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reactive diluent for bisphenol
a epoxy resin system: curing kinetics and properties

Jingyu Li, ab Haichao Zhao *c and Guoxin Sui *ab

Hydrosilylation epoxidized eugenol (HSI-EP-EU) is successfully synthesized and used as a reactive diluent

for epoxy/anhydride (marked as P) and epoxy/imidazole (marked as I) curing systems. The reactive bio-

based diluent HSI-EP-EU has an excellent dilution effect on petroleum-based epoxy resin (E44). The

curing kinetics of P + HSI-EP-EU and I + HSI-EP-EU are studied by a non-isothermal DSC method. The

kinetics parameters are calculated by using the Kissinger model, Crnae model, Ozawa model and b-T

(temperature-heating speed) extrapolation, respectively, to determine theoretically reasonable curing

conditions. In addition, the effects of HSI-EP-EU on the antibacterial properties, thermo-mechanical

properties and thermal stability of P + HSI-EP-EU and I + HSI-EP-EU systems are also studied. It is found

that HSI-EP-EU possessed obvious antibacterial properties and could effectively improve the mechanical

properties for the I + HSI-EP-EU.
Introduction

Epoxy resin and epoxy resin matrix composites1 are widely used
in aerospace,2 building materials,3 sports equipment,4 bioma-
terials,5 adhesives,6 coatings7 and other defense and civilian
products,8 due to their excellent adhesion, mechanical proper-
ties and thermal stability.9 Compared with other thermosetting
materials, epoxy resin has relatively good processing properties,
but in fact the viscosity of epoxy resin is still high at room
temperature, and researchers are also working to further
improve the processing properties of epoxy resin.10 Organic
solvents are oen used to reduce the viscosity of petroleum-
based bisphenol A epoxy resin curing systems. The epoxy
resin diluents are dibutyl phthalate, dioctyl phthalate, styrene,
diallyl phthalate, toluene, xylene and other volatile liquids.11,12

However, most organic solvents are poisonous chemicals.
What's more, they also cause serious environmental pollution
and result in a substantial loss of petroleum resources. More
and more environmental concerns and strict regulations give
a push to the reduction of volatile organic compounds (VOC).13

Sustainable development14 focuses on the long-term toler-
ance of the Earth to the development of human society, with
a view to reduce the negative impact of human activities on the
natural environmental sustainability. Based on the concept of
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sustainable development, as one of the most popular research
directions, green chemistry15 is becoming an industrial and
academic chemistry. For epoxy diluents, most researchers
currently focus on the dilution effect of the diluent and ignore
the reactivity of the diluent itself. Such diluents16 usually
include butyl glycidyl ether, benzyl glycidyl ether, allyl glycidyl
ether, dodecyl and tetradecyl glycidyl ethers, 1,4-butanediol
diglycidyl ether, etc. The use of renewable resources as raw
materials to prepare reactive bio-based epoxy diluents by
conventional synthetic processes is one of the continuous
research directions in the eld of thermosetting resin modi-
cation.11 The reactive bio-based epoxy diluents can participate
in the curing reaction. However, the existing resin diluent is
difficult to have both high biological content and excellent
performance. This topic will produce a reactive bio-based
diluent that combines high biomass and high comprehensive
performance to solve the above problem.

Functionalized vegetable oils have been reported as renew-
able resourced toughening diluents for epoxy to overcome its
inherent brittleness. For instance, Sahoo17 has developed the
renewable resourced toughened epoxy blend using epoxidized
linseed oil (ELO) and bio-based crosslinker. ELO can effectively
reduce the viscosity of epoxy resin and increase processing
performance. The bio-epoxy blend with 20 to 30 phr of ELO
shows moderate stiffness with much higher elongation at
break. Plant polysaccharides can also be used to modify epoxy
resins. Hu18 holds the opinion that furans derived from cellu-
lose and hemicellulose are promising candidates for phenyl
substitution and have been shown to be viable building blocks
for renewable high-performance epoxy resins. Ding19 has re-
ported a reactive epoxy diluent of furfuryl glycidyl ether (FGE).
When the content of FGE is 10 wt%, the tensile modulus and
RSC Adv., 2022, 12, 31699–31710 | 31699
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Scheme 1 Synthesis route of Hydrosilylation epoxidized eugenol
(HSI-EP-EU).
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exural modulus of epoxy system is increased 16.2% and 16.4%,
respectively. Huang20 has made a thorough inquiry of the
feasibility for bio-based maleopimarate as an alternative to
petrochemical-based trimellitic anhydride.

Eugenol, a monolignol commonly obtained from cloves, is
widely used in perfumes, cosmetics, biomedical, taste and
food additives.21,22 Chen11 has synthesized monoglycidyl silyl
etherated eugenol (GSE) reactive epoxy diluent and nds that
the GSE not only effectively improved the processing proper-
ties of the anhydride-cured epoxy resin system, but also
improved the thermal stability and toughness of the cured
product. Li23 has reported a new silicone-bridged difunctional
epoxy monomers exhibiting much lower viscosity (<2.5 Pa s)
than commercial DGEBA epoxy (10.7 Pa s) suitable for
composites and prepregs. The cured product exhibits
a dielectric permittivity as 2.8 and the intrinsic ame retard-
ancy is far outperforming DGEBA. Qin24 has prepared an
eugenol-based epoxy, and shows that they have similar reac-
tivity, dynamic mechanical properties and thermal stability
between eugenol-based epoxy and the bisphenol A type epoxy.
François25 uses the biobased diepoxy synthons derived from
isoeugenol, eugenol or resorcinol as epoxy monomers in
replacement of the diglycidyl ether of bisphenol A (DGEBA).
These cured materials exhibit interesting thermal and
mechanical properties comparable with conventional petro-
sourced DGEBA-based epoxy resins cured in similar condi-
tions. At present, the research on eugenol-based epoxy resin
diluent mainly focuses on its reactivity and the diluting effect
on epoxy resin, but ignores the positive effect of eugenol on the
cured material in the eld of biological antibacterial.

Infectious disease prevention and treatment is a permanent
global challenge. Some clinical diseases are associated with
bacterial microbial infections.26 Developing epoxy resin with
excellent processability, adding non-reactive diluent may
deteriorate the original properties of the material.27 We believe
that the preparation of eugenol-based epoxy resin diluent
using the antibacterial effect of eugenol can impart antibac-
terial function to epoxy resin materials. In this work,
a synthesized reactive diluent is investigated the effect on
processability of conventional petroleum-based bisphenol A
epoxy resins. The addition of reactive diluent not only greatly
improves the processing properties of epoxy prepolymers, but
also participates in the curing reaction. We also study the
optimum process parameters when diluent is used in epoxy/
anhydride and epoxy/imidazole curing system, and explore
the mechanical properties, thermal mechanical properties and
antibacterial properties of cured products prepared with the
optimum process parameters.

Materials and methods
Materials

Eugenol (99%), triethylsilane (98%), benzyltriethylammonium
chloride (TEBAC, 98%), (�)-epichlorohydrin (AR), 2,4,6-tris(di-
methylaminomethyl)phenol (DMP-30, 95%), 1-methylimidazole
(NMI, 99%), cis-1,2-cyclohexanedicarboxylic anhydride (HHPA,
99%), aluminum oxide, Karstedt Catalyst Solution (2%) and
31700 | RSC Adv., 2022, 12, 31699–31710
glutaraldehyde solution (2.5 vol%) were purchased from
Shanghai Aladdin Industrial Co., Ltd. Epoxy resin (E-44) was
provided by Jiangsu Heli coating Co., Ltd. Calcein-AM/PI
Double Stain Kit 40747ES76 was obtained from Shanghai Yea-
sen Biotechnology Co., Ltd, (Shanghai, china). Centrifuge tubes,
sterile culture dishes, pipettes and pipette tips, sterile well
plates, semipermeable membrane, etc. were purchased from
Ningbo Zhenhai Hangjing Biotechnology Co., Ltd, (Ningbo,
Zhejiang, China). Nutrient agar, LB broth, 2216E liquidmedium
and 2216E agar were purchased from Qingdao Hope Bio-
Technology Co., Ltd, (Qingdao, Shandong, China). Escherichia
coli (ATCC 25922) and Bacillus subtilis ATCC6633 were provided
by Shanghai Luwei Technology Co., Ltd, (Shanghai, china). All
other chemicals and reagents were analytical grade and used as
received without further purication.
Synthesis of epoxidized eugenol (EP-EU)

Scheme 1 has shown the synthetic route of EP-EU. We rstly
conducted the reaction of eugenol with epichlorohydrin at
a mol ratio of 1 : 6 (eugenol versus epichlorohydrin) to a 250 mL
round-bottom ask equipped with a magnetic stirrer and
a condenser. Eugenol (16.42 g, 0.1 mol), epichlorohydrin
(55.51 g, 0.6 mol) and benzyltriethylammonium chloride
(2.27 g, 0.01 mol) were added and reacted in order to fully
connect the epichlorohydrin to the phenyl hydroxyl group of
eugenol under nitrogen ow at 110 °C reux for 2 h. Then, the
temperature was reduced to 70 °C and sodium hydroxide
aqueous solution (4.10 g, 0.103 mol, 20 wt%) was dropped into
the mixture in the period of 10 h. The nal mixture was sepa-
rated into two layers, the upper organic layer and the lower
water phase layer. The above two-layered liquid in a separatory
funnel was placed and poured out the upper organic layer. The
organic layer was washed with saturated saline for 3 times, then
dried with Na2SO4 for 24 h. The excessive epichlorohydrin was
removed by distillation under reduced pressure to obtain crude
product 1. The crude product 1 was mixed with an appropriate
amount of methanol and placed in a refrigerator at −5 °C for
24 h. The ltered precipitate was obtained a yellowish liquid EP-
EU (yield: 79%) under reduced pressure.

Eugenol 1H NMR (400 MHz, CDCl3) d = 6.86 (benzene ring,
1H), 6.84 (benzene ring, 1H), 6.69 (benzene ring, 1H), 5.95 (]
CH–, 1H), 5.54 (–OH, 1H), 5.07 (]CH2, 1H), 5.04 (]CH2, 1H),
3.87(–CH3, 3H), 3.31 (–CH2–, 2H) ppm; (EP-EU) 1H NMR (400
MHz, CDCl3) d = 6.97 (benzene ring, 1H), 6.84 (benzene ring,
1H), 6.71 (benzene ring, 1H), d= 5.59 (]CH–, 1H), 5.01 (]CH2,
2H), 4.20 (–CH2, 1H), 4.01 (–CH2–, 1H), 3.85(–CH3, 3H), 3.37 (–
CH2–, 2H), 3.31(–CH–, 1H), 2.87 (–CH2–, 1H), 2.72 (–CH2–,
1H) ppm.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 The structure of cured I + HSI-EP-EU polymer network.
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Synthesis of hydrosilylation epoxidized eugenol (HSI-EP-EU)

HSI-EP-EU was prepared from EP-EU as following procedure. The
reaction of EP-EU (22.02 g, 0.1 mol) with triethylsilane (17.42 g,
0.15 mol) was conducted at a mol ratio of 1 : 1.5 (EP-EU versus
triethylsilane) to a 50 mL round-bottom ask (karstedt catalyst
solution catalyst: 10 ppm) equipped with a magnetic stirrer and
a condenser. Then, the temperature was maintained at 100 °C,
and triethylsilane was dropped into the mixture in 2 h. The
reaction was taken for another 5 h to end the reaction and cooled
down to the room temperature. Both xylene from the karstedt
catalyst solution and the excess triethylsilane was then removed
by distillation under reduced pressure. The resulting oil was
puried by ash column chromatography (ethyl acetate/hexane,
gradient 0–100% hexane) and dried under vacuum overnight to
afford the title product as a clear, red-brown liquid (yield 87%).
Epoxy value was 0.28. 1H NMR (400 MHz, CDCl3): d = 6.88
(benzene ring, 1H), 6.83 (benzene ring, 1H) 6.70 (benzene ring,
1H), 4.19 (–CH2–, 1H), 4.01 (–CH2–, 1H) 3.85 (–CH3, 3H), 3.37 (–
CH–, 1H), 2.88 (–CH2–, 1H), 2.71 (–CH2–, 1H), 2.55 (–CH2–, 1H),
1.85 (–CH2–, 2H), 0.90 (–CH3, 9H), 0.50 (–CH2–, 8H) ppm.

Preparation of cured P + HSI-EP-EU polymer

Scheme 2 has shown the curing mechanism of the P + HSI-EP-
EU. The acid anhydride curing agent HHPA (7.6 g) and DMP-30
curing accelerators (0.19 g) were dissolved in HSI-EP-EU (1.76 g),
and the mixture was added to EP-44 (10 g) and heated to 60 °C
for 10 min to be homogeneously mixed. The compound was
degassed under vacuum and then poured into a Teon mold
and cured at the given temperature.

Preparation of cured I + HSI-EP-EU polymer

Scheme 3 has shown the curingmechanism of the I + HSI-EP-EU
system. The curing agent NMI (0.8 g) was suspended in HSI-EP-
Scheme 2 The structure of cured P + HSI-EP-EU polymer network.

© 2022 The Author(s). Published by the Royal Society of Chemistry
EU (1.76 g), and the mixture was added to EP-44 (10 g) and
stirred for 20 min at 60 °C. The compound was degassed under
vacuum and then poured into a Teon mold and cured at the
given temperature.
Antibacterial property test of HSI-EP-EU, cured P + HSI-EP-EU
polymer and cured I + HSI-EP-EU polymer

Enterobacteria Escherichia coli (ATCC 25922) and marine
bacteria Bacillus subtilis (ATCC6633) were chosen for the HSI-
EP-EU antibacterial activity assessment by the zone of inhibi-
tion and shaking ask coated plate method.

The implementation of the zone of inhibition method was
carried out according to the following steps. The 50 mL HSI-EP-EU
was dropped onto the surface of an agar plate contained about
106 CFU mL−1 of bacteria, then incubated at 37 °C for 24 h. For
the Bacillus subtilis, 2216E agar was used to replace nutrient agar.

The implementation of the shaking ask coated plate
method was carried out according to the following steps. To
determine the anti-bacillus subtilis activity of the HSI-EP-EU,
a certain volume of Bacillus subtilis suspensions were added
into the sterilized natural seawater to make sure the bacteria
concentration was about 104 CFUmL−1 in a conical ask. Then,
the 100 mL HSI-EP-EU was added into the 40 mL above bacteria
suspensions and incubated at 37 °C at for 24 h. The Bacillus
subtilis suspensions with 104 CFU mL−1 concentration were
chose as the control group. 100 mL of the mixture was taken out
from the ask and diluted to ten times with sterilized natural
seawater at each end of the incubation period for 0 h, 12 h. 100
mL of the decimal dilutions were spread on a petri dish that
contained 2216E agar, and then incubated at 37 °C for 24 h. The
number of bacteria colonies on each plate was counted. Three
parallel experiments were set for each group of experiments.

To determine the anti-Escherichia coli activity of the HSI-EP-
EU, we repeated the above operation and replace seawater with
sterile 0.01 M phosphate buffer saline water and 2216E agar
with nutrient agar.
RSC Adv., 2022, 12, 31699–31710 | 31701
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Antibacterial efficiency ¼ Nc�Ns

Nc
� 100%

We marked the amount of microbial colonies on the plate
without HSI-EP-EU as Nc, and the amount of microbial colonies
on the plate with HSI-EP-EU as Ns.

To determine the antibacterial property of the cured P + HSI-
EP-EU polymer and cured I + HSI-EP-EU polymer, the samples
were placed in 24-well plates and seeded with 1000 mL of Bacillus
subtilis sterilized natural seawater solution (108 CFUmL−1), and
incubated at 37 °C and 120 rpm for 24 h. The Bacillus subtilis on
composite coating samples surface was stained via Calcein AM/
PI kit and observed by uorescent invertedmicroscope and SEM
(the bacteria were xed on the samples with glutaraldehyde
solution (2.5 vol%) for 30 min (4 °C). Then the samples were
sequentially wdehydrated with ethanol (15, 30, 50, 70, 90, 95
and 100 vol%) for 20 min, respectively).

We repeated the above experiment by replacing the Bacillus
subtilis with Escherichia coli and replacing the sterilized natural
seawater by the sterile 0.01 M phosphate buffer saline water to
explore the anti-Escherichia coli activity of the P + HSI-EP-EU
polymer and cured I + HSI-EP-EU polymer.
Fig. 1 1H NMR spectra of (a) eugenol, (b) EP-EU, and (c) HSI-EP-EU.

Fig. 2 FTIR spectra of (a) triethylsilane, (b) eugenol, (c) EP-EU, and (d)
HSI-EP-EU.
Results and discussion
Characterizations

The chemical structures of products were conrmed by FTIR
and 1H-NMR spectras. The FTIR spectrum (KBr) was collected
with a Thermo Nicolet Nexus 6700 FTIR spectrometer instru-
ment. 1H-NMR spectra was obtained at room temperature on
a 400 MHz AVANCE III NMR spectrometer in CDCl3 with tet-
ramethylsilane as internal reference. The viscosity of the EP/
HSI-EP-EU was measured by a Physica MCR-301 rotary
rheometer, and the angular frequency were set from 0.1 to 100
rad s. The DSC measurement was conducted on a NETZSCH
214 instrument under a nitrogen ow rate of 20 mL min−1

atmosphere and samples were heated from 298.15 to 523.15 °C
(25 to 250 °C) at heating rates of 5, 10, 15, 20, 25 K min−1,
respectively. Thermal analysis of the P + HSI-EP-EU and I + HSI-
EP-EU were performed by Netisch thermo gravimetric analysis
(TGA). The thermal degradation behaviour was analyzed from
30 to 800 °C at a heating rate of 10 °C min under nitrogen ow
rate of 200 mL min−1 atmosphere. Dynamic mechanical
analysis (DMA) were performed on DMAQ800, and the rect-
angular samples (25 × 6.5 × 1.5 mm) were measured from
room temperature to 200 °C at a heating rate of 3 °C min−1,
amplitude 2 mm, frequency 1 Hz. Tensile test was performed
according to ASTM 638 using Universal Testing Machine
(INSTRON 5869) with the crosshead speed of 2 mmmin−1. Five
parallel samples were measured for each component. Char-
acterization of bacteria staining experiments were conducted
by biological laser confocal microscope (TCS SP5, LEICA,
Germany). The concentration of bacteria is calibrated by
SpectraMax 190 Microplate Reader. The surface morphology of
bacteria was observed by the eld emission SEM at high
vacuum with 10.00 kV electric tension.
31702 | RSC Adv., 2022, 12, 31699–31710
Characterization of HSI-EP-EU

The 1H NMR spectra and FTIR spectra are shown in Fig. 1 and 2.
As for Fig. 1a, the peaks at 5.04, 5.07 and 5.95 ppm (3a, b and 5)
belonged to the C]C, aer graing epichlorohydrin, the peak
at 5.5 ppm (4) completely disappears, and the formed peaks at
2.72 ppm (1a) and 2.87 ppm (1b) are attributed to the H atom
introduced by epichlorohydrin (Fig. 1b). The FTIR spectra are
shown in Fig. 2b and c also demonstrated the complete reaction
of eugenol graed epichlorohydrin. The specic result is that
the –OH peak at 3518 cm−1 disappears in Fig. 2b, and appears
the characteristic peak of epoxy group at 910 cm−1. Then EP-EU
is subjected to hydrosilylation reaction, and the 1H NMR spectra
show that the hydrogen atom on the double bond at 5.01 and
5.95 ppm (6a, 6b and 7) (Fig. 1b), and a new addition peaks of
0.50 and 0.90 ppm (1a, b, c and d and 2a, b and c) (Fig. 1c)
belonged to the hydrogen atom on the ethyl group. FTIR spectra
also have a corresponding verication of this process, and the
peaks at 2109 and 720 cm−1 is belonged to the Si–H and Si–C in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2a, and the characteristic peak of Si–C appeared in Fig. 2d,
indicating that the reactive diluent HSI-EP-EU has been
successfully synthesized.
The viscosity of the EP/HSI-EP-EU system

The viscosity of the epoxy system as a function of HSI-EP-EU
addition is shown in Fig. 3. Pure HSI-EP-EU is a non-
Newtonian uid with the minimum viscosity of 181 mPa s
(Fig. 3a) and the viscosity of neat EP is about 252 Pa s (Fig. 3b). It
could be seen that the viscosity of the system shows a signicant
downward trend with the increase of the amount of HSI-EP-EU
addition. The viscosity of EP/HSI-EP-EU system are 120 Pa s
(5 wt% HSI-EP-EU), 84.4 Pa s (10 wt% HSI-EP-EU), 46.8 Pa s
(15 wt% HSI-EP-EU) (Fig. 3b), respectively. Adding a small
amount of HSI-EP-EU can signicantly reduce the viscosity of
the epoxy resin, which indicates that the excellent viscosity-
reducing properties of HSI-EP-EU. When the mass fraction of
Fig. 3 The complex viscosity of (a) HSI-EP-EU, (b) EP/HSI-EP-EU
system, (c) EP/HSI-EP-EU upright, (d), EP/HSI-EP-EU invert, (e) I + HSI-
EP-EU processing performance at 0 min, (f) I + HSI-EP-EU processing
performance for 1 min, (g) I + HSI-EP-EU processing performance for
3 min.

© 2022 The Author(s). Published by the Royal Society of Chemistry
diluent reaches 30%, the viscosity of system is reduced to 14.5
Pa s, which is 94% lower than that of the original system.
Because the high viscosity epoxy prepolymer EP-44 contains
a large amount of rigid benzene ring, restricting the movement
of the long-chain molecular. The HSI-EP-EU molecular struc-
ture contains epoxy and structure of ether which bring the
excellent compatibility with EP-44. The addition of HSI-EP-EU
can destroy the original interaction force between the benzene
rings, so that the long-chain molecules can be effectively
unwound to weaken the rigidity of the system. In addition, the
C–O, C–Si chemical bonds of the HSI-EP-EU could rotate freely.
Therefore, as the content of HSI-EP-EU increases, the viscosity
of the resin system decreases.

Processing performance of I + HSI-EP-EU system

The viscosity of the EP/HSI-EP-EU system has an important
effect on the processing performance. The optical photographs
are visually demonstrated the effect of HSI-EP-EU on the
workability of EP-44. And we have put the EP-44 and HSI-EP-EU
in two glass sample bottles. When the glass sample bottles are
put upside down, HSI-EP-EU has excellent uidity in the bottle
and can be turned over instantly. On the contrary, EP-44 has
only a tiny ow in the bottle (Fig. 3c and d). The polymer bubble
removal process is monitored with the preparation of I+10 wt%
HSI-EP-EU polymer. For the sample composition, we add the
right amount of NMI and epoxy and 5 wt%, 10 wt%, 15 wt%,
20 wt% HSI-EP-EU. (Control group: only NMI and epoxy). The
above components are uniformly mixed and placed in a vacuum
oven at room temperature. As shown in Fig. 3(e), the bottle
without HSI-EP-EU is wrapped with a lot of bubbles, the number
of bubbles in the bottles is sequential decrement as the content
of the HSI-EP-EU increased in the initial state. Using a vacuum
pump to adjust the pressure of the vacuum oven to −0.1 MPa,
the bubbles in all the bottles move up and the lower part of the
mixture has gradually become clear. (Pressure: −0.1 MPa)
(Fig. 3f). Maintaining the vacuum and prolonging the time,
bubbles are rstly removed with 20 wt% HSI-EP-EU content,
while the bubbles in other bottles are still observed (Fig. 3g).
The epoxy resin has better processing performance with the
addition of HSI-EP-EU.

The kinetic parameters of P + HSI-EP-EU and I + HSI-EP-EU

Isothermal and non-isothermal DSC methods are important
methods for studying the curing kinetics of epoxy resins.12 The
kinetic parameters have high practical signicance. In
comparison, non-isothermal DSC methods can obtain the
required kinetic data in a relatively short period of time and can
determine the different heating rates.

It is well known that most acid anhydride curing agents are
in a solid state at room temperature, and need to be dissolved in
a liquid state at a certain temperature. In this work, HSI-EP-EU
is chosen as a diluent in the epoxy system. The HHPA or NMI,
10 wt% HSI-EP-EU, DMP-30 and E-44 are mixed to form
a homogenous solution for DSC test.

Fig. 4 has shown the non-isothermally cured DSC curves of
the P + 10% HSI-EP-EU and I + 10% HSI-EP-EU system at
RSC Adv., 2022, 12, 31699–31710 | 31703
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Fig. 4 DSC curves of (a) P + 10% HSI-EP-EU and (b) I + 10% HSI-EP-
EU.

Table 1 Characteristic temperatures from DSC curves of P + HSI-EP-
EU

b/K$min−1 Ti/K Tp/K Tf/K

5 386.25 408.65 427.85
10 400.65 421.45 440.65
15 408.25 430.15 449.45
20 414.85 435.55 455.05
25 420.65 441.05 460.45

Table 2 Characteristic temperature from DSC curves of EP/NMI/HSI-
EP-EU

b/K$min−1 Ti/K Tp/K Tf/K

5 360.95 376.65 390.15
10 371.55 387.95 403.35
15 377.95 395.15 412.15
20 383.65 400.75 418.25
25 388.15 404.15 421.95
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different heating rates. The corresponding thermodynamic
parameters are listed in Table 1 and 2. By analyzing the
exothermic peak change of the curing reaction at different
heating rates, the characteristic temperature of curing reaction of
each system, such as reaction initiation temperature (Ti), peak
top temperature (Tp) and termination temperature (Tf) It could
be seen that as the heating rate increases, the Ti, Tp, Tf gradually
move toward the high temperature direction. Because the resin
system stays at a xed temperature for a short time at a rapid
heating rate so that the degree of curing of resin is also reduced
at this temperature. The accumulation of entire heating process
causes the entire curve to move toward the high temperature.

Determination of kinetic parameters of P + HSI-EP-EU and I +
HSI-EP-EU system

The structure and properties of the thermosetting resin ob-
tained with different monomers and polymerization conditions
are also different. Most thermosetting resins require practical
use aer adding a curing agent to make them into three-
dimensionally crosslinked macromolecules. The structures
and properties of macromolecules vary widely depending on the
type, amount and curing conditions of curing agent. Therefore,
it was of great practical signicance to explore the curing
behavior of thermosetting resins.28,29 All thermosetting resin
31704 | RSC Adv., 2022, 12, 31699–31710
applications contain a curing reaction process, and the purpose
of analyzing the curing reaction kinetics of P + 10% HSI-EP-EU
and I + 10% HSI-EP-EU system are established the relationship
between curing rate, curing degree with time and temperature
to optimize the curing process.

In the curing process of epoxy resin, the determination of
some curing kinetic parameters such as apparent activation
energy Ea and reaction order n. Ea is an important parameter for
determining a reaction how to proceed. According to the value
of n, the complexity of the reaction and reactionmechanism can
be easily determined.

In the thermal analysis process, the peak temperature of
curing reaction under different heating rate conditions is
determined by DSC analysis, and the values of apparent acti-
vation energy Ea and reaction order n are determined by the
following two methods. Kissinger method is used the Kissinger
equation to determine the value of Ea, and the value of n is
obtained by the Crane formula. The other methods is Ozawa
method similar to the Kissinger method.

The kinetic equations for epoxy systems all follow eqn (1).
Aer differential processing, we could get eqn (2)

da

dt
¼ KðTÞð1� aÞn (1)

ln

 
b

T2
p

!
¼ ln

�
AR

Ea

�
�
�

Ea

RTp

�
(2)

A = [bEa exp(Ea/RTp)]/RT
2
p (3)

The value of Ea1 (67.76 kJ mol−1) and Ea2 (67.86 kJ mol−1)
corresponding to P + 10% HSI-EP-EU and I + 10 wt% HSI-EP-EU
are obtained by calculating the relationship between ln(b/Tp

2)
and 1/Tp by linear tting based on eqn (3) (Fig. 5a1 and a2).
Then brought Ea1 and Ea2 into eqn (4), we could get two series of
A values, listed in the Table 3 and Table 4.

When value of Ea/nR in the equation is much larger than the
value of 2Tp, the eqn (5) is simplied from the Crnae equation
refer to the eqn (4). Then linear relationship between ln b and 1/
Tp are calculated so that the slope and the number of reaction
stages n are obtained. For the P + 10% HSI-EP-EU system, the
slope 1 is −9000.00, n1 = 7. In addition, for the I + 10% HSI-EP-
EU system, the slope 2 is −8953.78, n2 = 0.912.

dln b

d
�
1
�
Tp

� ¼ ��Ea=nRþ 2Tp

�
(4)

dln b

d
�
1
�
Tp

� ¼ �Ea

nR
(5)

The Ozawa eqn (6) is another curing kinetic model, which
could be used to test and verify the activation energy value ob-
tained by Kissinger equation.

lg b ¼ lg

�
AEa

Rf ðaÞ
�
� 2:315� 0:4567

Ea

RTp

(6)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a1) The relation between (ln b/Tp
2) and 1/Tp, (b1) the relation

between ln b and 1/Tp, (c1) and the relation between lg b and 1/Tp of P
+ 10% HSI-EP-EU. (a2) The relation between (ln b/Tp

2) and 1/Tp, (b2)
the relation between ln b and 1/Tp, (c2) and the relation between lg
b and 1/Tp of I + 10% HSI-EP-EU.

Fig. 6 The relation between a and t of (a) P + 10% HSI-EP-EU and (b) I
+ 10% HSI-EP-EU.
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Since the A values at different heating rates are approxi-
mately the same, we have tted the linear relationship between
lg b and 1/Tp, shown in Fig. 5. Aer calculation, we can get the
value of Ea1

0 and Ea2
0 were 71.13 kJ mol−1 and 70.77 kJ mol−1.

The reaction activation energy obtained by these two methods
are similar. The average reaction activation energy of P + 10%
HSI-EP-EU and I + 10% HSI-EP-EU are 69.44 kJ mol−1 and 69.31
kJ mol−1.

Dynamic equation of P + 10% HSI-EP-EU and I + 10% HSI-EP-
EU system

K = A exp(−Ea/RTp) (7)

dðaÞ
dðtÞ ¼ A expð �Ea=RTÞð1� aÞn (8)

aðtÞ ¼ 1� ½1þ ðn� 1ÞA expð �Ea=RTÞt�
1

1�n (9)
Table 3 The kinetics parameters of P + HSI-EP-EU curing reaction

b/K min−1 ln(b/Tp
2)/(K min−1) ln b/(K min−1)

5 −10.416 1.609
10 −9.785 2.303
15 −9.420 2.708
20 −9.157 2.996
25 −8.959 3.219
Average

Table 4 The kinetics parameters of I + HSI-EP-EU curing reaction

b/K min−1 ln(b/Tp
2)/(K min−1) ln b/(K min−1)

5 −10.254 1.609
10 −9.619 2.303
15 −9.250 2.708
20 −8.991 2.996
25 −8.785 3.219
Average

© 2022 The Author(s). Published by the Royal Society of Chemistry
a(t) = 1 − [1 − 9.79 × 106 exp(−8.56 × 103/T)t]10.64 (10)

a(t) = 1 − [1 − 6.45 × 107 exp(−8.34 × 103/T)t]11.36 (11)

The eqn (9) is obtained by a series of mathematical deriva-
tions. The reaction activation energy and the reaction order
number n are added into eqn (9). We have calculated the curing
kinetic equations of the P + 10%HSI-EP-EU and I + 10%HSI-EP-
EU systems. The relationship between a and t is determined by
eqn (10) and (11) as shown in Fig. 6. The results are found that
increasing reaction temperature (T) and prolonging reaction
time (t) are equivalent to the curing process of P + 10% HSI-EP-
EU and I + 10% HSI-EP-EU. In other words, the conversion rate
(a) has time and temperature dependence.
Curing temperature of P + 10% HSI-EP-EU and I + 10% HSI-
EP-EU

The curing temperatures are obtained at the heating rate of 0 K
min−1 by T–b extrapolation as the reliable curing temperature of
the system. The value of heating rate are taken as the horizontal
coordinate, and the values of Ti, Tp and Tf are taken as the
vertical coordinates to obtain the linear relationship, and
shown in Fig. 7. As for P + 10% HSI-EP-EU system Fig. 7a1, b1
and c1, we nd the peak starting temperature is 381.23 K (gel
lg b/(K min−1) Tp
−1/K−1 (10−5)

A
min−1 (108)

0.699 245 0.677
1.000 237 1.147
1.176 232 1.118
1.301 230 1.150
1.398 227 1.110

1.040

lg b/(K min−1) Tp
−1/K−1 (10−5) A min−1 (108)

0.699 265 7.41
1 258 7.43
1.176 253 7.32
1.301 250 7.11
1.398 247 7.37

7.33
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Fig. 7 The extrapolation plots of b–T: P + 10% HSI-EP-EU (a1) Ti, (b1)
Tp, (c1) Tf; I + 10% HSI-EP-EU (a2) Ti, (b2) Tp, (c2) Tf. Fig. 9 Tan d versus temperature plots of (a) P + HSI-EP-EU and (b) I +

HSI-EP-EU.
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temperature 108.08 °C), the peak temperature is 403.70 K
(curing temperature 130.55 °C), and the peak end temperature
is 422.81 K (post-cure temperature 149.66 °C). The best curing
conditions for P + 10% HSI-EP-EU were 110 °C for 1 h, at 130 °C
for 2 h and at 150 °C for 3 h. For the same method in I + 10%
HSI-EP-EU system Fig. 7a2, b2 and c2, the best curing condi-
tions are as 80 °C for 1 h, at 100 °C for 2 h and at 110 °C for 3 h.

Thermal stability

The thermal stability of cured epoxy are analyzed by TGA anal-
ysis. The information obtained by the controlled degradation of
the polymer could be used to evaluate whether a given material
will be useful for a high temperature potential application. As
shown in Fig. 8, no signicant difference between the oxidation
of resin side chain and the carbonization of main chain appears
with the increase of HSI-EP-EU content. Comparison of two sets
of curing agent systems, there is no difference in thermal
decomposition behavior of two systems before 150 °C. With the
increasing temperature, the difference in thermal decomposition
properties of the materials has gradually emerged due to the
different curing agents. And the system cured by the NMI curing
agent had better thermal stability. When both systems weight
loss reached 20%, the HHPA cured material at a decomposition
temperature (Td80) of 395 °C and an NMI curing system Td80 is
410 °C. And when the weight loss reached 85%, the corre-
sponding temperatures (Td85) are 450 and 465 °C, respectively.

Dynamic mechanical properties

DMA is employed to study the thermal properties of P + HSI-EP-
EU and I + HSI-EP-EU resin systems. Fig. 9 has presented the
tan delta curves at a function of temperature for epoxy resin
without and with different contented of HSI-EP-EU. The glass
transition temperature (Tg) of polymer is identied as the peak of
Fig. 8 TGA curves of (a) P + HSI-EP-EU and (b) I + HSI-EP-EU.

31706 | RSC Adv., 2022, 12, 31699–31710
tan delta curve. It is obviously that all the HSI-EP-EU containing
the cured product exhibit the decreased in Tg as observed from
the shis of tan delta peaks to the low temperature region. As for
the P + HSI-EP-EU, pure epoxy resin has a Tg of 134.3 °C, the Tg of
the cured product aer adding HSI-EP-EU has decreased to 125.1
°C (5 wt%), 116.0 °C (10 wt%), 107.4 °C (15 wt%), 99.2 °C
(20 wt%), respectively. Similar results have been observed from I +
HSI-EP-EU system, the Tg of cured product behaved as 132.3 °C
(0 wt%), 123.6 °C (5 wt%), 114.9 °C (10 wt%), 110.8 °C (15 wt%),
101.7 °C (20 wt%). The reduced Tg is associated with the declined
of the polymer chains mobility caused by the C–O and O–Si
chemical bonds carried in the HSI-EP-EU molecule with great
rotational exibility.

The mechanical properties

The tensile properties of the P + HSI-EP-EU and I + HSI-EP-EU
system are determined by stress–strain measurements. The
typical strain–stress plots for the pure epoxy and epoxy con-
taining 5, 10, 15 and 20 wt% HSI-EP-EU are shown in Fig. 10.
And the tensile properties, including tensile strength, Young's
modulus and strain-to-break are given in Table 5 and 6.

It could be easily seen that the addition of HSI-EP-EU has
different effects on the mechanical properties of the two curing
agents system. For the P + HSI-EP-EU system, the addition of the
HSI-EP-EU has led to a nearly complete decline in the
mechanical properties of the cured product (including tensile
strength, tensile modulus, elongation at break), and only
a slight increase in elongation at break. Because the anhydride-
cured epoxy resin is strong enough and difficult to be increased
the strength and modulus by adding a exible diluent. As
shown in Fig. 10a and b, the longation at break of the material
can be improved with addition of exible HSI-EP-EU (5 wt%,
Fig. 10 Stress–strain curves of (a) P + HSI-EP-EU and (b) I + HSI-EP-
EU.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Tensile properties of P + HSI-EP-EU

Sample Tensile strength/MPa Strain at break/% Tensile modulus/MPa

P 57.0 � 3.2 4.2 � 0.2 1933 � 32
P + 5% HSI-EP-EU 49.3 � 3.4 4.5 � 0.4 1916 � 47
P + 10% HSI-EP-EU 49.4 � 2.7 4.3 � 0.1 1756 � 43
P + 15% HSI-EP-EU 55.7 � 1.2 5.6 � 0.3 1745 � 56
P + 20% HSI-EP-EU 47.4 � 2.5 4.1 � 0.2 1651 � 38

Table 6 Tensile properties of I + HSI-EP-EU

Sample Tensile strength/MPa Strain at break/% Tensile modulus/MPa

I 47.2 � 1.6 4.1 � 0.8 1637 � 45
I + 5% HSI-EP-EU 67.6 � 0.4 6.2 � 0.1 2071 � 58
I + 10% HSI-EP-EU 70.6 � 1.8 7.5 � 0.7 1852 � 33
I + 15% HSI-EP-EU 74.6 � 2.9 9.0 � 0.3 1954 � 67
I + 20% HSI-EP-EU 66.0 � 3.4 5.8 � 0.9 2039 � 40
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10 wt%, 15 wt%). When we add a exible diluent HSI-EP-EU
(20 wt%), it results in a decrease in elongation at break,
which may have affected the cross-link density of the material.
According to Scheme 2, HSI-EP-EU has an epoxy group, and
each epoxy group aer ring opening will be connected with two
acid anhydride molecules, adding HSI-EP-EU, it will consume
more acid anhydride curing agent. Moreover, the HSI-EP-EU
entering the linear molecule of the epoxy resin will extend the
entire molecular chain, thereby weakening the reinforcing
effect of the rigid acid anhydride molecule in the entire system.
It results in a decrease in the mechanical properties of system.

When the curing agent is selected as NMI, the cured product
with no diluent HSI-EP-EU possess strength of 47.2 MPa, the
elongation at break is 4.1%, and the tensile modulus is
1637 MPa. The addition of reactive diluent HSI-EP-EU could
improve the mechanical properties of the material. The
enhancement of both modulus, tensile strength and elongation
at break are prominent with HSI-EP-EU loading in epoxy
matrices without scarifying its strain to failure. With addition of
5 wt% HSI-EP-EU into epoxy matrix, tensile modulus are
enhanced by 43.2% (from 47.2 to 67.6 MPa) and 26.5% (from
1637 to 2071 MPa), respectively.

Compared with I group, the tensile strength of I + 15% HSI-
EP-EU is improved 58.1% (from 47.2 to 74.6 MPa) with addition
of 15 wt% HSI-EP-EU. And elongation at break of I + 15% HSI-
EP-EU is more than doubled enhanced compared with neat
epoxy resin.

There are 1-position secondary amine nitrogen atom and 3-
position tertiary amine nitrogen atom in the molecular struc-
ture of imidazole curing agent. When curing epoxy resin, it is
generally believed that the 3-position nitrogen atom on the
imidazole ring rstly opens the epoxy group in the epoxy resin.
For 1-methylimidazole, when there is a methyl substituent on
the 1-position nitrogen atom, the 1-position nitrogen atom
does not react with the epoxy resin, and only the 3-position
nitrogen atom opens the epoxy group in the epoxy resin.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Finally, the oxygen anions generated by the ring-opening of
epoxy groups continue to catalyze the ring-opening polymeri-
zation of epoxy resins. According to Scheme 3, HSI-EP-EU has
an epoxy group, and when the imidazole molecule initiates
anionic polymerization of the epoxy group, the epoxy group of
HSI-EP-EU will be introduced into the cross-linked network. An
appropriate amount of HSI-EP-EU will increase the cross-
linking density of the whole system, the number of chemical
bonds will increase, and the entanglement between molecular
chains will be more serious, which will improve the mechan-
ical properties of the cured product. When the amount of HSI-
EP-EU is excessive, the size of the cross-linking lattice will
continue to expand, which may lead to the decrease of the
cross-linking density. Even if there is free HSI-EP-EU in the
system, these small molecules will produce plasticization,
thereby deteriorating the overall mechanical properties of the
material. This means that the effect of excess HSI-EP-EU in the
system is somewhat similar to that of non-reactive diluents.
Addition of the non-reactive (toluene) diluents27 in epoxy resin
formed large number of plastic deformation zones to the
incorporation exible network, which further reduced the
mechanical properties of the epoxy resin system. In summary,
HSI-EP-EU is proved to be an effective diluent system in EP/
NMI system and can be used as suitable diluent for high-
performance application.

Antibacterial property test of HSI-EP-EU, cured P + 15% HSI-
EP-EU polymer and cured I + 15% HSI-EP-EU polymer

The agar well diffusion method, standard plate count method
is conducted for exploring the antibacterial activity of HSI-EP-
EU. As shown in Fig. 11a and f, under the action of HSI-EP-EU,
the culture medium containing Escherichia coli and Bacillus
subtilis both emerged a zone of inhibition. This indicates that
HSI-EP-EU has the inhibitory effect on both Gram-negative
bacteria and Gram-positive bacteria. Antibacterial efficiency
of HSI-EP-EU is assessed by counting the colonies of bacteria
RSC Adv., 2022, 12, 31699–31710 | 31707
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Fig. 11 Antibacterial property test of HSI-EP-EU, (a) zone of inhibition
for Escherichia coli, (b) colonies of Escherichia coliwithout HSI-EP-EU
at 0 h, (c) colonies of Escherichia coli without HSI-EP-EU at 12 h, (d)
colonies of Escherichia coli with HSI-EP-EU at 0 h, (e) colonies of
Escherichia coli with HSI-EP-EU at 12 h, (f) zone of inhibition for
Bacillus subtilis, (g) colonies of Bacillus subtilis without HSI-EP-EU at
0 h, (h) colonies of Bacillus subtilis without HSI-EP-EU at 12 h, (i)
colonies of Bacillus subtilis with HSI-EP-EU at 0 h, (j) colonies of
Bacillus subtilis with HSI-EP-EU at 12 h. Fig. 12 Antibacterial property test of (a) cured P + 15% HSI-EP-EU

polymer against Escherichia coli at 0 h, (b) cured I + 15% HSI-EP-EU
polymer against Escherichia coli at 0 h, (c) cured P + 15% HSI-EP-EU
polymer against Escherichia coli at 24 h, (d) cured I + 15% HSI-EP-EU
polymer against Escherichia coli at 24 h, (e) cured P + 15% HSI-EP-EU
polymer against Bacillus subtilis at 0 h, (f) cured I + 15% HSI-EP-EU
polymer against Bacillus subtilis at 0 h, (g) cured P + 15% HSI-EP-EU
polymer against Bacillus subtilis at 24 h, (h) cured I + 15% HSI-EP-EU
polymer against Bacillus subtilis at 24 h by live/dead imaging.
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in solution before and aer HSI-EP-EU treatment. HSI-EP-EU
is added to the experimental group (Escherichia coli initial
concentration of 104 CFU mL−1) with a concentration of 2.5 mL
mL−1, the bacterial colonies appears on the petri dishes with
the number of 264 (0 h) (Fig. 11d). Aer 12 h, only two
bacterial colonies appears on the petri dishes (Fig. 11e). It is
shown that Escherichia coli is killed within 12 hours of expo-
sure to HSI-EP-EU. The antibacterial efficiency of HSI-EP-EU
against Escherichia coli is $ 99.0%. The control medium
(Fig. 11b and c) has no toxic effect on Escherichia coli, which is
consistent with Bacillus subtilis (Fig. 11g and i). The antibac-
terial efficiency of HSI-EP-EU against Bacillus subtilis is also
$99.0%.

We have already known that HSI-EP-EU has the excellent
bactericidal properties against both Gram-negative and Gram-
positive bacteria. Therefore, HSI-EP-EU is combined with the
traditional commercial epoxy E44 to produce an advanced
composite coating with bactericidal properties. Scanning elec-
tron microscopy and live/dead cell staining techniques is used
to investigate the poisoning effect for Escherichia coli and
Bacillus subtilis on the surface of the cured P + 15% HSI-EP-EU
polymer and cured I + 15% HSI-EP-EU polymer as the typical
research objects.

For cured P + 15% HSI-EP-EU polymer (Fig. 12a and c) and
cured I + 15% HSI-EP-EU polymer (Fig. 12b and d) against
Escherichia coli, there is a lot of green uorescence under the
excitation of specic wavelength uorescence with a few red
uorescent spots observed (Fig. 12a and b) at the 0 h. The red
uorescence is caused by Escherichia coli, which is apoptotic in
31708 | RSC Adv., 2022, 12, 31699–31710
the normal life cycle. Aer 24 h, the uorescence microscope
observation results are opposite to it from the initial phase. The
vast majority of eld of view is red, and only a few particles
shows green uorescence (Fig. 12c and d). For cured P + 15%
HSI-EP-EU polymer (Fig. 12e and g) and cured I + 15% HSI-EP-
EU polymer (Fig. 12f and h) against Bacillus subtilis, we obtained
experimental results are similar to Escherichia coli. The cured P
+ 15% HSI-EP-EU polymer and cured I + 15% HSI-EP-EU poly-
mer have excellent killing effect on Escherichia coli and Bacillus
subtilis. By adding active diluent HSI-EP-EU, we can give it
advanced antibacterial function while improving the construc-
tion performance of traditional commercial E44.

SEM images of bacterial morphology are provided in Fig. 13.
The original Bacillus subtilis (Fig. 13a) and Escherichia coli
(Fig. 13d) display intact membranes. When the Bacillus subtilis
and Escherichia coli are attached on the surface of P + 15% HSI-
EP-EU and I + 15% HSI-EP-EU polymer, respectively, cell
membranes show various degrees of deformation such as
wrinkles and even cracks (Fig. 13b, c, e and f), along with the
cytoplasm leakage of bacteria (Fig. 13b and c). Negative charges
of bacterial surface can be attracted by positive charges from I +
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 SEM images of (a) original Bacillus subtilis, (b) cured P + 15%
HSI-EP-EU polymer against Bacillus subtilis at 24 h, (c) cured I + 15%
HSI-EP-EU polymer against Bacillus subtilis at 24 h, (d) original
Escherichia coli, (e) cured P + 15% HSI-EP-EU polymer against
Escherichia coli at 24 h, (f) cured I + 15% HSI-EP-EU polymer against
Escherichia coli at 24 h.
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15% HSI-EP-EU polymer materials, restricting the activities of
bacteria and lead to the death of bacteria.30,31
Conclusions

Hydrosilylation epoxidized eugenol (HSI-EP-EU) is successfully
synthesized and used as reactive diluent for epoxy/anhydride, and
epoxy/imidazole curing system. Based on curing kinetic studies,
the value of pre-exponential factor A, apparent activation energy
Ea, reaction stages n are calculated. According to the results of the
extrapolation of T–b method, the curing temperatures of two
curing systems are determined. For the epoxy/anhydride curing
system, the best curing conditions is 110 °C for 1 h, at 130 °C for
2 h and at 150 °C for 3 h. The addition of HSI-EP-EU could reduce
the mechanical properties of the anhydride cured product. In
regard to the epoxy/imidazole curing system, best curing condi-
tions is 80 °C for 1 h, at 100 °C for 2 h and at 110 °C for 3 h. The
addition of a HSI-EP-EU could improve themechanical properties
of imidazole cured product. HSI-EP-EU has the excellent bacte-
ricidal properties against both Gram-negative and Gram-positive
bacteria. We can give it advanced antibacterial function of
traditional commercial E44 by adding active diluent HSI-EP-EU.
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