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Calculation the thermodynamic properties of carbon
monoxide gas using Monte Carlo simulation for
adsorption researches
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ABSTRACT
The vapor-liquid equilibria of pure fluid carbon monoxide was predicted by Gibbs Ensemble

Monte Carlosimulation method (GEMC) using ourtwo new 5 - site intermolecular pair potentials
abinitio. The abinitio pair potentials were established from coupled - cluster calculations, using
the CCSD(T) level of theory and Dunning's correlation consistent basis sets aug-cc-pVmZ (m =2,
3) [1]. These potentials were also used for prediction of thermodynamics properties of vapor-
liquid equilibria by GEMC. The coexistence phase diagram and thermodynamic properties based
onthemarefoundtobeinverygoodagreementwithexperimentaldata.

Keywords: Gibbs ensemble Monte Carlo simulation (GEMC), ab initio pair potentials, vapor -

liquidequilibria

1.INTRODUCTION

Computer simulations have become indi-
spensable tools for studying pure fluids and fluid
mixture [2]. One of the first attempts Nasrabad
and Deiters predicted high-pressure vapour-liquid
phase equilibria of noble-gas mixtures [3 - 4] from
the global simulations using the intermo-lecular
potentials. Leonhard and Deiters used a 5 - site
Morse potential to represent the pair potential of
nitrogen [5] and were able to predict vapour
pressures and orthobaric densities successfully
with GEMC [6]. The thermo-dynamic data of
vapor - liquid equilibrium states need for
adsorption researches.

Adsorption plays an important role in the
physical chemistry processes occurring in the
body, especially activated carbon, with a high
adsorption capacity of many colorants, odors,
impurities, ..., which are significant in life and
in the pharmaceutical industry. In particular,
ion exchange adsorption has very important
applications in the processes of separating,
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extracting or purifying products of natural
origin. In addition, adsorption is also the basis
for analytical methods by chromatographic
techniques.

In this work we report the simulation results of
the vapor - liquid equilibria for fluid carbon
monoxide using Gibbs Ensemble Monte Carlo
(GEMC) simulation techniques with our new 5 -
site intermolecular pair potentials ab initio [7]
resulting from quantum mechanical calcu-
lations of dimer CO-CO. The simulation results
density, vapour pressure, enthalpyand entropy
of vaporization are compared with experi-
mental data.

2.COMPUTATIONALDETAILS

2.1. Abinitiocalculation

The ab initio potential energy surface of dimer
CO-CO was constructed by selecting over
1,000 molecular configurations. Ab initio

ISSN: 2615 - 9686



Journal of Science - Hong Bang International University - Vol.1 - 12/2020: 21-28

energy calculations were carried out on a
uniform grid of angular orientations
constructed by a permutation « of 0 to 180°, B
of 0to 180°, ¢ =0 - 180° with increments 45°,

and center - of - gravity distances r of 2.8 to 15
A with increment 0.2 A. The 5-site
intermolecular models for this dimer were
illustratedin Figure1.
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Figure 1. 5-site model of dimer CO-CO and special molecular orientations

The theoretical level CCSD(T) and the correlation
- consistent basis sets proposed by Dunning et
al. [8] aug-cc-pVDZ for oxygen 10s5p2d/4s3p2d,
carbon: 9s4pl1d/3s2pld and basis set aug-cc-
pVTZ for oxygen: 12s6p3d2f/5s4p3d2f, carbon:
15s6p3d1f/9s5p3d1f were used. The ab initio
energies were corrected for the basis set
superposition error (BSSE) [9]:

AEint= EAB- (EAb+ EaB) (1)
AE(m) = AE(e°) + cm” (2)

where E,,denotes the total electronic energy of a

E/uH

E/uH

Orientation X

dimer AB, E,, the energy of a dimer consisting of
an A atom and a B ghost atom (an atom without
nucleus and electrons, but having its orbitals),
and E_, vice versa. With m = 2 (for the aug-cc-
pVDZ basis set) or 3 (for the aug-cc-pVTZ basis
set), the complete basis set limit aug-cc-pV23Z
was calculated by ab initio intermolecular
energies AE(m). Ab initio calculations were
carried out with the Gaussian03™ program
package [1]. The potential energy surfaces of
special orientations were constructed by ab initio
intermolecular energies, as shownin Figure 2.

o

| ——Epau
200 4 | ——Ewu
—— B
1o \
L |
:
D
IIl -7
oo o \___ ey
20
3 . 7 N
riA
S0
o ——Epn
™ —=Enu
200 ——Epe
I 14
=
=
= —
-
<200
o0
<
s
0

Orientation T

Figure 2. Ab initio potential surface of CO-COdimer for special molecular orientations
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2.2. Abinitio pair potentials fordimerCO-COas[5-6, 10].
In this work two new 5 - site pair intermo-
lecular potentials were developed from The ab initio Morse - style pair potential proposed

Lennard-Jones potential and Morse potential by Naiker [10] is developed to use for dimer CO:
i —ayn q,9;
E E Dle ”+f()§ + i) (3)
- 4reyr;
= n=6.8.10 ' ij
s (0.7 k
With £, (5;r;) =1-¢ 52(/@]) and /() =1-e 7"
k=0 :

In this work the ab initio Lennard - Jones - style intermolecular pair potential is also constructed to

apply for dimer CO-CO:

S5 5 12 6

Oj Oj 4.4,
U= E E dey| =7 —— +f1(U) P (4)
=l =1 iy i 0%y

With £,(r,) =1-¢ "

Where D’ the well-depth parameter; «; the  All the optimal adjustable parameters of the
potential well width parameter; u'ﬂ the po- potentials Eq.3 and Eq.4 were drawn out by
sition parameters of the potential energy well, nonlinear least - square fitting to the ab initio
for all the interactions between site i on energy points, as in Figure 3. This fit process
molecule AandsitejonmoleculeB; r;site - site has to be carried out by two steps, as used in
distances; the g, g, electric charges of sites, [7]. The global minima are coarsely located by
andthe C dispersion coefficients; the leading means of the differential evolution algorithm,
dlsper5|on term is always proportional to r; and the parameters resulting from this
fa(o,r,) and f,(r,) the Tang - Toennies damping  algorithm are used as initial values for the

function [8]. Marqguardt-Levenbergalgorithm.
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Figure 3. Correlation of ab initio vs. fitted energies resulting from potential:
a) Eq.3 and b)Eq.4.
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2.3.Simulationruns

The ab initio pair potentials Eq.3 and Eq.4 were
used in Gibbs ensemble Monte Carlo (GEMC)
simulations to predict the vapor-liquid
equilibria of pure fluid carbon monoxide. The
GEMCsimulationsin this study were performed
under conditions of number of particles (N),
volume (V) and temperature (T) constant
(GEMC - NVT) with N = 512 molecules [2, 14].
The temperatures used for all the simulation
runs were less than the critical points of pure
fluid carbon monoxide. The simulation
equilibration between two phases required 2.0
x 10° cycles. All movements were performed
randomly with defined probabilities. The
simulation data were exported using block
averages with 1,000 cycles per block. The
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simulations were started with equal densitiesin
two phases. The simulation systems were
equilibrated forabout 1.0x 10° cycles.

3. RESULTS AND DISCUSSIONS

3.1. Structural properties

In this simulation case the temperature depen-
dence is shown by site-site pair distribution
function g.. Because of the 5-site model of dimer
CO-CO was constructed with two sites placed on
the atoms C and O, one site in the center of
gravity M and A placed between M and Cor O
[9]. Consequently, the pair distribution fun-
ctions also consisted of the interaction C-C, O-0,
M-M, A-A, A-C and O-M for fluid carbon
monoxide. The structural properties of this fluid
were shown in Figure 4.
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Figure 4. Dependence of the distribution functions g(r..), 9(r..), 9(r..) and g(r,,,,) on temperature
during GEMC-NVT simulation on CO
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3.2.Phasecoexistence properties

The simulation results are shown in Table 1 and
Table 2. The vapor-liquid coexisting phase curve of
the fluid carbon monoxide is illustrated in Figure 5
that was derived from least - squares fits to the

orthobaric densities using the relations Eq.5 of the
rectilinear diameter law [2]. The orthobaric
diagrams of them at various temperatures
resulting from the intermolecular potentials Eq.3
and Eq.4 were pointed out in Figure 5.

Eq.4
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Figure 5. Vapor-liquid coexistence diagram of carbon monoxide; experimental data and critical
temperature [13]

The experimental - critical densities and
temperatures of pure fluid carbon monoxide
were alsoshowninthere, respectively.
PR AT T)
P~ Q:B(T_z)ﬁ
Where prand pvare the coexistence liquid den-
sityand vapordensity, S isthecritical exponent
(f=0.325),AandBareadjustable constants.
The critical properties of the pure fluid carbon
monoxide could not be calculated directly from
the simulation, but they could be obtained
from the orthobaric densities of vapor-liquid
equilibria by the least - square fit to the
relations Eq.5.

The relation between vapor pressure, heat of
vaporization AH, and temperature is given by
the Clausius - Clapeyron equation.

(5)
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P AH[1 1

1

In—t=—* ——— (6)
P R\T T
2 2 1

For the standard state P° = 0.101 MPa this
relationisrewritten as

P AH 1 AS
n—=-—"—+—
P R T R
Here the slope and the intercept of InP are
proportionalto AH and AS,.
The vapour-liquid coexisting phase and
thermodynamic properties (such as Pv, P/, Hy,
Hi, Pv, AHy, AS)) of the pure fluid carbon mono-
xide that were calculated from Eqg.6 and Eq.7
are also shown in Table 1 and Table 2. The
results agreed reasonable well with expe-
rimental data.

(7)
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Table 1. Thermodynamic properties of vapor-liquid equilibria of carbon monoxide resulting from the

GEMC-NVTsimulation results using equations Eq.3 and Eq.4; Exp.: experimental values

T/K g‘.):riﬁ EXp. g.frfr{'3 EXp. J.|I1-I1vo/I'1 J.r:ltfl'l

80 0.006 0.005 0.792 0.791 560.62 -5,276.30
85 0.010 0.008 0.766 0.769 518.79 -5,083.20
90 0.017 0.014 0.740 0.754 210.26 -5,168.33
100 0.040 0.037 0.687 0.700 -189.93 -5,002.35
110 0.087 0.082 0.625 0.653 -959.24 -4,818.83
120 0.180 0.116 0.515 0.566 -879.59 -3,160.00

Table 2. Thermodynamic properties of carbon monoxide resulting from the GEMC-NVT simulation

results using equations Eq.3 and Eq.4; Exp.: experimental values

T/K tl:;/r EXp. ﬁ::u/-l EXp. J.onsl-vl/.K-1
80 | 1.021 0.811 5,836.918 6,038 72.961
85 | 1.631 1.013 5,601.989 5,719 65.906
9 | 2.536 2.026 5,378.592 5,298 59.762
100 | 5.726 6.079 4,812.418 4,965 48.124
110 | 11.960 10.132 3,859.594 4,304 35.087
120 | 23.430 20.264 2,280411 3,741 19.003

The discrepancies between predicted results and experimental data are insignificant

4.CONCLUSION

We conclude that our new ab initio inter-
molecular Lennard - Jones and Morse
potentials developed for the dimer CO-CO is
reliable. Therefore the parameters obtained
from the fitting of the potential functions are
used to simulate GEMC - NVT. The vapour-
liguid coexisting phase and thermodynamic

ISSN: 2615 - 9686

properties of the pure fluid carbon monoxide
were calculated successfully with the
developed computer simulation program
GEMC-NVT using 5 - site intermolecular
potential functions Eg.3 and Eq.4 resulting
from ab initio energy calculations. The
simulation results agree well with expe-
rimental data.
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Tinh toan cac tinh chat nhiét dong cha khi CO bang mo
phdong Monte Carlo cho cac nghién ciru vé hap phu

TOM TAT

Nguyén Thanh Puorc

Cdén bdng I6ng - hoi ctia chét 16ng CO duwoc dw dodn bang ki thudt mé phdng Monte Carlo st dung cép
ham thé ab initio tuong tdc 5 - vi tri. Cdp ham thé ab initio dugc tinh todn tir ly thuyét bé cdp, st dung &
murc CCSD(T) va cdc ham co s tuong quan thich hop cua Dunning aug-cc-pVmZ (m = 2, 3) [1]. Nhitng
ham thé nay duoc dung dé dw dodn cdc tinh chdt nhiét déng cla cdn bang I16ng - hoi bang kyj thudt mé
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phdng Monte Carlo. Gién dé pha cdn bang va cdc tinh chdt nhiét déng cta chung duworc tinh todn so vdi
cdc gid tri thu'c nghiém déu ddng tin cdy.

Tirkhéa: mé phdng toan cuc Monte Carlo, ham thé cdp ab initio, cdn béng Idng - ho'i
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