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Abstract Cumene hydroperoxide (CHP) being catalyzed
by acid is one of the crucial processes for producing
phenol and acetone globally. However, it is thermally
unstable to the runaway reaction readily. In this study,
various concentrations of phenol and acetone were added
into CHP for determination of thermal hazards. Differ-
ential scanning calorimetry (DSC) tests were used to
obtain the parameters of exothermic behaviors under
dynamic screening. The parameters included exothermic
onset temperature (7j), heat of decomposition (AHy), and
exothermic peak temperature (T},). Vent sizing package 2
(VSP2) was employed to receive the maximum pressure
(Pmax), the maximum temperature (7},.x), the self-heating
rate (d7/d¢), maximum pressure rise rate ((dP/df).x), and
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adiabatic time to maximum rate ((TMR),q) under the
worst case. Finally, a procedure for predicting thermal
hazard data was developed. The results revealed that
phenol and acetone sharply caused a exothermic reaction
of CHP. As a result, phenol and acetone are important
indicators that may cause a thermal hazard in the manu-
facturing process.
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List of symbols

Co1 Initial concentration (mol Lfl)

C, Heat capacity of the sample under constant
volume per mass (mol Lfl)

Cyr Heat capacity of the reactor or vessel

under constant volume per mass (mol Lfl)

d7/dt Self-heating rate (°C min™")

E, Activation energy (kJ mol ")

ko Frequency factor (mol L™' s71)
Mg Mass of the sample (g)

mg Mass of the reactor vessel (g)
Pax Maximum pressure (psig)

To Exothermic onset temperature (K)
To1 Initiation temperature of a sample (K)
Tnax Maximum temperature (K)

T, Exothermic peak temperature (K)
Ts Self-heating temperature (K)

AHy Heat of decomposition (kJ kg_l)

(dT/df)max  Maximum self-heating rate (°C min_l)
(TMR),q Adiabatic time to maximum rate (min)
(dP/df)max  Maximum pressure rise rate (psig minfl)
(0] Thermal inertia (dimensionless)
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Introduction Methods
Phenol is one of the pivotal basic chemicals in  DSC tests

the organic chemical industry. It can be used for broad
purposes, e.g., manufacturing phenol aldehyde resins,
aminocaprolactam, alkyl phenol, preparing pesticides,
medicines, and so on [1]. Furthermore, with the rapid
increase of synthetic materials, the demand for phenol has
increased in Taiwan [2]. Acetone is another key chemical.
It can be used for manufacturing methyl methacry-
late, bisphenol A and other chemicals, such as ketone,
methyl vinyl ketone, isopropyl amino, isophorone,
p-irisone, etc. In addition, acetone plays a very critical
role in the chemical and other industries as a favorable
solvent [3].

The first report of phenol and acetone being produced
by acid-catalyzed decomposition of cumene hydroperox-
ide (CHP) was in 1944 [4]. Hock and Lang use boiling
10% aqueous sulfuric acid to affect the conversion to
phenol and acetone. At present, about 94.5% of phenol in
the chemical market is manufactured by CHP decompo-
sition [5]. The main mechanism is shown in Fig. 1.
However, CHP is a typical organic peroxide (OP) that
could result in a fire and explosion owing to the relatively
weak oxygen—oxygen linkage (bond dissociation energy
of 20-50 kcal mol™") [6-8]. For the process safety
research, the effects of acids, bases, and metal ions on the
thermal decomposition of CHP have been investigated
[9-11]. This study focused on the phenol and acetone
mixed with CHP to recognize the influence of products in
the decomposition of CHP and the possible effects in a
practical process.

Differential scanning calorimetry (DSC) was utilized to
resolve the exothermic behaviors, such as exothermic
onset temperature (7), exothermic peak temperature (7}),
heat of decomposition (AH4). Vent sizing package 2
(VSP2) was employed to receive the maximum self-
heating rate ((d7/df),.x), maximum pressure rise rate
((dP/df)ax), adiabatic time to maximum rate (TMR,g),
and non-condensable pressure under adiabatic condition
in the worst case. Finally, we could obtain the kinetic
parameters by Townsend and Tou as well as others [12].
Thermodynamics and kinetic information for the runaway
reaction were developed from the adiabatic calorimeter in
1980 [12].

Fig. 1 Main scheme of phenol
and acetone process by cumene
oxidation [3, 4]

@ Springer

The preliminary thermal analysis was achieved on a
Mettler TA8000 system DSC821°. The test cell (Mettler
ME-26732) was sealed manually by the special tool
equipped with Mettler’s DSC, which could resist high
pressure until about 100 bar. STAR® software was adopted
to determine exothermic curves and to calculate the kinetic
parameters. In this study, scanning rate chosen for the
temperature-programmed ramp was at 4 °C min~ to pos-
sess a better access to thermal equilibrium. For gaining the
experimental data, about 4—-6 mg of the testing sample was
used. The test cell was directing the dynamic scanning by
beginning the programmed setting [13].

VSP2 tests

VSP2 is a PC-controlled adiabatic calorimeter manufactured
by Fauske and Associates, LLC (FAI). The patented features
of the low heat capacity of the cell (112 mL) design along
with automatic pressure tracking and adiabatic temperature
tracking continually ensure that essentially all the reaction
heat released remains within the test sample. These prove it
to be a useful tool for measuring temperature and pressure
trace in relation to time [14]. It has also been the original
DIERS bench scale apparatus for characterizing runaway
chemical reactions since 1985. Especially, FAI has high-
lighted these vent sizing features, stressing the ability to
directly scale up the acquired data to process vessels, reac-
tors or containers for the purpose of pressure relief system
design [15, 16]. In this study, it was used to receive the
runaway reaction data and thermokinetic parameters, such
as maximum pressure (P,ax), maximum temperature (7p,.x),
self-heating rate (d7/dr), and (TMR,4). For the sake of safely
running the test, CHP 10 mass% was employed in this study.

Mathematic formulation
Temperature variation equation
When the heat absorbed by a vessel could not be negligi-

ble, the energy balance equation of the adiabatic reaction
system is described as:
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dr
OmC,—

o = (CAH)V (1)

where the thermal inertia is defined as:

msCy + mrCir

o=

where myi mass of the reactor vessel, mg mass of the
sample, Cyg heat capacity of the reactor or vessel under
constant volume per mass, C, heat capacity of the sample
under constant volume per mass.

The reaction rate equation is expressed as:

dc
r=— 3
5 (3)
The above equation is substituted into Eq. 1 and
integrated from initial temperature and concentration to
final temperature. Here, zero concentration under the

assumption of —AH, @, p, and C, to be constant:

—-AH Tr—Ty

= (4)
DpC, Co
and
dr Ty -T7,( dC
- = ——). 5
dt G < dt) )

The adequate concentration—temperature relationship
can be obtained by integrating the above equation, and it
was approximately:

C T;-T
Co Tt—T, (6)
For a single nth-order reaction:
dc
= — =kC" 7
r=-—or (7)
with
k = koe®"". (8)
The self-heating rate is obtained from Eqs. 5-8:
dT Ty — T, e —T\"
—= kC?
i (e )aln=r)
Ty —T\" 1
= T — T,)Cy
(7= @ - e ©
so:
dT/dt
k= / (10)

! (Fk) (1 - 7o)
From Egs. 9 and 10:
E T
Ink = Inky — =% = In a7 /ds

RT Cg_l (TT;:ZTO) (Ty — To)

Equation 11 could be used to acquire the frequency
factor ko and the activation energy E, at the same time
[17].

Estimation of initiation temperature

Define the temperature 7, where the self-heating rate d7/
dr equals a small value as the initiation temperature.
The self-heating rate at Ty is:

_ Tf -7 " n—1
= koe# (T; — To)Ch . (12)

dr
dr

If the initiation temperature of a sample with an initial
concentration Cy; is T and that of another sample with
C02 is T()z, then:

—E _ —La n—
™ (Tpy — To1)Coy ' = ™ (T — Too) Cy | (13)
or
n—1 —Ea
(@) _ e—(———) Tn = To, (14)
Cor Ty — T

From Eq. 14, assuming the heat of reaction, and the
density and the heat capacity of the mixture are all
constants, then:

Tro—Too _ <C()2> (d’l) (15)
Th — Tor Cor) \92/)
Substituting Eq. 15 into 14,

(C)'- () 2 16)

Coi o1
Taking the logarithm on both sides of the Eq. 16:
C —E, (1 1
nin—2 = a(———) +ln@. (17)
Coo R \Tot Tn ¢

Finally, Eq. 18 could be received:

1 R/ @ Con\ 17"
Top= |— —=(In—2 —nln—2)| . 18
” [Tm E<nq>1 nnCmﬂ (18)

Results and discussion
DSC tests
For a preliminary thermal hazard test, DSC tests were

used to observe the difference of exothermic reactions in
a specific temperature range, especially for AHy, Ty, and
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exothermic peak temperature (7). Various ratios of
phenol, acetone, mixed with CHP, respectively, could be
acquired by using the DSC tests. From DSC thermal
curves, Fig. 2 shows the typical heat flow curves versus
temperature for the thermal decomposition of 80 mass%
CHP in cumene solution with various phenol concen-
trations. We could recognize that phenol took part in the
thermal decomposition of CHP, which would trigger a
catalytic reaction to form a higher exothermic peak than
CHP alone. However, with the increasing ratio of phe-
nol, the exothermic became lower. For this reason, this
study proposed that the effects of phenol were finite. In
other words, the effects of phenol only could arise under
a specific mixed ratio. If the amount of added phenol
was beyond the specific ratio, it would likely contribute
to the AHy. Therefore, it was not observed in the
real process. In addition, even though phenol was added
into CHP, the pathway of thermal decomposition might
be the same due to the similar thermal curve and iden-
tical T,.

Figure 3 displays the typical heat flow curves versus
temperature for the thermal decomposition of 80 mass%
CHP in cumene solution with various acetone concen-
trations. Instead of a severe exothermic reaction when
phenol was mixed with CHP, a mild thermal curve was
derived when acetone was mixed with CHP. However,
the exothermic peak was occurred earlier than CHP
alone. Therefore, the potential hazards would be likely to
occur.

Because the exothermic reaction of CHP blended with
phenol was more hazardous than CHP alone, we fixed the
concentration of phenol and raised the concentration of
acetone for the purpose of determining the possible thermal
hazards of three components being mixed together. Fig-
ure 4 shows the results that is derived from Fig. 2. Even
though we fixed the ratio of phenol, the thermal curves also

3.5 1| —=— CHP 530 mg
e CHP5.55mg+phenol 131 mg| *
3.0 | 4 CHPS551mg+phenol 2.61 mg| *,°
v~ CHP 4.64 mg + phenol 3.24 mg|  2v%
T 2.5 o=
on o .\ﬂv
F A
g 201 i
g
= 1.5 a5 e
T 1.0 e \s
bl LR
0.5 . \I
ll o® .\'
0.0 g3deee [
60 80 100 120 140 160 180 200
Temperature/°C

Fig. 2 Thermal curves of various ratios of phenol mixed with CHP
by DSC at 4 °C min~"
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Fig. 3 Thermal curves of various ratios of acetone mixed with CHP
by DSC at 4 °C min~"

decreased when the ratio of acetone was increased. This is
an entirely different outcome as comparison of Fig. 3.
Consequently, the thermal hazards would be confirmed
after all series of tests by DSC in this study.

VSP2 tests

From the VSP2 tests, this study could double-check the
correspondence of DSC results in this study and discuss the
difference between adiabatic condition and kinetic
screening. Furthermore, we could realize the thermal haz-
ard if the runaway reaction arose for loss prevention and
reducing the frequency of potential disasters. Table 1 lists
the detailed setup of this study. Lower ratios of phenol and
acetone blended with CHP for the precise results by DSC
tests which are revealed in Figs. 5, 6, and 7. Similarly, both
the T, and Py, were lessened when the ratio of additive

—u— CHP (5.30 mg)

—e— CHP (5.51 mg) + phenol (1.02 mg) + acetone (1.04 mg)
CHP (5.07 mg) + phenol (0.96 mg) + acetone (2.09 mg)

4.0 7| —v— CHP (5.51 mg) + phenol (1.08 mg) + acetone (2.98 mg)

3.5 1
3.0 1
2.5+
2.0 1
1.5 1
1.0 4

0.5 el \
e o »
0.0 SRt L S
60 80 100 120 140 160 180 200
Temperature/°C

Heat flow/W g"]

Fig. 4 Thermal curves of various ratios of phenol and acetone mixed
with CHP by DSC under 4 °C min~'
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Table 1 Experimental setup of VSP2 tests 220 — r T T T T T T 240
. — —o— —8—CHP 10 mass;% L 290
Component Series number Additives (name/ —0= —¢—CHP 10 mass% + acetone 0.25 g 500
mass of additive (g)/ 200 - :A: :A: CHP 10 maSS% +acetone 0308
percentage in CHP) v v— CHP 10 mass% + acetone 0.75 g | 180
o - 160
CHP ! - S 1801 L 140 &
CHP + phenol 2-1 Phenol/0.25/5% 2 2
3 120 35
2-2 Phenol/0.5/10% 8 1 2
£ 160 - r100 &
2-3 Phenol/0.75/15% e [ 80 A
CHP + acetone 3-1 Acetone/0.25/5% [ 60
3-2 Acetone/0.5/10% 140 [ 40
3-3 Acetone/0.75/15% [ 50
CHP + phenol 4-1 Phenol/0.25/5% 120 0
+ acetone Acetone/0.25/5% 0 50 100 150 200 250
42 Phenol/0.25/5% Time/min
Acetone/0.5/10% Fig. 6 Temperature (left) and pressure (right) versus temperature for
4-3 Phenol/0.25/5% thermal decomposition of CHP 10 mass% with various amounts of
Acetone/0.75/15% acetone by VSP2 tests
4-4 Phenol/0.25/5%

Acetone/1.00/20%

Remark: All of CHP samples were in 10 mass% and 50 g

—o— —s—CHP 10 mass%

—0— —&— CHP 10 mass% + phenol 0.25 g

—A4— —A— CHP 10 mass% + phenol 0.5 g

—v— —v— CHP 10 mass% + phenol 0.75 g
T

220 . . ; 240
L 220
200 r 200
o L 180
g F160 .~
£ 180+ F140 &
= [5)
g L120 5
£ 160 F100 £
£ F8o &
= L 60
140 40
..... o0
120 4 , ; ; : 0
0 50 100 150 200 250

Time/min

Fig. 5 Temperature (left) and pressure (right) versus temperature for
thermal decomposition of CHP 10 mass% with various amounts of
phenol by VSP2 tests

increased in the series tests of phenol mixed with CHP and
phenol, acetone mixed with CHP in Figs. 5, 6, and 7.
Moreover, the reduction of TMR,, was clearly under
adiabatic condition. Especially, acetone caused the TMR 4
to be curtailed from 193 to 102 min, as shown in Fig. 6.
Therefore, a more severe disaster might be formed by
erroneous judgment of emergency response time in a
practical process. As a Py, result, phenol and acetone
would cause a higher Tyax, Pmax, and the shorter TMR 4 in
the thermal decomposition of CHP.

—0— —a— CHP 10 mass%

—— —4— CHP 10 mass% + phenol 0.25 g + acetone 0.25 g
—4— —a— CHP 10 mass% + phenol 0.25 g + acetone 0.5 g
—v— —v— CHP 10 mass% + phenol 0.25 g + acetone 0.75 g
—0— —e— CHP 10 mass% + phenol 0.25 g + acetone 1.00 g

220 . . . . 240
L 220
] o0
& 160 7
£ 1804 F140 5
g 120 2
2. 160 - F100 8
£ F80 ~
= L 60
140 40
F20
120 + . . . . 0
0 50 100 150 200 250

Time/min

Fig. 7 Temperature (left) and pressure (right) versus temperature for
thermal decomposition of CHP 10 mass% with various amounts of
phenol and acetone by VSP2 tests

Thermal hazard prediction by thermokinetic parameters

Based on the worst case of thermal hazard, we deliberately
chose the highest T,,,,x (CHP 10 mass% + phenol 0.25 g)
and the shortest TMR,4 (CHP 10 mass% + acetone 0.5 g)
from the series of VSP2 tests. The models are mainly
described in Eqgs. 11 and 18 in this study. It is a valid
method to obtain the thermokinetic parameters and to
operate the thermal hazard prediction from adiabatic tests.
First, we used the linear analysis results by In((d77/dr)/
(Tr — T)) vs. 1/T to obtain the E, and ky. The calculated
results are depicted in Figs. 8, 9, and 10 and the calculated
thermokinetic parameters are presented in Table 2 for the
purpose of simulating experimental data and thermal haz-
ard prediction.
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u Calculated data point of CHP 10 mass%
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Fig. 8 Estimation of the thermokinetic parameters of CHP 10 mass%
from experimental data of VSP2
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Fig. 9 Estimation of the thermokinetic parameters of phenol mixed
with CHP 10 mass% from experimental data of VSP2
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Fig. 10 Estimation of the thermokinetic parameters of acetone mixed
with CHP 10 mass% from experimental data of VSP2

Finally, Figs. 11, 12, and 13 compare the temperature
variation between the prediction curves for the multiple
runaway-reaction models and the experimental data.
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Table 2 Calculated thermokinetic parameters from experimental
data

Component E,/J mol™! ko/mol L't
CHP 10 mass% 161956.7 9.0898 x 10"
CHP 10 mass% + phenol 0.25 g 115024.2 9.389 x 10"
CHP 10 mass% + acetone 0.5 g 176980.1 5.545 x 10"

200 -
190 4
180 4
170 |
160 1
150 4
140 |
130 4
120 |
110

Temperature/°C

—u— Experimental data (CHP 10 mass%)
— - — Simulated data (CHP 10 mass%)
Predicted data (as CHP 80 mass%)

0 50 100 150 200
Time/min

Fig. 11 Time-temperature profiles of experimental data of CHP 10
mass% compared to computer simulation curves and prediction
curves

200
190 -
180 -
g 1701
)
3 160 -
=
8 150
5
S 140 4
1301 —e— Experimental data (CHP 10 mass% + phenol 0.25g)
120 - —+— Simulated data (CHP 10 mass%)
Prediction data (as phenol 5% contained in CHP 80 mass%)
110 T T T T T T T T
0 50 100 150 200
Time/min

Fig. 12 Time-temperature profiles of experimental data of phenol
mixed with CHP 10 mass% compared to computer simulation curves
and predicted curves

Therefore, we could surmise that the results of simula-
tions were close to the experimental data. Due to the
lower E, of phenol mixed with CHP, the predicted results
showed the mixture was more dangerous than the others
in this study. However, even if acetone mixed with CHP
caused a shorter TMR,4 under adiabatic tests, it would not
affect the results of prediction. As far as better accurate
prediction is concerned, we might consider the relation-
ship between TMR,4 and thermokinetic parameters in the
future.
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200 ~
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130
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——simulated data (CHP 10 mass%)
predicted data (as acetone 10% contained in CHP 80 mass%)

120

110 T T T T T T
0 50 100 150
Time/min

T
200

Fig. 13 Time-temperature profiles of experimental data of acetone
mixed with CHP 10 mass% compared to computer simulation curves
and predicted curves

Conclusions

CHP is a strong reactive OP that easily leads to a runaway
reaction. However, it is also the main material for pro-
duction of phenol and acetone. In this study, the thermal
hazards by a series of DSC tests were confirmed when
phenol and acetone are mixed with CHP, respectively. In
parallel, the course of runaway reaction was performed by
VSP2 tests under adiabatic condition for accessing the
practical process. From the temperature data, pressure data,
and thermokinetic parameters, the potential thermal haz-
ards could be properly narrated that should be paid much
attention in terms of loss prevention. In particular, both
phenol and acetone would cause the TMR,y of thermal
decomposition of CHP to be shorter. It means the emer-
gency response time possibly becomes shorter when ace-
tone and phenol exist in a CHP process rather than CHP
alone due to the lower activation energy. In addition, pre-
diction procedures provided the worst case for us to realize
the degree of severity. Therefore, the results of this study
revealed that the inherently safer design should prudently
take into account the incompatible effects of acetone and
phenol during CHP production process.
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