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Abstract. The solvolysis of poly(ethylene-terephthalate) (PET) is one of the most researched areas in chemical recycling.
In this study PET aminolysis with isophorondiamine has been done - in opposition to recent trends - without excess reagent
and the raw reaction product was further used without purification. The aminolysis product was thoroughly characterized
with nuclear magnetic resonance (NMR) spectroscopy. Isophoronediamine was used as a solvent to prepare amine crosslinker solutions for epoxy resins. The effect of the concentration on the cross-linking reaction and thermomechanical properties were investigated. The curing reaction was found to be significantly accelerated by the presence of the aminolysis
product. Both the ethylene-glycol and the terephthal-amide-diamines have a catalytic effect on the reaction. The glass transition temperature decreased with increasing concentrations of the cross-linker solutions due to the decreasing cross-link
density. Thus, raw aminolysis products can be utilized for epoxy curing and are advantageous in modifying slower curing
cycloaliphatic cross linker systems.
Keywords: polymer synthesis, molecular engineering, thermosetting resins, recycling

1. Introduction

derivatives [11–20]. This is not to mention the need
for extra purification steps that must be done to regain the ethylene-glycol and to separate the terephthalic acid derivatives. Due to these circumstances,
chemical recycling is mostly known as a rather expensive method. Several publications have focused on
the catalytic enhancement of bishydroxyethyl terephthalate (BHET) production [11, 13–15, 21]. The
aminolysis of PET can occur under less demanding
conditions and could be used to gain new value added
chemicals and polymeric materials and resins [18,
20, 22–29]. Epoxy curing with PET aminolysis products is still an expanding field that only a few studies
have focused on [19, 30]. Most of these utilized
aliphatic diamines and applied several cleaning steps
to gain pure terephtalic-amides and remove the ethylene-glycol side products. In several early publications the catalytic effects of hydroxyl groups in

Plastic recycling is an ever emerging problem in our
society. Several methods have been developed to recycle commodity plastics, such as poly(propylene),
poly(ethylene), poly(styrene), poly(vinyl-cloride) and
poly(ethylene-terephthalate) (PET) [1–6]. With classical remoulding processes like extrusion and injection moulding a significant decrease in mechanical
properties cannot be avoided after a certain number
of cycles [7–10]. At one point chemical methods
should be applied to regain the resources from these
materials. Chemical recycling, namely the solvolysis
of PET waste is one of the most widely applied and
researched methods. The solvolysis reaction, e.g.
glycolysis, is a typically slow equilibrium based transesterification reaction that should be carried out at
higher temperatures and pressures with higher reagent
ratios and a catalyst to obtain pure terephthalic acid
*
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In this study a widely used cycloaliphatic epoxy hardener, isophoron-diamine (IPD) was used in PET
aminolysis to produce terephthalic-amide-diamines
(Figure 1). The aminolysis was carried out without
excess IPD (1:2 ester- to amine group mol ratio). The
chemical structure was identified, with 1H, 13C, distortionless enhancement by polarization transfer
(DEPT), 1H-13C heteronuclear single quantum coherence (HSQC), 1H-13C hetero-nuclear multiplequantum coherence (HMBC), 1H-15N HMBC, 1H-1H
correlated spectroscopy (COSY), and 1H-1H nuclear
Overhauser effect spectroscopy (NOESY) nuclear
magnetic resonance spectroscopy (NMR) measurements. The raw reaction product was dissolved in
IPD (0–50 m/m%) to gain an easy to handle, low temperature curing epoxy hardener system. The effect
of the terephthal-amide-diamine concentration was

epoxy curing reactions with amine cross-linkers were
tested and proved [31–33]. Thus if, ethylene glycol
(EG) is not removed from the raw aminolysis product it could serve as a catalyst via hydrogen bond
formation for the cross-linking reactions. Since a hydrogen bond is required for this kind of catalytic effect [33, 34], the amide groups of the terephthalamide-diamines could also provide a catalytic acceleration as well. Up to this point no research groups
have attempted to use the raw aminolysis products
of PET for epoxy curing and exploring their catalytic
effects.
In this study our goal was to investigate the use of raw
aminolysis products of PET as epoxy curing agents,
characterize the cross-linked resins, and develop an
industrially easily applicable method for diamine
curing agent production.

Figure 1. The aminolysis reaction of PET with isophoron-diamine.
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Figure 2. The catalyzed reaction of bisphenol A diglycidilether with terephthalic-amide-diamines.

to 200 °C and was kept there for 4 hours in argon
atmosphere. 80 g of the PET granules and 0.8 g of
zinc acetate transesterification catalyst (1% of PET)
were added. The applied IPD ratio (1:2) was calculated from the ester group content of the PET. At the
end of the reactions the homogenous, viscous, greenyellow melt was poured into an aluminum pan. The
reaction yields were near 90%.

investigated on the cross-linking reaction (Figure 2),
gelation, thermomechanical, and mechanical properties of the cured epoxy resins.

2. Experimental section
2.1. Materials
PET granules made by DSM Arnite® D00 301 (DSM,
Heerleen Netherlands) were used for the aminolysis
reactions. Bisphenol A-diglicidylether IPOX® EH
1010 epoxy resin (EE: 180–196 g·mol–1, η: 10 000–
14 000 mPa·s, ρ: 1.17 g·cm–3) and Isophorone-diamine ER 2943 (IPD) (Amin value: 645–
675 mg KOH g–1, η: 5–25 mPa·s, ρ: 0.92 g·cm–3,
~90% pure (HPLC)) were purchased from Ipox
Chemicals (Budapest, Hungary). Zinc-acetate
(Zn(OAc)2·2H2O) was purchased from BDH Chemicals (VWR International, Radnor, USA). N,N-dimethyl-formamide (99%, 06120-203-340) (DMF),
pyridine (99%, 08160-203-340), potassium hydroxide (99%, 04300-101-190) and hydrochloric acid
(37%, 08710-006-340) were purchased from Molar
Chemicals (Halásztelek, Hungary). Phthalic anhydride (99%, A14955) was purchased from AlfaAesar.
Deuterated dimethylsulfoxide (DMSO-d6) (99.9%,
15874-10X1ML) was purchased from Sigma-Aldrich
(Saint Luis, USA).

2.3. Reaction product characterization
The amine and hydroxyl functional group content
was determined via titration methods. 0.1–0.2 g samples with analytical balance were weighed in an Erlenmeyer flask and dissolved in 15 cm3 of DMF. The
3 samples and a blank sample were titrated with a
0.1 M hydrochloric acid solution in the presence of a
bromocresole green indicator to determine the amine
content of the samples. The hydroxyl group content
was determined with a back titration method. 3 samples of 1.3 g were weighed in Erlenmeyer flasks with
analytical precision. 25 cm3 of 1 M phthalic anhydride
solution in pyridine was added to the 3 samples and
to the blank sample. The samples were heated to
110 °C in oil-baths and were refluxed for 2 hours.
After the samples cooled to room temperature, 50 cm3
pyridine was added through the condenser. The samples were titrated with a 0.5 M NaOH solution in the
presence of a phenolphthalein indicator.
Perkin Elmer TGA 6 (PerkinElmer, Waltham, USA)
was used to determine the thermal stability of the reaction product, and the cured epoxy specimens in
purging nitrogen gas. A 10 mg sample was heated

2.2. Aminolysis of PET with IPD
The aminolysis of PET was carried out in a 250 cm3
four-necked round-bottom glass flask equipped with
a thermometer, a gas inlet, a reflux condenser, and a
mechanical stirrer. The reaction mixture was heated
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with a 10 °C·min–1 heating rate from 30–700 °C, then
the sample was kept at 700 °C for 10 minutes in oxygen atmosphere.
A Brucker Tensor 27 FTIR spectrometer (Bruker,
Billerica, USA) was used to measure the FTIR spectra of the reaction products in KBr pastilles (28 scans,
4000–400 cm–1). 1H, 13C, DEPT, 1H-1H COSY,
1
H-1H NOESY, 1H-13C HSQC and 1H-13C HMBC
spectra were recorded with a Bruker Avance 300 spectrometer. 1H-15N HMBC spectrum was recorded with
a Bruker Avance 500 spectrometer. The samples were
dissolved in DMSO-d6 (99%). The sample concentration was 29 mg·cm–3 for the IPD and 51 mg·cm–3
for the reaction product. The temperature of acquisition was 30 °C.

and 50×10×4 prismatic shaped specimens were
moulded for mechanical tests. The specimens were
cross-linked for 2 hours at 90 °C in a VWR VentiLine 115 drying oven (VWR International, Radnor,
USA).
PerkinElmer DSC7 (PerkinElmer, Waltham, USA)
was used to measure the exothermic entalphy of the
cross-linking and the glass transition temperature
(Tg) of the mixtures. The 10 mg of the freshly mixed
resin samples were weighed with analytical accuracy. The samples were kept at 30 °C for 0.5 min, then
they were heated to 90 °C with 200 °C·min–1 heating
rate. The samples were cross-linked at 90 °C for
2 hours, then the samples were cooled to 0 °C with
20 °C·min–1 cooling rate. The reaction heat was calculated from the integration of the isothermal segment between 0 and 30 min. To determine the glass
transition temperature (Tg), the samples were further
heated from 0 to 250 °C with 20 °C·min–1, kept at
250 °C for 1 minute, then cooled to 0 °C with
20°C·min–1 and kept there for 1 minute. Then the samples were heated with 20 °C·min–1 heating rate to
250 °C. The Tg was determined from the last heating
period. All the calculations and evaluations were carried out in Pyris Software.
PerkinElmer Diamond DMA (PerkinElmer, Waltham,
USA) was used to characterize the glass transition
temperature and viscoelastic behavior of the epoxy
specimens. A tension test method was used from 20
to 200 °C with 2 °C·min–1 heating rate, 1 Hz frequency and 10 μm amplitude. The Tg was determined from
the peak of tan δ. The dogbone shaped specimens
were cut to a prismatic shape before the DMA measurements.
Rheological measurements for gel point determination were carried out using an Anton-Paar Physica
MCR 301 (Anton Paar GmbH, Graz, Austria) apparatus at 40 °C in continuous rotation mode with a
plate-plate system (plate distance 1 mm).
Standard tensile tests were conducted on an Instron
5566 type equipment (Instron Co., Canton, USA)
with 5 mm·min–1 rate to determine the Young’s modulus, tensile strength, and elongation at break. Instrumented impact testing was used to investigate the
impact resistance. The measurements were carried
out with a Ceast Resil 5.5 instrument (CEAST spa,
Pianezza, Italy). The impact test specimens were
V-notch type samples. All the mechanical tests were
done at 23 °C in an air conditioned laboratory with
50% air humidity.

2.4. Test specimen preparation and
characterization
A solution series of the aminolysis product and IPD
was prepared to use as the cross-linking agent for
epoxy resins. The reaction product was dissolved in
IPD in different concentrations (0, 5, 10, 20, 30, 40,
and 50 m/m%). The components were weighed with
analytical accuracy. The solutions were prepared in
round-bottom flasks equipped with a reflux condenser. The flasks were heated to 100 °C for 30 minutes.
The amine value was determined as previously described.
The epoxy content of the ER1010 epoxy resin was
measured with a back-titration method. Three samples of 0.2 g were weighed in Erlemeyer flasks with
analytical precision. 16 cm3 concentrated hydrochloric acid (37%) was dissolved in pyridine to obtain
the pyridine hydrochloride solution in pyridine. The
samples were dissolved in 25 cm3 solution of pyridine hydrochloride in pyridine. The solutions were
heated and let to reflux for 1 hour. After the samples
cooled to room temperature 10 cm3 water was added
through the condenser. A 0.1 M sodium hydroxide
(in methanol) solution was used to titrate the samples
in the presence of a phenolphthalein indicator. The
mixing ratios for the ER1010 epoxy resin and the
cross-linker were calculated according to the stoichiometric ratio.
The epoxy mixture was prepared according to the
calculated mixing ratios. The resin and the cross linker
were mixed with a glass rod for three minutes in a
plastic cup. The plastic cup was placed in a vacuum
chamber for 30–40 minutes until the resin was bubble free. 75×4×1.4 mm ‘dogbone’ shaped specimens
621
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3. Results and discussion
3.1. Aminolysis product characterization

molecular structure of the product). It suggests the
presence of longer terephthalic-acid and isophorondiamine derivative oligoamides. The hydroxyl value
was determined to measure the amount of ethylene
glycol in the raw product. It was found to be near
100% based on the PET repeating units. This indicated the complete amidation of the ester groups.
Thermo-gravimetric analysis (TGA) was used to investigate the mass composition and thermal stability
of the reaction product (Figure 3). A two-step weight
loss process was observed. At the first step the ethylene-glycol content evaporated out of the product
resulting in over 30% weight loss. The thermal degradation of the main reaction product started above
400 °C.
FTIR spectroscopy was used to determine the general molecular structure of the reaction product (Figure 4). The spectra of PET and IPD were added as a
reference. The wide peak between 3600–3200 cm–1
are attributed to the valence vibration of the N–H
(amine and amide) and O–H groups. The shoulder/
peak at 3100–3080 cm–1 is attributed to the aromatic,
the peaks at 2951 and 2921 cm–1 are attributed to
aliphatic/cyclo-aliphatic C–H valence vibrations.
The peaks at 1638 and 1550 cm–1 are attributed to the
amide carbonyl vibrations. Most of the peaks between 1500–1000 cm–1 can be attributed to the bending and skeletal vibrations of the aliphatic and the
aromatic hydrocarbon groups. No peaks were found

Functional group analysis was used to characterize
the raw reaction product (Table 1). The measured
amine value approximates the theoretical amine
value (4.24 mmol·g–1, calculated from the theorized
Table 1. Functional group content of IPD and the aminolysis
product.
Material
IPD
PET:IPD 1:2

Amine value
[mmol·g–1]

Hydroxyl value
[mmol·g–1]

11.57±0.041

–

3.89±0.009

3.98±0.407

Figure 3. The TGA and DTG curves of PET:IPD 1:2 raw
aminolysis product.

Figure 4. The FTIR spectrum of PET:IPD 1:2.
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expected to form. Amide and aromatic related peaks
appeared in the 1H and 13C spectra that signaled the
success of the amidation (Figure 7, Figure 8). Several low intensity peaks can be observed between the
60–20 ppm interval in the 13C NMR spectrum. These
peaks can be attributed to the chemical shift differences between aliphatic or cycloaliphatic connected
amides. The most illustrative example is the peaks
attributed to the 4iax, 5jekv and 7h methyl groups in
both the 13C and 1H spectra. In the 13C spectra new
peaks appeared close to the high intensity peaks, in
the 1H spectra secondary peaks appeared between
the 1.2–0.8 ppm interval.

that could be attributed to the ester type vibration
(~1740–1720 carbonyl vibration, ~1240 cm–1 for
C–O–C vibrations). Thus, the amidation of PET was
complete and no ester linkages are present in the
product.

3.2. IPD and product characterization with
NMR
Full assignment was carried out on both the IPD and
the reaction product. The NMR spectra of the IPD
served as a reference for the reaction product assignment (Figure 5, Figure 6). The used IPD is about 90%
pure, thus impurity attributed peaks and peak widening were expected to be observed in the spectra. Several peaks attributed to the contaminant were identified in the 13C spectra. Based on the DEPT and the
HSQC spectra the main contaminant is similar to IPD
and was identified as 5-(aminomethyl)-3,3-dimethylcyclohexanamine. IPD has two different groups: an
aliphatic and a cyclo-aliphatic type amine group that
can react during the aminolysis reaction. The results
indicate that due to the steric hindrance of the cycloaliphatic connection the reactivity of these groups
differ. Thus, aliphatic connected amide groups are

Figure 6. The 13C spectrum of IPD (EH 2293).

Figure 5. The 1H spectrum and atom numbering of IPD (IPOX EH2293). 1H (numbers) and 13C (alphabet).
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Figure 7. The 1H NMR spectrum and the atom numbering of PET:IPD 1:2.
Table 2. Calculated solubility parameters and cohesion energy density data.
Vm
[mol·cm–3]

Ecoh
[J·cm–3]

δ (Fedors)
[MPa1/2]

IPD

163.90

65 380

20.0

PET:IPD 1:2

328.60

194 680

24.3

DMF

70.90

37 050

22.8

DMSO

77.80

48 560

25.0

EtOH

58.40

39 450

26.0

iPrOH

76.34

42 650

23.6

Figure 8. The 13C NMR spectrum of PET:IPD 1:2.

The major problem (except IPD) with these solvents
was that most of them could only be used as a nonreactive solvent. During the hardening process these
solvents could only act as a viscosity reducing agent
and could not react with the epoxy resin. Due to the
low amine value of the reaction product, the high
amount of unreactive solvents would swell the crosslinked resin to an ‘organo-gel’ like state. These solvents would only act as a reaction medium, and would
need to be removed from the final product. IPD is a
widely used epoxy cross-linker, it can react with
epoxy groups and become part of the resin structure.
In addition, the cross-linker solutions with IPD could
be easily prepared by introducing excess IPD at the
end of the aminolysis process. Thus, the reaction product was dissolved in IPD and was utilized as a cocuring agent. Due to its chemical structure (longer

3.3. Cross-linker system design, solubility
calculations
The aminolysis reactions yielded a green-yellow
coloured, amorphous, brittle material that slowly
softened and melted between 100–150 °C. Thus, the
produced terephthalic amides could not be used directly as hardeners in conventional low cure temperature epoxy resin systems. Our purpose was to gain
a cross-linker system that could be processed at room
temperature. Therefore, solubility parameters were calculated using the Fedor’s group contribution calculation method to find possible solvents for the crosslinking agent [35] (Table 2). The raw terephthalicamides were found to dissolve in DMF, DMSO,
ethanol, isopropanol and IPD.
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Table 3. Measured amine and calculated EG content of the
cross-linker solution.

0%

Amine value
[mmol·g–1]

OH value
[mmol·g–1]

11.67±0.034

0.00

5%

11.05±0.027

9.95

10%

10.80±0.035

19.9

20%

9.98±0.014

39.8

30%

9.19±0.005

59.7

40%

8.47±0.022

79.6

50%

7.67±0.020

99.5

compared to IPD, must be the result of the amidation
and the catalytic effect of the EG and the terephthalamide content. Several reaction processes can take
place during the curing of epoxy resins with diamines. In our case these are the uncatalyzed reaction
– the auto-catalyzed reaction –; by secondary hydroxyl groups; the catalyzed reaction by hydroxyl (EG)
or amide groups; and the reaction of hydroxyl and
epoxy groups [33, 34]. Inasmuch as the reaction catalyzed by ethylene-glycol and the terephthal-amidediamines should be significantly faster and more
dominant than the rest of the reaction processes.
A clear increasing tendency in the reaction heat, and
the peak time was observed as a function of the concentration of the cross-linker solution (Figure 9b).
The initial peak during the isothermal step became
well-defined. The time to reach the maximum of the
heat flow curve decreased with a near linear tendency from 90 to 30 seconds. The heat flow curve reached
a plateau sooner (Figure 9a). These observations indicated the intensification of the reaction process
with increasing concentration.
Rheological studies were conducted at 50 °C to measure and characterize the reaction kinetics and determine the gelation point of the resins. The curing reaction was slower at 50°C and allowed a more precise
measurement. Measuring the gelation at 90 °C was attempted (~2 min for 20% solution), but the fast reaction rate (near complete curing) endangered the instrument. The increased concentration of the crosslinker solutions resulted in faster cure rates, shift of
the gelation (Figure 10), and the increase in the initial
viscosity (Figure 11a). The gel time was attributed

molecule), the usage of the terephthal-amide-diamines could lower the cross-link density in the final
epoxy resins. A cross-linker solution sequence of 0
to 50 weight% was prepared and was used in this
study to characterize our reaction product as a crosslinker. The amine value of the solutions followed a
linearly declining tendency with increasing concentration (Table 3). The EG concentration of the crosslinker solutions was calculated based on the hydroxyl group content of the raw product. The mixing ratios
were calculated, and several samples were prepared
to study the thermal, thermomechanical, and mechanical properties of the epoxy resin systems.

3.4. Cross-linking characterization
Calorimetric and rheological measurements were carried out to characterize the cross-linker solution during curing reactions. The exothermic reaction heat
was calculated from the integration of isothermal curing curves. Due to the similarity of the amine groups
on IPD and the reaction product, a similar reaction
rate is expected. Any differences in the reaction rate,

Figure 9. Isothermal curing curves registered with DSC (a), the reaction enthalphy and the time belonging to the maximum
(peak) of the isothermal curves.
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Figure 10. The time dependence of viscosity during curing
with PET:IPD 1:2 solutions (solid lines) and
equivalent IPD EG solutions (dashed lines).

equivalent solution reached the reaction rate of the
5% PET:IPD 1:2 solution (Figure 10 and Figure 11b).
Since a strong hydrogen bond is needed between a
glycidyl-ether and the catalyst, not just the EG, but
the amide groups of the terephthal amide diamines
act as catalysts during the curing reaction. The catalytic effect of terephthal amide diamines gives significant, additional acceleration to the curing reaction. Even at small amounts terephthal-amide-diamines could act as modifiers for cycloaliphatic curing agents to accelerate the curing. Due to the faster
curing rate of these systems a more perfect crosslinked structure is expected to form at the same conditions. This was further inspected with dynamic mechanical analysis (DMA).

to the cross point of fitted linear curves on the initial
and precipitous parts of the curve. The gel time
showed a significant 20 min decrease from 0 to 5%
solution concentration, then it was followed by a linear decreasing tendency with the increasing solution
concentration (Figure 11b). The significant decrease
between the 0–5 % points clearly demonstrates the
catalytic effect of the aminolysis product. Even 5%
of the product accelerates the reaction. To demonstrate, and model the catalytic effect of EG, three
cross-linker solutions of EG in IPD were prepared
and their gelation point was measured. The concentration of EG in these was based on the calculated
amine/hydroxyl mol-ratio of the PET:IPD 1:2 solutions. Equivalents to the 10, 30 and 50% solutions
were prepared. The gelation of these samples was
faster than the 0% (IPD) as expected, but only the 50%

3.5. Thermomechanical analysis
Thermomechanical measurements were conducted
via dynamic mechanical analysis (DMA). The dogbone shaped test specimens were moulded, crosslinked at 90 °C for two hours. The specimens were
cut to prismatic shape before measurements. 3–3 parallel specimen were tested. The storage modulus varied between 2.5–3.5 MPa at 30 °C for every sample
(Figure 12a). The differences of the specimens must
come from the sample preparation. The storage modulus continuously decreased by increasing the measuring temperature. A major change in slope occurred
above 100 °C that indicated the approximation of the
glass transition temperature. Another change of slope
around 130 °C occurred that indicated that a not perfect cross-linked structure formed during the curing
of the specimens. Both the loss modulus and the tan δ

Figure 11. The initial viscosity of the resin mixtures (a) and the calculated gel times for PET:IPD 1:2 and IPD-EG model
solutions (b).
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Figure 12. The storage (a) and loss modulus (b) of epoxy specimen.

Figure 13. The tan δ curves of epoxy specimen before (a) and after post-curing (b).

the cross-link density of the resins, and as their concentration increased their effect became more dominant. A slight increase in the storage modulus was
detected above 150 °C that indicated post-curing
during measurements. The effect of post-curing was
investigated with DMA on post-cured specimens
(170–180 °C for 1 hour) (Figure 13b). The glass transition temperature followed a near-linear decreasing
tendency in all cases (Figure 14). The glass transition
temperature as expected increased with post-curing.
The glass transition temperature of the post-cured
specimen correlated with Tg values determined by
DSC measurements. The calculated cross-link density of the samples scattered with the increasing concentration of the reaction product due to post curing
during the measurement. The post cured specimens
showed a clear decreasing tendency in cross-link density with the concentration of the solutions. The tan δ
values decreased with post curing (Table 4). The

curves indicated this (Figure 12b, Figure 13a). In
both cases peaks with shoulders can be observed in
the 100–160 °C interval. The peak of a tanδ curve is
associated with the glass transition temperature of a
sample. The registered peaks shifted to lower temperatures with the concentration of the PET:IPD 1:2
in the cross-linker solutions, thus the glass transition
temperature decreased. The main peak shifted at a
greater extent than the shoulder peak, the shoulder
peak became less-well defined. Both the storage-,
loss modulus and their ratio, the tanδ indicated a
more uniform structure with higher PET:IPD 1:2 concentrations. As we have assumed, the cross-linked
structure improved, became more perfect at the same
curing conditions due to the catalytic effect of the
raw aminolysis product.
The presence of longer terephthal amide diamines
resulted in the decrease of the glass transition temperature. The longer cross-linker molecules decreased
627
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Table 5. Tensile test data of the epoxy specimen.
PET:IPD 1:2
solution
concentration
[%]

Young’s
modulus
[GPa]

Tensile
strength
[MPa]

Elongation at
break
[%]

0

3.58±0.04

67.56±15.77

2.64±0.58

5

3.42±0.14

68.45±4.49

3.13±1.82

10

3.56±0.11

67.65±4.49

2.51±1.19

20

3.55±0.12

67.86±5.15

2.46±0.60

30

3.29±0.21

45.37±4.50

1.60±0.25

40

3.67±0.10

63.75±1.74

2.31±0.11

50

3.02±0.12

27.47±17.45

3.21±3.68

viscosity of the resin mixture to insure flawless
moulding. In this study no reactive diglycidyl-ether
diluents were used to consistently report the properties of the cross-linked resins. As expected from an
epoxy resin the specimen showed rigid behavior. The
impact test showed no significant difference between
the different resin mixtures (Figure 15). The pure IPD
cross-linked samples had the highest impact resistance due to the lack of bubbles in the specimens.

Figure 14. The glass transition temperature determined with
DMA and DSC measurements.

cured specimens showed good thermal stability. The
thermal degradation occurred near 350–360 °C.

3.6. Mechanical properties
The standard tensile tests and instrumented impact
resistance measurements were conducted to characterize the mechanical properties of the moulded epoxy
specimens (Table 5). The test temperature was far
below the Tg of the specimens. Thus, the data were
expected to scatter and mostly depend on the flaws
of the moulding. Due to the increasing initial viscosity
of the resin systems the degassing became less-effective. The more concentrated the cross-linker solution was the more bubbles remained within the resin
mixture. In the case of the 40 and 50% specimens
near flawless specimens could not be obtained. These
bubbles acted as flaws during mechanical testing and
decreased the mechanical properties. In future studies
and applications, low molecular weight reactive diglycidyl-ether diluents will be needed to lower the initial

4. Conclusions
The purpose of this study was to investigate the use
of raw aminolysis products as cross-linking agents
for epoxy resins. The authors proposed the accelerative nature of the EG side product, and the terephthal-amide-diamine main products during the epoxy
curing reaction.
The aminolysis of PET was carried out with an epoxy
hardener, isophoron-diamine. The raw reaction product was further used without any purification steps.
The chemical structure of the produced terephthalic-amide-diamines was identified with NMR measurements. Full assignation of the spectra was done
based on the correlative 2D-NMR spectra (1H-1H
COSY, 1H-1H NOESY, 1H-13C HSQC, 1H-13C HMBC

Table 4. Storage modulus, tanδ and cross-link density of the epoxy specimens determined with DMA.
Cured
Storage modulus
(40 °C)

(200 °C)

[GPa]

[MPa]

0%

3.523

36.35

5%

2.757

25.21

10%

2.847

20%
30%

tan δ

Post-cured
Cross-link density

Storage modulus
(200 °C)

[mol·m–3]

[GPa]

[MPa]

1.204

9240.5

2.888

31.81

0.997

8086.4

1.199

6408.6

2.719

29.49

0.985

7496.6

27.52

1.090

6995.8

2.429

27.06

0.922

6878.9

1.795

26.43

1.199

6718.7

2.504

26.17

0.938

6652.7

3.045

25.56

1.230

6497.6

2.667

24.96

0.924

6345.1

40%

1.886

26.05

1.140

6622.1

2.592

23.64

0.840

6009.5

50%

2.615

16.80

0.826

4270.7

2.561

16.91

0.837

4298,7

628

tan δ

Cross-link density

(40 °C)

[mol·m–3]
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Figure 15. The impact resistance, maximum registered force at failure (a) and fractographs (b) of the epoxy specimens.

and 1H-15N HMBC). Cross linker solutions of the
aminolysis product with IPD were prepared (0–
50 weight%) and used for the curing of the epoxy
resins. The solutions were easy to prepare with additional IPD during or right after the aminolysis process.
The curing of the epoxy resin was characterized with
isothermal DSC (at 90 °C) and rotational viscosimetry (at 50 °C) measurements. The reaction heat was
found to increase with the concentration of the crosslinker solution. The rotational viscosimetry measurements showed a significant acceleration effect of the
aminolysis product on cross-linking. The catalytic
effect of the terephthal-amide-diamines was demonstrated using model IPD-EG solutions. The results
clearly proved the catalytic behavior of the amides, it
clearly exceeded the model IPD EG solutions. The results of the thermomechanical measurements showed
decrease in the glass transition temperature of the
epoxy resins. The longer terephthal-amide molecules,
compared to IPD formed longer links between the
polymeric chains. The concentration of the aminolysis product increased the number of longer crosslinks, thus the cross-link density decreased. The mechanical properties at room temperature showed no
significant change with the concentration of the
cross linker solutions. The resins showed rigid behavior, any loss in mechanical properties can be attributed to the flaws (bubbles) from the preparation
and curing processes.
The findings of this study showed a simpler, greener
way to process and use PET aminolysis products.
The lack of expensive purification steps even proved
to be advantageous during the epoxy curing reaction,

and provided a faster curing for IPD based epoxy
systems.
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