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Abstract

As a special engineering plastics with excellent comprehensive properties, polyarylether (PAE) has been widely used in
automobile manufacturing, aerospace, electronic communications, mechanical manufacturing and other fields. In industry,
PAE is obtained by polymerization reaction. However, a number of accidents were caused by polymerization reactions.
Therefore, a series of experiments were carried out to investigate the thermal hazard of PAE polymerization process to
prevent the polymerization accidents. First, the reaction calorimeter (RC1°) was used to measure the heat released in the
reaction process to obtain the thermodynamic parameters. The RC1° results showed that the adiabatic temperature rise (AT,,)
of polymerization was 97.99 °C, the maximum temperature attained by synthesis reaction was 127.99 °C and the maximum
temperature technical for reasons was 110.60 °C. Then, the pyrolysis characteristics of the PAE in air and nitrogen atmosphere
at different heating rates were scanned via thermogravimetry, and the apparent activation energy was calculated by Starink
method. The PAE showed two significant mass loss peaks in the air atmosphere, but only one in the nitrogen atmosphere.
The pyrolysis of PAE in the air atmosphere was more thoroughly compared to that in the nitrogen atmosphere. Finally, the
risk class of thermal runaway of polymerization was evaluated according to the relevant criteria, the severity was “class
2,” and the risk class was ““class 3.” These results were the foundation for preventive measures to reduce the potential risk
during polymerization of PAE.
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List of symbols Troa Temperature at which time to maximum rate is
p Heating rate (K min~") 24 h (°C)

C Constant T, Reaction temperature (°C)

G, Specific heat capacity (J K~' mol ) T, Process temperature (°C)

E, The apparent activation energy (kJ-mol~") R Ideal gas constant (8.314 J mol~! K1)

AH Reaction enthalpy (J mol~") X Heat accumulation degree (%)

MTT Maximum temperature for technical reasons (°C)
MTSR  Maximum temperature attained by synthesis

reaction (°C) Introduction
T Temperature (°C)
AT,y Adiabatic temperature rise (°C) The chemical industry is closely related to human life;
T Cooling failure temperature (°C) however, the chemical industry has the characteristics of
TMR,; Time to maximum rate under adiabatic decom- high temperature and high pressure, and it is flammable
position conditions (°C) and explosive, toxic and harmful. The industry involves

many dangerous chemicals, which have led to a large num-
ber of fire and explosion accidents, causing casualties and

>4 xxlll}fiai pg‘ . economic losses. These accidents were mainly caused by
pan@njtech.edu.cn the thermal runaway reactions [1-3]. And there were some

' College of Safety Science and Engineering, Nanjing Tech polymerization processes also causing the thermal runaway
University, Nanjing 210009, Jiangsu Province, China accidents. Lin [4] has stated that a significant number of

2 Jiangsu Key Laboratory of Hazardous Chemical Safety incidents were related to styrene polymerization. Saada [5]
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studied the runaway reaction incidents for the last 25 years
(1988-2013) and showed that most of the incidents occurred
in polymerization and decomposition processes. Therefore,
it is significant to study the polymerization process and the
potential danger of the products to minimize the accidents.

Scholars have developed and improved the research meth-
ods and system of thermal hazard assessment for runaway
reaction process [6—8]. Gygax [9] first proposed the con-
cept of maximum temperature attained by synthesis reac-
tion (MTSR) and cooling failure scenario. Then the assess-
ment method based on the uncontrolled scenario was further
expanded, and its possibility and severity were introduced
into the risk assessment. On this basis, the risk of the reac-
tion heat was divided into five classes, and finally the sys-
tematic process of the risk assessment of the uncontrolled
chemical reaction was formed [10]. In order to obtain the
heat released in the reaction process, the researchers used a
variety of instruments to measure, among which the reac-
tion calorimeter (RC1°) was the most widely used [11, 12].
The reaction calorimeter was utilized to investigate the risk
of some complex reactions and MTSR [13]. Four reactions
were chosen to take experiments with RC1 (from Mettler
Toledo) and with DRC (from SETARAM) in isoperibolic
mode [14]. The differential reaction calorimeter was coupled
with a volumetric hydrogen measurement, allowing a simul-
taneous thermodynamic and kinetic to study the mechanism
of hydrogen generation by hydrolysis of sodium borohydride
catalyzed by Co2B nanoparticles generated in situ [15]. A
novel theoretical blueprint was proposed to evaluate the
AT,q () from the transient heat flow data generated in a
reaction calorimeter [16]. Zhang [17] analyzed the exother-
mic oxidation of 3-methylpyridine with hydrogen peroxide
by Reaction Calorimeter in semi-batch operation and used
risk matrix to assess the risk of the reaction. Ben [18] meas-
ured the thermal kinetic parameters of free radical solution
polymerization by reaction calorimeter. Hua [19] obtained
the thermal properties of the oxidation reaction by the Reac-
tion Calorimeter and proposed the inherent safer designs
(ISD) according to the risk assessment results to increase
the level of safety of chemical industry technique. At the
same time, many scholars have used different instruments
and methods to study the thermal hazard of materials or
products involved in the reaction process [20-23]. The dif-
ferential scanning calorimetry (DSC), thermal activity moni-
tor III (TMAIII), vent sizing package 2 (VSP2) were used to
assess thermal risk of tert-butylperoxy-2-ethylhexyl carbon-
ate [24]. The uncontrolled behavior of styrene bulk polym-
erization was studied by DSC and obtained the severity
grading based on the severity evaluation criteria of runaway
reaction [25]. Thermal hazard of 2,2'-azobis (2-methylpro-
pionate) (AIBME) was investigated by DSC, simultaneous
thermogravimetric analyzer (STA) and accelerating rate
calorimeter (ARC) and the specific safety parameters such
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as time to maximum rate under adiabatic condition (TMR,;)
and self-accelerating decomposition temperature (SADT)
were also calculated [26].

Polyarylether (PAE) is a kind of high-performance ther-
moplastic, which has been widely used in automotive manu-
facturing, aerospace, electronic communication, mechanical
manufacturing and other fields because of its high thermal
deformation resistance, good mechanical properties and
inherent fire resistance. The polymerization process of PAE
is first introduced from abroad, the reaction time is long, and
no reaction safety risk assessment has been done, so that
the thermodynamic data of reaction are not comprehensive
and there are unknown hazards. In order to avoid the risk in
the reaction process, the reaction risk assessment must be
carried out for this type of process. Therefore, in this study,
the isothermal reaction calorimeter experiment was carried
out to obtain the relevant thermal data of the polymeriza-
tion process, and then the pyrolysis characteristics of the
product under different atmosphere were investigated by the
thermogravimetry analyzer. The kinetic was calculated by
Starink method to better understand its pyrolysis behaviour.
At last, the hazard of polymerization process was assessed.
According to relevant data and risk class, some suggestions
and measures were put forward to reduce the process risk.

Research methods
Sample

The chemical reagents used in the experiment included
2,6-dimethylphenol (>92.0%), HBr (>48%), Cu,0 (>95%),
toluene (>99.7%), oxygen (>99%).

RC1¢ experiment

RCI1€ (reaction calorimeter) is an advanced fully automated
laboratory reaction calorimeter developed by Swiss com-
pany Ciba-Geigy and commercialized by Swiss company
Mettler in 1986.

RC1¢ is composed of reactor device, temperature control
device, electronic control device and PC software. It can
carry out intermittent and semi-intercalated reactions. The
thermal information such as reaction temperature, jacket
temperature, pressure and heat flow can be obtained, then
the heat release of the reaction, the specific heat capacity of
the mixture in the reactor can also be acquired. The RC1°¢
used in this paper is equipped with a 2-L glass atmospheric
pressure reactor, a stainless steel metal probe thermometer
and a glass 25 W calibrated heater probe. Before the experi-
ment, the reactor should be kept dry. This experiment was
a small-scale experiment carried out by scaling down the
original process reaction parameters in proportion, and the
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steps were as follows. Initially, monomer solution (prepared
with 2,6-dimethylphenol and toluene in advance, with a con-
centration of 50%) was added to the reactor, and then the
stirring was started, with the stirring speed of 750 r min~"'.
After the above materials were put into the reactor, the cata-
lyst (Cu,0 + HBr) was added. Then the temperature was set
to 30 °C. Ultimately, the nitrogen continuously flowed above
the liquid level in the reactor at the rate of 0.5 L min~!, oxy-
gen flowed below the liquid level in the reactor at the rate of
0.3 L min~! for 45 min. Then the temperature was raised to
50 °C and kept for 60 min.

Thermogravimetric experiment

When the RC1° experiment was done, the PAE product was
gotten through a series of treatments, such as extracting and
drying the products obtained from RC1° reaction. Then the
thermogravimetric experiment was carried out on the treated
products. In this paper, a thermogravimetry (Pyris 1 TG,
PerkinElmer, Inc., Massachusetts, USA) was carried out
TG experiment. The specific test process was as follows:
9.0+0.5 mg of the sample was weighed and placed in a
70-pL standard alumina crucible at different heating rates
of 5.0, 10.0, 15.0, 20.0 °C min~" in air and nitrogen atmos-
phere, respectively. The temperature range for TG was from
30.0 to 800.0 °C.

Dynamic calculation method

Under non-isothermal reaction conditions, many meth-
ods such as Ozawa method, Kissinger method and Starink
method have been used to calculate the apparent activation
energy. Among these reported methods, Kissinger method
was widely used to calculate apparent activation energy due
to its accuracy. However, Kissinger method was a single
step dynamic method, so only a single dynamic value can
be calculated. On the contrary, the Starink method not only
integrated three integral models of Kissinger, Ozawa and
Bosswell, but can also get the change of E, with the conver-
sion rate [27, 28]. And Starink method was easily applicable
and there was a possibility to reliably obtain the E, even if
the reaction mechanism is uncertain [29]. So this paper used
the method to calculate kinetic parameters. The formula is
as follows [30] :

B\ _ E, 1

where /3 is heating rate, K min~'; T is temperature, K; E, is
apparent activation energy, kJ mol™'; R is ideal gas constant,
8.314 J mol~! K~!; C is constant.

The apparent activation energy can be obtained by linear
fitting of In(B/T"®) — 1/T and obtaining the slope.

Parameters for assessing the risk of reaction
Adiabatic temperature rise (AT,,)

The adiabatic temperature rise is an important data for safety
assessment. If the reactants are not completely transformed
after cooling failure, these untreated materials will continue
to react in an uncontrolled state and cause the temperature to
rise under adiabatic conditions [31]. The adiabatic tempera-
ture rise is calculated as follows:

AT,y = AH/Cp )

where AT, is adiabatic temperature rise, K; AH is reaction
enthalpy, J mol™'; C, is specific heat capacity, J K=" mol™".

Maximum temperature attained by synthesis reaction
(MTSR)

The maximum temperature attained by synthesis reaction
(MTSR) is another important parameter to evaluate the risk
of reaction. When the exothermic reaction is in the con-
dition of cooling failure and heat exchange out of control,
the temperature of the system will rise in an approximately
adiabatic condition due to the heat accumulation in the reac-
tion system. When the reactant accumulation reached maxi-
mum, the maximum temperature that the system can reach
is called the maximum temperature attained by synthesis
reaction [32]. MTSR is related to the accumulation degree
of reactant. The greater the accumulation degree of reactant
is, the higher the MSTR when the reaction is out of control,
which is expressed as [32]:

MTSR = [T flmax 3)

Ty=T,+XAT,q )

C

where T is cooling failure temperature, °C; T, is reaction
temperature, °C; X is heat accumulation degree, %; AT, is
adiabatic temperature rise, °C.

Maximum temperature technical for reasons (MTT)

MTT represents the technical limit of the reactor, depending
on the process and equipment. In an open system (process
operated under atmospheric pressure) the MTT is typically
the boiling temperature of the reaction mass. In a closed
system, the temperature corresponding to the maximum
allowable pressure of reaction vessel could be the MTT [33].

Temperature at which time to maximum rate is 24 h (Tp,,)

Under adiabatic condition, the time required for runaway
reaction to reach the maximum reaction rate is called time
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to maximum rate under adiabatic conditions (TMR ). The
temperature at which TMR, is equal to 24 h is Tpyy4. Tpps
is used as a quantitative criterion to evaluate the prob-
ability of thermal runaway of a process that involves an
exothermic chemical reaction. The temperature for which
the TMR,4 falls below 24 h is considered critical.

Results and discussion
RC1¢ experiment

RC1° was used to measure the temperature and the change
of heat flow during the polymerization reaction process. The
temperature and heat flow during the reaction process are
shown in Fig. 1.

In Fig. 1, the 7| represents the jacket temperature change
curve, the T, represents the reactor temperature change
curve, and the g, — h; represents the heat flow change curve.
It can be seen that there are two stages of reaction: exo-
thermic and endothermic. After reaction started (at about
1.25 h), the jacket temperature decreased sharply by approx-
imately 20 °C to maintain the reactor temperature at the
set temperature of 30 °C, the heat flow curve showed exo-
thermic, and the heat release rate fluctuated between 0 and
90 W. After the temperature was set rise to 50 °C, the jacket
temperature increased to maintain the reactor temperature
at the set point, the heat flow curve showed endothermic,
and the heat release rate fluctuated between 0 and 10 W.
Then by integrating the heat flow curve, the total exother-
mic amount of polymerization was 145.15 kJ. According to
Eq. (2), the adiabatic temperature rise AT,  can be calculated
to be 97.99 °C.

. Since the curve of oxygen feeding mass with time could
not be obtained in the experiment, the heat accumulation
degree (X) was taken to 100% for strict consideration. So

100

T,~T,/°C

—-40 T T T T T T 0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Experiment time/h

Fig. 1 Temperature and heat flow curves of reaction process
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based on Eq. (3) and (4), the maximum temperature attained
by synthesis reaction (MTSR) was 127.99 °C.

TG experiment

The thermal decomposition curves of PAE at different
heating rates in air and nitrogen atmosphere are shown in
Figs. 2-5. It can be seen from Figs. 2 and 3 that the ther-
mal decomposition of PAE in nitrogen atmosphere was not
complete, and there were residues after the pyrolysis. The
pyrolysis process can be divided into three stages. The first
and second stages were in 100-180 °C and 200-300 °C,
respectively. The mass rate of these two stages was not obvi-
ous. The third stage that occurred after 400 °C was identified
as the main pyrolysis of PAE. The initial temperature of

o s -1
1004 —=—5°C mlTl ]
——10 °C min~
—+—15 °C min"!
80 ——20 °C min”!
X 60
]
[
40 -
20 +
0 T T T T T T T T
0 200 400 600 800

Temperature / °C

Fig.2 TG curves of PAE at different heating rates in N,

2.0 T T T T
o 1|
184 ——5°C mlr'1
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161 —+—15°C min"'|
1.4 —*—20 °C min}

DTG /% °C™!

-02

T T T T
0 200 400 600 800
Temperature /°C

Fig.3 DTG curves of PAE at different heating rates in N,
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decomposition was 400 °C, the end temperature of decom-
position was 500 °C, and the maximum mass loss rate was
about 1.8% °C~!. From Figs. 4 and 5, it can be seen that the
thermal decomposition of PAE in air atmosphere was rela-
tively completed with little residues. The pyrolysis process
can be divided into four stages. The first and second stages
were also in 100-180 °C and 200-300 °C, respectively. The
mass loss rates of the third and fourth stages were the most
obvious, which were the main pyrolysis stages. The third
stage of initial temperature of decomposition was 420 °C,
the end temperature was 500 °C, and the maximum mass
loss rate was about 1.4% °C~!. The fourth stage of initial
temperature of decomposition was 500 °C, the end tempera-
ture of decomposition was about 600-700 °C, and the maxi-
mum mass loss rate was about 0.7% °C~..

In order to better compare the pyrolysis characteristics
of PAE in different conditions, the TG/DTG curves in air
and nitrogen atmosphere with heating rate of 10 °C min~!
are shown in Figs. 6 and 7 to analyze the pyrolysis charac-
teristics of PAE in different atmospheres. And the TG/DTG
curves in nitrogen atmosphere with different heating rate,
as shown in Figs. 2 and 3, were selected to further study the
decomposition characteristics of PAE at different heating
rates. On the one hand, in different atmosphere conditions,
it can be observed that the decomposition of PAE in nitrogen
atmosphere was not completed and there were still residues
after pyrolysis, but in air atmosphere the reaction was almost
completed. The pyrolysis process of PAE can be divided into
three stages in nitrogen atmosphere, and the three stages
were consistent with that of air atmosphere. However, there
was a fourth stage in the air. So we can know that this may
be due to the presence of oxygen in the air and the redox
reaction between the residual carbon and oxygen. And the
first and second stages of mess loss of PAE were the decom-
position of a few remaining raw materials, and the main

. o PR
100 4 5°C mlfl
—+—10°C min’!

——15 °C min™'
80 ——20°C min™"

TG /%

404

204

0 200 400 600 800
Temperature /°C

Fig.4 TG curves of PAE at different heating rates in air

—=—5°C min”!

1.4 ——10°C min™
——15°C min '}

127 —+—20°C min""

T T T
0 200 400 600 800

Temperature /°C

Fig.5 DTG curves of PAE at different heating rates in air

pyrolysis process was the third stage. On the other hand, it
can be seen from Figs. 2 and 3 that the curves of different
heating rates in the same atmosphere were basically similar,
and the effects of heating rate mainly lie in the peak value of
mass loss rate, the temperature that reaching the peak value
and the total mass loss rate. With the increase in the heat-
ing rate, the peak value of the mass loss rate decreased, the
temperature that reached the peak value moved to the high
temperature direction, and the total mass loss rate decreased.

Kinetic analysis
In order to have a better understanding of the pyrolysis pro-

cess of PAE, kinetic calculation was carried out according
to the data obtained from TG experiments. The apparent

100 Ng
—— Air
80 4
X 60
O
[l
40
20
0 T T T T
0 200 400 600 800

Temperature /°C

Fig.6 TG curves of PAE in different atmospheres in 10 °C min™!
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Fig. 8 Fitting results of apparent activation energy decomposed in N,

activation energy can be calculated based on Eq. (1). E, as
a function of selected a, across the range of 0.1-0.9 in air
atmosphere and 0.1-0.65 in nitrogen atmosphere. The fitting
results are shown in Figs. 8 and 9. The correlation coefficient
of almost all fitting curves was above 0.9, which indicated
that there was a high fitting degree. Figure 10 shows the
variation of apparent activation energy at a series of conver-
sion degree. As can be seen, the values of E, in the nitro-
gen and air were low and closed at first. This is because
at the beginning of the experiment, the decomposition of
a few residual raw materials required a smaller activation
energy. With the proceeding of decomposition, it required a
higher activation energy. And in the air, the E, of the reac-
tion first increased to the maximum when the conversion
was 40% and then gradually decreased. However, the E,
of the reaction in nitrogen increased at the conversion of
20% and then basically remained unchanged. As seen, only
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Fig. 9 Fitting results of apparent activation energy decomposed in air
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Fig. 10 Apparent activation energy of PAE as a function of conver-
sion in different atmosphere

one significant decomposition stage of PAE in nitrogen is
emerged in Fig. 2 or Fig. 3 and a steady variation of E, is
also shown in Fig. 10, which proved that pyrolysis of PAE
in nitrogen was a single reaction. On the contrary, two sig-
nificant decomposition stages of PAE in air are observed in
Fig. 4 or Fig. 5, and the fluctuation of E, is also shown in
Fig. 10, which indicated that pyrolysis of PAE in air might
be a two-stage or multistage reaction.

Severity assessment of reaction

According to “Guidelines for Safety Risk Assessment of
Fine Chemical Reactions (Trial)” [30], reaction severity
refers to the extent to which uncontrolled energy release
may cause damage under uncontrolled conditions. Many of
the reactions are exothermic. When the reaction was out of



Risk assessment of polyarylether polymerization process

control, the temperature of the system would rise and this
may cause the secondary decomposition of some compo-
nents in the system, resulting in the continuous rise of the
temperature and pressure of the system. When the tempera-
ture or pressure reaches the threshold of the reaction vessel,
an explosion will occur with severe consequences. The more
the temperature in the runaway system rises, the higher the
severity of the explosion. Therefore, in order to assess the
reaction severity, the adiabatic temperature rise was used as
a parameter to measure the reaction severity. The assessment
criteria are shown in Table 1.

The adiabatic temperature rise (AT,;) of PAE is 97.99 °C,
so the production process severity of PAE is class 2, if
the out-of-control reaction occurs, it will have the conse-
quences of the factory’s short-term damage. So the cooling
system should be effective to avoid accidents due to heat
accumulation.

Risk assessment of reaction

The risk degree of reaction refers to the risk degree of pro-
cess reaction itself. The greater the risk degree of reaction,
the greater the severity of accident caused by reaction out
of control. Temperature is the evaluation standard of pro-
cess risk assessment. Four important temperature param-
eters were considered, namely the process temperature
Tp, maximum temperature technical for reasons MTT, the
temperature Tp,, and MTSR. 7, was 30.00 °C, MTSR was
127.99 °C. MTT was the highest technical temperature of
the reaction vessel 110.60 °C in this paper. Before conduct-
ing TG experiment, we dried the sample at 150 °C for up to
seven days, and the sample did not react. It can be inferred
that MTSR was less than T7y,,. The four temperatures of the
reaction are shown in Table 2, and the assessment criteria
are shown in Table 3. In class 1 and class 2, the loss of
control of the main reaction will not trigger the secondary
reaction and will not reach the technical limit of the equip-
ment. The reaction risk in class 1 is low, and the reaction
in class 2 has potential decomposition risk. In class 3, the
technical limit is reached and can be used as a safety barrier,
but the secondary reaction will not be triggered, the reaction
in class 3 has flushing and decomposition risk. In class 4,

Table 1 Severity assessment of runaway reaction

Severity AT, /°C Consequence
rating
<50 and no pressure effects Material loss in single batch
2 50<AT,4<200 Short-term damage to
factories
3 200<AT,4<400 Serious factory losses

>400 Destructive loss of plant

301
Table 2 The four temperatures of the reaction
T°C MTSR/°C T1y4/°C MTT/°C
30.00 127.99 >MTSR 110.60
Table 3 Risk degree of reaction process
Risk rating Temperature Consequence
T,<MTSR<MTT<Tp,, Low risk
2 T,<MTSR <Tp,,<MTT Potential decomposition
risks
3 T,<MTT <MTSR <Tpy, Flushing and decomposition
risks
4 T,<MTT < T, <MTSR High risk of flushing and

decomposition, potential
explosion risk

T,<Tpyy <MTSR<MTT Higher risk of explosion

the secondary reaction may be triggered, but the technical
limit of the equipment can be used as a barrier and the reac-
tion has high flushing and decomposition risk and potential
explosion risk. In class 5, the second-order reaction is trig-
gered. The technical barrier will be reached, and in most
cases, the runaway speed is too fast for the safety barrier to
work, so the reaction in class 5 has high explosion risk [32].
It can be seen that the risk degree of PAE polymerization
process was class 3, and there was the risk of flushing and
decomposition. According to the evaluation class, in order
to reduce the reaction risk, it is suggested that in addition
to the conventional automatic control system, centralized
monitoring and automatic adjustment of the main reaction
parameters should be carried out. The alarm and interlock
control that deviate from the normal value should be set. On
the basis of setting relief facilities such as bursting disc and
safety valve, control facilities such as emergency cut-off,
emergency stop reaction, emergency cooling and cooling
should also be set.

Conclusions

In this work, the process hazard of polymerization was stud-
ied by RC1° and the thermal decomposition characteristics
of polyarylether (PAE) were studied by TG experiments. The
kinetic parameters were calculated by using Starink method.
Then the process severity and risk were estimated.

RC1° experiment showed that there were exothermic and
endothermic stages in the process, so the heat accumulation
was relatively low. By calculation, the adiabatic temperature
rise of the reaction was 97.987 °C, the enthalpy of polym-
erization was 145.15 kJ, and the maximum temperature
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attained by synthesis reaction was 127.98 °C. Assessment
results of process severity (class 2) and risk (class 3) can
provide the basis for establishing corresponding control
measures for the safe production process of PAE.

According to the results of TG, it can be known that the
thermal decomposition characteristics of PAE in different
atmospheres and different heating rates. It showed that the
decomposition in air was more thorough than in nitrogen.
The decomposition process can be divided into three and
four stages in different atmospheres, respectively. But there
were only one and two significant decomposition peaks in
nitrogen and air, respectively. Combined with the variation
of activation energy, it can be seen that the decomposition
of PAE in nitrogen may be a single-stage reaction, while that
in air may be a two-stage or multistage reaction. As a result,
this study can provide information concerning the avoidance
of thermal accidents during transportation and storage.
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