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INTRODUCTION

Iron constitutes about 5% of all solid crust. 
That is why, this metal can be found in almost all 
surface and groundwaters. Natural waters con-
tain various elements from different rocks with 
which water comes into contact during its migra-
tion. These rocks include sand, gravel and clay 
materials which contain a large number of fer-
rous compounds. This leads to the formation and 
accumulation of iron in water. Iron in natural wa-
ters can be in the form of divalent and trivalent 
ions, colloids of organic and inorganic origin, 
such as Fe(OH)3, FeS, Fe(OH)2, complex com-
pounds with humates and fulvic acids, as well as 
in the form of a fine suspension. Sources of wa-
ter supply, as a rule, are surface and groundwa-
ter, the qualitative and quantitative indicators of 

which are determined by the natural conditions 
of origin and by the level of anthropogenic load. 
Water quality, depending on the application, is 
regulated by state standards and other regula-
tions. In recent decades, practically all surface 
waters in Ukraine have been intensively polluted 
due to the increasing anthropogenic load result-
ing from the discharge of insufficiently treated 
water, surface runoff from agricultural lands, in-
dustrial sites and urban areas, etc. Some regions 
of Ukraine are characterized by high iron content 
in natural waters [Khilchevskyi et al. 2018, Lin-
nik et al. 2012, Linnik et al. 2018].

The content of iron compounds in surface 
and groundwater depends on the geological, cli-
matic, landscape and hydrological features of the 
region. The peculiarities of surface and ground-
water formation on the territory of Ukraine are 
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affected both by natural conditions and by the 
effect of anthropogenic load. The qualitative and 
quantitative indicators of these waters vary sig-
nificantly in time and area of distribution [Hry-
horenko 2019, Khatri et al. 2015, Khatria et al. 
2017]. It was found that drinking water is one 
of the factors contributing to the accumulation 
of iron in the human body. The waters of many 
groundwater aquifers in Ukraine have a high 
iron content, which ranges from 0.5 to 30 mg/
dm3 and even more, but more often up to 5 mg/
dm3 [Shevchenko et al. 2013].

Prolonged consumption of water with high 
iron content leads to liver disease, increases the 
risk of heart attacks, adversely affects the cen-
tral nervous system and reproductive function, 
promotes allergic reactions, and blood diseases 
[Fazzo et al. 2017, Flannigan et al. 2015, Vard-
han et al. 2019]. Therefore, excess iron in drink-
ing water is a dangerous impurity [Jaishankar et 
al. 2014, Khadse et al. 2015]. The increase in 
color and turbidity of tap water may be caused 
by the presence of total iron. Prolonged stay of 
water in the water network and reducing the 
concentration of oxygen in it contribute to this 
process. Steel pipes are the most common in the 
water supply networks of Ukraine, the duration 
of reliable operation of which is not sufficient. 
Insufficient reliability of pipelines negatively af-
fects the efficiency of the system and the quality 
of drinking water. Pollution of drinking water 
in the pipes of the water supply network occurs 
due to a sudden change in the movement of wa-
ter in it or a change in its chemical composition. 
In the first case, the perturbation of sediment 
and its transition into the volume of drinking 
water take place. The second reason causes the 
dissolution of the solid part of the sludge, which 
facilitates its perturbation, the transition to the 
volume of drinking water and transportation to 
consumers. In addition, the high iron content 
gives the water an unpleasant taste, odor, and 
is the reason for shortages in the paper, textile, 
food and cosmetics industries. Glandular bac-
teria and growths can form in pipes as well as 
heat exchangers, reducing the cross-section of 
the pipes [Chaurasia and Srivastava 2020, Vo-
robyova et al. 2019].

Thus, the high iron content in surface and 
groundwater requires mandatory deironing, i.e. 
it is necessary to take a set of measures to re-
duce the iron content. Thus, this is an important 
economic, environmental and social problem, 

which has scientific, theoretical and practical 
significance. This is one of the priority areas in 
providing the population with pure water [Trus et 
al. 2019a]. Iron is removed from natural waters 
with methods that can be divided into two main 
groups: reagent-free (physical) and reagent. The 
process of oxidation of Fe2+ to Fe3+ is accompa-
nied by precipitation of Fe(OH)3 with its follow-
ing filtration. This method is quite simple. The 
choice of oxidizer depends on the cost of the 
oxidizer and the amount of water for purification 
[van Genuchten and Ahmad 2020]. The process 
of ion exchange has numerous advantages such 
as low cost, simplicity of implementation, and 
recovery of components during resin regenera-
tion. However, in the region of high concentra-
tions, a decrease in the efficiency of the process 
is observed due to the “clogging” of the resin 
[Dabrowski 2004, Shkolnikov 2012].

Sorption materials can purify water from 
iron even at low concentrations [Biela and 
Kucera 2016, Hu et al. 2020, Trus et al. 2019b]. 
The direction of biosorption materials has been 
developed [Halysh et al. 2020a, Halysh et al. 
2020b]. The effectiveness of materials based on 
calcium carbonate depends on pH, the presence 
of organic substances and other cations. This 
method allows one to reduce the concentration 
of iron to the values lesser than MPC [Wang 
et al. 2019, Wang et al. 2013]. Water filtration 
through sand, crushed coal constitutes an inex-
pensive method for groundwater treatment [Ellis 
et al. 2000, Vries et al. 2017]. Capillary materi-
als are quite effective in water purification from 
iron ions and this direction is quite new for to-
day [Radovenchyk et al. 2021].

The advantages of the electrocoagulation 
process are the absence of the waste chemical 
reagents and the high efficiency of the process 
[Gubari et al. 2021]. However, this method is 
quite energy consuming [Hashim et al. 2017, 
Trus et al. 2020a, Vasudevan et al. 2009]. Aera-
tion is the method which does not require the use 
of chemical reagents for water purification and 
can be effectively applied for water with iron 
concentration of more than 5 mg/dm3 [Pleas-
ant et al. 2014]. Biological methods are used 
to purify water from various sources. However, 
they need to be carefully studied experimentally 
for the selection of a biological agent [Aziz et 
al. 2020, Hu et al. 2012]. Membrane methods 
for water deironing are widely used [Trus et al. 
2020b]. They allow removing both dissolved and 
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colloidal iron from water, providing a high degree 
of purification. However, membrane methods are 
not very often used for deironing due to the high 
cost [Choo et al. 2005, Kasim et al. 2017].

A method of oxidation with oxygen from 
air can be considered the simplest, cheap-
est and most environmentally friendly way to 
remove iron from natural waters. During the 
deironing groundwater, aeration is also can be 
used to increase the efficiency of the process 
[Korchef et al. 2009]. During the deironing of 
surface waters, coagulation with aluminum sul-
fate is performed after chlorination, liming and 
precipitation. In the process of water purifica-
tion, sediments are formed, which must be dis-
posed of [Trus et al. 2021, Martínez-Cruz et al. 
2021]. The development of effective methods 
for the disposal of sludge formed during water 
deironing will help to create low-waste water 
deironing technologies.

MATERIALS AND METHODS

Materials

The objects of the study were the solutions 
with initial concentrations of total iron 10–100 
mg/dm3, which simulate natural waters, waters of 
centralized supply systems, washing waters and 
sediments of iron hydroxide formed in the pro-
cess of water deironing.

Removal of iron ions from water

The solution in the amount of 0.5 dm3 was 
poured to the flask with the volume of 1 dm3 
and left for a certain period of time. The resid-
ual iron concentration was determined every 2 
hours. During removal of iron ions by liming, 
a 5% solution of lime water was dosed into the 
aqueous solution, stirred and left for precipita-
tion. Then, the samples were filtered and the re-
sidual iron concentration was determined. The 
spectrophotometric method for iron ions deter-
mination [Li et al. 2013] was used to estimate 
its initial and equilibrium concentrations in so-
lution. The efficiency (Z) of iron ions removal 
was calculated by the formula:

(1)

where: С0 – initial concentration of iron, mg/dm3; 
Сf – final concentration of iron, mg/dm3.

Sludge processing

During water deironing, a precipitate is 
formed, which was disposed of after dehydra-
tion as a chemical additive in the composition of 
I-500 cement. In order to study the physical and 
mechanical properties of cement, normal den-
sity, hardening time, compressive strength and 
water removal coefficient were determined. The 
precipitate formed as a result of water purifica-
tion was Fe(OH)3 hydroxide, which was added 
into the cement in the amount of 0.5–2.5 wt.% 
by co-mixing the components in a laboratory 
ball mill for 10 minutes.

RESULTS AND DISCUSSION

Removal of iron ions from water

In groundwater, which is a source of water sup-
ply, the concentration of iron can reach 1–10 mg/
dm3. Deironing of water using aeration methods 
involves the subsequent filtration of water on gran-
ular loads. The loose precipitate of iron hydroxide 
should be periodically removed by backwashing 
with water. The concentration of iron in the wash-
ing water can reach 50–100 mg/dm3. Therefore, it 
was interesting to study the deironing of water at a 
concentration range of 10–100 mg/dm3.

The residual concentration of iron without the 
adding of reagents decreases sharply in 1–2 hours. 
Further precipitation slightly reduces the concen-
tration of iron. The residual concentrations of iron 
are quite high. The removal efficiency of iron ions 
is 91%, 78% and 85% for initial iron concentra-
tions of 10, 50 and 100 mg/dm3, respectively, af-
ter 10 hours of precipitation. Iron can occur in the 
form of suspended, colloidal and dispersed impu-
rities that have the same charge, and this leads to 
intermolecular repulsive forces. Therefore, it is 
necessary to treat water before deironing to reduce 
the charge of impurities to zero values.

Lime was chosen as the reagent due to its low 
cost. It is an effective reagent in water treatment 
processes, which allows adjusting the pH, effec-
tively softening the water and carry out its deiron-
ing [Gomelya et al. 2014]. Deironing of water by 
using the reagent method consists in the transfer 
soluble forms of iron into sparingly soluble. Lim-
ing is used to remove iron (II) sulfate. The added 
lime reacts first with ferrous sulfate (II):

FeSO4 + Са(ОН)2 → CaSO4 + Fe(ОН)2 (2)



119

Ecological Engineering & Environmental Technology 2021, 22(4), 116–123

Then, iron (II) hydroxide is oxidized to 
Fe(OH)3. During water aeration and subsequent 
treatment with lime, the processes that occur are 
described by the following reaction:

4Fe(НСО3)2 + 8 Са(ОН)2 + O2 → 
8CaCO3↓ + 4Fe(ОН)3↓ + 6H2O (3)

If the amount of oxygen contained in the 
water is insufficient for oxidation, chlorination 
or aeration of the water is carried out simulta-
neously with liming. From Figure 1, it can be 

seen that the treatment of water with lime can 
intensify the processes of deironing. The most 
effective removal of iron occurred in the first 
10–30 minutes.

Under industrial conditions, water is first aer-
ated in a cooling tower, in the pallet of which a 
lime solution is introduced, then the coagulation 
and precipitation of most of the iron compounds 
in a settling tank equipped with thin-layer mod-
ules take place, followed by the removal of fine 

 
Fig. 1. Dependence of residual iron ions concentration on precipitation time 

during liming of water at the initial concentration of iron 10 mg/dm3 (a), 50 mg/
dm3 (b), 100 mg/dm3 (c): 1 – liming and precipitation, 2 – oxidation by air

a)

c)

b)
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Fig. 2. Effect of additives consumption on the hardening time of cement

 
Fig. 3. Effect of additives consumption on the water removal coefficient of cement

suspension by filtration. Pre-aeration is used to 
enrich the water with oxygen and remove part 
of the free carbon dioxide, the presence of which 
may reduce the estimated doses of reagents.

Sludge processing

In order to study the possibility of disposal of 
sludge, additives up to 5 wt.% are allowed to add 
to the cement composition of type I. Therefore, 
the precipitate was introduced into the composi-
tion of the cement in an amount of 0.5, 1.0, 1.5, 
2.0, 2.5 wt.%. The effects of sludge formed dur-
ing water purification on normal density, hard-
ening time, water removal coefficient and com-
pressive strength at the age of 2 and 28 days are 
shown in Fig. 2–5.

Application of additives to the composi-
tion of cement in amounts of 0.5–2.5% does not 
cause the change in water removal coefficient 
and normal density of cement (Fig. 3, 4). The 
beginning of hardening time is 43, 40, 39, 38, 38 
and 37 minutes for 1, 0.5, 1.0, 1.5, 2.0 and 2.5% 
of the introduced additive, respectively. The end 
of hardening is increased from 140 to 150–157 
min without additives and with the introduction 
of additives in the amount of 0.5–2.5% (Fig. 2). 
The strength of cement increases from 100 to 
105 and from 100 to 100.7 at the age of 2 and 
28 days, respectively, which allows us to recom-
mend an additive to the application in cement 
composition in amounts up to 2.5% (Fig. 5).

Thus, the developed technology is an envi-
ronmentally friendly technology, which allows 
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deironing water efficiently with subsequent dis-
posal of the formed sludge.

CONCLUSIONS

The water deironing processes was studied 
with lime as the reagent. During liming of water 
with initial concentrations of iron 10, 50 and 100 
mg/dm3 for 2 hours, the concentrations decreased 
to 0.9, 8.0, 12.0 mg/dm3, respectively. During oxi-
dation in air without the use of reagents, the con-
centrations were significantly higher and reached 
2.0, 28.0 and 30.0 mg/dm3. At the initial concentra-
tion of 10 mg/dm3 after 8–10 hours of precipitation 
during liming, a decrease in iron concentrations to 
values of lower MPC (0.2 mg/dm3) was observed.

It was shown that with the introduction of 
sludge into the composition of cement in amounts 
of 0.5–2.5%, water removal coefficient and nor-
mal density of cement do not change. The begin-
ning of the hardening time decreases from 43 to 
40–37 minutes, and the end of hardening increas-
es from 140 to 150–157 minutes without addi-
tives and with the introduction of additives in the 
amount of 0.5–2.5%. The strength of cement with 
the sludge increases from 100 to 105 at the age 
of 2 days and from 100 to 100.7 at the age of 28 
days. Therefore, the physicochemical characteris-
tics of cement do not deteriorate, which allows us 
to recommend the application of additives in the 
composition of cement in amounts up to 2.5%. 
This will contribute to the creation of low-waste 
water deironing technologies.

 
Fig. 4. Effect of additives consumption onto normal density of cement

 
Fig. 5. Effect of additives consumption onto compressive strength of cement



122

Ecological Engineering & Environmental Technology 2021, 22(4), 116–123

Acknowledgements

The work was supported by National Re-
search Fund of Ukraine, grant No. 144/01.2020.

REFERENCES

1. Aziz H.A., Tajarudin H.A., Wei T.H.L. et al. 2020. 
Iron and manganese removal from groundwater us-
ing limestone filter with iron-oxidized bacteria. Int. 
J. Environ. Sci. Technol. 17, 2667–2680.

2. Biela R., Kucera T. 2016. Efficacy of sorption ma-
terials for nickel, iron and manganese removal from 
water. Procedia Eng. 162, 56 –63. 

3. Chaurasia M. and Srivastava S.K. 2020. Evalua-
tion of Iron and Manganese Levels from Ramgarh 
Lake, Gorakhpur, U.P., India. Nature Environment 
and Pollution Technology. 19, 1, 373-377.

4. Choo K., Lee H., Choi S. 2005. Iron and manga-
nese removal and membrane fouling during UF in 
conjunction with prechlorination for drinking water 
treatment. J. Membr. Sci. 267, 18–26.

5. Dabrowski A., Hubicki Z., Podkoscielny P., Robens 
E. 2004. Selective removal of heavy metal ions from 
waters and industrial wastewaters by ion-exchange 
method. Chemosphere. 56, 2, 91.

6. Ellis D., Bouchard C., Lantagne G. 2000. Removal of 
iron and manganese from groundwater by oxidation 
and microfiltration. Desalination. 130, 3, 255-264.

7. Fazzo L., Minichilli F., Santoro M., Ceccarini A., Seta 
M.D., Bianchi F., Comba P., Martuzzi M. 2017. Haz-
ardous waste and health impact: a systematic review 
of the scientific literature. Environ Health. 16, 107. 

8. Flannigan K.L., Wallace J.L. 2015. Hydrogen sulfi 
de-based anti-infl ammatory and chemopreventive 
therapies: an experimental approach. Current Phar-
maceutical Design. 21, 21, 3012-3022.

9. Gomelya N.D., Trus I.N., Nosacheva Y.V. 2014. 
Water purification of sulfates by liming when add-
ing reagents containing aluminum. Journal of Water 
Chemistry and Technology. 36. 2, 70-74.

10. Gubari M.Q., Zwain H.M., Al-Zahiwat M.M., 
Alekseeva N.V. 2021. Characteristics of the MK-
40 and MA-40 Membranes for Industrial Waste-
water Treatment – A Review. Ecol. Eng. Environ. 
Technol. 1, 39–50.

11. Halysh V., Trus I., Gomelya M., Trembus I., Pasals-
kiy B., Chykun N.,  Trokhymenko G., Remeshevska 
I. 2020a. Utilization of Modified Biosorbents Based 
on Walnut Shells in the Processes of Wastewater 
Treatment from Heavy Metal Ion. J. Ecol. Eng. 
21(4), 128–133. 

12. Halysh V., Trus I., Nikolaichuk A., Skiba M., Ra-
dovenchyk I., Deykun I., Vorobyova V., Vasylenko 

I., Sirenko L. 2020b. Spent Biosorbents as Addi-
tives in Cement Production. Journal of Ecological 
Engineering. 21, 2, 131–138.

13. Hashim K.S., Shaw A., Al Khaddar R., Pedrola 
M.O., Phipps D. 2017. Iron removal, energy con-
sumption and operating cost of electrocoagulation 
of drinking water using a new flow column reactor. 
J. Environ. Manage. 189, 98–108.

14. Hryhorenko L.V. 2019. Water Quality Assessment 
in the Mining and Industrial Region on the Example 
of Karachunovskyi Reservoir in Ukraine. Advanced 
Engineering Forum. 33, 19–31.

15. Hu F.P., He W., Tang C.C. 2012. Purification efficien-
cy study of biological treatment of iron and manga-
nese for groundwater. Adv. Mater. Res. 599, 383–386. 

16. Hu H., Zhang Q., Li X., Wu L., Liu Y. 2020. Effi-
cient heterogeneous precipitation and separation of 
iron in copper-containing solution using dolomite. 
Separation and Purification Technology, 248.

17. Jaishankar M., Tseten T., Anbalagan N., Mathew 
B.B., Beeregowda K.N. 2014. Toxicity, mechanism 
and health effects of some heavy metals. Interdisci-
plinary Toxicology. 7(2), 60–72. 

18. Kasim N., Mohammad A.W., Sheikh Abdullah S.R. 
2017. Iron and manganese removal by nanofiltration 
and ultrafiltration membranes: Influence of pH ad-
justment. Malaysian Journal of Analytical Science. 
21, 149–158. 

19. Khadse G.K., Patni P.M., Labhasetwar P.K. 2015. 
Removal of iron and manganese from drinking water 
supply. Sustain. Water Resour. Manag. 1, 157–165 

20. Khatri N., Tyagi S. 2015. Influences of natural and an-
thropogenic factors on surface and groundwater qual-
ity in rural and urban areas. Front. Life Sci. 8, 23–39.

21. Khatria N., Tyagia S., Rawtani D. 2017. Recent strat-
egies for the removal of iron from water: A review. 
Journal of Water Process Engineering. 19, 291–304.

22. Khilchevskyi V.К., Kurylo S.М., Sherstyuk N.P 
2018. Chemical composition of different types of 
natural waters in Ukraine. Journ.Geol.Geograph.
Geoecology. 27, 1, 68-80.

23. Korchef A., Kerkeni I., Amor M.B., Galland S., Per-
sin F. 2009. Iron removal from aqueous solution by 
oxidation, precipitation and ultrafiltration. Desalina-
tion and Water Treatment. 9, 1-3, 1–8. 

24. Li N., Hefferren J.J., Li K. 2013. Quantitative 
Chemical Analysis, World Scientific Pub Co Inc.

25. Linnik P.N., Zhezherya V.A.,  Linnik R.,  Ivanechko 
Ya. S. 2012. Concentrations of aluminium, iron, and 
copper in water of some Shatskiye Lakes and speci-
ficity of their distribution among different forms of 
occurrence. Russian Journal of General Chemistry. 
82, 13, 2226-2238.

26. Linnik P.N., Zhezherya V.A., Linnik R.P. 2018. 
Iron in Natural Surface Waters of Ukraine: Content, 



123

Ecological Engineering & Environmental Technology 2021, 22(4), 116–123

Peculiarities of Migration and Biological Role. Hy-
drobiological Journal. 54, 5, 63-80.

27. Martínez-Cruz A., Fernandes A., Ramos F., Soares 
S., Correia P., Baía A., Lopes A., Carvalho F. 2021. 
An Eco-Innovative Solution for Reuse of Leach-
ate Chemical Precipitation Sludge: Application to 
Sanitary Landfill Coverage. Ecol. Eng. Environ. 
Technol. 2, 52–58.

28. Pleasant S., O’Donnell A., Powell J., Jain P., 
Townsend Timothy. 2014. Evaluation of air sparging 
and vadose zone aeration for remediation of iron and 
manganese-impacted groundwater at a closed mu-
nicipal landfill. Sci. Total Environ. 485-486, 31–40.

29. Radovenchyk I., Trus I., Halysh V., Krysenko 
T.,Chuprinov E., Ivanchenko A. 2021. Evaluation 
of Optimal Conditions for the Application of Capil-
lary Materials for the Purpose of Water Deironing. 
Ecol. Eng. Environ. Technol. 2, 1–7.

30. Shevchenko O., Kornienko S., Dihtyaruk O. 2013. 
Analysis of the reasons for the increase in the con-
centration of iron in the groundwater of the water 
intakes of Shepetivka. Visnyk, Kyiv, Kyiv Na-
tional University named after Taras Shevchenko. 
(In Ukrainian)

31. Shkolnikov V., Bahga S.S., Santiago J.G. 2012. De-
salination and hydrogen, chlorine, and sodium hy-
droxide production via electrophoretic ion exchange 
and precipitation. Phys. Chem. Chem Phys. 14, 32, 
11534–11545.

32. Trus I., Gomelya M.D., Makarenko I.M., Khomenlo 
A.S., Trokhymenko G.G. 2020b. The Study of the 
particular aspects of water purification from heavy 
metal ions using the method of nanofiltration. Nau-
kovyi Visnyk Natsionalnogo Hirnychogo Univer-
sytety. 4, 117–123.

33. Trus I., Halysh V., Gomelya M., Benatov D., Iv-
anchenko A. 2021. Techno-economic feasibility 
for water purification from copper ions, Ecol. Eng. 
Environ. Technol. 3.

34. Trus I., Halysh V., Radovenchyk Y., Fleisher H. 
2020a. Conditioning of iron-containing solutions. 
Journal of Chemical Technology and Metallurgy. 
55, 2, 486-491.

35. Trus I., Radovenchyk I., Halysh V., Skiba M., 
Vasylenko I., Vorobyova V., Hlushko O., Sirenko L. 
2019a. Innovative Approach in Creation of Integrat-
ed Technology of Desalination of Mineralized Water. 
Journal of Ecological Engineering, 20, 8, 107–113. 

36. Trus І., Gomelya N., Trokhymenko G., Magas N., 
Hlushko O. 2019b. Determining the influence of 
the medium reaction and the technique of magnetite 
modification on the effectiveness of heavy metals 
sorption. Eastern-European Journal of Enterprise 
Technologies. 6/10, 102, 49-54.

37. Van Genuchten C.M., Ahmad A. 2020. Groundwa-
ter As Removal by As(III), Fe(II), and Mn(II) Co-
Oxidation: Contrasting As Removal Pathways with 
O2, NaOCl, and KMnO4. Environ. Sci. Technol. 54, 
23, 15454–15464.

38. Vardhan K.H., Kumar P.S., Panda R.C. 2019. A 
review on heavy metal pollution, toxicity and re-
medial measures: Current trends and future perspec-
tives. Journal of Molecular Liquids. 290, 111197. 
doi: 10.1016/j.molliq.2019.111197

39. Vasudevan S., Lakshmi J., Sozhan G. 2009. Studies 
on the removal of iron from drinking water by elec-
trocoagulation—a clean process. Clean. 7, 1, 45–51.

40. Vorobyova V.I., Skiba M.I., Trus I. 2019. Apricot 
pomaces extract (prunus armeniaca l.) as a highly ef-
ficient sustainable corrosion inhibitor for mild steel 
in sodium chloride solution. International Journal of 
Corrosion and Scale Inhibition. 8 (4), 1060-1083.

41. Vries D., Bertelkamp C., Kegel F. Schoonenberg, 
Hofs B., Dusseldorp J., Bruins J.H., de Vet W., van 
den Akker B. 2017. Iron and manganese removal: 
Recent advances in modelling treatment efficiency 
by rapid sand filtration. Water Research. 109, 35 – 45. 

42. Wang K., Zhang Q., Hu H., Liu Y. 2019. Efficient 
removal of Iron (II) from manganese sulfate solu-
tion by using mechanically activated CaCO3. Hy-
drometallurgy. 188, 169-173. 

43. Wang Y., Sikora S., Kim H., Boyer T.H., Bonzon-
go J.C., Townsend T.G. 2013. Effects of solution 
chemistry on the removal reaction between calcium 
carbonate-based materials and Fe(II). Sci. Total En-
viron. 443, 717–724.


