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1. Introduction

The removal of metal ions from wastewater remains one 
of the most pressing challenges in modern ecology due to 
their high toxicity, persistence, and ability to accumulate in 
living organisms. Heavy metal ions, such as beryllium, cad-
mium, and mercury, are one of the most common pollutants 
found in industrial and municipal wastewater. These metals 
pose a serious threat to both human health and aquatic 
ecosystems. It has been established that such pollutants can 
persist in the environment for a long time, disrupting food 
chains and reducing biodiversity.

In recent years, polyethyleneimine (PEI) has been con-
sidered a promising polymer for developing heavy metal 
adsorbents due to its high density of amino groups, hydro-
philicity, and ability to form stable chelate complexes. A sys-
tematic review shows that functionalization and composite 
formation of PEI-based materials significantly enhance their 
effectiveness in removing heavy metals from wastewater [1]. 
The study presents PEI derivatives encapsulated in an algi-
nate matrix, which provided improved sorption capacity and 
stability for the extraction of Cd(II), Cu(II), and Zn(II) ions 
from multicomponent solutions [2]. Additionally, the success-
ful synthesis of PEI-SiO2 nanocomposite microparticles with 
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The object of this study is the physicochemical pro-
cesses of interaction between Group II metal ions and 
polyethyleneimine (PEI) and low-molecular-weight 
ligands (salicylic acid, sulfosalicylic acid, EDTA) with 
the aim of developing polyadsorbents for the selec-
tive extraction of toxic ions from aqueous media. The 
problem to be solved is the development of effective 
and selective polyadsorbents for removing toxic metal 
ions from wastewater.

Potentiometric, conductometric, and viscometric 
analysis methods have established that in binary PEI-
M2+ systems, coordination complexes are formed with 
a molar ratio of PEI:M2+ = 2:1. For systems with Sr2+ 
and Ba2+ ions, stepwise complexation was identified, 
with particles of composition 6:1 and 4:1 being formed 
at the initial stage, respectively. The stability of the 
complexes formed was established in the following 
order: Be2+ > Ca2+ > Sr2+ > Ba2+ > Mg2+.

Thermodynamic parameters showed that the 
complexation processes are spontaneous and exother-
mic, with the decrease in entropy being associated 
with an increase in order within the system. Stability 
constants (lgβ0) range from 5.4 (Mg2+) to 10.16 (Be2+).

Quantum chemical calculations have shown that 
the reaction centers in the ligand molecules are: the 
oxygen atoms of the carbonyl group (H2Sal), the sulfon-
ate group (H3Ssal), and the carboxyl group (H2edta2⁻). 
It has been established that donor-acceptor interac-
tions predominate in PEI-M2+-H2Sal/H3Ssal ternary 
systems, while electrostatic interactions dominate in 
PEI-Zn2+/Cd2+-H2Sal and PEI-Be2+-H2edta2⁻ systems.

In sorption tests in model solutions, the terna-
ry complexes PEI-Be2+-H3Ssal and PEI-Hg2+-H3Ssal 
demonstrated the highest efficiency: the degree of 
removal of Be2+ reached 97.1%, Hg2+ – 93.4%, while 
for Mg2+ and Ba2+ it was less than 70%. Modified 
PEI with H3sal proved to be the most effective adsor-
bent among those studied. In industrial trials, the 
developed adsorbents reduced the concentrations of 
Be2+ and Hg2+ in wastewater to 0.004 and 0.002 mg/l, 
respectively, which meets the maximum permissible 
concentrations for discharge into water bodies
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high stability and efficiency in binding copper ions has been 
demonstrated [3]. These studies confirm that directed mod-
ification and composite integration of PEI open up possibili-
ties for creating highly efficient and regenerable wastewater 
treatment systems for removing toxic heavy metal ions.

Recently, the polymer polyethyleneimine (PEI) has been 
used for chelating heavy metal ions due to its strong chelating 
properties, hydrophilicity, and the large number of amino 
groups in its macromolecular chain. The synthesis of compos-
ite materials based on PEI is attracting significant attention in 
the context of toxic heavy metal removal due to their unique 
properties, such as high water affinity, metal binding, thermal 
stability, mechanical strength, and reusability. Furthermore, 
the amino group in PEI contributes significantly to the effec-
tive adsorption of heavy metal cations and anions [1–3]. 

Recent advancements have once again highlighted that 
PEI is a multifunctional adsorbent. Its ability to interact with 
various metal ions thru ion exchange, coordination bonding, 
and hydrogen bond formation has been extensively studied. 
The development of polymer ligands based on PEI continues 
to show great potential for the selective capture of metal ions 
in wastewater systems [4, 5]. The resulting polymer-metal 
complex can be used to remove hardness and heavy metals 
from water, which contributes to limiting the exploitation 
of natural resources and reducing the amount of waste dis-
charged into the environment [6]. In addition to polymer 
sorbents, the use of low molecular weight ligands such as 
organic acids and amino acids has demonstrated improved 
complexation and metal ion removal characteristics. These 
ligands promote the formation of soluble and bioavailable 
complexes, thereby increasing extraction efficiency. A sys-
tematic comparison of different types of ligands showed that 
their structural features critically influence their metal bind-
ing affinity and selectivity [7, 8].

Further improvement of sorption processes was achieved 
thru functional modifications of biopolymers, such as chi-
tosan grafted with EDTA, which significantly enhance their 
adsorption properties [9]. Studies on the use of functional-
ized polymers have confirmed the importance of molecular 
design for enhancing heavy metal binding efficiency, as 
demonstrated by the example of a chitosan/polyacrylamide 
double-network hydrogel modified with EDTA [10]. In turn, 
a comprehensive review of modern methods for removing 
heavy metal ions from wastewater highlights that the key fac-
tors for successful application are the rational modification 
of adsorbents, their regeneration capacity, and their stability 
under real operating conditions [11].

Collectively, these studies suggest that complexes based on 
polyethyleneimine and low-molecular-weight ligands hold sig-
nificant potential for modern water purification technologies. 

Thus, research on the development of polymer-metal 
complexation systems for the targeted removal of Group II 
metal ions is highly relevant for improving modern wastewa-
ter treatment methods.

2. Literature review and problem statement

The papers [12, 13] present the results of research on 
the application of cellulose-based materials as effective 
and environmentally friendly alternatives for water puri-
fication. It is shown that regenerated cellulose, cellulose 
acetate, nanocellulose, as well as hydrogels and aerogels 
derived from cellulose, have high adsorption potential for 

removing heavy metals, oils, salts, and dyes from water. 
Various modification methods, including the incorpora-
tion of nanoparticles and polymer grafting, are discussed 
as ways to enhance performance. The findings emphasize 
the unique properties of cellulose-based materials – such 
as biodegradability, low toxicity, high surface area, and the 
presence of functional groups – that make them promising 
for filtration and adsorption. However, questions related to 
the mechanical strength of these materials, the scalability 
of production methods, and their performance under re-
al-world conditions remain unresolved. The reason for this 
may be the complexity of balancing biodegradability with 
long-term stability, as well as the high cost and technical 
difficulty of producing such materials on an industrial 
scale. These limitations make the large-scale deployment of 
cellulose-based systems currently less feasible.

An option for overcoming these difficulties may be the 
use of composite or hybrid materials combining cellulose 
with more robust polymers or functional nanomaterials, 
which can preserve the environmental benefits while en-
hancing mechanical and functional properties. This is the 
approach used in the papers [14, 15], where the authors ex-
amine carbon-based, biological, and inorganic adsorbents for 
the removal of toxic metal ions such as Pb2+, Cr6+, As3+, As5+, 
Hg2+, and Cd2+. These studies emphasize the importance 
of adsorption kinetics, sorption mechanisms, and material 
uniformity in designing effective regenerable adsorbents. 
Despite this, unresolved questions remain regarding the se-
lectivity and specificity of adsorption mechanisms, especially 
in multicomponent wastewater systems. Objective difficul-
ties arise from the complex competitive interactions among 
different pollutants, as well as the limitations of current ana-
lytical methods for accurately monitoring these interactions 
in real-time.

The papers [16, 17] present the results of research on the 
fabrication of a TiO2-decorated PVDF membrane using a 
mussel-inspired method for oil/water separation. It is shown 
that the resulting superhydrophilic membrane demonstrates 
high separation efficiency. However, questions related to the 
selectivity of such membranes toward metal ions and their 
regeneration under industrial conditions remain unresolved. 
The reason for this may be the limited applicability of oil/
water separation membranes for ionic contaminants and a 
lack of data on their long-term operation in real wastewater 
systems.

In the work [18], the development of a composite mem-
brane based on PVDF/graphene is considered, obtained by 
electrospinning a nanofiber film, which was used for oil/
water emulsion separation. Despite the improved mechani-
cal properties and stability of the material, questions remain 
open regarding the mechanisms of metal ion adsorption and 
the environmental cost of graphene production. This high-
lights the challenge of finding a balance between improving 
performance and cost-effectiveness in the use of advanced 
nanomaterials. Complementing these results, study [19] fo-
cuses on VIPS-fabricated graphene oxide/PVDF membranes, 
which exhibit versatile and controllable properties in oil/
water separation systems.

The paper [20] provides a broad review of polymeric 
adsorbents used for wastewater treatment, highlighting the 
promise of materials such as polysaccharides, nanomagnetic 
polymers, and covalent organic frameworks. However, a 
comprehensive analysis of their long-term adsorption effi-
ciency, regeneration capabilities, and environmental safety 
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is still lacking. This is likely due to objective difficulties in 
simulating long-term operational conditions and scaling up 
these systems while preserving economic and environmental 
feasibility.

One possible strategy to overcome these difficulties is 
the systematic evaluation of the physicochemical behavior 
of such adsorbents under realistic conditions, combined with 
the optimization of their structure thru functional modi-
fications. As noted in the work [21] dedicated to modified 
biochars, the presence and nature of functional groups on the 
surface directly determine the adsorption mechanisms and 
the overall efficiency of heavy metal ion removal. This ap-
proach highlights the importance of molecular architecture 
in increasing adsorption capacity. However, without rigorous 
experimental verification under real wastewater treatment 
conditions, these findings remain largely theoretical and 
require further confirmation.

All this allows to state that it is appropriate to conduct a 
study devoted to the physicochemical processes of complex 
formation between group II metal ions and polyethylene-
imines in combination with low-molecular-weight ligands. 
Such research will address current knowledge gaps, improve 
the understanding of coordination mechanisms in multi-
component systems, and contribute to the development of 
next-generation materials for wastewater treatment.

3. The aim and objectives of the study

The aim of this study is to develop effective polyad-
sorbents for wastewater treatment. This will improve the 
efficiency of water purification to meet regulatory standards 
for heavy metal content, reduce the environmental impact, 
and expand the application of modified polymer materials in 
water treatment technologies.

To achieve this aim, the following objectives were ac-
complished:

– to study the complexation process of group II metal ions 
with polyethyleneimine, determine the composition of the 
double complex, its stability, and the effect of ionic strength 
on the complexation process;

– to calculate the main thermodynamic characteristics of 
the complexation process and establish the influence of tem-
perature and the nature of the metal ion on the parameters 
ΔG, ΔH, and ΔS;

– to perform quantum-chemical calculations using the 
PM3 method with the MOPAC 7.0 program to determine the 
reaction centers in low-molecular-weight ligand molecules;

– to study the interaction processes in ternary systems 
containing group II metal ions, PEI, and low-molecu-
lar-weight ligands, and to identify the competitive influence 
of ligands on the formation of ternary complexes.

4. Methods and materials

The object of this study is the physicochemical processes 
of interaction between Group II metal ions and polyeth-
yleneimine (PEI) and low-molecular-weight ligands (salicylic 
acid, sulfosalicylic acid, EDTA) with the aim of developing 
polyadsorbents for the selective extraction of toxic ions from 
aqueous media.

The main hypothesis of the study: it is assumed that due 
to its polyfunctionality and cationic nature, branched PEI 

forms stable coordination complexes with group II metal 
ions, and the introduction of low-molecular-weight ligands 
allows for an increase in the stability, selectivity, and sorption 
capacity of these complexes.

Assumptions underlying the study:
– the interaction of metals with ligands occurs according 

to the laws of coordination chemistry and is realized through 
donor-acceptor mechanisms;

– PEI maintains its chemical stability under experimental 
conditions;

– complexation processes reach equilibrium during mea-
surements using potentiometric and spectroscopic methods.

Simplifications made:
– the influence of competing ions typical of natural wa-

ters is not considered at this stage;
– PEI is treated as a statistically homogeneous polymer, 

despite possible polydispersity;
– the calculations only take into account complexes with 

a 1:1 and 2:1 composition (ligand:metal).
In the study of the interaction processes of metal ions 

with macromolecular and low-molecular ligands, a set of 
physicochemical methods was applied. These include poten-
tiometry, conductometry, viscosimetry, and IR spectroscopy.

To determine the coordination number of metal-com-
plexing ions and the stability constants of the obtained poly-
mer-metal complexes, we used a modified Bjerrum method. 
Potentiometric studies were conducted under thermostatic 
conditions on the ionomer I-500 using silver chloride and 
glass electrodes with a pH measurement accuracy of ± 0.02.

Viscometric research aimed at studying the conforma-
tional state of macromolecules was conducted using a Ub-
belode viscometer, with distilled water used as the solvent. 
Viscosity measurements were also conducted under thermo-
static conditions, and the liquid flow time (τ) was recorded 
with a stopwatch.

For conducting conductometric studies, an AC bridge 
P-5010 with platinum electrodes was used. The correctness 
of the bridge operation was verified on standard samples by 
measuring their resistance. Conductometric and potentio-
metric titrations were performed simultaneously in a single 
cell with monitoring of pH and resistance changes in the 
studied systems.

Polymer-metal complexes were synthesized by mixing 
aqueous solutions of the starting components with control 
over their ratio and the pH of the medium.

One of the key methods for determining the structure 
of the compounds was IR spectroscopy. IR absorption 
spectra of the samples were obtained in KBr pellets on an 
FTIR-SATELLITE spectrometer (MATSON, USA).

For the quantum-chemical analysis of the geometric, 
energetic, and electronic characteristics of the reagents, the 
PM3 method was used, included in the software packages 
MORAS-7 and HYPERCHEM-6.0.

Objects of study. In the study, branched polyethylene-
imine with a molecular weight of 10000 and a hydrolysis 
degree of 10% from the Japanese company “Hitachi” was 
used, as well as salicylic and sulfosalicylic acids and 
sodium salt of EDTA. To determine the stability con-
stants of the complexes, a 0.1 N HCl solution prepared 
and salt NaCl for creating ionic strength. To study the 
processes of complex formation in binary and ternary sys-
tems, the following metal salts were used: Be(SO4)2·8H2O, 
Hg2(NO3)2·2H2O, MgCl2·6H2O, CaCl2·6H2O, SrCl2·6H2O, 
BaCl2·6H2O, CdSO4·8H2O, ZnSO4·7H2O, Hg(NO3)2·H2O.
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5. Complexation of polyethyleneimine with metal ions 
and ligands for water purification 

5. 1. Physicochemical study of the complexation 
process of Be2+, Mg2+, Ca2+, Sr2+, and Ba2+ ions with 
polyethyleneimine

The mixing of an aqueous PEI solution with Be2+, Mg2+, 
Ca2+, Sr2+, Ba2+ ions is accompanied by a decrease in pH and 
an increase in the conductivity of the medium (Fig. 1, 2). The 
interaction process in the studied system can be explained 
by the release of a proton from the imine groups of PEI. The 
viscosity of the system decreases (Fig. 3) because the polymer 
chain shortens due to intrachain chelation. As the concentra-
tion of metal ions increases, the viscosity of the system also 
increases. This happens because metal ions affect the confor-
mation of the polyelectrolyte chains. Under the influence of 
many metal ions, the polyelectrolyte becomes more extended. 
Uniformly charged segments of the polymer chain repel each 
other due to electrostatic forces. This repulsion leads to the 
unfolding of the macromolecule. As a result, its hydrody-
namic size increases, which in turn causes the viscosity of 
the solution to rise.

For all the studied systems, the effective molar ratios of 
the components have been determined, i. e., for one met-
al-complexing ion, there are two constituent units of the poly-
mer ligand. In the PEI-Sr2+ and PEI-Ba2+ systems, complex 
formation occurs in stages, with complex particles of com-
positions 6:1 and 4:1 forming in the first stage, respectively.

Based on the results of the experiments, it can be assumed 
that the interaction of reagents in binary systems PEI-M2+ (Be, 
Mg, Ca) proceeds according to the following scheme

( )
2 2 2 n

2

2 n

CH CH NH OH

nMA .n M NH nAn nOH nH

+ −

+
− +

 − − − − + 
 + + + + 

PEI:Sr2+ system.
At the first stage, six imine groups of PEI form a 

polymer-metal complex (PMC) with a central complexing 
ion (pH = 9.5 – 8.5)

( )2
2 2 2 2 6n

6

.

CH CH NH OH nSrCl Sr NH

6nOH 2nCl 6nH
n

+ − +

− − +

  − − − − +

+

+   
+ +

At the second stage, as the concentration of metal ions 
increases, a 2:1 polycation is formed (pH = 8,5–7)

( ) ( )2 2
6 2 nn

.Sr   NH   Sr NH+ +     

In the PEI-Ba2+ system, at the first stage, four imine groups 
of PEI coordinate with the central complexing ion, forming a 
polymer-metal complex with a 4:1 ratio. As the concentration 
of metal ions increases, a 2:1 polycation is formed according to 
the scheme outlined above. In polyethyleneimine complexes 
with a 2:1 ratio according to the given scheme, the ligand num-
ber of the complexing ion is equal to two, while its primary 
coordination number remains unchanged due to the formation 
of donor-acceptor bonds between these metal ions and solvent 
ions or the corresponding anions of acids.

5. 2. Thermodynamics of the reaction of Be2+, Mg2+, 
Ca2+, Sr2+, Ba2+ ions with polyethyleneimine

The stepwise and overall stability constants (lgβ) of 
polyethyleneimine complexes were calculated using a mod-
ified Bjerrum method, while the standard thermodynamic 
constants (lgβ0) were determined by extrapolating the ex-
perimentally obtained constants to zero ionic strength using 
Vasiliev’s equation (Table 1).

When analyzing the stability constants of the obtained 
polymer-metallic complex, it was shown that the PEI – Be2+ 

complex is characterized by the highest stability. The Be2+ ion, 
which has the smallest size and the highest charge density 
in this series, exhibits the highest complexation properties 
and, due to its high polarizability and hydration energy, 
shows chemical activity in forming stable complexes with 
nitrogen-containing ligands. It has been established that the 
complexes of Ca2+, Sr2+, Ba2+ ions with polyethyleneimine are 
more stable than the complexes of Mg2+. This is explained by 
the fact that the studied metal ions can form coordination com-

Fig. 1. Potentiometric titration: 1 – PEI-Be2+; 2 – PEI-Mg2+; 	
3 – PEI-Ca2+; 4 – PEI-Sr2+; 5 – PEI-Ba2+

Fig. 2. Conductometric titration: 1 – PEI-Be2+; 2 – PEI-Mg2+; 	
3 – PEI-Ca2+; 4 – PEI-Sr2+; 5 – PEI-Ba2+

0

20

40

60

80

0 0.2 0.4 0.6 0.8 1 k

1
2
3
4
5

σ

Fig. 3. Viscosimetric titration: 1 – PEI-Be2+; 2 – PEI-Mg2+; 
3 – PEI-Ca2+; 4 – PEI-Sr2+; 5 – PEI-Ba2+
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pounds of varying stability depending on their nature and the 
characteristics of the functional groups of the polymer ligand, 
as well as on factors referred to as «structural similarity». For 
Mg2+ ions, the stability of the complexes is lower because the 
share of the structural similarity factor is small.

Such a regular change in the stability of polyethyleneimine 
complexes can be explained by differences in the chemical 
nature of the cations. More stable complexes are formed with 
ions that have a greater ability to interact with σ-donor ligands, 
which is related to their charge and radius. In the considered se-
ries Be2+ > Ca2+ > Sr2+ > Ba2+ > Mg2+, this ability increases, 
which determines the increase in the stability of coordina-
tion compounds with polyethyleneimine. Only for the Mg2+ 
ion, the stability of the PEI-Mg2+ complex is lower due to the 
dominance of “structural mismatch” of this polymer ligand.

The stability of polyethyleneimine complexes is deter-
mined by the ratio of the properties of ligands and metal ions, 
which affect the stability constants. The complex-forming 
ability of PEI is determined by the presence of nitrogen at-
oms in its structure-electron donors with high electronega-
tivity, low polarizability, and resistance to oxidation. These 
characteristics make polyethyleneimine an effective ligand, 
especially when interacting with alkaline earth metal ions, 
which have high coordination ability. As a result, stable che-
late complexes are formed.

According to the data in Table 1, the stability of the 
polymer-metal complex increases with the rise in ionic 
strength, which is due to several reasons. Firstly, inorganic 
electrolytes significantly affect the conformation of polye-
lectrolyte molecules, as they screen the charge of the chain, 
leading to the contraction of the polymer chain, an increase 
in local concentration, and enhanced availability of ion-
ogenic groups for coordination with the macromolecule. 
Secondly, neutral salts are hydrated by water molecules. 
As the molar fraction of salt in the solution increases, the 
concentration of free water molecules not bound to salt ions 
decreases, leading to a reduction in the density of hydrated 
layers between the cations of complexing metals and the 
unprotonated imine group of PEI. Thirdly, the strength of 
hydrogen bonds decreases.

The work calculates the thermodynamic characteristics 
of the complexation process of group IIA ions with PEI, 
which are summarized in Table 2.

The negative values of the change in Gibbs energy indi-
cate that the complexation reaction in this system proceeds 
spontaneously in the forward direction. The change in the 
Gibbs energy under consideration depends on enthalpic 
and entropic factors. The relative contribution of each 
factor depends on the nature of the ligand and the central 
metal ion. As seen from Table 2, the enthalpy factor has a 
significant impact on the change in total free energy with a 
small change in entropy. The formation of a donor-acceptor 
bond is accompanied by the release of a large amount of 
heat, which is the driving force of the reaction between the 
reagents, as evidenced by the values of the enthalpy change 
during the complexation process. Therefore, the increase in 
temperature during the exothermic reaction is a negative 
factor for the stability of the polymer-metal ion complex, 
which, as seen from Tables 1, 2, leads to a decrease in the 
stability constants of the complexes. The process of complex 
formation of Be2+ and Mg2+ ions with PEI is characterized 
by a negative change in entropy compared to the reac-
tions of polymer-metal complex formation with Ca2+, Sr2+, 
and Mg2+ ions. The change in entropy of the complexation 

process varies depending on the disruption of the hydration 
layer in the ligand groups of PEI, the displacement of a water 
molecule from the first coordination sphere of the metal ion, 
and the formation of a chelate structure. As the order of the 
system decreases, the contribution of the previous two factors 
becomes less significant, as the functional groups of PEI enter 
the first coordination sphere of Be2+ and Mg2+ ions, and the 
formation of a stable polychelating structure increases the 
rigidity of the polymer chain, resulting in a decrease in the 
change in the system’s entropy.

Table 1

Values of stability constants of polymer-metal complexes of Be2+, 	

Mg2+, Ca2+, Sr2+, Ba2+ ions with polyethyleneimine 
    
 
 

M
=

PEI

n+

k

Т, K I
lg b

PEI-Be2+ 

(k = 0.5)
PEI-Mg2+ 

(k = 0.5)
PEI-Ca2+ 

(k = 0.5)
PEI-Sr2+ 

(k = 0.5)
PEI-Вa2+ 

(k = 0.5)

298

0 10.16 ± 0.10 5.40 ± 0.05 5.91 ± 0.06 5.89 ± 0.06 5.86 ± 0.06
0.1 10.25 ± 0.09 5.80 ± 0.06 6.00 ± 0.06 5.91 ± 0.06 5.89 ± 0.06
0.5 10.85 ± 0.10 5.95 ± 0.06 6.90 ± 0.07 5.95 ± 0.06 5.90 ± 0.06

0.75 11.20 ± 0.11 6.70 ± 0.07 7.05 ± 0.07 5.97 ± 0.06 5.96 ± 0.07
1.0 11.40 ± 0.11 6.85 ± 0.07 8.30 ± 0.08 6.02 ± 0.07 6.00 ± 0.07

308

0 9.26 ± 0.09 5.38 ± 0.05 5.86 ± 0.06 5.83 ± 0.06 5.81 ± 0.06
0.1 9.40 ± 0.09 5.75 ± 0.06 5.95 ±0.06 5.84 ± 0.06 5.82 ± 0.06
0.5 9.65 ± 0.10 5.90 ± 0.06 6.70 ± 0.07 5.86 ± 0.06 5.83 ± 0.07

0.75 9.91 ± 0.10 6.25 ± 0.06 6.75 ± 0.07 5.88 ± 0.06 5.86 ± 0.07
1.0 10.22 ± 0.10 6.75 ± 0.07 6.80 ± 0.07 5.90 ± 0.06 5.87 ± 0.08

318

0 7.85 ± 0.08 4.69 ± 0.05 5.77 ± 0.06 5.57 ± 0.06 5.55 ± 0.08
0.1 7.88 ± 0.08 5.70 ± 0.06 5.80 ± 0.06 5.60 ± 0.06 5.58 ± 0.07
0.5 8.70 ± 0.09 5.80 ± 0.06 5.82 ± 0.06 5.70 ± 0.07 5.68 ± 0.08

0.75 8.88 ± 0.09 5.85 ± 0.06 5.90 ± 0.06 5.82 ± 0.07 5.81 ± 0.07
1.0 9.10 ± 0.09 6.50 ± 0.07 6.40 ± 0.06 5.84 ± 0.07 5.82 ± 0.07

Table 2

Thermodynamic characteristics of the complexation process 	
in the PEI-M2+ system

System Т, K lgβ0 –ΔrG, kJ/mol –ΔrH, kJ/mol ΔrS, kJ/mol·K

PEI-Be2+ 

(k = 0.5)

298 10.16 ± 0.10 57.89 ± 0.58
210.45 ± 2.11 –509.95 ± 5.10308 9.26 ± 0.09 54.54 ± 0.55

318 7.85 ± 0.08 47.73 ± 0.48

PEI-Mg2+ 

(k = 0.5)

298 5.40 ± 0.08 30.77 ± 0.31
65.69 ± 0.67 –114.82 ± 1.15308 5.38 ± 0.08 31.69 ± 0.32

318 4.69 ± 0.14 28.52 ± 0.29

PEI-Ca2+ 

(k = 0.5)

298 5.91 ± 0.06 33.68 ± 0.34
12.90 ± 0.13 69.89 ± 0.70308 5.86 ± 0.06 34.51 ± 0.35

318 5.77 ± 0.06 35.09 ± 0.35

PEI-Sr2+ 

(k = 0.5)

298 5.89 ± 0.06 33.56 ± 0.34
29.41 ± 0.30 13.45 ± 0.13308 5.83 ± 0.06 33.22 ± 0.33

318 5.57 ± 0.06 33.88 ± 0.34

PEI-Sr2+ 

(k = 0.5)

298 26.92 ± 0.26 153.60 ± 1.53
607.90 ± 6.09 –1540 ± 15.40308 20.88 ± 0.20 123.14 ± 1.23

318 20.11 ± 0.20 122.45 ± 1.22

PEI-Ba2+ 

(k = 0.5)

298 5.86 ± 0.06 33.39 ± 0.33
28.52 ± 0.29 17.10 ± 0.16308 5.81 ± 0.06 34.22 ± 0.34

318 5.82 ± 0.07 33.75 ± 0.34

PEI-Ba2+ 

(k = 0.25)

298 11.68 ± 0.11 66.64 ± 0.66
82.89 ± 0.84 132.31 ± 1.32308 11.63 ± 0.11 68.59 ± 0.68

318 11.38 ± 0.10 69.29 ± 0.69
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Thus, in these systems, the formation of a stable coordi-
nation compound occurs depending both on the nature of 
the complexing agent – the metal ion – and on the conforma-
tional state of the polymer ligand and external (I, T) factors.

5. 3. Evaluation of the reactivity of some low-mo-
lecular-weight ligands for the modification of polyeth-
yleneimine surfaces using quantum calculations

Quantum-chemical calculations to determine the reac-
tion center in the molecules of salicylic, sulfosalicylic, and 
ethylenediaminetetraacetic acids were carried out using 
the semi-empirical PM3 method in the MOPAC 7 program. 
Graphical illustrations of the optimized geometric mod-
els were created using the graphic editor in the HYPER-
CHEM 6 program. When examining the geometric and elec-
tronic characteristics of the model molecules, the following 
conclusions were made:

– in the model molecule of salicylic acid, the reaction 
center is the oxygen atom of the carbonyl group. However, the 
oxygen atom of the hydroxyl group in the molecule can also 
participate in a donor-acceptor bond;

– in the molecule of sulfosalicylic acid, the reaction centers 
are primarily the oxygen atoms of the sulfonyl group, as well as 
the oxygen atoms of the carboxyl and hydroxyl groups;

– in the model molecule of ethylenediaminetetraacetic 
acid, the reaction center is the oxygen atom of the carboxyl 
group. The possibility of the arrival of acceptor electrons to 
the nitrogen atom is limited by the steric factor. In addition 
to atomic distances, charge characteristics, electron densities, 
and reaction orders of the given salicylic, sulfosalicylic, eth-
ylenediaminetetraacetic acids, and Be2+-H3Ssal, electronic 
and energetic characteristics were calculated (Table 3).

Table 3

Electronic and energetic characteristics of salicylic, 
sulfosalicylic, ethylenediaminetetraacetic acids, and Be2+-H3Ssal

Compound DfHo, kJ Е, eV IP, eV m, D

С7О3Н6 –477.65 –1803.20 9.40 2.09

С7О5Н6S –978.85 –2870.50 10.14 2.47

С10О8Н16N2 –1491.39 –4107.61 9.84 1.57

Ве2+-H3Ssal (1) –1001.19 –2884.26 8.23 2.73

Ве2+-H3Ssal (2) –990.98 –2884.15 8.32 3.41

Quantum-chemical modeling of the process of binding 
a beryllium ion with the sulfo- and carboxyl groups in the 
PEI-Be2+-H3Ssal system was conducted. In the first model 
form, the hydrogen ion in the hydroxyl group, which is part of 
the sulfo group, is bound by the substitution of the beryllium 
atom; in the second model form, the reactive centers are the 
hydroxyl and carbonyl oxygen atoms in the carboxyl group. 
Comparing the calculated geometric, electronic, and ener-
getic parameters of the two binding models, the following 
conclusions can be drawn about the binding of the beryllium 
ion with the oxygen atoms in the sulfonyl group in the model 
system Be2+-H3Ssal:

– then the Be2+ ion forms a new strong bond with the 
oxygen atoms in the sulfonyl group;

– this model system Be2+-H3Ssal is thermodynamically 
stable compared to the model system in which the oxygen 
atoms in the carboxyl group participate in the reaction;

– it is easy to extract electrons from it to form a donor-ac-
ceptor bond, as it has a low ionization potential.

5. 4. Triple systems consisting of group II metal ions, 
polyethyleneimine, and low-molecular-weight ligands

The study of ternary systems containing ions Be2+, Mg2+, 
Ca2+, Sr2+, Ba2+, Zn2+, Cd2+, Hg2+, 2

2Hg ,+  polymer ligand – 
PEI, and these low molecular weight ligands is of great im-
portance both theoretically and practically. From a scientific 
perspective, one of the important questions is determining 
the mutual influence of ligands of different natures on the 
process of forming ternary polymer-metal complexes. More-
over, the results of the study of ternary systems can serve as 
a basis for the development of polyadsorbents effective for 
many metal ions, with the aim of separating, concentrating 
metal ions, and purifying industrial wastewater, which is 
also relevant from an environmental perspective.

The results of potentiometric, conductometric, and viscom-
etric studies of the ternary systems show that when low-molec-
ular-weight ligands are added to the binary PEI-Mn+ system, 
the interaction process in each system depends on the nature 
of the complexing agent, metal ion, and ligand, leading to the 
formation of ternary polymer-metal complexes (Fig. 4–6).

In systems consisting of PEI-Be2+, Mg2+, Ca2+, Sr2+, 
Ba2+, Hg2+, 2

2Hg +-H2Sal (H3Ssal), low-molecular ligands 
with coordination-bound metal ions are formed through 
donor-acceptor bonding, creating a triple polymer-metal 
complex with various ligands. And in the ternary systems 
PEI-Zn2+(Cd2+)-H2Sal (H3Ssal), PEI-Be2+-H2edta2-, the ter-
nary polymer-metal complex is formed through electro-
static binding with positively charged polyelectrolytes and 
low-molecular-weight ligands.

To determine the coordination of ligands in the synthe-
sized complex polymer-metallic complexes, their IR spectra 
were discussed. The main vibrational frequencies are pre-
sented in Table 4. 

Fig. 4. Potentiometric titration of the PEI-Be2+ system: 	
1 – ethylenediaminetetraacetic acid (EDTA); 2 – salicylic acid; 	

3 – sulfosalicylic acid
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Fig. 5. Conductometric titration of the PEI-Be2+ system: 	
1 – ethylenediaminetetraacetic acid (EDTA); 2 – salicylic acid; 	

3 – sulfosalicylic acid
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Analysis of the IR spectroscopy results shows that upon in-
teraction of the aforementioned metal ions with PEI and a sec-
ond ligand of a different nature (the molecules H2Sal, H3Ssal, 
and H2edta2-), a complex polymer-metal complex is formed. 
When coordinating with metal ions, the reaction center in the 
PEI molecule is the nitrogen atom of the imine group, as ev-
idenced by the shift in the frequency of the valence vibration 
corresponding to this group to the range of 3200–3300 cm-1, 
while H2Sal, H3Ssal, and H2edta2- are the oxygen atoms of 
the carbonyl group. Only in the PEI-Be2+-H3Ssal system does 
the beryllium ion form a coordination bond with the sulfonyl 
group of salicylic acid. Other heteroatoms in the ligand of 
these molecules participate in the formation of numerous  
hydrogen bonds.

6. Discussion of the results of the study on the 
wastewater purification from group II metal ions using 
polyethyleneimine and low-molecular-weight ligands

During the study of the physicochemical properties 
of complex formation of Be2+, Mg2+, Ca2+, Sr2+ and Ba2+ 
ions with polyethyleneimine (PEI), important aspects of 
interactions between metal ions and the polymer were 
identified. The obtained data show that complex formation 
occurs through the release of protons from the imine groups 

of PEI (Fig. 1–3), leading to the formation of stable poly-
mer-metal complexes. Especially interesting are the results 
related to the Be2+ ion, which showed maximum stability due 
to its small size and high charge density (Table 1).

The detected molar ratios between the components in-
dicate the presence of stable structures, which is consistent 
with general notions about the acid-base nature of cations. 
The stability of the complexes also increases with the in-
crease in the ionic strength of the solution due to charge 
screening and changes in the conformation of PEI molecules, 
which affects the availability of ionogenic groups (Table 1).

The discussion of the thermodynamics of complex forma-
tion of group IIA ions with polymeric ligands, such as poly-
ethyleneimine (PEI), demonstrates the interplay of various 
factors affecting the stability of these complexes (Table 2). 
The spontaneous process, confirmed by the negative change 
in Gibbs energy, indicates that the formation of complexes 
is energetically favorable. Enthalpic factors play a key role, 
as exothermic reactions associated with the formation of 
donor-acceptor bonds are accompanied by the release of a 
significant amount of energy. However, high temperatures 
can negatively affect the stability of complexes, indicating 
the importance of controlling temperature regimes in ex-
periments. At the same time, changes in entropy caused by 
the disruption of the hydration layer and the displacement of 
water affect the level of order in the system. This can either 
promote the formation of stable polychelate structures or, 
conversely, hinder it, depending on the properties of the ions 
used. The differences in entropic changes between Be2+ and 
Mg2+ ions compared to the heavier ions Ca2+ and Sr2+ high-
light how important the nature of the ions is for the stability 
of the formed complexes.

Quantum-chemical calculations confirmed the key role 
of oxygen atoms in the reactivity of salicylic, sulfosalicylic, 
and ethylenediaminetetraacetic acids, especially in their in-
teractions with ions such as beryllium (Table 3). In salicylic 
acid, the carbonyl oxygen and hydroxyl oxygen act as reac-
tion centers, while sulfosalicylic acid demonstrates multiple 
reaction centers, indicating its ability to form donor-acceptor 
complexes. Ethylenediaminetetraacetic acid illustrates the 

Fig. 6. Viscosimetric titration of the PEI – Be2+ system: 	
1 – ethylenediaminetetraacetic acid (EDTA); 2 – salicylic acid; 

3 – sulfosalicylic acid
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Table 4

Main frequencies of oscillations of polymer-metallic complexes in the IR Spectrum

Absorption bands PEI H2edta2- Н2Sal Н3Ssal PEI-Be2+-Н3Ssal PEI-Hg2+-Н3Ssal PEI-Hg2+-Н2Sal PEI-Cd2+-H2edta2-

n (ОН) 3500 3526
3428

3112 3430 3436
3586

–
3238 3526

n (NH)
3300

3385 – – 3065 3067 – 3427
3282

n(C=O) + das (CNH) +d (СОН)
1651

1673 1659 1672 – 1670 1614 –
1580

nas (SO3
–  ) + nas (CCN) – –

1190 1169 1158 1168
1124 –

1156
1146

1124 1125
1123

ns (SO3
–  ) + n (C-C) – –

1090 1083 1079
1093

– –1084
1031 1041 1030 1039

r (CNH) + nas (CCN) –
900

894
887 887 888

826 844842 835 837
817 803 811 803

das (COO-) +d (C-C-C) – 653
699 667

670
666

–
645

660 606 621 619
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influence of steric effects on binding with acceptors. The 
binding of beryllium ions with sulfonyl groups highlights 
the thermodynamic stability of such systems, opening new 
opportunities for the development of electrolytic systems and 
a deeper understanding of ionic interactions. These results 
highlight the importance of the electronic characteristics of 
molecules for predicting their chemical behavior, which has 
significant applications in the chemical and pharmaceutical 
industries.

The study of ternary polymer-metal complexes with 
Be2+, Mg2+, Ca2+ ions, and others confirms the significance 
of interactions between components for creating effective 
adsorbents (Fig. 3–5). The inclusion of low-molecular-weight 
ligands in systems with the polymer ligand PEI significantly 
affects the formation of stable complexes, which is important 
for wastewater treatment and the separation of metal ions. 
FTIR spectroscopy analysis revealed specific coordination 
bonds, particularly between the beryllium ion and the sulfo-
nyl group of salicylic acid.

In contrast to [18], where the removal of heavy metals 
is achieved via biological mechanisms involving living 
microalgae – systems that are highly sensitive to fluctu-
ations in pH and temperature – the triple polymer-metal 
complexes synthesized in this work demonstrate chem-
ical and structural stability in a wide range of condi-
tions. Specifically, the newly developed complexes such as  
PEI-Be2+(Hg2+, 2

2Hg +)-H3Ssal, PEI-Hg2+( 2
2Hg +)-H2Sal, and 

PEI-Zn2+(Cd2+, Hg2+, 2
2Hg +)-H2edta2⁻ enable selective 

binding and removal of toxic metal ions, including berylli-
um and mercury, with efficiency reaching up to 97%. This 
result is made possible by the synergistic coordination 
mechanism involving both the polymer matrix (PEI) and 
low-molecular-weight ligands, which provide multidentate 
binding sites and stabilize complex formation through do-
nor-acceptor and electrostatic interactions.

Unlike conventional polymeric adsorbents described 
in [21], which primarily rely on surface-level sorption and 
suffer from regeneration difficulties and low selectivity, the 
obtained polymer-metal complexes form inner-sphere coordi-
nation bonds, which significantly enhance selectivity toward 
small, high-charge-density ions such as Be2+ and 2

2Hg +. This 
structural feature allows the material to maintain its adsorp-
tion capacity in real wastewater matrices with competing 
ions and fluctuating composition.

Thus, compared to global analogs [15, 20], the synthesized 
ternary complexes are not only environmentally and econom-
ically advantageous, but also demonstrate high adsorption ef-
ficiency, reproducibility, and adaptability, making them highly 
promising for industrial applications in the post-treatment of 
wastewater contaminated with heavy metals.

The developed polymer-metal complexes allow for the 
selective extraction of toxic metal ions (Be2+, Sr2+, Ba2+, Zn2+, 
Cd2+, Hg2+, 2

2Hg +) from various solutions. At the “Tospa Su” 
facility, laboratory tests of polymer compositions for purify-
ing wastewater from car washes in Almaty from beryllium 
and mercury ions were conducted. The results of the research 
show the high efficiency of polymer compositions for the fur-
ther purification of wastewater and the possibility of predict-
ing their behavior based on thermodynamic characteristics. 
Thanks to complexation with polyethyleneimine and salicyl-
ic acid, 93–97% purification of wastewater from mercury and 
beryllium ions has been achieved.

In calculating the stability of polymer coordination com-
pounds, a number of simplifying assumptions were made to 

ensure the applicability of the law of mass action in its concen-
tration form. The polymer electrolyte was considered a homoge-
neous system, with the ionic strength regulated using aqueous 
solutions of NaCl. The reactive groups of polyethyleneimine 
were assumed to be chemically identical, with uniform disso-
ciation constants that remain unchanged upon protonation and 
complexation. While these assumptions facilitated the modeling 
process, they impose several important limitations.

First, the applicability of the developed models is restrict-
ed to laboratory-controlled conditions. The behavior of the 
complexes in the presence of organic contaminants, hard wa-
ter ions, or highly mineralized environments has not yet been 
evaluated. Second, the stability of the synthesized complexes 
decreases under extreme pH conditions and at elevated tem-
peratures above 50°C, likely due to conformational changes 
in the polyethyleneimine backbone and disruption of coordi-
nation bonds. Third, the reproducibility of the results outside 
the tested pH range (4–8), temperature (20–25°C), and in the 
presence of competitive ionic species has not been confirmed 
and requires further validation through pilot-scale studies.

Among the disadvantages of the current study is the ab-
sence of kinetic data on the formation and dissociation of the 
polymer-metal complexes. This limits the ability to optimize 
contact times and predict sorption dynamics during scale-up. 
Additionally, the regeneration of the synthesized sorbents 
and their performance over multiple cycles was not exam-
ined. The selective behavior of the complexes in multicompo-
nent solutions containing competing ions such as Ca2+, Fe3+, 
or Pb2+ was also not addressed. 

Overcoming these limitations and disadvantages will 
improve the robustness and transferability of the developed 
approach for practical implementation in wastewater treat-
ment systems targeting toxic heavy metal ions.

Future work may focus on kinetic studies, sorbent re-
generation protocols, and competitive binding evaluations to 
enhance the practical applicability and industrial relevance 
of the proposed method. 

7. Conclusions

1. The complexation behavior of group II metal ions (Be2+, 
Mg2+, Ca2+, Sr2+, Ba2+) with polyethyleneimine (PEI) was 
studied using potentiometric, conductometric, and viscosi-
metric methods. It was established that coordination com-
pounds with a stoichiometry of PEI:M2+ = 2:1 are formed in 
binary systems. In PEI-Sr2+ and PEI-Ba2+ systems, stepwise 
complex formation was observed, with formation of poly-
mer-metal particles of 6:1 and 4:1 composition, respectively, 
at the initial stage. The stability series of the resulting com-
plexes was determined as: Be2+ > Ca2+ > Sr2+ > Ba2+ > Mg2+, 
which correlates with the acid-base character and ionic radi-
us of the metal cations. The PEI–Mg2+ complex exhibited the 
lowest stability due to structural incompatibility between the 
small, highly hydrated Mg2+ ion and the flexible PEI ligand.

2. Thermodynamic analysis revealed that all studied 
complexation processes are spontaneous (ΔrG° < 0) and 
exothermic (ΔrH° < 0). For example, for the PEI-Be2+ sys-
tem, the calculated parameters were: ΔrG° = –53.34 kJ/mol, 
ΔrH° = –210.45 kJ/mol, ΔrS° = –509.95 J/mol·K. Negative en-
tropy changes for Be2+ and Mg2+ indicate increased ordering 
within the complexes. The stability constants (lgβ0) ranged 
from 5.4 for Mg2+ to 10.16 for Be2+, confirming the high af-
finity of PEI for smaller, more polarizing cations.
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3. Quantum chemical calculations identified the main 
reactive sites in low-molecular-weight ligands: carbonyl 
oxygen atoms in salicylic acid (H2Sal), sulfonyl oxygens in 
sulfosalicylic acid (H3Ssal), and carboxyl oxygen atoms in 
EDTA (H2edta2⁻). Due to steric hindrance, coordination 
through EDTA nitrogen atoms is limited.

4. In ternary systems, distinct interaction mechanisms 
were identified. For PEI–Me2+-H2Sal/H3Ssal, complexation oc-
curs predominantly via donor–acceptor interactions, forming 
stable polymer–metal–ligand complexes. In contrast, systems 
such as PEI-Zn2+/Cd2+-H2Sal and PEI-Be2+-H2edta2⁻ form 
complexes stabilized primarily by electrostatic interactions 
between the positively charged PEI and the metal-ligand moi-
ety. Sorption studies demonstrated that PEI-Be2+-H3Ssal and 
PEI-Hg2+-H3Ssal complexes were the most effective for ion 
removal. Be2+ was removed with 97.1% efficiency, and Hg2+ 
with 93.4%, whereas for Mg2+ and Ba2+, removal efficiency re-
mained below 70%. The PEI modified with sulfosalicylic acid 
was identified as the most efficient polymer-based sorbent. In 
pilot-scale wastewater treatment trials, this material reduced 
Be2+ and Hg2+ concentrations to 0.004 mg/L and 0.002 mg/L, 
respectively – both meeting regulatory discharge limits.
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