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and oxidation characteristics of a-
pinene, b-pinene and a-pinene/b-pinene mixture

Pin Liu,b Xiongmin Liu, *a Tei Saburi,c Shiro Kubota,c Pinxian Huanga and Yuji Wadac

Turpentine is a renewable resource, has good combustion performance, and is considered to be a fuel or

promising additive to diesel fuel. This is very important for the investigation of thermal stability and energy

oxidation characteristics, because evaluation of energy or fuel quality assurance and use safety are

necessary. The main components of turpentine are a-pinene and b-pinene, which have unsaturated

double bonds and high chemical activity. By investigating their thermal stability and oxidation reaction

characteristics, we know the chemical thermal properties and thermal explosion hazard of turpentine. In

this present study, the thermal stability and oxidation characteristics of a-pinene, b-pinene and a-

pinene/b-pinene mixture were investigated using a high sensitivity accelerating rate calorimeter (ARC)

and C80 calorimeter. The important parameters of oxidation reaction and thermal stability were

obtained from the temperature, pressure and exothermic behavior in chemical reaction. The results

show that a-pinene and b-pinene are thermally stable without chemical reaction under a nitrogen

atmosphere even when the temperature reaches 473 K. The initial exothermic temperature of the two

pinenes and their mixture is 333–338 K, and the heat release (�DH) of their oxidation is 2745–2973 J

g�1. The oxidation activation energy (Ea) of a-pinene, b-pinene and a-pinene/b-pinene mixture is

116.25 kJ mol�1, 121.85 kJ mol�1, and 115.95 kJ mol�1, respectively. There are three steps in the

oxidation of pinenes: the first is the induction period of the oxidation reaction; the second is the main

oxidation stage, and the pressure is reduced; the third is thermal decomposition to produce gas.
1. Introduction

Turpentine is a renewable plant resource, with a productivity of
around 330 000 tons per year in world, and 220 000 tons per
year in China at 2016 (China report network, http://
data.chinabaogao.com/jiancai/2018/03S23M92018.html). The
main components of turpentine are a-pinene and b-pinene,
which are widely used in chemical raw materials, pharmaceu-
tical synthesis, perfume, cosmetics and other elds.1 In recent
years, as renewable energy and fuel resources, it has been widely
investigated. Saravanan et al. conducted an investigation on
performance and exhaust emission of a turpentine oil powered
direct injection diesel engine.2 Vallinayagam et al. reported the
performance and emission characteristics of pine oil in a diesel
engine.3 Mokrani et al. reported the thermal degradation of a-
pinene and b-pinene investigated using TGA and GC-MS.4

Kinetic parameters are extracted using three different methods
(Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO)
ineering, Guangxi University, Nanning

n; Fax: +86 771 3237018; Tel: +86 138

ngxi University for Nationalities, Nanning

ience and Technology, Tsukuba 3058569,

the Royal Society of Chemistry
and Friedman), and activation energies for these a-pinene and b-
pinene are given. The main thermal degradation products of a- and
b-pinene were analyzed under an air atmosphere. There have been
many reports on the effect of turpentine as an additive on fuel,5,6 and
the effect of emissions on the environment.7,8 Their research results
show that the combustion performance of turpentine is good, and
the emissions of HC, CO, PM and NOx are slightly reduced. Reports
of turpentine as a high-density fuel are very interesting. For example,
the research work of Heather et al. has potential applications as
signicant components of jet, diesel, and tactical fuels.9 Yuan et al.10

andNie et al.11 synthesized high energy density fuel from turpentine.
The structure of a-pinene and b-pinene in turpentine has

double bond, their chemical properties are active, and easy is to
occur oxidation reaction. The conversion of a-pinene and b-
pinene into perfume by oxidation reaction is one of the
important application ways of turpentine.12,13 The oxidation of
pinene is of great value in organic synthesis, many scientists
have carried out a lot of innovative research. For example,
Neuenschwander et al. investigated the properties and mecha-
nism of autoxidation of a-pinene and b-pinene by experimental
method and theoretical calculation.14,15 There have been many
reports about the oxidation reaction initiated by free radi-
cals,16–20 photooxidation reaction,19,20 ozonation reaction21,22 and
oxidation kinetics23,24 of turpentine, a-pinene and b-pinene. It is
very important to ensure the quality stability of turpentine when
RSC Adv., 2021, 11, 20529–20540 | 20529
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Fig. 1 The structural of a-pinene and b-pinene. (a) a-Pinene. (b) b-
pinene.
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it is stored for a long time. In addition, it has no risk of explo-
sion accidents in production and use.

In this paper, the pressure, temperature and exothermic behavior
of a-pinene, b-pinene and a-pinene/b-pinene mixture have been
measured by accelerating rate calorimeter (ARC) andC80 calorimeter
of high sensitivity thermal analysis instrument. Their thermal
stability and oxidation characteristics were investigated. And the
hazardous and safety evaluationmethods of their oxidation reactions
have been explored. Our aim is to acquire knowledge of their reac-
tivity, stability and risk of pinenes and turpentine. This provides
a theoretical basis for the safe use of turpentine in energy and fuel.

2. Experimental
2.1. Materials

a-Pinene (purity 97.0 wt%) was obtained from the Wako Pure
Chemical Corporation. b-Pinene (purity 95.0 wt%) was obtained
from the Wako Pure Chemical Ltd. The O2 and N2 gases were
obtained from Tomoe Shokai Co., Ltd.

Accelerating rate calorimeter (ARC) andC80 calorimeter are two
important instruments for evaluating hazardous materials, ARC is
used to simulate the exothermic behavior and pressure behavior of
hazardous materials under adiabatic condition, C80 is used to
determine the reaction thermal behavior and pressure behavior of
hazardous materials during the heating process. Two kinds of
thermal analysis instruments were used to evaluate the thermal
stability and oxidation hazardous of pinenes.

2.2. Determination of pinene oxidation process by ARC

Accelerating Rate Calorimeter (ARC) (Arthur D. Little, Inc. USA,
ARC 2000) has been widely used in the safety evaluation of the
hazardous chemicals.25 In recent years, it has also been used to
Fig. 2 Pressure and temperature behavior of a-pinene under nitrogen at
(c) Plot of pressure vs. temperature.

20530 | RSC Adv., 2021, 11, 20529–20540
evaluate the safety of oxidation reaction in our work.26,27 Ren et al.
reported model-based thermal runaway prediction of lithium-ion
batteries from kinetics analysis of cell components.28

In this research, the experimental conditions of ARC are as
follows: sample mass of a-pinene (or b-pinene, a-pinene/b-pinene
mixture) in the test bomb is 0.5–1.0 g. According to the article 2
“high pressure gas” of “high pressure gas safety law” on the initial
pressure is less than 1.0MPa. Therefore the atmospheres are oxygen
or nitrogen, and the initial pressure at which the experiments are
0.9 MPa. In order to observe whether pinene has rapid explosion
reaction in gas phase, ARC measurement conditions are: mode:
‘heat–wait–search’mode (HWSmode); start temperature: 25 �C; end
temperature: 300 �C; temperature step: 5 �C; slope sensitivity: 0.02
K min�1; wait time: 30 min; search time: 10 min.
2.3. Determination of pinene oxidation process by C80
calorimeter

The C80 calorimeter (SETARAM Scientic & Industrial Equipment
Company in France) is a heat ux calorimeter that has merits of
high sensitivity. It has been widely used in the safety evaluation of
dangerous chemicals,29 energy30,31 and chemical reactions.32 In this
research, the experimental conditions of C80 are as follows:

Sample mass of a-pinene (or b-pinene, a-pinene/b-pinene
mixture) is 0.1 g, the heating rate test was set to limit the
temperature increase to 0.2 �C per minute, and the temperature
variation scale was set from room temperature to 300 �C. The
sample cell is high pressure type, and the pressure of the
reaction process is measured.
3. Results and discussion
3.1. Thermal stability of a-pinene and b-pinene under
nitrogen atmosphere

a-Pinene and b-pinene are compounds with double bonds, their
structures are shown in Fig. 1. According to the structure of a-
pinene and b-pinene, their chemical properties are active. As
energy and fuel, it is necessary to investigate their thermal stability.

First, we investigate oneself stability of a-pinene and b-
pinene. ARC experiment was carried out in nitrogen atmo-
sphere. The temperature vs. time (T–t), pressure vs. time (P–t),
and pressure vs. temperature (P–T) plots of a-pinene and b-
pinene are shown in Fig. 2 and 3, respectively.
mosphere. (a) Plot of temperature vs. time. (b) Plot of pressure vs. time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Pressure and temperature behavior of b-pinene under nitrogen atmosphere. (a) Plot of temperature vs. time. (b) Plot of pressure vs. time.
(c) Plot of pressure vs. temperature.
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ARC is a highly sensitive experimental device for the determi-
nation of exothermic reaction, when chemical exothermic occurs,
there will be a mutation point in the thermal effect curve T–t.
Fig. 2(a) and 3(a) shows that the relationship between temperature
and time is linear, exothermic heat of a-pinene and b-pinene has
not been detected by ARC, that is to say, there is no chemical
reaction of a-pinene and b-pinene under nitrogen atmosphere.

The P–T curve of ARC is important for investigating the explo-
sion risk of chemical reaction. When hazardous chemicals
undergo rapid thermal decomposition reaction, a large number of
gases will be produced and the pressure will increase rapidly.
Fig. 2(b) and 3(b) shows that none of a-pinene and b-pinene were
detected to reduce of pressure or thermally decompose (increase of
pressure) the gas produced. That is to say, exothermic reaction of
a-pinene and b-pinene was not detected even at temperatures
above 230 �C, they are very stable under nitrogen atmosphere. Both
Fig. 2 and 3 show that the a-pinene and b-pinene are stable
without chemical reaction under nitrogen atmosphere.

Mokrani's results showed that two pinenes were pyrolyzed in
nitrogen atmosphere, and their activation energies were calculated.
But no exothermic reaction between a-pinene and b-pinene was
observed in ARC. The reasons may be as follows: (1) the amount of
pinene reaction is small; (2) the isomerization of pinene is the main
reaction, and the exothermic amount of pinene isomerization is less.

In Fig. 2(c) and 3(c) (or 2(b) and 3(b)), the relationship between
pressure and time (or pressure and temperature) is not very linear,
they are slightly curved, because a-pinene and b-pinene have small
Fig. 4 The relationship between vapor pressure and temperature of a-p

© 2021 The Author(s). Published by the Royal Society of Chemistry
volatility when there is pressure. The boiling points of a-pinene
and b-pinene are 428 K (155 �C) and 438 K (165 �C) at normal
pressure, respectively. In the temperature range from room
temperature to boiling point, the relationship between vapor
pressure and temperature of a-pinene and b-pinene at normal
pressure were shown in Fig. 4, and an equation type is straight line:
ln(P)¼ A� B/T, A and B are constants.33 Compared with the P vs. T
of N2, the pressure change of a-pinene and b-pinene are small.
Therefore, a-pinene and b-pinene did not undergo signicant
exothermic decomposition reaction under nitrogen atmosphere.
3.2. Oxidation process behavior of a-pinene and b-pinene
under an oxygen atmosphere

The thermally stable of a-pinene and b-pinene is very important
for energy and fuel in the production process, storage, trans-
portation and use. Therefore, we use ARC to observe a-pinene
and b-pinene temperature and pressure behavior of oxidation
process. We carried out two experiments of a-pinene (or b-
pinene) of different mass, and compared their differences.
When the mass of a-pinene is 0.5 g and 1.0 g, the T–t, P–t and P–
T plots are shown in Fig. 5 and 6, respectively. Similarly, when
the mass of b-pinene is 0.5 g and 1.0 g, the T–t, P–t and P–T plots
are shown in Fig. 7 and 8, respectively.

Fig. 5–8 shows that although samples are different and their
masses are different, they all have the following common
characteristics:
inene and b-pinene at normal pressure. (a) a-Pinene. (b) b-pinene.

RSC Adv., 2021, 11, 20529–20540 | 20531
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Fig. 5 Oxidation procession behavior of a-pinene under an oxygen atmosphere (0.5 g). (a) Plot of temperature vs. time. (b) Plot of pressure vs.
time. (c) Plot of pressure vs. temperature.

Fig. 6 Oxidation procession behavior of a-pinene under an oxygen atmosphere (1.0 g). (a) Plot of temperature vs. time. (b) Plot of pressure vs.
time. (c) Plot of pressure vs. temperature.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 9
:0

5:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(1) The relationship between temperature and time is not
linear, has a very signicant exothermic reaction by Fig. 5–8, (a)
T–t plots. In other words, a-pinene (or b-pinene) is oxidized
under oxygen atmosphere, because it has no exothermic reac-
tion at room temperature to 230 �C under nitrogen atmosphere.
According to Fig. 5–8, (a) we have obtained the initial
exothermic temperature (T0) and the end exothermic tempera-
ture (Tend) of the oxidation, and the results are shown in Table 1.

(2) It is interesting to investigate oxidation reaction by P–t or
P–T plot. Compared with the arc experimental results of ether
energy,34,35 although the exothermic T–t curves are similar, the
pressure behavior curves (P–t) are quite different. The P–t curve
of ethers results show that no signicant thermal
Fig. 7 Oxidation procession behavior of b-pinene under an oxygen atm
time. (c) Plot of pressure vs. temperature.

20532 | RSC Adv., 2021, 11, 20529–20540
decomposition reaction occurs under nitrogen, while under an
oxygen atmosphere, the pressure increases rapidly due to
thermal decomposition. That is, the heat decomposition reac-
tion produces a large amount of gas.

The oxidation of a-pinene and b-pinene were studied at 363
K and 0.1 MPa of pure O2 by Hermans.36,37 The results show that
the evolution of the a-pinene conversion as a function of time. It
can be observed how aer an induction period the conversion
starts to increase, and the products of oxidation reaction are
mainly oxygenated compounds, decomposition into gaseous
small molecule products is not the main reaction. Therefore,
the decrease of pressure is due to the consumption of oxygen by
the reaction of pinenes with oxygen in ARC experiment. The P–t
osphere (0.5 g). (a) Plot of temperature vs. time. (b) Plot of pressure vs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Oxidation procession behavior of b-pinene under an oxygen atmosphere (1.0 g). (a) Plot of temperature vs. time. (b) Plot of pressure vs.
time. (c) Plot of pressure vs. temperature.
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and P–T plots of Fig. 5–8, (b) show that the oxidation of a-pinene
(or b-pinene) consumes oxygen and reduces the pressure from A
to B. We think that the pinene oxidation is carried out according
to r1. From B to C, there is a small increase in pressure, is
a small thermal decomposition reaction. But, there is no
signicant thermal decomposition in the whole oxidation
process. The temperature at start of pressure reduction is called
the temperature at which oxygen reduction ((Tabs)0). The
temperature ((Tab)end) is the temperature at the end of oxygen
absorption of pinene. According to Fig. 5–8, (b) and (c), we
obtain (Tabs)0 and (Tab)end are shown in Table 1.

(3) The oxidation reaction of pinene may occur in the liquid
phase, because the temperature of oxidation reaction is low,
and the boiling points of a-pinene and b-pinene are high.

(4) Table 1 shows that the temperature (Tabs)0 of oxygen
reduction is lower than the exothermic temperature T0 in oxidation
process, that is (Tabs)0 < T0. The possible reason is that oxygen rst
dissolves into the liquid phase of pinene and then oxidizes. There
are three steps in the oxidation of pinenes: the rst step is the
induction period of the oxidation reaction, pressure is reduced, but
there is no exothermic; second step is the main oxidation stage,
pressure reduction is signicant and exothermic is large; third step
is thermal decomposition to produce gas.
3.3. Reaction procession behavior of a-pinene/b-pinene
mixture under an oxygen atmosphere

Turpentine ismainly composed of a-pinene and b-pinene, when as
energy, it is necessary to investigate the thermal stability of
Table 1 Temperature of oxygen absorption, initial exothermic temperat

No. Sample Mass (g) Gas atmosphere

1 a-Pinene 0.5153 N2

2 a-Pinene 0.5055 O2

3 a-Pinene 1.0111 O2

4 b-Pinene 0.4934 N2

5 b-Pinene 0.5059 O2

6 b-Pinene 0.9876 O2

7 a-Pinene/b-pinene 0.5014* O2

8 a-Pinene/b-pinene 1.0293** O2

a Mass of a-pinene/b-pinene mixture: *0.5014 g ¼ 0.2536 g a-pinene + 0.2

© 2021 The Author(s). Published by the Royal Society of Chemistry
turpentine. In order to reduce the inuence of turpentine impurity,
we investigated the thermal stability of a-pinene/b-pinenemixture.
When themass of a-pinene/b-pinene is 0.5 g and 1.0 g, the T–t, P–t
and P–T plots are shown in Fig. 9 and 10, respectively.

According to Fig. 9 and 10, we have obtained the T0, Tend, (Tab)0
and (Tab)end are shown in Table 1. The results of Fig. 9 and 10 show
that they are the sameon the shape of T–t, P–t, P–T plots ofa-pinene/
b-pinenemixture and the shape of a-pinene (or b-pinene) plots. The
data of T0, Tend, (Tab)0 and (Tab)end are not signicantly different. It
shows that the mixing of a-pinene and b-pinene does not bring
about the difference of thermal stability, is also unstable and very
prone to oxidation reactions under an oxygen atmosphere.

The initial exothermic temperature T0 is an important param-
eter to evaluate the safety of hazardous chemicals. When T0 is
small, the thermal stability of the material is poor. Similarly, for
the oxidation reaction, the initial reaction temperature T0 is low,
the stability of the substance is poor, and the chemical activity is
high. The oxidation temperature of a-pinene, b-pinene and a-
pinene/b-pinene mixture are about 63 �C, which indicates that
their oxidation activity is high and their thermal stability is poor
under an oxygen atmosphere. Therefore, it is necessary to pay
attention to avoid contact temperature (or pinene) with oxygen or
air when products are produced, stored and transported.
3.4. The exothermic hazard of oxidation by ARC

Besides the initial exothermic temperature, the exothermic
speed, exothermic rise temperature and exothermic time are also
very important to evaluate the parameters of hazardous chemicals.
urea

(Tabs)0 (K) (Tabs)end (K) T0 (K) Tend (K)

No No No No
341.45 399.15 342.62 454.33
336.29 405.51 337.60 436.99
No No No No
346.63 405.09 347.61 460.07
336.78 423.84 337.57 450.37
337.03 398.35 337.77 451.09
337.12 420.85 337.64 443.48

478 g b-pinene; **1.0293 g ¼ 0.2536 g a-pinene + 0.2478 g b-pinene.

RSC Adv., 2021, 11, 20529–20540 | 20533
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Fig. 10 Oxidation procession behavior of a-pinene/b-pinene under an oxygen atmosphere (1.0 g). (a) Plot of temperature vs. time. (b) Plot of
pressure vs. time. (c) Plot of pressure vs. temperature.

Fig. 9 Oxidation procession behavior of a-pinene/b-pinene under an oxygen atmosphere (0.5 g). (a) Plot of temperature vs. time. (b) Plot of
pressure vs. time. (c) Plot of pressure vs. temperature.
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Similarly, in order to understand the hazard of pinene oxidation, it
is necessary to investigate the self-heat rate of the oxidation
process. The self-heat rate (SHR) vs. temperature plots of a-pinene,
b-pinene and a-pinene/b-pinene mixture are shown in Fig. 11. In
Fig. 11, (a) the samplemass is 0.5 grams, (b) the samplemass is 1.0
grams, and blue dot is a-pinene, red dot is b-pinene, green dot is a-
pinene/b-pinene mixture.

Fig. 11 shows that there is no signicant difference in the
curve shape of a-pinene, b-pinene and a-pinene/b-pinene
mixture. The parameters of maximum of SHR and temperature
Fig. 11 Plot of self-heat rate vs. temperature. Blue dot: a-pinene, red do
0.5 g. (b) Sample mass: 1.0 g.

20534 | RSC Adv., 2021, 11, 20529–20540
rise value of reaction (DT) are important when ARC is used to
evaluate the risk of hazardous chemicals. SHR is related to
reaction rate and DT is related to explosion property.

In the experiment, DTobs is obtained, the relationship
between DT and DTobs is shown in eqn (1):

4 ¼ DT/DTobs ¼ 1 + (Mb � Cb)/(Ms � Cs) (1)

where4 is thermal inertia (oen referred to as the phi-factor);Mb is
bomb mass, Mb ¼ 8.0 g; Cb is specic heat of bomb, Cb ¼ 0.130 J
t: b-pinene; green dot: a-pinene/b-pinene mixture. (a) Sample mass:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Date of Max. of SHR, DT, DTobs, and Ea
a

No. Sample Mass (g) Cs (J g
�1 K�1)

Max. of SHR
(K min�1)

Time of SHR
Max. (min) DTobs/(K) 4 DT/(K) Ea/(kJ mol�1)

1 a-Pinene 0.5055 1.94 9.07 162.0 111.72 2.06 242.7 111.8
2 a-Pinene 1.0111 1.94 5.73 147.3 99.39 1.53 152.1 120.7
3 b-Pinene 0.5059 1.93 11.52 147.9 112.46 2.07 232.2 123.2
4 b-Pinene 0.9876 1.93 12.58 157.6 112.78 1.55 174.3 120.5
5 a-Pinene/b-pinene 0.5014* 1.94 6.35 142.6 115.32 2.07 238.6 113.6
6 a-Pinene/b-pinene 1.0293** 1.94 6.93 149.6 105.84 1.52 161.0 118.3

a Mass of a-pinene/b-pinene mixture: *0.5014 g ¼ 0.2536 g a-pinene + 0.2478 g b-pinene; **1.0293 g ¼ 0.2536 g a-pinene + 0.2478 g b-pinene.
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g�1 K (material is titanium);Ms is sample mass; Cs is specic heat
of sample.38 ARC is an experimental device simulating adiabatic
condition, under adiabatic condition, the calculation equation of
reaction activation energy (Ea) is as follows (eqn (2)):39–41

Ea ¼ R(T2 � T1/(T2 � T1)) � ln((t1 � T2
2)/(t2 � T1

2)) (2)

where T is the temperature, t is the time, and R is the gas
constant. At the end of the experiment, Ea was obtained from
the soware. Max. of SHR, DT, DTobs and Ea are shown in Table
2, respectively.

The thermal degradation of pinenes were determined by TGA
under air, when calculated by KAS, FWO and Friedman methods,
Ea of a-pinene are 60.84 kJ mol�1, 70.83 kJ mol�1 and
64.30 kJ mol�1, Ea of b-pinene are 52.00 kJ mol�1, 57.98 kJ mol�1

and 64.30 kJ mol�1, respectively.4 ARC experiment results show
that the average Ea of a-pinene and b-pinene are similar, and there
is no signicant difference. The Ea value determined by ARC is
larger than that determined by TGA. In the determination of TGA,
there is less oxygen, and isomerization is the main reaction. In the
determination of ARC, oxygen is plentiful, and oxidation is the
main reaction. In addition, the activation energy of pinenes in
nitrogen atmosphere was not obtained. Therefore, we think that
the reaction mechanism of pinenes is different under the condi-
tions of TG and ARC, and the activation energy is also different.

Table 2 shows that their values of exothermic rise tempera-
ture are DTobs ¼ 99–113 K. The maximum of SHR of b-pinene is
higher than that maximum of SHR of a-pinene, it was indicate
Fig. 12 Pressure behavior and heat flow of a-pinene under nitrogen atm

© 2021 The Author(s). Published by the Royal Society of Chemistry
that the chemical reactivity of b-pinene is high, and oxidation
reaction is more violent. From Tables 1 and 2, when the sample
mass is 0.5 g and 1.0 g, the effect on T0, maximum of SHR and
DTobs is not very signicant. However, their T0 is a small, and
maximum of SHR and DTobs are relatively large, therefore, a-
pinene, b-pinene and their mixtures are thermally unstable and
hazard. The oxidation activation energy of a-pinene is (111.8 +
120.7)/2 ¼ 116.25 kJ mol�1, oxidation activation energy of b-
pinene is (123.2 + 120.5)/2 ¼ 121.85 kJ mol�1, and oxidation
activation energy of a-pinene/b-pinene is (113.6 + 118.3)/2 ¼
115.95 kJ mol�1. The Ea of b-pinene is a little bigger than Ea of a-
pinene, and there was no signicant difference between Ea of a-
pinene and Ea of a-pinene/b-pinene.
3.5. Thermal characteristics of a-pinene, b-pinene and a-
pinene/b-pinene oxidation by C 80 calorimeter

The results of ARC experiment show that the oxidation of a-
pinene and b-pinene is easy to happen, and they are stable
under nitrogen atmosphere. In order to further conrm their
stability and risk of oxidation, C80 calorimeter of high sensi-
tivity was used to determine the exothermic and pressure
behavior of the reaction process. A great number of measure-
ments can be made with C80 calorimeter, such as determina-
tion of chemical reaction process and kinetics, hazards
evaluation of reactive substance and so on. As a comparative
experiment, the oxidation process in nitrogen atmosphere and
air atmosphere was investigated. The results of pressure (P) vs.
osphere. (a) Heat flow vs. T. (b) P vs. T.
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Fig. 13 Pressure behavior and heat flow of a-pinene under an air. (a) Heat flow vs. T. (b) P vs. T.

Fig. 14 Pressure behavior and heat flow of a-pinene under an oxygen atmosphere. (a) Heat flow vs. T. (b) P vs. T.
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temperature (T) plots and heat ow vs. temperature plots are
shown in Fig. 12–17, respectively.

Fig. 12(a) shows that no heat absorption or exothermic of a-
pinene was detected, we also did not observe a decrease of
pressure from Fig. 12(b), i.e. no chemical reaction, and is stable
under nitrogen atmosphere. The pressure change (at O) of
Fig. 12(b) may be caused by the volatilization of a-pinene.

Fig. 13(a) and 15(a) show that the exothermic heat ow of a-
pinene and b-pinene is very small, and their gure (b) plot also
Fig. 15 Pressure behavior and heat flow of b-pinene under an air. (a) He

20536 | RSC Adv., 2021, 11, 20529–20540
has a slight pressure reduce (from A to O) in air atmosphere,
because the sample cell has less oxygen at 0.1 MPa. That is to
say, the oxidation of pinene was observed even though there was
little oxygen of sample cell.

Fig. 14, 16 and 17 show that their exothermic peaks are very
obvious and the heat ow is very large, their pressure reduction
is also very signicant under an oxygen atmosphere. Therefore,
the oxidation of a-pinene, b-pinene and a-pinene/b-pinene
mixture with oxygen has been conrmed again. The main data
at flow vs. T. (b) P vs. T.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Pressure behavior and heat flow of b-pinene under an oxygen atmosphere. (a) Heat flow vs. T. (b) P vs. T.

Fig. 17 Pressure behavior and heat flow of a-pinene/b-pinene under an oxygen atmosphere. (a) Heat flow vs. T. (b) P vs. T.
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of C80 are shown in Table 3. Ta or T0 is the starting temperature
of exothermic, Te is the ending temperature of exothermic, Tab
is the starting temperature of pressure reduction, DTae ¼ (Te �
Ta) is the temperature range of exothermic reaction, and�DH is
the heat release of oxidation, Ta, T0 and Te are shown in
Fig. 14(a).

Table 3 and Fig. 12–17 shows the following results:
(1) a-Pinene did not react chemically under nitrogen

atmosphere.
(2) a-Pinene and b-pinene can react chemically in cell of

0.1 MPa air atmosphere, but the amount of reaction is very small.
(3) Similar to ARC experiment results, the exothermic start-

ing temperatures of a-pinene, b-pinene and a-pinene/b-pinene
Table 3 Date of Ta, Tab, T0, Te, DTae and DHa

No. Sample Mass/(g) Gas atmosphere Ta/(

1 a-Pinene 0.1088 N2 No
2 a-Pinene 0.1014 Air 336
3 a-Pinene 0.1012 O2 335
4 b-Pinene 0.9876 Air 337
5 b-Pinene 0.1112 O2 338
6 a-Pinene/b-pinene 0.1038* O2 336

a (*) Mass of a-pinene/b-pinene: 0.1038 g ¼ 0.0523 g a-pinene + 0.0515 g

© 2021 The Author(s). Published by the Royal Society of Chemistry
mixture oxidation are Ta ¼ 335.6–338.2 K (62–65 �C) by C80,
their oxidation temperature is low. That is to say, the thermal
stability of pinene is poor under oxygen atmosphere.

(4) The three steps of oxidation process are: the rst step is
the induction period of the oxidation reaction, pinenes
combines with oxygen, the pressure is reduced, but no signi-
cant exothermic reaction is detected. The second is the main
oxidation stage, has signicant exothermic reaction, but the
pressure is reduced; the third is thermal decomposition to
produce gas, which is characterized by exothermic reaction and
signicant increase of pressure.

(5) In oxygen atmosphere, heat release (�DH) of a-pinene, b-
pinene and a-pinene/b-pinene mixture oxidation is 2745–2973 J
K) Tab/(K) To/(K) Te/(K) DTae/(K) �DH/(J g�1)

No No No 0
.73 331.12 — 400.4 63.64 55.2
.62 343.75 361.36 425.07 89.45 2940.0
.86 332.45 — 401.42 63.56 58.7
.24 351.87 361.11 421.43 83.19 2745.0
.57 353.78 361.98 427.30 90.73 2973.3

b-pinene.
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Fig. 18 The mechanism of a-pinene oxidation reaction and degradation.
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g�1. It is well known that many nitro organic compounds and
organic peroxide are hazardous materials. The exothermic value
(QDSC) of their thermal decomposition is >1000 J g�1 by differential
scanning calorimeter (DSC),42 for example, 2,4-dinitrotoluene QDSC

is 3465 J g�1, benzoyl peroxide QDSC is 1830 J g�1. Therefore, from
the perspective of exothermic evaluation, a-pinene, b-pinene and
a-pinene/b-pinene mixture oxidation is hazardous.

When turpentine is used as energy and fuel, its stability is
worthy of attention. The experimental results of ARC and C80
show that, in production and storage, it is important that
turpentine or pinenes not come into contact with oxygen (or air)
in order to prevent oxidation reactions. This is signicant for
understanding the chemical activity of pinenes, and the
runaway of oxidation process.
3.6. Oxidation reaction and degradation mechanism of
pinenes

Neuenschwander14,15 reported thermal autoxidation products of
a-pinene and b-pinene using a combined experimental and
theoretical approach. Main products observed during the
thermal oxidation of a-pinene are four types: (a) hydroperoxide:
pinocarvyl-hydroperoxide (a1), pinenyl-hydroperoxide (a2),
Fig. 19 A simple model of pinene degradation mechanism.

20538 | RSC Adv., 2021, 11, 20529–20540
myrtenyl-hydroperoxide (a3) and verbenyl-hydroperoxide (a4);
(b) alcohols: pinocarvol (b1), pinenol (b2); myrtenol (b3) and
verbenol (b4); (c) ketone compounds: pinocarvone (c1), myrtenal
(c3) and verbenone (c4); (d) epoxy compounds: a-pinene oxide (c2).
Main products of b-pinene oxidation are: (a) hydroperoxide:
pinocarvyl-hydroperoxide and myrtenyl-hydroperoxide; (b) alco-
hols: pinocarvol and myrtenol; (c) ketone compounds: pino-
carvone and myrtenal; (d) epoxy compounds: b-pinene oxide,
pinocarveoloxide and myrtenoloxide. Coudour et al. reported the
mechanism of a-pinene thermal degradation using a Py-GC/MS.
Degradation products are very complex, it includes isomeriza-
tion, pyrolysis and degradation products, etc. In degradation
products, main small molecules have: butane (d1), isoprene (d2),
pentadiene (d3), 2-butene-2-methyl (d4), etc.43 Therefore, according
to the oxidation reaction products and degradation products, the
a-pinene oxidation reaction and degradation mechanism was
shown in Fig. 18.

Fig. 18 shows only part of a-pinene degradation mechanism,
not all of it. The degradation mechanism of b-pinene is similar
to that of a-pinene, because a-pinene and b-pinene have similar
chemical structure and properties. We describe the oxidation
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and degradation mechanism of a-pinene and b-pinene with
a simple model, which is shown in Fig. 19.

The pressure and exothermic behavior of ARC and C80
thermal analysis can be illustrated by using Fig. 19.

The process of pinene oxidation is divided into three steps as
follows.

The rst step is the induction period of oxidation reaction. It
includes the combination of pinene and oxygen to form
peroxide. It is characterized by a decrease in pressure in the
reaction vessel, but an obvious exothermic reaction is not
detected. The reaction of pinene with oxygen to form peroxide is
slow when there is no catalyst. Although a small decrease in
pressure can be detected, the amount of reaction is small and
exothermic is not detected.

The second step is the main oxidation stage. Peroxides are
decomposed into free radicals, and pinene is oxidized to alco-
hols and ketones under free initiation. The exothermic reaction
process is large, and oxygen is consumed more. Therefore, the
heat release detected by is large and the pressure reduction is
signicant ARC or C80.

The third step is thermal degradation. Pinene or pinene
oxide undergoes thermal degradation at high temperature to
form small molecular compounds (such as butene, etc.), which
is characterized by exothermic reaction and signicant increase
of pressure. The boiling point of butane, isoprene, pentadiene
and 2-butene-2-methyl are 266.25 K, 307.25 K, 315.18 K and
311.15 K, respectively. They have a lower boiling point.
4. Conclusions

Turpentine is a very promising renewable energy resource, the
main components are a-pinene and b-pinene. In this study, two
thermal analysis instruments ARC and C80 were used to
investigate the thermal stability and oxidation hazardous of two
pinenes. ARC results showed that the oxidation reactions of
pinene and ethers were signicantly different.

a-Pinene and b-pinene are thermally stable under nitrogen
atmosphere, and no hazardous exothermic reactions takes
place even when the temperature reaches 473 K. The a-pinene,
b-pinene and mixture are very thermally unstable under oxygen
atmosphere, at 333–338 K, their initial exothermic reaction was
observed, and oxygen consumption was detected.

There are three steps in the oxidation of pinene: the rst step
is the induction period of the oxidation reaction, that is, pinene
combines with oxygen, the pressure is reduced, but no signi-
cant exothermic reaction is detected. The second step is the
main oxidation stage, which is characterized by signicant
exothermic reaction, but the pressure is reduced; the third step
is the stage of thermal decomposition to produce gas, which is
characterized by exothermic reaction and signicant increase of
pressure.

The oxidation reaction of a-pinene, b-pinene and mixtures
are violent, and the exothermic energy is very large, they have
the danger of thermal explosion. The importance of the
research results is that heat runaway is easy to occur in oxida-
tion reaction of turpentine or pinene. In order to avoid safety
© 2021 The Author(s). Published by the Royal Society of Chemistry
accidents, the control of oxidation reaction is necessary in
organic synthesis and turpentine rectication process.
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