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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.

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®.
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Why are we interested in chemical reactivity screening and
assessment?




Why do we need chemical reactivity screening?

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
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Is your facility vulnerable?

» Failure to identify and quantify runaway reactions hazards

» Undersized pressure relief systems for unintended chemical
" “We cannot
reactions manage
¥ Improper equipment selection and design chemical
| | | | | reaction
¥ Cooling systems that are susceptible to single point failure hazards if we
¥ Process knowledge management cannot first
identify them”
¥ Management of organizational change and succession planning
» Deficient process safety information (PSI) and SDS information
¥ Improper scaleup considerations by bench scale chemists

© ioMosaic Corporation ioM'osaic(@ 6



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

chemistries or recipes

» Hazard potential of different chemicals and chemis
» Chemical reaction rates for both desired and unde:

¥ Suitability of the process equipment to handle the ¢

conditions and chemicals
» Robust process safety management system

» Adequate reactive chemicals technology transfer

package

© ioMosaic Corporation Source: ioMosaic Corporation
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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”

kf Many factors can drive a L
Reactants €= Products chemical reaction in either Keq B kf/ kr
k direction

I

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

|dentity of components What is the composition? Equilibrium Constraints
Measurements

Chemical reactions with higher thermodynamic potential are highly likely to have faster reaction rates
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Given a sufficiently long duration and/or favorable process
conditions, a chemical reaction can reach an equilibrium state

» Rate of product creation = Rate of product

Combusti
destruction ombustion

Polymerization
» The use of a catalyst can speed the approach to

O
=
E Adsorption
equilibrium but does not change the equilibrium © |
|L< Wetting
E Mixing & Dilution
, kf Apexp (—E-':,—) s ° 9 g
Kp = == _ b — Ao [ = Mixing & Dilution
k. A, exp (_ By ) Aexp T =
Ryl g T Fusion
. O N '
InkK, = In (j‘lf ) ETR _TEI | E Vaporization
o g AS,.. = R,In ( : ; )
"'j"’gu':'l '&'HJ'J‘:‘I f — B
In .H.Fjr:- = — "j"HT'J'n Ef _ -E.-
R, R.T
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Kinetic rates and the equilibrium constant depend strongly on
temperature

¥ 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 CHETAH* HIGH
gas phase state Equilibrium ©
L
¥ CART values must be calculated using a chemical equilibrium Rate Limited =
al
software such as Process Safety Office® SuperChems® or the L T
Mixing Limited ©
NASA computer code (include in CHETAH v11) L

Diffusion Limited
LOW

© ioMosaic Corporation Source: ioMosaic Corporation io M 6saic® 11



Direct minimization of the Gibbs free energy is the most
effective method for calculating chemical equilibrium

» Can be used for multiphase systems (Solids, Liquids, Vapor)

» Can be constrained using limited measurements to aid in the

reactants

development of reaction stoichiometry >
» Can be used to screen the hazard potential of chemical reactions % eqt;itl;tigum
¥ Requires an atom matrix E |
¥ Requires a large selection of potential reaction products '% ﬁbroducts
¥ Requires thermodynamic properties =§
¥ Difficult to solve for multiphase systems ' ,
» Equilibrium states are often flat and require accurate numerics 0 extent of reaction |

© ioMosaic Corporation Source: ioMosaic Corporation io M 6saic® 12



A thermodynamically consistent Gibbs free energy of each
component must be provided at the system temperature

IDEAL GAS FREE ENERGY OF FORMATION VS. TEMPERATURE

500 ] ETHANOL IDEAL GAS FREE ENERGY OF FORMATION M
ACETIC ACID IDEAL GAS FREE ENERGY OF FORMATION
ETHYL ACETATE IDEAL GAS FREE ENERGY OF FORMATION (;° (T) — —RTInk. = E (5. F(T}
WATER IDEAL GAS FREE ENERGY OF FORMATION t ' J T
: j=1
300

100 -
100 -

-300 -

IDEAL GAS FREE ENERGY OF FORMATION. MJ/KMOL

500 +—r"—"—"""—"—"—"—"r"--"r-r-"-r-r—-—T"—"—"""""""""T""""""""7T""""""""
0 1200 2400 3600 4800 6000
TEMPERATURE. K
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Although chemical equilibrium calculations can be multiphase, ideal
gas phase estimates are sufficient for screening

SQP: 102, Fnew —-859.73501248, Fold
SQFP: 103, Fnew -89.73501248, Fold
NLEF Exit Fmin = —-89.735, 1032 iterations, code = 1

—85.73501248
-85.73501248

Overall material balance:

Initial Change Final Mole Fugacity
Component Name kmol kmol kmol Fraction Fugacity Coefficient
ETHANCL (V) 4.50000E-01 -4.41522E-01 4_.84783E-02 0.04848 4.7553E-02 S.805%1E-01
ACETIC ACTID (V) 1.00000E-02 3.84783E-02 4.84783E-02 0.04848 4.6988E-02 5.652TE-01
ETHYL ACETATE (V) 0.00000E+00O 4 _51522E-01 4.51522E-01 0.45152 4_3755E-01 9.6553E-01
WATER (V) 0.00000E+00O 4.51522E-01 4.51522E-01 0.45152 4.4650E-01 S.8577E-01
Totals: >.00000E-O1 5. 00000E-01 1.00000E+00
ETHANCL (L1) S.00000E-02 -5.00000E-03 -1.00000E-11 —0.00013 —2.45955E-04 1.9524E+00
LCETIC ACID (Ll1l) 4.41000E-01 -4.41000E-01 S5.21074E-05 0.11773 3.3801E-02 2.8711E-01
ETHYL ACETATE (Ll1) 0.00000E+00O 6.252347E-10 £.02347E-10 0.00834 4.0644E-02 4_ 8744E+00
WATER (Ll1l) 0.00000E+00 &€.83833E-08 €.83833E-08 0.87406 5.8901E-01 &.7388E-01
Totals: 4 . 50000E-01 -4.50000E-01 T7.82364E-08
ETHANCL (L2) 1.00000E-02 -1.00000E-02 -1.00000E-11 —0.00012 —2.4082E-04 1.9887E+00
LCETIC ACTID (L2) 4 _S0000E-02 -4.50000E-02 5.51012E-0% 0.1151& 3.3322E-02 2.85935E-01
ETHYL ACETATE (L2) 0.00000E+00O 2.17021E-10 2.17021E-10 0.00&626 2.1665%E-02 -.0383E+00
WATER (L2) 0.00000E+00 7.226321E-08 7.25631E-08 0.87870 5.8681E-01 &.6781E-01
Totals: 5. 00000E-02 —-4.9995%E-02 8.25802E-08
Overall Totals: 1.00000E+00 2.22045E-16 1.00000E+00
Mass Balance = —-3.472%4788E-10, -32.4725%3E-0% percent.

Gikkb=s VLE Block Success = 1

© ioMosaic Corporation Source: Process Safety Office® SuperChems®
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Since 1995 we have been conducting experimental and theoretical
work to develop reliable chemical reaction hazard prediction
methods

» NEGLIGIBLE OR NO HAZARD group:
» Heat of reaction no more negative than -100 cal/g

r Heat of reaction between -100 cal/g and -287 cal/g, and CART no more than 700 K

» 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

© ioMosaic Corporation ioM'osaiC® 15



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

_ Np\ '*
» Set starting number of moles ¢cCART = CART x (ﬁ)

» 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

Equilibrium Heat of Reaction. cal/g

T

groups A, B, C, and D according to their 300 400 500 600 700 1000 1.600  2.000 3,000  4.000

Calculated Adiabatic Reaction Temperature (CART). K

eCART values

© ioMosaic Corporation Source: ioMosaic Corporation io M Vosa i C® 16



The Melhem Reactivity Hazard Index has been demonstrated
to work on a variety of systems

Crowl’s Data Set

300 400 500 600 700 1000 1,600 2,000 3,000 4,000

EQUILIBRIUM ADIABATIC REACTION TEMPERATURE. K
Reference state: ideal gas at 298.15 K and 1 bar

© ioMosaic Corporation Source: ioMosaic Corporation io M Vosaic® 17
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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

™ Reactivity Expert > > VA-MATRIX Mixture Summary - C:\IOIQ\PS08.4\SuperChemns\BANKS\hzdbanks_v8.5.dat

*_f » |/ Chemical Hazard ﬁepnrt ‘,’_(:Jhemical Interaction Matrix \/—(:.Zhemical Interaction Listing ‘\('T—B!ossarf Y _ |
A B C | D | E F | G . H I | J | K | L M

Chemical Incompatibility Matrix For Mixture VA-MATRIX

VINYL ACETATE OXYGEN WATER IRON n-HEXANE

A B

VINYL ACETATE A

| * | OXYGEN
8 |WATER

9 |IRON

10 |n-HEXANE
11

12 |

L L ST ) 0 -1c2o. 2. 2 - A o453 1= L N NS SRS SRS SONRUN SN SN SUS S
141200 e MY CBUSE EETR Lttt ' '

151204 e Flammable gaS GEMETATION e e
16 /300 ... Beat gemeration by chemical reaction L
A7 1302 e TBTET TRACTAVE e
181|400 ... May cause violent polymerization, possibly with heat/toxic or flammable gas generation or with explosive reaction, causes pressurization
9402 ... Co«ntact with substances liberate toxic gas; causes pressuzization
20 |403 Innocuous and non-flammable gas generation; causes pressurization ' -

211900 e MBTETIALE BT COMPATIDLE e e
22 @02 Thermodynamically unstable

m o 0 W

23

a4
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How to screen and rank multiple recipes?

» 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

© ioMosaic Corporation ioM'osaic® 19



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

AH g,
AH g

AH f.g — AH vaporization
AHij - AH‘#HPDI‘iZHTiGH — A Hpygion = AH}CJ — A Hiusion
— AHf,g — AHsub]inm[imn

Phase change (fusion, vaporization, sublimation) energies are typically
small compared to the formation energy absolute values

ioMosaic Corporation ioM'osaiC® 21



Formation energy data must be thermodynamically consistent
before use in simulation software such as SuperChems®

y o _ O0OS i | _ 1 -Q
AGFJCQQB.IEH _ AHfQQS.lEH 298.15 Sﬂzgs.mf{ E :n"‘f’-'bﬂizga,mf{
| i |
\j
IS . AH fy05 155 = AG frg5 15k | - or
Y0208 15K 208 15 | 17 0i998 15K
JO. L) . |
1
L f . . = _ ). @
AHJCEQB.IEH o ACTfQQB.IEH +298.15 SGQQB.IEI{ E : "Mi50i00 15K
)
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We can estimate heat of formation energies using one or more
of these methods

4
4
4
4

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

Chemical Measured Heat of Combustion CAS #
(MJ/kg) [BTU/Ib]

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

Source: ioMosaic Corporation io M 650 i C® 23



Using the measured heat of combustion, we can iterate to find
the formation energies

¥ Calculate S, and heat capacity data using ode &

quantum chemical software 0. 42870 Spike Ught  0.00000

15. 0000 Acid 10,0600

~ulfur 0, 00000

¥ Guess the value of AH; Gross Heat  1487.09

Btu/1b

¥ Calculate value of AG; using S,

¥ Run the SuperChems® Gibbs Equilibrium

| Calorimeter

code until calculated heat of combustion s o

Method Dynamic Type Freliminary
Bamk ID

matches the measured heat of combustion 2o Al B R,

—ar0 CC {l=1::s
t. Temp 25.785% EE Value

Jacket T 30,0017 Temp. Rize  0.3415
Weight 0,91000 Spike Wghi  0.00COU

Fuse 15.0000 Acid 1, DO
Sulfur 0, 00000

Combustion reactions are fast and tend to reach an equilibrium end RLOEE a8 att

state

© ioMosaic Corporation Source: ioKinetic io M Vosaic®



Typically, formation energies are estimated using group

Properties Database and Estimation Program, NIST:Gaithersburg, MD, 1991.

The software used by this model was developed by: S.E. Stein, R.L. Brown, and Y.A. Mirakhin.

S NATIOMAL INSTITUTE OF

N lg ‘ STANDARDS AND TECHNOLOGY NIST 'Ch&l'l"liS‘lIl'}lr WEbBOOk, SRD 69

Species Information

LS. DEFPARTMENT OF COMMERCE e Structure (2d):

) ‘ Searchv ‘ NIST Data ¥ ‘ About ¥ ‘ c'xN)I\N A
o
Symclosene !

Chemical f la:C3Cl3N30.
e Formula: C5Cl5N505 * Chemical formula:C5ClsN30;

s Molecular weight: 232.409
« IUPAC Standard InChi: InChI=15/C3C13N303/c4-7-1(10)8(5)3(12)9(6)2(7)11 ') Inlcot:_,l
v 1.

o Matching species in NIST Chemistry WebBook (stereochemistry ignored in matches)
o Trichlorocyanuric acid

B Information from the Structure
* IUPAC Standard InChiKey: YRIZYWQGE LRKNT-UHFFFAQYSA-N ]

. Quantity Value
s CAS Registry Number: 87-90-1 Total symmetry number 6
* Chemical structure: 0 Extra symmetry from non-methyl R-HX rotors 1
Methyl groups 0
-H..,N_.- 'H-..N.- .
J /l Assymetric carbon atoms 0
0.(;;{' ""-HN ”"-“-:;»:0 Optical isomer centers 1
| Cis [ trans groups 0
Cis groups 0
This structure is also available as a 2d Mol file or as a computed 3d 5D file Gauche conformations 0
View 3d structure (requires JavaScript f HTML 5) Ortho groups 0
s Other names: Trichloroisocyanuric acid; Trichlorocyanuric acid; 1,3,5-Triazine-2,4,6{1H,3H,5H)-trione, 1,3,5-trichlc Pyridine groups 0
trichloisokyanurova; N,N',N"-Trichloroisocyanuric acid; Symclosen; Trichlorinated isocyanuric acid; Trichloro-s-triz
Trichloro-2,4,6-trioxohexahydro-s-triazine; 1,3,5-Trichloroisocyanuric acid; CBD 90; NA 2468; NSC-405124; UN 2468, Grou ps
Queschlor; Triazine-2,4,6(1H,2H,5H)-trione, 1,3,5-trichloro-; Trichloroiminocyanuric acid; Neochlor 90 Increments
* Perman e‘nt link fo.rthis species. Use this link for bookmarking this species for future reference. Center|Attachments|Modified|Quantity|a .. oo $°p et CPgas,est (J/mol*K)
* Information on this page: (kJ/mol) | (J/mol*K)|300. K|400. K|500. K|600. K|soo. K|1000. Kl 1500. K
o Notes C=0 |[NN 3|Group not found.
* Other data available: N c=0c=0cl 3|Group not found.

o IR Spectrum
Note: The "modified” column indicates if the group was modified to match a group for which data is available. This is done when data is not available for a specified gr

o Mass s (e ‘on ionization) . - . . . . . .
Mass spectrum ( lectron ionization) is labeled as "yes", then a similar group has been used in place of the required group. For example, if the group C | Ca-ring Ca-ring H H is required but not available, the grc

* Options:

o Switch to calorie-based units Note: The group increments in this model are at best accurate to 0.5 kJ/mol (0.1 kcal/mol) for AfH°z,s, and 0.05 J/mol*K (0.01 cal/mol*K) for S°gzs and Cpggs.
VWIL = L L Lo

Calculations Failed

Unable to calculate estimates, the structure contains unrecognized groups.

Source: NIST Webbook ioMbsqic® 25



Let’s consider trichloroisocyanuric acid (TCCA) as a test
molecule

:;5 ';909‘5;"‘*’ Number ¥ Quantum chemical estimates for formation energies

and absolute entropy were calculated using GAMESS

r S, =430.435 kJd/gmol/K or 0.10288 kcal/gmol/K
r AH;=-1.831 x 10*® J/kmol/K or -43.77 kcal/gmol or

:< ;N_C' ¥ AG; = Calculate using S, and AH; and SuperChems®

reference elements:
CI O

CAS Name B .
Trichloroisocyanuric acid v 00 1
ACTfQQS.lEK — AHfQQS.lSK — 298.15 Sﬂzgs.mh’ - E NiSo, 1908 15K

Molecular Formula
C3CI5N5;O4

{

Molecular Mass
232.41

© ioMosaic Corporation Source: ioMosaic Corporation io M Vosa i C®



GAMESS provides an intuitive and easy to use interface

Choose your Molecule

You can draw your molecule in 2D or use the following options: clear 2 help | -
@0edx (% D&

Search for a molecule: “.=-E:N &DGQDGGFEE,
C

trichlorocyanuric acid N I

| 2

Read Geometry From a Previous Job: cl .
Br |
1321108 : GY H\fg
Load From Input Load From Owdpart . M M

Load From File

Paste in atomic cunrdinales:m

Load From SMILES =

Automatically Optimize Molecule Add hydrogens automatically

© ioMosaic Corporation ioM'osaic® 27



GAMESS provides an option for directly calculating formation
energies (a very useful option)

Set Parameters for Quantum Mechanical Calculation

Resst Sattings o Detaut

Select your package: ® GAMESS O Psid

Mame for input file:  trichlorocyanuric acid

Comment:

Charge: 0

Multiplicity: 1

Type: () Single-Point Energy @ Geometry Optimization (O Saddle Point Search

Add-Ons: (IR O Thermodynamics O Uv-vis O MNMR O Raman  ® AH;{g3mp2) O NBO (def2-izpp) O None

A 92mp2 ignores your basis set choice and automatically uses 6-31G(d), MP2, CCSD(T), and G3Large. You must use HF only, not DFT
Basis Set: ) AM1 ) PM3 O PMEe O S5TO-3G6 3216 ®6316* O 631G O 6-311+G* O aug-ccpVDZ O SPK-DZP

Molecular Orbital Method: ® RHF O ROHF O UHF
DFT Functionat ® None O B3LYP O PBE0D O MO0 O wB97X-D

PCM Solvent: ® MNone O Water O Methanol O Ethanol O Acetone O THF

© ioMosaic Corporation ioM'osaiC® 28



GAMESS provides heat of formation estimates but large

molecules require long computation times and large computer
memory

Summary Real Time Output Input File Output File

Job 1321855 (Jetstream2) Success

trichlorccyanuric acid g3mp2d 6-31G* neutral singlet

SUMMARY OF G3 (MPZ) CALCULATIONS (ENERGIES in au)

E(G3(MP2)) @ OE = -1882.803516 ©E(G3(MP2)) R298K = -1882.793354
HEAT OF FOEMATION  (OK): ~41.13 KCAL/MOL
HELAT OF FORMATION (Z29BE): ~43.77 KCAL/MOL

EXECUTICN COF GAMESS TERMINATED NOEMALLY S5at Oct 18 15:41:04 2025

Energy Units; 2-U. o

Electronic Energy = -1882.4458 a.u.

© ioMosaic Corporation
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Let’s confirm the GAMESS predicted formation energies
values using a heat of combustion test and SuperChems®

Expert

A

1 %% ITnitial Conditions

2

3 Initial system temperature. C 255
4 |Inmitial system pressure. psia 400}
5

6 |** Final Conditions

T

8 Final system temperature. C 25§
9§ |Final system pressure. psia QGGE

Consider a vapor phase ?

Consider a liquid phase 1 ?

Consider a liquid phase Il ?

Generate automatic guess using linear programming ?
User specified guess

Restrict estimate to VLE, LLE, and ¥YLLE. No solids.

Vary Final Temperature at User Defined Final Pressure
VYary Final Pressure at User Defined Final Temperature
Perform Constant Yolume Estimate

Show stoichiometry of independent chemical reactions

=
K111 71 "TT017171X]

© ioMosaic Corporation

™ Gibbs Free Energy Minimization / Waorking Scenarioc = TCCA-THERMQO, Expert []

24

Vapor and Liguid Components

A

B C

Formuala Initial Vapor.

kmol

D
Initial Liguid
I. kmol

The types of calculations are

only possible if the

SuperChems® databanks

TRICHLOROISOCYANUORIC ACID C3CL3H303 0.5
WATER H20 1E-0&
CYRNUORIC ACID CIH3N303 0
HYPFCCHLOROUS ACTD C1HC 0
NITRCGEN TRICHLOCRIDE 139 0
CARBCN DICXIDE D02 0
NITROGEN Hz 0
CHLCRINE clz 0
HYDROGEN CHLORIDE C1H 0
HYDROGEN CYANIDE CHN 0
CYRNIC ACID CHHC 0
NITRCSYL CHLORIDE C1HC 0
PHOSGENE CClz20 0

i 0

CYRNOGEN CHLORIDE

CXYEEN

0.7

i

contain thermochemical data

CARBCHN MONCXIDE

CYRNOGEN

iy i i

T

ETHLNE

]

for all potential reaction

[ RN SN N RN

products

METHRNE CH4
NITRIC CXIDE HO
NITRCGEN DICKIDE HO2
NITRCOUS CXIDE HZ0
AMMCOHIR 3

METHYIL. CHLORID

L]

Dichloromethylen

il

NITRYL CHLCRIDE

L N LW

2-BUTYNEDINITRILE C4nz
NITROGEN TRICXIDE N203
CHLCRINE DICKIDE C102
CARBCONYL CHLCRIDE CCLC
NITROGEN TRICXIDE (HO3) HO3
CHLCRINE MCHCXIDE C1c
Chloromethylidyne i
CHH RADICAL CH2
HCH ERDICAL CHZ2
CHC C2ZH
CCC RADICAL 20

MONCOCHLORLAMINE

DICHLORAMINE

Lo R v T T e e T e e e T e T e T e e e T e T e e e e T e I

So0lids Components

Formala Initial.

ko 1

Guess Final.
koo 1

CARBCH-REF

0

ioMosaic”



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

+0.
+0.
+0.
+0.
+0.
+0
+0
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.

+0.
+0.

+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.

Eeturn Code = 1, Normal return

Scaled Gibbs free enerqgy

—-185.48¢678

333 C3H3N303 +0.1e7 CZHe

<———>

+ H20 +0.16e7 N2 +0.333 C4N2

667 C3H3N303 <———> + C0O2 +0.917 N2 +0.333 CZHe +0.0833 C4NZ

333 C3H3N303 +0.333 C13N
667 C13N <-—-> +0.333 N2
333 C13N +0.167 CZHE <-—-—

<——->
+ Cl12
> +0.0

+ C1lHO +0.417 N2 +0.25 C4N2

833 N2 + ClH +0.0B33 C4NZ

.333 N2 +0.167 C2He +0.1¢7 C4NZ2 <-—--> + CHN
.333 C3H3N303 +Z.78BE-17 C4NZ <---> + CHNO

333 C3H3N303 +0.333 C13N +5.553E-17 N2 <-—--> + CINO +0.1e7 CZHe +0.1le7 C4NZ
333 C3H3N303 +0.66€7 C13N +0.0833 C4N2 <---> +0.917 NZ + CClZ20 +0.1&7 CZ2ZHE

333 C13N +0.0833 N2 +0.25

C4NZ <

-——> + CCI1N

667 C3H3N303 <—-> +0.667 N2 + 0OZ +0.333 CZHe +0.333 C4NZ2

333 C3H3N303 +0.0833 C4NZ
5 N2 +0.5 C4NZ2 <-———> +
25 C4NZ <---> + C +0.25

0833 N2 +0.€67 CZHE <———>
333 C3H3N303 +0.1e7 N2 <-
€67 C3H3N303 <———> +0.1¢
333 C3H3N303 +0.667 N2 <-
75 N2 +0.5 CZHé <--—-> +
333 C13N +0.5 C2He <——->
667 C1l3N +0.25 C4N2 <——->
€67 C3H3N303 +0.333 C1l3N

€67 C3H3N303 +0.333 CI13N

<——=>
C2N2
N2

+ CH4

—> +0.
7 N2 +0.
—> +0.
H3N +0.

+0.16
+0.58
<——->

+ C3H3N303 + C13N +0.25 C4N2 <——->
+ C3H3N303 <-—--> +0.5 CZHe6

+0.5
<———>

+0.583 N2 + CO +0.1e7 CZHE

+0.0833 C4NZ

167 CZHe + NO +0.1&e7 C4N2

333 CZHe + NOZ +0.333 C4NZ

167 CZHe + N20 +0.16é7 C4NZ2

25 C4NZ

7 NZ + CH3C1

3 N2 + Ccl2

+0.333 N2 +0.333 CZH6 + CINOZ +0.333 C4NZ
+ C3C13N303 +0.75 N2 +0.5 CZH6

C4NZ2 + NZO03

+0.833 N2 +0.333 CZHe +0.333 C4N2Z + Cl02

333 C3H3N303 +0.333 C13N +0.0833 C4N2Z <---> +0.75 N2 +0.1e7 CZH& + CClO

+ C3H3N303 <-—-> +0.3 N2 +

333 C3H3N303 +0.333 C13N

333 C13N +0.25 C4N2 <——->
75 N2 +0.25 C4NZ <-—-> +
75 N2 +0.25 C4NZ <-—-> +
5 C4N2 <-——-> + C2ZN

333 C3H3N303 +0.333 C4NZ

333 C13N +0.5 N2 +0.333

€67 C13N +0.25 N2 +0.1¢7

MODEL CPU = €8.73¢ seconds or

© ioMosaic Corporation

0.5 cC2
L——=2
+0.41
CN2
CNZ2

<——=>
C2HE <-
C2HE <-

HEe +0.5 C4N2 + NO3
+0.5 N2 +0.167 C2He +0.1e7 C4N2 + C1lO
7 N2 + CC1

+0.833 N2 +0.1e7 CZHe + C20
-—> +0.1e7 C4N2 + ClHZIN
-—> +0.0833 C4NZ + CI1ZHN

1.145¢6 minutes

Source: Process Safety Office® SuperChems®
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The final estimates can include a multitude of thermodynamic
options and hazard screening

4| » |/ Results Summary ¢ Vary Final Temperature

A B C D E F G

%% Thermodynamic Options

o — Measured heat of combustion = -1571
- BTU/Ib or -872 call/g of TCCA

*% Initial State

=5 Calculated heat of combustion using

formation energies predicted by
e GAMESS = -850.16/0.82 = -1036 cal/g

21 25.00

22 400,00 l!
23 -5.9028E+05 Of TCC

24 -7.7969E+01

25 2.697

26 51.99

140.20

B S Not bad for first pass!

30 |[** Energy and Volume Change

32 1 enthalpy change. kJ -4 _ G98T1E+05 % Melhem Index
33 11 enthal 1 ge of wvessel metal. kJ Q Hazard Rating Heat of reaction CART Effectiwve CART
34 311 entropy change. kEJ/C 2.1464E+02 High -850.16 cal/g 306l1.78 K 4098.31 K o -
35 1 volume change. m3 1.573 1 5 . 8 /O d Iﬁe re n Ce
36 -55.36 kcal/gmol; 1.25 gmol basis
37T |C 1] hal hange. kJ/} -3.5571E+03
38 0.011
39 ] 1.5305E+400
A0 ses only] 2.40
1

Chemical Name Formula Phase Initial Moles Change Final Moles Fugacity
42 Coefficient
43
44 LCTID C3C13N303 Vapor 0.5000 -0.5000 Q.0000 1.0000
45 2 Vapor 0.0000 1.5000 1.5000 1.0000
46 12 Vapor 0.0000 0.7500 Q.7500 1.0000
a7 12 Japor 0.0000 0.7500 0.7500 1.0000
48 2 Japor 0.7500 -0 . 7500 0.0000 1.0000
49
M) |(Other. < 1E-0O5 moles 0.0000 0.0000 0.0000
51
52 |Totals 1.2500 1.7500 3.0000
53
54 |Destruction Efficiency 0.0000 Percent
5 [C - 2 Efficien 9%.99538 Percent
AR

Source: Process Safety Office® SuperChems® Expert io M 65 : ic® 32



These methods were also applied to calculate the formation
energies of sucrose (table sugar)

» The NIST WebBook reports a heat of combustion value of -5,638.0 kd/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 kdJ/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

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

© ioMosaic Corporation ioMbsaic® 33



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

Hazard Rating Heat of CART| Effective CART
reaction
%% Energy and Volume Change k% Melhem HIGH -668.03 cal/g 2276.89 K 23899 83 K
Index

|Chemical HName Formula Phase Initial Moles |[Change Final Moles
| SUCROSE C1l2ZHZ22011 Vapor 0.0833 -0.0833 0.0000
OXYGEHN 02 apor 0000 -0 .88%94 0. 0004
{(ITROGE {2 Vapor 3. 78300 0.0000 3.7900
WATER H20 yapor 0.000C 0.59163 D.8163
|(CARBON DICXIDE CO2Z2 Vapor 0. 0000 .. 59596 .. 55996
IOTHER. < 0.0001 moles J.0000 J.0000 00000
TOTALS 4. 8T33 1. 8330 0. 10683

© ioMosaic Corporation Source: Process Safety Office® SuperChems® Expert io M 'osa i C® 34



Closing remarks and comments




Proper chemical reactivity management requires a coherent
and forever green process safety management system

» OSHA's Process Safety Management /%\ /Cé)\ /g\ /O\

"
St d d rf b d Employee Process Safety Process Hazard Operating
a n a r p e O rl I I a n Ce a S e Participation Information Analysis (PHA) Procedures
Employees must be Workers must be able to A team must identify, Companies must have
involved in every aspect access and understand evaluate and control the clear instructions for the
of the facility’s PSM the data on HHC-related

risks.

k=
o
Q
=
o
3

¥ Process safety information (PSI) and [

Employee Contractor Pre-Startup
u u . Trainin Trainin Safety Review
asset/mechanical integrity (Al/MI) data o e ] I
gy EEE T fe) e (10 e "“)@D\
are typically deficient in chemical & 7 s 0y A
K Management Incident

of Change (MOC) Investigation
Companies need standard Companies must
procedures for managing investigate incidents that

changes in production result in a catastrophic
systems. HHC release.

rmi
. - I A Periodic, documented, Supervisors must issue
p ro Ce S S I n g a C I I I e S inspections and testing permits to workers for

are required for process flame or spark-producing
wment. activities.

Emergency Planning Compliance Trade

» Process Safety Management System

& Response Audits Secrels
Employers must create Companies must evaluate Employees have the right
emergency plans for compliance with to know the processes

PSM-NEP at least once
every 3 years.

handling HHC-related
releases.

that may affect their
health and safety.

Automation

© ioMosaic Corporation Source: ioMosaic Corporation io M Vosa i C® 36



A chemical reactivity technology transfer package should be
prepared and transmitted to the manufacturing site or CDMO

» 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
© ioMosaic Corporation ioM'osaiC(@ 37
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Companies, toll manufacturers, and certified contract, development,
and manufacturing organizations (CDMO) often use the same
equipment for different chemistries or recipes

¥ Hazard potential of different chemicals and chemistries

» Chemical reaction rates for both desired and undesired

Thermodynamics
Chemicals
Hazards Potential

]

Process Safety
Management System

Kinetics v Process Equipment
Energy Release Energy

Rates Containment

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 io M 65 : ic®
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Minimizing risk. Maximizing potential.®
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Minimizing risk. Maximizing potential.®

Thermochemistry and Chemical Hazard Overlooked Inherent Hazards of Com-
Potential monly Used Pool Treatment Chemicals

Sucrose and Sucrose Reactions

N y * ® . .
AnjeMusac=Eoblication An ioMosaic®Publication

G. A. Melhem, Ph.D., FAIChE G. A. Melhem, Ph.D., FAIChE, E.
Shaaban, Ph.D., and A. Iskandar,
Ph.D.
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For more information, please contact

G. A. Melhem, Ph.D., FAIChE
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

-

/ - Safety data sheet (SDS) and manufacturer's data
/ - Chemical compatibility matrix
/ - Literature reactivity data such as Bretherick's handbook, NFPA hazard
/ ratings, etc.
Theoretical and / - Incident data
Computational :’>( - Chemical structure
Screening - Formation energies; can be estimated from group contributions or
\ quantum mechanics
- Heat of reaction, decomposition, solution
- Computed effective adiabatic reaction temperature at constant pressure
\ (eCART) and/or constant volume
\\ - Oxygen balance
\ - Software tools such as SuperChems Expert, ASTM CHETAH, etc.

-

/7 - Thermophysical and transport properties
/ - Flame test
/ - Gram scale heating test

i . / - Shock sensitivity and friction tests
Experimental Screening ¥ Drop weight test or Blasting cap test
for Thermal Stability |~ 1\ p weig g cap

\ - Thermogravimetric analysis (TGA)
\ - Differential thermal analysis (DTA)
\\ - Reactive systems screening tool (RSST or ARSST)

Differential scanning calorimetry (DSC)

/ - Isothermal storage test (IST)

Experimental Tools f / - Accelerating rate calorimetry (ARC)
Xperimental Tools Tor / - Vent sizing package [closed test cell] (VSP2
Reaction Ratesand | | B package | I( )

e —\ - Reaction calorimeter (RC1) [Pressure vessel only, after screening tests]
AL AR \ - Automatic pressure tracking adiabatic calorimetry (APTAC)

|

Emergency Relief / ~R5ST or ARSST
S stemf(ERz) Design / - SuperChems Expert or SuperChems for DIERS
i . B A - Simple nomographs
Screening and Direct VSP2
Scale-up )
\ - APTAC
(.

-RCl1
/ - Contalab
Process Design and - APTAC, VSP2
Optimization :I>< - Computational fluid dynamics, SuperChems Expert/DIERS
\\ - Large scale specialized test (mixing limited reactions, injection of

\ reaction killers, chemical rollover, reactions at interface, etc.)

© ioMosaic Corporation

V

Vv

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

ioMosaic” “



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

Operational error

Hot spots

Polymernzation Gaiﬂ -_-_—-___—_"""‘
Reactant accumulation o g ' Exothermic
Weltting l.oss

Mixing & Dilution

Phase separation =1 o
EE l Endothermic
Heating or fire exposure > aod
B St
. . . 2 | x'ﬁﬁﬂ
Extended residence time / thermal cycling &
n
Chemical rollover 3
'!,C-:l':ﬂt

Inhibitor depletion

Preferential depletion of reactants

Agitator failure

s NR TNR
Temperature

N U U N ¥ ¥ ¥ ¥ ¥ T ¥

Other scenarios

© ioMosaic Corporation Source: ioMosaic Corporation io M 6saic® 45



Temperature control is critical for reactive chemicals safety

» 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.

N U U N N ¥
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Materials of construction should be confirmed to be
compatible with the intended chemical service

4

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

ic Corporation ioM'osaiC(@ 47



What about pressure relief safe discharge location?

4

N N N NN N T XN

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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