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Abstract

This research focuses on the synthesis of a new polymeric cation exchanger based on the
urea-formaldehyde-tartaric acid (UFT) system, featuring active functional groups containing
nitrogen and oxygen. The study comprehensively investigated the influence of polycondensation
temperature and duration on the ion-exchange and sorption properties of the resulting cation
exchanger. Experimental results established the optimal synthesis conditions for the polymer
sorbent: a process temperature of 120°C and a reaction time of 2.5-3 hours. The static exchange
capacity (SEC) of the cation exchanger produced under these optimal parameters was determined to
be 3.6 mg-eq/g relative to a 0.1 N sodium hydroxide (NaOH) solution. The chemical structure and
functional groups of the synthesized polymer material were analyzed in detail using infrared (IR)
spectroscopy, and the results fully confirmed the presence of active centers capable of forming
coordination bonds with metal ions. Furthermore, the material's high-temperature resistance was
investigated using differential thermal analysis (DTA) and thermogravimetric (TG) methods, and its
thermal stability characteristics were determined. The positive results obtained indicate that this
cation exchanger can serve as a highly effective and promising polymer sorbent for purifying
industrial wastewater of various toxic heavy metal ions and ensuring environmental stability. It was
determined that the production and application of this sorbent represent an optimal approach to
removing heavy metals from water.

AHHOTaLUsA

AnHoTauus. [laHHas Hay4HO-HCC/IefioBaTesbCkKasi paboTa TMOCBsiljeHa CHHTEe3y HOBOTO
MOJIMMEPHOTO KaTHOHWUTA C aKTUBHBIMM (DYHKL[MOHATbHBIMU TpyMIaMH, COZepKallliMH a3oT U
KHC/IOPOJZl, Ha OCHOBe CHUCTeMbl MOUeBMHa, Gopmanbjeruj W BuHHas kuciora (M®PB). B xope
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9KCIIEPUMEHTOB BCECTOPOHHE U TTyDOKO M3Y4YeHO BI/IUSIHWE TeMIlepaTypbl U MPOAO/DKATETBHOCTU
peakuu TIO/IMKOHJEHCAlUd Ha HWOHOOOMeHHble W COpPOLMOHHBIE CBOWMCTBA TOTYYE€HHOTO
KaTUOHWTA. B  pe3ynbrate 3KCIIePUMEHTAlbHBIX — WCCAeOBaHUM  Ompe/ieNieHbl  Haubosee
OnarorpusiTHble (ONMTHUMasbHBIE) YC/IOBUS CHHTEe3a TIOJIMMEPHOT0 COpOeHTa; ONTHUMasbHast
TeMIlepaTypa Iiporiecca cocrasisger 120 °C, a Ipojo/DKUTEeNbHOCTh peakuuu — 2,5-3 yaca.
YcraHoB/eHO, uTo crartuueckas oomeHHass eMKocTb (COE) kaTHOHUTA, TOTy4YeHHOTO TIPH 3THX
ONTHUMaJIbHBIX TapaMeTpax, cocrasiseT 3,6 mMr-sks/r orHocutesnbHOo 0,1 H pactBOopa rufpokcuja
Hatpusi (NaOH). Xwumuueckasi CTpyKTypa U (yHKLMOHA/bHble TPYIIbl B CHHTE3UPOBAHHOM
MOJMMEpPHOM Marepuase JeTajlbHO M3yuyeHbl C TIOMOLbI0 HH(PaKpacHON CHeKTPOCKONUU, U
TIO/TyUYeHHbIe Pe3y/bTaThl MOJHOCTBIO TIOATBEPXKAAIOT HaIW4yhe aKTUBHBIX LIEHTPOB, CITOCOOHBIX
00pa3oBbIBaTh KOOPJWHAL[MOHHbIE CBS3M C HMOHAMHA MeTa/uioB. Takke Obula H3yueHa
TEPMOCTOMKOCTb MaTepuasa C MCIO0/b30BaHUeM MeTo/0B Au(depeHLIMaTbHOTO TepMHUYeCKOro
aHa/M3a ¥ TepMOTrpaBUMeTPUUeCKOr0 aHa/ln3a, a Takke OIpeie/eHbl [0Ka3areau ero TepMuyecKon
crabuibHOCTU. Bce TomyudeHHbIe TMOJIOKWTE/bHbIE pe3y/IbTaThl YKa3bIBAlOT Ha TO, UTO 3TOT
KaTHUOHUT MOKeT OBbITb HCIIO/b30BaH B KaueCTBe BBICOKOI((HEKTUBHOTO W TEPCIeKTUBHOTO
TMO/TMMEPHOTO COpOeHTa /Il OUMCTKUA TPOMBIIIEHHBIX CTOYHBIX BOJ OT Pa3/IMUYHBIX TOKCHUHBIX
VIOHOB TSDKeJIBIX METaJ/IOB U 00ecriedeHusi SKOIOTHUeCKOM yCTOWYUBOCTH.

Keywords: urea, formaldehyde, tartaric acid, cation exchanger, polymer ligand, sorption,
temperature, complex compound, ion-exchange capacity.

KaroueBble c/1oBa: MOY€eBHHa, q)OpMaJIb,E[EFI/IA, BHWHHAA KHC/IO0Td, KAdTHOHMUT, HO]'II/IMepHLII‘/JI
JIMTaH/, COp6L[I/IH, TeMIlepaTypd, KOMIVIEKCHOe CoeJUHEHHE, MOHOOOMEHHAst eMKOCTb.

Introduction

Amidst rapid industrialization and technological advancement, minimizing the environmental
impact of production processes and effectively managing the resulting waste constitute significant
scientific and practical issues. In this context, there is growing interest in sorption technologies that
enable the separation of various pollutants from aqueous media and their recovery. Sorbents are
among the promising materials used in numerous practical applications, such as the separation and
recovery of metal ions, the purification of wastewater from heavy metal ions and organic pollutants,
gas capture (including CO,), and the production of various functional composite materials[1-7]. The
pollution of water resources further underscores the ecological urgency of this issue. Water bodies
serve as primary recipients of waste generated by industrial enterprises, households, and agricultural
activities, playing a significant role in the accumulation and dispersal of various pollutants. In
particular, certain toxic substances that enter the aquatic environment can persist in ecosystems and
move up through trophic chains to higher levels. Therefore, it is crucial to remove pollutants from
water using effective, selective, and environmentally safe methods[2-597]. The efficiency of
sorption materials depends directly on their surface properties, pore structure, functional groups,
and ability to interact with contaminant components. Compared to traditional ion-exchange
materials, the absence of strong chemical bond formation between the solid phase and the
component being separated in certain sorption systems can lead to accelerated mass transfer
processes and rapid sorption kinetics[3-229]. The potential use of various natural, inorganic,
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biopolymer, and synthetic sorbents for the removal of heavy metal ions from aqueous solutions is
being extensively studied. In particular, the cation-exchange properties of a calcium hydrosilicate
material derived from technogenic raw materials have been investigated, and the kinetic principles
governing the sorption of Co?*, Ni2*, Cu?*, Zn?*, Cd?", and Mn?" ions by this material have been
determined. These studies demonstrate the possibility of simultaneously processing waste and
purifying the water environment from heavy metals by turning man-made waste into functional
sorbents[4-155]. Porous carbon materials derived from natural and plant-based raw materials are
also considered promising sorbents for the separation of heavy metal ions. For example, activated
carbon materials with a high specific surface area (SBET = 980-2100 m?-g?, VX = 0.45-1.0 cm?-g
1) have been obtained through chemical activation using orthophosphoric acid. When the sorption
properties of such materials regarding Cd?", Cr3", Ni2", Cu?", and Zn?" ions were investigated, it was
found that they exhibit high sorption activity toward certain metal ions[5-56]. These results
demonstrate that the efficiency of metal ion separation by sorbents can be enhanced through the
targeted modification of raw material composition, surface morphology, and functional groups. The
use of materials of biological origin for the sorption of metal ions is also attracting significant
scientific interest. For instance, a chitin-glucan complex has been isolated from *Aspergillus niger*
biomass waste—generated during the microbiological synthesis of citric acid—and its metal-ion-
adsorbing properties have been investigated. This biopolymer material exhibited high sorption
activity toward certain metal ions. The study established the sorption sequence Co?" > Ni2" > Mn?"
> 7Zn?" > Cu?", indicating that the interaction of these metal ions with the sorbent's functional groups
depends on their nature and chemical properties[6-787]. Sorbents based on synthetic and chemically
modified biopolymers enable high selectivity toward metal ions. In particular, the sorption
properties of a cation exchanger based on cross-linked sulfoethylated chitosan have been
investigated regarding the uptake of Cu?", Ag", Co?", Ni?*, Zn?", Mn?", and Mg?" ions from
solutions containing them either individually or in combination. Mathematical analysis of sorption
isotherms revealed that the cation exchanger exhibits a high affinity for Cu?* and Ag" ions. The fact
that the sorption process is well described by the Redlich—Peterson model in the presence of co-
existing metal ions indicates that the sorbent surface is energetically heterogeneous [7-39]. Among
natural mineral materials, montmorillonite clays are also distinguished by their ability to sorb metal
ions. The sorption properties of samples obtained from montmorillonite clay deposits in the
Belgorod region regarding Cu?’, Fe3", and Cr3" ions were investigated, and their chemical and
mineralogical composition, colloidal-chemical properties, and sorption activity were
comprehensively evaluated. The results demonstrated the potential for using these mineral materials
in water treatment, particularly in fine purification processes[8-381].

The studies mentioned above indicate that the efficiency of heavy metal ion sorption depends
directly not only on the porosity and specific surface area of the sorbent but also on the nature of the
functional groups present in its composition, the donor atoms, and the interactions formed with the
metal ions. There fore, the synthesis of polymer materials containing nitrogen- and oxygen-bearing
functional groups, along with the study of their sorption and complex-forming properties with
respect to metal ions, represents a promising area of research[9-252].
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Materials and methods

In this study, a cation exchanger was synthesized using urea, formaldehyde, and tartaric acid.
The uptake of Ni(II), Cu(II), and Zn(II) metal ions by the obtained samples was determined via
static exchange capacity. Thermal analysis of the obtained samples was carried out using a DTG-60
thermal analyzer manufactured by Shimadzu[10-5].

Synthesis of a cation exchanger based on urea, formaldehyde, and tartaric acid. A mixture of
2.52 g (0.02 mol) of melamine and 4.5 g (0.03 mol) of tartaric acid was melted at a temperature of
170°C. The temperature of the melt was lowered to 100°C; 5 ml (0.06 mol) of formaldehyde
solution and 5 ml of NH,OH solution were added dropwise, and the mixture was heated until a
viscous mass formed. The product was placed in a porcelain mortar and dried in a drying oven at
100°C for 24 hours. The analysis results of the dried sorbent were evaluated.

Results and Discussion

An optimal temperature of 125°C was established for the UFT cation exchanger reaction, with
a reaction duration of 2.5-3 hours; the static exchange capacity of the cation exchanger for a 0.1 N
sodium hydroxide solution was determined to be 3.6 mg-eq/g.

Table 1. Dependence of the ion exchanger's sorption properties on the reagent ratio

Molar ratio of urea, formaldehyde, and | Reaction yield, % | Static exchange capacity, mg-eq/g, 0.1 N solu-
tartaric acid tions:
Cu? Zn** Ni%*
2:5:0,5 89 4,03 5,32 5,15
2:5:1,0 90 6,80 6,0 6,40
2:5:1,5 88 4,55 4,65 4,54

The synthesized cation exchanger demonstrated good ion-exchange properties toward metal
ions, which can be attributed to the presence of nitrogen- and oxygen-containing functional groups
in its polymer matrix. These results indicate that the obtained material has potential for the selective
sorption and removal of metal ions from aqueous solutions.

Table 2. Effect of temperature and time on the polycondensation process during the formation of
a cation exchanger based on urea, formaldehyde, and tartaric acid

Ne | Reaction Reaction time, T, | Specific volume of a cation exchanger s | SEC, in mg-eq/g of
temperature, t,°C hours wollen in water in the H+ form, ml/g 0.1 N NaOH solu-
tion
1 95 5-6,5 1,4 2,5
2 110 4,5-5 1,2 2,9
3 125 2,5-3 0,9 3,6
4 130 1,5-2 0,6 3,1

A high-performance cation exchanger was obtained from urea, formaldehyde, and tartaric
acid. Experiments were conducted using various initial mass ratios, and a sorbent with the highest
static exchange capacity was synthesized using a (urea:formaldehyde:tartaric acid) ratio of 2:5:1
(table 1).
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Figure 1. Graph showing the temperature dependence of the formation of a cation exchanger
based on urea, formaldehyde, and tartaric acid

Table 3. FTIR spectroscopic analysis of the cation exchanger based on urea, formaldehyde, and
tartaric acid

Classifications UFT UFT +Cu(IT) UFT +Zn(1I) UFT +Ni(IT) sm!
v(OH) 3128,42 542,70 552,76 551,33
v(NH) 3055,95 3095,93 3065,96 3067,81
v(C=0)
S(NH) 1568,20 1560,00 1538,20 1549,93
v,(-CO0) 1725,93 1765,11 1745,94 1738,83
v, (-C-0-C-) 1176,01 1188,11 1182,,50 1196,91

The FTIR analysis confirmed the presence of characteristic hydroxyl, amino, carbonyl, and
carboxylate functional groups in the synthesized cation exchanger. The shifts in the characteristic
absorption bands after interaction with Cu(II), Zn(II), and Ni(II) ions indicate the involvement of
oxygen- and nitrogen-containing functional groups in metal-ion binding. Thus, the FTIR results

confirm the formation of coordination interactions between the functional groups of the polymer
matrix and the investigated metal ions.
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Figure 2. Synthesis of chelating cation exchangsrs based on urea, formaldehyde, and tartaric
aci
The following conclusion can be drawn from the analysis of the differential thermal analysis
and thermogravimetric curves obtained for the cation exchanger based on urea, formaldehyde, and
tartaric acid.
Thermal gravimetric analysis revealed decomposition occurring in three stages; the first stage
took place within the 25-120°C range.
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We attribute the mass loss during this stage primarily to the release of physically adsorbed
moisture and surface-bound water present in the sorbent. The desorption of water from the sorbent
also contributes to this process, owing to the material's porous structure.

The third stage of mass loss occurred within the temperature range of 200—-300°C. The most
significant portion of the mass reduction is observed in this interval. This may be attributed to the
thermal decomposition of organic structures, chain scission, and the detachment of certain
functional groups within the urea-formaldehyde-tartaric acid-based polymer sorbent. Sharp changes
in the DTA curve also indicate that thermal processes are proceeding rapidly at these temperatures.
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Figure 3. Thermal analysis curve of the cation-exchange resin based on urea, formaldehyde and
tartaric acid
The red curve represents the thermal effects (DTA) occurring during the heating of the
sample. Significant changes are observed on the graph in the ranges of approximately 100—160°C,
170-200°C, 220-300°C, and 330-370°C. Changes in the thermal signal continue at higher
temperatures as well.

- Low-temperature effects may be associated with moisture desorption and physicochemical
changes.

- Effects in the 170-300°C range may correspond to structural changes in the organic matrix
and thermal decomposition processes.

- Effects in the 300-370°C range may reflect further decomposition of the polymer structure
and the formation of a thermal residue.

- Changes in the 400-600°C range may be related to further thermal transformations of the
residual material.

Conclusion

During the study, a polymeric cation exchanger containing functional groups was synthesized
based on urea, formaldehyde, and tartaric acid. The effect of the temperature and duration of the
polycondensation process on the ion-exchange properties of the cation exchanger was investigated.
Based on the results obtained, synthesis conditions involving a temperature of 120°C and a duration
of 2.5-3 hours were determined to be optimal. The static exchange capacity of the cation exchanger
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obtained under these conditions was 3.6 mg-eq/g with respect to a 0.1 N NaOH solution. The
obtained results demonstrate that temperature is a key factor affecting the formation and ion-
exchange properties of the synthesized cation exchanger. The synthesized material exhibited stable
ion-exchange characteristics and can be considered a promising polymeric sorbent for the removal

of metal ions from aqueous solutions. The obtained results provide a basis for further studies aimed

at investigating the sorption selectivity and complex-forming properties of the cation exchanger

toward various metal ions.

10.
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