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Abstract 
The efficiency of copper ions removal from aqueous solutions using the complexing agent – 
ultrafiltration process is investigated in this paper. The humic substances received from the Volyn 
Region peat and the lignite mined from the Oleksandriya Field were used as a complexing agent. A 
non-flow cell and PA-10 membranes were applied in the study. The productivity of humic substances 
(HSs) solution with copper ions passage through the membrane before and after fractionation was 
determined. The effect of prefractionation on the sorption capacity of humic substances of various 
origins was studied. The copper delay coefficient, which depends on the concentration of the humic 
substances and their origin, was calculated. The selectivity of copper ions removal from solutions before 
and after the fractionation is almost the same, but the productivity is different. The conducted studies 
claim that applying a joined ultrafiltration with complexation using complexing agents of natural origin 
combined method can significantly increase the purification of aqueous solutions from heavy metal 
ions level. Usage of preliminary fractionated humic substances to increase the permeate flow rate 
through the membrane is suggested. These researches are relevant and bring novelty to the field of 
peat and lignite application. 
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1. Introduction

Heavy metal ions are very dangerous toxic substances that have a cumulating effect on
hydrobionts. Insufficiently purified waste waters enter natural reservoirs, in which they are 
being accumulated in water and bottom sediments, thus becoming a source of secondary 
pollution. According to a toxicological assessment, heavy metal ions rank as second among 
pollutants after pesticides. At the same time, they do not get out from water mechanically and 
are not removed during biological treatment and conventional water purification methods such 
as coagulation and flotation. This necessitates strict control over their entry into the environ-
ment, which requires relatively inexpensive, affordable methods of capturing them in practice. 
In addition, the current orientation in implementing environmental measures to reduce the 
discharge of untreated wastewater into reservoirs dramatically requires intensive efforts to 
develop schemes for repeated and multiple uses of purified wastewater and the technology of 
their deep treatment improvement. The problem of industrial wastewater treatment is becom-
ing more and more important every year. 

The problem solution is associated with the use of peat, the sorptive properties of which 
are very high concerning heavy metal ions. In addition, peat is a cheap and affordable product 
with considerable reserves in the world. In the studies [1–3], the efficient use of peat for re-
moving Cu2+, Cd2+, Pb2+, Cr3+, Fe3 from water is noted. 

The active component of peat, which largely determines its value as a sorbent, is humic 
acid. These acids are high-molecular compounds that have active ion-exchange properties. 
Humic acid molecules include condensed cyclic nuclei and disordered periphery [4–5]. 
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The content of humic acids in various peats varies between 30–60% [1–3]. The mechanism 
of interaction of humic acids with metal ions is rather well studied and consists of three main 
varieties: sorption as physical interaction, ion exchange as chemical interaction, and complex-
ing [4]. The latter occurs due to carboxyl groups and phenolic hydroxyls, as well as due to 
ketone groups. 

It should be noted that along with peat, lignite, especially oxidized, has high humic acids 
content, and the reserves of such coal in Ukraine are large enough. The sorption properties of 
humic acids isolated from lignite were studied in Rogova et al. and Erdogan [5–7]. 

The process of humic acids separating from the mentioned solid combustible minerals is 
rather simple. It consists of treating them with a weak alkali solution followed by forming an 
acidic environment in a solution of humates, after which humic acids precipitate. Humic acids 
as sorbents allow achieving a high degree of water purification. 

The efficiency of metal ions isolation using the humic acids process can be significantly 
increased by using them in the form of dissolved in water humates. The cleaning process flows 
in a homogeneous medium, i.e., it is not limited by the phase boundary. 

The use of a solution of humic substances in water purification is realized in the complexing 
agent-ultrafiltration (CAUF) process, the essence of which is described in the study by Bryk et 
al. [9]. Humates are almost completely concentrated above the surface of ultrafiltration mem-
branes due to the large size of their molecules, thus ensuring almost complete purification of 
filtrate (permeate) from pollutants. One of the main disadvantages of the CAUF process is its 
low permeate (filtrate) productivity, and the possibility of clogging the membrane pores with 
complexing agent molecules. Therefore, the humates' size and molecular weight can signifi-
cantly impact the membrane's efficiency. Currently, among studies, there is no consensus on 
these characteristics of humic substances. In previous works, humic substances are presented 
as a set of molecules of the same structure but differ significantly in molecular weight from 
1500 to 50000 a.u.m. [3,5]. 

In recent research [7-8], the hypothesis of the supramolecular structure of humic substances 
presented as associations of relatively small molecules with molecular weight between 1400–
1600 is suggested. According to various authors [8,10], molecules of humic substances or their 
associates have an elongated or spherical shape with dimensions from 3 to 10 nm. Therefore, 
a significant decrease in productivity may be observed in the case of using ultrafiltration mem-
branes with pore sizes of 10-20 mm, which are usually used in the CAUF process. 

Ukraine has large reserves of peat and lignite of various properties and compositions, only 
a small part of which is used as energy fuel. Thus, based on the domestic raw material base, 
it would be possible to develop effective sorbents and processes to win valuable metal ions 
found in industrial effluents or polluted natural sources. To study this issue, we examined 
samples of lignite from the Oleksandriya Field and peat selected in the Volyn Region. 

2. Experimental part 

2.1. Subject of research 

To study this issue, lignite samples from the Oleksandriya Field and peat selected in the 
Volyn Region were examined. Their properties are shown in Table 1. 

2.2. Experimental equipment 

The research was conducted in a non-flow cell (Fig.1) with a volume of 0.2 dm3, the surface 
area of the membrane was 28.26×10-4 m2, the operative pressure was 0.2 MPA with the am-
bient temperature of 20–23oС. The solution was mixed with a magnetic stirrer to reduce jelli-
fication at the rotation speed of 500 rpm. PA-10 membranes manufactured by MIFIL (Belarus 
Republic) were used in the study. Alkali solution (1%) was prepared to obtain humic sub-
stances: the alkaline solution was mixed with lignite or peat while heated, and the humic 
substances were extracted using a centrifuge. 
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Table 1. Granulometric composition of experimental samples 3–5 mm  

Indicator Symbol, unit Results 
Peat Lignite 

Analytical humidity Wа,% 13.2 16.8 
Ash content Ad ,% 47.7 35.7 
Volatile yield at fuel dry basis Vd,% 40.6 29.1 
Volatile substances yield at 
dried ash-free fuel condition Vdaf,% 77.7 56.6 

Mass fraction of carbon Cd,% 31.50 38.47 
Mass fraction of hydrogen Hd,% 2.81 2.30 
Mass fraction of nitrogen Nd,% 1.70 0.66 
Mass fraction of sulfur Std,% 0.25 2.5 
Mass fraction of oxygen Odd,% 16.04 20.36 
Overall humic acid at dried 
ash-free fuel condition (HA)t,% 58.90 87.60 

 
Fig.1 Filtration facility scheme: 1- membrane cell, 2- air compressor, 3-strobotachometer, 4- the mag-
netic stirrer, 5- sampling device 

2.3. Experimental procedure 

Humic substances with concentrations from 25 to 500 mg/dm3 (the mass concentrations 
ratio is from 0.25:1 to 5:1) were added to an aqueous solution with a copper concentration of 
10.0 mg/dm3 as a complexing agent. Distilled water was used to prepare the solutions. The 
solution was filtered at 0.05 dm3, discarding the first 0.005 dm3 to avoid errors in the results. 

Throughflow capacity (productivity) was calculated using the formula: 
𝐽𝐽𝑣𝑣 = Δ𝑣𝑣

𝑆𝑆⋅Δ𝑡𝑡
;𝑑𝑑𝑚𝑚

3

𝑚𝑚2 ⋅ ℎ�                (1) 
where ∆𝑉𝑉 is volume of filtrate (dm3) that penetrated through membrane area of S (m2) during 
∆𝑡𝑡 (hours). 

The hindrance factor (selectivity) was calculated according to the formula: 
𝑅𝑅 = �1 − 𝐶𝐶п

𝐶𝐶0
� ⋅ 100; %                        (2) 

where 𝐶𝐶п and 𝐶𝐶0 are concentrations of the substance in the permeate and the initial solution, 
respectively. 

3. Results and discussion 

The experiments' results to explore the CAUF process's selectivity are shown in Figure 2. 
As displayed in the figure, the efficiency of humic substances when binding copper ions is very 
high and reaches 99.9% at a 1:1 ratio and above. At the same time, the effect of humic 
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substances that have different origins is almost the same. Significant differences at low ratios 
of 0.25:1 and 0.5:1 can be noted as well. Humic substances obtained from lignite have re-
markably higher selectivity than peat humic substances. This fact is obviously connected to 
differences in the humate molecules structure. 

Simultaneously with determining the selectivity of the complexing agents used, the produc-
tivity of the process on PA-10 membranes was determined. The experimental results are 
shown in Figure 3, which shows that the membrane's productivity decreases naturally com-
pared to its productivity on clean water from 100 to 50–60 dm3/m2∙h. This is most likely due 
to the clogging of the membrane pores with molecules of the humic substances. In this case, 
humic substances obtained from different products have different effects on the filtration rate, 
which indicates different sizes of molecules that are constituents of the humic substances. (Fig. 3). 

 

 
Fig.2. Process of removing copper ions from the 
solution of humic substances selectivity 

Fig.3. Process of removing copper ions from the 
solution of humic substances productivity 

To test the effect of the size of humic molecules on the complexation-ultrafiltration process, 
the preliminary fractionation of the humates by filtering their solution through membranes 
with large pores was applied. At the same time, a solution of the humic substances located 
above the membrane was used in experiments.  

The obtained results of selectivity and productivity of the process using pre-fractionated 
with the complexation-ultrafiltration method humic substances are shown in Fig. 4 and 5, 
respectively. The difference in productivity, in our case, was approximately the same and 
constituted 20–30 dm3/m2∙h. 

  
Fig.4. Selectivity of removing copper ions from 
pre-fractionated humic substances solution process 

Fig.5. Productivity of removing copper ions from 
pre-fractionated humic substances solution process 

4. Conclusions 

Humic substances used in the combined complexation-ultrafiltration process permit the 
deep purification of water from copper ions with a weight ratio of humic substances to copper 
of 1:1 possible. 
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The humic substances effectiveness in the complexation-ultrafiltration process depends on 
the type of raw material from which it was produced. Preliminary fractionation of humic sub-
stances solution by molecular size can increase the productivity of ultrafiltration membranes 
by 20–30%, while the selectivity of the process towards copper ions remains almost un-
changed. 
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