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Abstract. This study investigates the effects of different concentrations of
polyethylenepolyamine (PEPA) hardener, together with a polysulfone modifier and an
aluminosilicate clay filler, on the properties of adhesive compositions based on ED-20
epoxy-diane resin. Adhesive systems were prepared with PEPA contents of 8%, 12%,
and 16%, and their physicochemical, rheological, and performance characteristics were
evaluated according to ST 33122-2022 standards. Infrared (IR) spectroscopy confirmed
that the chemical structures of the ED-20 resin and PEPA hardener correspond to standard
compositions, with reactive epoxy groups in the resin and primary and secondary amine
groups in the hardener, ensuring effective curing. The influence of PEPA concentration

439



ISSN 2224-5227 1.2026

on pH, dynamic viscosity, workability time, water resistance, heat resistance, and
mechanical strength was systematically analyzed. Increasing PEPA slightly raised pH
and reduced workability time and viscosity, while all samples remained within standard
limits. Compositions with 8% and 16% PEPA showed high water resistance, but the
12% PEPA formulation provided the most balanced combination of mechanical strength,
thermal stability, water resistance, viscosity, and workability. Excessive hardener (16%)
reduced workability and thermal performance, highlighting the importance of optimal
hardener content. Comparative analysis confirmed that these results align with known
trends for amine-cured epoxy systems and extend them for ED-20 resin modified
with polysulfone and aluminosilicate filler. The optimized adhesive with 12% PEPA
demonstrates reliable performance for structural and repair applications in chemical,
construction, and mechanical engineering industries. These findings provide a scientific
basis for optimizing ED-20 epoxy resin and PEPA-based adhesive formulations and
expanding their industrial applications.

Keywords: epoxy adhesive, ED-20 epoxy resin, polyethylenepolyamine, hardener
concentration, IR spectroscopy, physicomechanical properties, adhesive compositions
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Annoramusi. byn 3eprrey monmustwinennonmmamunHig (I1911A) xaralTKbIIIBIHBIH
OpTYpAi  KOHICHTPALUSUIAPBIHBIH,  MOJMUCYTb()OH  MOIM(PUKATOPHIMEH  JKOHE
QIIOMOCHJIMKAT ca3 TOJNTHIPFbIMbIMEH Oipre J/1-20 smokcHATI-AMaH IIaibIpbIHA
HET13/IeJIreH KeJIIM/IIK KypaMIapblH KaCUeTTepiHe ocepiH 3epTTeiiai. XKemimai xkyrienep
8%, 12% sxone 16% I[1DI1A KypaMbIMEH JaiibIHAAIIbI, T OJIAP/IbIH (PU3HKA-XUMHSLIIBIK,
PEONIOTHSUIBIK JkoHEe oHIMALTK cumartamanapbl ST 33122-2022 cranmaprrapbiHa
coiikec Oaranannsl. Muppakesein (MK) cnekrpockorus D/1-20 maiisiper MmeH [IDITA
KAaTaUTKBIIIBIHBIH ~XUMUSJIBIK ~ KYPBUIBIMJIAPBI  CTAHAAPTThI Kypamjapra ColKec
KEJICTIHIH, IIalbIpAaFbl PEAKTHBTI ATIOKCUATI TONTAP MEH KATAaHTKBIIITAFbl OacTaIlKbl
JKOHE eKIHIII PEeTTIK aMUH TONTapbl THIMI KaTaroibl KAMTaMachl3 €TCTIHIH PacTabl.
[IDOTTA koHIEHTpanUAChIHBIH pH-Ka, AMHAMUKAIBIK TYTKBIPJIBIKKA, JKYMBIC ICTEY
YaKbIThIHA, CyFa TO3IMJITIKKE, bICTHIKKA TO3IM/IUTIKKE KOHE MEXaHUKAJIBIK OCPIKTIKKE
ocepi xkyiieni Typae Tainanasl. [I9TTA-HbIH Korapbuiaybl pH-HBI a3/1a1 KeTepiIt, >KyMbIC
ICTey YaKbIThl MEH TYTKBIPJIBIKTBI 232l TThI, a1 OApJIbIK YJITIep CTAaHAAPTThI MICKTEPC
KanabL. 8% xoHe 16% [13I1A 6ap KoMITo3unusIIap )KOFaphI Cy OTKI30CHTIHAITH KOPCETTI,
Oipak 12% IIDITA kypambl MEXaHUKAJIbIK OCPIKTIKTIH, TEPMUSIIBIK TYPAKTUIBIKTHIH,
CYy OTKI30CUTIHMIKTIH, TYTKBIPJIBIKTBIH KOHE IKYMBICKA KapaMIbUIBIKTBIH €H
TeHrepiMai yiieciMin kKamrtamacek3 erti. lllamaman Teic Oepikrenaipymn (16%)
JKYMBICKA KapaMbUIBIKTBI JKOHE TEPMUSIBIK OHIMIUTIKTI TOMEHACTTI, OYJI OHTaMIbI
OCpIKTEHAIpYIIl KYpaMbIHBIH MaHBI3ABUIBIFBIH KopceTTi. CabICThIpMalbl Tanaay
OyJ1 HOTWIXKENIEP/IIH aMUHMEH KaThIPbUIFAH SMOKCHJTI KYyWesepre apHairaH Oenriii
YpIicTepre coikec KeJETIHIH pacTa bl )KOHE 0JIAP/IbI MTOJIUCYIIb()OH MEH aJTFOMOCHITHKAT
TOJITHIPFBIIBIMEH Moupukausuianrad DJ1-20 maiibipbina keHewrei. 12% I[13I1A Gap
OHTaWJIaH IBIPBLIFAH )KEJIIM XUMUSUIIBIK, KYPBUIBIC )KOHE MAIIMHA JKacay callajapbIH/IaFbl
KYPBUTBIMJIBIK JKOHE KOH/ICY KOJIaHOamaphl YIIH CEHIMIII OHIMALTIKTI KepceTei. by
seprreyaep I/1-20 smokcuari maiibipel MeH [IDITA HeriziHzeri xeniM KypamJIapbiH
OHTaWJIaH/IBIPY JKOHE OJIAPJIbIH OHEPKICINTIK KOJJAHBUTYbIH KEHEHTY YIIIH FBUIBIMU
Heri3 Oepei.

Tyiiin ce3nep: amokcnTi sxenim, I/1-20 SNMOKCUITI TAWBIPBI, TOTUITHIICHIIOIHAMUH,
KaTalUTKpIl ~ KOoHUEHTpauusicel, WK  crnekrpockonuscel, (u3MKa-MeXaHUKAIBIK
KacHeTTepi, JKeJIiM KypaMbl
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AnHoTanus: B tTaHHOM HCClIeI0BaHUH U3YUYEHO BIUSHHUE PAa3IMUHBIX KOHLIIEHTPALUH
nonmaTwieHnonuamuaa (I191T1A), ucnonbp3yemMoro B KadyecTBe OTBEPAUTENS, a TAKKe
Moaudukaropa MNOIUCYINb()OHA H AITOMOCHIMKATHOTO TJIMHHCTOTO HAIOIHHUTEIS
Ha CBOWCTBA KJIEEBBIX KOMIIO3MIIMH HAa OCHOBE AMOKCHIHO-IWAHOBOH cMoibl OJJI-
20. KieeBble cucTeMbl ObUIH MPUTOTOBJICHBI Ipu copepkanun [10I1A 8, 12 u 16 %,
a uxX (PU3HKO-XMMHUYECKHE, PEOJIOTHUECKUE U IKCIUTyaTallMOHHBIE XapaKTEPUCTHKH
OLIEHMBAM B COOTBETCTBHM co crapmaprom ST 33122-2022. Wudpaxpacuas
(MK) cnexkrpockonusi MOATBEPAMIA, YTO XHMHUYEcKas CTpykTrypa cmoibl DJ[-20 u
orBepautensa [IOITA coOTBETCTByeT THUNHMYHBIM KOMITO3WIIUSIM JIaHHOTO KJlacca:
CMOJIa COACPKUT PEaKIMOHHOCHOCOOHBIE JIIOKCHIHBIE TPYIMIbI, a OTBEPIHUTENb
— TMEpBHYHBIC W BTOPUYHBbIE aMHHHBIE TPYMIbI, oOecreunBaromme 3hheKTHBHOE
oTBepkaeHne. CrucTeMaTHYecKy MPOaHaIU3UPOBAHO BIHMsSHME KoHIeHTparmu [1DITA
Ha pH, AMHAMHYECKYIO BSI3KOCTh, BpeMs yHOOOYKIaJAbIBAEMOCTH, BOIOCTOHKOCTD,
TEPMOCTOHKOCTh W MEXaHHYECKYIO0 IPOYHOCTh. YBenuueHue coxepkanus [1DITA
COTIPOBOXKJAJIOCH HE3HAYUTEIbHBIM MOBBIIIEHHEM pH, a Takke CHIKEHHEM BpeMEeHH
yA00OYKIIabIBAEMOCTH W BSI3KOCTH, MPH 3TOM BCE 00pa3Ilbl OCTABAIUCH B TpeJesax
HOpMaTUBHBIX 3HaueHWid. CoctaBel ¢ 8§ u 16 % I[IDIIA npomeMOHCTPHUPOBATH
BBICOKYIO BOJIOCTOMKOCTB, OfiHaKo peuentypa ¢ 12 % II3I1A obecneunna Hanbomnee
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cOaJaHCUPOBaHHOE COYETAHNE MEXaHNUECKON POYHOCTH, TEPMHUYECKOHM CTA0OMIIBHOCTH,
BOJOCTOWKOCTH, BSI3KOCTH M YI0OOyKIaneiBaeMocTH. W30bITOUHOE comepikaHue
otBepautestsi (16 %) NpUBOAMIO K CHIXKEHHIO yI0OOYKIIAABIBAEMOCTH M YXYAILICHHUIO
TEPMHUYECKUX XAPAKTEPHUCTHK, YTO MOJUYEPKHBACT BAXXHOCTH ONTHUMAIBHOTO BBIOOpa
ero KoHueHTpauuu. CpaBHUTENbHBIA aHAJIU3 MOKa3aj, YTO MOJYUYEHHBIE PE3YNbTaThl
COOTBETCTBYIOT U3BECTHBIM 3aKOHOMEPHOCTSM JUIsI 3TTOKCHUIHBIX CUCTEM, OTBEPKIAEMBIX
aMHHAMH, ¥ TIOATBEPXKIAIOT UX MPUMEHUMOCTH K cMone D/1-20, moguduuupoBanHOH
MOJHUCYTb()OHOM M ATIOMOCHIMKATHBIM HanoidHuTeneM. ONTHMU3UPOBAHHBIN KIIEEBOH
coctaB ¢ 12 % IIDIIA neMoHCTpUpyeT HaJeKHbIE SKCIUTyaTAallMOHHBIE CBOICTBA B
KOHCTPYKLIIMOHHBIX M PEMOHTHBIX MPUMEHEHHAX B XUMHUYECKOM, CTPOMTENbHON W
MAaIIMHOCTPOUTENbHONW oTpacisix. llomyueHHble pe3ynsraTbl (GOPMUPYIOT HAyYHYIO
OCHOBY JIJIsl ONITUMMU3AIUH PEUEenTyp KieeB Ha ocHoBe cMounbl JJ1-20 u T13ITA, a taxxe
JUTS paclIUpEeHus HAIlpaBJI€HUI X MPOMBIIIIEHHOTO MPUMEHEHUS.

KiawueBble c¢jioBa:  SMOKCUAHBIM  Kiel, snokcuaHas cMomna  J1-20,
MOJMATUIICHIIONNAMUH, KOHIEeHTpauus orBepautens, WK-cmekrpockomusi, (GU3MKO-
MeXaHH4eCKHe CBOICTBA, COCTaB Kiles

Introduction. Epoxy adhesives are an important group of polymeric materials
widely used in the chemical industry, mechanical engineering, construction and
electronics. They are compounds based on thermosetting systems, which change color
from yellow to bronze, and pass from a viscous liquid to a solid state. Epoxy resins are
well soluble in ketones, ethers, dioxane and chlorobenzene, and have high solubility in
methyl ethyl ketone, methylcyclohexanone, diacetone alcohol and cellosolve (Fan et
al., 2024; Surnova et al., 2019). Low molecular weight resins are soluble in alcohols
and aromatic hydrocarbons, while high molecular weight resins are insoluble in these
environments (Bratasyuk et al., 2020; Kokayeva et al., 2023; Mostovoy et al., 2024).
Epoxy resin solutions and melts can retain their properties for a long time. Epoxy resins
are combined with urea-, melamine-, phenol-formaldehyde, polyester and polysulfide
resins, which allows you to adjust the properties of composite materials. The molecular
weight of the starting resin is one of the main factors determining the physical and
mechanical properties of hardened products. Low-molecular resins are effective for
obtaining adhesives and injection materials, while high-molecular resins are used in the
production of paints and varnishes (Deng et al., 2023; Lee et al., 2024; Ozgul and Ozkul,
2018). Since the number of crosslinks is relatively small when epoxy resins harden,
macromolecular chains acquire a certain mobility. This property ensures low brittleness
of hardened epoxy materials and high strength during bending. The hardening process
occurs without the release of volatile substances, so pores and swelling do not form in the
material structure. The presence of hydroxyl groups provides high adhesion to various
materials. The shrinkage of epoxy resins is about 0.5% at 100 °C, and 2-3% at 200 °C,
which is lower than that of other thermosetting resins (Prabhudass and Palanikumar,
2021; Szymiczek and Chmielnicki, 2019; Wang et al., 2022).

To increase the flexibility of hardened epoxy resins, low-molecular polyamide and
polysulfide resins are used as hardeners. The type of hardener significantly affects the
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physical and mechanical properties of epoxy compositions. In this regard, the epoxy-
diane resin of the ED-20 brand is widely used. ED-20 is a transparent, viscous, yellowish
liquid without mechanical impurities, the mass fraction of epoxy groups is 19.90—
22.00%. It is often used in combination with polyethylenepolyamine (PEPA) hardener,
and the hardening process is carried out at a temperature of at least 20 °C (Martinez et
al., 2024; Rudawska et al., 2021; Suresh and Thomas, 2021; Zhao et al., 2023).

Polyethylenepolyamine is a liquid hardener from light yellow to dark brown,
sometimes with a green tint. It allows epoxy resins to harden at room and low
temperatures, as well as in conditions of high humidity, and is widely used in the
chemical industry. PEPA is distinguished by its ease of use, but the transparency of the
products obtained is limited (Jin et al., 2017; Prolongo et al., 2006).

The aim of this study is to determine the effect of different concentrations of
polyethylenepolyamine hardener, as well as polysulfone modifier and aluminosilicate
clay filler on the properties of adhesive compositions based on ED-20 epoxy-diane
resin. The results obtained are aimed at optimizing the composition of epoxy adhesives
and expanding their industrial application.

Materials and methods. For the study, ED-20 epoxy-diane adhesive, PEPA
hardener, polysulfone modifier and aluminosilicate clay filler were used. ED-20
epoxy adhesive is a transparent viscous liquid with a yellowish tint, without obvious
mechanical impurities. The mass fraction of epoxy groups is 19.90-22.00%. To increase
the flexibility of hardened epoxy adhesives, low molecular weight polyamide and
polysulfide resins can be introduced as hardeners. Studies have shown that the type of
hardener has a significant effect on the physical and mechanical properties of hardened
epoxy resins. PEPA hardener is a raw material for the production of active bases of
corrosion inhibitors, epoxy compounds, amino-containing resins, hardeners for cold
and hot curing of epoxy resins, varnishes and paints, detergents and disinfectants,
and additives for various purposes. It is used to harden epoxy resins at room and
low temperatures. Polysulfone (modifier) is an amorphous polymer, resistant to high
temperatures, hydrolysis, chemical effects and steam. Aluminosilicate clay is a filler,
consisting of aluminum and silicon oxides in various ratios Al,O,-SiO,. The use of
aluminosilicate clay in epoxy adhesives leads to an increase in the adhesive interaction
at the adhesive-substrate interface.

Epoxy adhesive, PEPA hardener, polysulfone and aluminum silicate clay are used as
raw materials.

Preparation of the epoxy adhesive compositions was carried out under controlled
conditions. The required amounts of ED-20 epoxy resin, polysulfone modifier and
aluminosilicate clay filler were sequentially introduced into the mixture and mechanically
stirred at a constant speed for a fixed period to ensure homogeneity. After that, the
calculated amount of PEPA hardener was added, and the composition was further mixed
for a specified time to obtain a uniform adhesive system. The prepared mixtures were
poured into molds and cured under defined temperature—time conditions. After curing,
the samples were conditioned for a predetermined period at room temperature prior
to physical, mechanical and physicochemical testing. These controlled preparation
parameters were selected to ensure good reproducibility of the experimental results.
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A sample of glue weighing 1.9-2.1 g is poured into preheated and weighed lids or
beakers, then weighed and placed in a drying cabinet, where they are kept at a temperature
of (100£1)°C for 3 hours. Then the containers with fragments are placed in a desiccator
for 15 minutes and weighed again. All measurements are made with an accuracy of 0.01
g. The samples are kept in a drying cabinet until they reach constant mass.

The mass fraction of non-volatile substances x, % is determined by the formula:

m - mj

= Tmem 100%

where m - the mass of the lid with the adhesive sample after drying, g;

- m, - the mass of the lid, g;

- m, - the mass of the lid with the adhesive sample before drying, g.

The pH value is determined by the potentiometric method using pH 7, pH 4, pH 9
buffer solutions and a laboratory pH meter or ionometer with a measurement error of no
more than 0.1 units at the test temperature recommended by the adhesive manufacturer, in
accordance with the instructions attached to the instrument. If there are no requirements,
it is recommended to carry out the tests at a temperature of (23+2)°C.

Results and discussion. The study used ED-20 epoxy-diane resin as the base and
polyethylenepolyamine (PEPA) as the hardener in different concentrations (8%, 12%
and 16%). The effect of PEPA on the properties of ED-20 resin was comprehensively
studied.

Two different compositions of adhesive compositions were prepared and tested.
First, the composition of ED-20 epoxy resin was determined by IR spectroscopy and
compared with the standard composition (Fig. 1).
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Figure 1 - IR spectrogram of ED-20 epoxy resin
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Figure 1 shows the infrared (IR) spectrogram of the liquid ED-20 epoxy-diane resin.
The spectral analysis showed that the chemical structure of the studied resin corresponds
to the standard ED-20 brand.

The absorption bands observed in the 30002850 cm™ region correspond to the
stretching vibrations of the aliphatic -CH,— and —~CH, groups. The bands in the 1600
1500 cm™ range are characteristic of the C=C bonds of the aromatic rings based on
bisphenol-A. The intense absorption bands in the 1250-1150 cm™! region characterize
the vibrations of the C—O-C ether bonds.

The absorption bands characteristic of the epoxy (oxirane) ring are observed in the
915-830 cm! range, which proves the preservation of the reactive epoxy groups of
the resin. A weak broad band in the region of 3400-3500 c¢cm™ indicates that the resin
contains a small amount of hydroxyl groups (—OH). The obtained IR spectral data
confirm that the ED-20 epoxy resin used in the study fully corresponds to the standard
composition and is suitable for use in the preparation of adhesive compositions with
PEPA hardener.

In Figure 2, the composition of the PEPA hardener was determined by IR spectroscopy
and compared with the standard composition.
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Figure 2 - IR spectrogram of PEPA hardener

Figure 2 shows the infrared (IR) spectrogram of the polyethylenepolyamine (PEPA)
hardener. Analysis of the spectrum showed that the chemical structure of the PEPA used
in the study corresponds to the reference amine compounds.

The broad absorption bands observed in the region of 3300-3200 cm™ are
characteristic of the stretching vibrations of the -NH and —NH, amino groups. The
bands in the range of 3000—2850 cm™ characterize the vibrations of the aliphatic —
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CHD— groups. The absorption bands in the region of 1650—1550 cm[1' correspond to
the N-H deformation vibrations, and the range of 1200—1000 cm™ corresponds to the
vibrations of the C—N bonds.

The obtained IR spectrum confirms the presence of primary and secondary amine
groups in the PEPA molecule, which provides its high reactivity for curing epoxy resins.
Thus, the results of IR spectroscopy prove that the PEPA hardener used in the study is
suitable for obtaining adhesive compositions with ED-20 epoxy resin.

The hydrogen value (pH) of the adhesives indicates the level of hydrogen ions in their
composition. As the hardener content increases, the pH increases, and the longitudinal
strength decreases. Water and heat resistance also change depending on the hardener
content, and when an excess of amine is added, the adhesive bonds are blocked, and the
strength and elasticity of the composition decrease.

According to the results of the study, as the PEPA content increases, the layering
changes slightly, and all samples meet the requirements of the standard. Dynamic
viscosity and workability time decrease slightly depending on the hardener content, but
in all samples they were more than 15 minutes, that is, in accordance with the standard.
All indicators obtained as a result of the tests are presented in Table 1.

Table 1. Properties of adhesive compositions depending on the amount of PEPA

PEPA amount, %
Indicators ST 33122-2022
8 12 16
pH 6.4 6.71 7.13 <10
Water resistance high normal high
Heat resistance low normal low normal
Maximum overlap during testing, % 4.70 4.60 4.68 <5.0
Dynamic viscosity, MPa-s 27.11 26.70 26.23 10-40
Conditional operating time, min 21 18 16 >15

The adhesive composition options with a PEPA content of 8%, 12%, and 16% comply
with the requirements of ST 33122-2022, since all the main indicators are within the
permissible limits:

— pH value (pH): below 10 in all samples - in accordance with the requirements;

—water and heat resistance: The best indicators are observed in 8% and 16% samples,
but the 12% sample in terms of heat resistance is the most balanced option;

— delamination and failure percentage: below the norm in all samples - in accordance
with the requirements;

— dynamic viscosity: within 10-40 MPa-s - in accordance with all samples;

— conditional workability: above 15 minutes in all samples - in accordance with the
requirements.

If high water and heat resistance is required when using the obtained adhesive
samples, then the composition with a PEPA content of 12% is the most effective and
balanced option. This composition not only meets all standards, but also provides
optimal operating time and durability.
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A comparative analysis of the obtained results with literature data demonstrates
good agreement with previously reported trends for amine-cured epoxy systems. An
increase in the concentration of aliphatic amine hardeners generally leads to a reduction
in viscosity and pot life due to accelerated crosslinking reactions, which is consistent
with the results obtained in this study.

At the same time, excessive hardener content is known to cause deterioration of
mechanical performance and operational stability as a result of an imbalance between
epoxy and amine functional groups. In the present study, this effect was observed for
compositions containing 16% PEPA, which exhibited reduced workability time and less
favorable thermal resistance compared to the composition with 12% PEPA.

Compared with analogous epoxy adhesive systems described in the literature, the
formulation containing 12% PEPA demonstrates a more balanced combination of
viscosity, pot life, water resistance and thermal stability. This confirms that the selected
hardener concentration ensures optimal crosslink density without excessive brittleness
or premature gelation. Thus, the results obtained not only corroborate existing literature
data but also extend them for ED-20 epoxy resin systems modified with polysulfone and
aluminosilicate filler, highlighting the practical relevance and novelty of the proposed
adhesive composition.

The optimized epoxy adhesive composition containing 12% PEPA demonstrates
a well-balanced combination of viscosity, pot life, mechanical strength, and thermal
and water resistance. Based on these properties, this adhesive formulation can be
recommended for practical applications as a structural and repair adhesive in mechanical
engineering, construction, and chemical industries, where high adhesion, durability, and
adequate workability are required.

Conclusion. During the study, adhesive compositions were prepared using different
concentrations of polyethylenepolyamine (PEPA) hardener (8%, 12% and 16%) based
on ED-20 epoxy-diane resin, and their effect on their properties was comprehensively
evaluated. Based on two different component systems, the effect of the hardener
amount and the polysulfone modifier and aluminosilicate clay filler on the structural,
physicomechanical and operational properties of the adhesive was determined.

IR spectroscopic studies confirmed that the chemical structures of ED-20 epoxy
resin and PEPA hardener fully correspond to standard compositions and are suitable
for obtaining adhesive compositions. It was proved that the presence of primary and
secondary amine groups in PEPA ensures effective hardening of epoxy resins.

Experimental results showed that all adhesive compositions with a PEPA content
in the range of 8-16% comply with the requirements of the ST 33122-2022 standard.
However, in terms of the totality of properties, the composition with a PEPA content of
12% was determined to be the most optimal and balanced option in terms of water and
heat resistance, strength, dynamic viscosity and workability.

The results obtained will form a scientific basis for expanding the scope of application
of adhesive compositions based on ED-20 epoxy resin and polyethylenepolyamine
hardener in the chemical industry and mechanical engineering, as well as for obtaining
high-quality and reliable epoxy adhesives.
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