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Annotatsiya

Mazkur tadqgiqotda sof polivinilxlorid (PVX), karbamid bilan modifikatsiyalangan PVX (PPE-2) hamda CuO va
Fes04 nanobirikmalari asosida tayyorlangan funksional nanokompozitlarning termik parchalanish xususiyatlari tagqoslab
o‘rganildi. Termogravimetrik tahlil (TGA) va differensial skanerlash kalorimetriyasi (DSC) yordamida massa yo‘qotilishi,
degradatsiya bosqichlari va termik barqarorlik baholandi. Natijalar shuni ko'rsatdiki, PVXning karbamid bilan modi-
fikatsiyasi uning issiqlikka chidamliligini oshiradi, metall oksid nanobirikmalari qo‘shilishi esa barqarorlikni yanada
kuchaytirib, parchalanish mexanizmini o‘zgartiradi. Olingan natijalar CuO va Fes3O4 nanobirikmalarining stabilizatorlik
rolini tasdiqlaydi va bunday materiallarning yuqori issiqlik va kimyoviy barqarorlik talab etiladigan sohalarda qo‘llanish
imkoniyatlarini ko‘rsatadi.

AHHOMauyus

B 0aHHoM uccriedosaHuu cpagHUMESIbHO U3y4eHbl 0COBEHHOCMU MEPMUYECKO20 Pa3fioXeHUs UCXOOHO20 10-
nusuHunxiopuda (MBX), NMBX, moduguyuposaHHozo mMoyeguHol (PPE-2), a makxe ¢hyHKUUOHaIbHbIX HaHOKOMIIO3U-
moe Ha ocHoge HaHodacmuy CuO u FesO4. C nomowbio mepmozpasumempuyeckozo aHanusa (TIFA) u dughgepeHyu-
anbHoU ckaHupyrowel kanopumempuu (LCK) 6biiu oueHeHbl nomepsi macchl, cmaduu deepadatsiu u mepmuyeckasi
cmabunbHocmb. Pe3ynbmamsl nokasasnu, 4mo modugukatsis NBX mMoyeguHOU rnosbiwaem e20 mepMocmoUlKocmsb, a
e88edeHue HaHo4Yacmuy, okcudos Memario8 G0rNoIHUMELHO ycunnueaem cmabuibHOCMb U U3MEHSIEM MexaHU3M pas-
noxeHusi. lNonydeHHble OaHHble nodmeepxxdatom cmabunusupyrouwyro posnis HaHodacmuy, CuO u FesO4 u deMoHcmpu-
pytom riepcrekmussbl MPUMEHeHUsT makux Mamepuasos 8 obnacmsx, 20e mpebyromcsi 8bICOKasi mepmMmuyeckasi U Xumu-
yeckasi ycmoli4ueocme.

Abstract

In this study, the thermal degradation behaviour of pristine polyvinyl chioride (PVC), urea-modified PVC (PPE-
2), and functional nanocomposites prepared with CuO and FesO4 nanoparticles was comparatively investigated. Ther-
mogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to evaluate weight loss, degrada-
tion stages, and thermal stability. The results showed that urea modification enhances the thermal resistance of PVC,
while the incorporation of metal oxide nanoparticles further improves stability and alters the decomposition mechanism.
The findings confirm the stabilizing role of CuO and Fe3O4 nanoparticles and demonstrate the potential application of
such materials in areas requiring high thermal and chemical resistance.

Kalit so‘zlar: polivinilxlorid, PPE-2, CuO nanozarrachalari, FesO4 nanozarrachalari, TGA, DSC, termik barqaror-
lik.

Knroyeenble cnoea: ronusuHunxmopud, PPE-2, HaHoyacmuybl CuO, HaHodyacmuubl Fe30s, TGA, DSC, mep-
muyeckasi cmabusibHOCMb.

Key words: Polyvinyl chloride, PPE-2, CuO nanopatrticles, FesO4 nanoparticles, TGA, DSC, thermal stability.

I © 2025/Ne5 |



ISSN 2181-1571 @ https://journal.fdu.uz FarDU. ILMIY XABARLAR

KIMYO

INTRODUCTION

Polyvinyl chloride (PVC) occupies a special place among synthetic polymers worldwide due
to its high production volume'. By 2025, its production is expected to reach approximately 56 mil-
lion tons, making PVC one of the most important polymers globally?. PVC is distinguished by its
versatile properties, which include high dielectric permittivity, flame resistance (oxygen index Ol =
47), low cost, and resistance to environmental influences®. These characteristics ensure the wide-
spread application of PVC in various fields.

However, its thermal stability remains a critical issue, particularly at elevated temperatures
(>200 °C), where the dehydrochlorination process occurs with the release of HCI, thereby limiting
its recyclability*®. Therefore, to improve PVC properties, it is necessary to modify it using thermo-
stabilizers, plasticizers, fillers, and various additives, including polymer ligands as well as metals
and metal oxides®’.

Polymer—metal complexes have attracted significant research interest in recent ears due to
their ability to combine the properties of both organic and inorganic components®. Such complexes
can enhance catalytic activity, improve thermal resistance, and increase the chemical stability of
materials®'°. For example, composites of polyvinyl chloride with various amines can act as effec-
tive ligands for forming ion—coordination compounds with metal ions, thereby influencing the reac-
tivity and stability of the material™".

In this study, polyvinyl chloride was modified with urea (PPE-2)'2, and iron oxide (FeszO4)™
and copper oxide (CuO)™ were immobilized on its structure via an in-situ method. The effect of
these modifications on thermal stability was investigated using TGA/DSC analysis, providing an
opportunity to assess the practical applicability of such composite materials.

Thermogravimetric analysis (TGA) provides information on the decomposition process and
thermal stability of polymers, allowing the evaluation of mass loss as a function of increasing tem-
perature. The thermal stability of the modified polymer is determined by heating the material to
high temperatures until the final low-molecular-weight product is released. Thermal analysis is thus
an essential tool for studying the properties of polymer composites, including PVC modified with
urea.

MATERIALS AND METHODS

Thermogravimetric analysis (TGA) combined with differential scanning calorimetry (DSC)
was employed to investigate the thermal stability and degradation behaviour of the samples. Simul-
taneous TGA/DSC measurements were performed using a Linseis STA PT 1600 instrument (Lin-
seis Messgerate GmbH, Selb, Germany). For each run, approximately 10 + 0.1 mg of sample was
weighed into 70 yL alumina crucibles, chosen for their thermal stability and chemical inertness.
The analyses were conducted in the temperature range of 25-800 °C at a constant heating rate of
10 °C/min under a nitrogen atmosphere (99.99% purity) with a flow rate of 30 mL/min to suppress
oxidation. The instrument was calibrated prior to measurements using standard reference materi-
als. Temperature accuracy was within £0.1 °C. Both mass changes and heat flow data were rec-
orded simultaneously, allowing identification of degradation steps, mass loss, and associated
thermal effects.

Thermal Stability of Polyvinyl Chloride (PVC) and PPE-2 Anion Exchanger

The thermal stability of polyvinyl chloride (PVC) was studied using thermogravimetric anal-

ysis (TGA) and differential scanning calorimetry (DSC), and the results are presented in Fig 1.
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Figure 1. Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves of
PVC and PPE-2 anion-exchanger.

The investigated samples contained commercial-grade PVC plastisols, which are manufac-
tured with plasticizers, fillers, thermostabilizers, and other additives. The type and concentration of
these components are selected depending on the required functional properties of the material.

As shown in the TGA curve of Figure 1A, PVC undergoes a two-step thermal degradation
process. The first stage, observed at lower temperatures, corresponds to the major weight loss
caused by HCI elimination and polymer chain scission. The second stage, at higher temperatures,
is associated with the complete decomposition of the carbonaceous skeleton and the release of
volatile products.

The first stage occurs within the 25-167 °C range, characterized by a minor weight loss
(Am = -3.3%), which can be attributed to the evaporation of adsorbed residual moisture, plasticiz-
ers, or other volatile organics. The second major degradation stage appears between 167-325 °C,
during which the mass decreases by 77.6%. This process is linked to dehydrochlorination, where
chlorine atoms are eliminated from the polymer backbone, leading to the formation of conjugated
polyene structures™®.

Beyond 325 °C, the rate of mass loss significantly slows down and stabilizes around 537
°C, leaving a final residue of ~3.3%, which corresponds to the carbonized phase of the polymer.

The DSC analysis results (Figure 1A) are consistent with TGA data. An endothermic peak
at 256 °C was detected, which could correspond to the release of adsorbed moisture or the glass
transition of PVC. However, considering the significant mass loss observed in TGA, this peak is
primarily attributed to the dehydrochlorination process, since HCI release is endothermic in nature.
At higher temperatures — 493 °C, 523 °C, 570 °C, and 692 °C — several exothermic peaks were
recorded, which may be associated with crystallization, oxidation, or structural rearrangements of
the polymer'®. According to Krongauz et al.'”, such exothermic processes can result from the cy-
clization of polyenes via Diels—Alder reactions, producing short-chain structures.

The data in Figure 1B show that the thermogravimetric (TGA) and differential scanning cal-
orimetric (DSC) analyses of PPE-2, synthesized by modification of PVC with urea, demonstrate
improved thermal stability compared to pure PVC. TGA results revealed that PPE-2 undergoes a
three-step degradation process. The first stage, in the range of 100-185 °C, accounts for a weight
loss of 17.4%, mainly due to moisture and volatile gaseous components. The second stage, occur-
ring between 185-287 °C, corresponds to a weight loss of 58.7%, which is attributed to the thermal
decomposition of PVC-urea polymer chains and the release of low-molecular-weight fragments.
This process is supported by the exothermic DSC peak at 207 °C, which reflects chain scission.
The third stage, between 287-615 °C, corresponds to the degradation of carbonaceous residues
into small molecular species, resulting in a total mass loss of 95.6%, with a final residue of 4.4%.

The results indicate that the thermal decomposition of PPE-2 occurs at higher temperatures
compared to pristine PVC, confirming its enhanced thermal stability. According to DSC, PPE-2
shows endothermic peaks at 224 °C and 476 °C, as well as exothermic peaks at 207 °C, 445 °C,

| 72 2025/Ne5 |
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and 519 °C, corresponding to the glass transition of PVC, subsequent transformations of the poly-
mer matrix, and the decomposition of carbonaceous residues, respectively.
TGA and DSC Analysis of the Fe;04/PPE-2 Functional Material
The thermal behavior of the Fe;04/PPE-2 functional composite material was evaluated us-
ing TG-DSC analysis. Within the temperature range up to 800 °C, the stepwise mass loss oc-
curred through four main thermal degradation stages (Fig. 2).
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Figure 2. Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves of
PPE-2 anion-exchanger and Fe304/PPE-2 functional material.

First stage (25-208 °C). In this interval, the material lost approximately 15.23% of its mass.
This process is attributed to the evaporation of hygroscopic moisture and low-molecular-weight
volatile components in the polymer matrix modified with Fe;O4 particles'. The absence of signifi-
cant thermal events on the DSC curve indicates that the process is predominantly of physical na-
ture.

Second stage (208-280 °C). A sharp mass loss of about 45.10% was observed. An endo-
thermic peak at 252 °C on the DSC curve corresponds to the degradation of functional groups in
the polymer chains, particularly —NH; groups, cleavage of C—Cl bonds in PVC, and the release of
HCI. This process leads to weakening of the polymer chain segments.

Third stage (280-436 °C). The maximum weight loss of 65.60% occurred in this range.
Exothermic peaks were recorded on the DSC curve, associated with the decomposition of the main
PPE-2 polymer backbone, cleavage of C—C bonds, and the onset of carbonization. At this stage,
FesO4 nanoparticles partially act as stabilizing factors against thermal degradation.

Fourth stage (436—617 °C). During the final decomposition stage, the material lost a total of
92.67% of its mass, leaving a residue of 7.33%, which corresponds to the magnetic inorganic oxide
phase of Fe;0.. Endothermic/exothermic peaks at 503.80 °C, 598.47 °C, and 666.75 °C on the
DSC curve reflect phase transitions and oxidation processes of residual components. With increas-
ing temperature, the remaining polymer fraction undergoes complete carbonization, while the crys-
talline structure of iron oxide is preserved. Additionally, DSC analysis revealed a glass transition
temperature (Tg) at 180.87 °C, corresponding to the softening point of the PPE-2-based resin.

TGA and DSC Analysis of the CuO/PPE-2 Functional Material

The thermal behavior of the PPE-2 functional material modified with CuO nanoparticles was
investigated using TG and DSC methods. The results demonstrated that the stepwise thermal de-
composition of the material within the temperature range up to 800 °C proceeds through four main
stages (Fig 3).
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Figure 3. Thermogravimetric (TG) and differential scanning calorimetric (DSC) curves of
PPE-2 anion-exchanger and CuO/PPE-2 functional material.

First stage (25-211 °C). A total mass loss of 13.8% was observed in this interval. This loss
is associated with the evaporation of adsorbed moisture, low-molecular-weight volatile compounds,
and substances weakly bound to CuO particles. An exothermic peak at 201.68 °C was detected on
the DSC curve, which corresponds to low-energy reactions of moisture and amino groups within
the polymer matrix.

Second stage (211-270 °C). Approximately 44.3% of the mass loss occurred in this range,
attributed to the initial degradation of PPE-2 polymer chain segments. An endothermic peak at 255
°C on the DSC curve is related to the cleavage of C-Cl bonds, HCI release, and decomposition of
weak chain segments. CuO nanoparticles may act here as factors that intensify the thermal effect.

Third stage (270459 °C). The major decomposition occurred in this interval, with up to
74.4% of total mass loss. This stage corresponds to the breakdown of the main PPE-2 polymer
backbone, including the carbon skeleton and amino-containing segments. An exothermic peak at
445 °C on the DSC curve reflects the release of energy during C—C bond cleavage. A sharp
change in the TGA curve at 459 °C indicates the transition to the final stage of decomposition.

Fourth stage (459-591 °C). In the final stage, the material exhibited a total mass loss of
94.8%, with the remaining 5.2% corresponding to the thermally stable inorganic oxide residue of
CuO. In this temperature range, the DSC curve displayed three distinct exothermic peaks at
540.73 °C, 631.53 °C, and 680.10 °C, which are associated with phase transitions of residual
components, carbonization, and oxidation processes.

Comparative thermal analysis of pure polyvinyl chloride (PVC) and its modified polymer-
composite materials showed that modification significantly improved the thermal resistance of
PVC-based materials. Specifically, pure PVC completed its main degradation process at 537 °C,
leaving 3.3% residue. PPE-2 exhibited stability up to 615 °C and an increased glass transition
temperature (Tg) of 144 °C. Nanocomposites synthesized with CuO and FeszO4 underwent four-
stage thermal decomposition with residual masses of 5.2-7.33%. The peaks identified in DSC
analysis confirm the phase stability and segmental mobility of the polymer skeleton and modified
structures. The summarized results are presented in Table 1.

-80
Am:-95,6%

Table 1
Based on the TG analysis, the percentage of mass losses corresponding to the de-
composition of individual components of each functional material was determined.

- Am1 T1 Amz Tz Amg T3 Am4 T4 - Tg )
Material o o o o |[ReSidUe| o DSC Peaks (°C
(%) [(°C) (%) |(°C)| (%) (°C) (%) |(°C) (°C) c)
PVX -3.3 167 -74.3325-19,1/537| - | - | 3.3 |90 256,493,523 570,692
PPE-2 |-17.40185 —-41.3287/-36.9615 - | — | 4.4 |1441224 445, 476 516

254.87, 445.69, 486.86,
540.73, 631.53, 680.10

207.73, 251.95, 503.80,
598.47, 666.75
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In general, the incorporation of metal oxides not only enhanced the thermal and mechanical

strength of the polymers but also improved their resistance to aggressive environments'%-2",
CONCLUSIONS

In this study, the thermal degradation behaviour of pristine PVC, urea-modified PVC (PPE-
2), and their nanocomposites with CuO and Fe;O, nanoparticles was systematically investigated
using TGA and DSC techniques. The results revealed that:

1. Urea modification of PVC improved its thermal resistance by shifting the main degrada-
tion steps to higher temperatures and increasing the stability of the polymer matrix.

2. Incorporation of metal oxide nanoparticles (CuO and Fe;0,) further enhanced the ther-
mal stability, as evidenced by higher residual mass and delayed decomposition onset.

3. CuO and Fe;0, acted as effective stabilizers, altering the decomposition mechanism
and suppressing mass loss during the major degradation stages.

4. Comparative analysis confirmed that nanocomposite formation is a promising strategy
for tailoring the thermal and chemical durability of PVC-based materials.

Overall, these findings demonstrate the significant role of nanoparticle incorporation in im-
proving the stability of functional polymers and suggest potential applications of such nanocompo-
sites in areas where enhanced thermal resistance and durability are required.

REFERENCES

1. Chidara A, Cheng K, Gallear D. Engineering Innovations for Polyvinyl Chloride (PVC) Recycling: A Sys-
tematic Review of Advances, Challenges, and Future Directions in Circular Economy Integration. Machines.
2025;13(5):362. doi:10.3390/machines 13050362

2. Miliute-Plepiene J, Frane A, Almasi AM. Overview of polyvinyl chloride (PVC) waste management practic-
es in the Nordic countries. Clean Eng Technol. 2021;4:100246. doi:10.1016/j.clet.2021.100246

3. Cetin A, Erzengin SG, Alp FB. Various Combinations of Flame Retardants for Poly (vinyl chloride). Open
Chem. 2019;17(1):980-987. doi:10.1515/chem-2019-0105

4. Cao R, Zhang MQ, Jiao Y, et al. Co-upcycling of polyvinyl chloride and polyesters. Nat Sustain.
2023;6(12):1685-1692. doi:10.1038/s41893-023-01234-1

5. Alshaikh A, Ezendu S, Ryoo D, et al. PVC Modification through Sequential Dehydrochlorination—
Hydrogenation Reaction Cycles Facilitated via Fractionation by Green Solvents. ACS Appl/ Polym Mater.
2024;6(16):9656-9662. doi:10.1021/acsapm.4c01453

6. Campisi L, La Motta C, Napierska D. Polyvinyl chloride (PVC), its additives, microplastic and human
health: Unresolved and emerging issues. Sci Total Environ. 2025;960:178276. doi:10.1016/j.scitotenv.2024.178276

7. Vikhareva IN, Abramian A, Manojlovi¢ D, Bol’'shakov O. Features of Thermal Stabilization of PVC Modified
with Microstructured Titanium Phosphate. Polymers. 2025;17(15):2140. doi:10.3390/polym17152140

8. Singh P, Yadav P, Kaur Sodhi K, Tomer A, Bali Mehta S. Advancement in the synthesis of metal complex-
es with special emphasis on Schiff base ligands and their important biological aspects. Results Chem. 2024;7:101222.
doi:10.1016/j.rechem.2023.101222

9.  Akhtar M, Shahzadi S, Arshad M, Akhtar T, Janjua MRSA. Metal oxide-polymer hybrid composites: a com-
prehensive review on synthesis and multifunctional applications. RSC Adv. 2025;15(23):18173-18208.
doi:10.1039/D5RA01821H

10. Ghazzy A, Naik RR, Shakya AK. Metal-Polymer Nanocomposites: A Promising Approach to Antibacterial
Materials. Polymers. 2023;15(9):2167. doi:10.3390/polym15092167

11. Alkhaldi H, Alharthi S, Alharthi S, et al. Sustainable polymeric adsorbents for adsorption-based water re-
mediation and pathogen deactivation: a review. RSC Adv. 2024;14(45):33143-33190. doi:10.1039/D4RA05269B

12. Bekchanov D, Mukhamediev M, Babojonova G, Lieberzeit P, Su X. Anion exchange material based on
polyvinylchloride and urea for the removal of chromium(vi) ions from aqueous solutions. CLEAN — Soil Air Water.
2023;51(10):2200411. doi:10.1002/clen.2022004 11

13. Bekchanov D, Mukhamediev M, Inkhonova A, et al. Magnetic and reusable Fe304/PPE-2 functional mate-
rial for efficient photodegradation of organic dye. Environ Res. 2025;269:120911. doi:10.1016/j.envres.2025.120911

14. Bekchanov D, Eshtursunov D, Inkhonova A, et al. Functionalized polymer & metal oxide nanocomposite
material for efficiency antibacterial and photocatalytic applications. React Funct Polym. 2025;216:106457.
doi:10.1016/j.reactfunctpolym.2025.106457

15. Stromberg RR, Straus S, Achhammer BG. Thermal decomposition of poly(vinyl chloride). J Polym Sci.
1959;35(129):355-368. doi:10.1002/pol.1959.1203512904

16. Yang S, Wang Y, Man P. Kinetic Analysis of Thermal Decomposition of Polyvinyl Chloride at Various Oxy-
gen Concentrations. Fire. 2023;6(10):404. doi:10.3390/fire6100404

17. Krongauz VV, Lee YP, Bourassa A. Kinetics of thermal degradation of poly(vinyl chloride). J Therm Anal
Calorim. 2011;106(1):139-149. doi:10.1007/s10973-011-1703-6

B 2025/%05 75 |}




FarDU. ILMIY XABARLAR @ https://journal.fdu.uz ISSN 2181-1571

KIMYO

18. Altarawneh S, Al-Harahsheh M, Buttress A, Dodds C, Kingman S. A thermo-kinetic investigation on the
thermal degradation of polyvinyl chloride in the presence of magnetite and hematite. Thermochim Acta.
2022;718:179390. doi:10.1016/j.tca.2022.179390

19. YuJ, SunL,MaC, Qiao Y, Yao H. Thermal degradation of PVC: A review. Waste Manag. 2016;48:300-
314. doi:10.1016/j.wasman.2015.11.041

20. Wang X, Li B, Xia Z, et al. Effects of Copper(ll) Oxide on the Co-Pyrolysis of Waste Polyester Enameled
Wires and Poly(vinyl chloride). Polymers. 2024;16(1):27. doi:10.3390/polym16010027

21. Altarawneh S, Al-Harahsheh M, Ali L, et al. Thermal degradation of polyvinyl chloride in the presence of
lead oxide: A kinetic and mechanistic investigation. Chem Eng J. 2024;493:152873. doi:10.1016/j.cej.2024.152873

| 76 2025/Ne5 |




