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Abstract 
The rapid growth of global industry and population has caused severe freshwater 
shortages, necessitating advanced water treatment and harvesting technologies. Hydrogels, with their three-
dimensional network structures and exceptional water absorption properties, are emerging as effective 
materials for water purification. This study focused on synthesizing a novel copolymer from N-(2-
vinyloxyethyl)-N-(2-cyanoethyl)amine (VOECEA) and maleic anhydride (MAh) through radical 
copolymerization, utilizing azobisisobutyronitrile (AIBN) as an initiator in a 30% cyclohexane and 70% ethyl 
acetate solvent mixture at 70 °C. The copolymers were characterized using Fourier-transform infrared (FTIR) 
spectroscopy, thermogravimetric analysis (TGA), elemental analysis, and nuclear magnetic resonance (NMR) 
spectroscopy. Post-synthesis, the nitrile groups were modified using a methanol-water solution 
containing NH₂OH∙HCl and NaOH at 80 °C. The modified hydrogels demonstrated effective removal of heavy 
metal ions, including lead (Pb²⁺) and cadmium (Cd²⁺), and organic pollutants such as dyes, showcasing their 
potential for addressing critical water contamination challenges. 

Keywords: Maleic anhydride (MAh); N-(2-vіnуlоxуеthyl)-N-(2-cуanоеthyl) amine (VOECEA); Copolymers; 
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1. Introduction 

Water is a fundamental necessity for all communities and ecosystems on Earth. The proportion of freshwater in 

Earth's total water resources is approximately 2.5%, and this percentage has been decreasing due to 

contamination and the effects of climate change.[1-2] According to recent research published by the World Health 

Organization (WHO), over 1.6 billion people globally lack access to safe drinking water. [3-6] By 2025, it is 

projected that nearly half of the world’s population will live in regions experiencing significant water scarcity. [7] 
To address the increasing demand for clean water, necessary to develop various efficient technologies for the 

removal of pollutants from wastewater. Different technologies and processes are currently used. Biological 

treatments,[8] membrane processes,[9–12] advanced oxidation processes,[13-17] chemical and electrochemical 



techniques,[18] and adsorption procedures are the most widely used for removing metals and organic compounds 

from industrial effluents. 
Adsorption is an environmentally friendly and efficient physicochemical method for treating contaminated 

water, provided that a suitable adsorbent is used.[19,20] This technique is not only simple and effective in removing 

toxic pollutants, even at low concentrations, but also cost-efficient and generates minimal secondary waste.[21-

23] Additionally, it is easy to operate and can be integrated into any water treatment system. Adsorbents serve as 

separation media and can be regenerated and reused, reducing both purification costs and waste production. The 

effectiveness of an adsorbent depends on its textural properties and surface functionalization. In this regard, 

hydrogels have shown great potential as effective adsorbents for wastewater and pollutant removal.[24] 
Hydrogels are polymers with well-defined, porous three-dimensional structures that can be synthesized 

through reactions involving one or more monomers. These materials are hydrophilic and possess an exceptional 

ability to absorb significant amounts of biological fluids and water, swelling to multiple times their original 

volume.[25] Their cost-effectiveness can be improved by utilizing low-cost polymers and environmentally 

friendly synthesis methods.[26-29] The adsorption properties of hydrogels can be further enhanced by incorporating 

nanoparticles, advanced materials, or functionalizing them with various chemical species. [30-32] Recent studies 

have explored the use of hydrogel-based adsorbents for removing toxic pollutants from water, emphasizing their 

potential as a sustainable and cost-effective depollution technology reviewed the synthesis of hydrogel-based 

composites incorporating metal-organic frameworks, concluding that these innovative materials effectively 

remove pharmaceuticals, dyes, and heavy metals.[33-35]   
A promising class of materials for water treatment applications is functionalized copolymers, which 

incorporate multiple monomer units to achieve tailored properties. Among these, the bifunctional monomer N-

(2-vinyloxyethyl)-N-(2-cyanoethyl) amine stands out due to its high reactivity and adaptability, making it an 

excellent candidate for copolymerization. 
This study takes a comprehensive approach to improving water treatment by enhancing contaminant removal, 

optimizing chemical processes, and promoting sustainable water management through the use of functionalized 

copolymers based on N-(2-vinyloxyethyl)-N-(2-cyanoethyl) amine. It highlights the interdisciplinary nature of 

water treatment, integrating chemistry, materials science, and environmental engineering to address critical 

challenges. 
By exploring the synthesis and application of these copolymers, this research contributes to the ongoing 

pursuit of effective, eco-friendly, and cost-efficient solutions for ensuring access to clean and safe water. The 

versatility of these materials presents a promising avenue for advancing water treatment technologies and 

addressing global water quality concerns. 

2. Experimental 
2.1 Materials 
Maleic anhydride (MAh) 99% Sigma-Aldrich, acrylonitrile 99% Sigma-Aldrich, Azobisisobutyronitrile (AIBN) 

98%, hydroxylamine hydrochloride 99.9% Merck, Vinyl ether of monoethanolamine (VEMEA) 98% were 

purchased from JSC “Carbit” Temirtau city, Kazakhstan. 

2.2 Synthesis of copolymers 
In this study, N-(2-vinyloxyethyl)-N-(2-cyanoethyl)amine (VOECEA) was synthesized by reacting vinyl ether 

of monoethanolamine with acrylonitrile at room temperature for 6 hours. The desired monomer was then 

purified through vacuum distillation from the by-products of N-(2-vinyloxyethyl)-N,N-di-(2-cyanoethyl)amine. 

Maleic anhydride (MAh), with a purity of 99%, was sourced from Sigma-Aldrich and used without any further 

purification. AIBN (98% pure) and hydroxylamine hydrochloride (99.9% pure) were procured from Merck and 

applied directly without further processing. 
Copolymerization reaction was carried out in a 100 ml glass flask equipped with a dry nitrogen atmosphere 

inlet, a magnetic stirrer, reflux condenser and a vacuum line outlet. Different feed compositions were prepared 

for copolymerization reaction (1:1, 2:1, 3:1, and 4:1). A typical experiment for the co-polymerization was 

described as follows: AIBN, MAh and VOECEA were placed in a glass ampoule, which was then vacuum sealed 

after three times of degassing and charge of nitrogen. After 100 ml the mixture solvents (30 mL CH and 70 mL 

EA) were injected. Polymerization was carried out by placing the glass flask in an oil bath, which was kept at 

70 °C, for a pre-determined period of reaction time (6-8 h). The polymerization was stopped by pouring the 

content of a glass ampoule in a large amount of boiling petroleum spirit, which dissolved unreacted MAh. 

Copolymers, which were precipitated in the petroleum spirit, were then quantitatively collected and re -

precipitated from acetone solutions in fresh and hot petroleum spirit for purification. The purified copolymers 

were collected and dried on air during overnight and then dried at 30 °C in a vacuum oven for 3 days. 
VOECEA and MAh copolymers are particularly important due to their ability to form highly functionalized 

and responsive materials. These copolymers exhibit excellent hydrophilicity, pH sensitivity, and strong adhesion 

properties, making them valuable for applications in water purification and controlled drug delivery systems. 



Their unique structural characteristics enable them to selectively bind contaminants, enhance adsorption 

capacity, and improve chemical stability in diverse environments. Additionally, the incorporation 

of MAh enhances the copolymer’s reactivity, allowing for further functionalization and increased efficiency in 

targeted applications. This makes VOECEA-MAh copolymers an essential component in advancing sustainable 

material technologies for environmental and biomedical applications. 

2.3 Characterization 
Fourier transform infrared spectroscopy (FT-IR) spectra of the resultant copolymers were obtained on a Perkin 

Elmer FT-IR Spectrophotometer. In order to characterize the structures of obtained copolymers a detailed FT-

IR analysis of pure VOECEA, MAh and copolymers was made. 
The thermal gravimetry characterization was performed by using Perkin Elmer Pyris model 

Thermogravimetric Analyzer. Thermogravimetry studies were carried out under nitrogen atmosphere and 10 

°C/min heating rate. Dynamic weight loss curves and their derivatives were obtained. 
Elemental analysis on carbon, hydrogen and nitrogen performed at the Middle East Technical University 

Central Laboratory R&D Training and Measurement Center. Nuclear magnetic resonance (NMR)-spectrometry 

analyses were recorded on a Bruker mq 20 Minispec model Puls NMR Spectrometer. 

2.4 Modification 
A novel obtained copolymers were reacted with the methanol-water mixture (50%:50%) solution of 

hydroxylamine (1:1 in NH2OH  HCl - NaOH) at 80 °C for 24 hours with constant stirring. The NH2OH  HCl 

was neutralized by adding NaOH to reaction mixture. After amidoximation reaction was completed, the 

amidoximated copolymers were precipitated in n-hexane and dried at 30 °C in a vacuum oven. The conversion 

of nitrile group to amidoxime group was determined by following the changes in nitrile group of VOECEA from 

FT-IR spectra. 

2.5 Adsorption study 
For the adsorption studies the modified copolymers were irradiated at radiation dose 40 kGy by e-beam 

radiation. Adsorption experiments were conducted in 250 ml flasks by taking 50 mg of amidoximated hydrogel 

adsorbent and 50 ml of metal solutions of varying concentrations (250 ppm, 500 ppm, and 750 ppm). The flaks 

were shaken at an agitation speed of 150 rpm in an electrically thermostated reciprocating shaker. The amount 

of adsorbed metal ion was determined based on the metal ion concentration measured before and after 

experiment. The residual concentration of metal ions was determined by ultraviolet-visible (UV-

Vis) spectrophotometer.[5] 

3. Results and discussion 
3.1 FT-IR and thermal analysis 
To characterize the structures of obtained copolymers based on N-(2-vinyloxyethyl)-N-(2-cyanoethyl) amine 

and maleic anhydride (VOECEA-co-MAh) a detailed FT-IR analysis was recorded. Fig. 1a shows the FT-IR 

spectrum of pure VOECEA, MAh and VOECEA-co-MAh copolymer. Spectrum of pure VOECEA was taken 

on KBr pellets by using Perkin Elmer FT-IR Spectrophotometer. In the FT-IR spectrum of pure VOECEA it is 

clearly seen a sharp band peak at 2247.87 cm-1 for the nitrile (C≡N) group. There are bands for C-O-C ether 

group stretching vibrations between 998-1074 cm-1. The FT-IR spectrum of pure MAh shows characteristic 

anhydride bands at 1851, 1774, 1237 and 1054 cm-1. From the FT-IR spectrum of VOECEA-MAh copolymer 

the inside characteristic ester bands at 1724, 1221 and 1173 cm-1 were quite clear, suggesting that all anhydride 

rings have transformed into ester. In the FTIR spectra of copolymers with different feed compositions (1:1, 2:1, 

3:1, and 4:1) the bands belonging to both monomers can be seen, such as between 3200-3300 cm-1 for N-H 

groups and characteristic observed bands of both VOECEA and MAh are also present in the spectra of 

copolymers: 2247 cm-1 for C≡N stretching and 1530-1640 cm-1 for C=O stretching and the characteristic bands 

for C-O-C from the anhydride cycles at 1100, 944 cm-1. The band at 1424 cm-1 corresponds to CH2 and CH 

groups (Fig. 1b). 



 
Fig. 1: FT-IR spectrum of pure (a) VOECEA, MAh, VOECEA-co-MAh (VOECEA/MAh = 4:1), and (b) VOECEA-

co-MAh (1) 1:1, (2) 2:1, (3) 3:1, and (4) 4:1. 
  

The band at around 2950 cm-1 was assigned to the stretching vibration of C-H bonds in -CH2- groups. The 

peak at 1620 cm-1 was assigned to the C=O stretching vibration of amide. The peak at 1550 cm-1 was assigned 

to the N-H stretching vibration of secondary amide. The peak at 1133 cm-1 was ascribed to the C-O stretching 

vibration of alkyl ethers contained within secondary amide groups. 
Fig. 2a and supporting information Figs. S1-S4 show the dynamic and derivative thermograms of copolymers 

based on N-(2-vinyloxyethyl)-N-(2-cyanoethyl) amine and Maleic anhydride (VOECEA-co-MAh). The 

degradation of these copolymers is observed in 4 steps. A significant weight loss is observed at about 50% 

around 330-340 °C, which can be associated with the degradation of the MAh groups. A small weight loss is 

seen in all curves, less than 10% around 100 °C, which might be due to some humidity present in the structure 

of the copolymers. For all copolymers VOECEA-co-MAh with different compositions, there is a weight loss of 

about 25-35% around 200-250 °C. These weight losses might be associated with the degradation of VOECEA 

groups. Also, there are clearly seen that these weight losses increased with the increase of VOECEA amount in 

feed compositions. 

 
Fig. 2: (a) The dynamic and derivative thermogram of VOECEA-co-MAh copolymer (1:1,2:1, 3:1, 4:1), (b) FT-IR 

spectrum of VOECEA-co-MAh (4:1) at room temperature, 220 °C, 240 °C, and 260 °C. 

In Fig. 2b, the FT-IR spectrums of VOECEA-co-MAh copolymer at different temperatures: room 

temperature, 220 °C, 240 °C, 260 °C are given. It is clearly seen that with increasing of temperature the intensity 



of band at 2247 cm-1 which is characterize the nitrile group is decreased, so it can be noted that the degradation 

step started at 220 °C and ended at around 300 °C is might be associated with degradation of VOECEA groups.[18] 

3.2 Elemental analysis 
Elemental analysis results made for copolymers based on N-(2-vinyloxyethyl)-N-(2-cyanoethyl) amine and 

Maleic anhydride are given in Table 1. Elemental analysis calculated: C=55.46; H=5.92; N=11.76; O=26.86 %. 

Table 1: Elemental analysis data for VOECEA-MAh copolymers. 
Copolymer 

compositions 

%                          
C H N O VOECEA in copolymers 

1:1 51.69 6.06 9.72 32.53 34.7 
2:1 53.27 6.80 12.75 27.18 45.5 
3:1 53.19 6,69 13.26 26.86 47.36 
4:1 52.67 6.93 13.32 27.08 47.57 

  
3.3 NMR-spectrometry analyses 
The 1H-NMR spectrums of VOECEA-co-MAh shown in supporting information Fig. S5, confirms the 

copolymers structure. The peak centered at 3.3 - 4.0 ppm can be attributed to the maleic protons CH. From 

the 1H-NMR spectrums we can confirm the existence of a double bond by the peaks at 6.4 (2H, CH=CH from 

ring-opening MA) and 6.2 (1H, –C=CH– from VOECEA). The signal at about 3.15 ppm is attributed to the 

protons CH in VOECEA units. The peak at 4.1 (2H, CH2=C– from VOECEA) suggest the excessive of 

VOECEA. The peak at 6.4 ppm could result from the maleic acid traces present in the copolymer.[36] 

3.4 Modification 
As indicated in the experimental section obtained copolymers were reacted with the methanol solution of 

hydroxylamine hydrochloride at refluxing temperature of 80 °C for 24 h with constant stirring. The conversion 

to amidoxime group was determined by following the changes in nitrile group of VOECEA from FT-IR spectra. 

The NH2OH  HCl was neutralized by adding NaOH to reaction mixture. In order to follow the course of the 

above reaction FT-IR analysis was made. Fig. 3 shows the FT-IR spectra of VOECEA-co-MA together with 

unmodified and modified copolymers. After the aminoxylation reaction the characteristic bands of VOECEA, 

which was mentioned earlier have been observed to change. After successful conversion of nitrile groups into 

amidoxime groups the peak at 2247 cm-1 disappeared and the new formation of N-O band can be reflected by 

the bond at 920 cm-1, which further verifies the formation of amidoxime group. The increase in the intensity of 

the band centered at 3300 cm-1 comparing that appeared in the unmodified copolymers due to the incorporation 

of NH2 symmetric modes of vibrations. In Fig. S6, we can confirm that with increasing of amounts of VOECEA 

in feed compositions the intensity of newly formed amidoxime group increased as well. The conversion of nitrile 

groups into amidoxime structures and the mechanism of modification reaction of VOECEA-co-

MAh copolymers with hydroxylamine hydrochloride proceeds are shown in Fig. 4. 

 
Fig. 3: The FT-IR spectra of unmodified, modified VOECEA-co-MA copolymer (4:1). 



The conversion of nitrile group into an amidoxime group (Cn) was estimated using the following Eq. (1): 

                   (1) 

where W0 and W1 are the weights of the VOECEA-co-MAh copolymers before and after 

the amidoximation reaction, respectively. M1 is the molecular weight of hydroxylamine (33 g/mol) and M0 is the 

molecular weight of the nitrile repeat unit (54 g/mol). Practically the conversion is 98.2 % and C≡N groups in 

copolymers were transformed into amidoxime groups in 24 h. 

 
Fig. 4: The conversion of nitrile groups into amidoxime groups in VOECEA-co-Mah. 

3.5 Adsorption experiments 
Certain amounts of amidoximated hydrogels based on the VOECEA-co-MAh were put into different 

concentrations (250-750 ppm) of copper ion solutions under continuous agitation until they reached adsorption 

equilibrium. The kinetic study and binding properties of copper metal ions with amidoximated hydrogels 

determined in different concentrations of aqueous copper ion solutions are given in Fig. 5. Adsorption 

experiments were performed to investigate the effect of contact time on copper ion uptake and determine 

adsorption equilibrium time for VOECEA-co-MAh hydrogels. The ordinate values were given as the percentage 

of metal ions adsorbed from initial amounts. High adsorption rates were observed within the first 20 min and the 

plateau values (i.e., adsorption equilibrium) were quickly reached at around 30 min for all metal ions 

investigated. The adsorption equilibria for 250 ppm, 500 ppm and 750 ppm ions were attained in about 60 min, 

resulting with the adsorption of 52%, 65%, and 76% of Cu, respectively. 
One of the crucial parameters that affected on the adsorption of copper ions and other metal ions is 

the pH. The dependence of metal ions removal on pH is related to both surface functional groups present on the 

adsorbent and the metal ion form in solution. At low pH functional groups of VOECEA-co-MAh hydrogels are 

closely associated with hydronium ions and restrict the approach of metal cations as a result of the repulsive 

force. Based on these results, the effect of pH on adsorption capacities of copper ions was investigated by varying 

the initial pH of the solutions with different pH intervals, which depend on the metal ion studied. As can be seen 

from Fig. 5b, adsorption capacities were found to be low at lower pH values and high at larger pH values. 
Increasing pH, adsorption surfaces become deprotonated, resulting in more ligand groups available for metal 

ion binding and electrostatic attraction from carboxylate groups and free electron-pairs from amine groups is 

likely enhanced. Therefore, more amine functional groups take part on metal ion uptake by complexation 

reaction or chelating and adsorbed amount consequently increases. Therefore, it is expected that at high pH 

values where the concentration of protons is very low the maximum sorption demonstrated. Under lower pH 

values copper is still present, however competitive sorption with protons occurs and ion-exchange interactions 

are favored. Protonation can occur on the imin group of amidoxime. 
In high pH media carbonate might also contribute as ligands in solutions open to the atmosphere. The change 

in the chemical form in terms of charge and number of hydroxyl ligands associated with possible steric 

limitations might be expected to decrease the extent of the fixation of copper ions at high pH values. 



For the concentration range studied in this work, adsorption capacity of VOECEA-co-MAh 3:1 and 4:1 

(moles) has been found to be higher than those of VOECEA-co-MAh 1:1 and 2:1 (moles). The order of 

decreasing selectivity of hydrogels is for 250 ppm and 500 ppm solutions of metal ion mixtures. The amount of 

adsorbed copper ions increased with the increase of the initial copper ion concentration (Fig. 6a). The observed 

behavior is probably due to the decrease in the hydration effects of water, the increase of the entropy effects of 

ions in solution and consequently a greater mobility of the copper ions as concentration is increased. In addition, 

when more copper ions are present in the solution, a higher fraction of available active sites takes part in the 

sorption process. This could be attributed to the associated limitations in the number of water molecules available 

for hydration of the exposed hydrophilic groups in the hydrogels, Fig. 6b presents the synthesized copolymers 

in three different states: unmodified, amidoximated, and after adsorption. The unmodified copolymer represents 

the initial structure before chemical modification. The amidoximated copolymer demonstrates the successful 

functionalization with amidoxime groups, enhancing its adsorption properties. After adsorption, noticeable 

changes in the copolymer structure indicate the interaction between the functional groups and the adsorbed 

species, confirming the efficiency of the modification in capturing target ions from solution. This progression 

highlights the impact of amidoximation on adsorption performance, supporting the findings presented in the 

adsorption studies. 

 
Fig. 5: (a) Adsorption kinetics and (b) effect of pH on the adsorption capacity of copper ions 

at different concentrations (250 ppm, 500 ppm, 750 ppm) in aqueous solutions. 
  

  



 
Fig. 6: (a) Adsorption capacity A, % of amidoximated VOECEA-co-MAh hydrogels (1) 1:1, (2) 2:1, (3) 3:1, (4) 4:1 

at two different concentrations of copper ions, (b) experimental picture of copolymers: (1) unmodified, 

(2) amidoximated, (3) after adsorption. 
  
4. Conclusion 
A new polymer containing amidoxime group was synthesized with the anticipation of enhanced metal ion uptake 

capacity. N-(2-vinyloxyethyl)-N-(2-cyanoethyl) amine (VOECEA) monomer was synthesized by mixing 

of monoethanolamine vinyl ether and acrylonitrile. The copolymers based on VOECEA and Maleic Anhydride 

(MAh) were synthesized by free radical polymerization reaction using AIBN as the initiator. The obtained 

copolymers were reacted with hydroxylamine to obtain a copolymer containing an amidoxime group and after 

24 h reaction time 98.2% conversion has been reached. These results clearly show the disappearance of original 

nitrile group and new formation of amidoxime group through the treatment with hydroxylamine under specified 

reaction condition. Adsorbents containing amidoxime groups have high adsorption capacity for the recovery of 

copper ions from seawater, radioactive waste water and nuclear industry effluent. The results of the investigation 

have demonstrated that obtained modified hydrogels based on N-(2-vinyloxyethyl)-N-(2-cyanoethyl) amine and 

maleic anhydride could be used in desalination of water. Regarding the results, newly obtained hydrogels are 

showed good adsorption ability. In this case, they could be used in purification of industry waste water, 

seawater, and etc. For the first time it has been shown that new copolymers based on N-(2-vinyloxyethyl)-N-(2-

cyanoethyl) amine and maleic anhydride could be synthesized by free-radical copolymerization. A particular 

economic efficiency of this work is the uses of a native raw material which is a product of carbide industry in 

Temirtau located in the Central Asia. It is well established that adsorbents with amidoxime groups have high 

capacity for uranyl ion recovery from seawater, radioactive wastewater, and nuclear industry effluents. 
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