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Introduction

Hydrogen sulfide (H,S ) is a toxic, foul-smelling,
and irritating gas that exists as an impurity in fuel
gases such as natural gas, biogas, synthesis gas, and
wastewater streams [1]. For removing H,S and CO,
from these gases, chemical absorption in aqueous
alkanolamine solutions is commonly used. Many fuel
gas streams must be purified before they can be used
for energy production or chemical processing, mainly
to remove acidic components such as hydrogen sulfide
(H,S). Moreover, the removal or conversion of H,S has
long been a major challenge in process industries, not
only because of economic considerations but also due
to environmental and safety concerns. Furthermore,
in industrial applications, absorption into aqueous
alkanolamine solutions is the most common method
for treating natural gas, biogas, and similar streams.
Moreover, the performance of these absorption
systems depends strongly on both chemical reactions
and mass transfer in the liquid phase. Also, for this
reason, accurate modeling of such processes requires
reliable transport properties, particularly the molecular
diffusion coefficient [1]. In addition, the molecular
diffusion coefficient is a fundamental parameter that
describes how fast a solute moves through a solvent.
Also, it plays a important role in the design and
simulation of absorption, extraction, and reactive
separation units. Moreover, beyond its practical
importance, diffusion data also provide insight into
molecular motion and solute—solvent interactions at
the microscopic level [2].

Over the past few decades, molecular dynamics (MD)
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simulation has become an effective tool for studying
transport properties at the molecular scale. In MD
simulations, the motion of individual molecules is
followed over time by solving Newton’s equations of
motion. Moreover, this makes it possible to calculate
diffusion coefficients directly from molecular
trajectories using the mean square displacement,
without relying on empirical assumptions [3].
Furthermore, with multiple force fields are employed,
MD results often show viariations or agreements with
experimental measurements. In addition, previous
studies on gas—liquid systems have demonstrated that
MD can reliably capture the effects of temperature and
composition on diffusion [4]. In this study, molecular
dynamics simulation is used to predict the molecular
diffusion coefficient of H,S in water over a range of
temperatures. Moreover, different force fields are
evaluated and the simulation results are validated
against available experimental data and classical
correlations such as the Wilke—Chang equation. Also,
after identifying an appropriate molecular model, the
effect of temperature on diffusion behavior is examined
in detail. Finally, an Arrhenius-type expression is
developed to describe the temperature dependence of
the diffusion coefficient within the studied range.

Material and Methods

Materials Studio 2017 software was used to predict
the molecular diffusion coefficient. Initially, the
energy of the structures of water and H,S molecules
was optimized before generating the cells, and an
optimized structure was used for molecular simulation
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and molecular diffusion coefficient prediction.
Moreover, the COMPASS force field was employed to
optimize the atoms of water and H,S. In addition, the
Group-Based method was used for electrostatic and van
der Waals interactions [4]. Furthermore, after forming
the structures of water and H,S atoms, various force
fields were applied to optimize the simulation cells in
order to obtain the optimal force field for predicting
the molecular diffusion coefficient by comparison
with experimental results. For predicting the molecular
diffusion coefficient, the simulation cell was first
structurally optimized, then the cell was optimized
in the temperature range of 250-500 K, and finally,
the isothermal-isobaric (NPT) ensemble was used to
reach equilibrium. In addition, to predict the molecular
diffusion coefficient, the box density was first predicted
using the isothermal-isobaric ensemble, then the
simulation cell was reconstructed, and the molecular
diffusion coefficient was predicted using molecular
dynamics simulation. The simulation time for density
prediction was set to 100 ps. Moreover, amorphous
structures were generated using the Amorphous Cell
module by random packing of constituent molecules at
the target density, followed by geometry optimization.
Interatomic interactions were described using the
Forcite module with selected force fields. In addition,
atomic partial charges were assigned using the Charge
Equilibration method to account for polarization
effects in the condensed phase. Reliable experimental
data are limited due to laboratory constraints [5], but
MD simulation has become a powerful tool in recent
decades for calculating molecular diffusion coefficients
[4]. In this study, MD simulation was used to predict the
molecular diffusion coefficient of H,S in water, and the
results were validated against experimental data [6-9]
and the Wilke-Chang equation [6].

Results and Discussion

To wvalidate the simulation results, the molecular
diffusion coefficient of H,S in water was calculated in the
temperature range of 288-313 K using the COMPASS,
Dreiding, Universal, CVFF, and PCFF force fields
and compared with experimental data. In addition,
the molecular dynamics simulation results (with a
simulation time of 500 ps) for various force fields, along
with their errors relative to the experimental results of
Haimour and Sandall [7], at 288 K are shown in Fig.
1. Furthermore, the lowest error (7.96%) corresponds
to the COMPASS force field. In all simulations, the
reported molecular diffusion coefficient is the geometric
mean of 10 independent runs.

In Fig. 2, the changes in the molecular diffusion
coefficient obtained from the simulation (Fig.2-a) and
the error (Fig. 2-b) relative to experimental results can
be observed for simulation times of 100 & 500 ps using
each of the two force fields COMPASS and Dreiding.
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Fig. 1 Comparison of experimental and simulated results of
molecular diffusion coefficient of H,S in water and error at
temperature 288 K for different force fields and at constant
simulation time 500 ps.
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Fig. 2 Variations of molecular diffusion coefficient and er-
ror obtained from simulation and experiment with simula-
tion time for the force field, a) COMPASS b) Dreiding at a
temperature of 288 K.

Given that the COMPASS force field exhibited the
lowest errors compared to experimental results at
simulation times of 500 ps and Dreiding for force
field at 100 ps, both the COMPASS and Dreiding
force fields were used for the other temperatures in the
subsequent studies. Additionally, the error ranges were
obtained as 108-295% for the Universal force field,
68-323% for the CVFF force field, and 31-245% for
the PCFF force field.

With increasing temperature, the average kinetic
energy of gas molecules increases, leading to higher
molecular speeds. As molecular speeds increase, the
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probability of collisions between molecules rises;
and consequently, the molecular diffusion coefficient
is increased [4]. The experimental results (in the
temperature range of 288-368 K) and molecular
dynamics simulation results (in the temperature range
of 288-313 K) for the two force fields COMPASS and
Dreiding are shown in Fig. 3. Moreover, the Dreiding
force field exhibits lower error than the COMPASS
force field only at 288 K. In addition, the average
errors obtained at temperatures of 293, 298, 303, and
308 K for the COMPASS and Dreiding force fields
were 5.29% and 20.48%, respectively. In this study, as
temperature increases, the size of the simulation lattice
cell expands, which it increases the speed of atoms,
and ultimately it leads to an increase in the molecular
diffusion coefficient.
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Fig. 3 Comparison of experimental and simulated results
of the molecular diffusion coefficient of H,S in water at
different temperatures.

Arrhenius Behavior of Molecular Diffusion Coefficient
In a specific temperature range, the molecular
diffusion coefficient often follows Arrhenius behavior
[10]. After calculating the coefficients of the Arrhenius
equation, an equation for the molecular diffusion
coefficient of H,S in water was obtained using the
Arrhenius equation based on the simulation results.
Furthermore, using Arrhenius Equation, the molecular
diffusion coefficient of H,S in water was calculated
in the temperature range of 288-368 K and compared
with the Arrhenius equation derived from the Wilke-
Chang equation as well as with experimental values.
Fig. 4 shows the variation of the molecular diffusion
coefficient with temperature obtained from the
Arrhenius equation in the temperature range of
288-368 K, for molecular dynamics simulations, the
Wilke-Chang equation, and experimental values. In
Fig. 4, the molecular diffusion coefficient of H,S in
water at temperatures of 318, 323, 353, and 368 K was
predicted using molecular dynamics simulation and
compared with the results obtained from the Arrhenius
equation based on the simulation results.
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Fig. 4 Changes in molecular diffusion coefficient with tem-
perature obtained from the Arrhenius equation.

Conclusions

Due to the negligible effect of the simulation lattice cell
size on the molecular diffusion coefficient, the number
of molecules was kept constant in all simulations (1
H,S molecule and 100 water molecules). Moreover,
to select the optimal force field, the diffusion
coefficient was calculated using various force fields
and compared with experimental results. Furthermore,
the COMPASS (with an error of 7.96% and simulation
time of 500 ps.) and Dreiding (with an error of 1.5%
and simulation time of 100 ps.) force fields exhibited
the lowest errors. In addition, at temperatures of
293, 298, 303, and 308 K, the average errors for
COMPASS and Dreiding were 5.29% and 20.48%,
respectively. Moreover, as temperature increased, the
expansion of the simulation lattice cell led to higher
molecular speeds and more collisions, which it results
in an increase in the molecular diffusion coefficient.
Furthermore, in the temperature range of 288-313 K,
the Arrhenius behavior of the diffusion coefficient was
investigated. In addition, the diffusion coefficient of
H,S in water at higher temperatures (318, 323, 353,
and 368 K) was predicted using simulations and the
Arrhenius Equation. Ultimately, the average error of
the simulation results relative to the Arrhenius equation
derived from the simulations and the Wilke-Chang
equation was 6.8% and 3.96%, respectively, while the
error of the simulation-derived Arrhenius equation
relative to the Wilke-Chang equation was 4.56%.
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Table 1 Experimental data of molecular diffusion coefficient of H,S in water vs different temperatures.

Wilke-Chang Equation [4] | Tamimi [4] | Haimour and Sandall [22] | Tavares and Danckwerts [23] | Arnold [24]
T (K) D (10° m%s)
288 1.53
293 1.74 1.75 1.75 1.34 1.41
298 1.95 1.93 1.89 1.48
303 222 2.07
308 2.32
313 2.75 2.55
333 423 3.87
353 6.24 4.62
368 7.9 5.49
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Table 2 Number of Molecules and weight percentage in an amorphous cell.

Weight Percentage Number of Molecule(s) Molecule
1.856 1 H.S
98.144 100 H,O
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Fig. 4-a Comparison of experimental and simulated results of molecular diffusion coefficient of H,S in water at temperature
288 K for different force fields and at different simulation time.
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Fig. 4-b: molecular diffusion coefficient’s error of H,S in water at temperature 288 K for different force fields and at different
simulation time.
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Fig. 5 Variations of molecular diffusion coefficient and error obtained from simulation and experiment vs simulation time for
the force field, a) COMPASS b) Dreiding at a temperature of 288 K.
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Fig. 6 Variations of molecular diffusion coefficient obtained from simulation and experiment vs simulation time for COMs
PASS force field at 288 K.
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Fig. 7 Comparison of experimental and simulated results of the molecular diffusion coefficient of H,S in water at different

1. Stokes-Einstein Equation

temperatures.
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Fig. Arrhenius figure of H,S diffusion coefficient in water vs 1/T at atmospheric pressure.
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Table 3 Pre-exponential factor and diffusion activation energy of H,S in Water.

Pre-exponential factor (m?/s) Diffusion Activation Energy (kJ/mol)
Wilke-Chang Eq. [22] 3079.12 18.24
Tamimi [4] 559.867 14.03
Haimour and Sandall [22] 819.914 15.02
Molecular Dynamics Result 1472.92 16.30
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Fig. 9 Changes in molecular diffusion coefficient with temperature obtained from the Arrhenius equation.
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