
1. Introduction
In the recent years intensive research work has been
focused on the partial or full replacement of the min-
eral oil based epoxy resin (EP) components by renew-
able ones in several industrial segments in order to
reduce their dependence on petrochemicals. The
synthesis of bio-based EPs is feasible from different
natural materials such as wood biomass [1], indus-
trial lignin [2] and starch [3]. One of the most com-
mon methods to prepare bio-based EPs is the epox-
idation of different vegetable oils, which are basically
fatty acid esters of glycerol [4–8]. For the functional-
ization of plant oils (epoxidation of the unsaturated
fatty acid chains double bonds) many chemical solu-
tions were worked out [9, 10]. Basically there are
four methods: epoxidation with percarboxylic acids;

with inorganic or organic peroxides; with halohy-
drines or with molecular oxygen [11]. Many investi-
gations deal with the mechanical properties of the
neat epoxidized plant oils (EPOs) and mixed EPO/
petrol oil based EP (mostly DGEBA – diglycidyl
ether of bisphenol A) systems [12–26]. According to
the literature in these hybrid EP systems usually
phase separation was observed [12, 20, 21]. In all
cases the glass transition temperature (Tg), thermal,
tensile and bending properties decreased by increas-
ing EPO-content, so the EPOs behaved basically as
plasticizers. On the other hand, the impact strength
of petrol oil based EPs increased at 20 mass% EPO-
content [13], and the epoxidized triglycerides were
tougher than DGEBA [14]. Besides the mechanical
properties, the curing process also was investigated
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with many types of curing agents [19, 22]. With
synthetic aliphatic EP components, the Tg values
increased with increasing ESO-content, followed by
a slight decrease in mechanical properties [26]. Based
on the literature, the EPOs can be applied as renew-
able sourced polymer matrices in fiber reinforced
polymer composites, however high-tech applications
as aeronautical require much higher Tg and better
mechanical properties.
Sugar is a renewable resource that has the potential
to replace mineral oil in the synthesis of EPs, further-
more due to its large oversupply in the recent decades
its application as base material in polymer synthesis
does not compete with the food industry. Sugar based
EP components can be synthesized by replacing the
hydroxyl groups of sugar structured molecules as car-
danol [27–29], sucrose [30, 31], maltitol, sorbitol
[32] and isosorbide [33–36] with oxirane functions.
With the mixture of a novel synthesized cardanol
based novolac-type phenolic resins and polybutadi-
ene liquid rubber (CTPB) tensile strength improve-
ment and higher thermal stability could be achieved
with increasing CTPB-content. [27]. With poly(buta-
diene-co-acrylonitrile) (CTBN) the tensile strength
decreased, but with 15 mass% CTBN-content, the
impact strength increased [28, 29]. Cured epoxy allyl
sucrose (EAS) and epoxy crotyl sucrose (ECS) were
compared to DGEBA by Pan et al. [30]. The EAS
had lower and the ECS had higher tensile strength
and modulus than the DGEBA. From sucrose based
starting materials cured epoxidized sucrose ester of
fatty acids can be formed, which has higher tensile
strength and modulus than the commercially avail-
able epoxidized soybean oil (ESO) [31]. Shibata et
al. [32] achieved tensile strength improvement with
10 mass% microfibrillated cellulose fiber reinforce-

ment in glycerol polyglycidyl ether (GPE) and sor-
bitol polyglycidyl ether (SPE) matrix materials.
Isosorbide is also an alternative source to synthe-
size renewable sourced epoxy components [33–35].
Chrisanthos et al. [36] synthesized two hygroscopic
isosorbide based EP components. The mechanical
properties of renewable sourced cured EP compo-
nents were compared to DGEBA. They reached
higher rubbery modulus above Tg, but the Tg values
were lower than in the case of DGEBA.
In this work curing and rheological behaviour, glass
transition temperature, mechanical and thermal
properties of two novel glucose-based EP compo-
nents were investigated. These results were not only
compared to the conventional, widely investigated
aromatic diglycidyl ether of bisphenol A (DGEBA)
resin, but also to a glycerol- (GER) and a pentaery-
thritol-based (PER) aliphatic resin, which are cur-
rently synthesized on mineral oil base, however they
can be potentially synthesized from renewable
sources: glycerol is available in large quantities from
natural fatty acids, while pentaerythritol can be pro-
duced from bio-based methanol as well. The expected
outcome of this study was to determine the poten-
tial application areas, where these newly developed
glucose-based EP components are capable of replac-
ing the mineral oil based commodity resins.

2. Experimental
2.1. Materials
As renewable epoxy resin components two glucose-
based components, synthesized previously by the
research group of the authors [37], were used: a solid
glucopyranoside based trifunctional epoxy resin
component (GPTE) and a liquid glucofuranoside
based trifunctional epoxy resin component (GFTE).
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Figure 1. Chemical structure of the applied EP components



As conventional mineral oil based resins the bifunc-
tional aromatic bisphenol-A based DGEBA and two
aliphatic components, the trifunctional glycerol-
based GER and the tetrafunctional pentaerythritol-
based PER were used. The chemical structure of
these components can be seen in Figure 1, while
their characteristics are listed in Table 1.
As hardener two types of curing agents were applied:
an amine and an anhydride with accelerator. The
amine curing agent was diethylene-toluene-tetramine
with 45 g/eq hydrogen equivalent (DETDA80 –
DETDA) by Lonza (Basel, Switzerland). The anhy-
dride was methyl-tetrahydrophtalic-anhydride with
minimal tetrahydrophtalic anhydride content (Aradur
917 – AR917) with 1-methylimidazole (DY070)
accelerator by Huntsman Advanced Materials (Basel,
Switzerland). The equivalent mass of the anhydride
type curing agent, calculated form its molecular
mass, was 160 g/eq. The accelerator was applied in
2 mass% related to the mass of the epoxy resin com-
ponent. During the composite preparation in all cases
stoichiometric ratio of EP component and hardener
was used. The macro scaled specimens for the
mechanical investigations were made by resin mould-
ing with a vertical moulding tool. The curing proce-
dure, determined on the basis of DSC and gel time
tests, consisted of the following isothermal heat
steps: 1 h at 100°C, 1 h at 150°C and 2 h at 175°C in
the case of DETDA, and 2 h at 100°C and 2 h and
140°C with AR917.

2.2. Methods
2.2.1. Differential scanning calorimetry (DSC)
The DSC tests were carried out with Q2000 device
of TA Instruments (New Castle, DE, USA) in
50 mL/min nitrogen flow. Tzero type aluminium

pans were used, the sample mass was 5–10 mg. For
the investigation of the curing process of the sam-
ples the applied three-step temperature program con-
sisted of heat/cool/heat cycles: after a linear ramp
from 25–250°C with 5°C/min heat rate (first cycle),
the sample was cooled down to 0°C with 50°C/min
cooling rate, followed by a second linear heating
ramp from 0–250°C with 5°C/min heating rate (sec-
ond cycle) to ensure the proper conversion. The
glass transition temperature (Tg) values were deter-
mined from the second heating scan and were
defined as the inflection point of the transition curve.
After the heat/cool/heat cycle isothermal measure-
ments were carried out as well to determine proper
curing circumstances for macro-scaled specimen
preparation. After carrying out the specific curing
cycles on macro-scaled samples, determined on the
basis of DSC results and gel time, the conversion of
the specimens was checked by applying a linear
heating ramp from 0–250°C with 5°C/min heating
rate. If no postcuring was detected, the conversion
was considered as complete.

2.2.2. Parallel plate rheometry
Gel time was determined by parallel plate rheome-
try using AR2000 device from TA Instruments (New
Castle, DE, USA) with 25 mm diameter plate and
200 "m gap between the plates in oscillation mode.
The test frequency was 10 Hz, the applied tempera-
ture was 100°C. The gel time was determined from
the intersection of the recorded shear storage (G#)
and shear loss (G$) modulus values.

2.2.3. Dynamic mechanical analysis (DMA)
For the investigations of the dynamic mechanical
properties and for the determination of the Tg values
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Table 1. Characteristics of the applied EP components

Abbreviation Main component Supplier Trade
name

Phase / Structure
/ Viscosity [Pa·s]

(at 25°C)
[–]

Molecular
weight
[g/mol]

Epoxy
equivalent

weight (EEW)
[g/eq]

GPTE
(2#,3#-epoxypropyl)-2,3-di-O-
(2#,3#-epoxypropyl)-4,6-O-ben-
zylidene-%-D-glucopyranoside

synthesized at Budapest
University of Technology
and Economics [37]

– Solid /
Cycloaliphatic 436 160

GFTE
3,5,6-tri-O-(2,3-epoxypropyl)-
1,2-O-isopropylidene-%-D-glu-
cofuranose

synthesized at Budapest
University of Technology
and Economics [37]

–
Liquid /

Cycloaliphatic /
3.76

388 160

DGEBA Diglycidyl ether of bisphe-
nol A

IPOX Chemicals Ltd.
(Budapest, Hungary) ER1010 Liquid / Aromatic /

10–14 340 188

GER Triglycidyl ether of glycerol IPOX Chemicals Ltd.
(Budapest, Hungary) MR3012 Liquid / Aliphatic /

0.9 274 144

PER Tetraglycidyl ether of pen-
taerythritol

IPOX Chemicals Ltd.
(Budapest, Hungary) MR3016 Liquid / Aliphatic /

0.24 360 168



DMA tests were carried out in three point bending
setup with TA Q800 device of TA Instruments (New
Castle, DE, USA). The temperature range was 25–
225°C with 3°C/min heat rate. The frequency was
1 Hz. The size of the specimens was 50&10&2 mm
(length & width & thickness), and the support span
was 50 mm. The amplitude was strain controlled
with 0.1% relative strain.

2.2.4. Tensile test
To determine the epoxy systems tensile strength and
Young’s modulus a Zwick Z005 (Ulm, Germany)
type computer controlled universal tester was used
with a 5 kN load cell. The specimen dimensions were
100&10&2 mm (length & width & thickness) accord-
ing to EN ISO 527-3. The initial test length was
100 mm. The test speed was 2 mm/min. The temper-
ature was 22°C and the relative humidity was 58.3%.

2.2.5. Bending test
To determine the bending strength and bending
modulus values of the epoxy systems three point
bending tests were carried out according to EN ISO
178 with a Zwick Z005 (Ulm, Germany) type com-
puter controlled universal tester with 5 kN load cell.
The specimen size was 40&25&2 mm (length &
width & thickness), and the support span was 32 mm.
The test speed was 2 mm/min. The temperature was
22°C and the relative humidity was 58.3%.

2.2.6. Hardness
To investigate the hardness of the various epoxy sys-
tems with anhydride and amine type curing agents
Shore-D type hardness was determined with Zwick
(Ulm, Germany) H04.3150 hardness tester.

2.2.7. Thermogravimetrical analysis (TGA)
The TGA measurements were carried out with a
Setaram Labsys (Caluire, France) type TGA device.
The heating range was 30–700°C with 10°C/min
heating rate in nitrogen atmosphere. Setaram type
400 "L aluminium oxide pan was used. The sample
size was 15–20 mg. From the recorded TG data dTG
values were calculated by Setaram Setsys software.

3. Results and discussion
3.1. Curing behaviour
To study the curing behaviour of the novel glucose-
based epoxy resin components and compare them
to the mineral oil based ones, DSC measurements
were carried out. Figure 2 shows the first DSC heat-
ing cycle of the EP systems with amine (DETDA)
and anhydride (AR917) type curing agents and
Table 2 summarizes the DSC results.
According to Figure 2 and Table 2, both novel glu-
cose-based resins could be successfully cured both
with amine and anhydride type curing agents. In case
of AR917 no significant difference could be noticed
between the heat flow profile of the different EPs,
the curing occurred in rather narrow temperature
zone, with a peak temperature around 130°C. The
curing process was significantly slower in the case
of DETDA and the EP systems needed higher cur-
ing temperature than with AR917. The aliphatic
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Figure 2. Curing process of the EP systems with DETDA (a)
and AR917 (b) curing agents (first DSC cycle)

Table 2. DSC results of the EP systems with DETDA and AR917 curing agents
Base resin GPTE GFTE DGEBA PER GER

Curing agent DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917
Total specific reaction enthalpy [J/g] 365.9 396.3 332.6 414.5 295.6 380.6 327.9 388.1 418.7 371.7
Peak [°C] 179 133 190 130 190 129 164 125 162 123
Tg [°C] 210 178 173 157 179 155 98 116 76 99



resins cured at lower temperature, while the heat
flow curve of the aromatic DGEBA and cyclo -
aliphatic glucose-based resins was shifted to higher
temperatures.
As for the Tg values, according to Table 2, the aro-
matic and glucose-based systems had higher Tg with
the aromatic amine type DETDA than with anhy-
dride type AR917 curing agent, while the aliphatic
ones had lower Tg with DETDA. GPTE type glucose-
based EP systems showed the highest Tg values
among all investigated resins, followed by glucose-
based cycloaliphatic GFTE and aromatic DGEBA,
while the aliphatic ones had the lowest values, as
expected.

3.2. Gelling
Prior to specimen moulding the gel time of the EP
systems was determined as well. The applied temper-
ature during the measurement was determined on the
basis of DSC results: with DETDA a constant temper-
ature of 175°C, while with AR917 100°C was
applied. Table 3 shows the gel times of the EP sys-
tems with DETDA (at 175°C) and AR917 (at 100°C).
Table 3 shows that curing with amine type DETDA
leads to shorter gel times than curing with the anhy-
dride type AR917 in all EP systems. In case of AR917
the glucose-based EP systems had similar gel times
than DGEBA, while with DETDA the glucose-based
EP components have significantly lower gel times
than the DGEBA. With both curing agents the
aliphatic resins showed the highest reactivity.
According to these results, the gel times of the novel

glucose-based resins are appropriate for processing
and can be well-adopted to the requirements of the
common composite preparation method by choos-
ing the type of the curing agent.

3.3. Dynamic mechanical properties
In order to compare the dynamic mechanical prop-
erties of the glucose-based EP systems compared to
the mineral oil based ones, DMA measurements
were carried out. The storage modulus and loss fac-
tor (tan') values in the function of temperature can
be seen in Figure 3.
The storage moduli of the different EP systems were
compared at 0, 25, 50 and 75°C. From the peak posi-
tion of tan(' curves in the function of temperature, Tg
values of the EP systems were determined. Table 4
shows the storage modulus at 0, 25, 50 and 75°C and
compares the Tg values determined by DSC and
DMA.
According to Table 4 there was no significant dif-
ference between the storage modulus values of the
EP systems below the Tg. The storage modulus of the
novel glucose-based resins at lower temperatures is
higher than the values of DGEBA, and above 50°C
it still in the same region of the storage modulus of
DGEBA. In the case of PER and GER 75°C is close
to the Tg of these aliphatic systems, which explains
the low storage modulus values at this temperature.
The Tg values determined by DMA showed similar
tendency than the ones determined by DSC: the
glucose-based aliphatic GPTE had much higher Tg
than DGEBA both with amine type DETDA and
anhydride type AR917, while the Tg values of GFTE
were in the same range as DGEBA.

3.4. Mechanical properties
In order to compare mechanical properties and
hardness of the glucose-based EP resins to the min-
eral oil based ones, tensile, bending and Shore-D type
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Table 3. Gel times of the EP systems with DETDA and
AR917 curing agents

Base resin
Curing
agent GPTE GFTE DGEBA PER GER

tgel [s]
DETDA 586 552 862 448 420
AR917 955 908 935 532 769

Table 4. Storage modulus measured by DMA and Tg values determined by DSC and DMA in EP systems cured with
DETDA and AR917 curing agents

Storage modulus [MPa]
Base resin GPTE GFTE DGEBA PER GER

Curing agent DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917

Temperature [°C]

0 2895 3032 3058 2999 2648 2817 3078 3239 2965 2970
25 2558 2877 2727 2804 2409 2716 2376 3049 2386 2767
50 2274 2716 2341 2611 2155 2627 1512 2832 1076 2567
75 2072 2528 2034 2440 2005 2559 555 2532 45 2343

Tg [°C]

Method
DMA 213 188 178 161 177 154 86 115 65 98
DSC 210 178 173 157 179 155 98 116 76 99



hardness tests were carried out. From the measured
force and crosshead travel values, tensile strength
and Young’s modulus, bending strength and bend-
ing modulus were determined (Table 5).
Based on the results showed in Table 5, DGEBA has
the highest tensile strength both with DETDA and
AR917 curing agent. Noteworthy worsening in the
tensile strength was detected in the case of the glu-
cose-based EP components (GPTE, GFTE) com-

pared to the mineral oil based ones. All EP systems
have lower tensile strength with amine type DETDA
than with anhydride type AR917, which may be
explained with the high temperature heat treatment
(2 h at 175°C) necessary for proper conversion, prob-
ably causing already degradation in the crosslinked
resin. Despite the tendency in tensile strength val-
ues, the GPTE and GFTE with AR917 have almost
the highest Young’s modulus value. Similar trend
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Figure 3. Storage modulus and tan' curves of EP systems with DETDA (a, b) and AR917 (c, d) curing agents

Table 5. Comparison of the mechanical properties and hardness of glucose-based EP resins to mineral oil based ones with
DETDA and AR917 curing agents

Base resin GPTE GFTE DGEBA PER GER
Curing agent DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917

Tensile strength
[MPa]

Average value 14.67 24.90 29.02 37.58 44.80 77.61 34.88 64.69 46.81 66.92
Standard deviation 4.01 4.08 8.75 9.13 14.18 0.79 9.97 0.78 0.32 0.34

Young’s modulus
[GPa]

Average value 2.23 2.50 2.48 2.66 2.26 2.54 2.27 2.66 2.33 2.66
Standard deviation 0.06 0.07 0.05 0.11 0.07 0.04 0.02 0.05 0.04 0.07

Bending strength
[MPa]

Average value 49.11 86.86 62.84 68.86 86.84 94.87 85.85 91.67 85.81 94.41
Standard deviation 10.07 25.82 8.02 5.71 1.39 0.77 0.59 0.52 1.79 0.21

Bending modulus
[GPa]

Average value 2.29 2.61 2.31 2.51 2.12 2.88 2.50 3.12 2.30 3.01
Standard deviation 0.12 0.12 0.47 0.16 0.10 0.03 0.01 0.02 0.28 0.02

Hardness 
[Shore-D]

Average value 105.72 107.82 107.28 109.06 103.98 106.20 99.64 107.12 99.32 105.84
Standard deviation 2.52 1.94 1.59 1.05 1.93 0.57 2.18 0.53 2.05 0.65



can be seen in the case of the bending properties.
The bending strength of the glucose-based EP sys-
tems is lower than the synthetic resins except the
GPTE with AR917. The bending modulus values
are the lowest in the case of the glucose-based
epoxy components with DETDA. Basically the glu-
cose-based and the mineral oil based epoxy compo-
nents’ modulus values are comparable with each
other using the same curing agent.
According to the hardness tests, the glucose-based
epoxy components have the highest hardness among
all the five examined EP components with both curing.

3.5. Thermal behaviour
Thermal stability of the synthesized bio-based epoxy
resins, GPTE and GFTE was compared to the sta-

bility of the applied aliphatic and aromatic synthetic
resins (DGEBA, PER, GER) both in case of anhy-
dride (AR917) and aromatic amine type hardener
(DETDA). Figure 4 shows the TG and dTG curves
of all epoxy resin systems with DETDA and AR917
curing agents.
Table 6 shows the temperature at 5 and 50 mass%
loss (T5mass%; T50mass%), the maximum mass loss
rate (dTGmax), the temperature belonging to this
value (TdTGmax) and the char yield at the end of the
TGA test (at 700°C).
Based on these results, the aromatic DGEBA had
the highest thermal stability, the stability of the syn-
thesized GPTE and GFTE is between the aliphatic
resins and DGEBA. In the case of the glucose-
based resins, the char yield values are significantly
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Figure 4. TG and dTG curves in function of temperature of the EP components with DETDA (a, b) and AR917 (c, d) curing
agents

Table 6. T5mass%; T50mass%; dTGmax; TdTGmax and char yield values of the EP systems with DETDA and AR917 curing agents

Base resin GPTE GFTE DGEBA PER GER
Curing agent DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917 DETDA AR917

T5mass% [°C] 314 330 334 229 370 348 291 294 284 285
T50mass% [°C] 373 384 354 367 398 408 347 333 353 331
dTGmax [mass%/°C] –1.52 –2.11 –5.55 –1.31 –2.44 –1.56 –2.87 –1.88 –1.36 –1.92
TdTGmax [°C] 345 387 339 374 387 409 293 325 289 327
Char yield [mass%] 13.35 0.21 16.83 0.54 2.89 10.29 12.64 15.94 10.11 15.76



higher with DETDA than with AR917, which may
be explained by the high amount of ether type link-
ages derived from hydroxyl groups, which leads to
the formation of an intumescent system when
amine type hardeners are used [38].

4. Conclusions
Curing and rheological behaviour, glass transition
temperature, mechanical and thermal properties of
two novel glucose-based (GPTE, GFTE) EP com-
ponents were investigated. The results were com-
pared to the conventional, widely investigated aro-
matic DGEBA EP resin and as well as to GER and
PER aliphatic EP resins, which are currently syn-
thesized on mineral oil basis, but can be potentially
produced from renewable sources.
According to the DSC results, the novel glucose-
based resins could be successfully cured both with
amine and anhydride type curing agents. In all
investigated EPs the curing process was signifi-
cantly slower and therefore higher curing tempera-
tures were necessary with amine type hardener. As
for the Tg values, GPTE type glucose-based EP sys-
tems showed the highest Tg values among all inves-
tigated resins, followed by glucose-based cyclo -
aliphatic GFTE and aromatic DGEBA, while the
aliphatic ones had the lowest values, as expected.
As for the gelling properties, the glucose-based EPs
had similar gel times with anhydride curing agent
as DGEBA, while with amine hardener their gel
time was significantly lower than in case of DGEBA.
According to the DMA test results there was no sig-
nificant difference between the storage modulus
values of the EP systems below the Tg. The storage
modulus of the novel glucose-based resins is higher
or above 50°C it is in the same region as the storage
modulus of DGEBA. The Tg values determined by
DMA showed similar tendency than the values
determined by DSC.
According to the mechanical test results, the glu-
cose based EP systems have lower tensile and bend-
ing strength, but the tensile modulus values are not
significantly different from the synthetic EPs.
Based on the TGA measurements, the stability of
the synthesized GPTE and GFTE is between the
aliphatic resins and DGEBA. In the case of the glu-
cose-based resins, the char yield values are signifi-
cantly higher with DETDA than with AR917, which
may be explained by the high amount of ether type

linkages derived from hydroxyl groups, which leads
to the formation of an intumescent system when
amine type hardeners are used.
Based on the results, the newly synthesized glu-
copyranoside- and glucofuranoside-based renew-
able EP components are promising candidates to
replace the commodity mineral oil based ones. Their
major advantages are the high Tg (in some cases
above 200°C), adjustable gel time by choosing appro-
priate curing agent, high storage modulus values and
hardness. In applications where bending stresses
are dominant over the tensile ones, and outstanding
Tg is required, these sugar-based resins offer a feasi-
ble renewable choice.
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