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Disclaimer

This document was prepared by ioMosaic Corporation (ioMosaic) as a progress and/or final work product. This document represents ioMosaic's best judgment considering information 
provided to us by you or available to us and researched prior to the time of publication.

Opinions in this document are based in part upon data and information available in the open literature, data developed or measured by ioMosaic, and/or information obtained from 
ioMosaic's advisors and affiliates. The reader is advised that ioMosaic has not independently verified all the data or the information contained therein. This document must be read in its 
entirety. The reader understands that no assurances can be made that all liabilities have been identified. This document does not constitute a legal opinion.

No person has been authorized by ioMosaic to provide any information or make any representation not contained in this document. Any use the reader makes of this document, or any 
reliance upon or decisions to be made based upon this document are the responsibility of the reader. ioMosaic does not accept any responsibility for damages, if any, suffered.
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SuperChems® is a registered trademark of ioMosaic Corporation (ioMosaic®) and a component of Process Safety Office®, a registered trademark of 
ioMosaic®. PSL or Process Safety Learning® and PSE or Process Safety Enterprise® are also registered trademarks of ioMosaic®. PStv® is a 
registered trademark of ioMosaic®. SmartPFID  is a trademark of ioMosaic®.



Why are we interested in chemical reactivity screening and 
assessment?



Why do we need chemical reactivity screening?
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It may not be practical to obtain an actual or sufficient chemical 
sample to test during early development

It may not be practical or cost effective to test large numbers of 
chemicals and/or chemical mixtures and/or contaminants

Screening can help to prioritize testing and to risk rank chemicals 
and chemical mixtures

Multiphase chemical equilibrium calculations can provide insight 
into maximum potential hazards and risks

Chemical interaction matrices can provide guidance about mixing 
and storage potential hazards and materials incompatibilities



Is your facility vulnerable?
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Failure to identify and quantify runaway reactions hazards

Undersized pressure relief systems for unintended chemical 

reactions

Improper equipment selection and design

Cooling systems that are susceptible to single point failure

Process knowledge management

Management of organizational change and succession planning

Deficient process safety information (PSI) and SDS information

Improper scaleup considerations by bench scale chemists

“We cannot 
manage 
chemical 
reaction 
hazards if we 
cannot first 
identify them”



Companies, toll manufacturers, and certified contract, development, and 
manufacturing organizations (CDMO) often use the same equipment for different 
chemistries or recipes

© ioMosaic Corporation 7

Hazard potential of different chemicals and chemistries

Chemical reaction rates for both desired and undesired reactions

Suitability of the process equipment to handle the scaleup with different process 
conditions and chemicals

Robust process safety management system

Adequate reactive chemicals technology transfer
package

Source: ioMosaic Corporation



Thermochemistry can be used to determine chemical hazards 
potential, but, thermochemistry requires formation energies and 
heat capacities data



A reaction that is thermodynamically possible but lacks a 
rapid mechanism is said to be “kinetically limited”
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Quantity of Interest Question Methods
Degree of conversion How complete is the reaction? Thermochemistry

Theoretical
Speed of conversion How fast is the reaction? Kinetics

Measurements
Identity of components What is the composition? Equilibrium Constraints

Measurements

kf
Reactants  Products

kr

Keq = kf / kr
Many factors can drive a 
chemical reaction in either 
direction

Chemical reactions with higher thermodynamic potential are highly likely to have faster reaction rates



Given a sufficiently long duration and/or favorable process 
conditions, a chemical reaction can reach an equilibrium state
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Rate of product creation = Rate of product 

destruction

The use of a catalyst can speed the approach to 

equilibrium but does not change the equilibrium 

point

Source: ioMosaic Corporation



Kinetic rates and the equilibrium constant depend strongly on 
temperature
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Screen and rank potential reaction hazards using the 

computed equilibrium adiabatic reaction temperature (CART) 

obtained from direct minimization of the Gibbs free energy

Estimate potential hazards of chemical reactions using the 

gas phase state 

CART values must be calculated using a chemical equilibrium 

software such as Process Safety Office® SuperChems® or the 

NASA computer code (include in CHETAH v11)

Source: ioMosaic Corporation



Direct minimization of the Gibbs free energy is the most 
effective method for calculating chemical equilibrium
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Can be used for multiphase systems (Solids, Liquids, Vapor)

Can be constrained using limited measurements to aid in the 

development of reaction stoichiometry

Can be used to screen the hazard potential of chemical reactions

Requires an atom matrix

Requires a large selection of potential reaction products

Requires thermodynamic properties

Difficult to solve for multiphase systems

Equilibrium states are often flat and require accurate numerics

Source: ioMosaic Corporation



A thermodynamically consistent Gibbs free energy of each 
component must be provided at the system temperature
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Although chemical equilibrium calculations can be multiphase, ideal 
gas phase estimates are sufficient for screening

© ioMosaic Corporation 14Source: Process Safety Office® SuperChems®



Since 1995 we have been conducting experimental and theoretical 
work to develop reliable chemical reaction hazard prediction 
methods
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NEGLIGIBLE OR NO HAZARD group: 
Heat of reaction no more negative than -100 cal/g

LOW reactivity hazard group: 
Heat of reaction between -100 cal/g and -287 cal/g, and CART no more than 700 K

INTERMEDIATE hazard group:
Heat of reaction between -287 cal/g and -717 cal/g, or CART greater than 700 K and less 
than 1,600 K

HIGH reactivity hazard group: 
Heat of reaction more negative than -717 cal/g, or CART higher than 1,600 K



The Melhem index is based on the heat of reaction and the 
computed equilibrium adiabatic reaction temperature  (CART)
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Set starting number of moles 

Select potential reaction products based 

on chemical structure (auto select)

Calculate equilibrium heat of reaction at 

25 C and 1 bara and CART at 1 bara

Scale the value of CART to eCART

Rank chemicals within hazard index 

groups A, B, C, and D according to their 

eCART values

Source: ioMosaic Corporation



The Melhem Reactivity Hazard Index has been demonstrated 
to work on a variety of systems
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The development of a chemical interaction matrix can provide 
insight into which mixture of chemicals may have a higher reactivity 
potential before detailed chemical equilibrium calculations
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How to screen and rank multiple recipes?
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First develop a chemical interaction matrix to determine the mixture reactivity potential of 

each recipe or mixture

The chemical interaction matrix should include expected contaminants such as water, 

rust, heat transfer fluids, chlorides, etc.

Include any cleaning solvent/solution that may be used in between products and consider 

materials of construction issues

Calculate the Melhem index for mixtures and for all individual components

The mixture(s) or chemical(s) that yield the highest value of the Melhem Index can then 

be subjected to further reactivity screening testing 



Formation energies are needed for chemical reactivity 
screening and assessment 



In general, formation energies in the ideal gas phase are sufficient 
to evaluate hazard potential
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Phase change (fusion, vaporization, sublimation) energies are typically 
small compared to the formation energy absolute values



Formation energy data must be thermodynamically consistent 
before use in simulation software such as SuperChems®
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We can estimate heat of formation energies using one or more 
of these methods
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Group contribution methods or Quantum chemical calculations

Heat of combustion measurements

Heat of decomposition or reaction using adiabatic calorimetry measurements

Heat of decomposition or reaction using differential scanning calorimetry measurements

Source: ioMosaic Corporation

Chemical Measured Heat of Combustion 
(MJ/kg) [BTU/lb]

CAS #

Benzoic Acid 26.53 [11419.8] 65-85-0
Nicotinic Acid 22.09 [9506.43] 59-67-6
Lycopodium 30.64 [13183.1] 8023-70-9

The heat of formation can be calculated from a measured heat of combustion using an instrument such as the 
Parr 6200 calorimeter



Using the measured heat of combustion, we can iterate to find 
the formation energies
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Calculate So and heat capacity data using 

quantum chemical software

Guess the value of ∆Hf

Calculate value of ∆Gf using So

Run the SuperChems® Gibbs Equilibrium 

code until calculated heat of combustion 

matches the measured heat of combustion

Source: ioKinetic

Combustion reactions are fast and tend to reach an equilibrium end 
state



Typically, formation energies are estimated using group 
contribution methods
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Let’s consider trichloroisocyanuric acid (TCCA) as a test 
molecule
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Quantum chemical estimates for formation energies 

and absolute entropy were calculated using GAMESS
So   = 430.435 kJ/gmol/K or 0.10288 kcal/gmol/K 
ΔHf = -1.831 x 10+8 J/kmol/K or -43.77 kcal/gmol or 

ΔGf = Calculate using So and ΔHf and SuperChems® 

reference elements:

Source: ioMosaic Corporation



GAMESS provides an intuitive and easy to use interface
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GAMESS provides an option for directly calculating formation 
energies (a very useful option)
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GAMESS provides heat of formation estimates but large 
molecules require long computation times and large computer 
memory
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Let’s confirm the GAMESS predicted formation energies 
values using a heat of combustion test and SuperChems® 
Expert
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The types of calculations are 
only possible if the 
SuperChems® databanks 
contain thermochemical data 
for all potential reaction 
products



SuperChems® calculates all possible chemical reactions using 
the atom matrix and user defined constraints (when used)

© ioMosaic Corporation 31Source: Process Safety Office® SuperChems®



The final estimates can include a multitude of thermodynamic 
options and hazard screening

© ioMosaic Corporation 32Source: Process Safety Office® SuperChems® Expert

Measured heat of combustion = -1571 
BTU/lb or -872 cal/g of TCCA

Calculated heat of combustion using 
formation energies predicted by 
GAMESS = -850.16/0.82 = -1036 cal/g 
of TCCA

Not bad for first pass! 

15.8 % difference



These methods were also applied to calculate the formation 
energies of sucrose (table sugar)
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The NIST WebBook reports a heat of combustion value of -5,638.0 kJ/gmol and an 

absolute entropy of 392.40 J/gmol/K for solid sucrose

ioKinetic measured a heat of combustion of solid sucrose at -5,616 kJ/gmol

GAMESS was used to calculate an ideal gas absolute entropy of 673.67 J/gmol/K at 

standard conditions

Using the measured heat of combustion value and the estimated absolute entropy value 

we calculated using SuperChems® Expert an ideal gas heat of formation of −1,790 

kJ/gmol and an ideal gas free energy of formation of −1,200 kJ/gmol



Calculated combustion equilibrium data at standard 
conditions using SuperChems® Expert yielding -5,594 kJ/gmol 
of sucrose or -668 cal/g of mixture

© ioMosaic Corporation 34Source: Process Safety Office® SuperChems® Expert



Closing remarks and comments



Proper chemical reactivity management requires a coherent 
and forever green process safety management system
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OSHA’s Process Safety Management 

Standard (performance based)

Process safety information (PSI) and 

asset/mechanical integrity (AI/MI) data 

are typically deficient in chemical 

processing facilities

Process Safety Management System 

Automation

Source: ioMosaic Corporation



A chemical reactivity technology transfer package should be 
prepared and transmitted to the manufacturing site or CDMO
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The package should have sufficient information about the properties of the 

chemicals, as well as energy release rates for both intended/desired chemistries 

and unintended chemistries

Recommended safe operating limits should be included

Properties should include relevant thermodynamic, flammability, toxicity, 

environmental, and transport properties

A well-developed technology transfer package contains most if not all the required 

chemical reactivity process safety information for PSM regulated facilities

Thermal stability indicators can be included



Companies, toll manufacturers, and certified contract, development, 
and manufacturing organizations (CDMO) often use the same 
equipment for different chemistries or recipes
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Hazard potential of different chemicals and chemistries

Chemical reaction rates for both desired and undesired 

reactions

Suitability of the process equipment to handle the 

scaleup with different process conditions and chemicals

Robust process safety management system

Adequate reactive chemicals technology transfer

package

Source: ioMosaic Corporation



Recommended reading
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Recommended reading
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For more information, please contact
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melhem@iomosaic.com 
603-475-3646

1.844.ioMosaic
sales@ioMosaic.com
www.ioMosaic.com
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About ioMosaic Corporation

Through innovation and dedication to continual improvement, ioMosaic has become a leading 
provider of integrated process safety and risk management solutions. ioMosaic has expertise 
in a wide variety of areas, including pressure relief systems design, process safety 
management, expert litigation support, laboratory services, training, and software 
development. 

ioMosaic offers integrated process safety and risk management services to help you manage 
and reduce episodic risk. Because when safety, efficiency, and compliance are improved, you 
can sleep better at night. Our extensive expertise allows us the flexibility, resources, and 
capabilities to determine what you need to reduce and manage episodic risk, maintain 
compliance, and prevent injuries and catastrophic incidents. 

Our mission is to help you protect your people, plant, stakeholder value, and our planet. 

For more information on ioMosaic, please visit:  www.ioMosaic.com
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Alternate slides for Q&A



Theoretical screening methods are not intended to replace 
testing. They are intended to focus testing
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Heat release rates  (dT/dt) and Pressure rise rates (dP/dt)

Detected onset temperature

Overall adiabatic heat of reaction and overall adiabatic 

temperature rise

Shock sensitivity and Friction sensitivity

Time to maximum rate temperature for 8 hours, 24 hours, and 48 

hours

Thermal diffusivity and thermal effusivity

Final ratio of non-condensible components after reaction 

completion

Chemical identity of reaction products and/or intermediates



The first layer of protection/containment during a runaway 
chemical reaction is provided by the processing equipment
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Operational error

Hot spots

Reactant accumulation

Phase separation

Heating or fire exposure

Extended residence time / thermal cycling

Chemical rollover

Inhibitor depletion

Preferential depletion of reactants

Agitator failure

Other scenarios

Source: ioMosaic Corporation



Temperature control is critical for reactive chemicals safety
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The heating and cooling capacities of the equipment used must be verified prior 

to use of the equipment

The achievable rate of cooling or heating depends on many factors including 

but not limited to:
Rate of reaction, 
Geometry of the vessel, 
Degree of mixing within the vessel, 
Viscosity of the reacting mixture, 
Vessel wall thickness and the presence of insulation, 
Thermal diffusivity and thermal effusivity of the reacting mixture, etc.



Materials of construction should be confirmed to be 
compatible with the intended chemical service
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The selected material of construction cannot chemically interact with the 

contents and should be corrosion resistant

Changes in pH during the batch reaction steps should be considered when 

selecting materials of construction

Instrumentation, valves, fittings, and piping components have to be confirmed to 

be compatible for the chemical service

Materials of construction thickness, pressure, and temperature ratings have to 

be checked and confirmed suitable



What about pressure relief safe discharge location?
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Pressure relief systems may be the last line of defense, but it should not be the 

only line of defense

Regulatory drivers influencing safe discharge requirements

Atmospheric discharge sources (PRVs, flares, vent stacks, etc.)

Flammable and / or toxic dispersion; thermal radiation / toxicity impacts

Immediate vs. delayed ignition considerations

Release duration and transient nature of release

Meteorological data and site topography requirements

Single vs. multiphase and condensing discharges
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