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Abstract  
Excessive supply of biogenic substances with wastewater from industrial enterprises, in particular phosphorus, 
causes excessive eutrophication of natural water bodies, which leads to the qualitative depletion of water resources. 
The most promising method of water purification from phosphates is ion exchange. The process of sorption of 
phosphates on highly basic anionite in chloride and alkaline form is investigated in the present work. The processes 
of influence of competing anions on the efficiency of phosphate extraction were studied. It was established that the 
selectivity of the AV-17-8 anionite increases in the series of chlorides-phosphates-sulfates. It is shown that for 
regeneration of anionite in phosphate and phosphate-sulfate form it is advisable to use solutions of 10 % NH4Cl, 
15 % NaCl, 6 % Na2CO3, 7% KOH, 6 % (NH4)2SO4. Methods for extracting phosphates from regeneration solutions have 
been developed making them suitable for reuse. To create waste-free processes, a method of extracting phosphates 
from water using AV-17-8 anionite and its regeneration has been proposed, which will allow extracting phosphates 
in the form of mineral fertilizers and repeatedly using regeneration solutions. 
Keywords: anionite; phosphates; sorption; magnesium chloride; regeneration solutions; struvite. 
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Анотація 
Надмірне надходження зі стічними водами промислових підприємств біогенних речовин, зокрема фосфору, 
спричиняє надмірну евтрофікацію природних водойм, що призводить до якісного виснаження водних 
ресурсів. Найбільш перспективним методом очищення води від фосфатів є іонний обмін. У роботі досліджені 
процеси сорбції фосфатів на високоосновному аніоніті в хлоридній та лужній формах. Досліджено процеси 
впливу конкуруючих аніонів на ефективність вилучення фосфатів. Встановлено, що селективність аніоніту 
АВ-17-8 збільшується в ряду хлориди-фосфати-сульфати. Показано, що для регенерації аніоніту в фосфатній 
та фосфатно-сульфатній формах доцільно використовувати розчини 10 % NH4Cl, 15 % NaCl, 6 % Na2CO3, 7 % 
KOH, 6 % (NH4)2SO4. Розроблені методи вилучення фосфатів із регенераційних розчинів, що робить їх 
придатними для повторного використання. Для створення безвідходних процесів було запропоновано спосіб 
вилучення фосфатів із води на аніоніті АВ-17-8 та його регенерацію, що дозволить вилучати фосфати у 
вигляді мінеральних добрив та багаторазово використовувати регенераційні розчини.  
Ключові слова: аніоніт, фосфати; сорбція; хлорид магнію; регенераційні розчини; струвіт. 
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Introduction 
Surface reservoirs are the main source of water 

supply in Ukraine. The development of industry 
and urbanization lead to an increase in water con-
sumption, and finally this causes increasing the 
level of household wastewater discharge [1–3]. 

The increase in the level of phosphates in the 
environment occurs as a result of natural and 
anthropogenic factors [4–7]. 

Increasing anthropogenic load on ecosystems 
occurs as a result of the development of industry, 
agricultural industry and also the growth of the 
planet's population. Finally the discharge of 
wastewater from industrial enterprises and 
agricultural lands that use phosphate fertilizers, 
animal complexes and municipal sewage leads to 
an excessive influx of phosphates into surface and 
underground water bodies. In addition, the 
industrial production of fertilizers and detergents, 
as well as their improper use, also lead to the 
pollution of water bodies with phosphates [8, 9]. 

Weathering and dissolution of rocks containing 
orthophosphates (apatites and phosphorites) and 
their arrival on the catchment surface in the form 
of ortho-, meta-, pyro- and polyphosphate ions 
(fertilizers, surfactants, etc.), biological processing 
of animal and plant residues are the main natural 
factors of phosphorus level increase [10; 11]. 

The State Water Agency has prepared 
information about discharges of phosphates into 
surface water object as a part of return 
wastewater based on the data from the state water 
use accounting in 2019. So, in 2019, 5.708 tons of 
phosphates were dumped into water object of 
Ukraine. The largest polluter of water object is the 
housing and communal economy that makes up 
5354 tons. The industry is significantly inferior in 
this respect, however, it is still the second in the 
anti rating with 319.5 tons. They are followed by: 
agriculture –10.1tons; trade and catering – 8.3 
tons; transport – 5.1tons and health care – 4.1 tons 
[12]. 

Phosphorus compounds play a decisive part in 
the processes of photosynthesis and vital activity 
of living organisms, but their excess in the aquatic 
environment leads to eutrophication. As a result, a 
rapid development of certain types of microalgae 
takes place, which leads to a disturbance in the 
balance of aquatic ecosystems. Therefore, an 
important task is the creation of effective low-
waste technologies for water purification from 
phosphates. 

In water purification technologies from 
biogenic elements, physical, biological, chemical – 

reagent, membrane and ion exchange methods are 
most often used [13–15]. 

The use of reagent methods for further 
purification of water from phosphates allows 
removing phosphates in the form of poorly soluble 
compounds of iron, aluminum and other salts, 
which avoids forming the significant volumes of 
liquid waste. However, the development of 
methods for extracting these sediments not only 
complicates the technology of water purification, 
but also increases its cost [16; 17]. Separation of 
sediments in the process of further purification 
involves additional expenditures. Firstly, this 
needs the special reagents that would precipitate 
phosphates and, secondly, the technical 
component, as an additional line in the cleaning 
process. As a result, this means the necessity in 
additional technological equipment. 

Electrocoagulation technology has some 
drawbacks that can limit its effectiveness. For 
example, the electrodes should be replaced 
periodically, since they dissolve in the solution 
due to the oxidation process, so, it is necessary to 
select the reactor designs and the operating 
parameters of the process [18]. 

The use of the biological method is impractical 
due to the complexity of the process, the 
insufficient efficiency of removing phosphates 
from water, and the length of time it takes to 
obtain the necessary biomass for the dec-
omposition of phosphorus compounds [19–24]. 

In the case when biological indicators 
deteriorate due to changes in operating 
conditions, the adsorption method can be used in 
addition to the biological purification of water 
from phosphates. To reduce the concentration of 
phosphates in water, it is proposed to use 
phosphogypsum based on biochar? [25], synthetic 
zeolites obtained from fly ash and modified with 
lanthanum as sorbents [26]. 

It is rational to use adsorbents based on 
agricultural waste [27; 28]. They are potential 
adsorbents for the removal of phosphates from 
wastewater, but there is the need for improved 
practical application of these adsorbents on a 
commercial scale and the development of effective 
and environmentally safe modification methods 
[29]. 

Reverse osmosis filters are used in water 
purification technologies from biogenic elements. 
The process of reverse osmosis water purification 
is effective at initial concentrations of phosphates 
up to 350 mg/dm3. However, the use of expensive 
semipermeable membranes does not allow this 
process to be widely implemented. To avoid 
deposits on the membranes, it is necessary to 
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develop methods of effective pre-treatment of 
water, since this leads to a decrease in the 
performance and selectivity of the membranes 
[30–32]. The formation of concentrates is one of 
the significant disadvantages of reverse osmosis, 
because it is quite difficult to dispose of them [33–
35]. While removing phosphate ions in the form of 
an insoluble precipitate from concentrates, high 
concentrations of pollutants (ammonium, 
chlorides and other ions) remain in the solution, 
so the issue of processing these solutions before 
discharge into the sewer remains unresolved. 

The ion exchange method is less energy-
consuming, it does not require high-quality pre-
treatment of water, and it does not lead to the 
formation of concentrates that must be disposed 
of. These are advantages in comparison to reverse 
osmosis methods. In addition, ion exchange 
installations are much cheaper compared to 
reverse osmosis [36–38]. While using the ion 
exchange method during purifying water from 
phosphates, these ions can be removed from the 
solution, and it is expedient to obtain liquid 
fertilizers or other useful products from 
regeneration solutions [39–42]. The reuse of 
purified eluates allows reducing water 
purification costs and switching to low-waste 
technologies. 

The global food security is a priority for the 
future development agenda of the United Nations. 

It is imperative that any politics at the 
international, national and local levels aimed at 
achieving food security and protecting aquatic 
ecosystems include measures to address key 
sustainability issues for the global phosphorus 
fertilizer resource [43]. 

The present paper reviews the state-of-the-art 
of nutrient recovery, focusing on frontier 
technological advances and also economic and 
environmental innovation perspectives [44]. 

Although full-scale P recovery methods are 
technologically feasible, economic feasibility, 
legislation and national politics are the main 
reasons why these methods are not yet used 
worldwide [45]. 

Therefore, this work is aimed at creating low-
waste phosphorus extraction technologies for its 
further use. 

Thus, it should be noted that the rationality of 
the ion method is a novelty since this leads to 
minimal economic costs and waste-free 
production. After water purification all spent 
eluates do not need to be disposed of, wasting 
economic and energy resources, but they are sent 
to receive useful fertilizers. 
 

Materials and methods 
Model solutions were used to study the ion 
exchange removal of phosphates, the 
characteristics of which are presented in the 
Table 1. 

 

Table 1 
Characteristics of model solutions 

Solution Water type 
C(PO43-), 
mg/dm3 

H, mg-
eq/ dm3 

C(SO42-), 
mg/dm3 

C(Cl-), 
mg/dm3 

Form АV-17-8 

1 Distilled water 95 – – – Cl- 
2 Tap water 95 3.7 36.0 11.8 Cl- 
3 Tap water 105 3.7 60.0 28.0 Cl- 
4 Tap water 115 3.7 96.0 35.0 Cl- 
5 Distilled water 95 – – – ОН- 
6 Tap water 95 3.7 60.0 28.0 ОН- 

 

Extraction of phosphates from water was 
carried out on AV-17-8 anionite in Cl- (solutions 1 
– 4) and OH- form (solutions 5, 6). 

During sorption, samples with a volume of 
1000 cm3 were taken, while the consumption of 
working solutions was 10–15 cm3/min. The 
content of phosphates, nitrates, chlorides, sulfates, 
alkalinity and pH of the medium were determined 
in the samples. 

During regeneration, samples with a volume of 
20 cm3 were taken, while the flow rate of 
regeneration solutions was 5 cm3/min. 10 % 
ammonium chloride solution, 15 % sodium 
chloride solution, 6 % sodium and ammonium 
sulfate solutions, and 7 % potassium hydroxide 

solution were used to regenerate AV-17-8 
anionite. While regenerating ionite with solutions 
of NH4Cl, NaCl, (NH4)2SO4, the content of 
phosphates, chlorides or sulfates was controlled, 
and while regenerating anionite with hydroxide 
and soda, the alkalinity of the solution, pH, and 
phosphate concentration were controlled. 

The exchange dynamic capacity before leakage 
(DEC), the total exchange dynamic capacity 
(TDEC), and the degree of regeneration (A) of 
ionite were calculated. 

Precipitation of phosphate ions with 
magnesium chloride was carried out in containers 
with a volume of 250 cm3 from the spent 
regeneration solutions based on ammonium 
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chloride. At the same time, phosphates were 
deposited in the form of struvite – 
magnesiumammonium phosphate. The initial 
concentration of phosphates was 30 g/dm3, the 
content of ammonium chloride was 50–80 g/dm3, 
then the pH of the solution was adjusted to values 
of 8÷9 with NaOH solution. Magnesium chloride 
was added to the obtained solutions in different 
ratios according to the phosphate content and left 
for 4 hours for the sediment to settle completely. 
After that, the sediment was separated on a "blue 
tape" paper filter, and the residual content of 
phosphates and magnesium was determined in 
the filtrate. 
 

Results and Discussion  
While using in the basic form, a certain increase 

in the total exchangeable dynamic capacity of the 
anionite for phosphates was noted, in comparison 
to the Cl– form. While filtering through anionite in 
the OH– form, the medium is alkalinized, that leads 
to an increase in pH. This ensures a more complete 
dissociation of phosphates in water. In the OH 
form an increase in the capacity of the AV-17-8 
anionite for phosphates is noticed, what can be 
explained by the lower selectivity of the anionite 
for hydroxide ions compared to chloride ions. 
Since the concentration of chlorides reaches 
~ 100 mg/dm3 during desorption from anionite in 
the Cl– form, chlorides can create a certain 
competition with phosphate ions. 

While filtering solutions with an initial 
concentration of phosphates of 95 mg/dm3 
prepared in distilled water, the growth of the DEC 
of the anionite by phosphates before the 
breakthrough is particularly significant – 
from280 mg-eq/dm3 for anionite in the Cl– form to 
1003 mg-eq/dm3 for ionite in OH- form. This 
dependence is typical for solutions which do not 
contain competing ions. However, chlorides and 
sulfates are usually present in natural and 
wastewater. At high concentrations of these 
anions, removal of phosphates from water is 
appropriate only in the context of complete 
demineralization of water. If the concentrations of 
sulfates and chlorides are relatively low, up to 
50 mg/dm3, as, for example, in the Dnipro or 
Desnian water, the use of the ion exchange method 
is appropriate. 

Therefore, in subsequent studies, the efficiency 
of phosphate sorption in the presence of sulfate 

anions on the highly basic anionite AV-17-8 in Cl– 
and OH– form was investigated. In this case the 
capacity of anionite for phosphates decreased 
significantly, compared to distilled water due to 
the presence of sulfates in the solution. 

Since sulfate anions are strong acid anions, and 
phosphate ions are medium acid anions, their 
charge depends on the pH of the medium. 
Phosphoric acid is of the medium strength one, its 
charge depends on the pH of the medium. At pH > 
7.2, the phosphate group appears mainly in a 
dissociated state forming anions of the НО-
Р(О)(О-)2 type, the degree of its dissociation is 
lower than that of sulfates. Therefore, AV-17-8 has 
a higher selectivity for sulfate anions, which are 
completely removed regardless of the form of the 
ionite and the volume of water passed through. 

For anionite in the Cl– form, the TDEC was 
1501, 1010, 715 mg-eq/dm3, and the DEC reached 
only 702, 235, 97 mg-eq/dm3 for solutions with 
the initial phosphate concentration of 95, 105 and 
115 mg/dm3, respectively. 

For anionite in the OH– form, the TDEC was 
917 mg-eq/dm3, and the DEC reached only 255 
mg-eq/dm3 for a solution with an initial 
phosphate concentration of 95 mg/dm3. 

Complete dissociation of the phosphate anion 
to form a three-charged anion of the type  
(О)Р(О–)3 occurs at pH ≥ 11.9, in the process of ion 
exchange, while using anionite in the OH- form, the 
pH increases only to 9.5–10.0. Therefore, the 
decrease in the phosphate capacity of AV-17-8 
anionite in its basic form is caused by a higher 
concentration of sulfates in water, and not by the 
ionite form. So, in this case, the phosphate capacity 
of AV-17-8 was mainly determined by the 
concentration of competing sulfate anions. 

Therefore, an increase in the concentration of 
sulfates in the solution leads to a decrease in the 
TDEC of the AV-17-8 anionite with respect to 
phosphates. During desalination of water 
containing sulfates and phosphates, these anions 
are initially removed simultaneously, but after 
displacement of the main mass of chlorides, 
sorbed phosphates are displaced by sulfates, since 
ionite has a higher selectivity for sulfates. 
Therefore, the concentration of phosphates in the 
last sample exceeds the concentration that was in 
the original solution. 

Table 2 
Permissible values of MPC for phosphates for different water sources (mg/dm3) 

drinkable 
water 

water 
supply 
(tap water?) 

flowing 
water 

ponds and 
lakes 

return 
water 

wastewater entering biological treatment 
facilities 

3.5 0.4 0.1 0.05 0.03 10.0 
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Therefore, the creation of a low-waste 
technology for extracting phosphates from water 
is expedient at low concentrations of sulfates in 
water. In the case while using highly basic anionite 
in chloride form, it is possible to purify water 
effectively from phosphates while reducing their 
concentrations to 0.1–10.0 mg/dm3. This method 
allows extracting a large amount of a valuable 
component from water. Since the average 
concentration of sulfates is ~ 50 mg/dm3 in the 
waste water of the Bortnitskaya aeration station, 
the ion exchange methods are suitable. Thus, with 
a concentration of phosphates of ~ 40–90 mg/dm3 

(60 g/m3) during the discharge of wastewater at 
the Bortnitskaya aeration station with a 
consumption of ~ 1,100,000 m3/day, it will be 
possible to remove ~ 44–99 tons of phosphates, 
which is important in conditions of shortage and 
high prices of phosphorus fertilizers. 

So, the Fig. 1 shows that the present method 
can be used for purifying to a certain limit, until 
phosphates begin to slip through the residual 
samples again saturating the ionite. The method is 
more suitable for low-concentration phosphate 
solutions. 

 

 
Fig. 1. The dependence of the exchange dynamic capacity of the anion exchange AV-17-8 before leakage (DEC) and its 

total dynamic exchange capacity (TDEC) for phosphates in Cl- (1–4), OH- (5, 6) form of ion exchanger on the 
composition of the solution 

 

To create a low-waste technology of ion 
exchange water purification, it is necessary to 
develop effective methods of anionite 
regeneration and disposal of spent regeneration 

solutions. Solutions of NH4Cl, NaCl, Na2CO3, KOH, 
(NH4)2SO4 were used to regenerate AV-17-8 
anionite (Fig.2). 

 
Fig. 2. Dependence of the degree of phosphate desorption from AV-17-8 anionite on the specific consumption of 

regeneration solutions 
 

The increase in the cost of phosphorus 
fertilizers, the shortage of high-quality phosphate 
rocks, and the increase in surface water pollution 
make necessary accelerating the recovery and 
reuse of phosphorus from various waste sectors 
[46–48]. Crystallization of struvite is a potential 
method of phosphorus recovery through the 

production of slow-release fertilizers, since the 
availability of phosphorus resources is currently 
limited and, according to forecasts, phosphorus 
will soon be depleted [49, 50]. 

In the case of presence nitrates in the solution 
planting struvite is impractical. So, alkaline 
solutions were investigated for the regeneration 
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of ionite, since when the spent solutions are 
neutralized with nitric or phosphoric acid, they 
can be fully used in the production of liquid 
fertilizers – nitrogenand phosphorous. 

Phosphates are desorbed quite effectively 
while using a 6% soda solution. At a specific 
consumption of regeneration solution of 4 cm3 per 
1 cm3 of AV-17-8 anionite, the degree of 
desorption reaches 93.9%. Nearly complete 
removal of phosphates occurs when the specific 
loss increases to 7 cm3/cm3. Ionite in the 
phosphate form is effectively regenerated with a 
solution of potassium hydroxide. In terms of 
regeneration efficiency, these solutions are not 
inferior to ammonium chloride. 

The use of ammonium sulfate solution ensures 
high efficiency of phosphate desorption. The 
regeneration solution containing phosphates, 
sulfates, ammonium, nitrates is suitable for the 
production of liquid fertilizers. 

In the case of high concentrations of sulfates in 
the water its purification from phosphates is 
appropriate only in the context of complete water 
demineralization. In the presence of sulfates in 
water in relatively low concentrations up to 50 
mg/dm3 the use of the ion exchange method is 
quite acceptable. For the regeneration of anionite, 
it is advisable to use a 10% solution of sodium 
chloride. NaCl provides quite effective desorption 
of phosphates. The degree of phosphate 
desorption is 95.0%. At a specific consumption of 
the regeneration solution of 3 cm3 per 1 cm3 of 
anionite, it increases to 99.8-99.9 at a 
consumption of 6-7 cm3/cm3. To reuse the sodium 
chloride solution containing phosphates, it was 
treated with ammonium chloride and magnesium 
chloride while bringing the pH to 9 with alkali, 
which allows struvite to be precipitated from it 
and a NaCl solution to be obtained. 

 

Na3PO4 + NH4Cl + MgCl2 → MgNH4PO4↓ + 3 NaCl     (1) 
 

However, this method makes possible to obtain 
a solution that will contain phosphates, as well as 
sulfates, since the latter desorb quite well from the 
AV-17-8 anionite [36]. Therefore, to restore the 
regeneration solution containing sulfates, it is 
better to use calcium chloride treatment that will 
allow planting gypsum from the solution, which is 
suitable for processing into building materials. 
While treating the solution with soda, the 
remaining calcium will be precipitated in the form 
of calcium carbonate. The regeneration solution, 
after clarification by settling and filtering, is 
suitable for repeated use in the regeneration of 
AV-17-8 anionite in sulfate-phosphate form. 

Anionite in phosphate form is effectively 
regenerated by ammonium chloride solution. In 
the process of regeneration of anionite 10% 
NH4Cl, ammonium phosphate is formed, which is 
a valuable mineral fertilizer, so it is important to 
achieve its complete desorption. At a specific 
consumption of the regeneration solution of 8 cm3 
per 1 cm3 of anionite, phosphates are completely 
desorbed. The advantage of this method is the 
possibility of extracting water-insoluble 
magnesium ammonium phosphate (struvite 
(MgNH4PO4)) from the regeneration solution, as 
well as the reuse of the solution in the processes 
of desorption of phosphates from anionite 
(reaction 2). 

(NH4)3PO4 + MgCl2 → MgNH4PO4↓ + 2NH4Cl      (2) 
 

The efficiency of removing phosphates from 
the ammonium chloride solution largely depends 
on the pH and it increases with increasing pH up 
to 9.0. When the solution was adjusted to pH 9.0 
with ammonia, almost complete removal of 

phosphate from the solution was achieved. 
Precipitation of struvite in the form of sediment 
occurred most effectively when magnesium 
chloride was added in a stoichiometric amount 
(Fig. 3, Fig. 4). 
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b 

 
c 

Fig. 3. The dependence of the residual concentration of phosphates on the consumption of magnesium chloride 
during the treatment of an ammonium phosphate solution containing 50 (a), 60 (b) and 80 (c) g/dm3 of ammonium 

chloride 
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c 

Fig. 4. The dependence of the residual concentration of magnesium on the consumption of magnesium chloride 
during the treatment of an ammonium phosphate solution containing 50 (a), 60 (b) and 80 (c) g/dm3 of ammonium 

chloride 
 

At a 1:1 molar ratio of (NH4)3PO4 and MgCl2, 
nearly total precipitation of struvite occurs. At the 
same time, almost no magnesium remains in the 
solution, so this solution should be used for 
repeated regeneration of anionite in phosphate 
form. 

The efficiency of removing phosphates from 
the solution depends on the pH of the medium. 
Phosphates were planted inefficiently at pH 8. 
Increasing pH to 9 allows reducing residual 
phosphate concentrations to < 1 mg/dm3. While 
treating solutions with magnesium chloride at 
pH=9, with an increase in the concentration of 
ammonium phosphate in the regeneration 
solutions, an increase in the residual 
concentrations of magnesium ions is observed to 
fairly high values.  This makes their reuse 
impossible, as it will lead to the formation of 
sediments in the anionite pores. Increasing the pH 
to 9÷10 allows simultaneous effective removing 
the both phosphates and magnesium ions from the 
solution. 
 

Conclusions 
To create waste-free processes, the method of 

extracting phosphates from water using AV-17-8 
anionite and its regeneration was proposed, which 
will allow extracting phosphates in the form of 
mineral fertilizers and repeatedly using 
regeneration solutions. 

While evaluating the efficiency of ion exchange 
extraction of phosphates on highly basic anionite, 

it was established that AV-17-8 sorbs phosphate 
anions quite effectively while using in both Cl– and 
OH– forms. 

It was established that highly basic anionite in 
chloride and basic form is suitable for removing 
phosphates from water. It is shown that the 
capacity of the anionite practically does not 
depend on the form of the ionite. It strongly 
depends on the presence of competing ions, in 
particular sulfates, therefore, the method is 
appropriate only for concentrations of sulfates < 
50 mg/dm3. 

It was established that complete desorption of 
phosphates from anionite can be achieved using 
solutions of 10 % NH4Cl, 15 % NaCl, 6 % Na2CO3, 
7 % KOH, 6 % (NH4)2SO4. The spent regeneration 
solutions are promising for the production of 
liquid fertilizers. 

Treatment of the ammonium chloride solution 
with a stoichiometric amount of magnesium 
chloride makes it possible to restore and reuse the 
regeneration solution and obtain struvite. 
Increasing the pH of the solution from 8 to 9÷10 
makes it possible to increase the efficiency of 
phosphate precipitation from the solution in the 
form of struvite. Increasing the consumption of 
magnesium practically does not affect the process, 
so, the efficiency of phosphate precipitation 
improves, but not significantly. 
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