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Abstract

The vapor-liquid phase behavior of binary mixtures containing Cyanogen, Cyanogen chloride,
Hydrogen cyanide and Acetonitrile is predicted by molecular simulation and compared to ex-
perimental data as well as the Peng-Robinson equation of state. Two new molecular force field
models are presented for Cyanogen and Cyanogen chloride, molecular models for the other com-
pounds are taken from preceding work. The parametrization of the present classical molecular
interaction models is carried out on the basis of quantum chemical calculations and subsequent
fitting to experimental vapor pressure and saturated liquid density data. To validate the present
molecular models, vapor-liquid equilibria for the pure cyanides and 14 binary mixtures con-
taining cyanides are calculated and compared with the available experimental data and the
Peng-Robinson equation of state. In general, the simulation results are in good agreement with

the experimental data.
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1 Introduction

Cyanides are chemical compounds that contain the cyano group N=C-R. Solutions of cyanides
readily bond with gold, silver and other metals so that they are of major importance for the
mining industry. In order to obtain gold from ore, solutions of cyanides are most effective.
However, despite the fact that they are highly toxic for humans and wildlife, large quantities
from mining processes often end up in the environment. Cyanides in very low concentrations
are ubiquitous in nature and nearly all organisms have enzymes to detoxify them. Fruits and
seeds, especially pits of many plants, such as cherries, peaches, almonds and lima beans, contain
cyanogens capable of releasing free cyanides following enzymatic degradation [1]. The edible
portion (the roots) of the cassava plant (a food staple in many parts of the world) is also

cyanogenic [2].

Cyanides have been used throughout history as a poison. The Roman emperor Nero used cherry
laurel water to poison members of his family and others who displeased him. Napoleon III
proposed the use of cyanides on soldier’s bayonets to enhance effectiveness [3]. Cyanides were
used as a chemical weapon in their hydrogenated gaseous form HCN since World War I [4,5].
Cyanides were also called "blood agents”, which is an antiquated military term. At the time of
the introduction of cyanides in World War I, the other deployed chemical agents caused mainly
local effects: riot control agents injured the skin and mucous membranes after direct contact,
whereas Phosgene damaged the lungs after inhalation. In contrast, cyanides led to systemic
effects after inhalation and were thought to be carried in the blood [3]. Other supposed military
uses of cyanides include Japanese attacks on China before and during World War II. During
World War II, the Germans used Zyklon B, a cyanides based rodenticide, to kill millions of
people [3]. More recently, Iraq used cyanides against the Kurds in the 1980s [3]. However, recent
environmental disasters and human tragedies caused by industrial accidents are due to cyanides.
In 2000, a retaining wall failed at the Aurul gold processing plant in Romania, releasing a wave
of cyanides and heavy metals that quickly propagated waterborne through Romania, Hungary,

Serbia and Bulgaria, killing fish and other wildlife and poisoning drinking-water supplies [6].



On the other hand, these compounds have a broad variety of useful technical applications.
Cyanides mostly appear as intermediates in the production of numerous downstream chemicals

and are employed as solvents. A few examples are discussed below.

Backed by the chemical industry, substantial efforts were made in recent years by the molecular
simulation community to tackle thermophysical properties of technically relevant fluid systems.
This is particularly rewarding for substances which have hazardous properties, like being toxic
or explosive, that render experimental studies difficult. Here, the results from a co-operation
between academia and Lonza AG, Switzerland are presented. In this work, the fluid phase be-
havior of mixtures containing Cyanogen, Cyanogen chloride, Hydrogen cyanide and Acetonitrile
were studied. For two pure compounds (Cyanogen and Cyanogen chloride), molecular force field
models were developed here on the basis of quantum chemical (QC) calculations and optimiza-
tions to experimental vapor pressure and saturated liquid density data. Molecular models from
prior works of our group were taken for the other compounds. Based on these molecular mod-
els, VLE data were predicted for three binary systems containing Cyanogen chloride, Cyanogen
and Hydrogen cyanide. Furthermore, VLE of 11 binary mixtures containing Acetonitrile were
simulated. These are Acetonitrile + (Acetone, Ammonia, Benzene, Chlorobenzene, Chloroform,

Cyanogen, Cyanogen chloride, Ethanol, Hydrogen cyanide, Methanol, Toluene).

2 Molecular model class

The present molecular models include three groups of potential parameters. These are the ge-
ometric parameters, specifying the positions of different interaction sites, the electrostatic pa-
rameters, defining the polar interactions in terms of point charges, dipoles or quadrupoles, and
the dispersive and repulsive parameters, determining the attraction by London forces and the
repulsion by electronic orbital overlaps. Here, the Lennard-Jones (LJ) 12-6 potential [7,8] was

used to describe the dispersive and repulsive interactions. The total intermolecular interaction



energy thus writes as
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where 7jab, €ijab, Oijap are the distance, the LJ energy parameter and the LJ size parameter,
respectively, for the pair-wise interaction between LJ site a on molecule ¢ and LJ site b on
molecule j. The permittivity of the vacuum is €y, whereas g, pi. and @Q;. denote the point
charge magnitude, the dipole moment and the quadrupole moment of the electrostatic interaction
site ¢ on molecule ¢ and so forth. The expressions f,(w;,w;) stand for the dependence of the
electrostatic interactions on the orientations w; and w; of the molecules i and j [9,10]. Finally,
the summation limits N, SLJ and S¢ denote the number of molecules, the number of LJ sites

and the number of electrostatic sites, respectively.

It should be noted that a point dipole may, e.g. when a simulation program does not support
this interaction site type, be approximated by two point charges +q separated by a distance
[. Limited to small [, this distance may be chosen freely as long as p = gl holds. Analogously,
a linear point quadrupole can be approximated by three collinear point charges ¢, —2¢ and q

separated by [ each, where Q = 2qI? [11].
For a given molecule, i.e. for a pure fluid throughout, the interactions between LJ sites of different
type were defined here by applying the standard Lorentz-Berthelot combining rules [12,13]
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3 Molecular pure substance models

All molecules studied in the present work do not exhibit significant conformational changes.
Hence their internal degrees of freedom were neglected and the molecular models were chosen
to be rigid. In a first step, the geometric data of the molecules, i.e. bond lengths, angles and
dihedrals, were determined by QC calculations. Therefore, a geometry optimization was carried
out via an energy minimization using the GAMESS(US) package [14]. The Hartree-Fock level
of theory was applied with a relatively small (6-31G) basis set. Intermolecular electrostatic in-
teractions mainly occur due to the static polarity of single molecules that can well be obtained
by QC. Here, the Mgller-Plesset 2 level of theory was used that considers electron correlation
in combination with the polarizable 6-31G basis set. The resulting electron distribution was ap-
proximated by dipoles or quadrupoles. The atomic charges were estimated here by the Mulliken

method [15].

3.1  Cyanogen

Cyanogen plays an important role in many organic reactions and it can be used as a high-energy
fuel in the chemical industry or as a missile propellant [16]. Cyanogen is used in organic syntheses
[16], as a pesticide [16], fumigant [16] or in gold extraction processes [17]. It should be noted

that Gay-Lussac was first person who synthesized Cyanogen in 1815 [16] and gave it its name.

A new molecular model was developed in this work for Cyanogen (N=C—C=N) based on
QC information on molecular geometry and electrostatics. This Cyanogen model consists of
four LJ sites, i.e. one for every atom. The polarity was modeled by a one relatively strong
point quadrupole (-9.91 DA) located in the center of mass. Magnitude and orientation of the
quadrupole, being along the molecular axis, were passed on from the QC calculations. All geo-
metric data of the molecular model were determined by QC calculations.

The four parameters of the LJ sites, i.e. on, en, 0¢ and ¢, were adjusted to experimental VLE
data. All parameters of the molecular model are given in Table 1. Table 2 presents the critical

properties of Cyanogen predicted on the basis of the present molecular model. The critical prop-



erties were determined through fits to the present VLE simulation results as suggested by Lotfi
et al. [18]. The pure substance VLE simulation results for Cyanogen are shown in Figures 1 to
3, where they are compared to experimental data and the DIPPR correlations [19]. No other

molecular models for Cyanogen were found in the literature.

Only few experimental data for the saturated liquid density of Cyanogen are available [20—-22].
The majority of the data cover the temperature range from 240 to 290 K only. A good agreement
between simulation and experiment was achieved: the estimated deviation of saturated liquid
density in this temperature range is 0.6 %, cf. Figure 4. A large number of experimental data
points for the vapor pressure of Cyanogen are available in the literature [21,23-28|. Despite the
good experimental data base, the desired quality was not achieved by the present optimization
without significantly altering the quadruple magnitude. The model yields an average deviation

in vapor pressure of 13 % over the full temperature range.

3.2 Cyanogen chloride

Cyanogen chloride is a toxic gas which was historically deployed in chemical warfare. It continues
to be produced in limited amounts for industrial applications. Currently, it is used in fumigants

[16], metal cleaners [16,29], the production of synthetic rubber [16] or in chemical synthesis [16].

Cyanogen chloride (N=C—Cl) was modeled in the present work with three LJ sites, i.e. one for
every atom. The electrostatic interactions were described by one dipole and one quadrupole that
are both oriented along the molecular axis. All geometric data of the molecular model, i.e. bond
lengths and angles, were determined by QC calculations in the same way as for Cyanogen. The
six parameters of the LJ sites, i.e. on, en, 0¢, €, 01 and e¢p, were adjusted to experimental
VLE data. The optimized parameter set of the new molecular model is presented in Table 1, its
critical properties are compared to reference data in Table 2. No other molecular models were

found in the literature for Cyanogen chloride.

The pure substance VLE simulation results are shown in Figures 1 to 3, where they are compared

to experimental data and the DIPPR correlations [19]. Some experimental data sets for Cyanogen



chloride are available for comparison [20,22,30-36]. However, the majority of these data cover
the temperature range from 260 to 290 K only. A very good agreement was obtained with
the present model in this temperature range, yielding mean unsigned errors in saturated liquid
density, vapor pressure and enthalpy of vaporization of 0.3, 2.1 and 3.3 %, respectively, cf. Figure
4.

For pure Cyanogen chloride, predicted data on the second virial coefficient and the isobaric heat
capacity are available from DIPPR. Figures 5 and 6 show the simulation results compared to
correlations of predicted data taken from DIPPR [19]. The present second virial coefficient agrees
well with the DIPPR correlation at high temperatures, however below 300 K, the two predictive
models disagree. The isobaric heat capacity ¢, was determined here by molecular simulation
and compared to predicted data from Chueh et al. [32]. Over the entire temperature range,
the ¢, data from simulation are consistently higher, cf. Figure 6. The deviations are between 9
and 14 %. Note that the residual isobaric heat capacity was determined by simulation. For the
comparison in Figure 6, the ideal gas contribution to the heat capacity was taken from DIPPR

[37,38] and added to the simulation results.

3.3 Hydrogen cyanide

Hydrogen cyanide is an important industrial chemical of which over a million tonnes are produced
globally each year. It is synthesized by a reaction of Methane and Ammonia in air at high
temperature. In Water, Hydrogen cyanide acts as a weak acid, donating its proton to Water.
The remaining cyanide anion (CN™) may react by donating an electron pair to Carbon with
partial positive charge character in an organic compound. Consequently, Hydrogen cyanide can
be used to yield nitrile compounds, which contain a Nitrogen atom that is triple-bonded to a
Carbon atom on a carbon chain. This property makes Hydrogen cyanide useful in the synthesis

of organic compounds like pharmaceuticals [29] or chelating agents [29].

The molecular model for Hydrogen cyanide (N=C—H) was taken from Eckl et al. [39], because
no other molecular models were found in the literature. It consists of two LJ sites, one for the

methine group and one for the nitrogen atom, one dipole and one quadrupole that are both



oriented along the molecular axis. The model by Eckl et al. shows mean unsigned deviations to
experimental data of 1.0 % for the saturated liquid density, 7.2 % for the vapor pressure and
12.2% for the enthalpy of vaporization over the whole temperature range from the triple point

to the critical point.

3.4 Acetonitrile

Acetonitrile is a core solvent in the chemical industry, particularly for the pharmaceutical sector,
which accounts for over 70 % of the total market. The popularity of Acetonitrile is due to its
excellent solvation ability with respect to a wide range of polar and non-polar solutes as well as
other favorable properties, such as low freezing/boiling points, low viscosity and relatively low
toxicity. Acetonitrile is often used in GC analysis, UV analysis, TLC and HPLC applications
as well as other wet chemistry test methods [40]. Acetonitrile, also called Methyl cyanide, is
the simplest organic nitrile. Its reaction with Cyanogen chloride at temperatures above 600 °C
supplies Malononitrile, which is an important building block for the syntheses of pharmaceuticals
(e.g. Triamterene, Adenine or Methotrexate), Thiamin (vitamin B1), pesticides or dyestuffs for

photography [40].

Several molecular models for Acetonitrile (N=C—CHjs) are available in the literature: Eckl et
al. [39], Jorgensen and Briggs [41], Price et al. [42], Guardia et al. [43], Nikitin and Lyubartsev
[44], Hloucha and Deiters [45], Wick et al. [46] and Deublein et al. [47]. The molecular model
for Acetonitrile by Deublein et al. [47], that is based on the LJ approach with one superimposed
dipole, was used here. The geometry of this molecular model and its electrostatics were specified
according to QC data, while several LJ parameters were adjusted to experimental VLE data
with an automated optimization procedure. This molecular model reproduces the experimental
reference data with average deviations of 0.1 %, 4.7 % and 3.9 % for saturated liquid density,
vapor pressure and enthalpy of vaporization for temperatures between 60 and 99 % of its critical

temperature.



3.5 Molecular models for the other compounds

The present work is devoted to the development and assessment of molecular models for cyanides
and their mixtures. Apart from the VLE data for the pure cyanides and the binary mixtures
Cyanogen chloride + Hydrogen cyanide and Hydrogen cyanide + Acetonitrile, experimental data
are primarily available in the literature for binary mixtures containing Acetonitrile. Binary Ace-
tonitrile mixtures with the following components were thus also simulated in the present work:
Acetone, Ammonia, Benzene, Chlorobenzene, Chloroform, Ethanol, Methanol and Toluene. The
employed molecular models were taken from preceding publications of our group and are briefly

described in the following.

The molecular model for Ammonia was taken from Eckl et al. [48]. It consists of a single LJ
site for the dispersive and repulsive interactions. The electrostatic interactions as well as hydro-
gen bonding were modeled by four superimposed partial charges. The new molecular model of
Acetone by Windmann and Vrabec [49] was chosen here to calculate the VLE of Acetonitrile +
Acetone. It is based on four LJ sites plus one relatively strong dipole (3.44 D) and one relatively
weak quadrupole (0.73 DA). In comparison with alternative Acetone models from the literature
[50,51], this model better represents the VLE properties in the relevant temperature range. The
molecular models that were used for Benzene, Chlorobenzene and Toluol were discussed in detail
by Huang et al. [52]. The molecular model for Chloroform was taken from Stoll et al. [53] and is
of two-center L.J plus point dipole type. The molecular models for Methanol and Ethanol were
developed by Schnabel et al. [54,55] and consist of two (Methanol) or three (Ethanol) LJ sites

and three point charges each.

4 Molecular mixture models

On the basis of defined pairwise additive pure fluid models, molecular modeling of mixtures
reduces to modeling the interactions between unlike molecules. Unlike interactions are of two
different types here. The unlike electrostatic interactions, e.g. between dipoles or quadrupoles,

were treated in a physically straightforward way, simply using the laws of electrostatics.



Unfortunately, the unlike dispersive attraction is not straightforward. If a mixture A + B is
modeled on the basis of Lennard-Jones potentials, the knowledge of the unlike L.J parameters
Tijab a0d €;jqp for the pair-wise interaction between LJ site a on molecule i of component A
and LJ site b on molecule 5 of component B is required. Due to the fact that there is no sound
physical framework for their determination, the broadly employed Lorentz-Berthelot combining
rules are the usual starting point [56]. Applying o, and ;45 as given by equations (2) and (3)
allows for the prediction of mixture properties from pure fluid data alone [56-60]. However, as
shown in these publications, a significant improvement can be achieved by introducing one state

independent binary interaction parameter £ to adjust the unlike energy parameter

Eijab = f\/&maé?jjbb- (4)

It allows to fine-tune the unlike dispersive attraction, a property which is very challenging even
for current QC approaches [61]. It should be pointed out that A and B are molecule species that
may each be described by several LJ sites with different energy parameters e. Thus, £ is a single
overall parameter that acts consistently on all individual unlike LJ interactions of the molecule

pair A + B.

For VLE, it was shown in [56] that £ can be adjusted to a single experimental binary vapor
pressure. Specifying temperature and saturated liquid composition, ¢ has hardly any influence
on the saturated liquid density and a minor influence on the saturated vapor composition. The
benefit of £ lies in a significantly enhanced representation of the two-phase envelope. The binary

interaction parameter was adjusted here following the same procedure as in [57-60,62].

5 Peng-Robinson equation of state

Cubic equations of state (EOS) are standard tool to correlate experimental data and are therefore
a workhorse for many technical applications. In the present work, the Peng-Robinson EOS with

the quadratic Van der Waals one-fluid mixing rule was used to adjust binary experimental data.

10



The Peng-Robinson EOS [63] is given by

RT a
v—> v(w+Db)+bv—0>)’

p:

where the temperature dependent parameter a is defined by

2
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The constant parameter b is

RT,
b=0.07780 —=<. (7)

Pe

Therein, critical temperature T, critical pressure p., acentric factor w and the molar mass M

of the pure substance are needed, cf. Table 3.

To apply the Peng-Robinson EOS to mixtures, mixed parameters a,, and b,, have to be defined.
For this purpose, a variety of mixing rules can be found in the literature. Here, the quadratic Van
der Waals one-fluid mixing rule [63] was chosen. It states that the pure substance parameters a

and b have to be replaced by

am =Y Z TiTa (8)

%

The indices 2 and 7 denote the components, with

aij = \Jaia;(1 — kiz), 9)

where k;; is an adjustable binary parameter to correlate experimental data. The constant pa-

rameter of the mixture is defined as

b = > x;b;. (10)

The results of the Peng-Robinson EOS are presented below and validated by comparison to data

from experiment and simulation.

11



6 Binary vapor-liquid equilibria

Based on the discussed molecular models, VLE data were predicted for binary systems containing
Cyanogen, Cyanogen chloride, Hydrogen cyanide and Acetonitrile. For two of the six binary
systems that can be formed from these compounds, i.e. Cyanogen chloride + Hydrogen cyanide
and Hydrogen cyanide + Acetonitrile experimental data were available. The experimental vapor
pressure at one liquid mole fraction was taken to adjust the binary parameter of the molecular
model. It should be pointed out that the saturated vapor composition was not included in the
adjustment so that the simulation data along the saturated vapor line are fully predictive and
thus can well be used to assess the mixture models. For the remaining four binary mixtures, no
experimental VLE data were available. Therefore the VLE were predicted for these systems by
molecular simulation and the results were compared with the Peng-Robinson EOS. Moreover,
VLE data were predicted for eight binary mixtures containing Acetonitrile, where the choice

was driven by the availability of experimental VLE data and molecular models.

For orientation and comparison, the results of the Peng-Robinson EOS [64] with adjusted binary
parameter k;; of the quadratic mixing rule are also presented. The EOS was optimized to the

same state point as the molecular model. The adjusted binary parameter k;; is given in Table 4.

6.1 Cyanogen chloride + Hydrogen cyanide

Cyanogen chloride and Hydrogen cyanide are similar in their toxicity so that experiments are
often avoided. For these systems, experimental data are available only from a single source from
1946 [65]. Gordon et al. [65] have investigated the binary VLE for the system Cyanogen chloride
+ Hydrogen cyanide at 288.15 K. The compositions of the coexisting phases under VLE were
determined by slow isothermal distillation and the vapor pressure by a mercury manometer
[65]. The present simulations were also carried out at constant temperature of 288.15 K. The
experimental vapor pressure at a liquid mole fraction of zxco = 0.5 mol/mol was taken to adjust
the binary parameter of the molecular model (§ = 1.023) and of the Peng-Robinson EOS (k;;

= 0.03). Figure 7 shows the VLE of Cyanogen chloride + Hydrogen cyanide at 288.15 K from

12



experiment, simulation and the Peng-Robinson EOS. It can be seen that the results obtained

by molecular simulation agree well with the experimental results and the Peng-Robinson EOS.

6.2 Hydrogen cyanide + Acetonitrile

Figure 8 shows the isobaric VLE of Hydrogen cyanide 4+ Acetonitrile at 0.1013 MPa from the
experiments by Jiang et al. [66], present simulations and the Peng-Robinson EOS. The binary
parameters £ = 1.02 and k;; = -0.0365 were adjusted to the vapor pressure measured by Jiang
et al. [66] at 319.25 K and a liquid mole fraction of xgcy = 0.5174 mol/mol. It can be seen
in Figure 8 that the predictions obtained by molecular simulation with the binary interaction
parameter § = 1.02 and those from the Peng-Robinson EOS with k;; = -0.0365 agree well with

the experimental data.

6.3 Cyanogen + Cyanogen chloride

The mixture Cyanogen chloride + Cyanogen is one of the four cases in this study for which no
experimental VLE data were available. Without experimental data for adjustment, £ = 1 was
adopted for the molecular mixture model. Simulation data on the saturated liquid line at zxcon
= 0.4 mol/mol were taken to adjust the binary parameter of the Peng-Robinson EOS (k;; =
-0.025). Figure 9 depicts the VLE of Cyanogen chloride + Cyanogen at 313.15 K. It can be seen
in Figure 9 that the results obtained by molecular simulation agree well with the Peng-Robinson
EOS outside of the Cyanogen-rich region. Considering the slightly too low vapor pressure of the
Cyanogen pure substance model at this temperature, cf. Figure 4, it can be seen that the slope

of the saturated liquid line of the mixture is followed reasonably well.

6.4 Cyanogen chloride + Acetonitrile

As for the previous mixture, no experimental VLE data for Cyanogen chloride 4+ Acetonitrile
were available. Without experimental data for adjustment, £ = 1 was adopted for the molecular
model. The VLE results of Cyanogen chloride + Acetonitrile are presented in Figure 10 at 313.15

K. The vapor pressure at a liquid mole fraction of xcc; = 0.5 mol/mol was taken to adjust the

13



binary parameter of the Peng-Robinson EOS k;; = -0.01. It can be seen in Figure 10 that the
predictions at 313.15 K obtained by molecular simulation and those from the Peng-Robinson

EOS are in very good agreement, some deviations are present on the saturated vapor line.

6.5 Cyanogen + Acetonitrile

Based on the two pure substance models described above, the VLE of the binary mixture
Cyanogen + Acetonitrile was simulated. Binary VLE data were generated on the basis of pure
substance properties only, because no experimental data for this mixture were available in the
literature. The results of the Peng-Robinson EOS with adjusted binary parameter k;; of the
quadratic mixing rule are also shown. Figure 11 shows the VLE of Cyanogen + Acetonitrile at
333.15 K from molecular simulation and the Peng-Robinson EOS. Without any experimental
data for adjustment, the vapor pressure predicted by the molecular model (¢ = 1) at a liquid mole
fraction of xnycon = 0.5 mol/mol was taken to adjust the binary parameter of the Peng-Robinson
EOS (k;; = -0.225). The simulation results are in very good agreement with the Peng-Robinson

EOS over the full composition range.

6.6 Cyanogen + Hydrogen cyanide

Isothermal VLE data of Cyanogen + Hydrogen cyanide are presented in Figure 12 at 313.15
K. No experimental data were available so that the simulation data can only be compared to
the Peng-Robinson EOS. Without any experimental data for adjustment, the simulation results
for the binary interaction parameter of the molecular model with £ = 1 were taken to adjust
the corresponding binary parameter of the Peng-Robinson EOS (k;; = -0.125). In analogy to
the mixture Cyanogen + Cyanogen chloride at 313.15 K, the results obtained by molecular
simulation agree well with the Peng-Robinson EOS outside of the Cyanogen-rich region. This
is again caused by a too low vapor pressure of the Cyanogen pure substance model at low

temperatures, cf. Figure 4.

14



6.7 Binary miztures with Acetonitrile

Many technical processes in chemical engineering are dealing with fluid mixtures containing
Acetonitrile. In this work, a total of eight binary mixtures containing Acetonitrile were simulated.
These are Acetonitrile + (Acetone, Ammonia, Benzene, Chlorobenzene, Chloroform, Ethanol,
Methanol, Toluene). Depending on the available experimental data, the simulation results for
binary mixtures are presented here in pressure or temperature vs. mole fraction phase diagrams.
For all studied mixtures, experimental VLE data were available for adjustment and comparison.
Throughout, the Peng-Robinson EOS was adjusted to the same experimental data point as the

binary interaction parameter &.

Figure 13 shows the VLE simulation results for Ammonia + Acetonitrile at 0.59 MPa in com-
parison to experimental VLE data provided by Tyvina and Fokina [67] and the Peng-Robinson
EOS. The binary parameters { = 0.97 and k;; = -0.015 were adjusted to the experimental vapor
pressure at 313.15 K for a liquid mole fraction of gz = 0.42 mol/mol. It can be seen in Figure
13 that the results obtained by molecular simulation agree well with the experimental data on
the saturated liquid line, but overestimate the Ammonia content on the saturated vapor line.
In the Acetonitrile-rich region, the narrow two-phase envelope is well predicted by simulation,
whereas in the Ammonia-rich region, the experimental data yield a qualitatively different form.
The Peng-Robinson EOS yields the same course of the saturated vapor line as the molecular

model.

The binary VLE of Chloroform + Acetonitrile is presented in Figure 14 for the temperature
303.15 K. The experimental vapor pressure by Lazarte et al. [68] at the same temperature and
zcucis = 0.56 mol/mol was taken to adjust the binary parameter of the molecular model (§ =
0.99) and of the Peng-Robinson EOS (k;; = 0.021). Despite the significant deviations between
calculated, simulated and measured vapor pressures for the pure compounds (especially for

acetonitrile), the agreement in phase envelope is satisfactory.

Figure 15 shows the isothermal VLE simulation results for Acetonitrile + Chlorobenzene at

328.15 K in comparison to experimental data provided by Nagata [69] and the Peng-Robinson

15



EOS. The binary parameters § = 0.96 and k;; = 0.084 were adjusted to the experimental vapor
pressure at 328.15 K at a liquid mole fraction of zcopsny = 0.488 mol/mol. It can be seen in
Figure 15 that the results obtained by molecular simulation agree well with the experimental
results on the saturated liquid line, but overestimate the Acetonitrile content on the saturated

vapor line.

Figure 16 shows the isothermal VLE simulation results of Acetone + Acetonitrile at 318.15 K
from experiment, simulation and Peng-Robinson EOS. For this mixture, it can be seen that the
very narrow shape of the two-phase envelope was predicted correctly. The experimental vapor
pressure by Brown and Smith [70] at 318.15 K and xc3peo = 0.481 mol/mol was taken to adjust
the binary parameter of the molecular model (£ = 1.0) and of the Peng-Robinson EOS (k;; =
0.017). It should be noted that the description of the interactions between LJ sites of unlike
molecules was in this case the same as the standard Lorentz-Berthelot combining rule. For £ =
1, the results obtained with molecular simulation are also close to those from the Peng-Robinson
EOS on the saturated liquid line, however, the simulated vapor pressure for Acetonitrile shows
significant deviations. For the mixture Acetone + Acetonitrile, isobaric experimental VLE data
at ambient pressure were available as well. Figure 17 shows the isobaric VLE of Acetone +
Acetonitrile at 0.10133 MPa from the experiments carried out by Gorshkov et al. [71] and Pratt
[72], present simulations and the Peng-Robinson EOS. The adjusted binary parameters were the
same as for the isothermal VLE (£ = 1 and k;; = 0.017). It can be seen that the simulation
results match almost perfectly with the experimental data on the saturated liquid line. On the
saturated vapor line, the experimental data and the simulation results exhibit some scatter, but

the agreement is reasonable.

In Figures 18 to 21, the VLE of Acetonitrile + Ethanol and Methanol + Acetonitrile are pre-
sented. For both mixtures, isothermal and isobaric VLE experimental data are available [73-76].
To adjust the binary parameter of the models, isothermal experimental vapor pressure data at
equimolar composition by Sugi and Katayama [73] for Acetonitrile + Ethanol and by Dohnal et
al. [75] for Methanol + Acetonitrile were taken. The adjusted binary parameters { and k;; are

given in Table 4. It should be noted that the parameter for the interactions between LJ sites of
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unlike molecules was in this case unusually low, i.e. £ < 0.9. The binary systems Acetonitrile
+ Ethanol and Methanol + Acetonitrile have an azeotrope. The location of the azeotrope from
present simulations is in good agreement with that from the literature [73-76]. For these mix-
tures, experimental data and simulation results agree very well on the saturated liquid line as

well as on the saturated vapor line.

The VLE of the binary system Benzene + Acetonitrile is shown in Figures 22 and 23. Present
simulation results are compared to experimental data by Monfort [77] and Di Cave and Maz-
zarotta [78] as well as to the Peng-Robinson EOS [64] for the temperature 343.15 K as well
as for the pressure 0.1013 MPa. The experimental vapor pressure by Monfort [77] at 343.15 K
and zcogne = 0.504 mol/mol was taken to adjust the binary parameter of the molecular model
(€ = 1.024) and of the Peng-Robinson EOS (k;; = 0.075). This mixture is azeotropic too, the
azeotropic composition at 343.15 K is xggae =~ 0.53 mol/mol. The azeotrope can also be seen in
the isobaric VLE, where it is also approximately at equimolar composition. Both the simulation
results and the Peng-Robinson EOS match well with the experimental data, but the phase en-
velope from simulation is a little wider than the one from experiment. However, the simulated

vapor pressure of both pure compounds is lower than the experiment.

In Figures 24 and 25, VLE data of Acetonitrile + Toluene are presented. Figure 24 shows the
simulation results at 343.15 K in comparison to experimental VLE data provided by Monfort
[77] and the Peng-Robinson EOS. The experimental vapor pressure at 343.15 K and xcopsn =
0.52 mol/mol was taken to adjust the binary parameter of the molecular model (£ = 0.918)
and of the Peng-Robinson EOS (k;; = 0.081). Like the preceding two systems, this mixture is
azeotropic and has a temperature minimum. In this case, the azeotropic point lies at zcopsn =~
0.86 mol/mol. It can be seen in Figure 24 that the experimental data and the simulation results
exhibit some scatter, but the topology is satisfactory. The vapor pressures of pure compounds
was underestimated. Figure 25 shows the isobaric VLE simulation results with £ = 0.918 for
Acetonitrile + Toluene at 0.028 MPa in comparison to experimental VLE data provided by Di
Cave and Mazzarotta [78] and the Peng-Robinson EOS with k;; = 0.081. Figure 25 shows that

the narrow two-phase envelope in the Acetonitrile-rich region was well predicted by simulation,
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whereas in the Toluene-rich region, the experimental data exhibit a qualitatively different form.

7 Conclusion

Molecular modeling and simulation was applied to predict the phase behavior of pure fluids and
binary mixtures containing cyanides. New molecular models, based on quantum chemical infor-
mation on molecular geometry and electrostatics, were developed for Cyanogen and Cyanogen
chloride. Furthermore, experimental data on the saturated liquid density and the vapor pressure
were taken into account to optimize the LJ parameters of these pure substance models. These
pure fluid properties were represented accurately from the triple point to the critical point. It
was also shown that both models are capable to reasonably predict the second virial coefficient.
Unfortunately, few experimental data on VLE properties of binary mixtures containing these

compounds were available.

For an optimized description of the binary VLE, the unlike dispersive interaction was adjusted
for ten of the 14 studied binary systems to a single experimental vapor pressure. With these
binary mixture models, VLE data were predicted for a wide range of compositions. For four
binary mixtures (i.e. all mixtures with Cyanogen as well as Cyanogen chloride + Acetonitrile),
no experimental VLE data were available. For these mixtures, VLE were predicted with £ =1 for
the molecular model. Furthermore, the Peng-Robinson EOS with the quadratic mixing rule was
adjusted for all studied binary mixtures to experimental data or, if not available, to the present
simulation data. Generally, the predictions show a good agreement with the experimental VLE

data and the Peng-Robinson EOS.

This work shows that molecular modeling and simulation can successfully be used to predict
thermophyiscal data of industrially important pure fluids and mixtures that have a hazardous

nature.
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8 Appendix: Simulation details

The Grand Equilibrium method [79] was used to calculate VLE data for all systems and the
calculations were performed with the ms2 simulation code [80]. For the liquid, Monte-Carlo
simulations were performed in the isobaric-isothermal (NpT') ensemble. There, the number of
molecules was 864 for pure fluids and for mixtures. The gradual insertion method [81,82] was used
to calculate the chemical potential for all binary systems. Starting from a face centered cubic
lattice, 30 000 Monte Carlo cycles with the first 10 000 cycles in the canonical (NVT') ensemble
were carried out for equilibration and 100 000 for production. Each cycle contained a number of
attempts to displace and rotate molecules equal to the actual number of molecules N plus one
volume move. Every cycle, 10 x N fluctuating state change moves, 10 x N fluctuating particle
translation /rotation moves, and 50 x N biased particle translation/rotation moves were sampled
to determine the chemical potential. For the corresponding vapor, Monte Carlo simulations in
the pseudo-p V1" ensemble were carried out. The simulation volume was adjusted to lead to an
average number of 500 molecules in the vapor phase. After 10 000 initial NVT Monte Carlo
cycles, starting from a face centered cubic lattice, 25 000 equilibration cycles in the pseudo-puV'7T
ensemble were sampled. The length of the production run was 100 000 cycles. The cut-off radius
was set to 15 A throughout and a center of mass cut-off scheme was employed. LJ long-range
interactions beyond the cut-off radius were corrected employing angle averaging as proposed
by Lustig [83]. Electrostatic interactions were calculated using the reaction field method [9)].

Statistical uncertainties of the simulated values were estimated by a block averaging method
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Table 1

Parameters of the molecular models for Cyanogen and Cyanogen chloride. LJ interaction sites are
denoted by the modeled atoms. Electrostatic interaction sites are denoted by dipole or quadrupole,
respectively. Coordinates are given with respect to the center of mass in a principal axes system.
Orientations of the electrostatic sites are defined in standard Euler angles, where ¢ is the azimuthal
angle with respect to the x — z plane and 6 is the inclination angle with respect to the z axis.

interaction site =z vy z o e/kp 0 % I Q
A A A K deg deg D DA

Cyanogen

N 0 0 1.8676 3.3186  35.70

C 0 O 0.6877 3.5673  28.56

C 0 0 —0.6877 3.5673 28.56

N 0 0 —-1.8676 3.3186 35.70

quadrupole 0 0 0 0 0 —-9.91

Cyanogen chloride

Cl 0 0 —1.5824 3.45 240.00

C 0 0 —0.3989 2.86 19.00

N 0 0 1.2322  3.37 52.00

dipole 0 0 0 0 0 2.69
quadrupole 0 0 0 0 0 —3.87
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Table 2
Critical properties of the pure fluids on the basis of present molecular models in comparison to reference
data.

Fluid Tjim T ef pzim pzef piim pzef Ref.

K K mol/l mol/l MPa MPa
Cyanogen 384 (4) 397.15-401.45 6.8 (2) 6.62 4.8 (3) 592-6.25 [19,85 87]
Cyanogen chloride 446 (4) 449.00 6.9 (2) 6.14 6.0 (4) 5.99 [88-90]
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Table 3
Pure substance parameters of the Peng-Robinson EOS, taken from DDB [91] or Refprop [92] or derived
from the present simulation results in case of Cyanogen chloride.

substance T. De w M

K MPa - g/mol
Acetone 508.1 4.70  0.309 58.079
Acetonitrile 548.0  4.83 0.321 41.052
Ammonia 405.6 11.28 0.250 17.030
Benzene 562.1  4.89 0.212 78.112
Chlorobenzene 632.4  4.52 0.249 112.56
Chloroform 536.4 547 0.216 119.38
Cyanogen 400.0 598 0.279 52.035
Cyanogen chloride  449.0 5.99 0.322 61.470
Ethanol 516.2  6.38 0.635 46.068
Hydrogen cyanide  456.8 5.39 0.407  27.030
Methanol 5126  8.10 0.559  32.042
Toluene 591.7  4.11 0.257 92.138
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Table 4
Binary interaction parameter of the molecular models and binary parameter of the Van der Waals
one-fluid mixing rule of the Peng-Robinson equation of state as adjusted in the present work.

Mixture & ki

Ammonia + Acetonitrile 0.97 —0.015
Acetone + Acetonitrile 1 0.017
Acetonitrile + Chlorobenzene 0.96 0.084
Acetonitrile + Ethanol 0.89 0.071
Acetonitrile + Toluene 0.918 0.081
Benzene + Acetonitrile 1.024 0.075
Chloroform + Acetonitrile 0.99 0.021
Cyanogen + Acetonitrile 1 —0.225
Cyanogen + Cyanogen chloride 12 —0.025
Cyanogen + Hydrogen cyanide 12 —0.125
Cyanogen chloride + Acetonitrile 1 —0.010

Cyanogen chloride + Hydrogen cyanide 1.023 0.030
Hydrogen cyanide + Acetonitrile 1.02 —0.054
Methanol + Acetonitrile 0.86 0.035

& Not adjusted due to lack of experimental data

28



List of Figures

1 Saturated densities of Cyanogen (®) and Cyanogen chloride (l): experimental
saturated liquid density [20-22,30,31] (+); DIPPR correlation of experimental
data [19] (—). The statistical uncertainties of the present simulation data are

within symbol size.

2 Logarithmic vapor pressure of Cyanogen (®) and Cyanogen chloride (H):
experimental data [21,23-28,33-36] (4); DIPPR correlation of experimental data
[19] (—). The statistical uncertainties of the present simulation data are within

symbol size.

3 Enthalpy of vaporization of Cyanogen (®) and Cyanogen chloride (H):
experimental data [24,25,94] (4); DIPPR correlation of experimental data [19]
(—). The statistical uncertainties of the present simulation data are within

symbol size.

4 Relative deviations of vapor-liquid equilibrium properties from correlations
of experimental data [19]. Cyanogen: simulation data (®), experimental data
[20-28,94] (+); Cyanogen chloride: simulation data (M), experimental data
[20,22,30-36,94] (x). Top: saturated liquid density, center: vapor pressure,
bottom: enthalpy of vaporization. The error bars indicate statistical uncertainties

of the present simulation data.

5  Second virial coefficient of Cyanogen (®) and Cyanogen chloride (H): data

predicted by DIPPR [96,97] (+); DIPPR correlations of predicted data [19]
).

6  Isobaric heat capacity of liquid Cyanogen chloride at 0.1 MPa (H): experimental
data [32] (+); DIPPR correlation of experimental data [19] (—). The statistical

uncertainties of the present simulation data are within symbol size.
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within symbol size.
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symbol size.

Isothermal vapor-liquid phase diagram of Cyanogen + Hydrogen cyanide at
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present simulation data with £ = 0.97 (®); experimental data by Tyvina and
Fokina [67] (+); Peng-Robinson EOS with k;; = -0.015 (—). The statistical

uncertainties of the present simulation data are within symbol size.

Isothermal vapor-liquid phase diagram of Chloroform + Acetonitrile at 303.15
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Isothermal vapor-liquid phase diagram of Acetonitrile + Chlorobenzene at
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uncertainties of the present simulation data are within symbol size.
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Isobaric vapor-liquid phase diagram of Acetonitrile + Ethanol at 0.045 MPa:
present simulation data with £ = 0.89 (®); experimental data by Dohnal et al.
[74] (+); Peng-Robinson EOS with k;; = 0.071 (—). The statistical uncertainties

of the present simulation data are within symbol size.

Isothermal vapor-liquid phase diagram of Methanol + Acetonitrile at 303.15
K: present simulation data with £ = 0.86 (®); experimental data by Dohnal
et al. [75] (+); Peng-Robinson EOS with k;; = 0.035 (—). The statistical

uncertainties of the present simulation data are within symbol size.

Isobaric vapor-liquid phase diagram of Methanol 4+ Acetonitrile at 0.10133
MPa: present simulation data with & = 0.86 (®); experimental data by Tamir
and Wisniak [76] (+); Peng-Robinson EOS with £;;=0.035 (—). The statistical

uncertainties of the present simulation data are within symbol size.

Isothermal vapor-liquid phase diagram of Benzene + Acetonitrile at 343.15 K:
present simulation data with £ = 1.024 (®); experimental data by Monfort [77]
(+); Peng-Robinson EOS with k;; = 0.075 (—). The statistical uncertainties of

the present simulation data are within symbol size.

Isobaric vapor-liquid phase diagram of Benzene + Acetonitrile at 0.1013 MPa:
present simulation data with £=1.024 (®); experimental data by Di Cave and
Mazzarotta [78] (+); Peng-Robinson EOS with k;; = 0.075 (—). The statistical

uncertainties of the present simulation data are within symbol size.

Isothermal vapor-liquid phase diagram of Acetonitrile + Toluene at 343.15 K:
present simulation data with £ = 0.918 (®); experimental data by Monfort [77]
(+); Peng-Robinson EOS with k;; = 0.081 (—). The statistical uncertainties of

the present simulation data are within symbol size.
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Isobaric vapor-liquid phase diagram of Acetonitrile + Toluene at 0.028 MPa:
present simulation data with £ = 0.918 (®); experimental data by Di Cave and
Mazzarotta [78] (+); Peng-Robinson EOS with k;; = 0.081 (—). The statistical

uncertainties of the present simulation data are within symbol size.
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Fig. 1. Saturated densities of Cyanogen (®) and Cyanogen chloride (B): experimental saturated liquid
density [20-22,30,31] (+); DIPPR correlation of experimental data [19] (—). The statistical uncer-

tainties of the present simulation data are within symbol size.
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Fig. 2. Logarithmic vapor pressure of Cyanogen (®) and Cyanogen chloride (H): experimental data

[21,23-28,33-36] (+); DIPPR correlation of experimental data [19] (—). The statistical uncertainties

of the present simulation data are within symbol size.
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Fig. 3. Enthalpy of vaporization of Cyanogen (®) and Cyanogen chloride (M): experimental data
[24,25,94] (+); DIPPR correlation of experimental data [19] (—). The statistical uncertainties of

the present simulation data are within symbol size.
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Fig. 4. Relative deviations of vapor-liquid equilibrium properties from correlations of experimental data
[19]. Cyanogen: simulation data (®), experimental data [20-28,94] (4); Cyanogen chloride: simulation
data (M), experimental data [20,22,30-36,94] (x). Top: saturated liquid density, center: vapor pres-
sure, bottom: enthalpy of vaporization. The error bars indicate statistical uncertainties of the present

simulation data.
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Fig. 5. Second virial coefficient of Cyanogen (®) and Cyanogen chloride (l): data predicted by DIPPR
[96,97] (+); DIPPR correlations of predicted data [19] (—).
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Fig. 6. Isobaric heat capacity of liquid Cyanogen chloride at 0.1 MPa (M): experimental data [32]
(4); DIPPR correlation of experimental data [19] (—). The statistical uncertainties of the present

simulation data are within symbol size.
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Fig. 7. Isothermal vapor-liquid phase diagram of Cyanogen chloride + Hydrogen cyanide at 288.15
K: present simulation data with £ = 1.023 (®); experimental data by Gordon and Benson [65] (+);
Peng-Robinson EOS with k;; = 0.03 (—). The statistical uncertainties of the present simulation data

are within symbol size.
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Fig. 8. Isobaric vapor-liquid phase diagram of Hydrogen cyanide + Acetonitrile at 0.10133 MPa: present
simulation data with £ = 1.02 (®); experimental data by Jiang et al. [66] (+); Peng-Robinson EOS
with k;; = -0.054 (—). The statistical uncertainties of the present simulation data are within symbol

size.

p/ MPa

0.0

0.0 0.2 0.4 0.6 0.8 1.0

A
x,yNCCN/ mol mol

Fig. 9. Isothermal vapor-liquid phase diagram of Cyanogen 4+ Cyanogen chloride at 313.15 K: present
simulation data with £ = 1 (®); Peng-Robinson EOS with k;; = -0.025 (— ). The statistical uncer-

tainties of the present simulation data are within symbol size.
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Fig. 10. Isothermal vapor-liquid phase diagram of Cyanogen chloride + Acetonitrile at 313.15 K: present
simulation data with £ =1 (®); Peng-Robinson EOS with k;; =-0.01 (—). The statistical uncertainties

of the present simulation data are within symbol size.
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Fig. 11. Isothermal vapor-liquid phase diagram of Cyanogen + Acetonitrile at 333.15 K: present simu-
lation data with £ = 1 (®); Peng-Robinson EOS with k;; = -0.225 (—). The statistical uncertainties

of the present simulation data are within symbol size.
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Fig. 12. Isothermal vapor-liquid phase diagram of Cyanogen + Hydrogen cyanide at 313.15 K: present
simulation data with £ = 1 (®); Peng-Robinson EOS with k;; = -0.125 (—). The statistical uncer-

tainties of the present simulation data are within symbol size.
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Fig. 13. Isobaric vapor-liquid phase diagram of Ammonia + Acetonitrile at 0.59 MPa: present simulation

data with £ = 0.97 (®); experimental data by Tyvina and Fokina [67] (+); Peng-Robinson EOS with
kij = -0.015 (—). The statistical uncertainties of the present simulation data are within symbol size.
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Fig. 14. Isothermal vapor-liquid phase diagram of Chloroform + Acetonitrile at 303.15 K: present
simulation data with £ = 0.99 (®); experimental data by Lazarte et al. [68] (+); Peng-Robinson EOS

with k;; = 0.021 (—). The statistical uncertainties of the present simulation data are within symbol

size.
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Fig. 15. Isothermal vapor-liquid phase diagram of Acetonitrile + Chlorobenzene at 328.15 K: present
simulation data with { = 1 (®); experimental data by Nagata [69] (+); Peng-Robinson EOS with k;;

= 0 (—). The statistical uncertainties of the present simulation data are within symbol size.
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Fig. 16. Isothermal vapor-liquid phase diagram of Acetone + Acetonitrile at 318.15 K: present simula-
tion data with £ = 1 (®); experimental data by Brown and Smith [70] (4); Peng-Robinson EOS with

kij = 0.017 (—). The statistical uncertainties of the present simulation data are within symbol size.
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Fig. 17. Isobaric vapor-liquid phase diagram of Acetone + Acetonitrile at 0.10133 MPa: present simula-
tion data with £ = 1 (®); experimental data by Gorshkov et al. [71] and Pratt [72] (+); Peng-Robinson
EOS with k;; = 0.017 (—). The statistical uncertainties of the present simulation data are within

symbol size.
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Fig. 18. Isothermal vapor-liquid phase diagram of Acetonitrile + Ethanol at 313.15 K: present simula-
tion data with & = 0.89 (®); experimental data by Sugi and Katayama [73] (+); Peng-Robinson EOS

with k;; = 0.071 (—). The statistical uncertainties of the present simulation data are within symbol

size.
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Fig. 19. Isobaric vapor-liquid phase diagram of Acetonitrile + Ethanol at 0.045 MPa: present simulation
data with £ = 0.89 (®); experimental data by Dohnal et al. [74] (4); Peng-Robinson EOS with k;; =
0.071 (—). The statistical uncertainties of the present simulation data are within symbol size.
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Fig. 20. Isothermal vapor-liquid phase diagram of Methanol 4+ Acetonitrile at 303.15 K: present simu-
lation data with £ = 0.86 (®); experimental data by Dohnal et al. [75] (4); Peng-Robinson EOS with

kij = 0.035 (—). The statistical uncertainties of the present simulation data are within symbol size.
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Fig. 21. Isobaric vapor-liquid phase diagram of Methanol + Acetonitrile at 0.10133 MPa: present
simulation data with £ = 0.86 (®); experimental data by Tamir and Wisniak [76] (+); Peng-Robinson
EOS with k;;=0.035 (—). The statistical uncertainties of the present simulation data are within symbol

size.
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Fig. 22. Isothermal vapor-liquid phase diagram of Benzene + Acetonitrile at 343.15 K: present simula-
tion data with & = 1.024 (®); experimental data by Monfort [77] (4+); Peng-Robinson EOS with k;; =
0.075 (—). The statistical uncertainties of the present simulation data are within symbol size.
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Fig. 23. Isobaric vapor-liquid phase diagram of Benzene + Acetonitrile at 0.1013 MPa: present simu-
lation data with £=1.024 (®); experimental data by Di Cave and Mazzarotta [78] (4); Peng-Robinson
EOS with k;; = 0.075 (—). The statistical uncertainties of the present simulation data are within

symbol size.
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Fig. 24. Isothermal vapor-liquid phase diagram of Acetonitrile + Toluene at 343.15 K: present simulation
data with £ = 0.918 (®); experimental data by Monfort [77] (+); Peng-Robinson EOS with k;; = 0.081

(—). The statistical uncertainties of the present simulation data are within symbol size.
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Fig. 25. Isobaric vapor-liquid phase diagram of Acetonitrile + Toluene at 0.028 MPa: present simulation
data with £ = 0.918 (®); experimental data by Di Cave and Mazzarotta [78] (+); Peng-Robinson EOS
with k;; = 0.081 (—). The statistical uncertainties of the present simulation data are within symbol

size.
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