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INTRODUCTION

Today, due to the discharge of large quantities 
of insufficiently treated and untreated effluents, 
the pollution of surface as well as groundwater, 
which are sources of water supply, take place 
(Kyrii et al. 2020, Rusdiyanto et al. 2021, Sill-
berg et al. 2021, Trus and Gomelya 2021). Large 
areas do not have sufficient water resources or 
they are in poor quality (Walczak 2021., Pichura 
et al. 2020). Therefore, in some industrial regions 
of Ukraine (Donetsk, Luhansk region and others), 
the water supply issues can be solved using large 
volumes of mine wastewater after sufficient treat-
ment (Buzylo et al. 2020, Trus et al. 2020).

Due to rapid development of agroindustrial 
complex, the related high level of technogenic 

impact on the landscape is observed. That is why 
underground sources of water can be regarded 
as the only available sources of drinking water 
(Remeshevska et al. 2021, Hryniuk & Arkhypo-
va 2018). However, during the last decades, the 
negative and often uncontrolled anthropogenic 
effect, which leads to the pollution of groundwa-
ter with different pollutants throughout the terri-
tory of Ukraine, is recorded (Korchemlyuk et al. 
2019, Gorova et al. 2013). Heavy metal ions can 
be accumulated and therefore they are the most 
dangerous pollutants (Monastyrov et al. 2019, 
Custodio and Peñaloza 2021).

Nowadays, in Ukraine and in many parts of 
the world, the population consumes the drinking 
water that does not meet the requirements, es-
tablished by the regulatory document (DSanPIN 
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2.2.4-171-10). High environmental pollution 
with different compounds makes it possible for 
heavy metals (chromium, iron, copper, nickel, 
zinc, lead, etc.) to enter the water supply system 
(Koedrith et al. 2013, Peligro et al. 2016, Carolin 
et al. 2017, Vardhan et al. 2019). Thus, the most 
important problem for the present is the develop-
ment of innovative methods of water purification 
from heavy metals in the systems of water treat-
ment. Iron ions are the most common compo-
nents in water, due to the regional, climatic and 
landscape features of the area (Biela et al. 2016, 
Chowdhury et al. 2016, Fu and Wang 2011). Iron 
ions adversely affect humans and other living 
organisms, causing a variety of diseases, param-
eters of natural water, precipitated on the surface 
of equipment causing them to break. Therefore, 
during the discharge of wastewater into surface 
water bodies, for further consumption of natural 
waters, it is necessary to remove iron ions from 
the water. In Ukraine, according to the normative 
document, the maximum permissible concentra-
tion (MPC) of iron ions is 0.2 mg/dm-3. Some 
regions in Ukraine are characterized by an in-
creased iron content in the range from 0.5 to 30 
mg. (Shevchenko et al. 2013). This is a significant 
reason for the continuous growth of infectious, 
carcinogenic diseases, which ultimately leads to a 
decrease in the birth rate and expectancy of life of 
the population in Ukraine (Gomelya et al. 2021).

The presence of iron ions in groundwater is 
connected with a wide distribution of the iron 
compounds in nature. Iron content of the Earth’s 
crust reaches up to 5%. Because of this fact, the 
metal ions are found in all water sources both in 
surface water and groundwater. Natural water 
contains iron in the form of two- and trivalent 
ions, complexes with humates and fulvic acids, 
colloids of organic and inorganic origin, as well as 
in the form of highly dispersed suspensions. The 
content of iron ions is connected with the features 
of the territory. The excess of iron is characteris-
tic for almost all reservoirs of natural fresh water, 
regardless of belonging to the artesian basin. The 
iron ions concentration often exceeds the maxi-
mum permissible levels (0.2 mg dm-3 and 1.0 mg 
dm-3 for tap and well water, respectively) by 5–20 
times and even more, and in groundwater the ex-
cess increases sometimes by 40-60 time,s up to 
12–18 mg dm-3. Even low concentrations of iron 
ions (0.4 mg dm-3) can cause stains on equipment 
and other surfaces. Higher concentrations cause 

the characteristic metallic flavor of water (Ellis et 
al. 2000, Leszczyński 2019).

Therefore, the search for efficient methods of 
water treatment from iron ions, which will reduce 
its concentration to the permissible levels, is an 
urgent task nowadays (Trus et al. 2021). Differ-
ent methods can be used for the purpose of iron 
ions removal from surface and underground wa-
ters, such as aeration, ion exchange (Gomelya et 
al. 2017, Al-Anberet et al. 2008), water filtering 
through pyrolusite, liming, coagulation, different 
oxidizing methods with the application of ozone, 
oxygen, hydrogen peroxide, chlorine and potas-
sium permanganate (Ellis et al. 2000, Munter et 
al. 2005), ferrite method method (Radovenchik 
et al. 2001, Han et al. 2016), biological (Pacini et 
al. 2005), electrocoagulation (Trokhymenko et al. 
2020, Trus et al. 2020, Gorova et al. 2013), adsorp-
tion with the application of palygorskite (Melnyk 
et al. 2015) and zeolite (Sabadash et al. 2017), bio-
sorbents (Halysh et al. 2020) and modified filters 
(Gomelya et al. 2016, Trus et al. 2019), membrane 
methods (Choo et al. 2005, Korchef et al. 2009).

The efficiency of the process greatly depends 
on the experimental conditions, for instance, pH, re-
action temperature and initial concentration of iron 
ions in the solution (Heuss-Aßbichler et al. 2016).

The development and application of an effec-
tive technology of water demineralization will help 
to provide technogenic and environmental safety 
(Trus et al. 2017, Gomelya et al. 2014, Gomelya et 
al. 2014). The method of iron removal from water 
can be chosen depending on the chemical compo-
sition of water, productivity of the equipment, and 
the necessary degree of removal, etc.

Nowadays, the filtration with the application 
of capillary materials can be regarded as an al-
ternative method of iron ions removal (Radoven-
chyk et al. 2021). It is a one of the promising di-
rections in ecology for water treatment, which is 
based on physical phenomena. The application of 
the capillary filtration method allows developing 
quite simple, autonomous, highly efficient and 
energy-saving technology for natural water treat-
ment and wastewater purification.

Capillary action is widespread in nature, for 
instance, the Earth’s crust is a porous material and 
the processes of liquids moving in soil pores were 
far and wide studied. It was found that because 
of the presence of small pores, the water in the 
soil can move at considerable distances and rise 
to a certain level in the groundwater (Braslapskiy 
1987, Plotnikov 1990).



176

Journal of Ecological Engineering 2022, 23(3), 174–182

The capillary materials can be applied to con-
duct simultaneous deep and efficient water treatment 
from different types of pollutants such as suspended 
substances, microorganisms, organic and inorganic 
compounds (http://www. aquaphor.ua/aqualen).

The capillary effect, together with other physi-
cal and chemical processes, has become quite 
widespread in different branches of industries. 
Some chemical methods of analysis are based on 
the capillary phenomenon, different equipment 
and facilities contain capillary tubes or materi-
als. At the same time, the technologies based on 
capillary action as the main technological process 
in the water treatment or water preparation are 
absent. Therefore, the research and development 
work in this direction is quite acute and promising.

The aim of the present study is an assessment 
of the efficiency of capillary materials application 
for water purification from iron ions at different 
values of technological parameters of the process.

MATERIALS AND METHODS 
INVESTIGATION

Model solutions of natural water were used 
in this study as objects of investigation. The con-
centrations of iron ions in these solutions were 
1, 2, 5, 10 and 15 mg dm-3. The material of the 
filter was chosen depending on its properties and 
chemical composition of the model solution. Ex-
periments were conducted with the application 
of cotton fabric as a capillary filter. Cotton fabric 
was chosen due to its availability and low cost, 
compared to other filtering materials.

The filtration process was carried out with the 
application of material with capillary as shown 
in Figure 1. A tourniquet of cotton fabric (2) was 
placed into a flask (1) which contained a model 
solution of the certain composition. Thus, one 
end of the filtering material was placed into the 
model solution and the other one was pulled out 
of the flask. Due to the surface tension of the liq-
uid, it rises through the capillaries of the fabric 
and because of the difference in liquid phase lev-
els at the ends of the filter, the liquid flows into 
another flask (3). The purified water solution was 
collected and analysed.

Model solutions of divalent iron were used 
and prepared by dissolution of ammonium iron 
(II) sulfate hexahydrate (Fe(NH4)2(SO4)2). The 
iron ions content in the solutions was determined 
using the spectrophotometric method by means of 

sulfosalicylic acid. The pH of the model solutions 
was adjusted by a pH-meter with solutions of am-
monia and hydrochloric acid.

Together with the capillary filtration, a classi-
cal precipitation of the model solutions were car-
ried out to reduce the iron ion concentrations.

In order to evaluate the reduction of iron ion 
concentrations, the efficiency of the removal was 
calculated according to the formula:

𝑍𝑍𝑍𝑍 =
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶0

∙ 100, % 

 

E =
C0(Fe2+) − Cf(Fe2+)

C0(Fe2+) ∙ 100, % 

 
 

𝑌𝑌𝑌𝑌𝑆𝑆𝑆𝑆 = 15.1− 9.55 ∙ 𝑋𝑋𝑋𝑋 + 0.75 ∙ 𝑋𝑋𝑋𝑋2 
 

𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶 = 66.144 + 9.6944 ∙ 𝑋𝑋𝑋𝑋 − 0.73889 ∙ 𝑋𝑋𝑋𝑋2 
 

(1)

where: C0 – initial concentration of iron ions, mg dm-3, 
Cf – final concentration of iron ions, mg dm-3. 

The efficiency of iron ions removal during 
transition of Fe2+ into the Fe3+ form was calcu-
lated as follows:

𝑍𝑍𝑍𝑍 =
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶0

∙ 100, % 

 

E =
C0(Fe2+) − Cf(Fe2+)

C0(Fe2+) ∙ 100, % 

 
 

𝑌𝑌𝑌𝑌𝑆𝑆𝑆𝑆 = 15.1− 9.55 ∙ 𝑋𝑋𝑋𝑋 + 0.75 ∙ 𝑋𝑋𝑋𝑋2 
 

𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶 = 66.144 + 9.6944 ∙ 𝑋𝑋𝑋𝑋 − 0.73889 ∙ 𝑋𝑋𝑋𝑋2 
 

(2)

where: C0(Fe2+) – initial concentration of Fe2+, 
mg dm-3; Cf(Fe2+) – final concentration of 
Fe2+, mg dm-3. 

RESULTS AND DISCUSSION

An important factor in the process of water 
deironing by filtration with the application of cap-
illary materials is the density of capillary filters. 

Figure 1. Scheme of the filtration facility with 
the application of fabric material as a filter
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Therefore, the infl uence of capillary material den-
sity on the deironing process was studied at the 
fi rst stage. The results of the studies showed that at 
initial iron concentrations of 1.0, 2.0 and 5.0 mg/
dm3, the increase in the number of strips of cotton 
fabric from 5 to 50 has little eff ect on the process. 
At these concentrations, there is approximately 
the same dynamics of reducing the concentration 
of total iron in the studied samples. Therefore, the 
density of capillary fi lters aff ects only the time of 
the process of iron ions removal (Fig. 2).

In further research, the possibility of cotton 
fabric application to reduce the iron ion concentra-
tions in model solutions was investigated. For this 
purpose, the model solution with the initial iron 
ions concentration 10 mg dm-3 was used. The pro-
cess temperature was 20°C and pH of the solution 
was 6.8. Determination of the residual concentra-
tion of iron ions in the solutions was carried out in 
5, 30, 60, 90 and 120 minutes from the beginning 
of the experiment. As it can be seen from Figure 
3, the effi  ciency of the application of cotton fabric 
for the iron removal from water solutions is high, 
compared to the classic preparation process. The 
results of some experiments show minor errors be-
cause of the insignifi cant sorption of iron ions onto 
cotton fabric. The sorption is quite weak, so it does 
not aff ect the results and can be ignored. 

As can be seen from the data in Figure 3, the 
decreasing concentration of iron ions occurs more 
effi  ciently during the use of simple fi lter with cap-
illary properties. Under the same conditions, the 
use of fi lters with capillary properties ensured a 
signifi cant decrease in the Fe2+ and Fe3+ ions con-
centration. For instance, the concentration of Fe2+

was decreased to 1.4 mg dm-3 with the application 
of capillary fi lter during 1 hour. At the same time, 
during precipitation the concentration of Fe2+ de-
creased to 8.7 mg dm-3. This proves the prospects 
for further application of capillary fi lter for the 
purpose of water treatment.

A great number of factors infl uence the effi  -
ciency of the iron ions removal by capillary fi ltra-
tion. The infl uence of pH of the solution on the 
reduction in the concentration of iron ions during 
fi ltration was also determined. It is known that 
at diff erent values of pH of the solution, the iron 
ions stay in various forms. The model solution 
with the initial iron ions concentration 5 mg dm-3

was used and the results are given in Figure 4. 
Model solutions with pH 4, 7 and 10 were inves-
tigated in experiments

While analyzing the obtained results, it can be 
concluded that promotion of the transition of Fe2+

ions into Fe3+ form takes place during fi ltering. 
The dependence of the effi  ciency of iron removal 

Figure 2. The eff ect of capillary material density on the process of water 
deironing at initial iron concentrations: 1, 2 and 5 mg/dm3
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during precipitation (Ys) and during filtration (Yc) 
on pH of the solution (X) can be described by the 
following questions:

𝑍𝑍𝑍𝑍 =
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶0

∙ 100, % 

 

E =
C0(Fe2+) − Cf(Fe2+)

C0(Fe2+) ∙ 100, % 

 
 

𝑌𝑌𝑌𝑌𝑆𝑆𝑆𝑆 = 15.1− 9.55 ∙ 𝑋𝑋𝑋𝑋 + 0.75 ∙ 𝑋𝑋𝑋𝑋2 
 

𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶 = 66.144 + 9.6944 ∙ 𝑋𝑋𝑋𝑋 − 0.73889 ∙ 𝑋𝑋𝑋𝑋2 
 

(3)

𝑍𝑍𝑍𝑍 =
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶0

∙ 100, % 

 

E =
C0(Fe2+) − Cf(Fe2+)

C0(Fe2+) ∙ 100, % 

 
 

𝑌𝑌𝑌𝑌𝑆𝑆𝑆𝑆 = 15.1− 9.55 ∙ 𝑋𝑋𝑋𝑋 + 0.75 ∙ 𝑋𝑋𝑋𝑋2 
 

𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶 = 66.144 + 9.6944 ∙ 𝑋𝑋𝑋𝑋 − 0.73889 ∙ 𝑋𝑋𝑋𝑋2 
 

(4)

The maximum values of Ys and Yc are ob-
served at X equal to 6.35 and 6.55, respectively. 
It can be concluded that the optimal pH for the 
effective transition of Fe2+ ions into Fe3+ form is 
6.55 and 6.35 for capillary filtering method and 
precipitation, respectively. The efficiency of iron 
ion removal at an optimal pH value on cotton fab-
ric reaches 97%, while during precipitation the 
value of this parameter is only 15%.

It is also important to evaluate the influence of 
the initial concentration of iron in the model wa-
ter solution on the efficiency of its removal, so the 

experiments were conducted with the application 
of aqueous solutions with different initial concen-
trations of ions. The model solutions with the con-
centration of iron ions 1, 10 and 15 mg dm-3 were 
used and the results are given in Figure 5.

According to the results, the dependence of 
the efficiency of iron removal on its initial con-
centration was established. As it can be seen, the 
efficiency of iron concentration by capillary filter-
ing during laboratory experiments reduced with 
the increase in initial iron concentration. At the 
same time, the efficiency increases with the con-
tact time prolongation indicating the need to ap-
ply capillary materials with more porous structure 
or prolonged contact time in case of high iron ion 
concentration in the solution.

It is known that the contact of water with oxy-
gen of air affects the transition processes of Fe2+ 
ions into Fe3+ form. Therefore, in further studies, 

Figure 3. Iron ions removal during filtering (a) and precipitation (b):  
1 – Fe2+ concentration, 2 – Fe3+ concentration

a) b)

Figure 4. Efficiency of divalent iron 
removal at different pH values during 

precipitation (1) and filtration (2)

Figure 5. Efficiency of iron ions removal during 
capillary filtration of the model solutions with different 
initial concentration: 1 – 1 mg dm-3; 2 – 10 mg dm-3; 
3 – 15 mg dm-3
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the change in the iron content in the model so-
lution was investigated with the application of 
capillary materials of different surface areas. The 
contact surface of the model solution with air was 
30, 45, 60 and 75 cm2. The initial concentration of 
iron ions in solution was 5 mg dm-3. In each ex-
periment, the area of the tourniquet of the capil-
lary filter was different. Thus, the area of the con-
tact of the model solution with air was controlled. 
The results are given in Figure 6.

Figure 6 shows that the variation in contact 
area affects the iron ions concentration and the 
speed of solutions transportation.

The contact area, as well as the fluid speed 
significantly affect the transition of iron ions. The 
larger contact area of water with air, the more in-
tense reduction in iron content is observed. The 
most intense decrease in the concentration of iron 
was observed at a contact area of 75 cm2.

Figure 6. Dependence in the concentration of iron ions 
during capillary filtration on different contact areas of 
solutions with air: 1 – 30 cm2; 2 – 45 cm2; 3 – 60 cm2; 
4 – 75 cm2

Figure 7. Efficiency of the transition of Fe2+ to Fe3+ form at different temperature of model 
solution during capillary filtration (1) and precipitation (2) for different initial concentration 

of model solution: a – 1 mg dm-3; b – 2 mg dm-3; c – 5 mg dm-3; d – 10 mg dm-3

a) b)

c) d)
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The temperature is also an important param-
eter that affects the processes of iron ions tran-
sition from one form to another. Therefore, the 
next stage of the performed research work was 
to evaluate the influence of process temperature 
on efficiency or iron removal. The research work 
was carried out at the temperature 20 and 50°C. 
The concentration of Fe3+ in water was measured 
in 30 minutes and the results of the experiments 
are given in Figure 6.

As it can be seen, the temperature substantial-
ly affects the processes of iron removal from wa-
ter. At 20°C the processes of transition of Fe2+ to 
Fe3+ are less pronounced if compared to increased 
temperature. The process of iron removal during 
the capillary filtering through the cotton fabric 
significantly depends on time. At a temperature 
of 50°C, a more intense oxidation of divalent iron 
ions to trivalent occurs.

CONCLUSIONS

1. The application of capillary materials in the 
treatment of water of different origin is highly 
efficient. This method of iron ions removal can 
be regarded as an alternative to such methods 
as aeration or precipitation.

2. It was found that the efficiency of capillary 
materials application for oxidation of iron ions 
is much higher when compared to traditional 
precipitation. The optimum value of pH for 
the effective iron ions oxidation is 6.55 and 
6.35 for capillary filtration and precipitation, 
respectively.

3. It was investigated that the transition of Fe2+ to 
Fe3+ significantly depends on the contact area 
of water solution with air. Reduction of the to-
tal iron content is directly proportional to the 
contact area. The larger the contact area of wa-
ter with air, the more intense reduction in iron 
content occurs. Deironing of water at an area 
of contact of 30, 45, 60 and 75 cm2 was studied 
and the value of 75 cm2 shows the best result 
during the water treatment from iron ions.

4. It was shown that with the increase in the ini-
tial concentration of iron in water, the decrease 
in efficiency of iron ions removal is observed. 
The increase in water temperature during treat-
ment intensifies the transition of Fe2+ to Fe3+ 
both for capillary filtering and for precipitation.

5. During precipitation, the increase in tempera-
ture of the solution from 20 to 50°C leads to 
a slight increase in the transition processes of 
Fe2+ to Fe3+. The increase in temperature of 
the solution during capillary filtration leads to 
more intense transition of iron ions compared 
to classical precipitation.

6. The application of treatment based on the cap-
illary filtration with the use of cheap and avail-
able raw material is a quite simple, which can 
contribute to the creation of new integrated 
technology for water purification and waste-
water treatment from iron ions.
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