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Abstract

The article presents a new solution to reduce the load of phosphorus and nitrogen on urban wastewater treatment plants, based on the use of semi-
burnt dolomite to extract these elements from sludge waters. The efficiency of the proposed method is compared with existing purification technologies
using the example of the Minsk wastewater treatment plant. The methods for determining the concentrations of phosphate phosphorus and ammonium
nitrogen in model and real wastewater samples are described in detail. The analysis of model data simulating various pollution scenarios made it
possible to evaluate the efficiency of phosphorus and nitrogen extraction using various reagents. The study takes into account all key return flows of
wastewater treatment plants, including silt ponds, water after compaction of activated sludge and fugate after sludge dewatering. Daily material
balances for total nitrogen and total phosphorus have been developed for a comprehensive assessment. Experimental studies with fugate obtained
after dehydration of sediment with pretreatment with polyelectrolyte have confirmed the effectiveness of semi-burnt dolomite for the extraction of
phosphorus and nitrogen, which opens up prospects for obtaining phosphorus-containing fertilizers. The dependence of the degree of extraction of
phosphates and ammonium nitrogen on factors such as pH and the initial ratio of concentrations of these elements in the return streams was revealed.
The results obtained indicate the high efficiency of using semi-burnt dolomite to reduce the load on wastewater treatment plants and create conditions
for the production of environmentally friendly fertilizers. This scientific research is of high practical importance and contributes to the development of
resource-saving and environmentally friendly wastewater treatment technologies.

Keywords: extraction, ammonium nitrogen, phosphate phosphorus, wastewater treatment plants, liquid fraction from mechanical sludge
dewatering, return flows, semi-burnt dolomite.

W3BNEYEHME A30TA U ®OCOOPA U3 MNOBbIX BOJ KOMMYHANBHbIX OYUCTHBIX COOPYXEHWUM

H. I. ByHuHa, B. H. Mapuynb, A. U. Yyxonbckui

Pechepar

B craTbe nmpencTaBneHO HOBOE PELLEHWE ANS CHKEHWS Harpysku docdopa v asoTa Ha FOPOACKME OYMCTHbIE COOPYXEHMSI, OCHOBaHHOE Ha
MpUMeHEeHN NoNYOBONOKEHHOTO A0NOMUTA NS U3BNIEYEHNS 3TUX 3IEMEHTOB W3 UIoBbIX BOA. MpoBeaeHO cpaBHeHWe athdeKTMBHOCTY Npeanaraemoro
MeToAa C CYLLECTBYIOLWWUMM TEXHOMOTMAMM OYUCTKM Ha npumepe MUHCKOA OuMcTHOM CTaHuuu. [ogpobHO onmcaHbl METOAMKW onpeaeneHus
KOHLIeHTpauui doccopa octhaTHoro M asota aMMOHWAHOTO B MOLEMbHbIX W peanbHbX Mpobax CTOYHbIX BOA. AHanmM3 MOAENbHbIX AaHHBIX,
VIMUTVPYIOLNX PasfMyHbIE CLEHApUM 3arpss3HeHns, Mo3BONUN OLEHUTb 3thdEeKTMBHOCTb W3BMeYeHns docdopa M as3oTa Mpu WUCMONMb30BAHMMK
pa3nuyHbIX peareHToB. B 1ccrefoBaHUM yuTeHbl BCE KNKOYEBbIE BO3BPATHbIE MOTOKM OYMCTHBIX COOPYXEHMIA, BKIKOYas MNoBble NpyAbl, BOLY nocne
YNMOTHEHUS! aKTUBHOTO Una W ¢pyrat nocne 06e3BoXmBaHMs ocagka. [ns KOMMMIEKCHON OLEHKW pa3paboTaHbl CyTOYHbIE MaTepuanbHble BanaHck! no
obuwemy asoty u obuemy docdopy. OKcnepuMeHTanbHble UcCnedoBaHust € yraToMm, MoMydYeHHsIM nocre 06e3BOXWBaHWA Ocagka C
npeaBapuTenbHoit 06paboTkoi NONMaNeKTPONUTOM, NOATBEPANIM 3C(EKTUBHOCTL NONYOOOMKEHHOMO LONOMUTA ANs U3BNeYeHus docdopa u asoTa,
4TO OTKPbIBAET MEpCnekTMBLI MonyyeHns chocdopcopepxkalyero ynobpeHns. BbisiBneHa 3aBUCMMOCTb CTeMeHU W3BneyeHust ocdaToB W
aMMOHMIAHOTO a30Ta 0T (DaKTOPOB, TakWX Kak PH 1 MCXO[HOE COOTHOLIEHWE KOHLEHTPALMA 9TUX SMEMEHTOB B BO3BPATHbIX MOTOKaX. MMonyyeHHble
pesynbTaThl CBUAETENCTBYIOT O BbICOKOW 3(DGEKTUBHOCTM MPUMEHEHWS MOMYyoBOMOKEHHOTO [OMOMUTA A YMEHbLUEHWS HarpyskM Ha OYMCTHble
COOPYXEHUS W CO30AHMS YCNOBWA ANs MPOW3BOACTBA 3KOMNOMMYECKM umcToro yaobpeHus. [laHHOe HayyHOe wWCCriegoBaHWe MMEeT BbICOKOE
MpaKTM4eckoe 3Ha4eH1e U BHOCKT Bknap, B pa3paboTky pecypcocbeperaloLLyx 1 akonoruieckv 6e3onacHbix TEXHOMOMIA OYUCTKA CTOYHBIX BOA,.

KnioueBble cnoBa: W3BneYeHWe, a3oT aMMOHWUAHBIA, ocdop ocdaTHbIA, OYUCTHbIE COOpYXeHWs, yraT, BO3BpaTHble MOTOKH,
nomnyo60MXKEHHbI JONOMUT.

Introduction generated during the thickening and mechanical dewatering of sewage

Currently, nitrogen and phosphorus are indispensable elements for
plant growth and form the basis of mineral fertilizers, the demand for
which is constantly increasing under conditions of intensive agriculture.
The sole source of phosphorus for fertilizer production is non-renewable
phosphate and apatite ores, which will lead to its future scarcity [1].

Municipal wastewater treatment plants (WWTPs) play a crucial role
in ensuring the environmental safety of water bodies. A key indicator of
their efficiency is the degree of reduction in the content of nitrogen and
phosphorus compounds in wastewater. The excessive influx of these
elements into water bodies leads to eutrophication, disrupting the ecolog-
ical balance and deteriorating water quality [2].

Traditional methods of wastewater treatment for biogenic elements
do not always provide sufficient efficiency. In particular, sludge water

sludge (filtrate) contains significant concentrations of nitrogen and phos-
phorus [3]. Returning to the inlet chamber, it increases the load on the
wastewater treatment plant and reduces the quality of treatment.

Therefore, the development of effective methods for extracting bio-
genic elements in a usable form from sludge water is a pressing task.
This will not only reduce environmental pollution but also create an oppor-
tunity for the production of valuable fertilizers.

1 Principal methods for phosphorus removal from wastewater

The elevated phosphorus concentration in municipal wastewater, sig-
nificantly exceeding that found in natural water bodies, is a primary driver of
eutrophication and consequent water quality degradation. Municipal
wastewater exhibits approximately 250 times higher phosphorus levels
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compared to natural environments. Phosphorus enters WWTPs via the
sewerage system. Principal sources of phosphorus in municipal wastewater
include human waste products and phosphate-based detergents [4].

Various methods exist for phosphorus removal from wastewater,
broadly categorized into three groups: chemical, physico-chemical, and
biological [5]. Chemical methods rely on the application of chemical rea-
gents to bind phosphorus and render it insoluble. Physico-chemical
methods encompass processes such as precipitation, coagulation, flota-
tion, and adsorption, all aimed at phosphorus removal through insolubili-
zation. Biological methods utilize microorganisms to absorb phosphorus
from wastewater and incorporate it into their biomass [6].

Currently, a widely employed method involves the extraction of
phosphorus from sludge water as a complex ammonium, magnesium,
and orthophosphoric acid salt — the sparingly soluble compound
MgNH,PO, (struvite) — which can subsequently be utilized as a fertilizer
[7]. This method facilitates the simultaneous removal of nitrogen and
phosphorus, enhancing its ecological and economic viability.

Research into struvite recovery from wastewater and its application
as fertilizer is ongoing globally. Technological schemes for struvite extrac-
tion have been developed for various sources, including municipal
wastewater, steel mills, tanneries, coking processes, landfill leachate,
livestock and dairy farms, and blackwater from decentralized treatment
systems. Research into struvite’s application as a fertilizer has spanned
nearly two decades [8, 9].

In global wastewater treatment practices, various technologies are em-
ployed for the removal of nitrogen and phosphorus compounds. These include:

1. The University of Cape Town process. This process design mini-
mizes nitrate inflow to the anaerobic treatment zone, thereby enhancing
the efficiency of biological phosphorus removal.

2. The A2/0 process. This represents a modification of the A/O pro-
cess, incorporating a dedicated denitrification zone. Effective phosphorus
removal using this configuration is limited to wastewaters exhibiting high
concentrations of organic compounds.

3. The Bardenpho process. This five-stage process includes an addi-
tional denitrification/nitrification step compared to the A2/O process, miti-
gating the adverse effects of nitrate within the anaerobic zone under
conditions of incomplete denitrification [10].

Separate technologies are employed for the treatment of sludge wa-
ter, targeting either nitrogen or phosphorus extraction. Phosphorus re-
covery technologies include Phostrip, Ostara PEARL, and PRISA, while
nitrogen removal is achieved using BABE, CANON, and DEMON pro-
cesses. Phosphorus removal efficiencies may reach 85 %, while nitrogen
removal rarely exceeds 30 % [11-13].

The application of semi-burnt dolomite (calcined at 600-750°C) rep-
resents a promising approach for phosphorus adsorption. Prior research
has demonstrated its high effectiveness in removing phosphate phospho-
rus from wastewater treatment plant return streams [14].

The present investigation aims to assess the efficiency of nitrogen
and phosphorus extraction from sludge water under operational
wastewater treatment plant conditions using a range of reagents.
The following objectives will be pursued:

1. Conduct a compositional analysis of return flows from the
Minsk wastewater treatment plant and establish a mass balance for nitro-
gen and phosphorus.

2. Determine the extraction efficiency of nitrogen and phospho-
rus from sludge water at the operational wastewater treatment plant using
various reagents.

3. Quantify the yield of phosphorus-containing products resulting
from phosphorus extraction from sludge water at the treatment plant.

2 Materials and methods

Model waters containing phosphate phosphorus and ammonium ni-
trogen and silt waters formed at the Minsk treatment plant during com-
paction and mechanical dewatering of sediment (fugate) were used as
research objects.

Model wastewater containing ammonium and phosphate ions at
specified concentrations was obtained by mixing solutions of K2HPO4 and
NH4Cl in terms of phosphate and ammonium ion in certain ratios.
The concentrations of ammonium nitrogen and phosphate phosphorus
were assumed to be similar to their content in the streams that have de-
veloped and are predicted in the streams of wastewater treatment plants.

To determine the composition of the return flows of the Minsk treatment
plant with determination of the concentration of ammonium nitrogen (NH4*)
and phosphate phosphorus (PO,%’), samples of fugate, silt waters from ponds
and after silt compactors were used, which were selected on 04/24/2024.

MGSO4:7TH20, semi-burnt dolomite (firing temperature — 700-
750 °C), CaO were used as reagents for the extraction of phosphate
phosphorus and ammonium nitrogen.

Magnesium sulfate is a water-soluble fine powder of white or light
gray color. It is obtained by the interaction of magnesite with sulfuric acid,
followed by filtration, crystallization and drying of the product in a drying
drum. Magnesium sulfate 7-aqueous is used in agriculture as a fertilizer
and in the production of synthetic detergents, as a technological raw
material in the chemical, metallurgical, pulp and paper, textile industries,
in the production of building materials and other industries [15].

The concentration of phosphate phosphorus was determined by
photometric method with ammonium molybdate, and ammonium nitrogen
was determined by photometric method using Nessler reagent [16, 17].

3 Nitrogen and Phosphorus Extraction from Wastewater Sludge
Using Semi-burnt Dolomite

To establish the established distribution of nitrogen and phosphorus
throughout the wastewater treatment plant's material flows, in addition to
the routinely monitored concentrations in the influent and effluent
wastewater streams, the concentrations of ammonium nitrogen (NH,*)
and phosphate phosphorus (PO,*") were determined in the return flows.
These return flows included the return from sludge ponds, sludge water
after thickening of excess activated sludge (EAS), and the fugate after
cake dewatering.

The concentrations of ammonium nitrogen and phosphate phospho-
rus in the return flows from the Minsk wastewater treatment plant are
presented in Table 1.

Table 1 - Ammonium nitrogen and phosphate phosphorus concen-
trations in return flows from the Minsk wastewater treatment plant

Concentration, mg/dm3
Return flow ammonium mtrqgen phqsphorus phosphate
minimum | maximum | minimum | maximum
value value value value
From sludge
ponds 10,5 535 14,1 143
After sealing
the EAS 2,6 29,1 7,0 131
Fugate 26,8 73,2 63,3 191

Analysis of Table 1 reveals a substantial variation and wide range in
ammonium nitrogen and phosphate phosphorus concentrations within the
return flows of the Minsk wastewater treatment plant. The highest con-
centrations of both nutrients are observed in the return flow from sludge
ponds, indicating a significant load on the treatment plant due to the
transfer of these nutrients from the sludge deposited in the ponds into the
sludge water.

Based on the data obtained during the analysis of the composition of
return flows and wastewater at the entrance and exit from the treatment
facilities, the material balances of total phosphorus and nitrogen for the
Minsk treatment plant per day were compiled.

The daily material balance for total phosphorus is shown in Figure 1.

Figure 2 illustrates the daily mass balance for total nitrogen.

The analysis of material balances shows that the nitrogen and phos-
phorus content in the return streams has a significant effect on the com-
position of wastewater entering the aeration tank. Given that sediments
placed on silt ponds are not used, it is possible to estimate how much
nitrogen and phosphorus are annually withdrawn from circulation at
wastewater treatment plants.

For effective biological treatment, a BOD (biological oxygen de-
mand):N:P ratio of 100:5:1 is required [18]. Significant deviations from
this ratio will reduce the overall efficiency of water treatment.

It is important to note that the nitrogen and phosphorus concentra-
tions in the return flows significantly exceed those in the influent
wastewater, substantially increasing the load on the treatment plant.
The use of a biogas complex for sludge stabilization will further increase
the load on the aeration tank with respect to these compounds.
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1 - influent chamber; 2 — screens; 3 — grit chambers; 4 — primary clarifiers; 5 — aeration tanks; 6 — secondary clarifiers; 7 — sludge thickeners;
8 — grit storage areas; 9 - sludge treatment facility; 10 - sludge ponds
Figure 1 — Daily mass balance of total phosphorus in return flows at the Minsk wastewater treatment plant
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1 - influent chamber; 2 — screens; 3 — grit chambers; 4 — primary settling tanks; 5 — aeration tank; 6 — secondary settling tanks; 7 — sludge thicken-
ers; 8 — grit storage areas; 9 - sludge treatment facility; 10 — sludge ponds
Figure 2 — Daily mass balance of total nitrogen in return flows at the Minsk wastewater treatment plant

To study the efficiency of extraction of ammonium and phosphate
ions from sludge waters, studies have been conducted on model
wastewater. The model wastewater contained ammonium and phosphate
ions in concentrations corresponding to their content in the streams of the
Minsk treatment plant. Published data were used to account for the con-
centrations of these elements in sludge waters after the introduction of
the biogas complex [19].

This study investigated three options for ammonium and phosphate
ion removal, differing in the type of reagents used: MgSO,-7H,0, partial-
ly semi-burnt dolomite, and CaO.

The results of the studies are presented in Table 2.

Analysis of the results presented in Table 2 shows that the use of
semi-burnt dolomite (700 °C) provides the most effective phosphorus
removal (over 90 %) from the model wastewater. Ammonium nitrogen
removal efficiency is also quite high (70-80 %) with this method. The use
of MgS0,-7H,0 results in lower ammonium removal (around 60 %), but
higher phosphorus removal (around 85 %). The addition of CaO provides
the lowest removal efficiency for both phosphorus and ammonium.

It is important to note that when the ratio of ammonium and phos-
phate ions in the model wastewater is changed (samples 4-6), a de-
crease in phosphorus removal efficiency is observed when using

MgS0O,-7H,0 and CaO. Meanwhile, the use of semi-burnt dolomite
(700 °C) maintains a high degree of phosphorus removal.

Samples 1-3 of the model wastewater contained ammonium nitrogen
and phosphate phosphorus in ratios similar to those found at the Minsk
Wastewater Treatment Plant. Samples 4-6 reflected the concentrations
of these substances in the digestate after anaerobic digestion.

The results from the model wastewater studies were used to select the
optimal conditions for removing nitrogen and phosphorus from the digestate
produced at the Minsk wastewater treatment plant. This digestate is the
byproduct of sludge dewatering with a prior polymer conditioning. The initial
concentrations of ammonium nitrogen and phosphate phosphorus in the
digestate were 45 mg/dm? and 131 mg/dm?, respectively.

Depending on the type and concentration of reagents, the removal
efficiency of ammonium nitrogen varied from 37.7 % to 96.6 %, and
phosphate phosphorus from 57.1 % to 99.5 %. Increasing the nitrogen
removal efficiency was achieved by adding phosphate to concentrations
stoichiometrically appropriate for the formation of magnesium ammonium
phosphate. Nitrogen and phosphorus were removed as a part of the
sludge, separated from the sludge water by settling for 30 minutes after
reagent addition and mixing.
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Currently, a reconstruction project is underway at the Minsk
Wastewater Treatment Plant. This project aims to increase the depth of
dephosphorization/denitrification and construct an anaerobic digestion
sludge treatment block. The project will be implemented in stages over 5—
6 years [20].

Table 2 — Results of studies on model wastewater

Given this, a crucial task for the Minsk Wastewater Treatment Plant
is now ensuring nitrogen and phosphorus removal from the sludge water.
This will not only improve the overall treatment efficiency for these com-
pounds but also create a valuable fertilizer.

Ammonium ion Phosphate phos-
Model Reagents concentration Removal phorus concentra- Removal pH
water No. 9 (mg/dm3) efficiency (%) tion (mg/dm3) efficiency (%)

before after before after before after

MgS04:7TH20 16,4 59 21,8 85,5 94 94

1 semi-burnt dolomite (700 °C) 40 4,27 89,3 150 1,61 98,9 7.2 9,6
Ca0 28,2 29,5 11,9 92,1 7.2 85
MgS04-7TH.0 5,78 89,4 40,2 79,9 10,4 9,9

2 semi-burnt dolomite (750 °C) 50 8,47 78,1 200 7,68 912 Z)g gg
Ca0 41,2 17,6 50,9 74,6 7.2 8
MgSOs-7H.0 16,2 73 474 81,0 9,76 9,5

3| semi-bumt dolomite (700°C) | 60 18,3 645 250 | 243 853 11 52
Ca0 43,1 28,2 38,8 84,8 71 8,0
MgS04:7TH20 255 60,2 6,2 98,3 9,7 9,5
4 | semi-bumtdolomite (700°C) | 640 351 402 370 | 104 047 gg 881956
Ca0 568 11,3 139 62,5 6,3 7.7
MgS04:7TH20 221 59,1 19,9 93,8 9,54 9,54
5 semi-burnt dolomite (700 °C) 540 125 71,8 320 3 94,1 69‘956 99556
Ca0 521 35 101 68,5 6,93 79
MgS04:7TH20 289 61 7,32 98,3 9,45 9,4
6 semi-burnt dolomite (700 °C) 740 2,6 95,6 420 3,41 95,2 ?082 1?2
Ca0 517 30,1 12 71 675 | 78

Conclusion 4. Zalyotova, N. A. Osobennosti himicheskogo udaleniya fosfora pri

This study confirmed the effectiveness of removing nitrogen and
phosphorus compounds from wastewater treatment plant sludge water
using semi-burnt dolomite and MgSO4-7H20.

The efficiency of ammonium nitrogen and phosphate phosphorus
removal depends on several factors, including pH, the initial nitrogen-to-
phosphorus ratio in the water, and the type of reagents used. The best
results for simultaneous nitrogen and phosphorus removal from the Minsk
Wastewater Treatment Plant digestate were achieved using an additional
phosphate source (NaH2POx).

Using this nitrogen and phosphorus removal process from the Minsk
Wastewater Treatment Plant digestate, up to 0.26 tons of total phospho-
rus and up to 0.19 tons of total nitrogen per day can be recovered as a
phosphorus- and nitrogen-containing fertilizer (up to 2 tons total).

When removing nitrogen and phosphorus from the digestate of di-
gested sludge, up to 1.672 tons of total phosphorus and up to 2 tons of
total nitrogen per day can be recovered as a phosphorus- and nitrogen-
containing fertilizer (up to 13 tons total).
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