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Abstract

Pyrolysis behavior of bio-based resins is of increasing interest due to their great potential in environmentally friendly and high-
temperature application. Herein, the high-temperature stability, pyrolysis kinetics and mechanism of rosin glyceride (RGE),
hydrogenated rosin glyceride (HRGE), C9 petro-based resin (C9PR) and hydrogenated C9 petro-based resin (HC9PR) under
non-oxidizing atmosphere were investigated by TG-FTIR/MS techniques. Based on the non-isothermal TG data, activation
energy was calculated by Friedman and Starink methods, and the reaction-order model of f(a)=(1-a)n was found to be the
most probable pyrolysis mechanism for different resins, which was also supported by the TG-FTIR/MS results showing only
a dominating pyrolysis peak. Furthermore, thanks to the unique tricyclic phenanthrene structures, bio-based resins exhibit
better high-temperature stability than petro-based resins, with an initial skeleton cracking temperature of 623 K and 573 K,
respectively. High-temperature stability of resins would mildly decrease after hydromodification due to weak bonds cracking.

Possible pyrolysis pathways were proposed.
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ABSTRACT

Pyrolysis behavior of bio-based resins is of increasing interest due to their great
potential in environmentally friendly and high-temperature application. Herein, the
high-temperature stability, pyrolysis kinetics and mechanism of rosin glyceride (RGE),
hydrogenated rosin glyceride (HRGE), C9 petro-based resin (C9PR) and
hydrogenated C9 petro-based resin (HC9PR) under non-oxidizing atmosphere were
investigated by TG-FTIR/MS techniques. Based on the non-isothermal TG data,
activation energy was calculated by Friedman and Starink methods, and the
reaction-order model of fla)=(1-a)" was found to be the most probable pyrolysis
mechanism for different resins, which was also supported by the TG-FTIR/MS results
showing only a dominating pyrolysis peak. Furthermore, thanks to the unique tricyclic
phenanthrene structures, bio-based resins exhibit better high-temperature stability

than petro-based resins, with an initial skeleton cracking temperature of 623 K and
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573 K, respectively. High-temperature stability of resins would mildly decrease after
hydromodification due to weak bonds cracking. Possible pyrolysis pathways were
proposed.
Keywords: bio-based resin, petro-based resin, high-temperature stability, pyrolysis
mechanism, kinetics
1. Introduction

Energy crisis and pollution are growing problems in the world due to the vast

12 Renewable biological energy is of

consumption of petrochemical resources.
increasing interest, which can replace traditional petro-based resources for the
synthesis of useful fine chemicals and polymeric materials and reduce environmental
pollution.!*

Thermoplastic resins are widely applied in adhesives, hot melts, printing inks,
coatings, varnishes, rubber tires, sealants and floor tiles due to their excellent
weatherability, light aging resistance, high-temperature stability, adhesiveness and
miscibility.>7 C9 petro-based resin (C9PR), which is typically synthesized by the
polymerization of C9 fraction (such as indene, methylstyrene, o-methylstyrene,
dicyclopentadiene and so on) derived from the ethylene cracking in the petroleum
industry, is one of the most important petro-based thermoplastic resins and possess
good high-temperature stability and high mechanical property due to the high
cycloaliphatic or aromatic content.>”® hydrogenated C9 petro-based resin (HC9PR)

with high oxidation stability and light color is obtained by hydrogenation of COPR

and it shows higher application value than COPR, which is due to the fact that the



COPR is rich in unsaturated bonds, especially ethylenic C=C bond, and easy to be
oxidized in the air, resulting in darker color, poor oxidation stability, poor
adhesiveness and poor compatibility.”!! Despite a good property, the application of
CI9PR and HC9PR in food and pharmaceutical additives is banned since the hazard
for human health, such as strong carcinogenic naphthalene and indene.'%!? In addition,
the continuous use of petro-based resins may result in great consumption of
petrochemical resources. Considering the energy and health problems caused by
petro-based thermoplastic resins, there is a requirement to develop an environmentally
friendly and renewable biological resources for the synthesis of bio-based
thermoplastic resins.

Rosin glyceride (RGE) and hydrogenated rosin glyceride (HRGE) have become
promising alternatives to petro-based resins due to their renewable, environmentally
friendly, non-toxic and readily biodegradable properties, which are widely used in
chewing gum base, plasters and drug film coating, ect.!*'> RGE and HRGE are
bio-based thermoplastic resins synthesized by the esterification of glycerol with rosin
or hydrogenated rosin.!*!¢ Rosin is an abundantly renewable resin that is obtained
naturally from the exudations of pines and conifers or from the tall oil as a byproduct
of paper pulp production, and made up of 90% tricyclic phenanthrene resin acids and
10% neutral compounds'*'®, Similar to C9PR, rosin has conjugated double bonds
which are easily oxidized to reduce product quality, thus hydrogenation modification
of rosin or RGE is carried out, and then the HRGE with light color and high oxidation

stability is synthesized.!®!*?* RGE and HRGE have similar rigidity to petro-based



resins due to their large tricyclic phenanthrene structure.'®!7 Typically, adhesiveness,
compatibility, color, oxidation stability and high-temperature stability are important
characteristics for industrial applications of bio-based and petro-based resins.>%-10-21-24
In terms of compatible and adhesive properties, the application of RGE or HRGE as a
substitute for petro-based resins has been reported, such as hot melt adhesives,?'** and
pressure-sensitive adhesives.”??° Besides, based on the color and antioxidant
properties, many researchers have focused on the hydrogenation of bio-based and
petro-based resins.’!'?7 Although some studies concerning the high-temperature
stability and pyrolysis kinetics of rosin or dicyclopentadiene resins have been carried
out,?** the study on the high-temperature stability comparison between bio-based and
petro-based resins is still absent. In addition, to the best of our knowledge, no
information on the pyrolysis kinetics and mechanism of RGE, HRGE, C9PR and
HCOYPR is available in the open literature.

High-temperature stability of thermoplastic resins is an essential characteristics
for their high-temperature applications.?®>3->4 bio-based and petro-based resins are
usually used in a wide range of temperatures, such as thermoplastic road-marking
paints?® and asphalt,® as a result, whether bio-based resins can replace petro-based
resins has an important relationship with their high-temperature stability. Therefore, it
is necessary to investigate the high-temperature stability, pyrolysis kinetics and
mechanism of bio-based and petro-based resins under non-oxidizing atmosphere.

Thermogravimentric analysis (TG) is the most common method to investigate

the high-temperature stability and pyrolysis kinetics of solids.>?%2°3° The model-free



and model-fitting methods are widely employed to estimate the kinetic parameters
using TG and differential thermograwimetric (DTG) curves with different heating
rates.>3934 The isoconversional model-free methods could evaluate the activation
energy (Eo) without determining the reaction mechanism.’* Generally, the integral
and differential isoconversional methods (such as Friedman and Starink) were used to
estimate the Fo, which allowed for meaningful mechanistic analyses and reliable
kinetic predictions.’*3* The model-fitting methods with single-step or multi-step
models are usually employed to investigate the pyrolysis kinetics and mechanism.3%-33
Furthermore, thermogravimetry coupled with fourier transform infrared spectrometer
or mass spectrometry (TG-FTIR/MS) techniques could be adopted to identify the
gasous products released from the pyrolysis process and better understand the
pyrolysis mechanism.?%20:29

Accordingly, this study aims to investigate the high-temperature stability,
pyrolysis kinetics and mechanism of RGE, HRGE, C9PR and HC9PR under
non-oxidizing atmosphere using TG-FTIR/MS techniques. The model-free and
model-fitting methods were employed to explore the pyrolysis kinetics and
mechanism of bio-based and petro-based resins based on the non-isothermal TG data,
in which the activation energy was calculated by Friedman and Starink methods and
the mechanism function was determined by the reaction-order and Sestak-Berggren
models. Moreover, the high-temperature stability of bio-based and petro-based resins

before and after hydrotreating was evaluated and compared according to the kinetic

and TG-FTIR/MS analyses. Finally, detail pyrolysis gaseous products information



were identified based on the TG-FTIR/MS analyses, and the possible pyrolysis
pathways of bio-based and petro-based resins were proposed.
2. Materials and methods
2.1 Materials
RGE and HRGE were purchased from Guangxi Wuzhou Pine Chemicals Co.,
Ltd. COPR was supplied by PetroChina Lanzhou Huifeng Petrochemical Co., Ltd.
No, and the corresponding HCOPR was prepared according to the previous work of
our research group.!! All materials were used to evaluate their pyrolysis behaviors
without further purification and pretreatment.
2.2 Experimental tests
To examine the pyrolysis behaviour of RGE, HRGE, C9PR and HC9PR, TG
experiments were carried out in a thermal analyser (TG 209 F3 Tarsus®, NETZSCH,
Germany) at the heating rates of 5, 10, 20 and 40 K-min™!' with a nitrogen flow rate of
40 mL-min’'. The sample with a mass of 6.5 + 0.4 mg was used in each test, and the
heating temperature was increased from ambient to 873 K. Furthermore, to identify
the pyrolysis gaseous products and better understand the pyrolysis mechanism, both
TG-FTIR (Thermo is50 METTLER TG2, USA) and TG-MS (thermo plus EV2/
thermo mass photo, USA) was conducted in a helium gas with a heating rate of 10
K-'min'. The molecular weight distributions of samples were measured by gel
permeation chromatography (GPC, SHIMADZU, RID-20a, Japan).
2.3 Kinetic modeling

The high-temperature stability of bio-based and petro-based resins is an



important characteristics to determine their industrial application and life.>** To
explore the high-temperature stability and pyrolysis kinetics and mechanism of
bio-based and petro-based resins, it is necessary to develop a pyrolysis kinetic model.

The kinetic equations can be expressed as:

da

E—kf(a) (1)

o ="M )
my—m;,

Where f(a) is the function of the reaction mechanism, a is the degree of
conversion, ¢ is reaction time and mo, m: and m is the initial, ¢ time and end masses of
samples, respectively. k& is the reaction rate constant, usually described by Arrhenius

equation as:
E
k=Aexp——=% 3
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Where A is the pre-exponential factor, min!; E, is the activation energy of the
pyrolysis reaction, kJ/mol and 7is the temperature, K.

For non-isothermal measurements with a linear heating rate, f=d7/d¢, combining
Egs.(1) and (3) yielded the Eq.(4) as following:

da A
g p( )f() “

The integration of Eq.(4) under the initial conditions (a =0, at 7=T)) is expressed

as:

_4
i -

gla)= [ 2

Regarding kinetic model determining, the isoconversional model-free and



model-fitting methods were used to evaluate the pyrolysis kinetic parameters based on
the non-isothermal TG data.>3%3* The most common differential and integral
isoconversional methods to evaluate the activation energy are Friedman and Starink

31,34

methods, respectively.’'~* Friedman method can be expressed based on the following

equation:

lan—j) ~ In[f (@) 4]~ If; ©)

In this method, the reaction mechanism function f{a) remains constant, and the
value of E, is determined from the slope of a plot In(fda/(d7)) vs 1/T.
In the Starink method,?! the resultant equation was written below:

B £,
ln(w) = const —1 .0008(RT

) (7

From Eq.(7), the value of E, is determined from the slope of a plot In (8/T"?) vs
UT.

In this work, the model-fitting methods with single-step model was assumed to
determine the pyrolysis kinetics and mechanism of bio-based and petro-based
resins. 33133 Usually, the reaction-order (nth order) model was considered to describe
the reaction mechanism of single-step model for solid-state reactions.>3%333¢ The nth
order model is expressed by the following equation:

fla)=(1-a) (®)
Hence, Eq.(4) can be rewritten as

da A E,
- = exp(_
T~ RT

)A-a)' ©)

Besides, a modified form of the truncated empirical model by Sestak-Berggren

(TSB)**-3! was also proposed to describe the reaction mechanism of single-step model,



and it can be described as
fl@)=c(l-a)'a” (10)
Combing Egs.(4) and (10) yields:

da A

—-ex
dT B

(11

Where n and m are empirical fitting parameters, representing the reaction order
and accelerating mechanisms, respectively. The TSB model is a combined model,
which depends on the combination of » and m can elucidate the possible reaction
mechanisms.

Fitting of the reaction-order and TSB models were carried out using a nonlinear
least squares method by minimizing the difference between experimental and

calculated values, and the objective function (OF) and fit quality (Fit) were defined

aS:2’30’37
OF = Z((E)exp dT)p,.ed) (12)
Fit(%)=(1—dﬂ)x100 13)
((E)exp)max

Where (d—o;')exp and (d_oTz)m[ are the experimental and the calculated conversion
d dT"
rates, respectively.
3 Results and discussion
3.1 Physicochemical properties
Table 1 shows the physicochemical properties of the RGE, HRGE, C9PR and
HC9PR. According to the GPC analysis, it can clearly be seen that RGE and HRGE

are mainly composed of triglycerides, while the molecular weight of RGE is higher



than the HRGE, which is mainly attributed to the fact that part of the RGE has been
oxidized in the air.'>2° This implies that the oxidation stability of HRGE is superior to
that of RGE, which is also evidenced by the lower acid value of HRGE. Similarly,
hydrogenation of C9PR can obviously reduce the bromine value and improve the
oxidation stability. Nevertheless, the softening point of hydrogenated resins is lower
than that of unhydrogenated resins because RGE and C9PR are more sensitive to high
temperatures thanks to their double bonds.? Interestingly, the softening points of
RGE and HRGE are higher than those of C9PR and HC9PR respectively, indicating
that bio-based resins with good high-temperature stability could be promising
alternatives to petro-based resins. Besides, the weight average molecular weight (M)
and molecular weight distribution (Mw/M,) between CO9PR and HC9PR did not change
significantly, indicating that C9PR was stable and did not degrade seriously under
mild hydrogenation conditions.'!>*
3.2 High-temperature stability and pyrolysis kinetics

The pyrolysis behavior and high-temperature stability of the bio-based and
petro-based resins were investigated and compared via TG and conversion rate (do/dT)
analyses under N, atmosphere, and the corresponding results were presented in Fig. 1,
table 2 and Fig. S1. A small mass loss is below 500 K, which is attributed to the
release of moisture and low volatile matters.?>® Remarkably, the RGE and HRGE
shows high initial pyrolysis temperature (75%) of 566 K and 517 K, respectively, while

the initial mass-loss step for C9PR and HC9PR respectively starts at 546 K and 477 K,

and the similar results are found in Ty, Ti0% and Toow, indicating that the



high-temperature stability of bio-based resins is better than that of petro-based resins,
which agrees with the results of softening point. The remarkably high thermal
stability of bio-based resins may be attributed the highly rigid tricyclic phenanthrene
structure.’**% This results suggest that bio-based resins have a great potential to
replace petro-based resins in environmentally friendly and high-temperature
applications.

As shown in table 2, at the same heating rate, the pyrolysis temperature of
HRGE with different mass loss is lower than that of RGE, and its maximum
conversion rate ((do/dT)max) 1S also higher than that of RGE, indicating that both the
side chain and skeleton structure of HRGE are more readily decomposed than those of
RGE due to the highly saturated tricyclic phenanthrene structure. On the other hand,
at the same heating rate, there is no significant difference in Tpex and (do/dT)max
between C9PR and HCOPR, while the pyrolysis temperatures of HCOPR are lower
than those of C9PR at a certain mass loss, revealing that the dominant pyrolysis
temperature of the skeleton structures between CO9PR and HC9PR is approximately
the same, but the weak chemical bonds in HC9PR are more easily cracked. This may
be due to the fact that the hydrogenation of COPR is mainly concentrated in the side
chains or heterocyclic rings. Taking into account that the HCOPR was prepared in
200" solvent oil,'' there was still a small amount of solvent residue despite the
vacuum distillation of the product, which would also cause the HC9PR to release
more low-volatile matters at low temperatures. Moreover, hydrogenated resins afford

lower char residues than unhydrogenated resins. In general, the high-temperature



stability of bio-based and petro-based resins would mildly decrease after
hydromodification due to the highly saturated carboncarbon bonds,?® which is
consistent with the results of the softening point.

Notably, the dominating pyrolysis stage for the bio-based and petro-based resins
takes place between 500 K and 800 K, with only one significant peak in the pyrolysis
curves (see Figs.l1 and S1), revealing that the pyrolysis of RGE, HRGE, C9PR and
HCI9PR may be a single-step reaction.*’ Moreover, the non-isothermal TG and
conversion rate peaks would move to the high temperature region with the increase of
heating rate due to the thermal hysteresis effect, but the pyrolysis patterns of
bio-based and petro-based resins have no changes.?*3

In order to further investigate the pyrolysis process of bio-based and petro-based
resins, isoconversional model-free and model-fitting methods were adopted to
determinate the pyrolysis kinetics model. Firstly, the activation energies (E,) of
various resins are calculated using Friedman and Starink methods based on the
linear-regression analysis, as shown in Figs. 2-3 and table 3. Obviously, lower average
E, was observed in C9PR and HC9PR compared with RGE and HRGE, further
revealing that the bio-based resins exhibit better high-temperature stability than the
petro-based resins. Meanwhile, the mean activation energies of RGE and C9PR are
higher than that of HRGE and HCO9PR, respectively, further revealing that
hydrogenated resins have lower high-temperature stability than unhydrogenated resins.

The relationships of activation energies (£,) and extent of conversions (o) were

illustrated in Figs.4. For C9PR and RGE, variations in E, are not significant, because



the difference between of maximum and minimum activation energies is less than
20% of the mean of E, value’'*? Whereas, for HC9PR and HRGE, a large
fluctuations of E, occurs at a = 0.1 due to the release of more moisture and
low-volatile matters, but there are no significant variations in E, at o = 0.2-0.9.
Therefore, the pyrolysis reactions of RGE, HRGE, C9PR and HC9PR in nitrogen
atmosphere could be regarded as a single-step reaction, and similar results have been
reported in previous work 3041-42

Furthermore, the reaction-order and TSB models were used to evaluate the
pyrolysis kinetic parameters of the bio-based and petro-based resins based on the
average E, determined by the differential and integral isoconversional methods, the
results were shown in tables 4 and S1. Clearly, the reaction-order model was found to
give the best description for the bio-based and petro-based resins pyrolysis
mechanism. The qualities of the fitting with the reaction-order model are acceptable
for the RGE and C9PR, while slightly worse fitting results are found in HRGE and
HCO9PR due to the weight losses of moisture and low volatile matters at below 500 K,
which are in agreement with the results of TG and model-free analyses. The fitting
curves of conversion rate for bio-based and petro-based resins with the reaction-order
model at heating rates of 20 K-min! were shown in Fig. 5.

Considering that moisture has an important effect on the initial weight loss of
different resins, a model eliminating the influence of moisture should be considered in
order to enhance the fitting results and better reveal the pyrolysis mechanism. The

verification experiments were carried out at a heating rate of 20 K-min!' after 2 h



treatment in nitrogen atmosphere at 373 K. The pyrolysis kinetic parameters of
bio-based and petro-based resins in the verification experiments were presented in
table 5, and the calculated conversion rates were compared with the experimental data
as shown in Fig. 6. Notably, the fitting results with the reaction-order model agree
well with the experimental data after 373 K pretreatment, revealing that the presence
of moisture in different resins would make the activation energy of a = 0.1 lower, thus
reducing the fitting quality. These results suggest that the reaction-order model is
reliable and powerful to fit the pyrolysis reaction of the bio-based and petro-based
resins, as well as the moisture in the resins would affect the fitting quality.
3.3 Identification of gaseous products and possible pyrolysis pathways

Based on the above discussion, it was found that the reaction-order model
allowed one to describe well the pyrolysis reaction mechanism of bio-based and
petro-based resins, however, detail pyrolysis gaseous products information and
possible pyrolysis pathways on different resins should be further analyzed using
TG-FTIR/MS techniques.

Coupled TG-FTIR experiments were carried out to identify the gas products of
bio-based and petro-based resins pyrolysis according to the characteristic absorbance
values.?*2%3843 The 3D FTIR spectra for the gases released during the bio-based and
petro-based resins pyrolysis were continuously recorded in the temperatures range of
room temperature to 923 K with a heating rate of 10 K-min"!. From Fig.7a-7d, no
significant absorbance peaks are found below 500 K, revealing that both bio-based

and petro-based resins show highly thermal stability. More impressively, the pyrolysis



of different resins is concentrated in a very narrow temperature range, and there is a
highest characteristic absorption peak at about 673 K, further revealing that the
pyrolysis of bio-based and petro-based resins is a single-step reaction. These results
agree well with the results of TG and kinetics analyses discussed earlier.

Fig. 7e evidently shows the 2D FTIR spectra of volatiles for the bio-based and
petro-based resins at 500 K, 673 K and 623 K or 573 K. As shown in Fig. 7e, the
characteristic absorbance peaks at the range of 4000-3400 cm' originate from the
release of moisture and alcohols.?®* The peaks at the range of 3100-3000 cm™' are
corresponded to the asymmetric stretching vibrations of C=C, and the peaks at
1600-1450 cm™ coupled with the signals from 830-650 c¢cm are attributed to the
aromatic rings.®** Besides, the evident peaks at 3000-2800 cm™' coupled with the
signals from 1460 cm™ and 1387 cm™! are attributed to the stretching vibrations of CH,
CH, and CH3. The absorbance peaks at 2360 cm™ and 2310 cm™! are assigned to CO»,
and the peak of CO is located at 2180 cm™ and 2110 ¢cm™!, while the distinct peaks at
1900-1650 cm™! are assigned the carbonyl derivatives (e.g. anhydrides, esters, acids,
ketones and aldehydes).?’* It should be noted that compared with RGE, HRGE does
not have two characteristic peaks at 1790 cm! and 1865 cm™! that are ascribed to
anhydrides,'?° indicating that the oxidation stability of HRGE is significantly higher
than that of RGE, which is consistent with the GPC analysis. Clearly, the intensity and
amount of the characteristic absorbance peaks increase significantly with the increase
of pyrolysis temperatures. The sharply weak absorbance peaks of O-H stretching

vibrations (4000-3400 cm™), saturated and unsaturated hydrocarbons (3000-2800



cm™), CO and CO; (2400-2100 ¢cm™!, for RGE and HRGE) and olefins (3100-3000
cm’!, for COPR and HC9PR) are observed in the FTIR spectrum at 500 K, revealing
that the molecular structures of bio-based and petro-based resins are outstandingly
maintained at 500 K. In addition, the characteristic peak intensities of hydrocarbons of
HRGE and HC9PR are more obvious than those of RGE and C9PR, respectively,
indicating that the branched chains of hydrogenated resins are decomposed more
easily than those of unhydrogenated resins, which is agreement with the results of TG
and kinetic analyses. Interestingly, the characteristic peaks of aromatic rings that
originate from the pyrolysis of aromatic petro-based resins are first detected at 573 K,
while those generated from the pyrolysis of tricyclic phenanthrene structures in
bio-based resins are detected at 623 K, indicating that the tricyclic phenanthrene
structures of bio-based resins are more difficult to completely crack than the aromatic
ring structures of petro-based resins.® This results evidently suggest that bio-based
resins show better high-temperature stability than petro-based resins, which are
consistent with the TG and kinetic results. From the FTIR spectrum at 673 K, the
remarkable characteristic peaks of major components are observed, revealing that the
molecule structures of bio-based and petro-based resins have been seriously destroyed
at 673 K. In short, the main gas products of bio-based resins pyrolysis consist of H20O,
CO, CO,, CHa, alcohols and carbonyl derivatives (e.g. esters, acids and aldehydes,
ect.), while the main products of petro-based resins pyrolysis are composed of H>O,
CHa, olefins and aromatic compounds.

Furthermore, coupled TG-MS experiments were performed to further identify the



main components of the gaseous products released from the pyrolysis process of
various resins.®?* MS spectra monitored at the peak temperatures of 500 K and 673 K
were shown in Fig. 8, and the identification of major components of gaseous products
were listed in table 6. As shown in Fig. 8, it can be clearly observed that the spectra of
different resins at 673 K show more MS signal peaks than those at 500 K, suggesting
that the more obvious pyrolysis of major components in the bio-based and petro-based
resins occurs at 673 K, which is agreement with the results of TG-FTIR data.
Compared with HRGE, RGE exhibits fewer the fragmentation peaks of tricyclic
phenanthrene skeletons pyrolysis at 673 K, indicating that the saturated tricyclic
phenanthrene structures are more likely to break than unsaturated ones, thus reducing
the high-temperature stability of HRGE, which is well supported by the lower
pyrolysis temperature and activation energy of HRGE (see tables 2-3). More
importantly, at 673 K, some distinct fragment peaks of aromatic compounds are
detected in the CO9PR and HCYPR, while the weaker fragment peaks of tricyclic
phenanthrene structures pyrolysis are detected in the RGE and HRGE, revealing that
the tricyclic phenanthrene structure of bio-based resins would require a higher
dissociation energy than the aromatic rings of petro-based resins. Therefore, the
bio-based resins with thermally stably tricyclic phenanthrene structure have enormous
potential for replacing the traditional petro-based resins.

From table 6, for RGE and HRGE, the major components of gaseous products at
500 K are H,O, CO, CO,, CHs, CH30H, ethane, propane and isopropanol, and there

are new fragmentation peaks of alkenes that come from the pyrolysis of tricyclic



phenanthrene skeletons at 673 K. The major formation of CO, CO; and alcohol is
attributed to the cracking of carbonyl bonds of carbonyl derivatives (e.g. esters, acids
and aldehydes, et al.), and CH4, C2Hg and C3Hs are formed because of the cleavage of
carboncarbon bonds in the branching chains. Moreover, for C9PR and HC9PR, the
major components of gaseous products at 500 K include H,O, CH4, CH3OH, ethene,
propane and ethane, and a series of new alkanes and alkenes (such as naphthalene,
indene, dicyclopentadiene, methylstyrene and a-methylstyrene, ect.) are formed at
673 K. It is well-known that COPR is obtained by the polymerization of C9 fraction
derived from ethylene cracking in the petro-based industry.”!° As a result, a series of
C9 alkenes are produced after the thermal depolymerization of CO9PR and HC9PR,
such as indene, methylstyrene, a-methylstyrene, dicyclopentadiene and naphthalene,
et al. The formation of straight-chain alkanes and olefins are mainly due to the
cracking of branching chains of C9 alkenes, and the cycloolefins with lower carbon
numbers are generated from the cracking and ring-opening reactions of the aromatic
and heterocyclic compounds. H>O mainly originates from the release of moisture, and
CH;30H comes from the cleavage of oxidized resin products.!%-11-19

Based on the TG-FTIR/MS analyses, the feasible pyrolysis mechanism of
bio-based and petro-based resins under non-oxidizing atmosphere was proposed.
Since the pyrolysis mechanism of hydrogenated and unhydrogenated resins is similar,
only the possible pyrolysis pathways of unhydrogenated resins are discussed in detail

in this paper, and the results were shown in Fig. 9. Noticeably, both RGE and C9PR

have only one dominating pyrolysis stage, between 500 and 800 K, accompanied by



the cracking of branching chains and the ring-opening reaction of cyclic compounds,
and the reaction-order model is found to be the most probable reaction mechanism for
various resins pyrolysis. Results from TG-FTIR/MS analysis show it is more difficult
to crack the bio-based resin into phenyl than the petroleum-based resin, clearly
revealing that the tricyclic phenanthrene structures in the bio-based resins is higher
thermally stably structure and require higher pyrolysis temperatures than the
cycloaliphatic and aromatic rings in the petro-based resins, and similar results have
been reported.'*!” Before starting pyrolysis, a small amount of compounds is released
due to the evaporation of moisture and the cracking of weak chemical bonds, which
may reduce the fitting quality of the kinetic model.*'** Among them, the cracking of
weak chemical bonds of RGE and HRGE consists of the decarboxylation reaction and
the cracking of methyl and isopropyl, with concomitant formation of CO, CO,
CH30H, ethane, propane, CH4 and isopropanol, which is well supported by the results
of TG-FTIR/MS analyses. Similarly, the branching chains of C9PR and HC9PR are
cracked first to form the straight-chain alkanes and olefins, such as ethane, propane,
ethene and propylene. Besides, the weak chemical bonds of hydrogenated resins are
more likely to crack than those of unhydrogenated resins, which results in a slight
decrease in the high-temperature stability of bio-based and petro-based resins after
hydromodification.?® Therefore, it can be reasonable to conclude that bio-based resins
have a great potential to replace petro-based resin in environmentally friendly and
high-temperature application.

4.Conclusions



The kinetics and mechanism of RGE, HRGE, C9PR and HCI9PR pyrolysis in
nitrogen atmosphere were evaluated from the non-isothermal TG data using
model-free and model-fitting methods. Activation energy was calculated by Friedman
and Starink methods, and the reaction-order model with an empirical function
fla)=(1-a)" was found to be the most probable reaction mechanism for bio-based and
petro-based resins pyrolysis. TG-FTIR/MS results also show that although a small
amount of moisture and low volatiles are released before pyrolysis, different resins
have only one dominating pyrolysis stage at 500-800 K due to the cracking of
branching chain and cyclic compounds. The high-temperature stability of RGE and
CI9PR will decrease after hydrogenation modification, which is mainly due to the fact
that their double bonds are more sensitive to high temperatures. Furthermore,
bio-based resins exhibit better high-temperature stability than petro-based resins,
which is attributed to the fact that the tricyclic phenanthrene structure of the former is
more difficult to completely crack than the cycloaliphatic and aromatic rings of the
latter. Moreover, detail pyrolysis gaseous products information were identified based
on the TG-FTIR/MS analyses, and the possible pyrolysis pathways of bio-based and
petro-based resins were proposed. This investigation shows the bio-based resins with
highly stable tricyclic phenanthrene structures are promising substitute for
petro-based resins in environmentally friendly and high-temperature application.
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Table 1 Physicochemical properties of the RGE, HRGE, C9PR and HC9PR.

, GPC analysis® softening point® _ _
Resin Acid /bromine value
M, M, M, M,/M, /K
RGE 965 1016 950 1.07 410.8 43.7 mg KOH/g®
HRGE 825 949 851 1.12 366.8 14.5 mg KOH/g®
C9PR 1239 1826 995 1.84 388.4 46.1 g/100 g¢
HC9PR 1248 1825 1028 1.77 365.7 2.0 g/100 g¢

2 Molecular weight distribution was determined by GPC analysis, in which M,, M,, and Mn are
peak-position, weight average and number average molecular weight, respectively.

bSoftening point determined based on the ASTM-E 28-67 standard.

¢ Acid values determined based on the ASTM D-465 standard.

dBromine value determined by the coulometric method with a bromine valence and bromine index

apparatus.



Table 2 The high-temperature stability of bio-based and petro-based resins under N>
atmosphere.

Resi Heating rate Tod K T /K (do/dT)max" Tod /K Tomd /K Wiosd%
esin %" cal %" %"
/K -min 5% peak 05K 10% 90% 1053% %0
5 566 671 0.016 607 708 1.15
RGE 10 583 683 0.017 622 706 0.31
20 600 700 0.015 636 726 0.00
40 623 711 0.017 652 732 0.48
5 517 668 0.021 578 681 0.00
10 532 681 0.019 590 695 0.03
HRGE
20 517 697 0.020 585 704 0.20
40 542 710 0.020 606 718 0.02
5 546 647 0.015 578 666 1.26
10 568 662 0.016 598 681 1.02
C9PR
20 582 675 0.016 611 695 0.70
40 605 688 0.016 630 709 0.73
5 477 652 0.016 541 673 0.00
10 496 667 0.016 561 688 0.00
HC9PR
20 505 679 0.015 577 702 0.00
40 546 694 0.016 605 718 0.00

2 Tsv, T10% and Toow: the temperature at which the mass loss is 5%, 10% and 90%, respectively.
b Tpeak- The maximum coversion rate temperature.

¢ (da/dT)max: Maximun conversion rate.

4 Wios3: residual mass at 1053 K.



Table 3 Activation energy (E,) by the model-free methods.

RGE HRGE C9PR HC9PR
o Friedman Starink Friedman Starink Friedman Starink Friedman Starink
Ea R? Ea R? Ea R? Ea R? Ea R? Ea R? Ea R? Ea R?
0.10 183.79 1.000 162.14 1.000 14192 0.992 123.15 0982 15474 0.997 13460 0999 11492 0.976 105.68 0.972
0.20 19222 0997 17559 0998 178.15 0.994 161.64 0994 167.59 0.993 151.30 0.992 159.59 0.998 145.56 0.991
0.30 193.75 0988 181.78 0.976 190.81 0.978 172.06 0.977 177.11 0.997 166.54 0.995 169.57 0.993 148.93 0.995
0.40 210.75 0989 192.06 0.986 193.79 0.996 172.46 0977 17529 0.969 165.04 0975 171.88 0.993 149.51 0.995
0.50 213.28 0993 189.37 0.998 188.06 0.986 176.74 0983 170.43 0.992 163.36 0991 177.59 0.996 163.17 0.992
0.60 21588 0.981 20093 0.988 18541 0.978 17832 0981 16580 0.993 165.01 0.993 159.36 0.993 163.16 0.991
0.70 211.29 0975 20095 0.987 191.67 0.989 186.34 0995 16640 0.983 164.79 0.992 17590 0.999 166.85 1.000
0.80 202.40 0981 200.38 0.992 198.86 0.994 186.43 0998 171.56 0.994 16331 0991 174.23 0.998 163.35 0.992
0.90 207.13 0914 19748 0.951 20437 0.999 181.46 1.000 166.08 0.995 163.26 0.991 175.97 0.993 158.69 0.995
Average 203.39 188.97 185.89 170.95 168.33 159.69 164.33 151.66




Table 4 Optimized reaction-order model parameters for different resins based on differential and integral isoconversional methods at various
heating rates and N> atmosphere.

Resin Heating rate, Differential Integral-Starink
/min! A n OF Fit % A n OF Fit %
5 3.09x10" 1.92 5.67x10* 92.36 1.9x10" 1.74 5.85x10* 92.24
10 2.61x10" 1.51 4.28x10* 93.75 1.76x10" 1.39 3.88x10* 94.05
RGE 20 2.44x10" 1.58 4.73x104 92.79 1.74x10™ 1.46 4.69x10* 92.82
40 2.33x10" 1.41 2.47x104 95.25 1.76x10' 1.29 2.69x10* 95.04
5 1.19x10" 1.06 1.08x1073 91.76 6.64x10"2 0.92 9.71x10* 92.20
HRGE 10 1.23x10" 1.05 8.56x10* 92.14 7.22x10"2 0.90 6.90x10* 92.94
20 9.84x10" 0.89 8.54x10* 92.37 6.23x10"2 0.76 1.71x1073 90.95
40 9.35x1013 0.77 8.14x10* 94.11 6.30x10'2 0.65 1.65x103 91.61
5 1.51x10"3 1.29 3.54x10* 93.96 2.68x10" 1.21 3.28x10* 94.18
COPR 10 1.28x10"3 1.22 2.29x10* 94.99 2.39x10" 1.14 3.88x10* 93.47
20 1.33x10"3 1.21 1.99x10* 95.33 2.56x10" 1.13 2.25%x10* 95.03
40 1.37x10"3 1.17 2.35x10* 94.92 2.74x10"2 1.10 2.63x10* 94.63
5 6.10x10" 1.51 1.62x1073 86.67 4.73x10" 1.35 1.14x10* 88.82
HC9PR 10 5.35%x10" 1.40 1.33x1073 87.91 4.41x10" 1.25 9.07x10* 90.02
20 5.31x10" 1.34 9.17x10* 89.96 4.62x10" 1.19 6.20x10* 91.30

40 5.00x1012 1.36 6.13x10* 91.70 4.67x10"! 1.22 4.73x10* 92.70




Table 5 Optimized reaction-order model parameters of different resins based on
differentialand integral isoconversional methods at a heating rate of 20 K-min™! after 2
h treatment in nitrogen atmosphere at 373K.

Differential Integral
A n OF Fit % A n OF Fit %
RGE 2.41x10" 091 4.63x10* 9554 1.70x10'* 0.80 4.50x10* 95.60
HRGE 9.21x1013 0.82  4.29x10* 9571 591x102 0.70 5.69x10* 95.06
C9PR 1.46x10" 1.30  1.89x10* 9544 280x10'2 122 1.76x10* 96.37
HC9PR  4.28x10'? 1.23  4.77<10% 94.01 3.83x10'2 1.09 3.33x10* 95.00

Resin




Table 6 Identification of main components in the gaseous products released from the
RGE, HRGE, and C9PR and HC9PR pyrolysis.

. . Molecular
Resin MS signals . Compound
formula/ weight
18,17 H»0/18 Water
16,15,14,13,12 CH4/16 Methane
30, 27, 26 C,Hs Ethane
44,28,16,12 CO, CO,
RGE
28,16,12 CcoO CcoO
Hing 32,31,30,29 CH,0/32 Methanol
44.43,42.41,40,39,30,29,28,27,26 C3Hg/43 Propane /isopropane
56,55,32,31,30,29,27,26,25 CsH40 Propyl alcohol
133,131,121,119,105,91,81,79,77, CioH13/133 Bicyclic [4,4,0]-2,4- decadiene,
67,55,53,52,51,28,25,14,12 CioH1/131 Bicyclic [4,4,0] -2-decene
18,17 H»0/18 Water
16,15,14,13,12 CH4/16 Methane
32,31,30,29 CH,0/32 Methanol
28,27,26 CyH,4 Ethene
42,41,39,28,27,26 C;3He/42 Propylene
30, 29, 15,14 C,Hs Ethane
44,43 .42.41,29,28,27,26 CsHg/44 Propane
58, 57,43,42,29,28,27,26 CsH10/58 Butane
91,89,77,65,63,51,39,28,27,12 C7H7/91 Benzyl group, tropyllium ion
132,66,65 CioH12/132 Dicyclopentadiene
1-Methylindene,
C9PR 130,129,115 CioH10/130 .
2-Methyl-1H-indene
and e 127 C1oHy/128 Naphthalene
HC9PR )
Trimethylbenzene,
120,119,92,91,77,75,63,43,15 CoH12/120 n-propylbenzene,
isopropylbenzene
Methylstyrene,
CoH10/118 a-methylstyrene, allylbenzene,
118,117,105,91,92,89,77,65,63,41
1-ethyl-2-methylbenzene,
3-ethyltoluene, 4-ethyltoluene
116,115,114 CoHs/116 Indene
106,105,91,77,76,65,15 CsHi0/106 O-xylene, ethylbenzene
104,103,77,27 CsHo/105 Styrene
134,105,92,91,77,57,65 CioH14/134 n-Butylbenzene
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1 TG curves of RGE (a), HRGE (b), C9PR (c) and HC9PR (d) at 5, 10, 20 and 40
K-min! in N, atmosphere.

2 Isoconversional plots of Friedman method for RGE (a), HRGE (b), C9PR (c)
and HC9PR (d) pyrolysis.

3 Isoconversional plots of Starink method for RGE (a), HRGE (b), C9PR (c) and
HC9PR (d) pyrolysis.

4 Relationship between activation energy and extent of conversion.

5 Fitting curves of conversion rate of different resins with the reaction-order
model at heating rates of 20 K-min''. (a) RGE, (b) HRGE, (c) C9PR and (d)
HCOPR.

6 Fitting curves of conversion rate of different resins with the reaction-order
model at heating rates of 20 K-min™' after 2 h treatment in nitrogen atmosphere at
373K. (a) RGE, (b) HRGE, (c) C9PR and (d) HC9PR.

7 TG-FTIR analyses of bio-based and petro-based resins pyrolysis with a heating
rate of 10 K-min!. 3D FTIR diagrams of RGE (a), HRGE (b),C9PR (c) and
HCO9PR (d), and FTIR spectra of volatiles at different temperatures (e).

8 MS spectra of the gaseous products for bio-based and petro-based resins
pyrolysis at 500 K and 673 K with the heating rate of 10 K-min™'.

9 The possible pyrolysis pathways of RGE and C9PR under non-oxidizing

atmosphere.
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Fig. 7
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Fig. 8
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Fig. 9
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