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bstract

In Taiwan, Japan, and China, methyl ethyl ketone peroxide (MEKPO) has caused many severe thermal explosions owing to its thermal instability
nd reactivity originating from the complexity of its structure. This study focused on the incompatible features of MEKPO as detected by calorimetry.
he thermal decomposition and runaway behaviors of MEKPO with about 10 wt.% incompatibilities, such as H2SO4, HCl, NaOH, KOH, FeCl3,
nd FeSO4, were analyzed by dynamic calorimeter, differential scanning calorimetry (DSC) and adiabatic calorimeter, vent sizing package 2
VSP2). Thermokinetic data, such as onset temperature, heat of decomposition, adiabatic temperature rise, and self-heat rate, were obtained and
ssessed. Experimental data were used for determining the incompatibility rating on hazards.

From the thermal curves of MEKPO with assumed incompatible substances detected by DSC, all the onset temperatures in the other tests

ccurring earlier advanced, especially with alkaline or ferric materials. In some tests, significant incompatible reactions were found. Adiabatic
unaway behaviors for simulating the worst case scenario were performed by using VSP2. These calorimetric data led to the same results that the
lkaline or ferric solution was the most incompatible with MEKPO.

2006 Elsevier B.V. All rights reserved.

mal de

F
M

T
k
a
p
o
u
a
1

eywords: Methyl ethyl ketone peroxide (MEKPO); Thermal instability; Ther

. Introduction

In the last century, many thermal explosions in Taiwan,
apan, and China were caused by methyl ethyl ketone peroxide
MEKPO) being subjected to external fires and other igniting
ources. Yeh et al. [1] used differential scanning calorimetry
DSC) and vent sizing package 2 (VSP2) with the techniques of
hermal analysis to assess the thermal hazards and thermoki-
etic data. The exothermic onset temperature of MEKPO is
etermined to be about 110 ◦C. Tseng et al. [2] indicated that
EKPO is highly hazardous when mixed with H2SO4, NaOH,
e2O3, in corroborating the thermal decomposition and runaway
ehaviors of MEKPO with specific incompatibilities. We used
bout 10 wt.% contaminant, such as H2SO4, HCl, NaOH, KOH,
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eCl3, and FeSO4, to investigate the incompatible hazards of
EKPO with mixed materials.
Table 1 gathers statistical accidents caused by MEKPO in

aiwan, Japan, and China. In Taiwan, five selected accidents
illed 55 and injured 156 people; one of the most catastrophic
ccidents was the Yung-Hsin plant explosion, which killed 10
eople and injured 47 during the fire fighting [3]. The fire was
riginally caused by a runaway oxidation reaction in a reactor
nit that then spread to the tank yard, thus resulting in a dis-
ster. In Japan, from 1953 to 1978, MEKPO was involved in
4 accidents. In particular, in 1964 in Tokyo, about 3600 kg of
EKPO exploded, killing 19 and wounding 114 people [4]. In

ecent years in China, there have also been several severe acci-
ents resulting from MEKPO.
MEKPO, which is widely used in polymerization in the
lastic industry, is produced by the reaction of methyl ethyl
etone (MEK) and hydrogen peroxide (H2O2) with various cat-
lysts [5]. In general, MEKPO has seven different structures; for

mailto:jmjehng@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2006.07.062
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Nomenclature

�H heat of reaction (J g−1)
�Hd heat of decomposition (J g−1)
Pfinal final pressure (psig)
Pmax maximum pressure (psig)
(dP dt−1)max maximum pressure-rise rate (psi min−1)
t time (min)
T temperature (◦C)
dT dt−1 self-heat rate (◦C min−1)
(dT dt−1)max maximum self-heat rate (◦C min−1)
T0 exothermic onset temperature (◦C)
�Tad adiabatic temperature rises (◦C)
Tmax maximum temperature (◦C)
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Greek symbols
Φ thermal inertial

ommercial purposes, the supplier often delivers the monomer
nd dimer structures. Due to the inherently reactive hazards of
EKPO, many organizations have established regulations dur-

ng the preparation, manufacturing, storage, and transportation
tages, such as OSHA 1910.119 [6], National Fire Protection
ssociation (NFPA) 43B [7], Department of Transportation

DOT) [8], and HSE of Control of Industrial Major Accident
azards Regulations [9], to name a few.
Regarding the accidents that have occurred in Taiwan, there

re still several reasons, which cannot be confirmed. Generally,
he accidents were considered as fire-induced thermal explo-
ions. Yeh et al. [1] conducted calorimetry tests and found the
nset temperature of MEKPO is about 110 ◦C, which could
e interpreted as the hidden reason for the thermal explo-
ions from an initial fire accident. However, if incompatibil-
ties exist, these mixtures may result in exothermic phenom-
na under lower temperature, and then entail ensuing thermal
azards, thermal runaways or even thermal explosions. This
s the exact reason that incompatible substances should be
aken into account with respect to the influence of the thermal
unaway reaction of MEKPO. These contaminants are possi-
ly being encountered in process, storage, and transportation
nits.

Numerous studies of induced hazards by organic peroxides
ave been performed worldwide. The United Nations has even

uggested that an organic peroxide supplier must make a precise
est of self-accelerating decomposition temperature (SADT) in
ny specific commercial package [10]. TNO in the Netherlands
as devoted considerable efforts to the testing and classifica-

able 1
ajor accidents caused by MEKPO in Taiwan, Japan and China

ra Country Number of cases Injuries Fatalities

979–2001 Taiwan 5 156 55
953–1978 Japan 14 115 23
980–2003 China 13 6 9
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ion of organic peroxides. MEKPO has been recognized as a
ammable type or class III or IV by the code of NFPA 43B.
he members of Design Institute for Emergency Relief Sys-

ems (DIERS) have emphasized research on the characteristics
f pressure relief for organic peroxides [11,12]. The exother-
ic threshold temperature of many organic peroxides is usually

round 50–120 ◦C. However, for some runaway incidents caused
y MEKPO, the reaction or storage temperatures have even been
s low as ambient temperature [1]. To date, the reactive and
ncompatible hazards of MEKPO have not been clearly identi-
ed, and more efforts are needed for the study of its hazardous
roperties.

The emergency relief area of a safety relief valve or rup-
ure disk of a reactor or storage tank is nearly proportional to
he adiabatic self-heat rate at the blowdown conditions using
IERS methodology [11,12]. Most thermal runaway reactions

aused by organic peroxides will be accompanied by violent
eat-releasing rates and thermal explosions. The maximum self-
eat rate is larger than 100 ◦C min−1 for many runaway reactions
f organic peroxides. The self-heat rate or thermokinetics are
ffected by temperature, pH value, and metal of containers, ions,
nd other impurities. The aim of this research was to identify
he incompatible characteristics of mixtures with MEKPO. Both
SC and VSP2 or other adiabatic calorimetries were used for

hermal analyses in order to acquire thermal runaway data. Data,
uch as exothermic onset temperature (T0), adiabatic time to
aximum heat rate (TMRad), adiabatic temperature rise (�Tad),

nd self-heat rate (dT dt−1), etc., were employed for evaluat-
ng the hazard rating of incompatibility [13,14]. In summary,
his study addressed the following objectives: identification and
ssessment of the effect of incompatibilities on the liability or
tability MEKPO and the applicability of calorimetry to incom-
atibilities of hazardous materials.

. Experimental

.1. Samples

MEKPO of 31 wt.% diluted in dimethyl phthalate (DMP)
as purchased directly from the Aldrich Co., and then stored in
refrigerator at 4 ◦C. Incompatible substances, such as H2SO4,
Cl, NaOH, KOH, FeCl3, and FeSO4, which could be encoun-

ered in process or storage conditions, were deliberately selected
o be prepared at approximately 5 and 10 wt.% relative to

EKPO in both DSC and VSP2 experiments, respectively.

.2. DSC

Temperature-programmed screening experiments were per-
ormed on a Mettler TA8000 system DSC821e; the test
ell (Mettler ME-26732) could withstand high pressure until
bout 100 bar. The scanning rate selected for the temperature-
rogrammed ramp was 4 ◦C min−1 to maintain better thermal

quilibrium [15]. About 5 mg of MEKPO was used for testing
amples, followed by adding different incompatible substances.
he test cell was sealed manually, and the dynamic scanning test
as conducted by using DSC.
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Fig. 1. Thermal curves of 31 wt.% MEKPO mixed with inorganic acid scanned
by DSC tests.

Fig. 2. Thermal curves of 31 wt.% MEKPO mixed with hydroxide ion scanned
by DSC tests.
64 R.-H. Chang et al. / Journal of Ha

.3. VSP2

VSP2, a PC-controlled adiabatic calorimeter system, was
anufactured by Fauske & Associates Inc. It can acquire tem-

erature and pressure traces versus time. In theory, an adiabatic
alorimeter with the low heat capacity of the test cell ensures
ssentially all the reaction heat released remains within the tested
ample. The thermal inertia (Φ) of the small test cells (116 ml)
s about from 1.05 to 1.32, which can assess the thermokinet-
cs and thermal hazards, then directly extrapolate to the pro-
ess conditions [16]. Chang et al. [17,18] adopted VSP2 to
onduct a decomposition reaction of 15 wt.% MEKPO, indi-
ating a rapid pressure change, transcending the limit of the
est cell and the subsequent bursting of the test cell. To ade-
uately protect the normal operation of this apparatus and avoid
ursting the test cell and missing the end of exothermic data,
0 wt.% of MEKPO was prudently chosen for the experiments
f VSP2.

First, we injected 50 g 10 wt.% MEKPO into the test cell,
nd then used vacuum conditions to draw the incompatible sub-
tances within 2.5 g from the injector into the test cell. Then
e adopted the standard heat-wait-search (HWS) procedure

o execute the adiabatic runaway test. However, some incom-
atible reactions may occur instantaneously during the mixing
ith incompatible substances. To avoid heating the system and

nterfering with the onset condition, after injecting the incom-
atible samples, we just opened the guard heater to keep the
est system at the desired adiabatic environment and waited
or a few pre-set minutes. If there was any prominent temper-
ture or pressure-rise, we then terminated the HWS step and
witched off the main heater for closely tracking a runaway
eaction [17].

. Results

.1. Thermal analysis by DSC for MEKPO with
ncompatible substances

By using programmed scanning, we readily acquired the
nset temperature and heat of decomposition of MEKPO with
ncompatible substances from the thermal curves. MEKPO
tself inherently revealed two conspicuous exothermic reaction
egions, and the onset temperature of the first reaction region
etected by the DSC, which was defined as the intersection point
etween the tangent of the heat flow versus temperature curve
nd the baseline, was ca. 96 ◦C. The peak areas of the 31 wt.%
EKPO sample gave 951 ± 13 J g−1, and this value was extrap-

lated to be ca. 3100 J g−1 for a 100 wt.% MEKPO sample.
Fig. 1 depicts the typical heat flow curves versus tempera-

ure and the thermal decomposition of 31 wt.% MEKPO with
cidic substances. By mixing with alkaline solution hydroxide
on, the temperature and heat flow curves are shown in Fig. 2.
n addition, Figs. 3 and 4 illustrate the incompatible effect on
EKPO of the solutions containing ferric, ferrous, and chloride
ons, respectively.

Table 2 summarizes the effects of various contaminants on
he hazards of incompatibility detected by DSC.

Fig. 3. Thermal curves of 31 wt.% MEKPO mixed with ferric and ferrous sub-
stances scanned by DSC tests.
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Table 2
DSC test results for MEKPO mixed with various incompatibilities

Sample, 31 wt.% MEKPO (mg) Incompatibility Heating rate (◦C min−1) Exothermic parametersa

Substance Weight (mg) T0 (◦C) Tmax (◦C) �H (J g−1)

5.5 – – 4/ 96.22 199.84 951.61
4.8 H2SO4 (0.5 M) 0.5 4 79.33 190.75 1186.99
4.2 HCl (1.0 M) 0.4 4 69.18 90.77 1119.45
4.5 NaOH (1.0 M) 0.5 4 53.40 255.49 989.12
4.5 KOH (1.0 M) 0.5 4 38.70 208.07 794.36
4.8 NaCl (1.0 M) 0.5 4 79.25 119.44 964.25
4.9 FeCl3 (1.0 M) 0.5 4 48.37 165.94 792.18
4.8 FeSO4 (1.0 M) 0.7 4 57.49 76.34 963.49

a The temperature data were estimated with the errors about ±1.5 ◦C, and the heat of thermal decomposition were estimated with the errors about ±13 J g−1.
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ig. 4. Thermal curves of 31 wt.% MEKPO mixed with various materials con-
aining chloride ion scanned by DSC tests.

.2. Hazard analysis by VSP2 for MEKPO with
ncompatible substances
Characteristic temperature and pressure versus time curves
or 10 wt.% MEKPO VSP2 tests are recorded in Fig. 5. Fig. 6
emonstrates the temperature versus self-heat rate and pressure-

ig. 5. Behaviors of thermal runaway for the decomposition reaction of 10 wt.%
EKPO scanned by VSP2 tests.

d
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ig. 6. Self-heat rate and pressure-rise rate vs. temperature for the decomposi-
ion reaction of 10 wt.% MEKPO scanned by VSP2 tests.

ise rate for the decomposition reaction of 10 wt.% MEKPO.
hese two figures were the background data for comparing the
azard rating of incompatible behaviors under adiabatic condi-
ions.
Fig. 7 shows the temperature versus time curves for the
ecomposition reaction of 10 wt.% MEKPO with sulfuric acid
nd hydrochloric acid. The temperature versus time curves

ig. 7. Adiabatic runaway curves for the decomposition reaction of 10 wt.%
EKPO with inorganic acids scanned by VSP2 tests.



766 R.-H. Chang et al. / Journal of Hazardous Materials 141 (2007) 762–768

Table 3
VSP2 test results for MEKPO mixed with various incompatibilities

Substance T0 (◦C) Tmax (◦C) Pmax (psig) (dT dt−1)max

(◦C min−1)
(dP dt−1)max

(psig min−1)
Pfinal (psig)

MEKPO 10 wt.% (50 ml) 105.00 275.24 506.43 261.56 1481.55 94.22
MEKPO 10 wt.% (50 g) 101.37 267.73 371.63 188.65 745.78 88.91
MEKPO 10 wt.% (50 g) + H2SO4 (0.5 M, 2.5 g) 71.84 216.65 343.79 221.82 707.57 45.38
MEKPO 10 wt.% (50 g) + HCl (1.0 M, 2.5 g) 43.26 201.75 275.41 42.44 50.88 17.54
MEKPO 10 wt.% (50 g) + NaOH (1.0 M, 2.5 g) 38.48/76.11 235.26 425.35 206.80 151.02 55.15
MEKPO 10 wt.% (50 g) + KOH (1.0 M, 2.5 g) 34.34/80.18 209.43 310.58 103.81 139.00 54.17
MEKPO 10 wt.% (50 g) + FeSO4 (1.0 M, 2.5 g) 31.98 237.94 455.15 179.34 624.40 68.82
MEKPO 10 wt.% (50 g) + FeCl3 (1.0 M, 2.5 g) 29.14 189.35 237.31 121.35 76.28 42.44
MEKPO 10 wt.% (50 g) + NaCl (1.0 M, 2.5 g) 61.86 200.86 299.83 121.39 184.45 53.68

The temperature data were estimated with the errors about ±1.5 oC, and the pressure data were estimated with the errors about ±1.9 psig. The thermal inertia (Φ) in
these experiments was about 1.19.
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ig. 8. Adiabatic runaway curves for the decomposition reaction of 10 wt.%
EKPO mixed with alkaline solutions or hydroxide ions scanned by VSP2

ests.

f 10 wt.% MEKPO mixed with alkaline solutions containing

odium hydroxide and potassium hydroxide are diagramed in
ig. 8. In addition, Figs. 9 and 10 depict the incompatible reac-

ion experiments on MEKPO with solutions containing ferrous
ulfate and ferric chloride, respectively.

ig. 9. Adiabatic runaway curves for the decomposition reaction of 10 wt.%
EKPO mixed with ferrous and ferric solutions scanned by VSP2 tests.
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ig. 10. Adiabatic runaway curves for the decomposition reaction of 10 wt.%
EKPO mixed with various solutions containing chloride ions scanned by VSP2

ests.

The experimental data obtained from the tests of 10 wt.%
EKPO mixed with incompatible materials are summarized in

able 3. The exothermic onset temperature of 10 wt.% MEKPO
as 101 ± 1.5 ◦C with Φ of 1.19. The onset temperature is here
efined at the temperature at which a self-heat rate exceeds
.1 ◦C min−1 detected in the VSP2 calorimeter.

. Discussion

By inspecting the thermal curve, one can see that the first
ecomposition region of MEKPO detected by the DSC is at ca.
6 ◦C. However, while the MEKPO mixed with incompatible
ubstances, these onset temperatures were reduced by 20 ◦C and
ven as much as 57 ◦C compared to that of pure MEKPO. These
bservations indicate that the incompatibility could lead the ther-
al decomposition reaction of MEKPO to being increased and

he probability of thermal hazards being enhanced as well. From
ig. 1 and Table 2, while MEKPO was mixed with inorganic

cid, the first onset temperature was slightly decreased, and
he exothermic curves demonstrated that the incompatible sub-
tances squeezed the second reaction peak into the first one. In
ig. 2, by mixing with alkaline solutions containing hydroxide
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ons, the first peak of the reaction in terms of area was obviously
ecreased. On the other hand, in Table 2, the strong alkaline led
he onset temperature to be significantly reduced even to being
mpending near the ambient conditions.

Figs. 3 and 4 show that ferric chloride and ferrous sulfate
aused variations in thermal curves, also exhibiting incompati-
ility phenomena. These curves have two apparent exothermic
eaks, indicating that the decomposition of MEKPO is also
ffected by ionic compounds. This indicates that the incompat-
ble mixtures make the reaction mechanism more complicated
han the one associated with the MEKPO alone.

Adiabatic calorimetry can always simulate the worst case sce-
ario in bench scale under experimental design. MEKPO and its
ixtures were thoroughly studied for the purpose of comparison.
hermal decompositions of 10 wt.% MEKPO under adiabatic
onditions are displayed in Figs. 5 and 6. Adiabatic runaway
ata detected by VSP2, such as onset temperatures (T0), heats
f decomposition (�Hd), adiabatic temperature rises (�Tad),
nd self-heat rates (dT dt−1), etc., could be clearly compared
o each other among these incompatible mixtures. The adia-
atic curve only demonstrated one continuous runaway curve,
hich was different from the DSC thermal curve associated with

everal peaks. The trajectory appearing for the one curve for
he adiabatic calorimeter (VSP2) lay in whether or not the first
xothermic peak had released enough heat and raised the tem-
erature to initiate the second reaction.

The adiabatic runaway onset temperature was at about 90 ◦C,
or which a self-heat rate of 0.1 ◦C min−1 existed as detected by
SP2. The maximum self-heat rate was at about 200 ◦C min−1.
his told that the adiabatic runaway of MEKPO might lead to
thermal explosion thereafter. The effects of inorganic acids

n MEKPO are presented in Fig. 7. Inorganic acids catalyze
he decomposition of MEKPO justified from the earlier adia-
atic runaway behaviors or from the lower onset temperatures.
ydrochloric acid is the most catalytic. Alkaline components

lso have similar influences as inorganic acids. Mixtures of
EKPO with alkaline solutions decompose much earlier than

hose of acidic solutions. Fig. 8 reveals the characteristics of
he adiabatic runaway reaction of MEKPO mixed with alkaline
olutions, which were compared to that of MEKPO itself.

Ferric chloride and ferrous sulfate were capable of simu-
ating the impurities that polluted the MEKPO in a container

ade of iron or its alloys. Fig. 9 depicts the influences of these
ompounds and compared to the MEKPO itself. Ferric chloride
eems to decompose the MEKPO at the instant of addition with-
ut any hot environment. The different effects of hydrochloric
cid and sodium chloride on the catalytic decomposition are
isplayed in Fig. 10. From the adiabatic traces of runaway reac-
ions, we can tell that hydrochloric acid is more incompatible
ith MEKPO than sodium chloride even in spite of containing

he same chloride ion. Table 3 summarizes those incompatible
ehaviors detected by using VSP2 in adiabatic conditions.
. Conclusions

By comparing the data of thermal analyses and adiabatic
unaway reactions detected by using either the DSC or VSP2

[

[

us Materials 141 (2007) 762–768 767

alorimetries, we assessed the incompatibility rating of haz-
rds on MEKPO contaminated with impurities. In summary,
he labile or unstable sequences were proposed as follows:

MEKPO + Fe2+ or Fe3+

> MEKPO + OH− > MEKPO + H+ > MEKPO

ccording to the calorimetric observations of this study,
EKPO is a very hazardous, even dangerous, compound itself

r mixed with other incompatible substances, especially with
ydroxide ion or ferric materials. To actively and prudently
revent a system from any accident caused by MEKPO, it is
mperative not only to clearly understand the hazardous charac-
eristics of MEKPO, but also to avoid unexpected factors during
rocessing, transportation, storage, or even disposal.
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