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ABSTRACT 
 

Integrating Chemical Hazard Assessment into the Design of Inherently Safer Processes. 

(December 2011) 

Yuan Lu, B.S., East China University of Science and Technology; 

M.S., East China University of Science and Technology; 

M.S., Texas A&M University 

Chair of Advisory Committee: Dr. M. Sam Mannan 

 

Reactive hazard associated with chemicals is a major safety issue in process industries. 

This kind of hazard has caused the occurrence of many accidents, leading to fatalities, 

injuries, property damage and environment pollution. Reactive hazards can be 

eliminated or minimized by applying Inherently Safer Design (ISD) principles such as 

“substitute” or “moderate” strategies. However, ISD would not be a feasible option for 

industry without an efficient methodology for chemical hazard assessment, which 

provides the technical basis for applying ISD during process design.  

 

In this research, a systematic chemical hazard assessment methodology was developed 

for assisting the implementation of ISD in the design of inherently safer process. This 

methodology incorporates the selection of safer chemicals and determination of safer 

process conditions, which correspond to “substitute” and “moderate” strategies in ISD. 
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The application of this methodology in conjunction with ISD technique can effectively 

save the time and investment spent on the process design.   

 

As part of selecting safer chemicals, prediction models were developed for predicting 

hazardous properties of reactive chemicals. Also, a hazard index was adopted to rate 

chemicals according to reactive hazards. By combining the prediction models with the 

hazard index, this research can provide important information on how to select safer 

chemicals for the processes, which makes the process chemistry inherently safer. 

 

As part of determining safer process conditions, the incompatibility of Methyl Ethyl 

Ketone Peroxide (MEKPO) with iron oxide was investigated. It was found that iron 

oxide at low levels has no impact on the reactive hazards of MEKPO as well as the 

operational safety. However, when iron oxide is beyond 0.3 wt%, it starts to change the 

kinetics of MEKPO runaway reaction and even the reaction mechanism. As a result, 

with the presence of a certain level of iron oxide (> 0.3 wt%), iron oxide can intensify 

the reactive hazards of MEKPO and impose higher risk to process operations. The 

investigation results can help to determine appropriate materials for fabricating process 

equipment and safer process conditions. 
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NOMENCLATURE 
 

APTAC Automatic Pressure Tracking Adiabatic Calorimeter 

DSC Differential Scanning Calorimeter 

MEKPO Methyl Ethyl Ketone Peroxide 

QSPR Quantitative Structure-Property Relationship 

MLR Multiple linear regression 

PLS Partial least square 

ISD Inherently safer design  

DFT Density Functional Theory  

RHI Reaction hazard index  

TRI Thermal risk index  

THI Thermal hazard index 

HWS Heat-wait-search  

HRS Heat-ramp-search  

ASTM American Society for Testing and Materials   

TST Transition State Theory  

CHETAH Chemical Engineering Thermodynamics and Hazard Evaluation 

CART Calculated Adiabatic Reaction Temperature 

NFPA National Fire Protection Association  

EP Explosion Potential   

TMR Time to maximum rate  



 

 

ix 

ix 

SADT Self Accelerating Decomposition Temperature   

CSB U.S. Chemical Safety Board   
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CHAPTER I 

INTRODUCTION 
 

Reactive chemicals are widely used in the chemical industry to manufacture a variety of 

products due to their capacities to undergo chemical reactions. However, while this kind 

of capability, also called reactivity, is critical important for the chemical industry, it can 

also lead to significant risk if reactive hazards associated are not properly understood 

and controlled. The U.S. chemical safety and hazard investigation board (CSB) reported 

167 serious incidents occurred in the United States involving uncontrolled chemical 

reactivity from 1980 to 2001 1. The distribution of these incidents over time is shown in 

Figure 1.1. These incidents caused 108 fatalities and lots of injuries. Also, these 

incidents led to a variety of consequences, such as fires, explosions, toxic gas release and 

spills of hazardous liquids (Figure 1.2), which resulted in hundreds of millions of dollars 

of properties damage and irreversible impact to the environment. 

 

Facing the great hazards imposed by reactive chemicals to process industries, there is an 

urgent need to effectively manage these hazards and eliminate them if possible. The  

hazards associated with reactive chemicals are defined by multiple factors. First, reactive  

hazards heavily depend on the nature of the chemicals used in processes. Chemicals with 

higher reactivity normally impose greater hazards to the processes. Also, reactive 
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hazards are affected by various process conditions, such as quantities of chemicals 

handled, concentrations of chemicals, operating temperature and pressure, and the 

presence of incompatible substances. Therefore, all these factors contributing to reactive 

hazards should be taken under consideration when developing the global plan to 

effectively reduce or manage the reactive hazards in process industries.  
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Figure 1.1 Total incidents by year, 1980-2001[data source: CSB report 1]  

 

An effective approach to handle reactive hazards associated with industrial processes is 

to apply Inherently Safer Design (ISD) concept in the process design stage. ISD is a 

fundamentally differently way of thinking about process design. It mainly focuses on the 

elimination or reduction of a hazard rather than on management and control 2-6.  There 

are four widely accepted principles for ISD: minimize, substitute, moderate and simplify 

2, 7. These principles are further explained as follows: 
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Figure 1.2 Consequences of incidents [data source: CSB report 1] 

 

Substitute: Replace a hazardous material with a less hazardous substance, e.g., 

alternative chemistry using less hazardous materials. 

Minimize: Use smaller quantities of hazardous substances, e.g., replace bath reactors 

with efficient continuous reactors, therefore reduce inventory of raw materials and in-

process intermediates.                                                         

 Moderate: Use less hazardous process conditions, a less hazardous form of a material, 

or facilities which minimize the impact of a release of hazardous material or energy.  

Simplify: Design facilities which eliminate unnecessary complexity and make operating 

errors less likely, and which are forgiving of errors that are made. 

 

ISD is a revolutionary approach to improve the safety performance of process industries 

by making processes intrinsic safe. It is also a good option in business, which can result 

in lower capital cost in new plant design, and produce lower operating cost 2. However, 
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the application of ISD in the process design stage requires a comprehensive 

understanding and evaluation of the reactive hazards associated with chemicals. For 

example, when applying the principle “substitute”, it is important to evaluate the reactive 

hazards of chemicals so the safer candidate can be selected. Also, when applying the 

principle “moderate” in process design through adopting less hazardous process 

condition, it is important to understand the effects of process conditions on the reactive 

hazards associated with chemicals in the process. Therefore, in order to make ISD a 

feasible approach to design inherently safer process, a chemical hazard methodology is 

needed to understand and evaluate the reactive hazards associated with chemicals 

employed in processes, based on which the right decisions can be made on the process 

design.  

 

An experimental approach is the common practice in chemical hazard assessment, where 

calorimeters are the popular tools. Calorimeter such as Differential Scanning 

Calorimeter (DSC) and Reactive System Screening Tool (RSST) can screen chemicals 

based on reactive hazards 8, 9. More detailed studies on reactive hazards can be 

conducted using apparatuses such as adiabatic calorimeters or isothermal calorimeters. 

Besides calorimeter tests, other types of experimental methods have also been developed 

for hazard assessment with specific purposes. Self accelerating decomposition 

temperature (SADT) test was designed to provide the guidance on the safe transport of 

organic peroxides 10. The consequence of an explosion scenario caused by reactive 

chemicals can be studied through a pressure vessel test and lead pipe deformation test 11. 
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However, these experimental methods require high investment on test apparatus and 

long test procedures, which become an obstacle for the application of ISD principles in 

the process design stage. 

 

This research aims at developing an efficient and relative economic methodology in 

estimating reactive hazards, which can assist the implementation of ISD in the course of 

process design. This methodology is composed of two major parts: selection of a safer 

candidate out of a chemical family (e.g., organic peroxides or nitro compounds), and 

determination of safer process conditions. In the chemical selection part, the prediction 

models were derived for prediction of hazardous properties and the classification system 

was developed to classify chemicals according to reactive hazards. In the process 

conditions determination part, a systematic investigation was performed to quantify the 

impact of the process contaminant on reactive hazards. Also, some key safety parameters 

were estimated and analyzed for the purpose of determining safer operating conditions. 

These two parts of the methodology corresponds to two important ISD principles, 

“substitute” and “moderate”, and therefore serve as the important tools for the important 

decision-making during the design of inherently safer processes by providing a solid 

technical basis. The framework of this methodology and its relationship with ISD 

technique are depicted in Figure 1.3. 

 



 

 

6 

6 

Inherently Safer 

Process

Safe handling of 

reactive chemicals

Inherently Safer 

Design 

Substitute

Minimize

Moderate 

Simplify

Chemical hazard 

assessment

Select safer 

reactive 

chemical

Determine 

safer process 

conditions

 

Figure 1.3 Proposed chemical hazard assessment methodology 
 

The hazard evaluation methodology proposed in this research provides a feasible 

approach to implement ISD to address the issue of reactive hazards in process industries. 

By utilizing techniques such as molecular and kinetic modeling, the number of 

experimental tests required for the evaluation of reactive hazards can be minimized. 

Therefore, it is very helpful for industry especially small companies, where large number 

of tests is not a feasible option.  

 

In this research, the family of organic peroxides was chosen as an example to develop 

the methodology of chemical hazard assessment because of their wide usage and great 

hazard associated with organic peroxides. In the chemical industry, organic peroxides 

have been widely used in various processes with different purposes. According to the 

data published by CSB, between 1980 to 2001, 7% of all serious incidents, having 
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chemical reactivity involved, happened to US process industries are related to organic 

peroxides 1. The methodology developed based on organic peroxides can be easily 

applied for other chemical families.  

 

In this dissertation, the term “safer” is frequently used, indicating the comparison 

between ISD and regular strategies in the control of process hazards.  

 

Chapter II presents the research methodology employed in this dissertation and all 

important techniques involved. Chapter III introduces how to select safer chemical 

according to reactive hazards, using organic peroxides as the chemical family. The 

content of this chapter includes the development of the prediction models for reactive 

hazards and the classification system. Chapter IV discusses the determination of safer 

process condition, including calorimetry test, kinetic analysis and estimation of key 

safety parameters. Chapter V summarizes this dissertation by stating the conclusions of 

this research and recommendations for future work. 
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CHAPTER II 

METHODOLOGY AND EXPERIMENTAL SETUP 
 

2.1 Research approach 

The research approach of this dissertation is presented in Figure 2.1. This approach is 

composed of a theoretical part and an experimental part, corresponding to two major 

objectives - select safer chemicals and determine safer process conditions. In this 

approach, various techniques such as Quantitative Structure-Property Relationship 

(QSPR), molecular modeling and kinetic modeling were employed in order to achieve 

relative high efficiency and low cost in estimating chemical hazards. The details of these 

methodologies/techniques are introduced in this chapter.  

2.2 Quantitative structure property relationship  

Quantitative structure property relationship (QSPR) was designed to investigate the 

relationships between chemical structure and desired properties at the quantum 

chemistry level. These relationships derived through QSPR can be used to make 

predictions on the desired properties. QSPR methodology has been successfully applied 

in the drug design field and has become an important tool in medicinal chemistry 12-15. In 

recent years, QSPR methodology has been involved in predicting physical and chemical 

properties for various types of substances and it has been demonstrated to be an effective 

approach in this field.  
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Figure 2.1 Research approach for developing the chemical hazard assessment methodology 
 

The QSPR study starts from the collection of a training set, selection and calculation of 

descriptors characterizing chemical structures. Then mathematic model regression is 

performed to derive the correlation between the training set and descriptors. Validation 

test is also required in the QSPR study to verify the quality of the correlation model. The 

details of these elements in QSPR study are presented as follows. 
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2.2.1 Training set collection 

Training set in this research includes the data of onset temperature and heat of reaction. 

The data in the training set were collected from calorimetry test performed on 16 organic 

peroxides. The details of the calorimetry test are presented in Section 2.5.1. 

 

As seen in Table 3.2, chemicals in the training set covers the most important categories 

of organic peroxides, such as dialkyl peroxide, peroxyester and hydroperoxide. The 

ranges of the onset temperature (87 – 170 oC) and heat of reaction (65 – 664 kJ/mol) data 

in the training set also cover most of the commercial grade organic peroxides. 

2.2.2 Selection of descriptors 

In order to achieve good accuracy in predicting hazardous properties, different types of 

descriptors were employed to characterize the properties of the organic peroxides, 

including global descriptors, local descriptors, Density Functional Theory (DFT) 

descriptors and descriptors specifically designed for organic peroxide. All the descriptors 

applied in QSPR study are listed in Table 2.1 and the description of these descriptors is 

presented in the following paragraphs.   
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Table 2.1 List of descriptors used in QSPR study 
 

No. Type Descriptor 

1 

Global descriptor 

OB 

2 MW 

3 DM 

4 

Local descriptor 

QO 

5 Ea 

6 dOO 

7 ∠ ROOR’ 

8 ∠ ROO 

9 

DFT descriptor 

εHOMO 

10 εLUMO 

11 η 

12 µ 

13 ω 

14 
Peroxide descriptor 

C 

15 NP 

 

a. global descriptor  

Global descriptors are used to characterize the whole molecule by describing the global 

properties of the entire structure. In this paper, molecular weight (MW) was employed as 

a global descriptor. Oxygen balance (OB), which indicates the degree to which an 

explosive can be oxidized, was also selected as an important global descriptor 16. The 

OB can be calculated by using Equation 2-1. 
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where X, Y, Z indicate the number of carbon atoms, hydrogen atoms and oxygen atoms 

respectively. 

 

Dipole moment (DM) is another physical property chosen as a global descriptor in this 

research. It is defined as the amount of force that would be required to flip the molecule 

in an externally applied electric field.  

 

b. local descriptor 

Local descriptors focus on a local area (e.g. functional group) within the molecular 

structure by characterizing its local properties. In this research, relevant properties 

describing electronic structure, geometry and energy of the peroxide functional group 

were employed as local descriptors. For organic peroxides, the dissociation of the 

oxygen-oxygen bond in the peroxide functional group is the first and also rate-

determining step of the decomposition reaction 17. The dissociation energy (Ea) of the 

oxygen-oxygen bond is the energy barrier for initiating the decomposition reaction, 

indicating how easily organic peroxides can decompose. Therefore, this parameter was 

selected as a descriptor for QSPR study. In this dissertation, in order to reduce the 

simulation work, it was simplify calculated as the energy difference between the 

products and the reactants (Equation 2-2) 18. For organic peroxides with multiple 
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peroxide functional groups, this descriptor was defined as the dissociation energy of the 

weakest oxygen-oxygen bond.  
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Some other important properties of the peroxide functional group were also employed as 

local descriptors, such as oxygen-oxygen bond length (dOO), torsion angle ((∠ROOR’), 

bond angle (∠ROO) and atomic charge of oxygen (QO). According to previous research, 

some of these descriptors can influence the stability of organic peroxide, such as atomic 

charge of oxygen and torsion angle 19-21. In this research, the bond angle was calculated 

as the average of   bond angles in the same peroxide functional group. Similarly, the 

atomic charge of oxygen is also calculated as the average value of two oxygen atoms in 

the peroxide functional group. 

 

c. Density Functional Theory descriptors 

Global descriptors estimated through density functional theory method can be used as 

the index to characterize the molecular reactivity and have been successful applied in the 

QSPR study of explosives 22-24. In this research, some Density Functional Theory (DFT) 

descriptors were employed in the QSPR study of organic peroxides in order to achieve 

good accuracy in prediction of reactive hazards. 
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DFT descriptors selected by this research include energy of lowest unoccupied 

molecular orbital (εLUMO) and energy of the highest occupied molecular orbital (εHOMO). 

Other DFT descriptors used in this research can be derived from these two descriptors, 

such as electrophilicity index (ω) 25, chemical potential (µ) 26, and hardness (ŋ) 27. These 

descriptors can be calculated using the following equations: 

 

 
2
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d. Peroxide descriptors 

The number of peroxide functional groups (NP) is a descriptor specifically designed for 

organic peroxides. According to the experimental observation in this research, it was 

found that organic peroxides with multiple peroxide functional groups tend to have 

lower thermal stability and higher heat of reaction. Therefore, in this research, NP was 

applied in the QSPR study as a descriptor for the prediction of both onset temperature 

and heat of reaction. 

 

Concentration of organic peroxides, a non-intrinsic parameter, was employed as the 

descriptor in the QSPR study because of its contribution to onset temperature. In this 

study, reactive hazards data in the training set were collected from DSC tests, where the 
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concentration of organic peroxides varied from 34 to 98 wt%. Through previous research 

and investigation conducted by MKOPSC, concentration was found to be a factor 

contributing to the onset temperature of organic peroxide 28, 29. Therefore, this parameter 

was also selected as a descriptor in this research. 

2.2.3 Regression method 

Two mathematic regression methods, partial least square (PLS) method and multiple 

linear regression (MLR) method, were used in this research to develop the prediction 

models for reactive hazards. The accuracy of these two methods was then compared to 

determine the model with the better prediction power. The mathematic regression as well 

as the validation test were performed using Materials Studio software package 30.  

 

a. Multiple linear regression method 

MLR is a relatively simple method and has been widely used in the model regression. 

This method derives the relationship between explanatory variables and the response 

variable through linear model fitting. The MLR method implemented in this research 

incorporates a stepping algorithm, which selects a subset of explanatory variables based 

on the contribution of these variables to the response variable. Therefore, the final model 

only includes those explanatory variables significant for the response variable. The 

general form of the regression model derived using MLR method is shown by Equation 

2-6. 
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where xi are the descriptors characterizing molecular properties and Y is the desired 

hazardous property, Ai are the corresponding regression constants for descriptors. 

 

b. Partial least square method 

PLS method uses principal component-like quantities derived from the explanatory 

variables, also known as latent variables, to perform model regression. These latent 

variables are orthogonal and are analyzed in conjunction with the response variable to 

develop the prediction model 31. The general underlying model of PLS analysis can be 

depicted by the Equation 2-7 and 2-8.  
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where X is an n × m matrix of explanatory variables, Y is an n × p matrix of response 

variables, T is a n × l matrix of latent variable, P and Q are m × l and p × l loading 

matrices, and matrices E and F are the error terms.  

Different from MLR method, PLS method does not include the step wise selection of the 

significant explanatory variables. As the result, all explanatory variables are included in 

the final regression model developed using PLS method. In order to address this issue, a 

methodology (Figure 2.2) was proposed here to exclude those insignificant explanatory 

variables from the final regression model 32, 33. In this methodology, after each PLS 

analysis, a sensitivity analysis is performed to determine the significance of explanatory 
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variables. Based on the sensitivity analysis results, the most insignificant explanatory 

variable needs to be excluded from the further study. Then, PLS analysis is performed 

again to develop another regression model. This iteration continues until the RCV
2 of the 

regression model cannot be improved further (The definition of RCV
2 is introduced in 

Section 2.2.4).  

 

By eliminating the inter-correlation between explanatory variables, PLS method is a 

particularly useful tool for data sets with a high level of redundancy due to collinearity 

or multicollinearity 34. Since the number of latent variable are normally much less than 

explanatory variables, PLS method has the capability to handle the case where the 

number of explanatory variables is comparable to or greater than the number of data in 

the training set.  
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Figure 2.2 PLS analysis procedure 
 

2.2.4 Validation test 

In this research, the accuracy of the prediction models was judged by two criteria: 

coefficient of determination (R2) and cross validation test (RCV
2).  

 

Coefficient of determination is a parameter used to measure how well a model fits 

experimental data. It is interpreted as the proportion of response variation "explained" by 

the regressors in the model. Coefficient can be calculated using the following equations.  
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where yi is the ith experimental data, fi is the ith predicted data and y is the mean value 

of experimental data.  

 

Cross validation is an important statistical tool used in this research to estimate the 

predictive power of the models. This test can verify whether the regression model 

represents the desired relationship or just a mathematic fitting. The prediction power of 

the model is measured by RCV
2, which can be calculated using the following equations. 
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where yi is the ith experimental data, yi’ is the predicted value for yi, y is the mean value 

of experimental data.  
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In the cross validation test, some data (yi) are removed from the training set before 

performing model regression. Once the model has been built using the data left in the 

training set, the data which have been removed can be used as the test set to evaluate the 

performance of the model on making predictions. This procedure repeats until all the 

data in the training set have been used as the test set. Here PRESS is prediction sum of 

squares and TSS is total sum of squares.  

2.3 Computational quantum chemistry simulation 

Computational quantum chemistry simulation was employed in this research to 

characterize molecular structure of organic peroxides and estimate values of descriptors. 

This method is based on the quantum molecular theory, whose core idea is that the 

motion and distribution of electrons can be described in term of probability distributions 

or molecular orbitals. This method offers a mathematic description of behavior of 

electrons, with Schrodinger's equation as the theoretical basis.  

A variety of theoretical levels are available for computational quantum chemistry 

simulation, such as the semi-empirical method, the Hartree-Fock method, the Density 

Functional Theory method and the Complete Basis Set method. Out of these theoretical 

levels, Density functional Theory (DFT) method was employed for the molecular 

simulation in this research. DFT method was developed based on the density functional 

theory, which assumes the ground state energy of an electron system is a function of the 

electron charge density. Therefore, this method calculates the molecular energy using 

electron density instead of wave functions. In the DFT method, the electronic energy is 

partitioned into several parts and computed separately by functions: electron-nuclear 
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interaction, kinetic energy, the coulomb repulsion and exchange-correlation term 

(account for the remainder for the electron-electron interaction). Because of the way to 

calculate electron correlation, this method can achieve pretty good accuracy with 

relatively low cost 18. B3LYP is a common theory level of the DFT method and was 

utilized in this research 35, 36. 

 

In this research, quantum chemistry simulation was performed using Gaussian-03 

program package in the gaseous phase at 298 K and 1 atm pressure 37, 38. The 6-31G(d) 

basis set 39, 40, including polarization function for angular flexibility 41, was used for 

geometry optimization and frequency calculation. Geometry optimization calculation 

was performed for each chemical to find the optimized molecular structures with the 

lowest energy. The optimized structure was then verified by frequency calculation 

results. Each optimized structure was characterized as a local minimum with no 

imaginary frequency. 

2.4 Classification systems for reactive chemicals 

In the attempt to classify reactive chemicals based on their reactive hazards, several 

hazard indices were employed by this research. The classification results of these hazard 

indices were compared to select the most appropriate one for the family of organic 

peroxides. The hazard indices involved in this research are introduced as follows. 
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2.4.1 Reaction hazard index  

Reaction hazard index (RHI) is an empiric index developed by D.R 42. Stull. It utilizes 

thermodynamic data to evaluate the hazards presented by flammable or explosive. RHI 

is defined as: 
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where Tm is maximum adiabatic temperature reached by the reaction, Ea  is the activation 

energy of the reaction.  

 

Tm can be calculated using the following equation. 
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where T0 is the onset temperature of the decomposition reaction, ΔHr is the heat of 

reaction and CP is the heat capacity of the reaction system. 

 

Ea can be estimated by solving Equation 2.18 
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where kB is the Boltzmann’s factor, h is Planck’s constant, T is the temperature of the 

reaction system and R is the gas constant. When calculating Ea, T is defined as T0, and 

dT/dt is defined as 0.1 ° C/min, a common criterion for detecting an exothermic reaction. 

2.4.2 Thermal risk index  

Thermal risk index (TRI) is a rating system for reactive chemicals developed by Wang et 

al. 43. It integrates the concept of risk, which is a function of probability and 

consequence, into the rating system. This rating system classifies chemicals based on 

two parameters: heat of reaction and time to maximum rate. These two parameters 

indicate consequence and probability respectively. The definition of TRI is shown as 

follows: 
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where TMRad is time to maximum rate at adiabatic condition, ΔHr is heat of reaction. 

ΔHr’ and TMRad’ are parameters of the reference chemical. 

 

For the reaction with relative high activation energy, TMRad can be calculated using 

Equation 2-20 43. 
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where q is the heat release rate at temperature T, Ea is the activation energy, and CP is 

the heat capacity of the reaction system.  

2.4.3 Thermal hazard index  

Thermal hazard index (THI) is designed to rate reactive chemicals when multiple safety 

parameters need to be considered 44. In THI, the relative significance of each safety 

parameters considered in rating system is quantified by the hazardous index W. The 

general form to calculate W is shown by Equation 2-21. 
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where Wi is the hazardous index of parameter i, xi is the value of parameter i, xi,min and 

xi,max are the minimum and maximum value of parameter i  respectively. 

The rating score of THI is calculated based on hazardous indices and their weight factors 

(yi) (Equation 2-22). 
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where yi is the weight factor of hazardous index Wi.  
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In this research, onset temperature and heat of reaction are considered to be equally 

important to reactive hazards. Therefore, yi is defined as 1 for these two hazardous 

indices.  

2.5 Experimental setup  

2.5.1 Differential Scanning Calorimeter  

Differential Scanning Calorimeter (DSC) is an important screening test apparatus, which 

measures a number of characteristic properties of the sample materials. It has been used 

to study subjects such as crystallization, glass transition, oxidation and other chemical 

reactions. In the process safety area, it has been widely used as a screening tool for 

hazardous materials. It can determine whether a material undergoes an endothermic or 

exothermic reaction 45.  

 

The schematic of DSC is shown in Figure 2.3. DSC is equipped with two independent 

heaters used to heat a sample and a reference respectively. During the test run, a sample 

and a reference are placed in two identical sample pans and subjected to a continuously 

increasing temperature. Meanwhile, heat is added to the reference to maintain it at the 

same temperature as the sample. This added heat compensates for the heat loss or gained 

as a consequence of an overall endothermic or exothermic reaction. 
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Figure 2.3 Schematic of DSC 
 

A Pyris 1 DSC from PerkinElmer was used in this research to collect the data of reactive 

hazards for organic peroxides. Stainless steel sample pans with O-rings were used to 

contain sample material because of the high internal pressure during runaway reaction. 

When running tests, nitrogen was used to purge the DSC vessel. During each 

experiment, the sample was heated from 30 to 60 oC at the heating rate of 10 oC min-1, 

and then the heating rate was switched to 4 oC min-1 from 60 to 250 oC. Onset 

temperature and heat of reaction were determined by Pyris software based on the output 

data of DSC tests. Each sample was tested three times to establish reproducibility. 
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2.5.2 Automatic Pressure Tracking Adiabatic Calorimeter  

a. Apparatus description  

Automatic Pressure Tracking Adiabatic Calorimeter (APTAC) is an important apparatus 

used in this research to perform a calorimetry study. It is an adiabatic closed-cell 

reaction calorimeter developed by Arthur D. Little. Because near-adiabatic conditions 

are normally achieved by processes in commercial scale, APTAC is very useful in 

simulating runaway reactions in real industrial processes. In this research, APTAC is 

used to study the impact of process conditions on the reactive hazards of organic 

peroxides. 

 

In APTAC, the sample material is placed in a small spherical test cell with a volume of 

around 130 ml, which can be made of glass, stainless steel or titanium. This test cell is 

surrounded by four main heaters: bottom, top, side, and tube heaters. These heaters can 

compensate for the heat loss from the test call and therefore maintain the adiabatic 

environment. The heaters and the reaction vessel are insulated and placed in a 500-ml 

pressure vessel which can be pressurized up to 2,000 psig. Within the pressure vessel 

space, seven type-N thermocouples continuously measure the temperature of four 

heaters, nitrogen gas, sample material and the wall of the test cell. This temperature 

measurement system enables continuous monitoring and control of adiabatic conditions. 

During the test, nitrogen gas is injected into the pressure vessel at a rate sufficient to 

keep a low differential pressure (normally less than 10 psi) across the wall of the test 

cell. Because of this pressure compensation function, APTAC can be operated under 
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high pressure and high pressure rate without the rupture of the test cell. The schematic of 

APTAC is shown in Figure 2.4. 

 

 
 

Figure 2.4 Schematic of APTAC [with the permission from Elsevier] 46 
 
 

b. Operation mode  

APTAC allows operation under different modes such as heat-wait-search (HWS), heat-

ramp-search (HRS) and isothermal. These operation modes are introduced in detail as 

follows. 
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Under HWS mode, the sample material is heated in small steps following a predefined 

procedure. At each step, when the sample temperature reaches and stabilizes at the target 

temperature, the exotherm search is performed. If the self-heating rate of the sample 

material exceeds the pre-defined criteria, the heating mode shifts to an adiabatic mode. 

After reaching the maximum temperature of the reaction, the HWS mode switches back 

for further exotherm search until limits of time or temperature are exceeded where 

sample is cooled down to the pre-defined value. The typical temperature and pressure 

behaviors under HWS mode are presented in Figure 2.5. 
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Figure 2.5 Temperature-pressure profiles under HWS mode 
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Under heat ramp mode, the sample material is heated at a constant heating rate until the 

end temperature is achieved. In isothermal mode, the sample material is heated to the 

pre-determined temperature and maintained there until the time limit is reached.   

 

In this research, calorimetry tests were performed under HWS mode to study the impact 

of process contaminant on reactive hazards associated with organic peroxides. 

c. Quality of experimental data 

In order to maintain high quality of APTAC measurement, a series of calibration tests 

were performed in this research to ensure the reproducibility and accuracy of calorimetry 

test. 

 

It is very important to keep the test cell leak tight during the test run. A small leak from 

the test cell can lead to loss of ingredients and significant heat loss as a result of 

evaporative cooling and cause very large effects on the test results. At the start of each 

test, a leak detection test was performed to exam the sealability of the test cell. During 

this test, the test cell is pressurized to 200 psi and monitored for a 20 min period. The 

apparatus is considered to be leak tight if the pressure change is between -0.01 to 0.01 

psi/min. This leak detection is also required each time a tube or a thermocouple is 

replaced.  

 

The relative calibration was performed to ensure that the sample, test cell wall, and 

nitrogen thermocouples provide the same temperature reading to data logging system 

http://www.astm.org/Standards/F37.htm
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when reaching the same temperature. Any small deviation between these temperature 

readings can lead to substantial error. Experience has shown that at modest pressure 

within the containment vessel, 1oC temperature difference between nitrogen and sample 

thermocouple will lead to a drift rate of about 0.1oC/min 47. This relative calibration test 

can minimize the potential for either positive or negative drift when the machine is 

running under exotherm search mode.  

 

The relative calibration test was performed using an empty and clean test cell and 

operated following the calibration wizard integrated in APTAC control interface. In this 

research, the initial pressure in the test cell was set as 500 psi for relative calibration test. 

The calibration test started from 50oC and ended at 410oC at the heating rate of 4oC/min. 

After completing the calibration, the thermocouple offsets at 50oC intervals between 50 

and 400oC were automatically stored. The offsets data were subsequently used by the 

control program to adjust the sample thermocouple when running a standard experiment.  

 

Absolute calibration for thermocouple was performed to ensure the accuracy of 

temperature reading. In this research, absolute calibration was performed through ice 

point check at 0oC, which adjusts the thermocouple zero point by placing the nitrogen, 

wall and sample thermocouple in the ice/water mixture.  

 

The pressure transducers were calibrated by measuring the water vapor pressure curve. 

This calibration test was performed by heating 50 g pure water in a clean, evacuated test 
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cell and then cooled down to the ambient conditions. The experimental pressure curve 

was then compared against experimental stem tables in the reference 48.  

d. Experimental setup 

In this research, in order to avoid any possible contamination, a glass cell was used in 

this research as the test cell.  

 

35 wt% MEKPO (diluted in 2,2,4-trimethyl-1,3-pentanediol diisobutyrate) purchased 

from the Sigma-Aldrich and 99.999 wt% iron oxide  purchased from Acros Organics 

were used in this research. The particle size of iron oxide is 100 mesh. 

2.6 Calorimetry data analysis   

2.6.1 Kinetic modeling  

Based on the experimental data obtained from calorimetry test, kinetic modeling was 

performed to study the kinetics of runaway reactions, estimate important kinetic 

parameters and develop kinetic models which can simulate the runaway reaction process 

under various conditions. Two kinetic models were used in this research: nth order 

reaction model and autocatalytic reaction model.  

 

a. nth order reaction 

Assuming the closed reaction system, constant volume, ideal thermal isolation and 

negligible pressure effect, for nth order reaction with single reactant, the reaction rate 

can be expressed as follows: 
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nkCr
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dC
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where, k is the reaction rate constant, n is the order of reaction, C is the reactant 

contraction at time t.  

 

For an exothermic reaction in an adiabatic environment, it is believed that the conversion 

rate is proportional to the temperature increase. Therefore, the following equation can be 

obtained. 
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where, C0 is the initial concentration of the reactant and T0 is the initial temperature of 

the reaction system.  

 

Here the maximum adiabatic temperature increase, ΔTad, is defined by Equation 2-25. 

 

0max TTTad                                                                                                              2-25 

 

Heat of reaction can be calculated as a function of ΔTad: 

By differentiating Equation 2-24 with respect to t and then combining it with Equation 

2-23, the following equation is obtained. 

 



 

 

34 

34 

1

0

max 

















n

ad

n

ad

CT
T

TT
k

dt

dT                                                                                        2-26 

 

This equation can be rearranged as: 
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where, k* is a pseudo 0th order rate constant. This equation allows us to calculate k* based 

on the data of dT/dt, Tmax, T and ΔTad, which can be obtained from calorimetry tests. 

 

It is known that the reaction rate constant follows Arrhenius equation: 
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where A is the frequency factor, Ea is the activation energy, and R is the gas constant.  

The following equation can be derived by substituting Equation 2-28 into Equation 2-27. 
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According to this equation, plotting logk
* versus 1/T can yield a straight line. The slope 

of the straight line represents Ea/R and its intercept represents log(AC0
n-1

). Based on the 

slope and intercept, Ea and A can be calculated.  
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b. autocatalytic reaction 

Autocatalytic reactions are those in which at least one product also serves as a reactant. 

This type of reaction can be simply depicted as follows. In this reaction, B is the product 

but also acts as the reactant. 

 

BBA 2   

 

According to the experimental observation, the generalized autocatalytic reaction model 

was employed for the simple single-stage reaction. The reaction model is shown as 

follows 49. 
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where, α is conversion rate, n1 and n2 are reaction orders, z is a constant. 

 

Because the reaction rate is a function of both reactant and product, the reaction rate of 

autocatalytic reaction increases with the increase of conversion rate. 

2.6.2 Model fitting  

Identification of a kinetic reaction model is an important approach in the investigation of 

reactive hazards for reactive chemicals. The kinetic reaction model can be used for the 

simulation of runaway reactions under various conditions and the estimation of key 

safety parameters in process operation.  



 

 

36 

36 

 
Non-linear optimization method is a general approach in selecting the kinetic model and 

evaluating kinetic parameters and was employed in this research. This method ensures 

the best fit to the experimental data by minimizing the measure of residuals between 

experimental and simulated responses. The majority of nonlinear optimization 

algorithms are based on the Least Square Method (LSM), which uses the sum of squares 

of residuals as the measure. In this research, the following objective function is 

employed to perform the model fitting. 
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where, Yexp(ti) is the experimental observation at time ti, Ysim( P ,ti) is the simulated 

response at ti, Ɛ i is the experimental error for the ith observation, SS( P ) is the weighted 

sum of the squares of the residuals. 

 

In this research, all the modeling fitting and simulation of runaway reactions was 

performed using MATLAB. 

2.6.3 Thermal inertia  

In the APTAC test, even though the adiabatic environment is maintained for the reaction 

system, part of the heat generated by the reaction is used to heat up the test cell. Energy 

balance of the system is established to describe the heat loss in calorimeter test 

(Equation 2-32). 



 

 

37 

37 

 

 
measadccssadjadss TCmCmTCm ,, )(                                                                                      2-32 

          
 

where, ms is sample mass, Cs is heat capacity of the sample, Cc is heat capacity of test 

cell, ∆Tad,meas is measured adiabatic temperature rise of the overall system and ∆Tad,adj: 

adjusted adiabatic temperature rise. 

 

Thermal inertia is a term used to describe the property related to thermal conductivity 

and volumetric capacity of the test cell, which cause the heat loss in a calorimetry test. 

The thermal inertia factor, ф, is defined as: 
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This factor can be used to perform the conversion between the adiabatic temperature rise 

measured and the adjusted adiabatic temperature rise (Equation 2-34). Under perfect 

adiabatic condition, ф equals to one, indicating no heat absorption by the test cell. The 

more ф approaches 1, the closer the reaction system is to the adiabatic condition.  

 

measadadjad TT ,,                                                                                                                                 2-34 
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The following equation can be derived by rearranging Equation 2-34. This equation can 

convert the temperature between systems with different ϕ. By assigning 1 to ϕ2, the 

temperature measured by APTAC can be converted to temperature in the adiabatic 

condition.  
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Self heating rate can also be converted to the data in adiabatic condition by applying 

thermal inertia factor. Since Equation 2-34 is valid for any time interval, the following 

equation can be derived: 
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where (dT/dt)ad is the self-heating rate in adiabatic condition and (dT/dt)meas is the 

measured self-heating rate in calorimetry test. 

2.6.4 Non-condensable gas generation 

In many cases, the gas generated during the runaway reaction significantly contributes to 

the pressure hazards. The non-condensable gas generation rate can be calculated based 

on the calorimetry test results. 

 

Normally, when calculating non-condensable gas generation based on the measured 

pressure data, the vapor pressure in the reaction system needs to be taken under 
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consideration. The vapor pressure for the reaction system can be calculated with the 

Antoine equation 50. However, for a runaway reaction, the contribution of vapor pressure 

to overall pressure of the reaction system is negligible compared with other factors such 

as thermal expansion and gas production. Therefore, in this research, non-condensable 

gas generation rate can be calculated using Equation 2-37. This equation estimates the 

non-condensable gas generation rate by removing the thermal expansion effect from the 

measured overall pressure rate of the reaction system.  
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CHAPTER III 

SELECTION OF SAFER REACTIVE CHEMICALS 
 

3.1 Introduction 

Selecting the safer chemical is the initial and critical important step in the design of the 

intensely safer process. This step is used to ensure that the process is inherently safe 

from the perspective of process chemistry. This strategy is an important lessons learned 

from Bhopal incident. This incident could be prevented if the alternative manufacturing 

process was employed, which does not use methyl isocyanate (MIC) as intermediate 5, 51. 

The right process chemistry can eliminate the potential hazards in the conceptual design 

stage.  

 

The selection of safer reactive chemical requires the collecting data about the reactive 

hazards data and a classification system which can classify reactive chemicals based on 

reactive hazards. This selection could cause a lot of work especially when the selection 

needs to be made out of a large number of chemicals. Therefore, an efficient and 

economic approach is needed to perform the selection of safer reactive chemical, which 

can assist the application of ISD principles in the process design.  

 

The common practice for the collection of reactive hazards data is through different 

kinds of experiments. However, as mentioned in the Chapter I, the application of this 

approach is limited by high investment on test apparatus and lengthy test procedure. 
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Since the chemical reactivity is significantly affected by the molecular structure, as the 

alternative approach to estimate reactive hazards, investigation was performed in this 

research on how to predict hazardous properties of organic peroxides based on the 

molecular structure. Compared with the experimental approach, this methodology 

requires much less experiment and therefore is a feasible option for the design of 

inherently safer process. 

 

A number of early works have already been reported in the field of prediction of 

hazardous properties. Rules of thumb are the simplest possible methods for reactivity 

screening, which can identify hazardous materials for further analysis. In this method, 

chemicals containing functional groups such as nitro group and peroxide functional 

group can be considered potentially reactive 52. Also, some programs have been 

developed for hazard prediction and screening. CHETAH is a program available from 

American Society for Testing and Materials (ASTM). This program employs “Benson 

group contribution method” to estimate important hazardous properties such as heat of 

formation and heat of combustion 53. CART is a another tool used to estimate adiabatic 

temperature rise and to classify chemicals based on this parameter 54. In another work 

done by Saraf et al, computational chemistry techniques were combined with Transition 

State Theory (TST) for predicting calorimetry data of aromatic nitro compounds 55.  

 

One promising method for estimating reactive hazards is Quantitative Structure-Property 

Relationship (QSPR). This method employs statistic methodology to screen molecular 
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properties contributing to desired properties and further derive the correlations between 

molecular properties and desired properties. Compared with other methods, QSPR can 

be customized to integrate any molecular property into the prediction model 

development and therefore is more advantageous in predicting complicated properties 

such as chemical reactivity. In this research, QSPR was used to reveal the relationships 

between molecular structure and runaway reaction at the quantum chemistry level and 

develop prediction models for the desired hazardous properties. The models derived in 

this research can be used to collect the data of reactive hazards in an efficient way. 

 

Theoretical work has been done to study the molecular structure of organic peroxides 

and their effects on desired properties. Such previous work serves as the technical basis 

for the QSPR study on organic peroxides. Lobunez et al. studied electric moment of 

diacyl peroxides and correlated it with conformational properties 56.  Similar work was 

done by Verderame et al. on peroxyesters 57. Theoretical calculation was conducted by 

Litinskii to study the quantum properties of some organic peroxide including diacyl 

peroxides. In his research, some properties such as atomic charge of oxygen in peroxide 

functional group were identified to correlate with the stability of organic peroxides 58. 

Kikuchi studied electronic structure and conformational structure of benzoyl peroxide 

through quantum calculation 59.  

 

In this study, based on the experimental data collected from DSC tests and previous 

research on molecular structure of organic peroxides, QSPR study was performed to 
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develop prediction models for the hazardous properties of organic peroxides. Different 

regression methods were employed in order to achieve the good accuracy of the 

prediction results. 

 

After the collection of hazardous properties, a rating system is needed to classify 

chemicals according to the reactive hazards. The classification of reactive chemicals can 

help industry to select safer chemical from the class with low hazard rating. One popular 

rating system for reactive chemical is NFPA 704 60, which rates reactive hazards of 

chemicals in the range from 0 to 4. However, this rating system is not suitable for some 

chemical families such as organic peroxides. According to the data presented in Table 

3.1, even though 2-butanone peroxide and cumene hydroperoxide present great 

difference in thermal stability and heat of reaction, they are rated as the same class by 

NFPA 704 rating system. This example indicates that NFPA 704 is not sensitive enough 

for organic peroxides and a more suitable rating system needs to be developed. 

 

Table 3.1 NFPA rating for selected organic peroxides 
 

Chemical T0 (oC) ΔHr (kJ/mol) NFPA 

2-butanone peroxide 87 483 3 

Cumene hydroperoxide 170 253 3 
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In this research, several types of hazard indices proposed by other researchers were 

applied on organic peroxides. The rating results were verified in order to determine the 

one most suitable for organic peroxides. By combing this rating system with the 

prediction models proposed in this research, this research provides industry an efficient 

and economic approach to select safer chemical for the process and offers more 

quantitative information for the decision-making during the design of inherently safer 

process. 

 

Part of the data in the chapter has been published in Industrial & Engineering Chemistry 

Research (volume 50, issue 3). 

3.2 Results 

3.2.1 Correlation analysis  

Before conducting QSPR study on organic peroxides, a correlation analysis was 

performed to study the inter-correlation between descriptors. This analysis was used to 

identify descriptors highly correlated with others, which were excluded from further 

model regression in order to reduce the inter-correlation between explanatory variables. 

 

According to the correlation coefficient (r) calculated, ɛ LUMO and η were excluded from 

QSPR study because of their high correlations with other descriptors ( 9.0r ). 
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3.2.2 Development of prediction models  

a. Onset temperature 

All the descriptors listed in Table 2.1 were calculated for 16 organic peroxides using 

Gaussian 03 software package and the calculation results were presented in Appendix A. 

After excluding those highly correlated descriptors, all the remaining descriptors 

selected for the QSPR study of onset temperature were applied to the regression analysis 

using MLR and PLS methods. 

 

i). MLR method 

Through the MLR analysis, a linear model was obtained for the prediction of the onset 

temperature with four descriptors (Equation 3-1). This regression model is a function of 

dissociation energy, bond length of the oxygen-oxygen bond, number of peroxide 

function group and molecular hardness. 

 

65.819*41.202*70.8*65.657*92.17770  POOa NdET                                         3-1 

 

The calculated values of onset temperature using the prediction model are presented in 

Table 3.2. The predicted onset temperature was plotted versus experimental data in 

Figure 3.1 as the overall depiction of MLR analysis results. The validation test results 

for this prediction model are presented in Table 3.3. 
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Figure 3.1 Scattering diagram for experimental and calculated onset temperature  
using MRL model 

 
 

According to the data presented in Figure 3.1 and Table 3.3, the prediction model 

derived using MLR method presents a pretty good linear fitting with the experimentally 

detected onset temperature with R
2 value of 0.916. This model is also proven to be 

statistically significant according to the F value. However, the cross validation test result 

(RCV
2=0.108) indicates that this model is quite weak in prediction power. This low 

prediction power implies the existence of over-fitting phenomena in MLR analysis. 

Over-fitting normally occurs when the model is very complex, such as employing too 

many parameters relative to the number of observations. In the case of over-fitting, the 

regression model describes random error rather than the underlying relationship. In this 
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research, the over-fitting phenomena should be caused by the relatively large number of 

descriptors (13 descriptors) compared to the limited training set size (16 data). 

Therefore, the model obtained using MLR method cannot be used in predicting the onset 

temperature of organic peroxides due to the poor prediction power. 

 

Table 3.2 Experimental and calculated onset temperature of organic peroxides 
 

No. Substance 
T0 

(experimental) 
(ºC) 

T0 (predicted) (ºC) 

MLR PLS 

1 Tert-butyl cumyl peroxide 150.3 145.7 145.0 

2 Dicumyl peroxide 140.8 145.3 143.0 

3 Di-tert-butyl peroxide 139.7 141.6 145.9 

4 Benzoyl peroxide 105.9 104.5 106.4 

5 Lauroy peroxide 87.0 92.2 90.0 

6 Tert-butylperoxy benzoate 122.7 124.0 125.0 

7 Tert-butyl peroxyacetate 101.6 116.0 106.6 

8 11-bis(t-butylperoxy)-335-
timethylclohexane 118.7 119.4 125.4 

9 2,2-Bis(t-
butylperoxy)butane 123.2 120.6 119.0 

10 2,5-Bis(t-butylperoxy)-2,5-
dimethylhexane 136.7 132.8 132.5 

11 2,4-Pentanedione peroxide 117.3 117.4 114.7 

12 Cumene hydroperoxide 169.9 168.2 171.4 

13 Tert-butyl(peroxy 2-ethyl-
hexyl) carbonate 125.2 106.3 113.7 

14 1,1-Di(tert-
butylperoxy)cyclohexane 121.2 120.4 118.0 

15 2-butanone peroxide 87.2 90.6 90.6 

16 Tert-butyl hydroperoxide 156.3 159.1 156.6 
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Table 3.3 Validation of the prediction model for onset temperature 
 

 R R
2
 RCV

2
 F 

MLR 0.957 0.916 0.108 29.932 

PLS 0.978 0.957 0.859 - 
 
 

ii). PLS method 

As presented in the Section 2.2.3b, PLS method is pretty useful in handling the case with 

the large number of x variables and relative small training set size. Therefore, a 

mathematic regression was performed again using PLS method to derive the prediction 

model for onset temperature. Following the procedure presented in Figure 2.2, the final 

prediction model was obtained after several iterations when RCV
2 cannot be further 

improved (Equation 3-2). This prediction model is composed of all 13 descriptors 

employed in the regression analysis. The calculated onset temperature is listed in Table 

3.2 and plotted against experimental data in Figure 3.2. The results of the validation test 

are presented in Table 3.3. 

 

61.626*58.23*73.2*01.118*

75.202*82.3*11.0*30.3*04.0

*08.0*35.5*72.29*18.730*99.55
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The prediction model derived using PLS method shows a good agreement with the 

experimental data (R2=0.957). Also, this model presents adequate prediction power 

according to cross validation test results (RCV
2=0.859). Compared with MLR method, 
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PLS analysis shows great capability in handling the over-fitting risk and great 

improvement on the prediction power of the regression model. According to the 

validation test results, the prediction model obtained through PLS analysis was adopted 

for predicting the onset temperature of organic peroxides.  

 

Figure 3.2 Scattering diagram for experimental and calculated onset temperature  
using PLS model  

 

Based on the prediction model obtained, sensitivity analysis was performed to 

investigation the contribution of each descriptor to the onset temperature of organic 

peroxides. In the sensitivity analysis, standardized coefficient can be calculated using 

Equation 3-3, which gives an immediate indication of the relative significance of each 

descriptor in the final prediction model. The significance of the descriptor to the onset 
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temperature is proportional to the absolute vale of standardized coefficient. According to 

the calculated standardized coefficients listed in Table 3.4, out of the 13 descriptors, 

bond angle in the peroxide functional group and dissociation energy of oxygen-oxygen 

bond are two most significant factors contributing to onset temperature.  
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Table 3.4 Sensitivity analysis of the onset temperature prediction model obtained through PLS 
analysis 

 
Descriptor Coefficient Standardized coefficient 

QO 55.987 0.158 

Ea 730.178 0.358 

dOO -29.723 -0.019 

NP -5.349 -0.142 

OB -0.086 -0.145 

MW -0.035 -0.113 

DM 3.301 0.108 

∠ROOR’ 0.107 0.121 

∠ROO -3.824 -0.315 

ɛ HOMO 202.752 0.173 

η -118.013 -0.144 

ω -2.735 -0.002 

C 23.580 0.233 
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b. Heat of reaction  

Similarly, QSPR study was performed on heat of reaction of organic peroxides by using 

both MLR and PLS methods. Besides the highly correlated descriptors, concentration of 

organic peroxides, the descriptor specifically designed for onset temperature, was 

excluded in the QSPR study on heat of reaction.  

 

i). MLR  

Through mathematic regression using MLR method, the prediction model for heat of 

reaction was obtained and shown as follows: 

 

1.1178*62.0*42.74*66.11153*53.1952  MWNEQH Paor                       3-4 
 
 
This model is a linear combination of four descriptors: dissociation energy of oxygen-

oxygen bonds, number of peroxide functional groups, atomic charge of oxygen and 

molecular weight. These descriptors were identified as significant factors contributing to 

the heat of reaction by MLR analysis. Table 3.5 lists all the calculated heat of reaction 

for organic peroxide, which were plotted against the experimental data in Figure 3.3. 

The results of validation tests for this model are shown in Table 3.6. 
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Table 3.5 Experimental and predicted heat of reaction of organic peroxides 
 

No. Substance 
ΔHd 

(Experimental) ( 
kJ/mol) 

ΔHd (Predicted) ( kJ/mol) 

MLR PLS 

1 Tert-butyl cumyl peroxide -177.6 -202.1 -219.2 

2 Dicumyl peroxide -223.9 -244.0 -283.4 

3 Di-tert-butyl peroxide -158.3 -149.6 -155.1 

4 Benzoyl peroxide -90.0 -87.8 -136.2 

5 Lauroy peroxide -305.4 -353.0 -316.2 

6 Tert-butylperoxy benzoate -239.1 -190.5 -178.9 

7 Tert-butyl peroxyacetate -200.8 -180.5 -158.5 

8 11-bis(t-butylperoxy)-335-
timethylclohexane -426.9 -412.2 -407.4 

9 2,2-Bis(t-butylperoxy)butane -308.4 -321.4 -317.8 

10 2,5-Bis(t-butylperoxy)-2,5-
dimethylhexane -296.5 -264.4 -291.2 

11 2,4-Pentanedione peroxide -664.4 -637.7 -698.3 

12 Cumene hydroperoxide -253.2 -195.7 -199.9 

13 Tert-butyl(peroxy 2-ethyl-
hexyl) carbonate -236.1 -276.7 -242.6 

14 1,1-Di(tert-
butylperoxy)cyclohexane -427.2 -356.1 -342.6 

15 2-butanone peroxide -483.3 -535.7 -466.8 

16 Tert-butyl hydroperoxide -64.7 -148.4 -142.0 
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Figure 3.3 Scattering diagram for experimental and calculated heat of reaction  
                 using MLR model 

 
 

According to the data shown in Figure 3.3 and Table 3.6, the model derived through 

MLR shows a good agreement between the calculated heat of reaction and the 

experimental data (R2=0.921). This model was also demonstrated to be statically 

significant according to F test result. However, this regression model has no prediction 

power at all because of negative RCV
2 (RCV

2= -0.811), which indicates the presence of 

over-fitting. Similar with the over-fitting scenario identified in the MLR analysis for 

onset temperature, the relatively large number of descriptors (12 descriptors) and the 

limited size of training set (16 data) shall lead to the over-fitting in the mathematic 

regression and therefore result in poor prediction power of the regression model. 
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Table 3.6 Validation of the regression model for heat of reaction 

 

 R R
2
 RCV

2
 F 

MLR 0.916 0.921 -0.811 20.815 

PLS 0.956 0.913 0.828 - 

 
 

ii). PLS method 

Following the proposed procedure for PLS shown in Figure 2.2, a model with optimized 

RCV
2 was derived for predicting heat of reaction of organic peroxides using PLS method. 

This prediction model is a linear combination (Equation 3-5) of five descriptors, 

including dissociation energy of oxygen-oxygen bond, molecular weight, oxygen 

balance, energy of the highest occupied molecular orbital, and atomic charge of oxygen. 

The predicted heat of reaction was presented in Table 3.5 and plotted versus 

experimental data in Figure 3.4. The validation test results are presented in Table 3.6. 

 

625.1893*034.2400

*210.1*450.1*592.8722*721.1713
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              3-5 

 
 

As depicted by Table 3.6 and Figure 3.4, the heat of reaction predicted using PLS 

method satisfactorily fits the experimental data with R2 of 0.913. This prediction model 

presents a reasonable predictive power with RCV
2 of 0.828, which is much better than 

that of the model derived through MLR analysis. Based on the consideration of model 
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fitting and prediction performance, the model obtained through PLS analysis is 

recommended in predicting the heat of reaction of organic peroxides.  

 

 

Figure 3.4 Scattering diagram for experimental and calculated heat of reaction  
 using PLS model 

 

Sensitivity analysis was subsequently performed to study the significance of descriptors 

in the prediction model. The standardized coefficient of all descriptors were calculated 

and listed in Table 3.7. According to the data of standardized coefficient, atomic charge 

of oxygen in the peroxide functional group and activation energy are most significant 
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descriptors contributing to heat of reaction. The atomic charge of oxygen presents 

negative impact to the heat of reaction due to the negative standardized coefficient. 

 

Table 3.7 Sensitivity analysis of the heat of reaction prediction model obtained through PLS 
analysis 

 
Descriptor Coefficient Standardized coefficient 

QO -1713.721  -0.732  
Ea 8722.592  0.646  
OB -1.450  -0.372  
MW -1.210  -0.590  

ɛ HOMO -2400.034  -0.309  
 
 

3.2.3 Discussion 

By comparing the prediction models obtained through QSPR approach, onset 

temperature was found to be a hazardous property more related to the molecular 

structure of organic peroxides. The involvement of all 13 descriptors in the prediction 

model for onset temperature implies that all these molecular properties affect the onset 

temperature of organic peroxides. Compared with onset temperature, heat of reaction is 

less influenced by the molecular structure since only 5 descriptors get involved in the 

prediction model. This phenomenon can be explained by the fact that heat of reaction 

depends more on the reaction route rather than the molecular structure of the initial sate.  
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Some descriptors are recognized as significant properties contributing to the reactive 

hazards of organic peroxides. Dissociation energy of oxygen-oxygen bond is one of the 

most significant descriptors for onset temperature as well as heat of reaction prediction 

models. This parameter indicates the easiness of undertaking the initial step of the 

runaway reaction and is expect to greatly affect the thermal stability of organic 

peroxides. Also, this result is in agreement with previous study on energetic materials, 

which reported that heat of reaction is affected by the C-NO2 bond dissociation energy 

24. The bond angle in peroxide functional group was identified by sensitivity analysis as 

the second most important descriptor for onset temperature. The importance of bond 

angle for onset temperature indicates the impact of molecular geometry on the thermal 

stability of organic peroxides. Another important descriptor for onset temperature is 

concentration, which is a non-intrinsic descriptor specifically designed for onset 

temperature of organic peroxide. Sensitivity analysis determines that this descriptor 

presents positive impact on onset temperature according to its standardized coefficient 

(0.233). However, this conclusion is not consistent with the previous research results, 

which found that a concentration increase can lead to a decrease of the onset temperature 

28, 29. The possible explanation for this conflict is that the effect of concentration 

identified in previous research was neglected in this QSPR study due to its limited 

influence on onset temperature. It is possible that the concentration effect on onset 

temperature identified in the this research indicates the intramolecular association 

between peroxide molecules, which is positive for the thermal stability of organic 

peroxides 61.    
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In most cases, validation of the regression model using external data is recommended in 

order to ensure the prediction power of the model. However, given the fact that the data 

of reactive hazards are only available for 16 organic peroxides, it is really difficult to 

divide the data into the test set and training set. In fact, the main difficulty for 

performing QSPR study on reactive chemicals is the availability of experimental data. 

As the alternative approach, cross-validation can handle this challenge by using internal 

data and has been widely used in the field of QSPR research 24, 62. In this research, the 

cross-validation test was employed and the RCV
2 was used to quantitatively estimate the 

prediction power of the prediction models derived.  

3.2.4 Hazard classification system 

As mentioned in the introduction part of Chapter III, the selection of the safer reactive 

chemicals not only requires the collection of reactive hazards data but also needs a 

classification system based on reactive hazards. This classification system enables the 

more quantitative ranking of chemicals according to their reactive hazards, especially 

when multiple safety parameters need to be taken under consideration. Based on the 

classification results, industry can decide which chemicals to employ in the processes, 

which makes the process chemistry inherently safe.  
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In this research, three different hazard indices were employed to classify organic 

peroxides based on the reactive hazards data. The description of these hazard indices are 

presented in Section 2.4. These hazard indices were developed based on different 

concept and through different approaches. The classification results were then verified in 

this research in order to determine the one which is most suitable for the family of 

organic peroxides.  

 

Using kinetic equations listed in Section 2.4, parameters used in the hazard indices were 

calculated and presented in Table 3.8. The application of these kinetic equations can 

avoid the requirement of additional experiments. 

 

By applying calculated parameters to the hazard indices, the rating results for 16 organic 

peroxides using these three hazard indices were calculated and presented in Table 3.9 
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Table 3.8 Estimated parameters used in the hazard indices 
 

No. Substance Tm (K) Ea (kcal/mol) TMRad (min) 

1 Tert-butyl cumyl 
peroxide 792.09 28.65 97.34 

2 Dicumyl peroxide 926.13 34.10 114.31 

3 Di-tert-butyl peroxide 560.79 30.14 104.57 

4 Benzoyl peroxide 760.27 29.93 101.86 

5 Lauroy peroxide 537.93 31.99 111.30 

6 Tert-butylperoxy 
benzoate 682.48 30.14 103.24 

7 Tert-butyl peroxyacetate 517.19 31.23 108.97 

8 11-Bis(t-butylperoxy)-
335-timethylclohexane 435.29 27.01 95.34 

9 2,2-Bis(t-
butylperoxy)butane 631.83 31.37 107.93 

10 2,5-Bis(t-butylperoxy)-
2,5-dimethylhexane 866.92 30.24 102.09 

11 2,4-Pentanedione 
peroxide 600.79 31.08 107.31 

12 Cumene hydroperoxide 1132.27 27.82 92.70 

13 Tert-butyl(peroxy 2-
ethyl-hexyl) carbonate 274.77 27.93 102.17 

14 1,1-Di(tert-
butylperoxy)cyclohexane 482.69 32.31 113.36 

15 2-butanone peroxide 1429.26 30.38 99.65 

16 Tert-butyl hydroperoxide 721.58 30.23 103.18 

 

 

 



 

 

61 

61 

Table 3.9 Rating results of organic peroxides 
 

No. Substance RHI TRI THI EP 

1 Tert-butyl cumyl 
peroxide 5.53 1.41 128.25 0.17 

2 Dicumyl peroxide 5.40 1.51 51.39 0.11 

3 Di-tert-butyl peroxide 4.80 1.54 77.35 -0.07 

4 Benzoyl peroxide 5.35 2.86 103.25 0.11 

5 Lauroy peroxide 4.58 1.09 42.87 -0.16 

6 Tert-butylperoxy 
benzoate 5.14 1.58 91.25 0.04 

7 Tert-butyl peroxyacetate 4.58 1.40 53.31 -0.16 

8 11-Bis(t-butylperoxy)-
335-timethylclohexane 4.66 2.19 115.96 -0.09 

9 2,2-Bis(t-
butylperoxy)butane 4.90 1.00 64.74 -0.04 

10 2,5-Bis(t-butylperoxy)-
2,5-dimethylhexane 5.57 2.86 109.39 0.17 

11 2,4-Pentanedione 
peroxide 4.84 1.89 66.02 -0.06 

12 Cumene hydroperoxide 6.27 3.56 176.65 0.39 

13 Tert-butyl(peroxy 2-
ethyl-hexyl) carbonate 3.95 0.60 77.37 -0.45 

14 1,1-Di(tert-
butylperoxy)cyclohexane 4.38 0.39 30.17 -0.24 

15 2-butanone peroxide 6.51 4.55 163.60 0.42 

16 Tert-butyl hydroperoxide 5.23 2.04 94.07 0.07 

 
 

In order to validate the classification results of the three hazard indices employed, the 

Explosion Potential (EP) was employ in this research 63 and served as the validation 
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criteria. This is an empirically derived parameter used to separate compounds that can 

undergo detonation or deflagration. The definition of EP is shown by Equation 3-6. 

 

67.1)25log(38.0)log(  DSCDSC TQEP                                                                     3-6 

 

where QDSC and TDSC are heat of reaction and onset temperature of the exothermic 

reaction. 

 

Materials with EP > 0 are considered to have potential to explode, either by detonation 

or deflagration. Therefore, if the hazard index can effectively classify reactive 

chemicals, organic peroxides with positive EP should have higher rating than organic 

peroxides with negative EP. In this study, EP is used to validate the effectiveness of 

different hazard indices and finally determine which one is most effective in rating 

organic peroxides according to reactive hazards. 
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 Figure 3.5 Validation of hazard index for organic peroxides 
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Figure 3.5 Continued 

 

Three hazard indices were plotted against EP respectively to evaluate the effectiveness 

of the classification of organic peroxides based on the reactive hazards (Figure 3.5). The 

plot of hazard index against EP indicates that only RHI has the good linear relationship 

with EP and can effectively classify organic peroxides based on reactive hazards. As 

shown in Figure 3.5a, organic peroxides with potential of explosion (EP>0) have higher 

rating than peroxide with no potential of explosion (EP<0). But for other two hazard 

indices (Figure 3.5b and 3.5c), they cannot well distinguish peroxides with the potential 

of explosion from other chemicals: some organic peroxides with negative EP have even 

higher rating than chemicals with positive EP. According to the validation results, RHI is 

determined to be the hazard index most suitable for organic peroxides. 
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3.3 Conclusions  

Through the investigation on organic peroxides using QSPR approach, two prediction 

models were developed for predicting onset temperature and heat of reaction, two 

important parameters characterizing the reactive hazards. These two predictions models 

are shown as follows. 
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When using these models to predict reactive hazards of other organic peroxide, the users 

will only need to spend relative short time on calculating descriptors through molecular 

simulation and then apply them to the prediction models. The prediction output provides 

essential information to industry regarding reactive hazards for the initial screening of 

reactive chemicals. 

 

The selectivity analysis on prediction models identified important molecular properties 

contributing to the reactive hazards of organic peroxide. These results imply the 

influence of molecular structure on chemical reactivity throughout the whole family of 

organic peroxides, and can serve as the technical basis for the future research in this 

area. Also, the identification of significant molecular properties may help chemists to 
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find a direction in the design of safer chemicals. It is possible that chemists may 

manipulate these molecular properties to minimize the reactive hazards associated. 

 

In this research RHI was determined to be the most suitable hazard index for organic 

peroxides. This hazard index can be applied in conjunction with the predictions models 

derived: RHI can utilize the reactive hazards data generated by prediction models to rate 

reactive chemicals according to reactive hazards associated. The output of this rating 

system provides a quantitative technical basis to support the decision-making on 

chemical selection during the design of inherently safer process. 
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CHAPTER IV 

DETERMINATION OF SAFER PROCESS CONDITIONS 
 

4.1 Introduction 

“Moderate” is another major principle in the design of inherently safer process. After 

selecting the safer chemicals for the process, it is also important to adopt the safer 

process conditions to further mitigate the risk associated with the process. The process 

may still face high risk if it is operated under improper process conditions, even if the 

safer chemicals are employed in the process. In this part of research, process 

contaminant, a very important process condition, was investigated.  Contaminants in the 

process may significantly affect the reactive hazards associated with processes by trace 

amount. Therefore, when designing inherently safer process, it is critical important to 

identify the incompatibility of possible contaminants with reactive chemicals employed 

in the process and estimate the effects of contaminants on the reactive hazards. Based on 

the research results, proper measures can be applied to control the risk imposed by the 

incompatibility of contaminants with reactive chemicals.  

 

In this research, the incompatibility of iron oxide with Methyl Ethyl Ketone Peroxide 

(MEKPO) was investigated. MEKPO is a type of organic peroxide widely used as 

initiator for polymerization reaction and hardener in glass-reinforced plastic manufacture 

64. The chemical structure of MEKPO is shown by Figure 4.1. MEKPO is highly 

hazardous and has caused several tragic accidents throughout the world. One incident 
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happened in Tokyo, Japan in 1964, which caused 19 fatalities and 114 injuries. Another 

more severe incident happened in Taiwan in 1979, leading to 33 fatalities and 44 injuries 

65.  

 

 

Figure 4.1 Chemical structure of MEKPO 
 

Iron oxide is one of the most common contaminants in process industries. This 

contaminant has been proven to be incompatible with a variety of reactive chemicals 66-

68. Even though industry has realized that all materials organic peroxides come in contact 

with in the process should be compatible 69, little work has been done to study the 

incompatibility of MEKPO with iron oxide, a very common process contaminant.  

 

Tseng studied the incompatibility of MEKPO with iron oxide through calorimetry test 

and found iron oxide can weaken the thermal stability of MEKPO 70. However, there is 

still a gap between the existing understanding on this incompatibility and the need to 

apply the principle “moderate” in the process design. First, Tseng only performed 



 

 

69 

69 

calorimetry test under single contaminant concentration. Therefore, it is still beyond our 

understanding how this contaminant affects reactive hazards of MEKPO within a wide 

range of contaminant concentration. Second, in previous research, reactive hazards of 

MEKPO were investigated through DSC test under constant heating rate, whose purpose 

is to conduct initial screening of reactive chemicals. The information obtained from DSC 

tests is not enough for guiding the design of inherently safer process. Third, the impact 

of this incompatibility on operational safety was not investigated in previous research. 

 

In order to address this gap and provide better guidance on the design of inherently safer 

process, the incompatibility of MEKPO with iron oxide was studied through a 

systematic approach in this research. This approach is composed of calorimetry test, 

kinetic modeling and analysis of key safety parameters. Through this research, it was 

expected to reach the comprehensive understanding on the incompatibility of MEKPO 

with iron oxide, including the effects on observable exothermic behavior, change on 

kinetics and change on reaction mechanism. Then, based on this understanding, the 

impact of the contaminant on operational safety was investigated by estimating and 

analyzing key safety parameters. 

 

Based on the conclusions drawn in this research, proper measures can be implemented in 

the process design to minimize the hazards associated with processes. For example, if 

iron oxide has little or no impact on the reactive hazards and operational safety, then 

process equipment handling MEKPO can be fabricated by carbon steel. In this case, 
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mechanical integrity program will be sufficient to monitor and control the contaminant 

level in the process. Also, safer operating conditions can be determined based on the key 

safety parameters estimated in this research. However, if iron oxide is proven to 

significantly affect the reactive hazards and operational safety, carbon steel needs to be 

replaced by other materials to prevent the potential incompatibility. One example is in 

pharmaceutical industry, some process equipment handling organic peroxides uses glass 

as the inner material to avoid the incompatibility of organic peroxides with process 

contaminants.  

 

Part of the data in this chapter has been published in Journal of Loss Prevention in the 

Process Industries (in press). 

4.2 Results and discussions 

4.2.1 Uncertainty analysis  

In order to estimate the uncertainties associated with the experimental results, two 

experiments, pure MEKPO and MEKPO with 5 wt% iron oxide, were repeated to 

calculate the uncertainty for all calorimetric parameters studied in this research. The 

results of these experiments and calculated uncertainty data are presented in Table 4.1 

and 4.2 respectively. 
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Table 4.1 Uncertainty analysis for APTAC tests performed on pure MEKPO 
 

Test No. T0 (oC) Tmax (oC) Pmax (Psi) (dT/dt)max 
(oC/min) 

(dP/dt)max 
(Psi/min) 

1 86 212 318 1065 2058 

2 90 217 408 1386 3021 

S.D. 3 4 64 227 681 
 
 
 

Table 4.2 Uncertainty analysis for APTAC tests performed on MEKPO with 5 wt% iron oxide 
 

Test No. T0 (oC) Tmax (oC) Pmax (Psi) (dT/dt)max 
(oC/min) 

(dP/dt)max 
(Psi/min) 

1 69 226 196 653 952 

2 64 237 254 904 862 

S.D. 4 8 41 177 64 
 

According to the uncertainty data shown in Table 4.1 and 4.2, all the temperature 

measurements, including onset temperature and maximum temperature, show quite small 

uncertainties. However, the uncertainties associated with pressure data are greater than 

that for temperature. It was found that the uncertainty associated with pressure data for 

the pure MEKPO test is higher than the test on MEKPO with 5 wt% iron oxide. The 

great difference in uncertainty is also observed for the maximum self-heating rate and 

maximum pressure rate. These two parameters present much higher uncertainties for 

pure MEKPO test than test on MEKPO with 5 wt% iron. 

 



 

 

72 

72 

Through the analysis on the working mechanism of APTAC, it is believed that the 

uncertainties associated with the experimental data obtained from APTAC tests are 

mainly caused by the failure of capturing the peak value of the temperature/pressure. 

Since APTAC samples the process parameters (temperature, pressure) at a predefined 

frequency, it is possible that APTAC may fail to capture the peak value of 

temperature/pressure when self-heating rate/pressure rate is very high. The difference 

between the measured peak value and the true peak value can be amplified by the 

increase of the temperature/pressure rate. Therefore, the great differences of 

uncertainties for calorimetric parameters (Table 4.1 and 4.2) should be caused by the big 

differences of self-heating rate and pressure rate between these two tests.   

 

According to the self-heating rate and pressure rate data presented in the table on page 

86, experiments performed in this research can be classified into two categories: tests 

performed under 0 – 0.075 wt% contaminant, and tests performed under 0.3 - 20 wt%. 

The data of maximum self-heating rate and maximum pressure rate keeps in the similar 

level within each category but presents big gap between these two categories. According 

to the analysis presented in the last paragraph, calorimetric parameters should also show 

similar uncertainties within the each category but show big difference in uncertainties 

between the two categories. Therefore, the uncertainty data presented in Table 4.1 and 

Table 4.2 can represents the uncertainty associated with the experimental results in these 

two categories respectively and were applied in the analysis of experimental results in 

this research. 
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4.2.2 Calorimetry study 

A series of calorimetry tests were performed using APTAC to quantitatively study the 

effects of iron oxide on runaway reactions and reactive hazards associated. APTAC tests 

were performed on pure MEKPO and MEKPO with different levels of iron oxide.  

According to the contaminant concentration, these tests can be classified into three 

categories:  

 Low contaminant concentration: 0.03 wt%, 0.075 wt, 0.3 wt%,  

 Medium contaminant concentration: 1 wt% and 5 wt% 

 High contaminant concentration: 10 wt% and 20 wt%.  

 

The details of these tests are listed in Table 4.3.  

 

Table 4.3 Experimental details of APTAC tests 
 

No. 
Contaminant 

(wt%) 
MEKPO 
mass (g) 

Bomb 
mass (g) 

Start 
temperature 

(oC) 

Vapor space 
(ml) 

Φ 

1 0 8.15 54.06 30 83.7 3.2 
2 0.03 8.18 57.61 35 83.5 3.3 
3 0.075 7.99 53.67 35 84.5 3.2 
4 0.3 7.99 53.17 35 84.0 3.2 
5 1 7.85 53.08 35 87.6 3.2 
6 5 7.92 54.65 35 87.5 3.2 
7 10 7.78 52.99 35 84.7 3.2 
8 20 7.95 52.99 35 84.5 3.2 
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a. low contaminant concentration  range 

Temperature and pressure profiles of runaway reactions obtained from APTAC tests 

within different contaminant concentration ranges are presented in Figure 4.2 – 4.4 

respectively. Important parameters such as onset temperature and maximum temperature 

can be directly obtained or derived from the experimental profiles and are shown in 

Table 4.4. Based on the experimental results, other parameters such as self-heating rate 

and pressure rate were calculated and are presented in Figure 4.2 – 4.4 respectively. 

Important parameters for runaway reaction rate such as maximum self-heating rate and 

maximum pressure rate are summarized in Table 4.5. Heat of reaction, an important 

indicator for severity of runaway reaction, was calculated based on the adiabatic 

temperature increase (Equation 4-1) and are also presented in Table 4.4. 

 

)( 0max TTCH Pr                                                                                                        4-1 

 

According to the data presented in Figure 4.2 and Table 4.4, iron oxide has no 

significant impact on the thermal stability of MEKPO in the low concentration range. 

With the increase of iron oxide concentration from 0 to 0.3 wt%, the onset temperature 

of MEKPO kept around 86 oC. The only exception in this range is the test No.2 

performed under 0.03 wt% contaminant. In this test, the onset temperature of MEKPO 

surprisingly increased by 11 oC compared with pure MEKPO. This observation is an 

outlier which does not follow the overall trend of onset tem[erature within this 

concentration range. Also, this observation does not agree with the expectation that iron 
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oxide is a contaminant which may weaken the thermal stability of MEKPO. The further 

analysis on this abnormal phenomenon is presented in Section 4.2.4.  

 

The maximum temperature reached by the runaway reaction within the low contaminant 

concentration range was between 210 and 220 oC, indicating no significant influence 

imposed by iron oxide. Because of the little variation on onset temperature and 

maximum temperature, within the low contaminant concentration range, runaway 

reactions have the similar heat of reaction (around 1000 kJ/g). Again, the test No. 2 is an 

outlier for heat of reaction data, whose heat of reaction is about 10% less than other tests 

within this range. Similar with maximum temperature trend, the maximum pressure data 

does not show definite change after applying the uncertainty data.  

 

Self-heating rate and pressure rate are important parameters indicating the runaway 

reaction rate. The maximum values of these two parameters reached during runaway 

reaction imply the severity of runaway reaction and are widely used in the design of 

pressure relief system 71. By taking account of the uncertainty data, both maximum self-

heating rate and maximum pressure rate keep in the same level within the low 

contaminant concentration range (Table 4.5). The trends of these two parameters 

indicate the insignificant impact of iron oxide on maximum reaction rate when 

contaminant falls into this range. But decreasing trends were observed for these two 

parameters when contaminant level reached 0.3 wt%.  
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b. Pressure 
 

Figure 4.2 Experimental calorimetric data profiles of MEKPO with contaminant within low 
concentration range 
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d. Pressure rate 
 

Figure 4.2 Continued 
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b. Medium contaminant concentration range  

In the medium contaminant concentration range, negative impact of iron oxide on the 

thermal stability of MEKPO was observed. According to data presented in Table 4.4, 

with the presence of 1 wt% iron oxide, the onset temperature decreased to 76 oC, which 

is 10 oC lower than pure MEKPO. The onset temperature further decreased to 69 oC 

when iron oxide increased to 5 wt%.  

 

With the presence of medium level contaminant, runaway reaction can reach higher 

maximum temperature compared with tests performed under low level of contaminant. 

As seen in Table 4.4, the maximum temperature data increased by 10 to 20 oC when 

contaminant reached medium concentration range. Because of the higher maximum 

temperature and lower onset temperature, heat of reaction of MEKPO runaway reaction 

increased by 10 to 20 %. Within this concentration range, maximum pressure of runaway 

reaction is slightly lower than that in the low contaminant concentration range. 

 

Both maximum self-heating rate and maximum pressure rate show significant reduction 

compared with those in the low contaminant concentration range (Table 4.5). The 

dramatic change of these two parameters indicates that the presence of iron oxide can 

effective depress the maximum reaction rate within the medium concentration range. 

When iron oxide increased from low level to medium level, even though the thermal 

stability of MEKPO decreases, the consequence of the runaway reaction becomes less 

severe.  
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b. Pressure  

Figure 4.3 Experimental profiles for APTAC tests performed on MEKPO with contaminant 
within medium concentration range 
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d. Pressure rate  

Figure 4.3 Continued 
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c. High contaminant concentration range 

With the further increase of iron oxide concentration, the temperature of MEKPO 

decreased to 66 oC and 58 oC under 10 wt% and 20 wt% contaminant respectively (Table 

4.4). The variation of onset temperature implies that the negative impact of iron oxide on 

MEKPO is further enhanced by the increase of contaminant concentration.  

 

Heat of reaction within this range is significantly higher than other tests. The heat of 

reaction for MKEPO with 20 wt% iron oxide is almost twice as much as pure MEKPO 

(Table 4.4). As the result, the maximum temperature of runaway reaction kept on 

increasing over the high contaminant concentration range.  

 

Within high contaminant concentration range, maximum pressure of runaway reaction 

becomes much more significant and shows dramatic increase with the increase of 

contaminant concentration. The maximum pressure for MEKPO with 20 wt% iron oxide 

is almost three time as that for pure MEKPO (Table 4.4). The dramatic increase of the 

pressure hazard should be the result of the increase of heat of reaction and non-

condensable gas generation. The  detailed analysis of non-condensable gas generation is 

presented in Section 4.2.3.  

 

The maximum self-heating rate and pressure rate show different trends within this range. 

According to data presented in Table 4.5, the maximum self-heating rate further 

decreased to 200-300 oC/min with the increase of contaminant concentration, indicating 
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the further reduction of maximum reaction rate. However, the maximum pressure rate 

shows an increase trend within this concentration range. With the increase of 

contaminant concentration from 10 to 20 wt%,, the maximum pressure rate increased 

from 600 to 838 psi/min (Table 4.5). It is known that the pressure rise of runaway 

reaction is mainly caused by the thermal expansion effect and the generation of non-

condensable gas. So, since the self-heating rate shows decrease trend within this 

concentration range, the increase of the maximum pressure rate should be the result of 

non-condensable gas generation. The significant increase of gas generation can 

compensate the reduction of self-heating rate, and therefore lead to the increase of 

maximum pressure rate within this contaminant concentration range. 

 

An interesting phenomenon observed in the high contaminant concentration range is the 

appearance of the second peak for both self-hating rate and pressure rate profiles. This 

peak was firstly observed (Figure 4.4c and d) in the test performed under 10 wt% 

contaminant. The peak value of the second peak reached 12 oC/min and 263 psi/min 

respectively for self-heating rate and pressure rate profile (Table 4.5). This peak 

becomes more significant with the increase of contaminant concentration, whose peak 

value reached 135 oC/min and 838 psi/min under 20 wt% contaminant. According to the 

self-heating rate and pressure rate profiles presented in Figure 4.4c and d, in both tests, 

the second peak started around 235 oC, which is higher than the maximum temperature 

of other tests. The presence of the second peak in the both self-heating rate and pressure 

rate profiles implies that another exothermic reaction was initiated by the first runaway 
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reaction. Compared with the main reaction represented by the first peak, the secondary 

reaction presents minor thermal hazard because of lower maximum self-heating rate than 

the main reaction. However, this reaction is associated with great pressure hazard 

because of the higher maximum pressure rate compared with the main reaction. 
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Figure 4.4 Experimental calorimetric profiles for MEKPO with contaminant within high 
concentration range 
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       Figure 4.4 Continued 
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              Figure 4.4 Continued 

 

Table 4.4 Calorimetric parameters of MEKPO runaway reaction 
 

 
 

Test 
No. 

Contaminant 
(wt%) T0 (oC) Tmax(oC) Pmax (Psi) ΔHr (J/g) 

1 0 86 216 318 953 

2 0.03 97 214 384 857 

3 0.075 86 219 357 975 

4 0.3 86 214 240 938 

5 1 76 237 202 1180 

6 5 69 226 196 1150 

7 10 66 243 464 1297 

8 20 58 285 806 1663 
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Table 4.5 Self-heating rate and pressure rate data 
 

Test No. Contaminant 
(wt%) 

(dT/dt)max  
(first peak) 
(oC/min) 

(dT/dt)max 
(Second 

peak) 
(oC/min) 

(dP/dt)max 
(first peak) 
(psi/min) 

dP/dt)max 
(Second  

peak) 
(psi/min) 

1 0 1065 NA 2058 NA 

2 0.03 1304 NA 2670 NA 

3 0.075 1193 NA 2416 NA 

4 0.3 706 NA 849 NA 

5 1 529 NA 939 NA 

6 5 653 NA 952 NA 

7 10 311 12 600 263 

8 20 213 135 320 838 

 

d. Summary 

Through the analysis of various calorimetric parameters over a wide range of 

contaminant concentration, it was found that the impact of iron oxide on reactive hazards 

of MEKPO depends on the contaminant concentration in the reaction system. The trends 

of the important calorimetric parameters over contaminant concentration are shown in 

Figure 4.5. The data ranges of these calorimetric parameters for pure MEKPO are 

indicated by the areas surrounded by dash lines in Figure 4.5. 

 

Iron oxide in low concentration (0 - 0.3 wt%) has almost no effect on the thermal 

stability of MEKPO as the onset temperature remains in the same level within this range 
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(Figure 4.5a). MEKPO becomes more unstable when contaminant concentration exceeds 

0.3 wt%, where onset temperature decreases with the increase of contaminant level.  

 

The presence of contaminant above a certain level (0.03 wt%) significantly affects the 

maximum rate of MEKPO runaway reaction (Figure 4.5d and 4.5e). With the 

contaminant reaches 0.03 wt%, both maximum self-heating rate and maximum pressure 

rate decrease dramatically. But maximum pressure rate shows increase trend in the high 

contaminant concentration range (> 10 wt%) due to the generation of non-condensable 

gas.  

 

As seen in Figure 4.5b and 4.5c, in the low and medium contaminant concentration 

ranges, both maximum temperature and maximum pressure are considered in the same 

level given the uncertainty data, though some small variations were observed. However, 

these two parameters show an obvious increasing trend in the high contaminant 

concentration range. The increase of the maximum temperature is caused by the increase 

of heat of reaction. The dramatic increase of maximum pressure is the result of 

combination of thermal expansion and non-condensable gas generation. The changes of 

these two parameters indicate the change of reaction mechanism in the high contaminant 

concentration range.  
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Figure 4.5 Trends of calorimetric parameters over iron oxide concentration 
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d. Maximum self-heating rate 

Figure 4.5 Continued 
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Figure 4.5 Continued 
 

4.2.3 Non-condensable gas generation analysis  

 
Non-condensable gas pressure is defined as the difference between the pressure after the 

experiment is completed and cooled to a certain temperature and the pressure when the 

sample is first heated to the same temperature (Figure 4.6). Non-condensable gas 

generated is the primary hazard during a runaway reaction, since the pressure increase 

caused by gaseous products formed cannot be tempered by the consumption of latent 

heat. In this research, the pressure caused by non-condensable gas was used as an 
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important parameter for measuring pressure hazards and used to estimate the amount of 

gaseous products produced.  
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Figure 4.6 Non-condensable gas pressure 
 

The generation of non-condensable gas can be calculated using Equation 4-2. Estimation 

of parameters such as non-condensable gas pressure, moles of gaseous products and gas 

produced per liter MEKPO are presented in Table 4.6. 

 

RT

PV
n


                                                                                                       Equation 4-2 
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where ΔP is non-condensable gas pressure, V is the vapor space in the test cell, T is the 

temperature under which pressure is measured. 

 

According to the data presented in Table 4.6, it is obvious that pressure hazards caused 

by non-condensable gas are much more significant in the high contaminant 

concentration range than other ranges. Within the low and medium contaminant 

concentration ranges, each liter reactant produces 3.4 – 5.1 mol gaseous products. 

However, this parameter reached 7.8 mol/l under 10 wt% contaminant and further 

increased to 11.8 mol/L under 20 wt% contaminant, which is an almost three-fold 

increase. The dramatic increase of the non-condensable gas production implies the 

change of reaction mechanism. 

 

Table 4.6 Estimation of non-condensable gas generation 
 

Contaminant 
(wt%) ΔP (Psi) 

Gaseous 
product 
(mol) 

Gaseous product 
per liter reactant 

(mol/L) 
0 117.7 0.039 4.8 

0.03 115.2 0.038 4.6 

0.075 89.3 0.029 3.7 

0.3 92.4 0.030 3.8 

1 123.7 0.040 5.1 

5 82.3 0.027 3.4 

10 236.2 0.078 10 

20 358.3 0.118 14.8 
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The gas generation rate can be calculated by excluding the influence of thermal 

expansion from the detected pressure rate using Equation 2-37. The calculated gas 

generation rate was plotted against sample temperature in Figure 4.7. The gas generation 

rate profiles can help to monitor the dynamic gas production process and further 

investigate the reaction mechanism. The maximum gas generation rate of different tests 

was summarized in Table 4.7.  
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Figure 4.7 Gas generation rate profiles for MEKPO runaway reaction 
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Figure 4.7 Continued 
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Figure 4.7 Continued 
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For pure MEKPO and MEKPO with low and medium levels of contaminant, as 

presented in Figure 4.7, all the gas generation curves follow the similar trend as self-

heating rate (Figure 4.2c and 4.3c) and show only one peak during the runaway reaction. 

According to the data presented in Table 4.7, the maximum gas generation rate remains 

in the same range when the contaminant is below 0.3 wt% but shows dramatic reduction 

when contaminant level reaches and exceeds 0.3 wt%. This trend of maximum gas 

generation rate is quite similar with the trend for the data of maximum self-heating rate 

(Table 4.5). The agreement between these two trends indicates the consistent reaction 

mechanism for runaway reaction with the presence of low and medium levels of 

contaminant. However, under high level of contaminant, the gas generation rate curve 

shows two peaks, of which the second peak appears in the high temperature range 

(Figure 4.7d and 4.7e). Within high contaminant concentration range, the maximum gas 

generation rate of the second peak increases dramatically over contaminant 

concentration and is higher than the first peak value under 20 wt% contaminant (Table 

4.7). The presence of the second peak of gas generation rate results in the increase of the 

amount of gas totally produced by the runaway reaction. Also, the gas produced from the 

reaction corresponding to the second peak can compensate the decrease of reaction rate 

of the first peak and therefore leads to the increase of the maximum pressure rate within 

the high contaminant concentration range. The presence of the second gas generation 

peak implies a possible change of reaction mechanism.  
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Table 4.7 Parameters of non-condensable gas generation 
 

Contaminant (wt%) (dn/dt)max (first peak) 
(mol/min) 

(dn/dt)max (second peak) 
(mol/min) 

0 0.24 NA 

0.03 0.31 NA 

0.075 0.32 NA 

0.3 0.10 NA 

1 0.12 NA 

5 0.12 NA 

10 0.08 0.03 

20 0.04 0.11 

 

4.2.4 Kinetic investigation  

When studying the impact of iron oxide on the reactive hazards of MEKPO, it is 

important to understand the reaction kinetics behind the observable calorimetric 

parameters. Investigation on reaction kinetics can help people to get a comprehensive 

understanding of the runaway reaction and associated hazards from the fundamental 

point of view and explain the experimental observation obtained from calorimetry test. 

Also, the solid understanding of the kinetics of runaway reaction can serve as the 

technical basis for further reaction modeling with different purposes. 
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In this research, based on the experimental data obtained from APTAC tests, kinetic 

investigation was performed for MEKPO runaway reaction with the presence of 

different levels of iron oxide. In previous research, three reaction models were proposed 

for MEKPO runaway reaction: nth order reaction, autocatalytic reaction and consecutive 

reaction 72. The consecutive model is normally used for runaway reaction with multiple 

peaks. In this research, most of the runaway reactions present only one peak in the self-

heating rate profiles. Though under high level of contaminant, runaway reactions 

presents two self-heating rate peaks, the first peak is still our major concern before of the 

major thermal hazard associated. Based on the above considerations, consecutive model 

was excluded from this research. The rest two types of kinetic models, nth order reaction 

and autocatalytic reaction, were employed in this research. By fitting different type of 

models to the experimental data, it was expected to identify the right kinetics for the 

runaway reaction, estimate important kinetic parameters and evaluate the impact of iron 

oxide on reaction kinetics.  

 

a.  nth order reaction  

As introduced in Section 2.6.1, nth order reaction model was applied to the experimental 

data by using the following equation. 
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By plotting lnk* versus −1/T, a curve can be obtained. Kinetic parameters of the 

runaway reaction can be estimated by fitting the curve to a linear trend line, whose slop 

represents –Ea/R and intersect represents log(AC0
n-1

). During analysis process, the 

reaction order n was assumed first. The final estimation of reaction order can be 

determined by looking for the trend line with highest R2. 

 

In the kinetic analysis, all the experimental data, including temperature and self-heating 

rate were converted to adiabatic conditions using Equation 2-34, 2-35 and 2-36. 

 

The calculated self-heating rate for all the tests was plotted versus experimental data in 

Figure 4.8. The estimation of important kinetic parameters using nth order reaction 

model is presented in Table 4.8.  The reaction order of the runaway reaction was 

determined to be 1 for all the tests. 
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b. 0.03 wt% contaminant 
 

Figure 4.8 Kinetic analyses using nth order reaction model 
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Figure 4.8 Continued 
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Figure 4.8 continued 
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g. 10 wt% contaminant 
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Figure 4.8 Continued 
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Table 4.8 Estimation of kinetic parameters using nth order reaction model 
 

Test No. Iron oxide (wt%) Ea  (kJ/mol) lnA 

1 0 74.5 12.2 

2 0.03 89.2 17.2 

3 0.075 74.0 12.2 

4 0.3 68.9 10.6 

5 1 57.8 7.5 

6 5 52.6 5.7 

7 10 48.3 4.5 

8 20 41.1 1.9 

 

The estimated kinetic parameters follow the trend of onset temperature over the 

contaminant concentration range. According to the data presented in Table 4.8, reaction 

system with lower onset temperature shows low activation energy and frequency factor. 

However, by comparing the simulation results against experimental data in Figure 4.8, it 

was found that the nth order reaction model could not well simulate the runaway 

reaction process due to the gap between experimental and calculated data. Also, the 

calculated maximum self-heating rate was found to be much lower than the experimental 

data for all the tests. This phenomenon implies that the runaway reaction of MEKPO 

might follow autocatalytic reaction model. The autocatalytic model normally can 

achieve high self-heating rate because its reaction rate is the function of both reactants 

and products.  
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According to the kinetic investigation results, nth order reaction is not the appropriate 

reaction model representing the runaway reaction of MEKPO with the presence of iron 

oxide. More advanced kinetic model needs to be developed to study the kinetics of the 

MEKPO runaway reactions.  

 

b.  Autocatalytic reaction model  

The basic autocatalytic model employed in this research is shown as follows 73. 

 

)()1( 21/ nnRTE
zAe

dt

d
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                      4-4 

 

where A is the frequency factor, Ea is the apparent activation energy, α is the conversion, 

n1, n2 and z are parameters used to describe the catalytic effect of MEKPO. Because the 

experiment was performed in a non-adiabatic environment, the self-heating rate can be 

calculated using the following equation. 
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where CP is the heat capacity; m is the sample mass; ΔHr is heat of reaction; ϕ is thermal 

inertia factor. 

 

Equations 4-4 and 4-5 can be combined together 
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After developing the reaction model, the non-linear optimization method (Equation 4-7) 

was applied here to validate the model structure and estimate the kinetic parameters. 

This method uses Least Square Method to achieve the best fit to the experimental data 

by minimizing the measure of residuals between experimental and simulated responses. 

The estimated kinetic parameters obtained through non-linear optimization method are 

listed in Table 4.9. The calculated self-heating rate was plotted against experimental data 

in Figure 4.9. 
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As seen in Figures 4.9 a-h, the calculated self-heating rate curves show quite good fitting 

to the experimental data under all contaminant levels, suggesting that an autocatalytic 

reaction model can represent the runaway reaction of MEKPO and MEKPO 

contaminated by different levels of iron oxide. A gap between experimental data and 

kinetic modeling results was observed in the high temperature range. This gap is caused 

by the fact that activation energy is a function of temperature, which decreases with the 

increase of temperature. Since the activation energy was assumed to be consistent in the 

kinetic investigation, in order to reach the same self-heating rate, reaction model needs 
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to reach higher temperature than the real runaway reaction. From the process safety 

point of view, the main purpose for developing the kinetic model is to predict when the 

runaway reaction can occur instead of accurate prediction of the reaction rate when 

runaway reaction is already quite severe. Therefore, the autocatalytic reaction model 

develop in this research meets the process safety requirement because the good 

agreement between simulation results and experimental data over the temperature rage, 

where runaway reactions are normally initiated.  
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Figure 4.9 Kinetic analyses using autocatalytic reaction model 
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Figure 4.9 Continued 
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Figure 4.9 Continued 
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Figure 4.9 Continued 
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h. 20 wt% contaminant 
 

Figure 4.9 Continued 
 

The kinetic parameters presented in Table 4.9 show the effects of iron oxide on the 

kinetics of MEKPO runaway reaction. By analyzing the trends of various kinetic 

parameters, it was found that the trends of major kinetic parameters follow the trend of 

thermal stability of MEKPO. When the concentration of contaminant is below 0.03 wt%, 

all major kinetic parameters keep in the same level, indicating no significant change 

occurred on kinetics. However, starting from 0.3 wt% of iron oxide, the activation 

energy and frequency factor decrease dramatically with the increase of contaminant 

concentration: under 20 wt% iron oxide, activation energy is only half of that for pure 

MEKPO, and lnA almost decreases by 2/3 compared with pure MEKPO. The change of 
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major kinetic parameters leads to the change of reaction rate, and therefore causes the 

reduction of thermal stability. 

 

Table 4.9 Estimation of kinetic parameters using autocatalytic reaction model 
 

Test 
No. 

Contaminant 
concentration 

(wt%) 

T0   
(oC) n1 n2 

Ea  

(kJ/mol) z lnA1 

1 0 86 0.22 1.95 97.4 0.1 23.0 

3 0.03 97 0.2 1.8 95.8 0.1 23.0 

5 0.075 86 0.1 1.3 96.4 0.1 22.9 

6 0.3 86 0.1 2.5 81.0 0.1 18.1 

7 1 76 0.1 2.5 77.0 0.1 17.2 

8 5 69 0.1 2.5 77.6 0.1 16.8 

9 10 66 0.1 2.4 64.6 0.02 14.9 

10 20 58 0.1 2.5 52.4 0.03 9.9 

 

 

The phenomena observed earlier that the low level of contaminant (0.03 wt%) makes 

MEKPO more stable can also be explained based on the kinetic study results. According 

to the data presented in Table 4.9, in the low contaminant concentration range (0 to 0.3 

wt%), all the major kinetic parameters keep in the same level. According to Equation 4-

6, if all the kinetic parameters keep in the same level, lower heat of reaction would lead 
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to lower self-heating rate. So, if we apply the same exotherm detection criteria (e.g. 

dT/dt=0.05 oC/min), the exotherm can only be detected at higher temperature for 

reaction with lower heat of reaction. This means for MEKPO under 0.03 wt% iron oxide, 

whose heat of reaction is lower,  it requires higher temperature to reach the same 

exotherm detection criteria compared other tests. So, the abnormal increase of onset 

temperature under 0.03 wt% should be caused by the reduction of heat of reaction.  

4.2.5 Evaluation of key safety parameters 

When a chemical is decided to be employed in the process, it is important to determine 

the safe process conditions to ensure the compatibility between chemical and the process 

environment. So, based on the investigation of the impact of iron oxide on the reactive 

hazards of MEKPO, some key safety parameters were studied in this research for the 

purpose of maintaining safety operation in industry. The estimation of these key safety 

parameters can directly serve industry in determination of the safer process condition. In 

this research, two safety parameters were investigated: time to maximum rate and self 

accelerating decomposition temperature.  

a. Time to maximum rate  

Time to maximum rate (TMR) is defined as the time required for runaway reactions to 

reach the maximum self-heating rate. This parameter indicates the time available for 

taking defensive or mitigation measures in the case of process upset 74. TMR is a critical 

important parameter used in the safety evaluation of processes where reactive chemicals 

are used. TMR is normally determined through calorimetry test under an adiabatic 
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condition 75. However, determination of TMR through calorimetry test requires 

expensive testing equipment and lengthy test procedure, and therefore is not the best 

option for industry. In this research, based on the comprehensive understanding on the 

kinetics of the runaway reactions and the impact of contaminant on reaction kinetics, we 

were able to simulate the runaway reaction process under various conditions and 

estimate TMR in a much more economic and efficient way.  

 

Using autocatalytic model developed in this research, we performed the simulation of 

runaway reaction process under different levels of contaminant. By applying the 

following criteria, it is easy to determine the TMR under different conditions. 
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TMR under different initial temperature was calculated for MEKPO with different levels 

of contaminant and are presented in Table 4.10. The adiabatic condition was assumed for 

runaway reaction simulation since near-adiabatic conditions are normally achieved by 

industrial processes. Some of the TMR data were plotted versus initial temperature in 

Figure 4.10 to shown the TMR trends over initial temperature. According to data 

presented in Figure 4.10, TMR shows exponential decrease over the temperature range. 

For example, it takes pure MEKPO 33 hours to reach the maximum self-heating rate 

under 47 oC; but this time decreases to about 10 min when the temperature reaches 107 
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oC. Also, the gap between TMR curves was observed in this research, indicating the 

great impact posed by iron oxide on TMR. 

 

Table 4.10 Calculated TMR for MEKPO with different levels of iron oxide (unit: hour) 
 

               T (oC) 
 
C 
(wt%) 

47 57 67 77 87 97 107 

0 33.33 11.94 4.44 1.81 0.75 0.33 0.16 

0.03 31.94 11.11 4.17 1.67 0.72 0.32 0.15 

0.075 30.56 10.42 3.89 1.56 0.67 0.29 0.14 

0.3 18.33 7.64 3.47 1.58 0.78 0.39 0.21 

1 8.89 4.00 1.81 0.89 0.46 0.24 0.14 

5 13.33 5.83 2.69 1.31 0.67 0.35 0.19 

10 5.28 2.50 1.31 0.69 0.39 0.22 0.13 

20 3.89 2.36 1.39 0.89 0.58 0.39 0.25 
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Figure 4.10 Trend of TMR over initial temperature 
 

By plotting TMR of different reaction systems versus initial temperature, a safety 

diagram was generated in this research (Figure 4.11). By utilizing this safety diagram, it 

is easy to determine the TMR for a specific reaction system under a certain process 

temperature. Also, given the criteria for TMR in the process for selected reaction system, 

we can identify the criteria for process temperature in an efficient way.  
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Figure 4.11 TMR safety diagram (Φ=1) 
 

According to the TMR curves presented in Figure 4.11, in the contaminant concentration 

range of 0 to 0.075 wt%, TMR does not show big difference between MEKPO with 

different contaminant levels since these curves are quite close to each other. Under 0.3 

wt% iron oxide, even though onset temperature of the reaction system is as the same as 

pure MEKPO, significant reduction of TMR was observed: under the same temperature 

(320 K), TMR is 18 hours for MEKPO with 0.3 wt% compared with 102 hours TMR for 

pure MEKPO. This reduction of TMR is caused by the change of kinetic parameters, 

which lead to the change of reaction rate. When contaminant concentration is beyond 0.3 

wt%, TMR decreases dramatically with the increase of the contaminant concentration. 

However, the gap between TMR curves becomes less and less significant with the 
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increase of the initial temperature. With the increase of the initial temperature, the 

different of TMR between different reaction systems starts to decrease, indicating less 

influence on TMR from iron oxide. This is because when the process temperature is 

already high especially when it is above onset temperature, all reaction systems quickly 

join runaway reaction and there is very limited time available to response. 

 

The analysis of TMR of different reaction systems shows that certain level of iron oxide 

(>0.3 wt%) can significantly decrease the TMR for the process and therefore intensify 

the hazard associate with the process. 

 

b. Self accelerating decomposition temperature  

Self accelerating decomposition temperature (SADT) is a parameter developed by the 

UN Recommendations for transportation process of organic peroxide or other self-

reactive substance packaged 10. It is defined as the lowest ambient temperature at which 

the temperature increase of a chemical substance is at least 6 oC in a specified 

commercial package during a period of seven days or less. Transportation temperatures 

can be derived from the SADT according to the recommendations given by the UN 

committee of Experts on Transport of Dangerous Goods. In common practice, SADT is 

the maximum temperature allowed for short-term storage to avoid potential runaway 

reaction.  
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Several test methods have been recommended by UN committee to determine the 

SADT, which are shown in Table 4.11. These methods include storage test either at a 

fixed external temperature or under near adiabatic conditions.  

 

Table 4.11 SADT test methods recommended by UN 
 

Code Test 

H1 The United States SADT test 

H2 Adiabatic storage test 

H3 Isothermal storage test 

H4 Heat accumulation storage test 

 

 

Each option in Table 4.11 requires the use of specific equipment and lengthy test 

procedure, and therefore is not the best option for industry especially small companies. 

As a fact, many manufacturers do not provide SADT data in MSDSs or do not provide 

data for all package sizes due to the expensive and time-consuming experimental 

approach. 

 

The autocatalytic reaction model developed earlier can be combined with the heat 

transfer equation to simulate the SADT test process. The SADT reaction model is 

depicted by Equation 4-9. In the small size package (25 gallon), the temperature is 
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assumed to be uniformly distributed because of the relative large ratio of surface area to 

volume. The value of parameters used in the heat transfer equation are collected from 

literature 76. 
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where ϕ  is thermal inertia factor, Ta is the ambient temperature; CP is the heat capacity 

of the reaction system, U is heat transfer coefficient, T is the temperature in the package, 

S is wetted surface area, M is the mass of reactant, α is the conversion rate. 

 

An example of determining SADT for pure MEKPO in 25 gallon package is shown in 

Figure 4.12. In this approach, by utilizing the reaction model, SADT test process can be 

simulated under different ambient temperature until finding the one which meets the 

definition of SADT. The simulated SADT for pure MEKPO in 25 gallon is 354 K, and is 

quite close to the experimental date obtained from the vendor (349 K). The small 

difference between the calculated and experimental SADT implies that determining 

SADT through reaction modeling is a reliable approach for some package sizes. The 

calculated SADT for MEKPO with different levels of iron oxide is presented in Table 

4.12.  
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Figure 4.12 Determine SADT through reaction modeling for pure MEKPO in 25 gallon package 
 

According to the data presented in Table 4.12, SADT shows little variation with the 

increase of contaminant concentration. When contaminant concentration reached 10 

wt%, SADT only decreased by 7oC. Compared with trend of onset temperature, SADT 

shows less decrease over the contaminant concentration range. This phenomenon is 

caused by the fact that SADT test is conducted in a non-adiabatic environment. Under 

this condition, heat generated by the exothermic reaction can be transferred to the 

environment and lead to the less impact on SADT. Only when the heat transfer 

equilibrium is broken by the increase of reaction rate when contaminant concentration is 

further increased (20 wt%), SADT started to decease significantly.  
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Table 4.12 Determination of SADT for MEKPO in 25 gallon package 
 

Contaminant (wt%) SADT (oC) T0 (oC) 

0 81 86 

0.03 80 97 

0.075 78 86 

0.3 79 86 

1 71 76 

5 75 69 

10 74 66 

20 63 58 

 

4.4 Conclusions and discussion 

Through the analysis of calorimetric data, kinetic investigation and further estimation of 

key safety parameters, the role played by iron oxide was studied and the impact imposed 

by iron oxide on runaway reactions was evaluated. Based on the results of 

comprehensive analysis, it was found that the role played by iron oxide depends on its 

concentration and different reaction mechanisms were involved in the runaway reaction 

of MEKPO. 

 

Iron oxide has almost no effect on runaway reaction when the contaminant concentration 

is below 0.075 wt%. Within this concentration range, the runaway reaction follows the 

same reaction mechanism and kinetics as pure MEKPO. As the result, all the important 
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calorimetric parameters observed keep in the same level, indicating no change occurred 

on reactive hazards. Also, the estimation of key safety parameters indicates that within 

this range, iron oxide shows no impact on the safety of process operations where 

MEKPO is employed. 

 

Iron oxide starts to play a role in runaway reaction when its concentration reaches 0.3 

wt%. Within the concentration range of 0.3 – 10 wt%, iron oxide acts as a catalyst for 

the runaway reaction, leading to the decrease of the activation energy. The runaway 

reaction still follows the same reaction mechanism as before according to consistent heat 

of reaction and gas generation. Because of the change in kinetics, MEKPO becomes 

more unstable but the reaction becomes less severe according to the maximum self-

heating rate and pressure rate data. According to the analysis of key safety parameters, 

within this concentration range, we have less response time when the process upset 

occurs because of the decrease of TMR. However, the transportation conditions are not 

greatly affected by the presence of iron oxide within this range due to the small change 

of SADT. 

 

When iron oxide falls into the high concentration range (>10 wt%), the kinetics of the 

runaway reaction keeps on changing with activation energy and frequency factor 

decreasing. Therefore, the stability of MEKPO keeps on decreasing as well as the 

maximum reaction rate. Within this range, heat of reaction is higher than other tests, 

indicating the change of reaction mechanism. Because of the higher heat of reaction, the 



 

 

124 

124 

reaction system can reach higher temperature and initiate another reaction. This reaction 

is represented by the second peak in self-heating rate and gas generation rate curves 

shown in Figure 4.13a and 4.13b. This secondary reaction is associated with lower 

thermal hazard because of its relative low self-heating rate. However, this reaction 

presents great non-condensable gas pressure hazard. The analysis of key safety 

parameters indicates that high level iron oxide (>10 wt%) has great impact on TMR and 

SADT and therefore affects the safety of process operations. 

 

According to the investigation results, iron oxide does not present significant impact on 

operational safety since it normally remains in a very low level in the process. In this 

case, carbon steel still can be used to fabricate process equipment handling MEKPO. 

Also mechanical integrity program should be employed by industry to monitor the level 

of iron oxide through periodic inspection. The information presented in this chapter such 

as TMR and SADT can help industry to determine the safer process conditions.  
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Figure 4.13 Analysis of runaway reaction mechanism 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 
 

5.1 Conclusions 

A systemic methodology for chemical hazard assessment was developed in this research 

through the combination of theoretical work and experimental work. This methodology 

includes the selection of safer reactive chemicals for the process and the determination 

of safer process conditions. 

 

In the selection of safer chemical part, two prediction models were derived, which can 

make predictions on onset temperature and heat of reaction of organic peroxides. 

Through sensitivity analysis of these models, molecular properties such as activation 

energy and atomic charge of oxygen were found to contribute to the reactive hazards. 

Also, out of the three hazard indices examined in this research, RHI was determined to 

be the one most suitable for organic peroxides. By combing prediction models and RHI, 

we are able to quickly predict hazards properties for a large number of organic peroxides 

and classify them according the reactive hazards associated.  

 

In the part of determining safer process conditions, as a case study, the incompatibility 

of MEKPO with iron oxide as the contaminant was investigated. We found that the 

impact of iron oxide on reactive hazards and operational safety depends on the level of 

iron oxide in the process. Iron oxide presents almost no impact on reactive hazards as 



 

 

127 

127 

well as operational safety in low concentration (<0.075 wt%). However, once the 

concentration of iron oxide exceeds 0.3 wt%, it starts to change kinetics of the runaway 

reaction and make MEKPO more unstable. The impact of iron oxide also leads to the 

shorter TMR. With the further increase of contaminant concentration (>10 wt%), 

runaway reaction follows a different reaction mechanism, which leads to the increase of 

heat of reaction. Also, within this concentration range, a secondary reaction is initiated 

when reaction system reaches higher temperature. The secondary reaction presents great 

non-condensable gas pressure hazard to the process. The presence of high level of iron 

oxide shows great negative influence on TMR and SADT and therefore presents 

significant effects on the safety of process operations.  

 

This chemical hazard assessment methodology provides industry a feasible approach to 

minimize the hazards associated with the process by selecting the right chemical and 

determining the right process conditions. This methodology can be combined with ISD 

principles in the process design to make the process inherently safe. 

5.2 Recommendations for future work  

In the further work, investigation on the reaction mechanism is recommended to study 

the change of reaction mechanism occurred with the presence of high level of iron oxide.  

The reaction mechanism of MEKPO runaway reaction can be studied by using 

equipment such as Gas Chromatography (GC) and High Performance Liquid 

Chromatography (HPLC). These equipment can analyze the composition of the residual 

of the reaction system and gaseous products produced during the reaction process, based 
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on which the reaction pathway can be speculated. Molecular simulation can also be 

employed in the future research to identify the elementary reactions involved in the 

runaway reaction of MEKPO, which are difficult to be investigated through 

experimental approach.  

 

Integrating process optimization into the design of inherently safer process could be 

another direction for future research in this area. By combing process optimization with 

the ISD technique, it is expected to reach the balance between process safety and process 

efficiency in the process design. For example, safety constraints such as onset 

temperature and TMR obtained from this research can be applied in the process 

optimization to ensure the process meets the safety criteria. Meanwhile, important 

considerations in process optimization such as process efficiency and energy cost can be 

used when selecting safer chemicals for processes.   
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APPENDIX 
 

Table A1. List of descriptors calculated for 16 organic peroxides used in this study 

 QO Ea dOO NP OB MW DM ∠ROOR’
 

∠ROO
 

εHOMO εLUMO Η µ ω C 

1 -0.444 17.64 1.473 1 -261.16 208.3 0.498 156.21 107.68 -0.226 -0.005 0.220 -0.115 0.030 0.94 

2 -0.450 16.84 1.474 1 -266.27 270.4 0.364 157.15 107.59 -0.228 -0.012 0.216 -0.120 0.033 0.98 

3 -0.442 18.65 1.473 1 -251.71 146.2 0.438 160.31 107.59 -0.222 0.032 0.254 -0.095 0.018 0.98 

4 -0.584 9.88 1.439 1 -191.58 242.2 0.019 177.41 108.80 -0.264 -0.058 0.206 -0.161 0.063 0.7 

5 -0.507 8.90 1.445 1 -268.94 398.6 0.882 84.90 111.07 -0.282 -0.010 0.272 -0.146 0.039 0.97 

6 -0.473 14.66 1.451 1 -214.21 194.2 2.677 116.24 110.21 -0.261 -0.047 0.213 -0.154 0.055 0.98 

7 -0.450 15.54 1.454 1 -181.54 132.2 2.458 117.22 110.26 -0.269 0.007 0.276 -0.131 0.031 0.55 

8 -0.447 13.03 1.474 2 -248.60 302.5 1.123 143.22 108.01 -0.227 0.018 0.245 -0.104 0.022 0.92 

9 -0.461 14.24 1.471 2 -225.35 234.3 1.078 153.33 107.56 -0.227 0.020 0.248 -0.103 0.022 0.5 

10 -0.471 18.29 1.473 2 -247.93 290.4 0.806 162.25 107.70 -0.222 0.030 0.252 -0.096 0.018 0.9 

11 -0.362 2.97 1.483 1 -145.96 230.2 0.378 173.32 105.83 -0.251 -0.063 0.187 -0.157 0.066 0.34 

12 -0.317 29.99 1.459 1 -231.27 152.2 1.536 114.07 104.31 -0.243 -0.007 0.236 -0.125 0.033 0.88 

13 -0.458 13.27 1.450 1 -227.27 246.4 1.890 116.16 109.31 -0.271 0.009 0.280 -0.131 0.031 0.95 

14 -0.442 15.32 1.469 2 -233.49 260.4 1.139 137.60 109.32 -0.233 0.023 0.256 -0.105 0.021 0.80 

15 -0.440 7.77 1.464 3 -144.62 210.2 1.285 138.71 108.05 -0.254 -0.014 0.240 -0.134 0.037 0.35 

16 -0.316 30.59 1.458 1 -195.34 90.1 1.789 110.95 104.48 -0.254 0.031 0.286 -0.112 0.022 0.61 
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