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A B S T R A C T   

N- and P-nutrient contamination is recognised as one of the key factors that reduces the quality of water. In this 
context, a new water purification installation was set up in the Turawa reservoir (district Opole, Poland). The 
process involves ion exchange columns operated in twin configuration: once one column filtrates water, the 
second one regenerates. The installation design is modular, and the devices are placed in a container station. This 
enables efficient water purification in various locations and further offers scalability. The research focused on the 
design and optimization of the installation, as well as environmental assessment of how the installation influ-
enced the quality of water. This technology afforded a decrease in the concentrations of NO3

− ions, suggesting an 
apparent selectivity. The removal of NO3

− reached 97 % and was maintained for over 100 m3 of purified water. In 
turn, the removal of PO4

3− was not effective; however, the collected data allowed the installation design to be 
adjusted such that the cascade arrangement of ion exchange columns can be considered. The technology was 
assessed over all four seasons in the two-year test period (2020− 2021). This revealed that environmental factors, 
such as season, air temperature, wind, and relative humidity, influence the operation of the installation. The 
installation functions optimally in spring with an average air temperature of 11–20 ◦C, high relative humidity of 
90–100 %, and an average wind speed of 2 m/ s. The implementation of the technique could easily broaden the 
perspectives of Earth’s water preservation and sustainability.   

1. Introduction 

The environmental burden arising from the excessive use of fertil-
isers and nutrient contamination is acknowledged by the United States 
Environmental Protection Agency (EPA) and the European Union (EU) 

as a part of the major challenges of water preservation and sustainability 
[58–61]. Preservation and purification of retention reservoirs and lakes 
are potential solutions to these challenges. These can be implemented 
using flood management plans [1], and are recognised as key tools for 
maintaining and increasing freshwater resources [2,3]. Unfortunately, 

Abbreviations: PO, charge pump; FL, mechanical filter; F2, ion exchange column 1; F3, ion exchange column 2; ZZR, regenerant container; ZP, effluent container; 
S1, season 1, spring; S2, season 2, summer; S3, season 3, autumn; S4, season 4, winter; TKN, total Kjeldahl nitrogen; ON, organic nitrogen; TN, total nitrogen; TP, 
total phosphorus; DO, dissolved oxygen; BOD5, five-day biochemical oxygen demand; CODMn, chemical oxygen demand (permanganate index); TSS, total suspended 
solids; TDS, dissolved substances; EC, electrical conductivity; ATR-FTIR, attenuated total reflectance Fourier transform infrared spectroscopy; SEM, scanning electron 
microscopy; EDX, energy dispersive X-ray analyser; AT_L, low air temperature (0–10 ◦C); AT_M, medium air temperature (11–20 ◦C); AT_H, high air temperature 
(21–30 ◦C); WS_II, wind speed 2 m/s; WS_III, wind speed 3 m/s; Side_Inlet, inlet to the installation; Side_outlet, outlet from the installation; RH_S, small relative 
humidity (RH < 50 %); RH_M, medium relative humidity (51–89 %); RH_B, big relative humidity (90–100 %); NO3–N, nitrate nitrogen; NO2–N, nitrite nitrogen; 
NH4–N, ammonium nitrogen; PO4–P, phosphate phosphorus. 
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these water bodies are easily contaminated by the agroindustry [2,3]. 
Therefore, these policies put considerable pressure on accelerating the 
reduction of nutrient pollution by scaling effective strategies [4]. 

Among different factors, such as the production of energy and 
various goods [5,6], increasing food production and food production 
rates are recognised as key factors that sustain the growing human 
population [7]. To achieve increased food production and food pro-
duction rates, inorganic fertilisers mainly composed of nutrients based 
on N and P elements have emerged as the basis of modern agricultural 
strategies [8]. Mineral compounds providing nutrients in the form of 
NO3

− and PO4
3− easily decompose in soil, and what is recognised as an 

advantage in terms of plant nourishment can also result in surface and 
ground water pollution [9,10]. In this context, fertilisers (often linked 
with their overuse) constitute the main source of N- and P-based nutrient 
contamination; N- and P-nutrient contamination is recognised as one of 
the key factors that reduces the quality of water [8–10]. The problem is 
critical, because increasing food production affects all parts of the globe, 
including well-developed or highly populated areas and developing 
areas. The resultant water contamination poses a severe threat to society 
[9,11–13]. 

N contamination caused by NO3
− can damage O2 transport in human 

organisms [14,15]. NO3
− in drinking water causes methemoglobinemia, 

diabetes, cancer, reproductive defects, and thyroid disease [11,14,15]. 
Furthermore, both NO3

− and PO4
3− are recognised as the main cause of 

eutrophication of surface waters, leading to biodiversity loss and 
excessive greenhouse gas emissions [16–21] Thus, there has been 
extensive research has been devoted to the development of different 
methods for nutrient removal from water bodies. These include 
adsorption processes on different materials [22,23], such as clays, car-
bons, hydroxides, zeolites, chitosan, and most recently, a set of clays 
[22–24], which have already been used for the removal of NO3

− . 
Adsorption processes have also been used extensively for the removal of 
PO4

3− . To date, various polymers [25], carbons [26], oxides, hydroxides 
[27], and composites [28] have been used. However, other techniques 
have been rarely reported, and include i.a. electrocoagulation processes 
for the removal of NO3

− [29] and PO4
3− [30]. In addition, a set of bio- 

based methods [31–33] and capacitive deionisation, have been 
applied for the removal of NO3

− [34]. 
One of the technologies that can achieve this goal is ion exchange- 

based technology. Ion exchange offers selectivity towards the species 
of nutrients. Moreover, compared with membrane (such as reverse 
osmosis) and adsorption processes, ion exchange operational costs are 
much lower and do not require the disposal of a spent adsorbent ma-
terial [22]. The literature provides examples of bio-aided ion exchange 
technologies that have been applied to decrease NO3

− concentration in 
groundwater [35]. This also includes a pilot-scale setting implemented 
in the United States in the early 1990s [35,36]. However, the application 
of ion exchange technology is limited as it increases complications with 
the treatment of regenerants, which volumes and composition may be a 
real problem [22]. Moreover, the literature shows that no ion exchange 
technology has been applied to the treatment of surface waters. 

The aim of this study was to improve water quality in pumping 
station reservoir located in agricultural catchment areas. It was done by 
developing and implementing a new full-scale ion exchange-based 
technology for the purification of nutrient contamination. In the 
context of above-mentioned advantages, we hypothesize, that the 
development of new technology may be a real solution for the nutrient 
contamination observed in retention reservoirs all around the world. In 
respect to other techniques, it could not only be appealing from eco-
nomic point of view, but also may offer implementing installations in 
areas with limited access to facilities. For implementing the technology, 
the Turawa reservoir catchment (Opole Province, Poland) was selected 
as the installation location. This water reservoir perfectly reflects the 
challenges that prevail globally, because it is localised in the catchment 
areas of extensive agriculture. The location implies that there is an 
increased concentration of organic and inorganic compounds of N- and 

P-nutrient species, which leads to the deterioration of the water quality, 
and increased eutrophication, and silting. 

The implemented technology is characterized by a modular design, 
in which strong base anion exchange resin (SBA), was packed into a set 
of 0.2-m3 columns, which were further put in a container station (2 ion 
exchange columns in a container). Such an idea makes the installation 
easily scalable (by adding columns or whole container modules), and 
allows to set the installation in hard-to-reach areas with limited access to 
utilities (each container is a self-sufficient unit). Within the research, 
SBA PA202 resin was used as the core of the technology. This well 
established commercial product has been already recognised as selective 
towards NO3

− species and as such it was hypothesized, that it will be 
possible to optimize process parameters to make the resin remove other 
nutrient species as well. Hence, within the implementation we focused 
on optimizing the bed capacity of the resin for the removal of NO3

− , and 
PO4

3− , originating from agricultural catchment areas and water reservoir 
sediments as well as SO4

2− present in water reservoir. Optimizing the bed 
capacity was particularly important for implementing the technology for 
two major reasons. First, the “field” concept excluded any access to fa-
cilities like waterworks and sewers; therefore, all the effluents would 
have to be collected and transported to a sewage treatment plant. Sec-
ond, treatments of regeneration effluents consisting of brines is a major 
technological problem, that involves expensive membrane or thermal 
processes. In this context in this study, time interval between the 
regeneration of the ion exchange bed was extended, and the reduction of 
the volume of the column effluents was achieved. This further resulted 
in the optimal operational and economic process parameters. Finally, 
the optimised technology was implemented, and the installation envi-
ronmental impact was assessed over 1-year period. Within this 
approach, mechanisms of nutrient release and removal were linked and 
optimised towards tested environmental factors, such as season, air 
temperature, wind, and relative humidity. 

2. Experimental 

2.1. Materials and instrumentation 

Pure PA202 resin was supplied by Pure Resin Co. Ltd. (Zhejiang, 
China) in a swollen hydrochloride form and was used as received. 
Table 1 lists the characteristics of the resin provided by the supplier. 

The reagents for the analysis of NO3
− , PO4

3− and SO4
2− concentrations, 

i.e. sodium salicylate, sodium potassium tartrate, sulfuric acid, molybdic 
acid, ascorbic acid, standard for the determination of nitrates and 
phosphates, barium chloride, ammonium chloride, hydrochloric acid, 
and methyl orange, were purchased from ARCHEM Sp. z o.o., Alchem 
Grupa Sp. z o.o. (Torun, Poland). Analytical-grade reagents (or better) 
and redistilled water were used for the analysis. The on-site research was 
performed using accessible water (from reservoir). 

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) 
spectra were acquired using a Jasco FT-IR 4700 instrument (MD, USA) 
equipped with a diamond ATR module. The spectra were recorded at a 
resolution of 4 cm− 1 by applying 64 scans. Scanning electron micro-
scopy (SEM) images were captured using an EVO LS15 Zeiss microscope 
equipped with an energy-dispersive X-Ray analyser. The spectrophoto-
metric analysis of nutrients was performed using a Thermo Scientific 

Table 1 
Characteristics of macroporous PA202 resin (Pure PA202 resin datasheet) [63].  

Matrix Styrene-co-divinylbenzene 

Functionality R–N+–R3 Cl−

Sphericity Min 95 % 
Size range 16–50 mesh 
Water retention in Cl− form 52–56 % 
Total exchange capacity 1.0 eq. L− 1 

pH range 0–14  

P. Cyganowski et al.                                                                                                                                                                                                                            



Journal of Water Process Engineering 59 (2024) 104959

3

Evolution 220 UV–Visible Spectrophotometer (MA, USA). 

2.2. Turawa retention reservoir characteristics 

The Turawa reservoir is one of Poland’s most important basins of this 
type. It is located at the 18th km of the river Mała Panew and its water 
content is released into the river Odra. Fig. 1 shows the location and 
topography of the basin. The reservoir is 5 km in length and 2.5–4 km in 
width; it covers an area of 20.8 km2 and has a 106.2 hm3 capacity. On its 
western side, the basin is enclosed by an earthy dam (6 km in length; 13 
m in height), which houses a pressure relief system and a hydroelectric 
power station. 

The reservoir Turawa has not been cleaned since its launch, and 
during that time, it collected nutrient contaminants coming down the 
stream of the Mała Panew catchments. The nitrate nitrogen and phos-
phate phosphorus water pollution of the Turawa reservoir is the result of 
agricultural activities [37–42]. Additionally, in the past, reservoirs 
experienced a high discharge of household pollutants. This significantly 
worsened the water quality over the years, and the water quality was 
negatively affected by the 1997 flood. In the context of nutrient con-
taminants, the installation was set up in a catchment area after identi-
fying the streams of effluent from the fields (Fig. 1, red dot) located near 
Szczedrzyk village. This location was selected because the watercourse 
flowing into the Szczedrzyk pumping station contains high concentra-
tions of nitrate nitrogen and phosphate phosphorus. These waters are 
collected in the catchment area’s storage tank (Fig. 1) and pumped 
directly to the Turawa reservoir, which results in the water quality 
deteriorating. Table 2 displays the average nutrient contaminant con-
centrations determined in the installation in the period–2020–2021. 

The values displayed in Table 2 confirm a significant deterioration in 
water quality. The concentrations of nitrate nitrogen and phosphate 
phosphorus are calculated as the average seasonal concentration values, 
where season 1 (S1) is spring, season 2 (S2) is summer, season 3 (S3) is 
autumn and season 4 (S4) is winter. The colours indicate water quality 
classes in accordance with Polish law. Blue indicates class I water 
quality, and green indicates class II water quality. In the two year study 
period, nitrate nitrogen concentrations in S1–S4 of 2020 and S1 of 2021 
were above class I of water quality defined in accordance with Polish 
regulations (Table 2) [62]. The range of nitrate nitrogen concentrations 
in the study period 2020–2021 ranged from 0.75 to 4.03 mg L− 1 

(Table 2). Phosphate phosphorus concentrations exceeded class I water 
quality in S2 in 2020 and in S1–S2 in 2021 [62]. The range of phosphate 
phosphorus concentrations in the study period 2020–2021 ranged from 
0.02 to 0.12 mg L− 1 (Table 2). In this context, the Turawa reservoir can 
serve as an example of surface waters occurring globally; hence, 
implementing a successful technology for its purification could broaden 
the perspectives of Earth’s water preservation and sustainability. 

2.3. Ion exchange technology and installation 

The installation was set up in the form of container stations equipped 
with ion exchange columns and the necessary equipment, which will be 
described further in this section. Fig. 2 displays photographs of the 
installation set up in the Szczedrzyk catchment area. Fig. 3 shows the 
design of the installation operation. 

In general, the installation design involved a twin configuration of 
the water purification station. This implies that the container station 
contained one pair of ion exchange columns. While one of them was 
involved in water purification, the second was regenerated and vice 
versa. Additionally, a mechanical filter (3rd column filled with sand, 
denoted as F1 in Fig. 3) was applied as a pre-filter before introducing 
water onto the ion exchange columns. 

The operation of the setting begins with the collection of raw water 
through a suction filter (perforated tube with a diameter of 10 cm and 
length of 50 cm, F1, Fig. 3). The water was then transported through a 
pipe (4 cm in diameter) using a suction pump controlled by an inverter 
(PO, Fig. 3) and introduced into a mechanical filtration column (quartz 
sand gravel bed, F1, Fig. 3). Thereafter, the pre-filtered water was 
introduced onto an anion exchange resin bed packed into 200 L columns 
set in twin mode, as described above. Each of the ion exchange columns 
(F2/F3, Fig. 3) was equipped with a control head, RX116A3 (RX, 
Poland), responsible for the automatic control of the filtration and 
regeneration processes. After purification, the processed water was 
transferred to the reservoir. Each ion exchange column was equipped 
with separate containers for the regenerant (ZZR, Fig. 3). 

Resin regeneration was performed after the resin capacity (deter-
mined by breakthrough curves) was exhausted. This was performed in 
the following manner. First, the resin bed was backwashed using water 
from reservoir, at a flow rate of 49.2 L min− 1. Second, in the container 
denoted as ZZR (Fig. 3) a 75 dm3 of saturated NaCl brine was prepared. 

Fig. 1. Location and topography of Turawa reservoir. Red dot denotes location of ion exchange installation. Maps acquired from HERE WeGo and Geoportal.gov.pl. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Seasonal average nutrient contaminant con-
centrations (mg L− 1) in installation setting 
located in Szczedrzyk catchment area in 
2020–2021. 

Season (S1-S4)* NO3-N PO4-P
S1 of 2020 2.47 0.06

S2 of 2020 2.98 0.10

S3 of 2020 2.34 0.02

S4 of 2020 3.42 0.02

S1 of 2021 4.03 0.12

S2 of 2021 1.12 0.08

S3 of 2021 0.75 0.03

S4 of 2021 1.80 0.06

*S1-spring; S2-summer; S3-autumn; S4-winter

Water quality (according to Polish regulations): 

blue-class I; green-class II
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The prepared solution was collected in a Venturi tube into a column 
head (Fig. 3), where the brine was diluted approximately twice and 
passed through the column at a rate of 1.89 L min− 1. This resulted in the 
passage of 1 BVs of the regenerating solution through the column, which 
was collected in a 1 m3 pallet mauser-type container (Fig. 2, ZP in 
Fig. 3), and utilised in sewage treatment plant. Third, the resin bed was 
backwashed again. The prepared resin was used in the next cycle of 
purification. 

Other considerations:  

a. Joints between columns were equipped with check and shut-off 
valves  

b. Both the mechanical filtration and ion exchange columns were 
equipped with a three-way valve to control the filtration and 
regeneration steps of the process.  

c. Both the filtration and regeneration processes were performed in a 
counterflow. A backwash was applied between the processes.  

d. The regeneration of the mechanical filter involved a sand-bed 
backwash using raw water. The effluent was returned to the reten-
tion reservoir.  

e. The outflow from the ion exchange column was measured with a 
water metre to determine the actual installation performance.  

f. Water circulation in the entire installation was driven by a pump 
with a nominal capacity of 10 m3. One pair of ion exchange columns 
worked with a capacity of 5 m3 h− 1 and the full capacity of the pumps 
was used only during regeneration.  

g. The installation works under a pressure of 3.5 bar (the pressure 
sensor and pressure equalisation tank are located directly behind the 
pump).  

h. All columns had a volume of 200 L and were filled to approximately 
70 % of their capacity.  

i. The bottom of the ion exchange columns contained approximately 
20 L of gravel and 140 L of ion exchange resin.  

j. All elements of the installation were connected with plastic pipes 
with a diameter of 40 mm.  

k. The installation works in continuous mode (24 h a day, 7 d a week) 

Within the described design, the water purification technology could 
be easily expanded by setting up additional container stations that could 
readily increase the water purification efficiency and be installed at 
various locations around the retention reservoirs. 

2.4. Optimisation of nutrient sorption and water purification 

The purification process was optimised at the location Szczedrzyk 
(Fig. 1) under the actual operating conditions of the installation. Opti-
misation was performed with NO3

− and PO4
3− ions as representative N- 

and P-bearing nutrients. Additionally, although SO4
2− ions occur natu-

rally in water, their concentrations are also considered in terms of water 
purification process parameters. Optimisation was performed by draw-
ing breakthrough curves of an anion exchange column (Fig. 2), 
expressed as (1): 

Fig. 2. Photographs of container station set in the Szczedrzyk catchment area.  
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Ce

C0
= f (BVs), (1)  

where Ce and C0 are the concentrations (mg L− 1) of NO3
− , PO4

3− and SO4
2−

at the outflow of the column and in the feed water before purification, 
respectively. In turn, BVs is the volume of purified water expressed as 
the number of resin bed volumes (0.14 m3). Because the optimisation 
was performed under the actual conditions of the installation operation, 
the concentrations of the nutrients in the feed water changed over time. 
Thus, data were collected in the following manner. Samples of raw water 
were collected every 1 h of the process duration before entering the 
column, while the samples of the column outflow were collected every 
15 min of the process duration. This corresponds to 5 and 1.25 m3 of 
passed water, respectively. The ratio of Ce/C0 was calculated using Ce 
and C0 values collected in the same sets of samplings. This allowed us to 
consider the estimated C0 value that passed through the column. The 
process was performed until equilibrium of Ce/C0 was achieved. The 
collected data points were then fitted using a sigmoidal function. The 
working capacities of the resin were calculated by integrating the area 
above the breakthrough curves [43] using Origin Pro 2021 software. 

2.5. Methodology of environmental research 

The research site was located in the Turawa catchment reservoir at 
the pumping station in Szczedrzyk. For the installation located in the 
reservoir area, two sampling sites were established: (1) inlet of water at 
the Szczedrzyk pumping station that is transferred to the installation 
(inlet), and (2) outlet of the treated water that is transferred from the 

installation to the Szczedrzyk pumping station reservoir (outlet). During 
the entire research period, the anion exchange column at the installation 
was not replaced. It was assumed that it would be optimal to conduct 
research and evaluate the selected physicochemical parameters over a 
period of two years. The sample points for the concentrations of nitrate 
nitrogen (NO3–N), nitrite nitrogen (NO2–N), ammonium nitrogen 
(NH4–N), total Kjeldahl nitrogen (TKN), organic nitrogen (ON), total 
nitrogen (TN), phosphate phosphorus (PO4–P), total phosphorus (TP), 
dissolved oxygen (DO), five-day biochemical oxygen demand (BOD5), 
chemical oxygen demand (CODMn), total suspended solids (TSS), and 
dissolved substances (TDS) were collected from the edge of the storage 
tank of the pumping station using scoops (water from the littoral zone 
and water within the tested installation). The electrical conductivity of 
water (EC) and the pH were measured in situ. Water samples were not 
taken while the pumping station was running, during periods of tech-
nological breaks and power outages, and when the reservoir was frozen. 
Samples from the period 2020–2021 are presented in the environmental 
studies. Water samples were collected considering the randomness and 
seasonality of the tests, especially the cyanobacteria blooms occurring 
during reservoir freezing. A total of 202 water samples were taken in 
August and November to reveal the efficacy of the installation operation 
when the cyanobacteria bloom was the largest and after the vegetation 
period. Consequently, water samples were mainly taken in the months of 
March and May (2021), June and August, and September and November 
to reveal the effectiveness of the installation in spring, summer, and 
autumn, respectively. 

Table 3 presents the methodologies used to test the selected physi-
cochemical indicators, standards, limits of quantification, and detection 

Fig. 3. Water purification installation scheme.  
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of the tested indicators. 
The influence of seasonal changes and meteorological parameters on 

the physicochemical parameters determined at the inlet and outlet, 
including the concentrations of NO3–N and PO4–P, was investigated 
using redundancy analysis (RDA). The descriptors were transformed to 
meet the assumptions of RDA normality, except precipitation (P), wind 
speed (WS), wind direction (WD), air temperature (AT), and relative 
humidity (RH). The predictor variables were significant at p ≤ 0.05, as 
determined by the Monte Carlo permutation method (1000 
permutations). 

3. Results and discussion 

3.1. Anion exchange resin characteristics 

The SBA resin used in the installation exhibited the characteristics 
provided by the supplier which are displayed in Table 1. The 
morphology was assessed and confirmed using SEM/EDX; the corre-
sponding photomicrographs and elemental compositions are shown in 
Fig. 4. The EDX spectrum is shown in Supplementary Fig. S1. 

As shown in Fig. 4, the morphology of the PA202 resin is uniformly 
spherical with no crushed pearls (Fig. 4A). The diameters of the polymer 
beads range from 0.4 to 1 mm (Fig. 4A-C). The surface is mainly smooth 
(Fig. 4B,C), with some visible inclusions. This can be linked to the 
presence of Na and Ca detected by EDX analysis (Fig. 4D, Fig. S1). The 
Na and Ca can originate from NaCl or CaCl2 as these compounds are 
usually used for saturates the water phase applied during suspension 
polymerisation [44]. In addition, the EDX analysis confirms the presence 
of C, which is the major component in the material (Fig. 4D). This 
element originates from the polymer itself. The analysis also indicates 
the presence of O, which could originate from the hydrolysed -CH2Cl 
groups present in the polymeric matrix or from –OH groups that could be 
present in the matrix itself or in the structure of the resin functionalities 
[44]. Because the EDX is not sufficient to confirm the presence of N [64], 
which could indicate the amino functionalities declared by the supplier, 
the chemical structure of the PA202 resin was additionally confirmed by 
performing ATR-FTIR measurements and analysis of the obtained 

Table 3 
List of standards and research methodology.  

Pollution 
indicatora 

Methodology Standard Limits of 
quantification 

Detection 
limits 

NO3–N Spectrophotometric 
method 

PN-82C- 
04576/08 

0,05 mg L− 1 0,007 mg 
L− 1 

NO2–N Spectrophotometric 
method 

PN-EN 
26777:1999 

0,001 mg L− 1 0,0003 
mg L− 1 

NH4–N Spectrophotometric 
method 

PN-ISO 
7150:2002 

0,01 mg L− 1 0,003 mg 
L− 1 

TKN Specific method PN-EN 
25663:2001 

0,01 mg L− 1 0,003 mg 
L− 1 

PO4–P Spectrophotometric 
method with 
ammonium 
molybdate 

PN-ISO 
6878:2006 

0,01 mg L− 1 0,005 mg 
L− 1 

TP Spectrophotometric 
method with 
ammonium 
molybdate 
(mineralisation with 
HNO3 i H2SO4) 

PN-EN 
1189-2000 
PN-EN ISO 
6878:2006 

0,01 mg L− 1 0,005 mg 
L− 1 

DO Iodometric method ISO 
5813:1983 

0,5 mg L− 1 0,1 mg 
L− 1 

BOD5 Specific method PN-EN 
1899- 
1:2002 

0,5 mg L− 1 0,1 mg 
L− 1 

CODMn Specific method PN-EN ISO 
8467:2001 

0,5 mg L− 1 0,2 mg 
L− 1 

TSS Weight method PN-EN 
872:2007 

5 mg L− 1 < 5 mg 
L− 1 

TDS Calculation method PN-C- 
04616/01 

5 mg L− 1 < 5 mg 
L− 1 

pH Potentiometric 
method 

PN-90/C- 
04540.01 

1,0–12,0 0–14 

EC Conductometric 
method 

PN-EN 
27888:1999 

2 μS cm− 1 < 2 μS 
cm− 1  

a NO3–N: nitrate nitrogen; NO2–N: nitrite nitrogen; NH4–N: ammonium ni-
trogen; TKN: total Kjeldahl nitrogen; ON: organic nitrogen; TN: total nitrogen; 
PO4–P: phosphate phosphorus; TP: total phosphorus; DO: dissolved oxygen; 
BOD5: five-day biochemical oxygen demand; CODMn: chemical oxygen demand 
(permanganate index); TSS: total suspended solids; TDS: dissolved substances; 
EC: electrical conductivity 

Fig. 4. SEM analysis of unused Pure PA202 resin. (A-C) SEM photomicrographs, (D) elemental composition obtained from the EDX spectrum. EDX spectrum is 
provided in supplementary materials as Fig. S1. 
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spectra. The results are shown in Fig. 5. 
Based on the spectra, multiple functional groups and structural ele-

ments of the measured samples could be identified. The band at 677 
cm− 1 can be attributed to the chloromethylene group (–CH2Cl) [45]. 
Slightly higher, at 786 cm− 1 we observe an aliphatic backbone scissoring 
(–CH2) band. Three bands (1394, 1454, 1633 cm− 1, respectively) sug-
gest the presence of conjugated = C–C = bonding in the analysed resin. 
A similar band alignment in this region was observed for S-co-DVB in a 
previously reported study [46]. Two peaks are recognised in the upper 
wavelength region (2984 and 2920 cm− 1); the former can be assigned to 
pendant ethylbenzene group stretching, while the latter indicates an 
aliphatic C–H stretching mode [47]. The high-intensity band located at 
3356 cm− 1 can be assigned to –OH stretching (derived from hydrolysed 
–CH2Cl groups) as well as N–H deformation vibrations in the primary 
and secondary amines [48]. Although FT-IR is not sufficient for deter-
mining the structure of the functionalities present in the PA202 resin, 
the recorded spectrum shows a series of N–H and C–N vibrations at 
1610, 1176, and 1145 cm− 1, respectively (Fig. 5). These results suggest 
that the anion exchange resin is loaded with amino moieties; thus, the 
water purification process may depend on anion exchange on the amino 
functionalities. For guidance, the anticipated reactions are provided in 
the supplementary information in Figs. S2-S4. 

3.2. Process optimisation 

The process parameters were optimised by plotting the breakdown 
curves of the ion exchange column under actual operating conditions at 
the Szczedzrzyk location. The breakthrough curves presented in Fig. 6 
express the ratio of the equilibrium and initial concentrations (Ce/C0) of 
the removed nutrients as a function of the number of bed volumes (BVs). 
During the sampling period, the mean concentrations of the analytes in 
the treated water were 13.2 ± 2.88 mg NO3

− L− 1, 86.2 ± 20.36 mg SO4
2−

L− 1, and 0.12 ± 0.015 mg PO4
3− L− 1. 

The determined breakthrough curves of the column (Fig. 6) show 
that the PA202 resin is selective for NO3

− ions. The removal efficiency 
thereof was 93–100 % (Ce/C0≈0) during water filtration to 560 BVs 
(approximately 100 m3 of filtered water). Subsequently, a column 
breakthrough occurred. This was observed by the gradual increase in the 
shape of the NO3

− equilibrium concentration in the Ce/C0 expression 
(Fig. 6). In this area (BVs > 560), nitrate removal efficiencies of 60, 50, 
20 %, and 7 % are observed for BVs of 730, 843, 916, and 1010, 
respectively, corresponding to 130, 150, 163, and 180 m3 of filtered 
water, respectively. The complete breakthrough of the column, in which 
the equilibrium concentration of NO3

− is brought into line with its initial 
concentration, that is, Ce/C0 = 1 is observed at BVs = 1085, which 
corresponds to 193 m3 of filtered water. The area above the break-
through curves allows for the estimation of the maximum loading ca-
pacity of the resin bed [43]. Based on this it is estimated that the column 

Fig. 5. ATR-FT-IR spectrum of PA202 resin. Abbreviations: stretching bands (ν), scissoring band (δ), ethylbenzene group (EB).  
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removed 1779 g of NO3
− which is equal to 401.7 g of N, and 0.16 eq–NO3

−

L− 1 (the importance of these values will be discussed further in the 
manuscript). 

The efficiency of SO4
2− ion removal in the initial stage of the water 

purification process was determined to be 38–97 %. After the NO3
− ions 

broke through the column (Fig. 6), the SO4
2− removal efficiency was 

25–45 %. Fig. 6 shows the significant differences in the profiles of the 
column breakthrough curves with NO3

− and SO4
2− ions. Comparing these 

separate processes, it can be concluded that the removal of SO4
2− from 

water was less efficient than that of NO3
− . Moreover, the results for SO4

2−

removal varied widely (Fig. 6), while the NO3
− breakthrough curve was 

more uniform. This suggests that the SO4
2− needed more time to access 

the resin’s surface, and thus, it must have been susceptible to flow rate 
and concentration changes that occurred in the real conditions of the 
installation operation. As a result, the NO3

− anion was more competitive 
in accessing the functional groups. A similar observation was made for 
the removal of the PO4

3− anions. In this case, however, complete 
breakthrough of the column was observed just after 8 m3 (~57 BVs) of 
water passed (Fig. 6). After this initial puncture, the efficiency of PO4

3−

removal began to increase as NO3
− and SO4

2− adsorption decreased 
(Fig. 6). As a result, 87 % PO4

3− removal efficiency was achieved in the 
final steps of the process, ensuring the breakthrough curve appears in a 
reversed shape (Fig. 6). 

This phenomenon, i.e. gradual decrease in the Ce/C0 ratio for PO4
3−

anions, was inversely proportional to the observed breakthrough of the 
column by NO3

− and SO4
2− ions (BVs > 560, Fig. 6). This occurrence 

suggests that although the capacity of the resin towards NO3
− and SO4

2−

was exploited, it still had functionalities available for PO4
3− . This 

observation was the basis of the installation modification, which is 
described in the next paragraph. Based on the results it was concluded 
that the column with PA202 resin removed approximately 10 kg of SO4

2−

anions that was equal to 0.58 eq SO4
2− L− 1. In turn, the column removed 

11 g of PO4
3− which was equal to 3.6 g of P, and 1.8 × 10− 3 eq PO4

3− L− 1. 
The summarised gram-equivalents (eq) calculated for all the species was 
0.73 eq. L− 1 (0.16 + 0.58 + 0.0018); hence, there is indeed capacity left, 
as the maximum loading of the resin declared by the supplier is 1 eq. L− 1 

(Table 2). However, based on the profiles of the breakthrough curves 

(Fig. 6), the remaining capacity was available for PO4
3− . 

This observation is important because there are no resins on the 
market dedicated to the separation of PO4

3− . As indicated by the results, 
the resin PA202 could remove this anion after it reached equilibrium for 
NO3

− and SO4
2− adsorption. This suggests that the resin may be effective 

in the purification of PO4
3− from water however, we hypothesized that, 

to achieve this, the water should be pre-purified by removing NO3
− and 

SO4
2− . In this context, it would be beneficial to apply a cascade setting for 

installation. For this reason, we changed the configuration of the setting 
displayed in Fig. 3, i.e. we connected the ion exchange columns, denoted 
as F2 and F3, into a cascade instead of a twin connection. These results 
confirmed this hypothesis. Column F2 (Fig. 3) removed up to 100 % of 
NO3

− and 80 % of SO4
2− , leaving PO4

3− unremoved. Subsequently, pre- 
purified water was introduced into the second-in-row column F3 
(Fig. 3), where 100 % PO4

3− removal was achieved. 
In summary, based on the obtained results, it can be concluded that 

the PA202 resin prefers the loading of NO3
− over other species. There are 

interrelationships between the removal efficiencies of individual ana-
lytes. They enable further modelling of the process and alteration of the 
installation configuration, leading to maximum exploitation of the ca-
pacity of the resin. However, from an economic perspective, which in-
cludes operational costs of processes, such as effluent utilisation, 
cleaning the filters, supervision, and other service-related maintenance 
activities, exploiting the resin’s capacity to the maximum was pointless. 
Based on the breakthrough curves, considering the relationships be-
tween the removal of analytes, installation efficiency, and the above- 
mentioned economic factors, the installation was finally set with two 
columns linked in parallel (Fig. 2), with the volume of purified water set 
at 160 m3 between regeneration cycles. This allowed for the satisfactory 
removal of nutrients and guaranteed an adequate column operation time 
before regeneration was required. 

3.3. Water purification effect 

Water content was analysed before the inflow and after the outflow 
from the installation to improve its quality. The installation reduced the 
concentrations of NO3-N and PO4-P in the water of the Szczedrzyk 
pumping station’s storage tank. The installation resulted in a reduction 
in NO3-N and PO4-P concentrations in the water of the storage tank of 
the pumping station. Therefore, the proportional effects of reducing 
concentrations of NO3-N and PO4-P were determined. 

In the first series of tests, the concentration of NO3-N decreases by 97 

Fig. 6. Breakthrough curves of optimised anion exchange column. Data were 
collected in real conditions of installation operation. Ce: concentration of nu-
trients in outflow, C0: initial nutrient concentration, BVs: number of resin bed 
volumes. Average initial concentrations: 13.2 ± 2.88 mg NO3

− L− 1, 86.2 ±
20.36 mg SO4

2− L− 1, and 0.12 ± 0.015 mg PO4
3− L− 1. Data points were 

approximated using sigmoidal function using OriginPro 2021 software. 

Fig. 7. Percentage effects of reducing concentration of NO3-N and PO4-P in 
water of storage tank of pumping station at Szczedrzyk installation 
(period 2020–2021). 
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% and the concentration of PO4-P decreases by 96 % (Fig. 7). The pro-
portional effect of reducing the concentration is more pronounced for 
NO3-N than for PO4-P. In the second series, an inverse relationship is 
observed. The proportional effect of reducing the concentration is more 
evident for PO4-P (96 %) than for NO3-N (95 %). From the second to the 
fourth series, fluctuations in NO3-N and PO4-P concentrations are noted. 
However, the recorded PO4-P proportional effect of reducing the con-
centration is greater than that of NO3-N (Fig. 7). In the fourth series, the 
proportional effect of NO3-N is 70.5 % and that of PO4-P is 83 %, 
respectively (Fig. 7). In the fifth series, it is noted that the concentration 
of NO3-N decreases (the reduction efficiency of this compound decreases 
by 40 %) and the concentration of PO4-P increases (the reduction 

efficiency increases to 92 %). In the sixth and seventh series, a decrease 
in the proportional effect of reducing the concentrations of NO3-N (up to 
3 % in the seventh series) and PO4-P (up to 55 % in the seventh series) is 
observed. In the eighth series, an increase in the proportional effect of 
reducing the concentrations of NO3-N (81 %) and PO4-P (81.5 %) is 
recorded (Fig. 7). In the ninth series, the opposite phenomenon is 
observed in comparison with the fifth series: the concentration of NO3-N 
increases (the proportional effect of the reducing concentration de-
creases to 68 %) and the concentration of PO4-P decreases (the pro-
portional effect of the reducing concentration increases by 92 %). In the 
tenth series, the removal efficiencies of both the compounds decrease. 
However, an increase in the proportional effect of reducing the 

Fig. 8. RDA triplot presenting effects of environmental factors on water quality indices in storage tank of Szczedrzyk pumping station. Legend: Season_1 – spring; 
Season_2 – summer; Season_3 – autumn; Season_4 – winter; AT_L – low air temperature (0–10 ◦C), AT_M – medium air temperature (11–20 ◦C); AT_H – High air 
temperature (21–30 ◦C); WS_II –wind speed 2 m/s; WS_III – wind speed 3 m/s; Side_Inlet - inlet; Side_outlet – outlet; RH_S - small relative humidity (RH < 50 %); 
RH_M - medium relative humidity (51–89 %); RH_B - high relative humidity (90–100 %). 
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concentration of NO3-N (42 %) and a decrease in PO4-P (23 %) are 
observed (Fig. 7). 

It should be noted that the concentrations of NO3-N and PO4-P were 
determined in the waters of the storage tank of the pumping station and 
not in the waters directly discharged from the installation (tap intake). 
Thus, the water from the storage tank of the pumping station could be 
mixed with the water from the installation. 

The analysis in Fig. 7 shows that the water collected from the 
expansion tank of the pumping station is also influenced by other 
environmental factors. Seasonal changes and meteorological parameters 
were selected among the environmental factors. Redundancy analysis 
was used to explain the influence of seasonal changes and meteorolog-
ical parameters on changes in the removal efficiencies of NO3-N and 
PO4-P. This allowed us to identify the meteorological factors that played 
an important role. The indicators in the RDA analysis were seasonality 
(season), precipitation (P), air temperature (AT), wind speed and di-
rection (WS, WD), and relative humidity (RH) (Fig. 8). 

Five environmental factors: measurement site (p = 0.030), wind 
speed (p = 0.024), season (p = 0.002), air temperature (p = 0.033), and 
relative humidity (p = 0.001) significantly influenced the water quality 
parameters. 

The first two axes (RDA 1 and RDA 2) explained 52.66 % of the 
variance (30 % and 22.66 %, respectively). Among the environmental 
parameters, the season type had the greatest impact on the tested water 
quality indicator. Spring, summer, and winter (S1, S2, and S4) were 
strongly correlated with RDA 2, while autumn (S3) was correlated with 
RDA 1. In S4, the following indicators increased: ON, TKN, TDS, and TN, 
whereas in S3 and S4, the levels of NO3-N and NO2-N increased. Sea-
sonality did not affect the presence of NH4-N. Therefore, it can be 
assumed that in autumn and winter, there is an increase in the con-
centrations of organic nitrogen forms associated with the end of the 
vegetation period of the macrophytes growing on the banks of the 
reservoir. This is in line with the results obtained by Wall et al. [49] who 
reported that high denitrification occurs in shallow reservoirs, and is due 
to the high content of organic matter and nitrogen in the sediments and 
the high content of NO3-N in the reservoir water. In turn, the research by 
David et al. [50] indicated that approximately 58 % of the nitrate ni-
trogen (NO3-N) supply to Lake Shelbyville reservoir (Illinois, USA) was 
removed in spring and early summer. Denitrification, occurs at a low 
concentration of dissolved oxygen [51], in spring and summer, which 
was confirmed by these studies (Fig. 8). Thus, this would explain the 
NO3-N increase in autumn and winter. 

Seasonality is related to air temperature, the decrease of which was 
demonstrated in the autumn-winter seasons (0 ◦C ≤ AT_L ≤ 10 ◦C) and 
the increase which was noted in the summer-spring seasons (11 ◦C ≤
AT_M ≤ 20 ◦C, 21 ◦C ≤ AT_H ≤ 30 ◦C). The influence of temperature on 
water quality indicators is similar to that of seasonality, with the lower 
temperatures having a greater significance. The air temperature has a 
significant influence on the solubility of oxygen in water. The dissolved 
oxygen content decreased with increasing temperature. The resulting 
decrease in oxygen levels may increase the denitrification rate [51]. The 
in situ degradation of biomass (green algae and diatom biomass depo-
sition and death of macrophytes in autumn) may also contribute to the 
release of nitrogen forms. The decomposition of organic matter followed 
by denitrification increases the nitrogen content [52] in autumn and 
winter. 

The wind had a significant influence on pH, DO, EC, TSS, and forms 
of phosphorus (PO4-P and TP). The increase in wind speed significantly 
influenced the increase in water aeration and reduction in pH from 10 to 
8. Thus, increased wind speed (WS_III = 3 m/s) causes movement and 
oxygenation of the water and improves its quality, which is consistent 
with the research by Pompeii et al. [53]. The deterioration of water 
quality was demonstrated for the phosphorus forms, PO4-P, TP, EC, and 
TSS, the levels of which increased with increasing wind speed. In their 
study, Pompeii et al. al. [53] and Chalar and Tundisi [54] showed that 
an increase in wind speed affects the maximum re-suspension of solid 

particles and organic matter; hence, it has an impact on the growth of 
suspension in the water of the reservoir. Moreover, as reported by Huang 
et al. [55], wind-driven sediment re-suspension exerts a significant in-
fluence on the behaviour of the phosphorus compounds. The increase in 
wind speed increases the re-suspension of sediments and the release of 
phosphorus from the bottom sediments of shallow-water reservoirs. 
Research by Jindal and Wats [56] showed a correlation between 
changes in EC concentration and wind. However, these studies were 
performed in India. The influence of air and wind temperatures on the 
concentration of total phosphorus in the water of the shallow Yuqiao 
Reservoir (China) was significant in summer and autumn [57]. The 
tested factor, relative humidity, manifested in the opposite way to the 
action of wind–higher wind–lower humidity. Thus, reduced humidity 
favours higher indices of phosphorus forms and higher EC and TSS 
levels. 

Regarding the operation of the installation, it has been shown that 
the level of operation of the installation is influenced by other envi-
ronmental factors such as the season, temperature, wind, and air hu-
midity. The installation worked most optimally (considering the impact 
on nitrogen forms) in season 1 (spring, with an average air temperature 
of 11 ◦C ≤ AT_M ≤ 20 ◦C, high relative humidity–RH_B = 90–100 % and 
medium wind (WS_II = 2 m/s)). 

3.4. Challenges and future improvements 

The design process and installation have led to the development of a 
new technology for the purification of nutrient contaminants from 
water. Although the results presented here focus on the development, 
optimisation, and purification efficiency of one container station 
(Szczedrzyk, see Fig. 1), the technology is currently implemented with 
success at other stations placed around the Turawa reservoir (see Fig. 1). 
Within the implementation, it was possible to define the optimal oper-
ating conditions to maximise the interval between the regeneration of 
the ion exchange resin bed, and to determine the nutrient loading ca-
pacities. This context is particularly important, as it may allow for the 
development of a new strategy for the re-utilisation of column regen-
eration effluents. 

The water treatment and resin bed regeneration strategies were 
monitored by assessing the water purification efficiency at constant time 
intervals. For almost a year, the applied conditions and operating pa-
rameters resulted in good purification factors. However, after approxi-
mately one year of installation, we observed a significant decrease in the 
efficiency of the water purification. This observation was linked to the 
summer season, when intensified eutrophication of the water reservoir 
occurred. To determine the cause of this phenomenon, resin samples 
were collected directly from a column and subjected to SEM/EDX 
analysis. The results are shown in Fig. 9. The EDX spectrum is provided 
in the supplementary material (Fig. S2). 

After opening the column, a characteristic scent associated with the 
decomposition of organic matter was detected. As can be seen in Fig. 9, 
the morphology of PA202 after 1 year of operation is significantly 
different from that of the unused sample (Fig. 4). Based on the photo-
micrographs, it can be concluded that the observed substance covering 
the polymer grains probably blocks access to the active surface of the 
material. At this point, it should also be mentioned that after 1 year of 
operation, we did not observe excessive breaks and cracks in the resin 
grains, which suggests the high mechanical strength of the resin. Along 
with the assessment of the surface topography, the elemental composi-
tion was also analysed. As shown in Fig. 9E and compared with Fig. 4D, 
an increased share of O was observed and the presence of a number of 
metals, which were not detected in the unused sample (Fig. 4D) was 
noted. The differences in the elemental compositions suggest that the 
material observed on the surface of the resin may be a mixture of organic 
and inorganic impurities, the elemental composition of which conforms 
with the impurities present in the Turawa reservoir. It should also be 
noted that the resin obtained from the ion exchange column has a much 
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lower Cl content than the unused resin (0.59 % vs. 11.9 %). The Cl 
detected in the polymer sample may come from, i.a, the dissociated 
strongly basic amine functional groups present on the surface of the 
anion exchange resin in the form of –R4–N+Cl− . The much lower con-
centration of Cl observed in the used sample may suggest ineffective 
regeneration of the resin bed, the functional groups of which have not 
been restored to their original chloride or hydrochloric form after 
sorption of NO3

− , SO4
2− and PO4

3− ions. Another explanation could be that 
the additional contamination of the resin’s surface may be so extensive 
that it led to a decrease in the percentage concentration of all the con-
tained trace elements. This further confirmed that the surface of the 
resin was blocked. After a closer look at the installation interior, a 
similar problem was observed. Almost all filters, containers, and the 
inner part of the piping were overgrown with green-brown matter. 

The installation was cleaned mechanically because no attempts at 
resin restoration using either non-oxidative or oxidative agents were 
successful, and the resin was replaced with a new batch. Subsequently, 
the efficiency of the technology was entirely restored. However, to avoid 
future problems related to increased eutrophication, an additional UV 
filter was placed in the water inlet before installation. Currently, this 
solution is being tested. 

4. Conclusion 

In this paper, the successful implementation of a water purification 
technology is presented. The idea focuses on the application of an 
installation consisting of ion exchange columns loaded into a container 
station that can operate directly in close proximity to the retention 
reservoir. On-site research allowed the optimisation of process param-
eters for the removal of NO3

− , SO4
2− and PO4

3− reaching up to 97 % 
adsorption of NO3

− over 100 m3 of water passed through the installation. 
Although the applied resin was selective towards NO3

− , the optimisation 
of the parameters allowed for the determination of the conditions and 
effectiveness for the removal of SO4

2− and PO4
3− as well. 

The results confirmed the positive effect of technology on the quality 
of water flowing to the catchment area. A significant effect on the level 
of nitrogen compounds was observed in the case of the site factor. The 
concentrations of nitrogen compounds after treatment (Site_Outlet) 
were lower than before treatment (Site_Inlet). Additionally, treatment 
affected the oxygenation level (DO). Although the effect of water 
treatment on phosphorus compounds and BOD5 was not demonstrated, 
the optimisation allowed us to conclude that a cascade design of the 
installation allows for the removal of PO4

3− , and as such, satisfactory 
purification factors are expected. 

The design of the technology allows to easily implement it at various 
sites, even those with limited access to the facilities. In this context, 

Fig. 9. SEM analysis of Pure PA202 resin after 1 year of operation. SEM photomicrographs of (A-B) resins morphology, (C–D) resins surface closeup, (E) elemental 
composition obtained from EDX spectrum. EDX spectrum is provided in supplementary materials as Fig. S5. 
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based on the gained experiences, further works will involve altering 
composition and volume of regenerants, as their utilisation involved the 
main operation costs that the installation generated. 
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