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. The cycloaliphatic epoxy resin selected for this study was 3,4-epoxycyclohexane methyl-3/4’-
epoxycyclohexyl-carboxylate (EEC). Epoxy resin has numerous applications, such as varnishes, tires,

. and electronic materials. However, the extensive used of chlorofluorocarbon (CFC) compounds in

. the last century has resulted in the formation of a hole in the ozone layer. As a consequence, solar

* radiation is intensifying gradually; therefore, continuous irradiation by sunlight should be avoided.

. The results of solar radiation can exacerbate the deterioration and photolysis of compounds. Through

. thermogravimetry and differential scanning calorimetry, the apparent onset temperature of EEC

. and EEC was analyzed under UV radiation for different durations. Thermokinetic data were used to

. determine the parameters of thermal decomposition characteristics through simulation to assess

. thereaction of EEC and EEC under UV radiation for different durations. The goal of the study was to

. establish the parameters of thermal decomposition characteristics for the effects of UV on EEC, as well
as the probability of severity of thermal catastrophe.

. Chemical industries are inseparably connected to people’s livelihood, and chemical products facilitate people’s

: lives more conveniently. When people enjoy the achievements of chemical products, they normally do not per-

© ceive that the chemical product’s properties may cause environmental contamination, disastrous cases, social
impacts, and so on.

One of the common chemical products principally used in the world is epoxy resin'~*. Epoxy resin has
numerous applications, such as tire processing, electronic materials, motherboard, paints, and other industrial
dispositions®!!. However, the extensive use of chlorofluorocarbon (CFC) compounds in the last century has
resulted in the formation of holes in the ozone layer. As a consequence, solar radiation is intensifying gradu-
ally. The results of solar radiation may exacerbate the deterioration and photolysis of numerous compounds.
Previous studies have shown that ultraviolet (UV) radiation causes the decomposition by light of some mate-

© rials, such as plastic, dye, and rubber'?-'°. After the materials undergo photolysis, they deteriorate and are bro-
. ken down into smaller compounds that are harmful to people. Hence, the aim of this study was to determine
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Chemical name Molecular formula | CAS number Structure
(o]
3,4-Epoxycyclohexylmethyl-3’,4’-epoxycyclo-hexane carboxylate | C},H,,0, 2386-87-0 Q/\O/LQ
(o} (o]
Mass% Density (g/cm?) Viscosity (mpas) | MP (°C)
99.0 1.17 400.0 —37.0

Table 1. Physical properties parameters of EEC'.

the effects of UV on cycloaliphatic epoxy resin'®!”. The target material was 3,4-epoxycyclohexane methyl-3’
4/-epoxycyclohexyl-carboxylate (EEC).

We explored and confirmed the thermal decomposition characteristics of EEC, applying thermogravimetry
(TG) and differential scanning calorimetry (DSC) to obtain a series of thermal parameters, including mass loss (%),
mass loss derivative (%/min), apparent onset temperature (T,), heat of decomposition (AH,), and peak tempera-
ture (T,,). We then combined the TG data with thermokinetics to obtain simulation data under various scenarios.
Finally, the simulation results were compared with experimental data for the purpose of loss prevention protocol.

Methodology

Sample. The sample used in this study was 99.0% by mass of EEC that was produced by Chang Chun
Petrochemical Group, Taiwan, ROC. The physical properties of EEC are listed in Table 1'%, Since its viscosity is
higher than normal liquids, it needed to be saved in a sealed environment. As planned, the controlled factor was
UVA (312nm), which was 18 W (East Lighting Co., Taiwan, ROC). UV was a vital factor applied in the experi-
ment, and the durations of UV radiation were one and two months.

Thermogravimetry (TG). TG was used to determine the selected substances with the reduction or increase
of decomposition, oxidation, or volatilization (e.g., moisture). The most common applications of TG were included
in the analysis of the properties of substances by decomposition mode, the study of degradation mechanisms and
reaction kinetics, the determination of organic matter contents in samples, and the determination of inorganic
matter (ash) in the samples, which might be used to accurately predict the structure as a chemical analysis'*~2.
Hence, this study deliberately selected PerkinElmer Pyris 1 TG as the instrument to measure the samples.
The test temperature ranged from 30.0 to 550.0 °C. The heating conditions were 1.0, 2.0, 4.0, and 8.0 °C/min,
the carrier gas in TG was air, and the flow rate was 20.0 mL/min.

Differential Scanning Calorimetry (DSC). DSC? is a common thermal calorimeter for measuring heat
generation from a sample. It can be used to determine the exothermic and endothermic reactions from its ther-
mal curves. Furthermore, it can acquire some specific thermal decomposition characteristics and process safety
parameters for calculating and simulating thermal hazards by kinetic models. DSC is a powerful instrument that
has numerous applications, such as in medicine, materials, membranes, liquid crystal, and even explosives. The
Mettler Toledo 821¢ DSC’s mode chosen was non-isothermal for this study. The heating rate of this test was set at
1.0 °C/min. The heating range was 30.0-450.0°C and the carrier gas was air.

Gas Chromatography-Mass Spectrometry (GC-MS).  GC-MS*% is one of the commonly used instru-
ments for identifying and separating organic molecules. It is a typical chemical analysis method for accurate quan-
titative and qualitative analysis. In this case, GC-MS was used to observe and compare the EEC after pure EEC and
UV light. The experiments were performed using a PerkinElmer Clarus 680 gas chromatograph (GC) connected to
a PerkinElmer Clarus 600T mass spectrometry (MS). The relative affinity of the stationary phases of the different
molecules in the sample would promote the separation of the molecules. The column used in the GC experiment
was Elite-624, which had a length and an inner diameter of 30.0m x 0.25mm and a film thickness of 1.4 pm. The
molecular effluent of the column was captured, and the electron ionization (70 eV) fragment was detected using
their mass to charge ratio. A helium flow rate of 1.0 mL/min was used as the carrier gas for the column.

Results and Discussion
TG and DSC were selected to test EEC, in order to understand the properties of EEC; the functional information
is listed in Table 1.

Nonisothermal TG Test. TG was applied to determine the thermal decomposition characteristics of EEC
and EEC with UV under different durations. Figures 1-3 illustrate the experimental results of EEC and EEC
under prominent UV radiations for different durations. It can be observed that when the heating rate increased,
the initial temperature of mass loss was gradually delayed. These were the standard phenomena of the TG test
when the heating rates increased progressively’*?. From Fig. 1, it can be seen that the average apparent onset
temperature to evaluate the thermal decomposition characteristics of EEC, and EEC’s average apparent onset
temperature was ca. 180.0 °C. In addition, the average peak temperature of EEC was 212.6 °C; the EEC’s charac-
teristic parameters for the thermal decomposition of each heating rate are given in Table 2.

From Figs 2 and 3, when EEC was under intensive UV at one and two months, respectively, the average appar-
ent onset temperatures of EEC appeared in advance. The value of the average apparent onset temperatures of EEC
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Figure 1. TG and DTG experimental results of EEC at four heating rates of 1.0, 2.0, 4.0, and 8.0 °C/min.
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Figure 2. TG and DTG experimental results of EEC under prominent UV radiation for one month at four
heating rates of 1.0, 2.0, 4.0, and 8.0 °C/min.

1.0 176.3 187.6 195.9 —3.6
2.0 169.0 203.6 215.6 —5.4
4.0 181.3 220.2 224.7 —11.0
8.0 193.2 238.8 249.8 —16.8

Table 2. Characteristic parameters of the thermal decomposition in TG tests for EEC at four heating rates of
1.0, 2.0, 4.0, and 8.0 °C/min.

under intensive UV at one and two months were 175.3 and 150.1 °C, respectively. The peak temperatures of EEC
under prominent UV at one and two months were also 207.1 and 190.8 °C. Hence, the peak temperatures of EEC
sustained with intensive UV had the same tendency; which means that thermal decomposition characteristics
of EEC under intensive UV had increased. Hence, the authors confirmed that the effects of UV on EEC might
result in the increasing and aging of thermal decomposition characteristics of EEC. Characteristic parameters of
the thermal decomposition of EEC under prominent UV for the different durations are listed in Tables 3 and 4.

Experiments by Differential Scanning Calorimetry. We selected DSC* to investigate the heat pro-
duction of EEC and EEC under prominent UV for one and two months. Figure 4 shows the experimental results
of EEC and EEC irradiated with UV for one and two months. It was noticed that the tendency of onset and
peak temperatures from the three samples were all the same with TG results at heating rate of 1.0 °C/min. The
three curves from DSC results were compared and it was observed that there exist a number of peaks after EEC
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Figure 3. TG and DTG experimental results of EEC under prominent UV radiation for two months at four
heating rates of 1.0, 2.0, 4.0, and 8.0 °C/min.
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Figure 4. DSC experiments of EEC and EEC under prominent UV radiation for one and two months at 1.0°C/min.

1.0 144.8 168.6 186.9 —24
2.0 175.6 203.1 213.7 —6.0
4.0 189.2 222.0 231.5 —11.1
8.0 191.4 234.8 253.1 —17.4

Table 3. Characteristic parameters of the thermal decomposition in TG tests for EEC under prominent UV
radiation for one months at four heating rates of 1.0, 2.0, 4.0, and 8.0 °C/min.

1.0 132.3 168.2 195.2 —2.5
2.0 154.9 184.5 209.3 —4.3
4.0 144.1 197.0 220.4 —7.6
8.0 169.2 2133 240.2 —10.6

Table 4. Characteristic parameters of the thermal decomposition in TG tests for EEC under prominent UV
radiation for two months at four heating rates of 1.0, 2.0, 4.0, and 8.0 °C/min.
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Sample T,(°C) |L(C) |T;(°C) AH; (kJ/kg)
EEC 2523 326.3 391.7 664.0
EEC+ one month UV 2494 316.1 394.9 600.1
EEC+twomonths UV | 244.7 317.0 399.8 912.0

Table 5. Characteristic parameters of the thermal decomposition by DSC tests for EEC and EEC stayed for one
and two months by UV at heating rate of 1.0 °C/min.

sustained with UV for one and two months. However, we could not find this phenomenon in the DSC results
from pure EEC test. Hence, it was dangerous when the temperature of the entire reaction which belonged to EEC
under prominent UV for one and two months was higher than the apparent onset temperature. Then, comparing
the DSC results between EEC and EEC under prominent UV for one and two months, the temperature of the
entire reaction was higher than 350.0 °C. The exothermic reaction continued and the reaction’s intensity was
enhanced, which might result in a severe crisis.

Furthermore, it was observed that the heat generation from EEC and EEC stayed with UV for one and two
months, and the value of EEC and EEC recorded from UV irradiation for one and two months was 664.0, 600.1,
and 912.0]/g, respectively.

Therefore, EEC irradiation with UV for two months had higher potential hazard in the analysis of the DSC
experiments. Accordingly, it was noticed that EEC under prominent UV had several stages in the reaction and
released more exothermic heat in the last stage of the reaction than pure EEC. Finally, it is better to avoid exposing
EEC to UV for extended periods of time. Table 5 presents the process thermal safety and decomposition param-
eters of EEC and EEC under prominent UV with one and two months.

Evaluation of Thermokinetic Parameters by Dynamic Analysis. Four thermokinetic models were
applied®'* to understand the thermokinetic parameters for EEC undergoing with UV for different durations.

First, Flynn-Wall-Ozawa (FWO) model*’, a common kinetic model which is very effective to describe the
phenomena of reaction, was chosen to determine the E, of EEC after prolonged exposure to UV. From FWO, Eqs
(1-4) were generated as illustrated below:

_ Al (T |[—Eal|,. A(®Ea fv—e" = AEa
Gle) = =2 [ exp| g 4T = S22 [T —mdu = Z2hptw o
InG(a) = ln[A(a)Ea] — In(8) + In(p(u)) @)

_exp(—u) e exp(—u)
plw) = u f,oo u dz (3)

Then, p(u), which is temperature integral function, had an approximate solution through Doyle formula, and
the constant of Eq. (4) could be obtained:

In(3) = ln[A(a)Ea] Ea

— 5.331 — 1.052—
RG(a) RT, (4)

where A() is pre-exponential factor, (3 is the different heating rate (°C/min), E, can be represented as apparent
activation energy (kJ/mol), G(v) is integral form of the mechanism function, T is the temperature of conversion,
and R is the universal gas constant (8.314 J/(mol K)). In Eq. (4), the same conversion of E, is a fixed value, and
the right-hand side of the equation first is a certain value. We fitted In 5 and 1/T, to calculate E, and subsequently
used conversion « to reckon the corresponding E,. The FWO results of EEC and EEC undergoing with different
durations at one and two months by UV are shown in Fig. 5(a—c). Figure 6 illustrates the calculation of E, through
FWO model for EEC and EEC irradiated for one and two months with UV. From the literature review**3>, we
determined that o of the main reaction in TG test was between 0.2-0.8. Therefore, the range of E, in the main
reaction (ov=0.2 — 0.8) of EEC and EEC under different durations of UV at one and two months was 84.53-87.33,
53.06-59.34, and 74.93-77.59k]J/mol, respectively. The results showed that EEC irradiated for one month by UV
had lower E, value than other conditions.
Second, Friedman model, a method derived from a differential equation, was employed for understanding the
whole reaction. Accordingly, the model is shown in Eq. (5):
da [ Ea ]

ISt = InfA()f(@)] — | =

)

From Friedman model*>*, the TG data could be analyzed from the natural logarithm of the conversion rate,
dav/dt, which means that it is a function of the reciprocal absolute temperature (T) for transformation. Figure 7
shows the Friedman results of EEC and EEC under prominent UV for one and two months. From the calculation
of E, and In[A(a)f(o)] in Fig. 8, the tendency of E, for the entire reaction was the same with the tendency of E,
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Figure 5. Simulation results for EEC and EEC under prominent UV radiation for one and two months through
FWO model.
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Figure 6. Calculated of E, versus o for EEC and EEC under prominent UV radiation for one and two months
by FWO model.

through FWO model. The scope of E, in the main reaction (a«=0.2-0.8) of EEC and EEC sustained in different
durations of UV at one and two months was 77.40-82.47, 53.83-67.66, and 77.62-82.09 k]/mol, respectively. In
addition, the area of In[A(a)f(o)] in the major reaction of EEC and EEC under different durations of UV at one
and two months was 12.68-14.32, 6.73-10.22, and 11.13—13.22 m?/(mol s), respectively.

From Fig. 8, In[A(a)f()] of EEC has not much difference; therefore, it was a relatively stable reaction.
However, when EEC was irradiated with UV for one month, In[A(a)f(cv)] increased with v in the severe reaction.
The range of In[A()f(«v)] of EEC under one month was larger than other samples. Accordingly, it indicated that
the scenario of EEC under prominent UV irradiation was thermally unstable. In addition, E, value of EEC under
prominent UV with one month was much lower than EEC and EEC under prominent UV with two months.
Furthermore, the results of Friedman and FWO models pointed out that E, value of EEC under prominent UV
with one month was less than the others. This also showed that EEC under prominent UV with one month had
higher potential hazard than pure EEC.

Third, the American Society for Testing and Materials (ASTM)?¢ has provided special methods, and one of
these methods, E698-5, could be used to calculate E, and A could be acquired by thermokinetic model. The for-
mula is expressed in Eq. (6) %

da _ Ay [_Ea ] flo)

g RT (6)

This method involves linear regression at a chosen heating rate from the natural logarithm of the heating rate
(Inp) plotted against 1/T that could obtain E, and A, which were determined based on the slope (—E,/R) and
intercept, respectively. Figure 9 shows the E, and InA calculation results for EEC and EEC under prominent UV
radiation with one and two months. According to the experimental results, E, of pure EEC and EEC under UV
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Figure 7. Simulation results on In(do/dT) versus 1/T for EEC and EEC under prominent UV radiation for one
and two months through Friedman model.
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Figure 8. Calculated E, and In[A(a)f(cv)] versus o for EEC and EEC and EEC under prominent UV radiation
for one and two months by Friedman model.

radiation with one and two months was 89.39, 47.73, and 70.08 kJ/mol, respectively. Moreover, the InA of EEC
and EEC irradiated for one and two months by UV was 17.03, 7.470, and 9.833 1/s, respectively.

Finally, the FWO and Friedman model are model-free methods, and the f{o) of the entire reaction cannot be
obtained. Therefore, TG experimental scanned data for EEC and EEC under UV radiation with two durations
of one and two months were used to explore the most probable kinetic function of the dominant decomposition
process, through Mélek model*”*¢. The Malek model could be demonstrated as shown in Eqs (7-9):

_ R[da 1

() = ——

 Eaf dt f(a) @)
0.5
G(0.5) = %[d_a] 1

Eap \dt) £(0.5) (8)

¥ ] (%) fwsw
i

y(e) = [_ da)o*" ~ £(0.5)G(0.5)
)]

where y(«) is the defined function and f(«) is differential form of mechanism function of the reaction. In Eq.
(9), the y(a) of different conversions could be determined by TG data. TG experimental curves for EEC and
EEC were plotted under UV radiation with one and two months by y(c) and «. Then, the kinetic models were

t
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Figure 9. E, and A calculation for EEC and EEC under prominent UV radiation for one and two months by
ASTM E698-5.
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Figure 10. Comparison of experimental curves and standard curves for EEC and EEC under prominent UV
with different durations at one and two months by Malek model.

substituted into the Malek model to compare the resultant curve with the TG experimental curve, in order to vali-
date which mechanism function that belongs to EEC and EEC under UV radiation with one and two months. The
kinetic models of EEC and EEC under prominent UV with one and two months, expressed as f(a) = 0.67a7%%,
G(a)=a'®and fla) =2 (1—a) [In(1—)]**, G(a) = [—In()]%, respectively, were observed to have both high
fitting degree and sound consistency. The heating rates of 1.0, 2.0, 4.0, and 8.0 °C/min for EEC and EEC sustained
in UV under different durations of one and two months are drawn in Fig. 10.

According to the analysis by Malek model, it could be seen that the EEC’s decomposition form was not the
same after irradiation, and thus chemical change might have occurred.

On the other hand, when EEC was under UV radiation for longer time, the decomposition pattern was not
changed, and the reaction belonged to a physical change. In addition, the E, of EEC and EEC under UV radiation
with two durations of one and two months at different heating rates were calculated using Malek model, as pre-
sented in Table 6. From the calculation of the Malek model, the average E, of EEC and EEC under UV radiation
with two durations of one and two months was 95.50, 57.13, and 72.14kJ/mol, respectively. According to the
open literature, E, of EEC in Malek model is similar to E, which was provided in the reference®. Moreover, the
results of EEC under prominent UV at different durations of one and two months were the same as the trends of
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Figure 11. Decomposition compounds for EEC and EEC under prominent UV radiation for one and two
months through GC-MS.

EEC 91.22 92.32 99.31 99.16 95.50
EEC+ one month UV 56.65 55.89 59.16 56.84 57.13
EEC + two months UV 77.93 79.29 70.98 60.36 72.14

Table 6. Calculated E, for EEC and EEC under prominent UV radiation for one and two months at four heating
rates through Malek model.

22.11 3-Epoxyethyl-7-oxabicyclo[4.1.0]heptane 22.11 Non-detected 22.11 Non-detected
23.78 1,6,9-Tetradecatriene 23.78 Non-detected 23.78 Non-detected
_ _3lal.
26.52 34-Epoxycyclohexane methyl-3'4 26.52 Non-detected 26.52 Non-detected
epoxycyclohexyl-carboxylate
26.95 Pentanal, 5-(methylenecyclopropyl)- 26.95 Non-detected 26.95 Non-detected
28.40 3,4-Epoxycyclohexane methyl-3/4/- 28.36 3,4-Epoxycyclohexane methyl- 2837 3,4-Epoxycyclohexane methyl-
) epoxycyclohexyl-carboxylate . 3'4’-epoxycyclohexyl-carboxylate | “° 3'4’-epoxycyclohexyl-carboxylate
28.91 3,4-Epoxycyclohexane methyl-3/4’- 28.88 3,4-Epoxycyclohexane methyl- 28.89 3,4-Epoxycyclohexane methyl-
’ epoxycyclohexyl-carboxylate i 3'4’-epoxycyclohexyl-carboxylate | “ 3'4’-epoxycyclohexyl-carboxylate
294 3,4-Epoxycyclohexane methyl-3/4’- 2921 3,4-Epoxycyclohexane methyl- 29.20 3,4-Epoxycyclohexane methyl-
: epoxycyclohexyl-carboxylate ' 3'4’-epoxycyclohexyl-carboxylate | “” 3'4’-epoxycyclohexyl-carboxylate
29.35 3,4-Epoxycyclohexane methyl-3/4’- 29.33 3;4;Ep0xycyclohexane methyl- 29.33 Non-detected
epoxycyclohexyl-carboxylate 3'4’-epoxycyclohexyl-carboxylate
47
30.47 34-Epoxycyclohexane methyl-3'4'- 3091 Dihomo-~-linolenic acid 29.90 2-Pentadecynyl alcohol
epoxycyclohexyl-carboxylate
31.90 3,4-Epoxycyclohexane methyl-3'4’- 31.57 3,4-Epoxycyclohexane methyl- 31.37 3,4-Epoxycyclohexane methyl-
’ epoxycyclohexyl-carboxylate . 3'4’-epoxycyclohexyl-carboxylate |~ 3'4’-epoxycyclohexyl-carboxylate

Table 7. Components detected of EEC and EEC under prominent UV radiation for one and two months by
GC-MS.

E, which were gained by the FWO, Friedman, and ASTM E698-5 models, and the E, of EEC under prominent
UV radiation for one month was the lowest among all the other samples.

Component Analysis by GC-MS. Figure 11 shows the GC data of EEC and EEC under prominent UV
radiation for one month and two months. Table 7 describes the decomposition compound of EEC and EEC under
prominent UV radiation for one month and two months from GC-MS. The main products of EEC were concen-
trated in 22.11-30.47 min, while the main products of EEC under prominent UV radiation for one month and
two months were concentrated at 28.36-31.57 and 28.37-31.37 min, respectively. Compared with the product
appearance time, when EEC was under prominent UV radiation, the products disappeared before 28.40 min in
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the pure EEC diagram. New substances were detected at 30.91 and 29.90 min in the GC diagram of one month
and two months, respectively. The new substances belonged to a long carbon chain. From the above two points,
it could be found that the detecting time and type of pure EEC experimental products were different from the
products and detecting time after EEC illumination. The results of the experiment could be compared with the
Malek model, and it was consistent with the function of reaction mechanism. It was feasible to use the Malek
model function of reaction mechanism to indicate the difference in reaction.

Conclusions

TG and DSC were used to evaluate the thermal decomposition and display the different features of EEC and EEC
under prominent UV radiation. From the TG results, when EEC was irradiated with UV for one and two months,
the average apparent onset temperatures were 4.7 and 29.9 °C in advance than pure EEC, respectively. The results
of TG showed that when EEC was under prominent UV radiation, the thermal decomposition characteristics
increased. According to DSC experimental results, we found that UV could cause a reaction from one stage to
several stages and release more exothermic heat in the last stage of the reaction than pure EEC. Finally, FWO,
Friedman, ASTM E698-5, and Mélek models were provided to receive thermokinetic parameters for EEC and
EEC under prominent UV, such as A, E,, and f(o) to evaluate the thermal behavior of EEC and EEC under prom-
inent UV radiation. From the Mélek model and DSC results, the f{«) of EEC’s decomposition pattern was not
the same after irradiation, and it was also observed that the reaction peaks of EEC and EEC irradiated with UV
for one and two months in the DSC experimental results were different (from only one exothermic peak to three
exothermic peaks). On the other hand, the E, of EEC under prominent UV for one month had the lowest value.
Finally, from GC-MS results, the components showed the same tendency as the calculation of Malek model. This
result illustrated that when EEC was under prominent UV radiation for long time in the event of high tempera-
ture and fire accidents, it may lead to serious thermal disasters.

References
1. Zhang, W. Q,, Qing, Y., Zhong, W. H., Sui, G. & Yang, X. P. Mechanism of modulus improvement for epoxy resin matrices: A
molecular dynamics simulation. React. Funct. Polym. 111, 60-67 (2017).
2. Wu, X. E et al. Few-layer boron nitride nanosheets: Preparation, characterization and application in epoxy resin. Ceram. Int. 43,
2274-2278 (2017).
. Wang, M. et al. The hygrothermal aging process and mechanism of the novolac epoxy resin. Compos. Part B: Eng. 107, 1-8 (2016).
4. Wilkinson, A. N., Kinloch, I. A. & Othman, R. N. Low viscosity processing using hybrid CNT-coated silica particles to form
electrically conductive epoxy resin composites. Polymer 98, 32-38 (2016).
5. Verma, H. R, Singh, K. K. & Mankhand, T. R. Dissolution and separation of brominated epoxy resin of waste printed circuit boards
by using di-methyl formamide. J. Clean Prod. 139, 586-596 (2016).
6. Zhao, B., Liang, W. J., Wang, J. S., Li, F. & Liu, Y. Q. Synthesis of a novel bridged-cyclotriphosphazene flame retardant and its
application in epoxy resin. Polym. Degrad. Stabil. 133, 162-173 (2016).
7. Zhai, Z., Feng, L. ]., Liu, Z. & Li, G. Z. Water absorption test for carbon fiber epoxy resin composite based on electrical resistance.
Polym. Test. 56, 394-397 (2016).
8. Boro, U. & Karak, N. Tannic acid based hyperbranched epoxy/reduced graphene oxide nanocomposites as surface coating materials.
Prog. Org. Coat. 104, 180-187 (2017).
9. Pourhashem, S., Vaezi, M., Rashidi, A. & Bagherzadeh, M. R. Distinctive roles of silane coupling agents on the corrosion inhibition
performance of graphene oxide in epoxy coatings. Prog. Org. Coat. 111, 47-56 (2017).
10. Hia, L. I, Pasbakhsh, P, Chan, E. S. & Chai, S. P. Electrosprayed multi-core alginate microcapsules as novel self-healing containers.
Sci. Rep. 6, 34674-34681 (2016).
11. Zabihi, O., Ahmadi, M., Abdollahi, T., Nikafshar, S. & Naebe, M. Collision-induced activation: Towards industrially scalable
approach to graphite nanoplatelets functionalization for superior polymer nanocomposites. Sci. Rep. 7, 3560-3572 (2017).
12. Li, W. T, Li, M. K,, Bolton, J. R., Qu, J. H. & Qiang, Z. M. Impact of inner-wall reflection on UV reactor performance as evaluated by
using computational fluid dynamics: The role of diffuse reflection. Water Res. 109, 382-388 (2017).
13. Park, H. L., Lee, S. W, Jung, K. H., Hahn, T. R. & Cho, M. H. Transcriptomic analysis of UV-treated rice leaves reveals UV-induced
phytoalexin biosynthetic pathways and their regulatory networks in rice. Phytochemistry 96, 57-71 (2013).
14. Arany, E. et al. Degradation of naproxen by UV, VUV photolysis and their combination. J. Hazard. Mat. 262, 151-157 (2013).
15. Matsui, K., Hosaka, A., Watanabe, A., Teramae, N. & Ohtani, H. Development of a multi-sample micro UV irradiator for accelerated
deterioration of polymers. Polym. Test. 56, 54-57 (2016).
16. Lee, Y. H. & Kim, H. J. Effect of cycloaliphatic structure of polyester on the formability and stone-chip resistance for automotive
pre-coated metals. Prog. Org. Coat. 99, 117-124 (2016).
17. Li, C, Li, T, Cai, X. X. & Sun, X. S. Substantially reinforcing plant oil-based materials via cycloaliphatic epoxy with double bond-
bridged structure. Polymer 107, 19-28 (2016).
18. ChemFinder, http://chemfinder.cambridgesoft.com (2018).
19. Jin, W,, Shen, D. K,, Liu, Q. & Xiao, R. Evaluation of the co-pyrolysis of lignin with plastic polymers by TGFTIR and Py-GC/MS.
Polym. Degrad. Stabil. 133, 65-74 (2016).
20. Zhu, Q, Meng, Y. Z., Tjong, S. C., Zhao, X. S. & Chen, Y. L. Thermally stable and high molecular weight poly(propylene carbonate)
s from carbon dioxide and propylene oxide. Polym. Int. 51, 1079-1085 (2002).
21. Luo, W. H,, Xiao, M., Wang, S. ], Ren, S. & Meng, Y. Z. Thermal degradation behavior of Copoly (propylene carbonatee-
caprolactone) investigated using TG/FTIR and Py-GC/MS methodologies. Polym. Test. 58, 13-20 (2017).
22. PerkinElmer, http://www.perkinelmer.com.tw (2018).
23. Duh, Y. S., Wang, W. E. & Kao, C. S. Novel validation on pressure as a determination of onset point for exothermic decomposition of
DTBP. . Therm. Anal. Calorim. 116, 1233-1239 (2014).
24. Liu, S. H.,, Lin, W. C,, Xia, H., Hou, H. Y. & Shu, C. M. Combustion of 1-butylimidazolium nitrate via DSC, TG, VSP2, FTIR, and
GC/MS: An approach for thermal hazard, property and prediction assessment. Process Saf. Environ. Prot. 116, 603-614 (2018).
25. Das, M., Liu, S. H., Tsai, Y. T., Lin, W. C. & Shu, C. M. Assessment of thermal explosion for an industrial recovery reactor by GC/MS
product analysis combined with calorimetric techniques. Thermochim. Acta 650(10), 90-100 (2017).
26. Xiao, Y., Ren, S.J., Deng, J. & Shu, C. M. Comparative analysis of thermokinetic behavior and gaseous products between first and
second coal spontaneous combustion. Fuel 227, 325-333 (2018).
27. Jeske, H., Schirp, A. & Cornelius, E Development of a thermogravimetric analysis (TGA) method for quantitative analysis of wood
flour and polypropylene in wood plastic composites (WPC). Thermochim. Acta 543, 165-171 (2012).

w

SCIENTIFIC REPORTS |

(2018) 8:15835 | DOI:10.1038/s41598-018-34181-5 10


http://chemfinder.cambridgesoft.com
http://www.perkinelmer.com.tw

www.nature.com/scientificreports/

28. Kim, Y. M., Kostanski, L. K. & MacGregor, J. F. Photopolymerization of 3,4- epoxycyclohexylmethyl-34’-epoxycyclohexane
carboxylate and tri (ethylene glycol) methyl vinyl ether. Polymer 44, 5103-5109 (2003).

29. Gheno, G., Ganzerla, R., Bortoluzzia, M. & Paganica, R. Determination of degradation kinetics of two polyester thermosetting
powder coatings using TGA and colorimetric analysis. Prog. Org. Coat. 78, 239-243 (2015).

30. Tsai, Y. T. et al. Incompatible hazard investigation of a cycloaliphatic epoxy resin using green analytical method. J. Therm. Anal.
Calorim. 1, 1-7 (2015).

31. Tsai, Y. T., You, M. L., Qian, X. M. & Shu, C. M. Calorimetric techniques combined with various thermokinetic models to evaluate
incompatible hazard of tert-butyl peroxy-2-ethyl hexanoate mixed with metal ions. Ind. Eng. Chem. Res. 52, 8206-8215 (2013).

32. Weng, S. Y. et al. Thermokinetics simulation for multi-walled carbon nanotubes with sodium alginate by advanced kinetics and
technology solutions. J. Therm. Anal. Calorim. 113, 1603-1610 (2013).

33. Venkatesh, M., Ravi, P. & Tewari, S. P. Isoconversional kinetic analysis of decomposition of nitroimidazoles: Friedman method vs
Flynn-Wall-Ozawa method. J. Phys. Chem. A. 117(40), 10162-10169 (2013).

34. Cui, H. W. et al. Using the Friedman method to study the thermal degradation Kinetics of photonically cured electrically conductive
adhesives. J. Therm. Anal. Calorim. 119, 425-433 (2015).

35. Tong, J. W. et al. Incompatible reaction for (3-4-epoxycyclohexane) methyl-3-4-epoxycyclohexyl-carboxylate (EEC) by calorimetric
technology and theoretical kinetic model. J. Therm. Anal. Calorim. 116, 1445-1452 (2014).

36. American Society for Testing and Materials, https://www.astm.org (2018).

37. Jankovi¢, B., Mentusa, S. & Jankovi¢, M. A kinetic study of the thermal decomposition process of potassium metabisulfite:
Estimation of distributed reactivity model. ] Phys. Chem. Solids. 69, 1923-1933 (2008).

38. Zhang, Y. M. et al. Thermal dynamics and a comparison of the thermal stability of various non-wood pulps. BioResources 11,
2138-2151 (2016).

39. Ma, H. L,, Zhang, X,, Ju, F. E & Tsai, S. B. A study on curing Kinetics of nano-phase modified epoxy resin. Sci. Rep. 8, 3045-3059
(2018).

Acknowledgements
The authors are grateful for the financial support by the external cooperation program of Chinese Academy of
Sciences, under Grant No.: GJHZ-1726.

Author Contributions

Bin Laiwang wrote this manuscript and analyzed the experiments data; Shang-Hao Liu and Yun-Ting Tsai
provided idea. Hui-Chun Jiang and Bei Li used kinetic models to obtain the important thermal safety parameters;
Jun Deng and Chi-Min Shu rendered suggestions to modify the design of the experiments. All authors supplied
comments on this theme.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS |

(2018) 8:15835 | DOI:10.1038/s41598-018-34181-5 11


https://www.astm.org
http://creativecommons.org/licenses/by/4.0/

	Effects of UV for Cycloaliphatic Epoxy Resin via Thermokinetic Models, Novel Calorimetric Technology, and Thermogravimetric ...
	Methodology

	Sample. 
	Thermogravimetry (TG). 
	Differential Scanning Calorimetry (DSC). 
	Gas Chromatography–Mass Spectrometry (GC-MS). 

	Results and Discussion

	Nonisothermal TG Test. 
	Experiments by Differential Scanning Calorimetry. 
	Evaluation of Thermokinetic Parameters by Dynamic Analysis. 
	Component Analysis by GC-MS. 

	Conclusions

	Acknowledgements

	Figure 1 TG and DTG experimental results of EEC at four heating rates of 1.
	Figure 2 TG and DTG experimental results of EEC under prominent UV radiation for one month at four heating rates of 1.
	Figure 3 TG and DTG experimental results of EEC under prominent UV radiation for two months at four heating rates of 1.
	Figure 4 DSC experiments of EEC and EEC under prominent UV radiation for one and two months at 1.
	Figure 5 Simulation results for EEC and EEC under prominent UV radiation for one and two months through FWO model.
	Figure 6 Calculated of Ea versus α for EEC and EEC under prominent UV radiation for one and two months by FWO model.
	Figure 7 Simulation results on ln(dα/dT) versus 1/T for EEC and EEC under prominent UV radiation for one and two months through Friedman model.
	Figure 8 Calculated Ea and ln[A(α)f(α)] versus α for EEC and EEC and EEC under prominent UV radiation for one and two months by Friedman model.
	Figure 9 Ea and A calculation for EEC and EEC under prominent UV radiation for one and two months by ASTM E698-5.
	Figure 10 Comparison of experimental curves and standard curves for EEC and EEC under prominent UV with different durations at one and two months by Málek model.
	Figure 11 Decomposition compounds for EEC and EEC under prominent UV radiation for one and two months through GC-MS.
	Table 1 Physical properties parameters of EEC16.
	Table 2 Characteristic parameters of the thermal decomposition in TG tests for EEC at four heating rates of 1.
	Table 3 Characteristic parameters of the thermal decomposition in TG tests for EEC under prominent UV radiation for one months at four heating rates of 1.
	Table 4 Characteristic parameters of the thermal decomposition in TG tests for EEC under prominent UV radiation for two months at four heating rates of 1.
	Table 5 Characteristic parameters of the thermal decomposition by DSC tests for EEC and EEC stayed for one and two months by UV at heating rate of 1.
	Table 6 Calculated Ea for EEC and EEC under prominent UV radiation for one and two months at four heating rates through Málek model.
	Table 7 Components detected of EEC and EEC under prominent UV radiation for one and two months by GC–MS.




