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Many industrial accidents in the recent past showed that the thermal decomposition of Cumene Hydroperoxide 
(CHP) can lead to runaway reactions and subsequent fires and explosions. Still this organic peroxide is 
extensively used in the petrochemical industry. This paper is aimed at a better understanding of the possible 
consequences of CHP decomposition by analyzing its thermal behavior when dissolved in a high boiling point 
solvent using two different adiabatic calorimeters. The experimental data obtained allowed us to assess the 
general trends on the main runaway parameters and to characterized the thermal decomposition of the mixture 
with respect to the peroxide concentration, as well as the influence of the thermal inertia of the equipment. The 
gas generation rate for each of experiment was calculated and then corrected to adiabatic conditions. The data 
generated can assist as a guidance for designing processes where CHP is involved, along with their safeguards. 

1. Introduction 

Cumene Hydroperoxide is widely used as an initiator, a cross linking agent, a hardener and a drying accelerator 
in the petrochemical industry. However, the use of this peroxide presents an intrinsic hazard due to its  high 
instability nature (class IV)(National Fire Protection Association, 2012) and its thermal decomposition reaction, 
which is usually highly exothermic and can lead to a runaway reaction and subsequent explosions. The hazards 
associated with the processing, transportation and storage of CHP are clearly reflected in the numerous 
incidents that have occurred in the Asian processing industry in the last two decades: Taiwan 2008, Taiwan 
2003, Japan (1999) and Taiwan (1988) (Hsu, Su, Huang, & Duh, 2012). From a pressure relief stand point, CHP 
has been classified as an hybrid system: vapor and gasses are formed during the runaway (Véchot, Minko, 
Bigot, Kazmierczak, & Vicot, 2011). As for other peroxides systems, depending on the nature of the solvent 
(mainly the boiling point) the system’s behavior during a runaway may differ. The higher the boiling point of the 
solvent the more likely the system will approach an "untempered" behavior (the action of a pressure relief system 
will have no effect on the reaction kinetics). Currently there is very few experimental data available on the 
behavior of hybrid systems, particularly for untempered hybrid systems, most of the studies present in the 
literature are focused on the description of the kinetic of decomposition (Marco et al. 2000, Iizuka & 
Surianarayanan 2003, Levin et al. 2006) or on the assessment of the thermal hazards and  runaway prevention 
by screening techniques (V Casson & Maschio, 2011; Valeria Casson, Battaglia, & Maschio, 2012; Valeria 
Casson, Salzano, & Maschio, 2013; Maschio, Lister, & Casson, 2010). Moreover, the evaluation of the 
fundamental parameters characterizing a runaway by laboratory scale experiments, which is a critical step in 
the vent sizing process, is still quite uncertain even when different methodologies for the experiments and further 
calculations are available in literature (Fisher et al. 1992).  
For these reasons, the experimental study being conducted in this research, aimed at: (1) Collect experimental 
data to characterize the behavior of the runaway decomposition of CHP when diluted in a high boiling point 
solvent; (2) identify the main parameters of the runaway decomposition of such untempered hybrid system; (3) 
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address the importance of following a rigorous methodology while collecting and analysing experimental data. 
To achieve these objectives, a series of adiabatic experiments at two small-scale calorimeters were performed. 

2. Materials and methods 

In order to acquire fundamental understanding of the behaviour of an untempered hybrid system, it was decided 
to study the runaway of CHP in solution in 2,2,4-trimethyl-1,3-pentanediol diisobutyrate. Experiments were run 
at 72.5 %w/w ± 2.5 %w/w fill level of the sample cells and concentrations of 16 %w/w, 24 %w/w and 32 %w/w 
of CHP (from a 80 %w/w CHP solution in cumene). Chemicals were purchased from sigma Aldrich. 
The runaway experiments were run under pseudo adiabatic conditions using Phi-TEC I and Phi-TEC II 
calorimeters using closed test cells (HEL group, 2013). In the equipment, the heat losses are minimized by 
maintaining the temperature surrounding the cell as close as possible to the temperature of the sample.  The 
experiments were performed in heat-wait-search mode, in which the sample is gradually heated (Heat) to 
specific temperature steps then the temperature is kept constant for a short period of time (Wait) while searching 
for an exotherm (Search). When an exotherm is detected the equipment shifts to an adiabatic mode and tracks 
the runaway reaction until completion. 
The main differences between the apparatus used during the experiments are the volume of the sample cell 
and the phi factor (φ) of the equipment defined as follows: 

 
(1) 

Where, m is the mass and Cp the heat capacity. The significance of φ lies in the fact that at large industrial 
reactors behave with a φ ~ 1 (Kersten, Boers, Stork, & Visser, 2005). It is therefore of paramount importance 
that the φ factor at experimental conditions approaches unity to obtain a set of data on the severity of a runaway 
reaction representative of large scale reactors.  
Phi-TEC I cells are 8 ml stainless steel bomb of that can withstand high pressure (up to 200 bar) due to the high 
wall thickness of the cells themselves. However they also present a significantly high thermal mass (φ ~ 1.8). 
Phi-TEC II cells are thin walled 110 ml agitated stainless steel cells with a relatively low thermal mass (φ ~ 1.1). 
These cells stand a relatively low pressure (3 bar), They are placed inside a high pressure vessel so that the 
pressure developed during the runaway reaction inside the  cell can be compensated by the fast injection of 
nitrogen into the vessel such preventing the bursting of the cell.  

3. Experimental Procedure and conditions 

For both, Phi-TEC I and Phi-TEC II calorimeters, the different solutions were first quickly heated to 
70 °C. After a 40 min calibration at that temperature, the equipment were programmed to start operating in the 
Heat-wait search, with heating steps of 2 °C/min. After the completion of the runaway reaction, the experiments 
were stopped and the equipment was left to cool down to ambient conditions, where the final temperature and 
pressure were recorded, as well as the mass of the final products in the cell. The measured initial and final 
conditions of each of the test performed during this work are shown in Table 1. The final mass of the 32 %w/w 
run in Phi-TEC II could not be recorded, as the test cell burst during the runaway and the reactant mass was 
lost to the containment vessel. 

Table 1: Experimental conditions of each of the test. 

Equipment CHP 
[%w/w] 

Cell mass 
[g] 

Initial mass 
[g] 

φ
[-] 

Tinitial 
[°C] 

Tfinal 
[°C] 

Pinitial 
[bar] 

Pfinal 
[bar] 

Final 
mass [g]

Phi-TEC I 16 19.07 5.65 1.75 18.51 17.01 1.01 11.69 5.56 
 24 15.80 5.43 1.65 21.12 19.75 1.04 18.72 5.38 
 32 19.07 5.48 1.77 21.29 22.45 1.36 27.29 4.58 
Phi-TEC II 16 42.28 78.95 1.12 23.00 23.83 1.03 20.74 55.84 
 24 42.34 79.42 1.12 26.67 25.37 1.03 29.71 59.40 
 32 42.68 80.20 1.12 26.46 23.98 1.04 29.98 --- 

The experimental data obtained from the Phi-TEC I gave a preliminary estimation on the decomposition 
behaviour. The following data were recorded: detected onset temperature (Ton), maximum temperature (Tmax) 
and pressure (Pmax) generated and maximum temperature and pressure rise rates (dT/dtmax, dP/dtmax).These 
experiments were used as screening tests to successfully and safely perform experiments in the Phi-TEC II 

φ=1+
݉௖௘௟௟ × ௉ ௖௘௟௟݉௦௔௠௣௟௘ܥ × ௉ܥ ௦௔௠௣௟௘ 
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calorimeter. A more accurate calorimetric study was subsequently performed with the Phi-TEC II such providing 
a more realistic assessment of the runaway characteristics at industrial scale (due to its low φ).  

4.  Experimental Results and discussion  

In order to estimate the formation of non-condensable gases, the specific gas production (moles of gas/kg of 
initial solution) was calculated based on the assumption that the ideal gas law holds: 

 ∆n = n୤୧୬ୟ୪ − n୧୬୧୲୧ୟ୪ = ୔౜౟౤౗ౢ×୚ୖ×୘౜౟౤౗ౢ − ୔౟౤౟౪౟౗ౢ×୚ୖ×୘౟౤౟౪౟౗ౢ (2) 

Where Pinitial and Pfinal are the initial pressure and the pressure after cooling down the equipment, respectively; 
V is the free volume space within the cell, which was assumed to be constant; R is the universal gas constant; 
Tinitial and Tfinal are the initial and temperature after cooling down the equipment, respectively; ninitial are the moles 
of gas air present at the beginning of the test; nfinal are the total moles of non-condensable gases (air + non-
condensable gas generated); and Δn are the moles of non-condensable gas generated.  
The temperature and pressure profiles versus time at the three different concentrations resulting from Phi-TEC 
I are shown in Figure 1, in which  the reactivity of CHP in terms of temperature and pressure rise is easily 
observable. As expected the higher the concentration the higher the temperature and the faster the temperature 
rise during the runaway. Similarly, the maximum pressure and rate of pressure rise are directly related with 
concentration of the CHP.  

(a) CHP concentration [w/w]: (b) CHP concentration [w/w]: 

  

Figure 1 (a) Temperature and (b) Pressure profiles for the decomposition of CHP in different concentrations 
obtained from the Phi-TEC I.  

4.1 Comparison between Phi-TEC I and Phi-TEC II 

First, it is important to mention that during the 32 %w/w CHP tests in Phi-TEC II, the cell burst and for this 
reason: (1) the max pressure obtained during this experiment was lower than Pmax at 24%w/w (61.54 bar). 
Therefore, this value cannot be used for comparisons with 16 %w/w and 32 %w/w concentrations or the same 
concentration in Phi-TEC I and cannot be used for the phi factor correction (2) dP/dtmax, dT/dtmax, (shown in 
Figure 2 and Table 3) could be much higher, and are used just as indication of the possible severity of the 
runaway reaction of CHP at this concentration in a low thermal inertia equipment. (3) Due to the high fill level, it 
is unlikely that a successful test can be done at 32 %w/w concentration of CHP in the closed cell configuration 
for Phi-TEC II.  
From Figure 1a, it can be easily seen that the exotherm is detected when the temperature is about 120°C and 
higher. As shown in Table 2, a strong influence of φ on the detected Ton was not observed. However, for other 
parameters (dP/dtmax, dT/dtmax, Pmax and Tmax), φ greatly influenced their value. The maximum temperature and 
pressure reached during the runaway reaction are also an indication of the reactivity of CHP. The maximum 
temperature and pressure show a linear increase with both Phi-TEC I and Phi-TEC II (Figure 2a). The increase 
for Phi-TEC I is from 209.7 °C for 16 %w/w to 292.9 °C for 32 %w/w. For Phi-TEC II, it is from 225 °C to 315 °C, 
for 16 %w/w and 32 %w/w respectively. It is worth to point out that the boiling point of the solvent is 280 °C. 
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Hence, at least some of the pressure generated for the 32 %w/w runs in both Phi-TEC I and Phi-TEC II can be 
due to the vapour pressure of the solvent.  
The maximum temperature and pressure rise rate also increase when the concentration increases. However, 
in contrast to Pmax and Tmax, the increment is not linear. An exponential trend (Figure 2b) is seen in both 
equipment. In the case of Phi-TEC II, the maximum pressure rise goes from 0.34 bar/s for the 16%w/w to 5.42 
bar/s for the 32%w/w solution. This could have been higher if the cell had not burst during the test. 

(a) (b)

Figure 2 Comparison of the main runaway parameters obtained in Phi-TEC I and Phi-TEC II (a) Tmax andTTb) 
dT/dtmax and dP/dtmax. 

Table 2: Summary main experimental results. 

Equipment CHP 
[%w/w] 

To 
[°C] 

Tmax 
[°C] 

∆Tad 
[°C] 

Pmax 
[bar] 

T at Pmax

[°C] 
(dT/dt)max

[°C/s] 
(dP/dt)max 

[bar/s] 
∆݊௚௔௦ 

[mol/kgsln]  

 Phi-TEC I 16 145.21 211.7 91.68 21.99 211.16 0.027 0.009 0.183 
 24 130.16 254.2 168.32 39.59 252.27 0.725 0.267 0.389 
 32 121.01 292.9 212.44 54.45    275.56  5.639 2.136 0.506 

Phi-TEC II 16 143.05 224.98 116.32 49.52 224.87 0.186 0.337 0.409 
 24 122.73 273.22 204.18 71.22 273.22 1.742 1.095 0.544 
 32 124.89 --- --- -- -- 22.695 5.418 -- 

5. Maximum gas generation rate calculations  

The maximum gas production rate was calculated from the maximum pressure rise in the test cell using the 
following equation (Fisher et al., 1992): 

൬݀݀ݐܩ ൰௠௔௫,∅வଵ =  ݊௚ ∗ ൜൬݀ܲ݀ݐ ൰௠௔௫ 1ܲ − ൬݀ܶ݀ݐ ൰ 1ܶൠ (3) 

Where, (dP/dt)max is the maximum pressure rise rate in the test cell and ng, P, T and dT/dt are the corresponding 
values of moles of gas, pressure, temperature and temperature rise taken at (dP/dt)max.   
In order to estimate the maximum gas production rate at industrial scale, the experimental values of (dG/dt)max 
and (dT/dt)max with the φ factor of unity (φ = 1). The correction method used in this study, is a first order correction 
method, in the corrected runaway parameters are given by the equations shown in Table 3 (Etchells & Wilday, 
1998).  
The activation energies of the decomposition reaction, for the different solutions, were calculated from the 
adiabatic temperature data  by using  (Townsend & Tou 1980) relation and assuming a single nth order reaction. 
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Table 3: Equations used to correct the maximum gas production rate. 

Corrected parameter Equation  
Onset temperature ሺ ௢ܶሻФୀଵ 

ଵሺ ೚்ሻФసభ = ଵ்೚ + ோா௔ ݈݊Ф                             

Where, 
To is experimental onset temperature, [K] 
Ea is the reaction energy, [J/mol] 
Ф is the experimental thermal inertia, [-] 

(4)

Temperature at which the maximum gas 
generation rate was reached ெܶ஺஽ 

ெܶ஺஽ = ሺ ௢ܶሻФୀଵ+ φ ( ெܶ − ௢ܶ)                     
where 
Tm is the experimental measured temperature at the 
experimental maximum gas generation rate, [K]  

(5)

   
Adiabatic maximum gas production rate ൬݀݀ݐܩ ൰௠௔௫,Фୀଵ 

ቀௗௗீ௧ ቁ௠௔௫,Фୀଵ= φ  ݁݌ݔ ቂா௔ோ ቀ ଵ்ಾ − ଵಾ்ಲವቁቃ ∗ ቀௗௗீ௧ ቁ௠௔௫,Фவଵ     

Where, 
R is the gas constant, [J/mol⋅K] 

(6)

6. Results and discussion 

Table 4: Calculation results. 

Equipment CHP 
[%w/w] 

(dG/dt)max 
(experimental) 
[mol/(min*kg)] 

Ea 
[J/mol] 

To,ad 

[°C] 
P at 

(dP/dt)max 
[bar] 

TAMD
[°C] 

(dT/dt) at 
(dP/dt)max 

[°C/s] 

(dG/dt)max 

(corrected) 
[mol/(min*kg)] 

Phi-TEC I 16 0.004 155.5±0.4 140.0 18.51 235.0 0.026 0.113 
 24 0.141 142.0±0.9 125.5 21.12 304.0 0.725 9.531 
 32 1.007 127.5 115.6 21.29 379.2 5.638 190.20 

Phi-TEC II 16 0.161 155.5±0.4 142.0 23.00 225.6 0.186 0.328 
 24 0.422 142.0±0.9 122.6 26.67 276.2 1.742 2.478 

 
The maximum gas generation rate increases with CHP concentration and shows an exponential behavior. As 
showed in Table 4, when the calculation of the maximum gas production rate is done directly from the 
experimental results, higher rates of maximum gas generation are obtained from the measurements performed 
with the Phi-TEC II. This is due to the lower thermal inertia factor achieved in this equipment; consequently, 
these values are closer to the maximum gas generation rate that could be attained when operating at industrial 
scale. After considering the first order correction method of the φ factor, the calculated values of maximum gas 
generation rate to adiabatic conditions (φ =1), from the two equipment were not consistent. In the case of the 
lowest concentration the corrected value obtained from the Phi-TEC II is three times bigger than the one 
obtained from the Phi-TEC I. This can be due to the really slow temperature rises that were observed at this 
concentration with the Phi-TEC I: as temperature increases really slow, the heat losses could be larger which 
would increase the φ during the experiment. On the other hand, it was observed that as concentration increases, 
the values of (dG/dt)max corresponding to the higher φ equipment (Phi-TEC I) tend to increases rapidly and be 
much higher than the corresponding corrected values for the lower φ equipment (Phi-TEC II). For instance, in 
the case of 24% w/w concentration, the corrected gas generation from the Phi-TEC I is almost 4 times higher 
than the obtained at Phi-TEC II. This could be due to the fast temperature rises achieved at both equipment 
which, in the case of the Phi-TEC I, could decrease the φ during the experiment (there is not enough time for 
the cell bomb to absorb the heat release by the reaction). It could also be that the extremely fast temperatures 
rises achieve in the Phi-TEC II (up to 1360 °C/min) do not allow the heaters to track the temperature of the 
reacting mass, causing a loss of adiabaticity. The maximum gas generation rate is frequently used for vent 
sizing. As shown in this study the sole use of screening calorimetry for vent sizing purpose can lead to under 
conservative calculations, when the data is not corrected to adiabatic conditions, therefore the sized vent device 
won’t be capable of withstand a worst case scenario. On the other hand, when the data is corrected to adiabatic 
conditions, the use of screening techniques can lead to over conservative results (HarsNet). The overestimation 
of the maximum gas generation rate for a given mixture is that the resulting relief vent device will be oversized.  
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Conclusions 

The runaway decomposition of cumene hydroperoxide at 16 %w/w, 24 %w/w and 32 %w/w concentrations in 
2,2,4-trimethyl-1,3-pentanediol diisobutyrate, was studied using pseudo adiabatic (Phi-TEC I) and adiabatic 
(Phi-TEC II) tests in close cell configuration. The main runaway parameters of the thermal decomposition of 
CHP were measured. As expected, the data obtained and analyzed during this study showed that the severity 
of the runaway of CHP increases when increasing the concentration of the peroxide. This increase shows a 
linear trend for the Pmax, and Tmax, and an exponential trend for the maximum temperature, pressure and gas 
generation rates. The comparison of the data obtained from both calorimeters highlights the importance of 
performing experiments in a low phi factor calorimeter in order to have representative and confinable data, 
before the vent sizing, design and scale up of the reaction. In order to take into account the gas dissolved in the 
liquid phase, for more accurate calculations, further tests will be performed by varying the fill ratio of the sample 
within the cell.  
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