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a b s t r a c t

The reactivity of ethylene oxide (EO) with contaminants such as potassium hydroxide (KOH), sodium
hydroxide (NaOH), and ammonium hydroxide (NH4OH) was measured in this work using the automatic
pressure tracking adiabatic calorimeter (APTAC). Each contaminant was investigated using three different
concentration levels of around 0.10 g, 0.50 g, and 1.0 g in roughly 14 g EO. The research results show that
ccepted 21 September 2008
vailable online 30 September 2008

eywords:
eactivity
thylene oxide

KOH, NaOH, and NH4OH have significant effects on EO thermal stability. Reductions of onset temperatures
were measured as the contaminant concentrations were increased. NH4OH caused the highest reactivity
compared to the other contaminants. KOH is a contaminant that reduced the onset temperature of pure
EO to near room temperature even at a low concentration. The key exotherm parameters and profiles that
are critical to the design and operation of safer chemical plant processes are also provided in detail.
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. Introduction

Ethylene oxide (EO) has the molecular formula of H2COCH2. It
s the simplest of the cyclic ethers and very reactive because of
ts strained ring (see Fig. 1). Its reactions proceed mainly via ring
pening and are highly exothermic.

EO is a colorless gas at room temperature and atmospheric
ressure. The liquid has a characteristic of ether-like odor. Some

mportant physical properties of EO is shown in Table 1.
EO is highly flammable and poses a dangerous fire and explosion

isk. Pure EO with a flash point of −18 ◦C can be ignited without
ir or oxygen [1]. Under appropriate conditions, EO is known to
ndergo a variety of reactions, such as isomerization, polymeriza-
ion, hydrolysis, combustion, and decomposition, which produces
onsiderable energy.

Despite the hazards, EO is still a major industrial chemical. Its
nnual worldwide production is 11 million tons [1] and is among
he top 3% of high volume chemicals produced in the United States
2]. EO is widely used in the production of many important surfac-
ants, solvents, and specialty chemicals [1].

Due to its very reactive behavior and wide industrial appli-

ations, EO has been involved in a number of serious incidents
esulting in major damage as well as fatalities [1–8]. Contamination
s a main cause of EO incidents.

∗ Corresponding author. Tel: +1 979 862 3985; fax: +1 979 458 1493.
E-mail address: mannan@tamu.edu (M. Sam Mannan).
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Among the contaminants, alkalis have the relatively high possi-
ility in contacting with EO due to their indispensable role in many
rocesses and plants involving EO. For instance, many of the ethoxy-

ation reactions use an alkali metal hydroxide, especially potassium,
r sodium hydroxide, as a basic catalyst.

In the presence of trace impurities such as alkalis, EO ther-
al stability may reduce, causing unexpected runaway reactions

ven at normal conditions. Many past incidents in which alkali-
ontaminants were in contact with EO for unintentional reasons
ccurred and created hazardous situations. For example, an inci-
ent occurred during the ethoxylation of glycerine. The local
oncentrations of alkali arising from the thermal decomposition
f potassium soaps presented as an impurity in the sucroglyceride.
he generated alkali may have initiated exothermic polymerization
f the oxide [6,7]. Another ethoxylation reactor exploded because
he potassium hydroxide (KOH) catalyzed a reaction of the EO in
he vapor space of the reactor, which increased the temperature in
ocalized areas of the reactor head to the decomposition tempera-
ure [1,6].

Despite many incidents, only a few studies have investigated
he reactivity of EO in contact with contaminants. Published
nvestigations were for iron oxides, water, and sodium hydrox-
de solution [9–12]. No research on the contamination by KOH
r NH4OH has been reported. This work included research

n the reactivity of EO in the presence of KOH, (anhydrous)
aOH, and ammonium hydroxide (NH4OH). Although the sodium
ydroxide (NaOH) solution contamination has been studied [12],
esearch on anhydrous NaOH contamination provides insights
n the effect of NaOH compound alone, while the study with

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:mannan@tamu.edu
dx.doi.org/10.1016/j.tca.2008.09.013
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Fig. 1. The structural formula of EO.

Table 1
Some important physical properties of EO.

Property SI units

Molecular weight 44.1 g mol−1

Melting point 161.46 K
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oiling point 283.6 K
lammability limits 3–100 vol.%
uto ignition temperature 702 K

aOH solution observed the combined effects of NaOH and
ater.

. Experimental

.1. Samples

Lecture bottle cylinders with 227 g EO (99 + % EO from Aldrich,
atalog No. 38,761-4) supplied EO for all experiments. Samples
ere used as received with no additional purification or treatment
rocesses.

For experiments reported in this work, KOH 90% from Mallinck-
odt (catalog number 6984-04) was used. NaOH 99% was from
allinckrodt (catalog number 7708-10) and NH4OH 30% from

aker (catalog number 9721-01) was used.
In each test, EO samples of 14.01 ± 0.03 g were brought into

ontact with one of the contaminants at amounts of 0.10 ± 0.01 g,
.50 ± 0.02 g, or 1.0 ± 0.02 g, while the weight of the titanium cells
ere 32.49 ± 2.06 g.

.2. Apparatus

All of the experiments were performed using an automatic pres-
ure tracking adiabatic calorimeter (APTAC). A summary of APTAC
est conditions is presented in Table 2.

Due to the gaseous nature and toxicity of EO, the normal pro-
edure for external sample loading to the APTAC cell was not
pplicable, so a special apparatus configuration was designed. Fig. 2
llustrates the equipment used to transfer and measure the weight
f the EO sample.

.3. Procedure

In this work, each contaminant was investigated with three

mounts of roughly 0.10 g, 0.50 g, and 1.0 g contaminant in contact
ith around 14 g EO. Each combination was carried out three times

or repeatability evaluation and deviation calculations.
All experiments were performed in a closed cell environment

ithout air inside the APTAC cell. A heat-wait-search mode (HWS)

w
v
t

t

able 2
ummary of the APTAC test conditions.

emperature and pressure Value

tart temperature (◦C) 20–100
inal search temperature (◦C) 250
emperature increment (◦C) 10
ool-down temperature (◦C) 50
emperature shutdown (◦C) 500
ressure shutdown (kPa) 13100
a Acta 480 (2008) 53–60

f operation was applied for all of the runs. For this mode, the sam-
le was heated to an initial search temperature and the temperature
as allowed to stabilize in 25 min. Steps of 10 ◦C were conducted

t a rate of 4 ◦C/min. The system changed to search mode to detect
n exotherm thereafter (25 min more). An exothermic activity was
etected when a threshold of self-heating rate of 0.1 ◦C/min was
xceeded, and the APTAC followed the reaction adiabatically until
he sample was depleted or one of shutdown criteria was satisfied.
f no exothermic activity was detected within the search mode, the
ample was heated to the next search temperature and the proce-
ure was repeated.

Because of EO hazard characteristics, the experimental proce-
ures were performed carefully. First, cleaning is performed to
emove contaminants from the test cell and tubing. Flushing of
he test cell and transfer line with acetone was performed several
imes. Then, the system was dried by flowing compressed nitro-
en gas for 5 min. An amount of roughly 0.10 g, 0.50 g, or 1.0 g of
ne of the three selected contaminants was loaded into the sample
ell before attaching the sample cell containing the contaminant
o the top of the containment vessel. Next, a series of purging and
vacuation cycles was applied to reduce the amount of oxygen in
he test cell and transfer line. After evacuation, the sample vessel
as kept under a vacuum of about 6.90–20.7 kPa and submerged

n a dry-ice acetone bath to cool the test cell to −78 ◦C to allow EO
oading at a good rate. By doing this, ethylene oxide vapors from
he lecture bottle were transferred and condensed in the test cell.
he loaded amount was monitored by the weigh scale under the EO
ecture bottle. Valves 2 and 3 were closed to stop transferring EO

hen the scale indicated that 14 g EO was loaded. The dry-ice ace-
one mixture was removed. Finally, the APTAC containment vessel
as closed and locked before running an experiment. The whole

oading arrangement can be shown in Fig. 2.
Generally, for testing NH4OH, there were no significant differ-

nces in the experiment procedure for each contaminant except
or the preparation steps of the NH4OH. This contaminant, which
as very high vapor pressure, was kept at very low temperature
roughly −70 ◦C) during the oxygen removal cycles to prevent its
oss.

.4. Phi-factor

In the APTAC, a thin-wall 2.5 in titanium sample cell was
mployed to limit the amount of heat which the cell absorbs from
he sample. The ratio of the total heat of reaction to the heat
bsorbed by the sample in the laboratory instrument, or the rela-
ive thermal capacitance of the cell plus sample to the sample alone
s represented by the phi-factor, ˚ [13,14]:

= 1 + mcCc

msCs
here mc (g) is the sample vessel mass, Cc (J g K ) is the sample
essel specific heat, ms (g) is the sample mass and Cs (J g−1 K−1) is
he sample specific heat.

The phi-factor has the effect of dampening the thermal magni-
ude of a real system. The relative wall thermal capacitance might

Other settings Value

Heat mode: heat-wait-search
Exotherm threshold (◦C/min) 0.1
Exotherm limit (◦C) 300
Heat rate (◦C/min) 4
Heat rate shutdown (◦C/min) 400
Pressure rate shutdown (kPa/min) 68,947
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nsferring EO into APTAC cell.
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Fig. 3. Temperature history of pure EO in the APTAC.
Fig. 2. Schematic of tra

e very small in the case of large-scale equipment such as an indus-
rial reactor. Hence, phi-factor is an important issue for scaling
aboratory results to industrial processes, where ˚ factors typically
re low (i.e. close to 1, the minimum value).

In this work, the phi-factor cannot be measured directly by the
PTAC and was calculated using the equation above. The EO aver-
ge heat capacity of 2.0 J g−1 K−1 used in the phi-factor calculation
as derived from the literature over the range of 300–1000 K [15].

he average heat capacity of titanium [16] was estimated to be
.57 J g−1 K−1. In these experiments, the phi-factor ranges between
.59 and 1.65.

. Results and discussion

.1. Pure ethylene oxide

In order to successfully understand the reactivity of EO with the
ontaminant or the contaminant effects on pure EO, it is necessary
o know the pure ethylene oxide behavior in the absence of con-
aminants. The reactivity of pure EO investigated using the APTAC
xhibited considerable exothermic activity. As can be seen in Fig. 2,
ure EO reached an onset temperature of around 200 ◦C, which is

n good agreement to the results of the previous research [9,11]
Fig. 3).

The corresponding pressure–time relationship and self-heat
ate behavior of pure EO appear in Figs. 4 and 5, respectively.

.2. Ethylene oxide in contact with potassium hydroxide

Three experimental mixtures with different contaminant

mounts (0.1 g, 0.5 g, and 1.0 g KOH) and 14 g EO were conducted
0.70, 3.53, and 7.07% weight contaminant). Fig. 6 depicts the sam-
le temperature–time curves. For an amount of only 0.1 g KOH,
n exotherm begins at approximately 50 ◦C, which is much lower
han the onset temperature of pure EO at roughly 200 ◦C. For 0.5 g

Fig. 4. Pressure history of pure EO in the APTAC.
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Fig. 5. Self-heat rate profiles of pure EO in the APTAC.
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(1) From A to B, the mixture was heated by the surroundings and
the exothermic reaction energy. As can be seen in Fig. 10, the
observed curves follow the ones during EO heating.
Fig. 6. Temperature history of EO/KOH samples.

nd 1.0 g KOH, an exotherm appeared at around 30 ◦C, near the
inimum starting temperature of the APTAC. The onset temper-

ture decreased with increasing KOH concentration. This figure
lso shows that the mixture inside the cell eventually reached a
aximum temperature of around 160 ◦C, 230 ◦C, or 240 ◦C for KOH
asses of 1.0 g, 0.5 g, and 0.1 g KOH, respectively. As can be seen in

ig. 6, as KOH concentration decreases the maximum temperature
ttainable from the runaway increases.

Fig. 7 shows the pressure variation as a function of time. As

an be seen in Fig. 7, the pressure rises sharply and reaches
oughly 3792 kPa for the case of 0.1 g KOH. The maximum pressure
ecreased as the concentration of the KOH was increased.

The measured heat rates with respect to temperatures are dis-
layed in Fig. 8. In this figure, it can be seen that the more the

Fig. 7. Pressure history of EO/KOH samples.
Fig. 8. Self-heat rate–temperature profiles of EO/KOH.

ontaminant KOH added, the sooner the exotherm of the sample
tarts.

For different combinations, parallel trends are exhibited in the
ressurization rate versus temperature plots in Fig. 9. Although the
aximum pressure attained by each run was different, there was no

ignificant difference observed among the maximum pressuriza-
ion rates in the investigated range of contaminant concentrations.

The pressure–temperature curves (see Fig. 10) indicate the pres-
nce of the vapor as well as non-condensable gases in the cell. The
urves are divided into three main parts:
Fig. 9. Pressurization rate profiles of EO/KOH samples.

Fig. 10. Pressure–temperature profiles of EO/KOH samples.
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Fig. 12. Temperature history of EO/NaOH samples.
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Fig. 11. Time-to-maximum rate profiles of EO/KOH samples.

2) From B to C, the exothermic reactions strongly released heat
and increased the mixture temperature, while the pressure did
not increase because of ethylene oxide consumption. Thus, the
pressures from these tests fall away from the EO vapor pressure
curves and the slopes of their curves were lower than those of
the curves from A to B.

3) During cool-down (from C to D), both pressure and tempera-
ture decreased due to a shutdown of the APTAC heaters. The
observed pressure and temperature curves were not straight
lines because some products condensed during this period. The
fact that the cooling curve slopes were lower than the heating
curve slopes indicates that EO was converted into less volatile
components which can be the products of polymerization reac-
tions in the presence of KOH [12].

The rapidity of the ethylene oxide exothermic activity in the
resence of KOH is illustrated by the time-to-maximum rate plot
f Fig. 11. In the case of 1.0 g KOH, beginning near ambient temper-
ture the EO exothermic reaction rate would reach its maximum
ate in about 60 min, but by 60 ◦C, the time to maximum rate was
nly about 10 min. For the smaller amounts of KOH, more time is
eeded for the heat rate to reach its maximum.

A summary of important parameters in the experimental results
ith contaminant KOH is presented in Table 3. As can be seen in

able 3, when the contaminant concentration was increased from
.1 g, the onset temperatures, maximum temperature rates, maxi-
um pressure rates resulted in higher values indicating increased,

lthough the observed maximum temperatures and maximum
ressures were lower.

.3. Ethylene oxide in contact with sodium hydroxide
The reactivity of EO in contact with the contaminant sodium
ydroxide was measured for three levels: 0.1 g, 0.5 g, and 1.0 g
aOH. Fig. 12 depicts the curves of measured sample temper-
tures with respect to time. For the NaOH contamination, EO

s
a

p
d

able 3
PTAC experimental results for EO/KOH, EO/NaOH, and EO/NH4OH mixtures.

ontaminant ˚ Ton (◦C) Tmax (◦C) Pmax (kPa)

.1 g KOH 1.65 52–62 233–247 3826–410

.5 g KOH 1.62 38–42 221–241 3081–346
.0 g KOH 1.61 31–37 155–169 2757–300
.1 g NaOH 1.64 115–125 223–255 4116–414
.5 g NaOH 1.62 105–111 217–249 4019–417
.0 g NaOH 1.60 103–107 188–212 3840–410
.1 g NH4OH 1.64 156–160 562–580 11727–123
.5 g NH4OH 1.62 57–61 526–534 11941–123
.0 g NH4OH 1.59 20–22 138–166 2509–286
Fig. 13. Pressure history of EO/NaOH samples.

elf-heating rates of 0.1◦/min or greater occurred at onset temper-
tures of 105 ◦C or above. As the NaOH concentration increased,
he average onset temperature slightly decreased. The maxi-

um temperatures with NaOH were within 200–250 ◦C. Similar
rends were observed in pressure–time behavior (see Fig. 13),
hich paralleled trends observed for the temperature versus time
lots.

Fig. 14 illustrates the observed self-heat rate profiles for
O/NaOH mixtures. Self-heat rates of over 0.1 ◦C/min were observed
t temperatures above 100 ◦C, which was much higher than the
nes observed for the KOH. Acceleration to the average self-heat
alues of 1401, 679, and 526 ◦C/min were obtained for the 0.1 g, 0.5 g,
nd 1.0 g amounts, respectively. Based on Fig. 13, EO exotherms with
ower NaOH concentrations exhibited slightly greater maximum
elf-heat rates. The plots of pressurization rate versus temperature

re also displayed in Fig. 15.

The pressure versus temperature plots are shown in Fig. 16. The
lot for the case of 0.1 g NaOH exhibited the same behavior as
escribed for the EO/KOH mixtures that generated the condens-

dT/dtmax (◦C/min) dP/dtmax (kPa/min) TMR (min)

2 243–334 1337–1944 74–102
8 590–650 1958–2757 75–81
6 529–625 2461–2847 55–61
3 1386–1416 2364–3026 53–77
1 639–719 2316–2716 60–64
2 480–572 2213–2737 52–60
89 3154–3288 25131–26262 148–306
69 1249–1357 83061–113370 78–126
8 575–635 7646–8059 162–200
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Fig. 14. Self-heat rate profiles of EO/NaOH samples.
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Fig. 17. Temperature history of EO/NH4OH samples.
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Fig. 15. Pressurization rate profiles of EO/NaOH samples.

ble products. For the 0.5 g and 1.0 g tests, the cool-down pressure
xceeds the heat up pressure.

For NaOH, the trends of the main parameters such as the onset
emperature, maximum temperature, maximum heat rate, and

aximum pressurization rate were difficult to see in Figs. 11–15.
hese trends are more clearly shown in the summary table (see
able 3). The onset temperature decreased by 15 ◦C when the NaOH
oncentration was increased 10 times from 0.1 g to 1.0 g. Also, the
max were slightly decreased by an increase of the contaminant
oncentration. Meanwhile, two parameters including time to max-
mum heat rate and maximum pressurization rate were not really
ifferent and dT/dtmax was greatly reduced.
Fig. 16. Pressure–temperature profiles of EO/NaOH samples.
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Fig. 18. Self-heat rate profiles of EO/NH4OH samples.

.4. Ethylene oxide in contact with ammonium hydroxide

Ammonium hydroxide solution was the third basic contami-
ant investigated in this research. Three amounts of ammonia, 0.1 g,
.5 g, and 1.0 g from a 30% aqueous solution were added to 14 g of
ure EO to examine their reactivity. Unlike the anhydrous hydroxide
ontaminants in the previous sections, this basic solution contained
highly volatile compound, NH3, dissolved in water. In the presence
f water, EO reacts with water to produce higher molecular weight
lycols. The lowest observed onset temperature for neat EO with
ater in the absence of base was ∼50 ◦C at 19% mass percent water

11]. However, onset temperatures with 5% mass percent water
1.0 g NH4OH 30%) measured at ∼21 ◦C were significantly lower
han the 50 ◦C observed for the lowest measured onset temperature
f EO contaminated by water alone. In short, it can be concluded
hat NH4OH also reduces the onset temperature, and increases the

aximum heat rate, and maximum pressurization rate of pure EO.
From Fig. 17, the EO mixtures with a higher NH4OH concen-

ration produced lower onset temperatures and lower maximum
emperatures. For 0.1 g NH4OH, the heat-wait-search continued
ntil the mixture temperature reached about 160 ◦C. This relatively
igh onset temperature indicates that EO in contact with 0.7% mass
f NH4OH was relatively stable near ambient temperature. How-
ver, the onset temperature reduced quickly to 21 ◦C when the
ontaminant amount was increased 10 times to 1.0 g. Although the

aximum temperature in the latter combination was much lower,

his combination is more hazardous, because EO reacts significantly
t ambient conditions.

Fig. 18 illustrates the self-heat rate profiles of EO/NH4OH mix-
ures. For the case of 1.0 g NH4OH, a self-heat rate of roughly
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Fig. 19. Pressure history of EO/NH4OH samples.

.1 ◦C/min at near room temperature was observed, and acceler-
tion to over 600 ◦C/min occurred within a short time thereafter.
he 0.5 g NH4OH/14 g EO samples showed a detectable exotherm at
pproximately 60 ◦C with the self-heating rate increased to nearly
0 ◦C/min around 100 ◦C. The self-heat rate remained nearly con-
tant until about 280 ◦C and then began to accelerate yielding a
elf-heat rate up to 150 ◦C/min at 430 ◦C in the small peak. Subse-
uently, the rate dropped until the final stronger exotherm began
t 450 ◦C and reached a higher peak of roughly 1300 ◦C/min. With
low concentration of NH4OH (0.1 g), the maximum rate of heat

eneration of over 3000 ◦C/min was observed as well as the onset
emperature up to 160 ◦C, which was much higher than those
bserved for 0.5 and 1.0 g NH4OH.

Peak pressures of over 11721 kPa were generated in the cases
f 0.1 g and 0.5 g NH4OH (Fig. 19). For 1.0 g NH4OH, the maximum
ressure observed was ∼2800 kPa.

As shown in Fig. 20, for 0.1 g and 0.5 g NH4OH, the pressur-
zation rate sudden increased at about 450 ◦C and reached over
0684 kPa/min which overwhelmed the pressure matching rate of
he APTAC control system. As a result, the cells were ruptured or
orced off the head of the containment vessel, following by the
ursting of the containment vessel rupture disk near the end of
hese tests. The measured pressures at the peaks should be the
nes in the containment vessel which may be lower the ones in an
nbroken sample cell.

There is an unusual observation for this contaminant. There
xists a small peak as a shoulder before the main peak. These peaks

hich were indicated with the arrows can be seen quite apparent

n Figs. 17–19 for 0.1 g and 0.5 g NH4OH. One possible explanation
or these peaks can be as follows:

Fig. 20. Pressurization rate profiles of EO/NH4OH samples.

fi
i
i

Fig. 21. Pressure–temperature profiles of EO/NH4OH samples.

1) First, the initial peaks may reflect the reaction between ammo-
nia in the form of an aqueous solution and EO to produce
ethanolamine with the water acting as a catalyst. As mentioned
in the literature [17], the combination of EO and ammonia ini-
tially produces monoethyleneamine (MEA). However, because
EO is extremely reactive, the secondary products, diethyle-
neamine (DEA) and triethyleneamine (TEA), are produced. All
three reactions can occur within a short time and are highly
exothermic [17].

2) Because considerable energy is produced by the above reac-
tions, an exotherm of EO took place, causing the ultimate peaks
of increased sample temperature.

The pressures versus temperature plots in Fig. 21 also charac-
erize pressure generation in the EO system. For the most part,
he EO/NH4OH samples followed the EO vapor pressure curve. At
bout 110 ◦C for 1.0 g NH4OH and 150 ◦C for 0.1 g and 0.5 g NH4OH,
he pressures from these tests fall away from the EO vapor pres-
ure curve, presumably because of EO consumption. Then, for 0.1 g
nd 0.5 g NH4OH, the mixture pressures were still high despite the
ooling period had ended because of increased nitrogen into the
ontainment vessel following rupture of the titanium sample cells
Figs. 19 and 21).

Fig. 22 shows the EO/NH4OH time to maximum heat rate, which
s considerably longer than for KOH at a given temperature. In the
resence of 0.1 g and 0.5 g NH4OH, the mixture gave an explosion
fter 227 min near 571 ◦C and 102 min near 530 ◦C, respectively.
A summary of important parameters derived from the above
gures are listed in Table 3. Compared to the two previous contam-

nants (KOH and NaOH), the key parameters for NH4OH changed
n much larger ranges when the amount of contaminant changed.

Fig. 22. Time-to-maximum profiles of EO/NH4OH samples.
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Fig. 23. Onset temperature–mass of contaminants profiles.

s can be seen in Table 3, Tmax, Pmax, dT/dtmax, and dP/dtmax

ecreased as the contaminant weight were increased, which are
ess hazardous trends. Only To and TMR tends to more hazardous
alues.

.5. Onset temperature comparison of ethylene
xide/contaminants

The onset temperature is an important parameter for evaluation
f the contamination effects on EO thermal stability. Fig. 23 displays
he onset temperatures of different contaminants and different
ontaminant concentrations to illustrate the impact of contaminant
oncentration on the measured exothermic onset temperatures
ore clearly. The To values in Fig. 17 are the average values from

he test results. The detected onset temperature increases as the
ontaminant mass is decreased and does not exceed the value
easured for pure EO. This figure clearly shows that the stabil-

ty of EO is strongly affected by the KOH. The onset temperature
f pure EO is reduced from ∼205 ◦C to ∼60 ◦C or below even with
small amount of KOH (0.1 g). Over the same investigated range

f contaminant concentration, the onset temperatures of NaOH
nd KOH were slightly reduced to lower values at higher contami-
ant concentrations, while the ones for NH4OH were dramatically
educed.

Fig. 23 also shows that the behavior of the NaOH appears to
arallel that of the KOH except for being displaced to higher onset
emperatures by 60–70 ◦C. KOH and NaOH have similar structures
nd properties, but their effects on EO behavior are quite different.

. Conclusions

Evaluation of EO reactivity in contact with three industrial
ontaminants, KOH, NaOH, and NH4OH was performed with mea-
urements using an APTAC. Small amounts (0.1 g, 0.5 g, and 1.0 g)
f these chemical compounds were mixed with 14 g EO and heated
o measure the EO exothermic reaction behavior catalyzed by the
ontaminants.

The 14 g of pure EO required about 205 ◦C to initiate runaway
eaction under adiabatic conditions and produced a maximum tem-

erature of about 600 ◦C and pressure of approximately 11790 kPa

n a 130 mL sample cell. The tested contaminants affected measured
alues of these parameters. All greatly exhibited catalytic effects on
he reactivity of EO and caused reductions in the runaway reaction
hreshold temperatures.

[

[

[

a Acta 480 (2008) 53–60

In the studied range of contaminant concentrations, To,
T/dtmax, dP/dtmax and TMR changed to more hazardous values
hen the amount of KOH increased. With each of NaOH and
H4OH, the contaminated EO underwent exotherm reactions at

ower and more hazardous values of To and TMR.
At the same levels of 0.1 g, 0.5 g, and 1.0 g contaminant, the

ontaminants all lowered the EO onset temperature but different
ffects. With 1.0 g, NaOH reduced the onset temperature to around
00 ◦C while KOH and NH4OH decreased it to room temperature.
specially, KOH can initiate an exotherm roughly 60 ◦C even at low
oncentration (0.1 g KOH/14 g EO).

Among the investigated contaminants, the presence of NH4OH
ith a sufficient concentration has the highest impact on Tmax, Pmax,
T/dtmax, and dP/dtmax of contaminated EO. By 59 ◦C, the combina-
ions of EO and 0.5 g NH4OH (∼3.5 wt.%) was reached the maximum
elf-heat rate near 530 ◦C after 102 min. The following relative reac-
ivity of contamination is suggested: NH4OH > KOH > NaOH.

To be of greater use, the thermokinetics of the reactions of EO
ith KOH, NaOH, and NH4OH should be determined in future work.
dditional experiments over wider ranges of phi-factor and EO
ass fraction as well as product identification should be made

or a thorough kinetics understanding and development of kinetic
odels for these reactions. With additional experimental data and

inetics models, simulation models can be developed to reproduce
PTAC measured data and predict scaled-up onset temperature,

ime to maximum rate, and maximum pressure for ranges of
O volume, concentration, and operation conditions. Increased
nformation and modeling of EO behavior can aid safety-related
ecisions regarding processing, storage, handling, stable condi-
ions, emergency relief system design, and incident investigations.
n addition, this information will be valuable in guiding implemen-
ation of inherently safer process designs and technology for EO
pplications.
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