysis was conducted without prior sample preparation
using a Smiths DuraSamplIR II single-reflection attenuated total reflection (ATR) accessory
equipped with a diamond-on-ZnSe internal reflection element. Polymer identification based on the
obtained IR spectra was performed using the IRs Polymer2, Polymer, T-Polymer, and T-Organic
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reference libraries, as well as by analyzing absorption bands corresponding to the stretching and
bending vibrations of functional groups characteristic of specific polymer types.

The structural characteristics of the microplastic samples, which were subsequently evaluated
in the wastewater treatment process, are shown in Figures 2-4.

Abs

2043.37

0.5

—2866.63

0.4

0.3

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

1/cm

Figure 2 — FTIR spectrum of polyethylene (experimental sample) [ Authors’ material].

0.25 -
0.20 A
~
oM ©
€ g0
te) o ™~
> )
o & =) = © ©
—_ b=y m o~ o ~ o
) = By ™ m S] - g
Ne] m 2 n <
0.15 | 2 % g m o~ @ © S
= = o o m omom —
= ~ I © < ¢ = O —
] o AR g g 8§ 2 | 9 N s oa g
o 5 m — H m -
o > \ Qo o ~ — [te] o .
@ N o m § o ¥ Mo
o o~ Q o~ ! m
n N~ = ~ =} O n
= m ~ © E' e o <
? 0.101 il ~ 2| o ®
o] n @ = < ? ~
< Mo o § Mmoo 8 n o
" W N Nogl O — m
28 3 E{REa o
am ™ og | N 2o R
< N = —
n — m M o 2 M
— < ~ = w0 ©
0.05 ’g =] < r': Q n| < — —
—~ 1 © & [a N AN
28 8 8
m ™M m
O,
T : T T T . . T T T
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

Wavenumber (cm—1)

Figure 3 - FTIR spectrum of polypropylene (experimental sample) [Authors’ material].
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Figure 4 — Identification of polyethylene terephthalate by the FTIR spectrum of the polymer library database [Authors’
material].

The FTIR analysis confirmed the identification of the target polymers based on their
characteristic absorption bands. Polyethylene (PE) and polypropylene (PP) were identified via their
classic aliphatic peaks. The PE spectrum (Figure 2) exhibits intense stretching vibration doublets of
C—H bonds in the 2916-2840 cm'region, alongside bending vibrations near 1454 cm™ and 720 cm™.
The PP spectrum (Figure 3) is characterized by distinct methyl group CHs- bands at 1373 cm™ and
1165 cm™.

Due to its more complex chemical structure containing ester groups and aromatic rings,
polyethylene terephthalate (PET) was verified by direct comparison with reference library databases,
showing a high match score (Figure 4). Concurrently, the experimental spectrum reveals the typical
diagnostic peaks of PET, most notably the sharp, intense carbonyl (C=O) stretching band around 1720
cm ! and the characteristic (C—O) stretching multiplets in the 1250-1100 cm™ range.

2.6 Data processing and statistical analysis

All experimental trials were performed in triplicate (n = 3) for each combination of polymer
type (PET, PE, PP) and particle size fraction (0.20 mm and 0.45 mm) to ensure reproducibility and
evaluate statistical variability.

Experimental data were processed using descriptive statistical methods. The removal efficiency
(%) across output streams (permeate and concentrate), as well as the residual microplastic fraction
accumulated within the membrane module, were calculated based on gravimetric measurements.
Results for each experimental condition are presented as the mean + standard error of the mean (M +
SEM), given in equation (3):

SEM—S—D 3
_\/ﬁ ()

where SD is the sample standard deviation and n = 3 is the number of independent replicates.

The total average residual microplastic accumulation within the membrane module was
determined from the mass balance between the initial input mass (Mo) and the cumulative mass
recovered in the permeate and concentrate streams. Statistical processing, mean calculations, and
graphical visualizations were performed using Microsoft Excel and OriginPro software. Digital
micrographs were analyzed to provide qualitative visual verification of particle retention and
morphological characteristics.
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3 RESULTS AND DISCUSSION

The experimental results demonstrated the high efficiency of the ULP21-4040 reverse osmosis
membrane for eliminating microplastic (MP) particles from model aqueous solutions. The system
effectively retained particles of polyethylene terephthalate (PET), polypropylene (PP), and
polyethylene (PE) across both investigated size fractions (0.20 and 0.45 mm). The primary
quantitative datasets capturing these filtration indicators are summarized in Tables 2 and 3.

Table 2 summarizes the obtained removal efficiencies for different polymer types and particle
size fractions.

Table 2 - Microplastic removal efficiency during reverse osmosis filtration [Authors’ material].

Particle size, Experiment Removal efficiency,

Polymer mm number o M + SEM
PET 0.45 1 99.97

PET 0.45 2 99.93 99.87 £0.07
PET 0.45 3 99.71

PET 0.20 1 99.89

PET 0.20 2 99.35 99.34 + 0.32
PET 0.20 3 98.78

PP 0.45 1 99.64

PP 0.45 2 98.12 98.59 + 0.53
PP 0.45 3 98.01

PP 0.20 1 98.12

PP 0.20 2 97.98 97.81 £0.24
PP 0.20 3 97.34

PE 0.45 1 99.63

PE 0.45 2 98.63 98.75 +£0.48
PE 0.45 3 97.98

PE 0.20 1 99.78

PE 0.20 2 99.35 99.42 £ 0.19
PE 0.20 3 99.12

The evaluation of reverse osmosis performance indicates excellent microplastic (MP) rejection
for all studied polymer types (PET, PP, PE). The rejection efficiency consistently remains above 97%,
validating the robust barrier capacity of the membrane process. The peak rejection was achieved for
0.45 mm polyethylene terephthalate (PET) particles, reaching 99.87 + 0.07%. Conversely, a marginal
decline in rejection efficiency to 97.81 + 0.24% was noted for smaller polypropylene (PP) fractions
(0.20 mm). This trend may be explained by the hydrodynamic behavior of finer, lower-density
polymer particles within the membrane boundary layer.

Table 3 demonstrates the efficiency indicators for MP removal from the membrane system
through permeate (treated water) and concentrate (water with increased concentrations of retained
contaminants) and allows for a preliminary assessment of the membrane module fouling.

Table 3 - Microplastic removal rates from the membrane module [ Authors’ material].

Particle size, Experiment Removal efficiency,

Polymer mm number o, M + SEM
PET 0.45 1 99.91

PET 0.45 2 99.88 99.92 +0.03
PET 0.45 3 99.98

PET 0.20 1 99.61

PET 0.20 2 99.77 99.74 + 0.07
PET 0.20 3 99.84

PP 0.45 1 99.42

PP 0.45 2 99.75 99.06 + 0.53
PP 0.45 3 98.01

PP 0.20 1 98.78 98.21 £0.37
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PP 0.20 2 97.51
PP 0.20 3 98.34
PE 0.45 1 99.12
PE 0.45 2 99.46 99.05 +0.26
PE 0.45 3 98.57
PE 0.20 1 98.78
PE 0.20 2 99.55 99.15+£0.22
PE 0.20 3 99.12

To provide a comprehensive holistic view of the separation mechanics, the mass balance
variables-incorporating both the purification efficiency and the subsequent particle recovery rate from
the concentrate stream-were synthesized into a single reference matrix (Figure 5).
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Figure 5 — Rejection efficiency and mass-balance distribution of microplastics (PET, PE, PP) in the output streams of
the ULP21-4040 reverse osmosis system

The results presented in Tables 2 and 3, as well as Figure 5, allow for the conclusion that the
operational performance of the membrane module demonstrates comparably high microplastic
rejection rates, thereby confirming data consistency. For the PET fractions (0.45 mm and 0.20 mm),
the average removal efficiencies reach 99.92% and 99.74%, respectively. For polypropylene (PP) and
polyethylene (PE), the efficiency varies from 98.21% to 99.15%, demonstrating the module's
versatility toward polymers of different chemical nature and shapes.

A detailed analysis of the graphical trends reveals a clear correlation between the
physicochemical properties of the polymers and their hydrodynamic behavior within the membrane
boundary layer. The highest retention and removal rates were recorded for the 0.45 mm PET fraction
(99.87% and 99.92%, respectively). Due to the high density of polyethylene terephthalate (~ 1.34-
1.40 g/cm?), these particles are easily swept away by the cross-flow velocity into the concentrate
stream, demonstrating minimal deposition on the active membrane surface.

Conversely, an opposite trend is observed for the fine polypropylene (PP) fraction (0.20 mm),
where the removal efficiency drops to the experimental minimum of 97.81 + 0.24%. Possessing a
density lower than that of water (~ 0.90 g/cm?) along with a pronounced hydrophobicity, the PP
particles are prone to intensive flotation and entrapment within the laminar boundary layer of the
membrane. This induces micro-penetration of the fine PP fraction.
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Despite the high overall filtration performance, complete 100% particle retention is not
achieved. Based on the performed calculations, the total average residual amount of microparticles
accumulated within the membrane module across all experiments was 0.81%.

Although the fraction of residual particles is minimal, their gradual accumulation and
deposition will inevitably affect the hydraulic characteristics of the system. For a comprehensive
substantiation of the proposed technology, further studies on the clogging and fouling dynamics of
the membrane module are required. Detailed monitoring of pore clogging will allow for an objective
evaluation of the system's temporal operational capacity, determination of the optimal backwashing
or chemical cleaning intervals, and prediction of the total service life of the filter elements.

3.1. Microscopic analysis of retained microplastics

Microscopic observations confirmed the accumulation of microplastic particles on the Sefar
sieve cloth with a mesh size of 100 pm used during sample preparation and gravimetric analysis.

Samples collected from the concentrate stream contained significantly larger numbers of
retained particles compared with permeate samples.

Microscopic images revealed irregular particle morphologies, including fragments, flakes, and
elongated structures. PET particles generally exhibited angular shapes, whereas PE and PP particles
displayed smoother and more flexible structures.

Microscopic examination was performed to complement the quantitative results presented in
Table 2 and to provide qualitative visual confirmation of microplastic particles recovered from the
two output streams. The particles observed in the treated-water (permeate) sample (Figure 6) confirm
that a small residual fraction of microplastics remained after filtration, indicating that removal was
highly effective but not complete. The particles recovered from the concentrate (Figure 7) provide
visual evidence of their separation into the concentrate stream. In addition, a fraction of the
microplastics may have been retained within the experimental system through deposition on the
membrane surface, pretreatment components, pipelines, and other internal surfaces. Because these
internal components were not examined separately, such retention is considered a possible
explanation rather than a directly confirmed result. Overall, the microscopic observations support the
separation mechanism of the reverse osmosis process and complement the quantitative removal-
efficiency data.

Figure 6 — Representative micrographs of microplastic particles recovered from the permeate stream after reverse
osmosis filtration: (a) PET, 0.45 mm; (b) PET, 0.20 mm; (c) PP, 0.45 mm; (d) PP, 0.20 mm; (e) PE, 0.45 mm; and (f)
PE, 0.20 mm. The particles were collected on Sefar sieve cloth with a nominal mesh opening of 100 pm [Authors’
material].
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Figure 7 — Representative micrographs of microplastic particles recovered from the concentrate stream after reverse
osmosis filtration: (a) PET, 0.45 mm; (b) PET, 0.20 mm; (c) PP, 0.45 mm; (d) PP, 0.20 mm; (e) PE, 0.45 mm; and (f)
PE, 0.20 mm. The particles were collected on Sefar sieve cloth with a nominal mesh opening of 100 um [Authors’
material].
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3.2. Comparison with previous studies and discussion of removal mechanisms

The obtained results are consistent with previously reported removal efficiencies for reverse
osmosis membranes. Previous studies have demonstrated microplastic removal efficiencies
exceeding 95% for membrane-based treatment systems.

The slightly higher efficiencies observed in the present study can be explained by the relatively
large particle sizes used in the experiments (0.20—0.45 mm), which are substantially larger than the
effective pore size of the reverse osmosis membrane.

The primary removal mechanisms include:

1. Size exclusion (sieving effect);

2. Surface deposition and particle accumulation;

3. Concentration polarization near the membrane surface;

4. Formation of a secondary filtration layer by retained particles.

The concentrate stream contained the majority of retained microplastic particles, confirming
that reverse osmosis effectively separates particulate contaminants from treated water.

Overall, the results demonstrate that reverse osmosis membranes can provide an effective
barrier against microplastic pollution and may serve as a promising tertiary treatment technology for
advanced wastewater reclamation and drinking water production.

4 CONCLUSIONS

This study evaluated the removal of polyethylene terephthalate (PET), polyethylene (PE), and
polypropylene (PP) microplastic particles from model water using a pilot-scale reverse-osmosis
system equipped with a ULP21-4040 membrane. In addition to evaluating particle-removal
efficiency, the study considered the distribution of microplastic mass within the system and the
potential engineering implications of integrating membrane treatment into wastewater treatment
facilities and the water-engineering systems of buildings and structures. Based on the experimental
results, the following conclusions can be drawn:

1. The ULP21-4040 reverse-osmosis membrane demonstrated high microplastic removal
efficiency for all investigated polymer types and particle sizes, with mean values consistently
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exceeding 97%. The highest mean efficiency was obtained for 0.45-mm PET particles (99.87 +
0.07%), whereas the lowest was recorded for 0.20-mm PP particles (97.81 + 0.24%). These results
confirm the ability of the membrane system to provide an effective physical barrier against the tested
microplastic particles under the selected operating conditions.

2. Under identical feed-water and operating conditions, the membrane demonstrated polymer-
and size-dependent retention behaviour. PET particles showed the highest numerical removal values,
while the lowest efficiency was observed for 0.20-mm PP particles. These differences may be
associated with variations in particle density, hydrophobicity, surface properties, and behaviour
within the membrane module. However, because each experimental condition was tested in only three
replicates, the observed differences should not be regarded as statistically significant without
confirmation by an appropriate inferential statistical test.

3. The principal quantitative contribution of this study is the determination of microplastic
distribution among the treated-water stream, reject-water stream, and membrane-module retention
fraction. Mass-balance calculations showed that an average of 0.81% of the introduced microplastic
mass remained within the membrane module. Therefore, assessment based exclusively on the treated
water and reject water may underestimate the fraction of particles retained within the filtration system.

4. The detected internal retention demonstrates that high microplastic removal efficiency does
not necessarily indicate the absence of particle accumulation within the membrane equipment. Even
a relatively small retained fraction may become operationally important during long-term operation
because particles can accumulate in feed channels, membrane spacers, pipelines, and other internal
components. Such accumulation may increase hydraulic resistance, reduce membrane productivity,
increase operating pressure, and affect cleaning frequency and membrane service life. The measured
0.81% fraction therefore provides an experimental basis for further studies of membrane fouling and
operational reliability.

5. From the perspective of wastewater-treatment engineering, the obtained results support
consideration of a modular reverse-osmosis unit as a tertiary treatment stage downstream of biological
treatment. This arrangement may be incorporated into the technological scheme when constructing
new treatment facilities or reconstructing and modernizing existing plants. However, the reverse-
osmosis unit should be protected by an appropriate pretreatment stage, which may include
clarification, sand filtration, microfiltration, ultrafiltration, or cartridge filtration, depending on the
quality of the biologically treated wastewater. Pretreatment is required to reduce suspended solids,
limit membrane fouling, and maintain stable system performance.

6. The incorporation of a reverse-osmosis block affects both the technological design and the
construction requirements of a wastewater treatment facility. The design documentation should
provide sufficient space for pretreatment equipment, membrane modules, high-pressure pumps,
chemical-cleaning systems, monitoring devices, pipelines, and treated-water storage tanks. It should
also address electrical power demand, equipment foundations, corrosion-resistant piping, ventilation,
drainage, noise and vibration control, safe maintenance access, and the collection and disposal or
further treatment of the concentrated reject stream. These factors should be considered when
determining the capital and operating costs of the facility.

7. The results are also relevant to compact engineering water-treatment systems installed in
residential, public, industrial, and infrastructure facilities. Reverse-osmosis units may potentially be
incorporated into local water-treatment systems or non-potable water-reuse systems in buildings and
structures. Their integration should be coordinated with internal water supply and drainage networks
and should account for water demand, operating pressure, treated-water storage, reject-water
discharge, energy consumption, automation, and access for membrane replacement and maintenance.
The suitability of the treated water for a specific reuse purpose must nevertheless be confirmed
through a comprehensive water-quality assessment and compliance with applicable regulatory
requirements.

8. The experiments were conducted using model water, two relatively large microplastic size
fractions, a single membrane type, and one operating pressure. Therefore, the results should not be
directly extrapolated to full-scale wastewater treatment plants or building water systems without
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additional validation. Future research should include real biologically treated wastewater, smaller
microplastic particles, different membrane and pretreatment configurations, longer operating periods,
and continuous monitoring of pressure loss, permeate flow, energy consumption, particle
accumulation, membrane cleaning, and concentrate characteristics.

Overall, the results demonstrate the high efficiency of the ULP21-4040 membrane in removing
the tested microplastic particles and provide an experimental basis for evaluating its use in advanced
engineering water-treatment systems. The findings may support the development of technological
solutions for integrating modular reverse-osmosis units into newly constructed or modernized
wastewater treatment facilities, as well as into local water-treatment and reuse systems for buildings
and structures. Nevertheless, engineering implementation requires pilot testing with real wastewater
and a comprehensive assessment of pretreatment requirements, membrane fouling, energy
consumption, concentrate management, operational reliability, and life-cycle costs..
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