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STUDY OF ADSORPTION OF 
PHOSPHATE IONS FROM AQUEOUS 
SOLUTIONS

The object of research in this work is model aqueous solutions containing phosphate ions. Phosphorus is  
an essential nutrient for all life forms and determines the trophic state of freshwater ecosystems. The existing 
problem is that when excessive phosphorus enters water bodies, it causes their eutrophication, and, as a result, the 
accumulation of biotoxins, deterioration of water quality, death of aquatic organisms, etc. Phosphorus comes to 
surface water from domestic wastewater containing phosphates as components of synthetic detergents, photo-
reagents and water softeners. A significant contribution is made by the washout of phosphate fertilizers and 
pesticides from agricultural land, and runoff from livestock farms and industrial enterprises. Among the methods 
of wastewater treatment from phosphates, a special place is occupied by sorption. An analysis of modern scien-
tific publications on this topic shows that the search for new effective sorbents obtained using resource-saving 
technologies is an important scientific and practical problem.

The work was aimed precisely at the search for such sorbents. Iron is known to have a high affinity for phos-
phate. Therefore, the paper proposes to use the sediments of groundwater iron removal stations as a sorbent. These 
sludges are produced in significant quantities and create significant environmental problems.

The sorption of iron-containing sorbent, which is a waste of iron removal stations with respect to phosphate 
ions, has been studied. It has been established that this sorbent is effective for extracting phosphate ions from 
water with an adsorption capacity of 72.67 mg/g. The sorption process is quite accurately described by the pseudo-
second order sorption kinetic equation (determination coefficient R2 = 0.9737). The rate constant of the sorption 
process was calculated to be 3.8∙10–4 g/mg PO4

3–∙ min1/2. The use of the proposed sorbent will allow solving two 
environmental issues: replenishment of the list of cheap effective sorbents for removing phosphates and utilization 
of sludge from iron removal stations.
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1.  Introduction

Although phosphorus is an important nutrient, elevated 
concentrations of phosphate in water bodies can be harmful 
to aquatic life, human health, and the environment. An 
excess of phosphorus leads to the rapid growth of certain  
types of microalgae and disrupts the balance of aquatic 
ecosystems [1, 2]. Such processes are called eutrophication.  
As a result of eutrophication, the oxygen content decreases, 
fish die and the quality of water bodies as sources of 
water supply deteriorates. Phosphorus enters water bodies  
both naturally and as a result of anthropogenic activities.  
Natural processes include the processes of vital activity  
and decomposition of hydrobiont remains, erosion, weather-
ing, and dissolution of rocks and minerals [3–5]. Anthro-
pogenic pollution includes the inflow of domestic and in-
dustrial wastewater, the washout of phosphorus fertilizers  

and pesticides from agricultural land, runoff from live-
stock farms, etc. [6–8]. All this is of concern to the world 
com munity and requires the establishment of stringent 
requirements for the content of phosphates in waste and 
drinking water. Thus, in Western countries, the content 
of phosphates in wastewater should not exceed 1 mg/dm3, 
and in water – 0.03 mg/dm3 [9], and in Ukraine these 
values are 8 and 3.5 mg/dm3, respectively [10]. There-
fore, limiting the entry of phosphates into water bodies 
remains an urgent issue.

Phosphorus is found in natural and waste waters mainly 
in the form of phosphate ions, classified into orthophos-
phates, condensed phosphates (pyro-, meta-, and other 
polyphosphates), and organically bound phosphates [9]. To 
date, reagent, ion-exchange, biological and baromembrane 
methods of water purification are used to extract phosphates 
from water. But none of the methods allows to completely 
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extract phosphates from wastewater [11]. From the point 
of view of technology and resource saving, it is rational 
to remove phosphates with the help of sorbents, because 
adsorption technologies make it possible to remove even 
trace concentrations of contaminants. In modern water 
treatment, a wide variety of sorption materials are used. 
One of the main disadvantages of many sorbents is their 
lack of availability and high cost. Therefore, the search 
for and creation of new, cheaper, but effective sorption 
materials is an urgent task.

Of great practical interest is the use of waste as a raw 
material for the production of sorbents, which are formed 
in large volumes during the purification of natural waters 
from iron. Every year, about 4 thousand tons of iron oxide 
sludge that need to be disposed of is accumulated at facili-
ties for the treatment of wash water from iron removal 
stations [12]. About a third of the mass in the waste 
is iron-containing minerals, including oxides, hydroxides, 
and salts of ferrous and ferric iron. It is clear that iron 
compounds, especially in the nanosized state, are used in 
agriculture, medicine, and in the production of sorption 
materials [13]. Therefore, research on the use of iron-
containing wastes from groundwater deironing stations 
as sorption materials is promising. The disposal of such 
sludge by depositing cannot be considered a rational solu-
tion, since this creates a secondary environmental problem.  
A lot of sediment is formed, and more and more areas 
are required that need to be reclaimed. The dry sludge 
is characterized by increased sawing and, if the recycling 
technology (overdrying) is not followed, there is a risk of 
air pollution and contamination of large areas with powder.  
That is, the use of iron sludge to remove phosphates from 
wastewater will help solve two environmental issues: reple-
nishment of the list of cheap sorbents and disposal of 
sludge from iron removal stations.

So, the object of research is model aqueous solutions 
containing phosphate ions. The aim of the research is to 
find an effective and cheap sorbent for wastewater treat-
ment of phosphates.

2.  Research methodology

When carrying out adsorption studies, let’s use model so-
lutions of monosubstituted potassium phosphate (KH2PO4)  
in distilled water, which were prepared by dissolving a cal-
culated sample of a solid salt of analytical grade. The 
deposit of deferrization of underground waters is a dense 
water-saturated mass of brown color. The precipitate was 
dried in an oven at a temperature of 50 °C for 12 hours to 
obtain a fine powder. Dry sludge composition, %: Fe – 26.56;  
CaO – 21.3; Al2O3 – 0.51; SiO2 – 10.25.

Sorption of phosphate ions was studied under static 
conditions at room temperature. A sorbent weighing 0.1 g 
was weighed in a box, a 100 cm3 solution containing 
РО4

3–⋅100 mg/dm3 and a sorbent were added to a coni-
cal flask, and the flask was placed in an ELPAN Water 
bath shaker 357 (Poland) with a rotation frequency of 
150 rpm. At certain intervals, the sorbent was separated 
on a «blue tape» filter and the content of phosphates 
was determined by the well-known method on a ULAB 
101 spectrophotometer (China) by the color of molybdic 
blue with reduction with ascorbic acid [14].

The mass of sorbed РО4
3– ions was calculated by the 

formula:

a
C C V

ms

=
− ⋅( )

,
0

where С0 – the initial concentration of РО4
3–, mg/dm3;  

С – РО4
3– concentration at the time of sampling τ, mg/dm3;  

V – the volume of the solution, dm3; ms – the weight of  
the sorbent sample, g.

3.  Research results and discussion

The integral kinetic curve of the sorption of phosphate 
ions from model solutions, plotted from the experimental 
data, is shown in Fig. 1.
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Fig. 1. Kinetic curve of adsorption of phosphate ions

From the dependence obtained, it is possible to see that 
the time to reach sorption equilibrium does not exceed 
150 min. The sorbent is active and quickly reaches its 
maximum sorption capacity. The equilibrium capacity of 
the sorbent is 72.67 mg РО4

3–/g, which is quite significant 
compared to the known proposed sorbents [13].

It is known that the theoretical processing of kinetic 
curves using kinetic models allows one to draw conclu-
sions about the mechanism of sorption [15].

Usually, pseudo-first and pseudo-second order kinetic 
models are used to describe the sorption process [15]. 
The pseudo-first order model or Lagergren’s equation is 
widely used to describe adsorption from solution. The 
dependence plot in linear coordinates of this equation 
turned out to be non-linear. Therefore, a pseudo-second 
order equation was used to describe the adsorption ki-
netics. The integrated form of the pseudo-second order 
rate equation is:

τ τ
a k a ae e

= +
1

2
2 ,

where k2 – the pseudo-second order adsorption rate con-
stant, g/(mg∙min1/2).

To describe the adsorption kinetics, a graph was plotted 
in the coordinates τ/a = f(τ). The graph is shown in Fig. 2. 
The linearity of the dependence τ/a = f(τ) confirms that 
the sorption process has the second order of sorption, i. e. 
the sorption process is limited by the chemical reaction 
on the surface of the sorbent. This conclusion correlates 
with the data given in the literature [13].

A limitation of this study is the use of model one-com-
ponent solutions. It would be expedient to study the effect 
of various factors on the efficiency of phosphate sorption.  
Such as pH, initial concentration, sorbent dose, etc. 
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y = 0.0123x + 0.2952
R² = 0.9737
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Fig. 2. Kinetic curve of adsorption of phosphate ions in the coordinates  
of the pseudo-second order equation

In addition, the use of a finely dispersed powdered 
sorbent causes significant difficulties in application. There-
fore, a promising direction for the development of this 
study should be considered in the search for methods for  
the formation of iron sludge. It is known that it is desirable  
to use granular granular adsorbents.

4.  Conclusions

The sorption properties of iron-containing sorbent, 
which is a waste of iron removal stations with respect to 
phosphate ions, have been tested. It has been established 
that this sorbent is effective for extracting phosphate ions 
from water with an adsorption capacity of 72.67 mg/g.

The sorption process is quite accurately described by the 
pseudo-second order sorption kinetic equation (determination 
coefficient R2 = 0.9737). The rate constant of the sorption 
process was calculated to be 3.8 ∙10–4 g/mg РО4

3–∙min1/2.

Conflict of interests

The authors declare that there is no conflict of interest 
regarding this study, including financial, personal nature, 
authorship or other nature that could affect the research 
and its results presented in this article.

References

1. Smith, V. H., Tilman, G. D., Nekola, J. C. (1999). Eutrophica-
tion: impacts of excess nutrient inputs on freshwater, marine, 
and terrestrial ecosystems. Environmental Pollution, 100 (1-3), 
179–196. doi: https://doi.org/10.1016/s0269-7491(99)00091-3

2. Rybicki, S. (1997). Advanced Wastewater Treatment: Report No 1.  
Phosphorus Removal from Wastewater. Division of Water Re-
sources Engineering, Department of Civil and Environmental 
Engineering, Royal Institute of Technology.

3. Buda, A. R., Koopmans, G. F., Bryant, R. B., Chardon, W. J. 
(2012). Emerging Technologies for Removing Nonpoint Phos-
phorus from Surface Water and Groundwater: Introduction. 
Journal of Environmental Quality, 41 (3), 621–627. doi: https://
doi.org/10.2134/jeq2012.0080

4. Chardon, W. J., Schoumans, O. F. (2007). Soil texture effects 
on the transport of phosphorus from agricultural land in river 
deltas of Northern Belgium, The Netherlands and North-West 
Germany. Soil Use and Management, 23 (s1), 16–24. doi: https://
doi.org/10.1111/j.1475-2743.2007.00108.x

5. Lee, F. G., Jones, A. R. (1986). Detergent phosphate bans and 
eutrophication. Environmental Science & Technology, 20 (4), 
330–331. doi: https://doi.org/10.1021/es00146a003

6. Murphy, C. B. (1973). Effect of Restricted Use of Phosphate-
Based Detergents on Onondaga Lake. Science, 182 (4110), 
379–381. doi: https://doi.org/10.1126/science.182.4110.379

7. Jarvie, H. P., Neal, C., Withers, P. J. A. (2006). Sewage-effluent 
phosphorus: A greater risk to river eutrophication than agricul-
tural phosphorus? Science of The Total Environment, 360 (1-3), 
246–253. doi: https://doi.org/10.1016/j.scitotenv.2005.08.038

8. Reynolds, C. S., Davies, P. S. (2001). Sources and bioavailability 
of phosphorus fractions in freshwaters: a British perspective. 
Biological Reviews of the Cambridge Philosophical Society, 76 (1),  
27–64. doi: https://doi.org/10.1017/s1464793100005625

9. Savluchynska, M. O., Horbatiuk, L. O. (2014). Fosfor u vod-
nykh ekosystemakh. Naukovi zapysky Ternopilskoho natsionalnoho 
pedahohichnoho universytetu imeni Volodymyra Hnatiuka. Seriia: 
Biolohiia, 4, 153–162. Available at: http://nbuv.gov.ua/UJRN/
NZTNPU_2014_4_27

10. Prokopchuk, O. I., Hrubinko, V. V. (2013). Fosfaty u vod-
nykh ekosystemakh. Naukovi zapysky TNPU Seriia: Biolohiia, 
3 (56), 78–85.

11. Homelia, M. D., Petrychenko, A. I., Trokhymenko, H. H., Mar-
tyniuk, Ya. P. (2017). Doslidzhenia vyluchennia fosfativ na 
anionitakh ta stvorennia bezvidkhodnoi pererobky rehenera-
tsiinykh rozchyniv. Voda i vodoochysni tekhnolohii. Naukovo-
tekhnichni visti, 1 (21), 12–23.

12. Orlova, V. O. (Ed.); Orlov, V. O., Kvartenko, O. M., Mar-
tynov, S. Yu., Hordiienko, Yu. I. (2004). Znezaliznennia pid-
zemnykh vod dlia pytnykh tsilei. Rivne: Vydavnychyi tsentr 
UDUVHP, 154.

13. Loganathan, P., Vigneswaran, S., Kandasamy, J., Bolan, N. S. (2014). 
Removal and Recovery of Phosphate From Water Using Sorption. 
Critical Reviews in Environmental Science and Technology, 44 (8),  
847–907. doi: https://doi.org/10.1080/10643389.2012.741311

14. Nabyvanets, B. Y., Osadchyi, V. I., Osadcha, N. M., Nabyva-
nets, Yu. B. (2007). Analitychna khimiia poverkhnevykh vod. 
Kyiv: Naukova dumka, 455.

15. Azizian, S. (2004). Kinetic models of sorption: a theoretical 
analysis. Journal of Colloid and Interface Science, 276 (1), 47–52.  
doi: https://doi.org/10.1016/j.jcis.2004.03.048

*Tetiana Obushenko, Senior Lecturer, Department of Inorganic 
Substances, Water Purification and General Chemical Technology, 
National Technical University of Ukraine «Igor Sikorsky Kyiv 
Polytechnic Institute», Kyiv, Ukraine, е-mail: tio1963@gmail.com, 
ORCID: https://orcid.org/0000-0003-0731-0370

Nataliia Tolstopalova, PhD, Associate Professor, Department of 
Inorganic Substances, Water Purification and General Chemical 
Technology, National Technical University of Ukraine «Igor Sikorsky 
Kyiv Polytechnic Institute», Kyiv, Ukraine, ORCID: https://orcid.org/ 
0000-0002-7240-5344

Olga Sanginova, PhD, Associate Professor, Department of Inor-
ganic Substances, Water Purification and General Chemical Techno-
logy, National Technical University of Ukraine «Igor Sikorsky Kyiv 
Polytechnic Institute», Kyiv, Ukraine, ORCID: https://orcid.org/ 
0000-0001-6378-7718

Evgeniy Kostenko, Department of Inorganic Substances, Water 
Purification and General Chemical Technology, National Technical 
University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», 
Kyiv, Ukraine, ORCID: https://orcid.org/0000-0003-0872-2764

Oleksandr Bolielyi, Department of Inorganic Substances, Water 
Purification and General Chemical Technology, National Technical 
University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», 
Kyiv, Ukraine, ORCID: https://orcid.org/0000-0002-5583-7970

Viktor Kurylenko, Department of Inorganic Substances, Water 
Purification and General Chemical Technology, National Technical 
University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», 
Kyiv, Ukraine, ORCID: https://orcid.org/0000-0002-7569-767X

*Corresponding author


