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Abstract. Excess phosphorus (P) in wastewater contributes to eutrophication, highlighting the need for efficient
removal technologies across both decentralized and centralized wastewater treatment systems. This study
evaluates two filtration-based approaches utilizing mineral-based sorbents for enhanced P removal. In
decentralized settings, a prototype system integrating lightweight expanded clay aggregate (LECA) was tested for
primary treatment of domestic wastewater. In parallel, Polonite®, a calcium-rich sorbent, was applied as a post-
treatment solution for municipal effluents in centralized facilities. Both systems were implemented and monitored
under real-world operational conditions in Latvia. LECA demonstrated limited and inconsistent P removal
efficiency (9-27%), indicating insufficient performance as a standalone filter. While Polonite® achieved consistent
removal efficiencies ranging from 63% to 99%, with final effluent concentrations consistently below Latvia’s
regulatory limit of 2 mgP-L%. Scanning electron microscopy analysis revealed morphological changes on
Polonite® surfaces after filtration, confirming adsorption and precipitation of P-containing compounds. The
findings highlight Polonite® as an effective and reliable material for post-treatment polishing in centralized
wastewater systems, while LECA may serve only as a preliminary filter in decentralized applications.
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Introduction

Excess phosphorus (P) in wastewater contributes to eutrophication, posing a significant
environmental challenge for decentralized and municipal treatment systems. Conventional methods such
as chemical precipitation using aluminium, iron, or calcium-based coagulants remain effective,
particularly in treating high P influents, yet may pose challenges in decentralized systems due to
chemical supply requirements and operational complexity [1-3]. In contrast, biological approaches such
as Enhanced Biological Phosphorus Removal (EBPR) offer low-cost, sustainable alternatives suitable
for smaller systems, with research also supporting the use of plants and microalgae to enhance nutrient
uptake [4-6].

While conventional and biological methods focus on P removal, integrated solutions such as struvite
crystallization go a step further by enabling nutrient recovery and reuse. Through this process, P is
transformed into struvite — a slow-release fertilizer with high value for agricultural applications [7; 8].

Among recent developments, adsorption techniques using mineral-based sorbents - such as natural
and modified zeolites, clays, and calcium-rich materials - have gained attention as effective, low-cost
options for P removal. These sorbents, often modified with lanthanum or zirconium, can achieve high
adsorption capacities, in some cases exceeding 100 mg P-g*, through mechanisms like ligand exchange,
precipitation, and inner-sphere complexation [9-12]. Their high removal efficiencies, regeneration
potential, and material availability make them promising materials for sustainable P management in both
centralized and decentralized systems [10-13].

This study aims to evaluate the effectiveness of two filtration-based solutions using mineral-based
materials for enhancing P removal in wastewater treatment systems (WWTS). The first approach targets
decentralized systems, employing a prototype that integrates lightweight expanded clay aggregates
(LECA) to enhance P removal during the initial treatment phase. In contrast, the second solution is
tailored for centralized WWTS, employing Polonite® as a post-treatment filter to eliminate residual P
before final discharge. Both prototypes were implemented and monitored under real-world operational
conditions to assess their P removal efficiency, material performance, and potential for broader
application.

Materials and methods

As part of this study, a prototype biological wastewater treatment unit incorporating an advanced P
removal function was designed and experimentally evaluated for the treatment of domestic wastewater
from a single-family home. The prototype design adhered to the regulatory framework currently in force
in Latvia, with system parameters specifically adapted to the operational requirements of decentralized
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household WWTS. The experimental investigation was conducted under real-world conditions in the
city of Jelgava, where a controlled monitoring system regulated wastewater inflow, maintaining a
constant flow rate of 0.9 m3-day™ with the pump activation occurring 3 times per day. To quantify P
removal efficiency, influent and effluent samples were collected and subjected to laboratory analysis,
with phosphate-phosphorus (PO4-P) and total phosphorus (Pwt) concentrations measured at distinct
treatment stages. The treatment system comprised a filtration unit utilizing LECA as a filtering medium
(particle size fraction d10-14 mm) in combination with an aeration module operating with activated
sludge (Fig. 1A). Monitoring data were systematically collected and analysed to assess the prototype’s
efficacy in P reduction and to determine its overall suitability for integration into decentralized
household wastewater treatment applications.

Fig. 1. Prototype biological wastewater treatment unit with LECA (A) and with Polonite® (B)

A filter medium, Polonite®, sourced from Ecofiltration, was integrated into the prototype as a post-
treatment unit (Fig. 1B). Polonite® was selected for its high P adsorption efficiency, reported to range
from 59% to 95% [14]. Following biological treatment, wastewater entered a sedimentation chamber to
remove excess sludge before passing through the Polonite® filtration chamber. The opoka-based
Polonite® material has a high surface area and selective chemical adsorption, immobilizing P while
allowing other components to pass. P remained chemically stabilized, preventing release back into the
environment [ 14]. The prototype was installed at the Limbazu siltums LTD wastewater treatment facility
in Limbazi (Latvia) receiving municipal wastewater. Performance monitoring involved cumulative flow
measurements and P concentration analysis. Polonite® filters were designed for 2-4 years of operation,
after which the spent material could be repurposed as a phosphorus-rich soil amendment for agriculture.

To evaluate the phosphorus removal efficiency of the treatment system, water samples were
collected and analysed for Py concentrations at three designated control points. The inflow sampling
point represents untreated wastewater prior to entering the treatment units. The midpoint sampling point
corresponded to the effluent after passing through the prototype filtration unit containing expanded clay
aggregate, but before entering the industrial biological treatment system. The outflow sampling point
was located at the discharge point following treatment in the industrial biological unit. Water sampling
was conducted twice per month, with Py concentrations analysed to assess removal efficiency at each
stage.Additionally, the filter medium Polonite® was used to scale up the laboratory prototype
(approximately 25 times) for post-treatment of municipal wastewater effluents. The cylindrical filter
unit filled with Polonite® was experimentally evaluated under real-world conditions at the Adazi
wastewater treatment plant (PE 23,066), where a controlled flow rate of 120 L-h* was maintained. For
phosphorus removal simulation, 1 m? of pre-treated effluent with an initial P concentration of 2.3 mg-L?
was used. The prototype’s performance was assessed by hourly measurements of PO4-P concentrations
in the effluent after filtration.

Composition of the mineral-based materials were determined by the X-ray Powder diffraction
analysis (PXRD) performed on Bruker D8 Advance powder diffractometer equipped with LynxEye
position-sensitive detector and Cu Ko radiation (A = 1.54060 A), 40 kV, 40 mA. The diffraction patterns
were recorded with 0.02 step size and a scan speed of 0.5 s per step in the 20 range from 5 to 50. The
chemical composition of materials was determined by wavelength dispersive X-ray fluorescence
(WDXRF) spectrometer Bruker S8 TIGER. Air-dried samples were crushed into fine powder and
pressed into pellets (diameter — 8 mm) and analysed in Vacuum mode. The analyses were performed in
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the Best detection mode, displaying measurement results in oxide formula units. The scanning electron
microscopy (SEM) data were obtained to evaluate the morphology of the samples using the scanning
electron microscope FE-SEM Hitachi S4800 (Tokyo, Japan). The samples were measured in the
secondary electron regime, with the SEM operating voltage being 3-5 kV.

Quantification of remaining phosphorus (as Py, mg-L™) in wastewater samples was performed on
the spectrophotometer Hach 3900 coupled with the thermostat HT200S (Hach-Lange, Germany) by
molybdovanadate method with acid persulfate digestion LCK 348 (for PO4-P range 0.5-5.0 mg-L%).
Before the analysis, samples were filtered through 0.45 um syringe filters and diluted if necessary. The
Pwt concentration in wastewater samples was determined using the method specified in LVS EN ISO
6878:2005, Section 7, with a detection limit of 0.10 mg-L™.

Phosphorus removal efficiency (%) was calculated using the following equation:

CO - Ce
Removal% = c %X 100, @
0
where C, — initial concentration of P in the solution (mg-L?);

C . — final concentration of P in the solution (mg-L™?).

Results and discussion

Polonite® is derived from thermally heated mineral opoka rock in accordance with PXRD data
consisting mostly of SiO, and CaCOs (Fig. 2), whereas the main elements characterising the chemical
composition of Polonite® are silicon, calcium, aluminium, iron and oxygen. While LECA chemical
composition includes: SiO2, Al,O3, Fe;03, CaO and some alkalis such as Na,O and K20 [15].
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Fig. 2. PXRD pattern and chemical composition of Polonite®

The initial Polonite® has a porous, irregular surface with distinct granules and visible cavities that
could promote P adsorption and surface interactions (Fig. 3A). After P adsorption, the surface appeared
more compact and covered with fine particulates, indicating deposition and possible precipitation of P-
containing compounds (Fig. 3B).

B Jisa0rm $0000v 2000 691 ym 86 mm BP 1534300 50000V 1000% 138um 25mm ifesGo
Fig. 3. SEM images (1 k and 2 k magnification) of initial Polonite® (A) and Polonite® after P
removal using a centralized system prototype in Adazi WWTP (B)
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This morphological change supports the interaction between Polonite® and P, aligning with the
observed 75% reduction in P concentration (from 2.3 to 0.57 mg-L*) during filtration.

The efficiency of Polonite® in removing residual P from municipal wastewater effluents was
monitored over a 5-hour period during the operation of the centralized treatment prototype (Fig. 4). The
initial PO4-P concentration in the influent was approximately 2.3 mg P-L. Polonite® exhibited
significantly high P removal efficiency at the start of the experiment, achieving a maximum of 99%
removal at O h, which reflects the immediate adsorption and chemical interaction capacity high at 98%
after 2 hours, indicating the media’s strong early performance stability.
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Fig. 4. Efficiency of Polonite® to remove the remaining P from Adazu WWTP (initial PO,-P ~2.3
mg P-L?)

As the operational time progressed, a gradual decline in P removal efficiency was observed — 88%
at 3 h, 81% at 4 h, and 75% at 5 h respectively (Fig. 4). This trend suggests progressive saturation of the
active sites and possible clogging or coating of the media surface with reaction products, as also visually
supported by SEM images (Fig. 4). Despite this decline, the Polonite® filter consistently maintained P
concentrations below the 2 mg P-L* regulatory threshold set for effluent discharge in Latvia, confirming
its suitability for real-world applications in centralized systems.

The P removal performance using LECA in a decentralized treatment setup showed limited and
inconsistent efficiency over the monitoring period (Fig. 5A). The P concentrations in the “Middle”
stage (post-LECA, pre-biological treatment) were only slightly lower than inflow values, while final
outflow values after the full treatment process showed modest reductions. P removal efficiency ranged
from 9% to 27%, with significant fluctuations between sampling dates. This suggests that LECA alone,
despite its porous structure, is insufficient for effective P removal when used as a primary filtration
medium. In contrast, the centralized post-treatment unit in Limbazi WWTP using Polonite®
demonstrated consistently high P removal efficiency, with final effluent concentrations mainly below
1 mg P-L*! (Fig. 5B). Removal efficiencies ranged from 63% to 86%, maintaining performance across
all sampling dates.

The P removal performance using LECA in a decentralized treatment setup showed limited and
inconsistent efficiency over the monitoring period (Fig. 5). The Pt concentrations in the “Middle” stage
(post-LECA, pre-biological treatment) were only slightly lower than inflow values, while final outflow
values after the full treatment process showed modest reductions. P removal efficiency ranged from 9%
to 27%, with significant fluctuations between sampling dates. This suggests that LECA alone, despite
its porous structure, is insufficient for effective P removal when used as a primary filtration medium.
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Fig. 5. Total phosphorus efficiency with LECA (A) and with Polonite® (B)

In contrast, the centralized post-treatment unit using Polonite® demonstrated consistently high P
removal efficiency, with final effluent concentrations frequently below 1 mg P-L*. Removal efficiencies
ranged from 63% to 86%, maintaining performance across all sampling dates. This highlights
Polonite®’s strong adsorption capacity and its suitability for polishing treatment in municipal settings.

These results emphasize the importance of selecting appropriate filter materials based on the scale
and stage of the treatment. While LECA may provide some preliminary benefit in decentralized systems,
Polonite® clearly outperforms it in both consistency and overall effectiveness, especially for post-
treatment polishing centralized facilities.

Conclusions

1. LECA filtration in decentralized systems demonstrated limited and inconsistent phosphorus
removal efficiency, with performance ranging between 9% and 27%. These results indicate that
LECA, when used alone, is not sufficient for reliable P removal in small-scale wastewater treatment
applications.

2. Polonite® post-treatment in centralized systems showed consistently high P removal efficiency,
ranging from 63% to 99%. Effluent P concentrations remained below the regulatory limit of
2 mg P-L%, confirming Polonite® as an effective polishing step for municipal wastewater treatment.

3. Material surface analysis using SEM revealed morphological changes in Polonite® after filtration,
including surface compaction and particle deposition, indicating successful adsorption and potential
precipitation of P compounds.
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4. Comparative evaluation underscores the importance of selecting appropriate filter media based on
the system scale and treatment stage. While LECA may provide marginal benefit in preliminary
filtration, Polonite® is better suited for consistent and effective post-treatment phosphorus removal.
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