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Industrially Important Hazardous Systems

Phosgene Group

> (7 -ﬁ.

CCI2O HCI CGH6 C6H5'CH3 C6H5'CI O‘C6H4‘C|2

Ethylene Oxide Group » high economic interest
» difficult experiments

3 = Y21, > few reliable data

» need for predictive
L o HOIC L0 modeling and simulation

» Excellent test cases for molecular modeling and simulation
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Molecular Model Type

Ethylene Oxide

Example
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IC SI

» Multicenter Lennard-Jones + electrostat
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Molecular Model Development
Geometry:
» bond lengths
» bond angles
> QM
Electrostatics:
» partial charges
» dipoles
» quadrupoles
» QM /VLE

Dispersion, Repulsion:

» Lennard-Jones potentials
> VLE
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Molecular Modelling of Mixtures

Op En .

A
1 OaB: €AB

Op, &

Predictions & =1

or

State-independent parameter &
fitted to one experimental
data point p(T,x) oder H(T)

Unlike interaction A-B:
» Electrostatics fully predictive
» Lennard-Jones parameters from combination rules

Modified Onp =(0,+05)/2
Lorentz-Berthelot
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From Molecular Models to Physico-Chemical Properties

» Grand Equilibrium (VLE simulation)

» Software

N » ms2 (simulation of thermodynamic
properties)

» Hardware

r—

—

» Parallel computing
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Vapor Pressures

HCl

Benzene
Phosgene

Cl-Benzene\. Toluene

-15 { Symbols: Simulation
Lines: Reference DIPPR

0.002 0.003 0.004 0.005 0.006 0.007
/K
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Saturated Densities

/K

700

600

500

400

300

200

e \\ oCl,-Benzene

Cl-Benzene
Toluene

Benzene

Symbols: Simulation
Lines: Reference DIPPR

30



]
I m  TECHNISCHE UNIVERSITAT
m KAISERSLAUTERN

= Laboratory of
5 Engineering Thermodynamics
Prof. Dr.-Ing. H. Hasse

Predictions: Second Virial Coefficients

o -0 _--0-—-0

Phosgene

Symbols: Simulation
Lines: Reference DIPPR

-1.5 1

| | | |

500 1000 1500 2000
/K
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Predictions: Transport Properties of Liquid HCI

20 6
5 J
_ 151 °
” w 4 |
~ [
£ 3 o
210 + L3
5 ; * =2
5 ®
+9 1
o
O T T T O T T T T
150 200 250 T/K 160 200 240 280 T/K
0.5

® Prediction EMD Simulation
® Prediction NEMD Simulation

+ Experiment (Literature)

All Data @ 0.1 MPa

175 200 225 250 275 T/K
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Vapor-Liquid Equilibrium Phosgene + Toluene

- 0.02 448.15 K

Case:
Molecular simulation
and EOS agree well

p/ MPa

Symbols: simulation (full)
308.1 experiment (cross)

5K
b A —A— M Lines:  Peng-Robinson EOS

0.0 0.2 0.4 0.6 0.8 1.0

-1
X phosgene / mol mol
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Vapor-Liquid Equilibrium HCI + Chlorobenzene

423.15 K

393.15 K

< -
A& 10 S
=
N9
5 _
283.15K
0

0.0 0.2 0.4 0.6 0.8

-1
Xyl / mol mol

1.0

Case:

» good predictions both by
molecular simulation

and EOS

»deviations upon
approaching critical point

Symbols: simulation (full)
experiment (cross)
Lines:  Peng-Robinson EOS
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Pitfalls
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Benzene + HCI

point quadrupole

¥ :

Pure Benzene U

Benzene + HCI

6 point quadrupoles




y—
(o]
P
—
o

-—
©
—
o

Q
@®

—

ICS

Thermodynam

ineering

Eng

=
¥
LA
i)
Py |
=
S5
ﬁs
o
S
=
=2
o<C
B
| N |

Prof. Dr.-Ing. H. Hasse

. Pure Component Models

Ethylene Oxide Group

Ethylene Glycole

Water

Ethylene Oxide
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Vapor Pressures

0 -
;&? Ethylene oxide
= 5
=
=

-10 H

Ethylene glycol
Symbols: Simulation
-15 - Lines: Reference DIPPR

0.002  0.003 0.004 0.005 0.006
TR
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Saturated Densities

thylene glycol
600 -
nY,
e
B~
400 -
Ethylene oxide -
_I Symbols: Simulation
200 Lines: Reference DIPPR

0 10 20 30 40 50
o/ mol/l
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Predictions of Vapor-Liquid Equilibrium of Water

e &
SIS R R ey
ey ol
S i % %

" :
50 Jﬁ ? T ? ?

=X g ° ® 4

EO- , ERE B REEEEEEY ¥ EEn P

o & 2 asasg Relative deviation from reference data:

o) | b hddiesy
Jhow 4 @ TIP4P/2010 (present work)

T E . - A TIP4P/2005 (data of Vega et al.)

c\o 0 Ili.ll.lllal\‘}lIIMIllllligl.ll‘llii

= o . t 4 O TIP4P (data of Lisal et al.)

<

)C-20 - ¢ A TIP4P-Ew (data of Baranyai et al.)

;J; O SPC/E (data of Guissani et al.)

300 400 500 600
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Second Virial Coefficient of Water

0.0 ; ﬁ(mxxwyxxxg&xx% B B o
A
_ -0.2 A
Q X
g |
o 0417
X
A
0.6 {x A Simulation TIP4P/2010
X Experiment

1000 2000 3000
I'/'K
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Ethylene Oxide: Predictions of various properties

sat. liquid density

sat. vapor density

2nd virial coefficient

vapor pressure

enthalpy of vaporization
normal boiling temperature
critical density

critical temperature

sat. liquid isob. heat capacity
sat. vapor isob. heat capacity
sat. lig. isoth. compressib.
sat. vap. isoth. compressib.
surface tension

sat. liquid shear viscosity
sat. vapor shear viscosity
sat. lig. thermal conductivity
sat. vap. thermal conductivity

‘@ Industrial Fluid Properties
W Simulation Challenge 2007

-20 0 20 40
deviation from reference / %

60

uncertainty
of reference

mmm Round-Robin
model

=== New model
score:
331/350
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Vapor-Liquid Equilibrium Ethylene Oxide + Water

p =0.44 MPa
& =1.05

400 -
Case:
A »good predictions by
= molecular simulation
»wrong prediction by EOS
350 f

+ Experiment

® Simulation
— Peng-Robinson EOS

0.0 0.2 0.4 0.6 0.8 1.0
Xgo / mol mol™
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Henry’s Law Constants of Ethylene Oxide

HEO/MPa

30 -

10 -

%

° 0
0
350 400 450 500

'K

Symbols: Simulation:

Solvent:

® \Water (W)

o  Water (W) +
Ethylene Glycole (EG)
mass ratio W/EG =6
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Application to Reaction Kinetic Studies
Phosgeneation, Liquid Mixture (110 °C, 1 bar)

@@ |

5. e

» ¥ W

Phosgene + Cl-Benzene + HCI + 2,4-Diaminetoluene
50 mol% 40 mol% 7 mol% 3 mol%

Study of radial pair distribution (RDF)

local concentration c ;

gi.(l") — ]
/ overall concentration l:j]
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Radial Distribution Functions: Amine Groups — HCI
Important for Formation of Undesired Hydrochlorides

° Amine group N2 ] ° Amine group N4
| d,_ i i i
! NG ! —— NH, - (H in HCI)
. N2 | | | —— NH, — (Cl in HCI)
5 “ . 5 1 dvy g
\;:; ] v | \%4_ «—
3 N4 - 3
2 \\ 2
1 — 1 /
N N
0 2 4 6 8 0 2 4 6 8
r/A r/A

» Deviations between overall and local concentration up to a factor of 8
» HCI likes amine group N2 than amine group N4
» HCI preferentially docks with the proton at amine group N2,

that preference is not as strong for amine group N4
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Summary

v Molecular modeling and simulation of industrially relevant hazardous fluids
v Thermodynamic properties of pure components and mixtures
v Systems with Phosgene and Ethylene Oxide:
» Economically important
» Experiments difficult / only few reliable data
» Incentive for molecular simulations
v" Comparison of molecular simulations with experiments and EOS
v Molecular simulation: valuable independent predictive method
v Link to reaction engineering by RDF and local concentrations

v" Potential of molecular modeling and simulation is recognized in industry
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