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* Correspondence: alzhakina@mail.ru 

Abstract: Imprinted polymers with imprints of Zn2+ ions (ZnIP) and reference polymers without imprints (NIP) 
were synthesized based on humic and methacrylic acids. Comparative studies of the physical parameters of 
ZnIP and NIP were carried out using elemental analysis, IR spectroscopy and electron microscopy. Kinetic 
parameters of Zn2+ ion sorption on ZnIP and NIP were determined. It was found that the sorption kinetics on 
both ZnIP and NIP are approximated by a pseudo-first-order equation. The sorption rate constant for ZnIP is 
higher than that of NIP, indicating a higher adsorption rate of Zn2+ ions onto the surface of ZnIP. This may be 
due to more accessible sites on ZnIP. Adsorption of Zn2+ ions is best described by the Langmuir model, 
indicating monolayer adsorption on a homogeneous surface. The Langmuir model also shows that ZnIP is 
effective at low adsorbate concentrations. The Freundlich model describes the adsorption with less accuracy, 
which may indicate monolayer adsorption and less surface homogeneity. ZnIP shows better adsorption 
capacity and higher efficiency compared to NIP and can be proposed as a selective sorption material for Zn2+ 
ions. 

Keywords: molecular imprinted polymers, humic acids, zinc ions, adsorption, purification 
 

1. Introduction 

Recently, the development of polymers with a molecular imprints has become an important area 
of research [1–15]. These polymers are created with targeted molecular sites that recognize specific 
target molecules. We are particularly interested in molecular imprinted polymers, which provide 
promising solutions for the selective separation and concentration of components of complex 
mixtures [16–20]. Due to its ability for selective recognition, simplicity of synthesis and high thermal 
and chemical stability, the number of studies in the field of molecular imprinted polymers is growing 
rapidly, demonstrating the development of molecular imprinting technologies [17,19,20]. 

Modern research shows great prospects for rapidly developing molecular imprinting 
technologies to create a new generation of sorption materials. The possibility of developing imprinted 
polymers for wastewater treatment from heavy metals is particularly attractive. The interest in this 
area of research is due to the fact that imprinted polymers are used not only in scientific research, but 
are already being introduced into the chemical [9,12,14], pharmaceutical [21,22] and biotechnological 
[23–26] industries, especially at the stages of purification of end products. A key aspect of the use of 
molecular imprinted polymers in sorption materials is their ability to effectively remove pollutants, 
including trace concentrations, and their exceptional stability under harsh conditions (high 
temperature, pressure, organic solvents) simplifies the process of water purification [4,6,7,9,10,12–
14,27,28]. 

The synthesis of molecular imprinted polymers with specified properties and their ability to 
selectively recognize is a difficult task. Nevertheless, the possibilities of their application are 
practically unlimited. This is due to the fact that compounds of various classes can be used as a 
matrix, capable of absorbing pollutants from both organic and aquatic environments.  

The review [5] presents the results of studies of ion-imprinted polymers for the selective removal 
of transition metal ions (including heavy metal ions, precious metal ions, radionuclides and rare earth 
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metal ions) from an aqueous solution by critically analyzing the most relevant literature studies over 
the past decade. 

In this context, polymers developed based on the molecular imprinting methodology, especially 
those that use natural polymers as a base, represent an innovative solution. The most promising raw 
materials for such polymers are humic acids, products of coal waste processing.  

Humic acids are used as natural sorbents for purification of technogenic media from heavy 
metals [29–33]. Their ability to interact with various types of pollutants is due to the presence of many 
oxygen-containing functional groups, aromatic and heterocyclic structures. These acids have a wide 
range of beneficial properties and are able to bind almost all types of ecotoxicants, including heavy 
metal ions. 

Water pollution has become a serious problem due to the uncontrolled discharge of heavy 
metals, which are highly toxic pollutants. Zinc, which is often found in wastewater, is particularly 
dangerous because its salts can negatively affect ecosystems. Excess or deficiency of zinc can damage 
the systems of living organisms. Therefore, zinc water purification is an important part of industrial 
water treatment processes. 

Previously, we synthesized molecular imprinted polymers to remove heavy metals from water 
[34,35]. In this work, research on the development of molecular imprinted polymers is continued. The 
purpose of this study is the synthesis of a zinc-imprinted polymer based on humic acids and a 
functional monomer, as well as their study of its sorption properties. 

2. Materials and Methods 

2.1. Chemicals 

In the synthesis of imprinted zinc-imprinted polymers (ZnIP) and non-imprinted comparison 
polymers (NIP), humic acids (HA) obtained from oxidized coal from the Shubarkol deposit 
(Karaganda, Kazakhstan) [35]. Zinc acetate (Merck, Darmstadt, Germany; CAS:5970-45-6) was used 
as a template molecule for obtaining prints. Methacrylic acid (MAA; Merck, Darmstadt, Germany; 
CAS:79-41-4) was used as a monomer. Ethylene glycol dimethacrylate (EGDMA; Merck, Darmstadt, 
Germany; CAS:97-90-5) was used as a crosslinking agent; benzoyl peroxide (BP; Merck, Darmstadt, 
Germany; CAS:94-36-0) – as a reaction initiator. The objects of sorption research were aqueous 
solutions of zinc acetate, which were prepared by dissolving precise Zn(CH3COO)2·H2O attachments 
in distilled water. 

2.2. Synthesis of Imprinted Polymers with a Molecular Zinc Imprint 

The synthesis of an imprinted polymer with a molecular zinc imprint (ZnIP) was carried out 
according to the method of non-covalent imprinting developed by us using radical polymerization. 
A solution of Zn(CH3COO)2 (0.1 mmol) was added to an aqueous solution of HA (1 mmol) and 
treated with ultrasound (US) for 30 minutes. Further, the mixture was kept under stirring for 6 hours 
until a stable pre-polymerization complex was formed between the HA molecules and the template 
molecule. Then a functional monomer (methacrylic acid, 1 mmol), a crosslinking agent (EGDMA, 10 
mmol) and an initiator (benzoyl peroxide, 0.1 mmol) were introduced into this complex. To prevent 
oxygen exposure, the reaction mixture was purged with argon for 15 minutes. Polymerization was 
carried out for 180 minutes in a thermostat (Termex, Tomsk, Russia) at a temperature of 60°C. After 
completion of copolymerization, the resulting product was centrifuged (centrifuge Hermle 
Labortechnik GmbH, Wechingen, Germany) at a speed of 14,000 rpm, washed with water to a neutral 
medium, dried, crushed (shredder IKA-Werke GmbH & Co., Staufen, Germany), sieved on 
laboratory sieves and a fraction with a particle size of 200-400 microns was selected. The template 
was removed from the crushed sorbent by acid hydrolysis with 0.1 N HCl solution, heated to 50-60°C 
and kept for 30 minutes. The resulting product was filtered and the precipitate was rinsed with water 
until the Cl- ions disappeared. 

An unprinted comparison polymer (NIP) was synthesized using a similar technique, but 
without the addition of a template. 
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2.3. Characterization Studies 

The structural properties of ZnIP and NIP were studied using Fourier transform infrared 
spectroscopy with attenuated total internal reflection. The IR spectra for ZnIP and NIP were obtained 
using the FSM-1201 IR Fourier spectrometer (Infraspec Company, St. Petersburg, Russia) in the range 
of wave numbers 4000-400 cm-1, the error is not more than 2 cm-1. 

To assess the content of oxygen-containing groups in ZnIP and NIP, the conductometric method 
of reverse titration using the laboratory conductometer Anion-4100 (Infraspak-Analyte, Novosibirsk, 
Russia) was used. The measurements were carried out sequentially on three hitches, and the average 
value was obtained from three experiments.  

Elemental analysis of carbon, hydrogen, nitrogen and oxygen content in ZnIP and NIP was 
performed on an elemental analyzer (Elementar Unicube, Langenselbold, Germany).  

The morphology of ZnIP and NIP was characterized using scanning electron microscopy on a 
MIRA 3 device (Tescan Orsay Holding, Brno-Kohoutovice, Czech Republic) equipped with detectors 
registering various signals. Images with topographic contrast were obtained using secondary 
electron detectors, and the elemental composition on the surface was determined using X-ray energy 
dispersive microanalysis.  

The Ultrasonic Homogenizer JY92-IIDN with a maximum power of 900 watts and a frequency 
of 25 kHz (Scientz, China) was used as an ultrasound source. The equipment is equipped with a 7-
inch touchscreen to control the instruments. The ultrasonic power step is smoothly adjustable by 1%, 
with pulse and continuous operation, as well as with a testing function. All operating parameters of 
the device, including temperature, can be adjusted individually. 

2.4. Adsorption of Zn2+ Ions 

Sorption of imprinted polymers with a molecular imprint of zinc and comparison polymers was 
carried out in a static mode. To do this, a 0.1 g suspension of sorption material was placed in a flat-
bottomed flask with a lapped stopper. Further, 25 cm3 solutions of zinc acetate with an increasing 
concentration from 100 to 2000 mg/dm3 were poured into the flasks. 

The solutions were mixed for 6 hours using a laboratory shaker (PE-6410, St. Petersburg, Russia). 
After the adsorption equilibrium was established, the suspended particles were separated from the 
solution by filtration. Further, the equilibrium concentrations of Zn2+ ions in the filtrate were 
determined using an inductively coupled plasma iCAR6500 atomic emission spectrometer 
(SPECTRO ARCOS EOP SPECTRO Analytical instruments GmbH, Germany). The number of Zn2+ 
ions adsorbed on ZnIP was calculated as the ratio of the difference in concentrations of Zn2+ ions in 
solution before and after sorption, related to the unit mass of the imprinted polymer: 

А =
(Сబି஼р)·௏

௠
              (1) 

where A is the number of sorbed Zn2+ ions (mmol/g); C0 is the concentration of Zn2+ ions in the 
initial solution before sorption (mmol/dm3); Ceq – the equilibrium concentration of Zn2+ ions in the 
solution after sorption (mmol/dm3); m – the mass of ZnIP (g), V – the volume of the analyzed solution 
(cm3).  

According to the obtained values of the sorption capacity (A, mmol/g) adsorption isotherms 
were constructed in the studied ZnIP at different equilibrium concentrations of Zn2+ ions (Ceq, 
mg/dm3). 

At the same time, the sorption characteristics were calculated: the degree of extraction (R, %), 
the coefficient of distribution of Zn2+ ions on an imprinted polymer with molecular imprints of zinc 
(D) and the imprinting factor (IF) according to the equations: 

𝑅 =
௖బି௖೛

௖బ
∙ 100%             (2) 

𝐷 =
ோ

(ଵ଴଴ିோ)
∙
௏

௠
             (3) 
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𝐼𝐹 =
஽ౖ౤౅ౌ

஽ొ౅ౌ
              (4) 

Similarly, the sorption properties for the comparison polymer were studied using the above 
method. 

The effect of pH and time on the adsorption capacity was studied. The measurements were 
repeated 3 times and the results were analyzed. The effect of pH on adsorption capacity was studied 
in the range 3.0-9.0. To construct kinetic adsorption curves, zinc acetate solutions were prepared, 0.1 
g of ZnIP sorbent was added, mixed on a laboratory shaker (PE-6410, St. Petersburg, Russia), samples 
were taken through 5, 10, 20, 30, 40, and 60 minutes . According to the obtained values of the degree 
of sorption of Zn2+ ions (R, %) of the studied ZnIP and NIP at different times, isotherms calculated by 
the equation were constructed: 

𝑅 =
СబିС೟

஼బ
∙ 100%            (5) 

where: R is the degree of extraction (%); C0 is the initial molar concentration of metal ions 
(mmol/dm3); Ct is the molar concentration of metal ions at a time (mmol/dm3). 

 
The obtained sorption isotherms can theoretically be described on the basis of two equations: 
1) the Langmuir monomolecular sorption model equation describing the sorption isotherm over 

the entire concentration range: 
𝐴 =

஺೘ೌೣ∙(௄ೞ೚ೝ್∙஼೛)

ଵା௄ೞ೚ೝ್∙஼೛
            (6) 

or in a linear form: 

஼೛

஺
=

ଵ

௄ೞ೚ೝ್∙஺೘ೌೣ
+

ଵ

஺೘ೌೣ
∙ 𝐶௣          (7) 

where Ksorb is the sorption constant, dm3/mmol; A – maximum sorption capacity, mmol/g. 
 
2) the empirical Freundlich equation, which is usually used to represent the average section of 

the sorption isotherm: 
𝐴 = 𝐾ி௥ ∙ 𝐶௣

ଵ/௡            (8) 

or in a linear form: 

𝑙𝑔𝐴 = 𝑙𝑔𝐾ி௥ +
ଵ

௡
∙ 𝑙𝑔𝐶௣           (9) 

where KFr is the Freundlich constant, which represents the amount of adsorption substance at 
an equilibrium concentration equal to one; 1/n– a constant whose value is equal to the correct fraction. 

3. Results and Discussion 

3.1. Characterisation Analysis 

The zinc-imprinted polymer (ZnIP) was prepared in three stages. The first stage is the synthesis 
of a pre–polymerization complex consisting of a polymer (humic acid, HA) and a template molecule 
(Zn(CH3COO)2) under the influence of ultrasound (US). The second stage – a functional monomer 
(methacrylic acid, MAA), a crosslinking agent (ethylene glycol dimethacrylate, EGDMA) and an 
initiator (benzoyl peroxide, BP) were added to the pre-polymerization complex. The mixture was 
subjected to heat treatment at 60°C for 180 minutes. The third stage is the removal of the template 
molecule from the polymer mesh by acid hydrolysis. An unprinted reference polymer (NIP) was 
synthesized under similar conditions without the participation of a template molecule. Table 1 shows 
the initial components used for the synthesis of ZnIP and NIP. 
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Table 1. Initial components for the synthesis of zinc-imprinted polymers and comparison polymers. 

№ Polymer HA (mmol) MAA (mmol) Zn(CH3COO)2 (mmol) 
Crosslinking agent 
(EGDMA, mmol) 

Initiator (BP, 
mmol) 

1 ZnIP 1 1 1.00 10 0.1 
2 NIP 1 1 – 10 0.1 

The results of chemical studies of synthesized ZnIP and NIP are confirmed by data from 
elemental analysis, IR spectroscopy, X-Ray phase analysis, conductometry and electron microscope. 
The physico-chemical characteristics of ZnIP and NIP are given in Table 2. 

Table 2. Characteristics of imprinted polymers. 

№ Polymer Cg, % Hg, % Ng, % Og, % 
Σ(COOH+OH) mg-

eq/g 
Yield, % 

1 ZnIP 61.32±0.2 3.97±0.1 0.67±0.1 34.04±0.3 4,43±0.2 76.54 
2 NIP 57.32±0.2 3.85±0.1 0.67±0.1 38.16±0.3 4.95±0.2 77.98 

The results of the elemental analysis (Table 2) showed a decrease in the oxygen content of ZnIP 
by 4.12% compared to NIP. This indicates the interaction of Zn2+ ions with the carboxyl and hydroxyl 
groups of the polymer, which leads to a decrease in their number in the ZnIP structure. A decrease 
in the content of oxygen-containing groups in ZnIP also confirms the possibility of binding of these 
groups to Zn2+ ions by the mechanism of complexation. The values of the Σ(COOH+OH) content in 
ZnIP are 4.43 mg-eq/g, and in NIP – 4.95 mg-eq/g. This may indicate that some of the Zn2+ ions were 
used to bind to oxygen-containing functional groups of the polymer, which confirms the effectiveness 
of imprinting. The ZnIP yield is 76.54% and the NIP yield is 77.98%. These values are quite close, 
which indicates that the imprinting process does not significantly affect the overall yield of the 
polymer, despite changes in its composition and structure. Thus, the results of the elemental analysis 
confirm that ZnIP binds Zn2+ ions to the functional groups of the polymer, which may be important 
for its applications as a molecular imprint. 

IR spectroscopy methods were used to determine the structural characteristics of ZnIP and NIP 
(Figure 1). 

 

 

Figure 1. IR spectra of imprinted polymers. 

It was found that the IR spectra obtained by ZnIP and NIP were very similar, since these samples 
were synthesized using the same methodology and initial reagents. The images of the ZnIP and NIP 
samples showed peaks in the region of 1010-1139 cm-1, which correspond to the stretching of the C–
O bonds of carbohydrates, alcohol and ether groups, indicating the presence of these functional 
groups in the ZnIP and NIP polymers. Bands with a maximum at 913 cm-1 are associated with the 
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presence of substituted aromatic structures. The changes in the 1385 cm-1 region can be explained by 
destructive processes that affect the structure of both ZnIP and NIP polymers, leading to a reduction 
in the length of the aliphatic chain and an increase in the number of annular –CH3 groups. The 
appearance of a band in the 1600-1650 cm-1 region in both ZnIP and NIP is associated with 
fluctuations in the C=C double bond of methacrylic acid. The presence of an absorption band in the 
region of 1700-1720 cm-1 is associated with the stretching of C=O in carboxyl groups. Their presence 
in the IR spectrum of NIP, but their absence in the spectrum of ZnIP, indicates that a coordination 
complex is formed in ZnIP, which may make it difficult to detect carboxyl groups. The stretching of 
peaks in the range of 3200-3560 cm-1, characteristic of hydroxyl groups, may indicate a possible 
binding of zinc ions in the ZnIP sample by the mechanisms of ion exchange and complexation. 
Distinct peaks in the 450 and 612 cm-1 regions represent Zn–O bonds.  

The surface morphology of ZnIP and NIP was studied using a scanning electron microscope 
(SEM) (Figures 2-3). 

 

Figure 2. ZnIP microstructure with elemental analysis. 

 

Figure 3. NIP microstructure with elemental analysis. 

Micrographs of the ZnIP sample surface show a more porous structure with globular aggregates 
125-235 nm thick. These globular aggregates form a porous network, which is characteristic of ZnIP 
after the removal of Zn2+ ions. 

Removal of Zn2+ ions. From the polymer network, ZnIP creates accessible active sites that can 
specifically interact with Zn2+ ions. during the adsorption process. The presence of these accessible 
sites is clearly demonstrated in raster microscopic images (Figure 2). As can be seen from the figure, 
ZnIP samples have a unique structure, which is characterized by spherical cavities. This is due to the 
fact that imprinting of Zn2+ ions. In the polymer network, ZnIP creates special "targets" for Zn2+ ions, 
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which improves their capture rate compared to the fingerprint-free polymer (NIP), which does not 
have such a specific structural organization. 

ZnIP, due to its structure with imprints of Zn2+ ions, has a large number of available active sites, 
which accelerates the adsorption process and improves interaction with Zn2+ ions. An analysis of the 
elemental composition and a multilayer EDS map confirm the absence of Zn2+ ions in the resulting 
product after acid hydrolysis (ZnIP). 

A smoother and more uneven surface without visible aggregated inclusions is observed on the 
scanned surface of the NIP sample (Figure 3). The results of the analysis of the elemental composition 
and the multilayer EDS map confirm the characteristics of NIP, demonstrating the absence of specific 
structural changes characteristic of ZnIP. 

3.2. Adsorption Study 

Figure 4 shows the time dependences of the degree of sorption of Zn2+ ions calculated by 
equation (5). 

 
Figure 4. Kinetics of sorption of Zn2+ ions by zinc-imprinted polymer and polymer comparisons. 

If we assume that the number of ligands in the ZnIP structure significantly exceeds the initial 
concentration of Zn2+ ions, then the law of effective masses for the sorption process can switch to a 
pseudo-order relative to the metal cation. 

To determine the pseudo-order, a graphical method was chosen using kinetic equations for 
reactions of integer order – the first (10), second (11) and third (12): 

𝑙𝑛𝐶 = 𝑙𝑛𝐶଴ − 𝑘ଵ𝑡           (10) 

ଵ

С
= 𝑘ଶ𝑡 +

ଵ

஼బ
మ            (11) 

ଵ

Сమ
= 𝑘ଷ𝑡 +

ଵ

஼బ
మ           (12) 

where: ki is the rate constant of the ith order of reaction; t is the reaction time (min). 
 
Based on experimental data, the parameters of three types of linear dependencies were 

calculated and correlation coefficients were determined (Table 3). 

Table 3. Kinetic equations of sorption of Zn2+ ions by zinc-imprinted and non-imprinted polymer at 
T=298.0 K and pH=5.0 and correlation coefficients (r). 

The pseudo-order of the 
reaction 

Sorbed ion Zn2+ zinc-imprinted polymer 

First lnC=1.4083-0.0118t r=0.9973 k1=0.0118 
Second 1/C=0.1665+0.0067t r=0.9813 k2=0.0067 
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Third 1/C2=0.1001+0.0085t r=0,9341 k3=0.0085 
The pseudo-order of the 

reaction 
Sorbed ion Zn2+ by a non-imprinted polymer 

First lnC=1.9653-0.0079t r=0.9970 k1=0.0079 
Second 1/C=0.1234+0,0019t r=0,9863 k2=0.0019 
Third 1/C2=0.0047+0.001t r=0.9571 k3=0.0010 

Higher correlation coefficients were noted when describing experimental data using the kinetic 
equation of the pseudo-first order reaction. Thus, the first order for ZnIP demonstrates high accuracy, 
with a correlation coefficient of r=0.9973, for NIP a correlation coefficient of r=0.9970. This confirms 
that the adsorption reaction for both ZnIP and NIP is best described in the first order. The rate 
constant for ZnIP (k1=0.0118) is higher than for NIP k1=0.0079, which indicates a higher rate of 
adsorption of Zn2+ ions for ZnIP. This may indicate that ZnIP has more accessible active sites than 
NIP. 

Thus, the first order is the most accurate model for describing the adsorption kinetics for both 
ZnIP and NIP. The adsorption rate for ZnIP is significantly higher in all orders of magnitude, which 
is confirmed by the large values of the rate constants. Second- and third-order models can be used, 
but they exhibit lower accuracy. 

As is known, the quantitative characteristic of sorption is Gibbs specific excess sorption, 
calculated by equation (1). We experimentally determined the sorption isotherms for Zn2+ ions at a 
temperature of 298.0 K. The results are shown in Figure 5.  

 
Figure 5. Isotherms of sorption of Zn2+ ions. 

According to the obtained equations, the calculated concentrations of the initial molar ion 
concentrations (C0i) for the pseudo-first-order model are close to experimental ones. 

When analyzing sorption properties, not only the percentage of extraction was considered, but 
also the distribution coefficients and the imprinting factor. The distribution coefficients (D) and the 
imprinting factor (IF), calculated according to equations (3) and (4), respectively, are presented in 
Table 4. 

Table 4. Degrees of extraction (R, %), distribution coefficients (D) and values of imprinting factors 
(IF). 

R, % D·10-2 IF 
ZnIP NIP ZnIP NIP ZnIP 
83.33 50.00 12.50 2.50 5.00 
70.00 50.00 5.83 2.50 2.33 
44.26 32.79 1.99 1.22 1.63 
26.23 18.03 0.89 0.55 1.62 
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Table 4 shows that the extraction degrees and the values of the distribution coefficients for ZnIP 
are higher compared to NIP. ZnIP has been found to have a better adsorption capacity than NIP. 

The adsorption of Zn2+ ions from aqueous solutions was studied in the pH range 3.0-9.0. The 
nature of the pH dependence indicates that the Zn2+ ions are extracted by both ZnIP and NIP. 

 
Figure 6. Dependence of the degree of extraction of Zn2+ ions on pH on ZnIP and NIP. 

The maximum degree of extraction is observed in the pH range 5.0 at which the imprinting 
process takes place. Sorption decreases with increasing pH.  

The correspondence of the experimental data to the Langmuir and Freundlich equations is 
proved on the basis of their linear forms by plotting graphs in the appropriate coordinates – if the 
points fit on a straight line, then this serves as a criterion for the possibility of using these equations 
to describe sorption isotherms. 

Figure 7 shows the experimental data in the coordinates of the linear form of the Freundlich 
equation. 

 
Figure 7. The isotherm of the sorption of Zn2+ ions on ZnIP and NIP in the coordinates of the linear 
form of the Freundlich equation. 

Based on the determination of linear regression coefficients, the parameters of the Freundlich 
equations for ZnIP and NIP were calculated (Table 5). 

Table 5. Linear approximation coefficients (y=kx+b), Freundlich equation parameters and correlation 
coefficients (r). 

Polymer k b KFr n r 

ZnIP 0.4156 -0.1758 1.1832 2.4060 0.9125 
NIP 0.5764 -0.5418 2.0526 1.7348 0.8670 

Expressions (13) and (14) represent the processing of an array of experimental points according 
to the linear regression equation for Zn2+ ions of ZnIP and NIP samples, respectively: 
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𝑙𝑔𝐴 = 𝑙𝑔1.1832 +
ଵ

ଶ.ସ଴଺଴
∙ 𝑙𝑔𝐶௣          (13) 

𝑙𝑔𝐴 = 𝑙𝑔2.0526 +
ଵ

ଵ.଻ଷସ଼
∙ 𝑙𝑔𝐶௣         (14) 

Figure 8 shows the experimental data in the coordinates of the linear form of the Langmuir 
monomolecular adsorption equation. 

 

Figure 8. The isotherm of the sorption of Zn2+ ions on ZnIP and NIP in the coordinates of the linear 
form of the Langmuir equation. 

Based on the determination of linear regression coefficients, the parameters of the equations 
were calculated – ion sorption constants and their maximum sorption per unit mass of ZnIP and NIP 
(Table 6). 

Table 6. Linear approximation coefficients (y=kx+b), Langmuir equation parameters and correlation 
coefficients (r). 

Polymer k b 
Maximum specific 

adsorption, A∞, 
mmol/g 

Adsorption 
equilibrium 

constant, KL, 
l/mmol 

r 

ZnIP 0.4703 0.7614 2.1262 0.6177 0.9985 
NIP 0.6147 2.4874 1.6269 0.2471 0.9837 

Expressions (15) and (16) represent the processing of an array of experimental points according 
to the linear regression equation for Zn2+ ions of ZnIP and NIP samples, respectively: 

஼೛

஺
=

ଵ

଴.଺ଵ଻଻∙ଶ.ଵଶ଺ଶ
+

ଵ

ଶ.ଵଶ଺ଶ
∙ 𝐶௣         (15) 

஼೛

஺
=

ଵ

଴.ଶସ଻ଵ∙ଵ.଺ଶ଺ଽ
+

ଵ

ଵ.଺ଶ଺ଽ
∙ 𝐶௣         (16) 

The high correlation coefficients for equations (15) and (16) allow us to assert that the model 
Langmuir monomolecular adsorption equation adequately describes the isotherms of sorption of 
Zn2+ ions in the entire range of concentrations studied. The ZnIP sample shows a higher maximum 
adsorption – 2.1262 mmol/g, compared to NIP – 1.6269 mmol/g and a significantly higher adsorption 
equilibrium constant of 0.6177 l/mmol for ZnIP and 0.2471 l/mmol for NIP. The correlation 
coefficients for the ZnIP (r=0.9985) and NIP (r=0.9837) samples indicate that the Langmuir model 
describes adsorption on the ZnIP sample almost perfectly and well on the NIP.  

The Freundlich constant (KFr=1.1832) for ZnIP shows a slightly lower adsorbent capacity 
compared to NIP (KFr=2.0526). However, the correlation coefficient in the Freundlich equation for the 
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ZnIP sample (r=0.9125) indicates a higher, but not ideal, accuracy of data description by the 
Freundlich model compared to the Langmuir model compared to NIP (r=0.8670). 

The difference between the Langmuir and Freundlich models can be explained as follows. The 
Langmuir model assumes that adsorption occurs on a homogeneous surface with a fixed number of 
adsorption centers and the formation of an adsorbate monolayer. The high correlation coefficients r 
for both ZnIP and NIP indicate that the adsorption on these samples corresponds well to the 
assumptions of the Langmuir model. This means that the adsorption is most likely limited to a single 
layer, and the surface of the adsorbent is homogeneous. The Freundlich model describes adsorption 
on heterogeneous surfaces and takes into account the possibility of multilayer adsorption. However, 
lower r values for this model compared to the Langmuir model indicate that the assumptions of the 
Freundlich model correspond less accurately to the actual adsorption process on these samples. This 
may mean that multilayer adsorption or strong surface heterogeneity are not the dominant factors in 
this case. 

Thus, ZnIP demonstrates better adsorption capacity and is better described by the Langmuir 
model, which is confirmed by a high r value. This may indicate that adsorption on this sample occurs 
predominantly in a single layer and on a homogeneous surface. However, Langmuir's model 
emphasizes that ZnIP is particularly effective at low concentrations of adsorbate, due to its high 
constant and maximum adsorption. NIP is also well described by the Langmuir model, although its 
adsorption capacity is somewhat lower. The Freundlich model describes adsorption on this sample 
with less accuracy, which may be due to the fact that adsorption on this sample is closer to monolayer. 
The differences in the correlation coefficients between the Langmuir and Freundlich models are due 
to the fact that the Langmuir model better corresponds to the physical nature of adsorption on these 
samples, assuming monolayer adsorption on homogeneous surfaces. 

4. Conclusions 

Thus, imprinted polymers (ZnIP) specially tuned for the sorption of Zn2+ ions and comparison 
polymers (NIP) that do not contain fingerprints were synthesized using the molecular imprinting 
method. The composition and structure of the obtained ZnIP and NIP were confirmed using modern 
physico-chemical methods: During the study of the sorption properties of ZnIP and NIP, it was found 
that ZnIP exhibit a higher sorption capacity with respect to Zn2+ ions compared with NIP. The 
maximum adsorption of Zn2+ ions is 2.1262 mmol/g for ZnIP and 1.6269 mmol/g for NIP. The 
difference in the maximum adsorption is statistically significant. The sorption of ions of Zn2+ ions on 
ZnIP and NIP is described by kinetic equations of the pseudo-first order, which confirms the 
correspondence of the model. The sorption rate constant for ZnIP is higher than for NIP. This 
indicates a higher rate of adsorption of Zn2+ ions on ZnIP. The higher sorption rate constant and high 
maximum adsorption for ZnIP indicate its greater efficiency in capturing Zn2+ ions. ZnIP is the 
preferred choice for applications requiring fast and efficient sorption of Zn2+ ions, due to its higher 
sorption capacity and adsorption rate. The use of the molecular imprinting method to create ZnIP 
made it possible to obtain a polymer with significantly improved sorption properties with respect to 
Zn2+ ions compared with an unprinted polymer. ZnIP demonstrates higher sorption efficiency and 
speed, which makes it a promising material for practical applications in the field of wastewater 
treatment and other technological processes where effective removal of Zn2+ ions is required. 
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