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Abstract

Acid-gas capture systems are used to remove acid-gasses from waste gas streams from combus-
tion or other chemical processes. A commonly used solvent is an aqueous solution with the
primary amine monoethanolamine (MEA). Removing the acid gasses typically involves heating
the solvent to approximately 378-383K in the stripping reactor. Using methyldiethanolamine
(MDEA) instead of MEA can reduce the heating energy consumption of the stripper due to its
lower reaction heat. The design of new reactors using aqueous MDEA solvents requires more
data describing the properties of this solvent. Literature reporting thermophysical properties of
aqueous MDEA solvents and transport properties of acid gasses in these solvents is exceedingly
scarce. This work fills that information gap. Molecular dynamics were employed to compute
density, viscosity and diffusivity of MDEA, CO4 and HsS in aqueous MDEA ranging in 0-50 wt%
MDEA and 288-323K. The simulations were conducted using fully atomistic force fields for all
species. The charges of MDEA were computed using Gaussian09 and scaled to achieve optimal
agreement with experimental density and viscosity data. It has become clear that N-C-C-O di-
hedral in MDEA is crucial to reproduce experimental data of the viscosity and the diffusivity of
MDEA. Two dihedrals were tested to achieve the best results. The resulting computed density,
viscosity and diffusivity of MDEA are in good agreement with experimental data. The mixing
rules between MDEA and CO4 were adjusted to increase accuracy of the prediction of diffusivity
of CO5. The results are in good agreement with experimental data at 0-10wt% MDEA or 288K.
The deviations become larger with higher wt% MDEA or higher temperatures.
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1 Introduction

The challenge of climate change requires drastic changes to reduce the effective carbon emissions
of many industries[1]. Two major users of fossil fuels are the energy and industrial sectors[2].
The energy sector is primarily made up of plants which burn fossil fuels to generate electricity[2].
The chemical sector will use chemical feed stock, various reactors and large amounts of energy to
produce the products required to run the modern world. Some of these processes may produce
greenhouse gasses, either as a chemical byproduct or while generating the energy used in the
process.

One approach to reducing energy consumption or waste gas emissions involves changes to the
existing processes. This is considered unattractive, due to the vast capital investment required
for redesigning and rebuilding existing machinery. Another approach is post combustion capture.
Post combustion capture systems, as the name suggests, capture greenhouse gasses from existing
waste gas streams. This approach offers several advantages, one of which is the ability to retrofit
existing plants. This makes post combustion capture an easy approach to reduce the emissions
of existing processes[3]. Chemical absorption using aqueous monoethanolamine (MEA) is a
popular choice due to its high rate of absorption, low viscosity, high solubility of acid gasses and
low cost. A major drawback is the high energy consumption when regenerating the solvent in
the stripper[4]. Tertiary amines such as methyldiethanolamine (MDEA) have a lower reaction
heat than MEA, which reduces the heating requirement in the regeneration process[5]. The
solvent fluid properties are generally obtained experimentally. However, literature describing
aqueous MDEA solvents is scarce. As a cost and time saving measure, experimental data can be
supplemented by molecular simulations. In this work, molecular dynamics is used to compute
the density and bulk viscosity of the system, as well as the diffusivity (D) of MDEA, COy and
HaS; pouiks Mbulk, DMpEA, Dco, and Dy,s.

1.1 Existing literature

Various amines have been studied using molecular simulations to get a better understanding of
their behavior in aqueous systems. MEA is a popular choice of amine in acid capture systems[6].
A large amount of research exists describing the behavior of this amine when employed in the
acid gas capture process[7][8][9][10]. Some computational work was conducted as well[11][12].
Molecular simulation is a great complement to measuring the diffusivity of acid gasses in this
process. Measuring the diffusivity of COs directly is very difficult because both CO5 and HoS
are very reactive in water[13]. Substituting NoO for COgz is common practice[14][15][16][17].
This N3O/CO; analogy uses the assumption that the solubility ratio between NoO and COsq is
equal to the diffusivity ratio. It is important to know whether using CO» in simulations instead
of N2O yields the same ratio. Molecular simulations do not simulate reactions. This allows us
to test both. The work of Chen et al[18] shows that free NoO and free COy have very similar
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1.1. EXISTING LITERATURE

diffusivities when conducting molecular simulations. They report a 2% decrease in self diffusivity
when using N2O instead of CO;y. This is achieved by using TIP4P /2005 for water, TRAPPE
for CO9 and the work of Lachet et al[19] for NoO. This ratio will change when using different
force fields. We will use the same force fields, which means the analogy is not necessary.

The acid gasses are removed from the solvent by heating it in ”stripper” reactor. The heating
energy required for this process is very high for aqueous MEA solvents[4], which is a major
drawback of using MEA. Solvents using tertiary amines have a lower reaction heat than MEA[5].
This reduces the heating energy consumption of the stripper. One of these tertiary amines and
the focus of this work is MDEA. Plenty of literature exists reporting the density and viscosity
of aqueous MDEA[16][20][21][22]. Computational work describing force fields for MDEA is less
common and largely focused on their bulk properties. Orozco [23] used a UAU forcefield for pure
MDEA over a range of 600-675K for density and 394-444K for viscosity. Their density was in
good agreement with experimental data. Their predicted viscosity overestimated experimental
data by approximately 20%. Yu et al[24] reported density and viscosity of a mixture of various
fully atomistic amines, including MDEA. However, they only investigated mixtures containing
pure or multiple amines. Their results can therefore not be used for aqueous MDEA solvents.
Yiannourakou et al[25] studied 30wt% aqueous MDEA using a united atom force field for MDEA.
They used molecular dynamics to compute, among others, viscosity and Dco, over a temperature
range of 300-400K. Their reported viscosity was approximately 50% lower than experimental data
in this range.

Literature reporting experimental data for Dco, in aqueous MDEA is exceedingly scarce. Al
Ghawas et al[16] reported experimental data of Dco, in aqueous MDEA over a range of 0-50
wt% MDEA and 288-323K. They used the aforementioned NoO/CO2 analogy. However, these
temperatures are less convenient in the acid gas application. We are interested in the properties of
rich solvent present in the stripper. Stripping reactors commonly run at approximately 378-383K
and 150-200 kPa, depending on the solvent[26]. This is outside the range reported by Al Ghawas
et al[16]. An alternative to the experimental data from Al Ghawas[16] is the computational data
reported by Yiannourakou et al[25]. They computed Dco, in an aqueous mixture of 30 wt%
MDEA over a range of 300-400K. However, they computed only 1 data point within the range of
Al Ghawas[16]. The result at this data point exceeded experimental data from Al Ghawas[16] by
80%. No experimental data was found reporting Dco, in the aforementioned temperature and
pressure ranges present in the stripper. This work will therefore be restricted to the conditions
used by Al Ghawas[16].

Another commonly addressed acid gas in the industry is HeS. Solvents with aqueous MDEA have
a useful property; their selectivity towards HaS over other impurities in the gas flow[16]. Despite
this, no literature studies were found reporting Dy,s in aqueous MDEA; neither experimentally
nor computationally. Some data exists of Dy,g in pure water[27]. This will serve as a comparison.
The addition of MDEA to the system lowers Dco,, and will likely have the same effect on Dy,s.

The purpose of this work is to investigate the transport properties of acid gasses in aqueous
MDEA and fill the gap in literature. Furthermore, the force field of MDEA will give improved
computational results for bulk properties, primarily viscosity, of aqueous MDEA solvents. The
properties obtained in this work will aid in the design of new reactors employing aqueous MDEA
solvents.



1.2. ACID GAS CAPTURE PROCESS

1.2 Acid gas capture process

The feed gas is brought into contact with the solvent in the absorber, allowing the acid-gasses
to dissolve into the solvent. Two reactions will occur; one with CO9 and one with HoS.

The reaction with HsS is the same irrespective of the type of used amine [28]. A proton will
separate from HsS. This proton is subsequently absorbed by MDEA.

MDEA () + HaS(g) &= MDEAH{, , + HS( (R1)

The reaction with COx is slightly more complex. First, CO2 and HoO will react to form carbonic
acid. This carbonic acid will decompose into bicarbonate and a proton. This proton is then
absorbed by MDEA.

CO2(g) + H2O(1y == H2CO3(aq) (R2)
HyCO3(aq) 7= HCO3™ (aq) + H{y) (R3)
MDEA() + H{,,) &= MDEAH{,, (R4)

An aqueous mixture of the above mentioned chemicals will exit the absorber. This mixture is
considered the "rich solvent” and will be referred to as such from this point on.

The rich solvent is moved to the stripper. In the stripper, the solvent is heated and pressurised
to 378-383K and 150-200 kPa remove the acid gasses from the solvent[26]. The acid-gasses
are extracted from the stripper and the regenerated solvent is moved back to the absorber. A
schematic representation of the the system is presented in Figure 1.1.

The rich mixture contains the following elements: HoO, MDEA, MDEAH+, CO,, HoS, HS,
H,CO3, HCO3™ and HT. The H' ion is very light and contrary to the other elements, it
experiences only attractive forces. For this reason, it is assumed that all HT ions have been
absorbed into either HsOT or MDEAHT.



1.2. ACID GAS CAPTURE PROCESS

Acid gas
Treated flue gas
‘_
Absorber Stripper Heat
Lean solvent
f
Untreated flue gas Rich solvent

Figure 1.1: Typical acid-capture process. The lean solvent is brought into contact with the waste
gas stream in the absorber, where the acid gasses to get absorbed by the solvent. The
now rich solvent is moved to the strippser and heated to appproximately 378-383K
to remove the acid-gasses from the solvent. The acid-gas exits the stripper, while
the now regenerated solvent is returned to the absorber.



2 Methodology

2.1 Simulation Methods

The molecular dynamics (MD) simulations are conducted using LAMMPS[29]. The TIP4P /2005
force field is used for HoO. This force field is chosen because it is known to reproduce the bulk
properties of HoO[30]. The TRAPPE[31] force field is used for COj, because it is a good
predictor of Dco, in pure water[32]. The TRAPPE force field is used for HaS as well. This force
field comes in several variants. They are designated by the ” A-B” notation, with A being the
number of charge sites and B being the number of LJ sites. The difference in accuracy between
the 4-3 and 3-3 variants is small[33]. Therefore, the 3-3 variant is used instead. The force field of
MDEA is constructed using OPLS-AA parameters reported by Rizzo et al[34], Cornell et al[35],
Jorgensen et al[36] and Orozco et al[23]. The point charges for MDEA are computed using
Gaussian09[37]. These charges are scaled to obtain optimal agreement of density and viscosity
with experimental data:

0" = Ko a{ o (2.1)

In equation 2.1, ¢; 100% is the unscaled charge, K. is the scaling factor, ¢; is the charge after
scaling and n is the atom number in MDEA. The atom numbers are defined in Figure 2.1d.
The exact force field parameters and charges can be found in the appendix in Tables 1-6. The
intermolecular LJ parameters between all species are computed using the Lorentz-Berthelot
mixing rules[38], with 1 exception: the mixing rules between CO2 and MDEA are scaled as
described by equation 2.2:

€ij = Keij - /€€ (2.2)
O+ 0jj

. (2.3)

Oij = Kffz'j )

With KUO(COQ)O(MDEA) = 0.9 and KJO(COQ)C<MDEA) = 0.9. The aim of this scaling is an increase
in Dco, in a mixture of aqueous MDEA. The necessity and effect of this scaling is further
elaborated on in subsections 3.1 and 3.4.1. The LJ interactions are truncated at 10 A. The
long-range coulombic interactions are computed using a particle-particle particle-mesh (pppm)

solver[39] with a relative RMS error of 107.

The initial configurations are created using the built-in ” create_atoms” command of LAMMPS.
The initial systems are cubic boxes with cord length Ly 0. The value of Ly o for each system
can be found in Table 2.1. The simulations start with 2 equilibration stages of 2 - 10° cycles
with time steps of 0.2 and 0.5 fs. Equilibration occurs in the NPT regime. Once the system is
in equilibrium, the regime switches to NVT for production. The production stage is 20 ns long
with a 1 fs timestep for all systems. The correct temperature and pressure are maintained at all
times using a Nose-Hoover thermostat and barostat.



2.2. STUDIED SYSTEM COMPOSITION

Viscosity and diffusivity are computed using the LAMMPS extension OCTP[40]. OCTP uses
Einstein relations combined with the order-n algorithm to compute several transport properties,
among which self diffusivity and bulk viscosity. Three advantages are the low computational
cost, easy integration into a LAMMPS input file and the on-the-fly nature of the calculations
which eliminate the need for large trajectory files[40]. The plugin is also employed to compute
the radial distribution functions (RDF) in this work.

The diffusivity of species in small systems (less than 1500 molecules) may suffer from finite size
effects. The method presented by Jamali et al[41] is used to correct these effects:

kT
51t = Dl + 6L

(2.4)

In equation 2.4, ¢ is a shape factor dependant on box shape (&cupic = 2.837297), ky, is the
Boltzmann constant, T is the system temperature, n is the system shear viscosity and L is the
box cord length.

2.2 Studied system composition

The mixing ratios that are used in simulations are based on the experimental mixtures used by
Al Ghawas[16]. The total number of molecules is Ny,0 + NMpea + Nag = N, where Ny, 0,
NypeA and Nag are the number of HoO, MDEA and acid-gas molecules. The aqueous mixture
containing 700 molecules is created first; Np,0 + Nupea = 700. The number of acid gas
molecules will be added afterwards; Nag = 2. The number of molecules per species and system
box cord length for each simulated wt% MDEA can be found in Table 2.1. The solubility for
COg is given by Al Ghawas et al[16]. The solubility is used to determine the maximum number
of acid gas molecules which can be inserted into the mixture. This number is calculated using
the following equation;

Nag =C -V - Npy (2.5)

where N aq is the number of acid gas molecules, C' is the concentration of the acid gas and N av
is Avogadro’s number. The resulting number of CO5 molecules at 288K and 50wt% MDEA is
0.66. This low number would suggest only one molecule should be inserted into the mixture.
Inserting more may cause phase separation due to oversaturation. The simulations in this work
will still use 2 acid gas molecules in order to improve the sample size for the measurements.
The systems were visualised using VMD[42]. None of the systems showed any kind of phase
separation.

The rich solvent will contain dissolved CO9 and/or HyS. This will produce ionic molecules. The
computational data is compared to data obtained using the NoO/COq analogy[16]. The NoO
molecules significantly less reactive, which means there are significantily fewer ions present in
their mixture. Considering that using CO; yields just 1 dissociated variant of each species in
the system, it is assumed that using NoO will yield no ions in the systems studied in this work.



2.2. STUDIED SYSTEM COMPOSITION

() (b) (c)

(d)

Figure 2.1: Schematic representation of HaO(a), CO2(b), HaS(c) and MDEA(d). The colors
blue, gray, red, white and yellow represent the nitrogen, carbon, oxygen, hydrogen
and sulfur atoms, respectively. The green lines in Figure 2.1d represent the dihedral
taken from Orozco et al. The atom numbering refers to the charges, which are defined
in Table 6.



2.3. VALIDATION

Table 2.1: System properties: number of molecules of each species for
each wt% MDEA and the accompanying initial box size
Lyox,0 and the size Ly once the volume has converged.

wt% MDEA  Nu,0 Numprea Nac  Lboxo[A]  Lpox[A]

0 700 0 2 45 27.6
10 688 12 2 45 284
20 657 43 2 45 30.1
30 608 92 2 55 32.6

2.3 Validation

The force field of COs is verified by computing Dco, in pure water, at the temperature extremes
reported by Al Ghawas et al[16]: 288K and 323K. The resulting Dco, is compared to experi-
mental data from Al Ghawas et al[16] and Tamimi et al[27]. The force field of HS is verified by
computing Dy,s in pure water at 3 temperatures reported by Halmour et al[43]. The results of
Dy,s will be compared to the experimental data reported by Halmour et al[43] and Tamimi et
al[27]. The force field of MDEA is verified over 2 temperature ranges; 288-333K for density and
viscosity, and 288-323K for Dypga. The viscosity will be compared to experimental data from
Al Ghawas et al[16] and computational data reported by Yiannourakou et al[25]. The computed
Dypra will be compared to the computational work of Yiannourakou et al[25] and experimental
data from Snijder et al[44]. The temperatures used by Yiannourakou[25] do not always line up
with temperatures reported by Snijder[44] and Al Ghawas[16]. Furthermore, Dyipga was com-
puted at temperatures reported by Al Ghawas[16], which do not line up with those from Snijder
et al[44] either. Curves are fitted to the viscosity and Dco, from Al Ghawas[16], and Dypra
from Snijder et al[44]. These curves are used to provide experimental data at a continuous
temperature range at 30 wt% MDEA and 1 atm:

DAl Ghawas |Pa - 8] = —2.217- 107973 +2.210 - 107272 — 7.369T + 824

(2.6)
Tyyval = 288 — 333K, R* = 0.999
DMDEA, Snijder  [m?/8] = —2.645 - 10717T* + 3.5307 - 107173 — 1.7488 - 101172
+3.8285 - 10797 — 3.1322 - 1077
(2.7)

TDyppaval = 300 — 368K, R* = 0.999
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2.3. VALIDATION

Doy Al Ghawas  [Pa-s] = 4.537-107°7T% - 2.276 - 107197 + 2.872 - 1077
(2.8)
TDeo,val = 288 — 323K, R? = 0.997

Equations 2.6, 2.7 and 2.8 are only valid within the respective temperature ranges 7T; v, of the
data they are fitted to. The relative deviations will therefore only be reported if they fall in this
range.
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3 Results

3.1 Diffusivity of CO; in pure water

The aqueous CO2 system is simulated at 288K and 323K. These particular temperatures are
chosen because they are the extremes of the range reported by Al Ghawas et al[16]. The reference
for bulk properties is assumed to be the same as pure TIP4P /2005 H2O, as the mixture is
infinitely dilute.

Figure 3.1 shows that the TRAPPE force field is in good agreement with the experimental data
from Al Ghawas et al[16]. As mentioned before, the original TRAPPE force field in combination
with MDEA produces inaccurate results for Dco,. A potential remedy is scaling the mixing
rules between HoO and COs. The first option is scaling KUO(HQO)O(COQ) down to 0.9. As shown
in Figure 3.1, this does increase Dco, at both temperatures. At 288K and 323K, Dco, is
respectively 37.5% and 22.5% higher than the experimental data from Al Ghawas[16]. The
reduced KUO(HQO)O(COQ) decreases the force with which a HoO molecule attracts CO9 molecules
for a given distance from between the two. The reduced attractive force reduces the restriction
on the movement of the COs molecule, which increases the mean square displacement and
therefore Dco,. Scaling KGO(HQO)O(COQ) to 0.9 results in a higher D¢, at high temperatures, but
produces lower values at low temperatures. The reduced effectiveness can be visualized using
Figure 3.2. It shows that there is not much difference between Keo<H20)o<002> and KUO(HQO)O(COQ)
at r = 0. However, the reduction in magnitude is much larger at a given r >> oy when scaling

K than when scaling K

00(Hy0)0(COg) O(H0)0(COy) "

Even though scaling K, (H,0)0(COg) does result in a larger value of D¢o,, it will do so for any wt%
MDEA solution. This means that it will overestimate Dco, at low wt% MDEA solutions, which
causes data points which were previously correct to become inaccurate. Scaling the HoO-COo
mixing rules is therefore not a suitable remedy for underestimated values of Dco,.
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3.1. DIFFUSIVITY OF CO; IN PURE WATER
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Figure 3.1: Dco, in pure water (a) and (b) its relative deviation from the data of Al Ghawas
et al. The lines only serve to guide the eye. [J and o represent experimental data
by Al Ghawas et al and Tamimi et al, respectively. TRAPPE unscaled, with scaled

KUO(HQO)O(COQ) and scaled KeO(HQO)O(COQ) are represented by A, « and », respectively.
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3.2. DIFFUSIVITY OF H,S IN PURE WATER
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Figure 3.2: Plotted LJ mixing rules between O(COz2) and O(H20). Unscaled, K.
scaled K

TO(H50)0(COg)
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are represented by black, red and blue, respectively.

3.2 Diffusivity of H,S in pure water

Figure 3.3 shows that the force field is in agreement with the experimental data obtained from
Halmour and Tamimi at 298K. The deviation increases to -11% and +9% at 288K and 308K,
respectively.
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3.2. DIFFUSIVITY OF H,S IN PURE WATER
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Figure 3.3: Dy,s in pure water (a) and (b) its relative deviation form the data of Halmour et
al. The lines only serve to guide the eye. [ and o represent experimental data by
Halmour et al and Tamimi et al, respectively. A represents TRAPPE.
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3.3. DENSITY, VISCOSITY AND DIFFUSIVITY OF MDEA IN PURE WATER

3.3 Density, viscosity and diffusivity of MDEA in pure water

The first simulations are conducted using the N-C-C-O dihedral from Cornell et al[35]. The den-
sity shown in Figure 3.5 is achieved with K\pga) scaled to 0.8. The density is accurate within
2% of the experimental data. Viscosity, shown in Figure 3.6, is up to 50% too low at 50wt%
MDEA. This force field overestimates Dyipga of 30wt% aqueous MDEA by approximately 200%
at higher temperatures. The error becomes smaller at lower temperatures. However, the exces-
sive error bars make this data point unreliable.

The inaccuracies for the viscosity and diffusivity increase with wt% MDEA. This suggests that
the problem lies with the force field for MDEA. The physical size and stiffness of MDEA is
a great influence on the viscosity. An immediate suspect is the N-C-C-O dihedral in the two
alcohol groups. This dihedral is marked in Figure 2.1d. Further analysis of the visualization of
the simulations shows an exceedingly flexible O-H group at the end of each alcohol group.

The dihedral is replaced by a dihedral reported by Orozco et al[23]. KenmpEa) is scaled to 0.9
to achieve an optimal balance between density and viscosity. Figure 3.5, 3.6 and 3.7 respectively
show the resulting density, viscosity and Dypga. The density deviation remains within 1.5%
over the whole temperature range. Viscosity is now a maximum of 26% lower than experimenttal
data from Al Ghawas[16]. The accuracy decreases and the standard deviation increases with
decreasing temperature. The computed Dypga is in good agreement with both simulations
from Yiannourakou et al[25] and experimental data from Snijder et al[44].

Figure 3.4 shows the radial distribution function of HoO-H2O and HoO-MDEA for both the
original dihedral from Cornell[35] and the harmonic dihedral from Orozco[23]. It shows that
the effect of the new dihedral on the HoO-H2O interactions is negligible. The HyO-MDEA
interactions do show a small difference; the first hydration shell is slightly less populous than
before. The stiffer dihedral causes the OH groups to become more resistant to deformation by
the HoO molecules, which will in turn keep the HoO molecules further away. However, this
only happens at the ends of each alcohol group. This therefore causes only a small reduction in
population of the main shell, and no change in the radius of this shell.
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3.3. DENSITY, VISCOSITY AND DIFFUSIVITY OF MDEA IN PURE WATER
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Figure 3.4: The RDF’s of HoO-H20 (a) and (b) HoO-MDEA molecule pairs in 30wt% aqueous

dotted lines, respectively.

MDEA at 313K and 1 atmosphere. The MDEA force field with the dihedral from
Cornell et al, the dihedral from Orozco et al are represented by the continuous and
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3.3. DENSITY, VISCOSITY AND DIFFUSIVITY OF MDEA IN PURE WATER

Figure 3.5:
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Density of aqueous MDEA (a) and (b) its relative deviation form the data of Al
Ghawas et al. The lines only serve to guide the eye. Black, yellow and green represent

10, 30 and 50 wt% MDEA respectively. E

xperimental data from Al Ghawas et al,

computational results with the N-C-C-O dihedral from Cornell et al and with the
N-C-C-0O dihedral from Orozco et al are represented by [J, ¥ and A, respectively.
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3.3. DENSITY, VISCOSITY AND DIFFUSIVITY OF MDEA IN PURE WATER
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Figure 3.6: Viscosity of aqueous MDEA (a) and (b) viscosity deviation relative to data from Al
Ghawas. The lines only serve to guide the eye. Black, yellow and green represent
10, 30 and 50 wt% MDEA respectively. Experimental data from Al hawas et al,
computational results with the N-C-C-O dihedral from Cornell et al and with the
N-C-C-O dihedral from Orozco et al are represented by [J, ¥ and A, respectively.
The computational results from Yiannourakou et al are represented by o.
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Figure 3.7: Diffusivity of MDEA in 30 wt% aqueous MDEA (a) and (b) its relative deviation form
the data of Snijder et al. The lines only serve to guide the eye. Experimental data
from Snijder et al, computational results with the N-C-C-O dihedral from Cornell et
al and with the N-C-C-O dihedral from Orozco et al are represented by [, ¥ and A,

respectively. The computational results from Yiannourakou et al are represented by
o.
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3.4. DIFFUSIVITY OF CO2 AND H,S IN AQUEOUS MDEA

3.4 Diffusivity of CO; and H3S in aqueous MDEA

3.4.1 Diffusivity of CO; in aqueous MDEA

The first simulations are conducted with unmodified TRAPPE for COs. Figure 3.9 shows the
diffusivity of CO2 in the aqueous MDEA as a function of temperature. It shows that Dco, is
underestimated at higher temperatures and higher wt% MDEA. The deviation is not a constant
percentage. This can be remedied by decreasing Ko, C0,)C(HL0) in the mixing rules between O in
H20 and the O in CO2. As mentioned in subsection 3.1 this is moderately successful; Dco, has
increased at both temperature extremes. This also means an increase in states which were accu-
rate before the reduction of Kgo (CO2)0(H0) 25 is shown in Figure 3.1. This remedy is therefore
not ideal, and other options should be considered. Figure 3.9 shows that the deviation of Dco,
increases in magnitude with wt% MDEA. This suggests that the source of the inaccuracies lies
with the interaction between COs and MDEA. The mixing rules between these two molecules
are scaled. Two options are considered: KJO(COQ)C(MDEA)’ KUO(COQ)O(MDEA)' K. will not be
scaled, as Figure 3.1 shows that scaling this does not have a significant effect on Dco,. The
carbon atoms are more numerous. However, ecpga) 1s quite small at 0.066 K cal /mole. There
are less than half as many oxygen atoms and their LJ interactions have less reach, but eovpEa)
is almost 3 times as big as egvpra) at 0.170K cal /mole. Tt is not immediately clear which inter-
action has a larger effect on Dco,, necessitating a simulation for both cases. The results of this
are shown in Figure 3.9 as well. Scaling the individual values for K, has an insufficient effect.
Scaling both KUO(COQ)C(MDEA) and KUO(COQ)O(MDEA) gives a small improvement. Figure 3.9b
shows that the resulting values reduce the deviations by 0-5 percentage points. The reported
value in this temperature range from Yiannourakou et al[25] overestimates experimental data

by 80%.

Figure 3.8 shows the HoO-CO5 and MDEA-CO, rdf’s. They show that the HoO-CO- interactions
are unchanged compared to unscaled mixing rules. This is to be expected as the mixing rules

of this pair were not altered. Figure 3.8 does show a change in the interactions between MDEA

and CO,. This is caused by the reduction of KEO(COQ)-C(MDEA) and KGO(COQ)-O(MDEA)‘ This

reduction moves ocvpea) and coapea) closer to MDEA, which is visible in the fact that the
entire line has moved closer to the y-axis. The peak represents the first hydration shell. The
aforementioned movement of the line means this shell has reduced in radius. The peak is also
lower, due to the reduced range of the LJ interactions. This reduced range reduces the chance
that the attractive component pulls COs to MDEA. Tt is again clear that the effect is relatively
small.
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Figure 3.8: The RDF’s of HyO-CO3 (a) and (b) MDEA-CO2 molecule pairs in 30wt% aqueous

MDEA at 313K and 1 atmosphere. The COs force field with scaled mixing rules
and with unscaled mixing rules are represented by the continuous and dashed lines,
respectively.
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Figure 3.9: Dco, (a) and (b) its deviation relative to data from Al Ghawas. The lines only serve

to guide the eye. Red, black, yellow and green represent 0, 10, 30 and 50 wt% MDEA.
Experimental data from Al Ghawas et al, computational results with unscaled and
scaled mixing rules are represented by [, ¥ and A, respectively. The results with just
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3.4. DIFFUSIVITY OF CO2 AND H,S IN AQUEOUS MDEA

3.4.2 Diffusivity of H,S in aqueous MDEA

Figure 3.10 shows the results of Dy,s. The relationship between Dy,s and wt% MDEA shows
the expected behavior; an increase in wt% MDEA gives a decrease in Dy,s. Deviations from
experimental data are only known for 0 wt% MDEA i.e. pure water. These can be found in

Figure 3.3b.
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Figure 3.10: Dy,s. Red, black, blue and green represent 0, 10, 30 and 50 wt% MDEA. The lines
only serve to guide the eye. [ and o represent experimental data by Hamour et
al and Tamimi et al, respectively. A represents computational results with MDEA
using the N-C-C-O dihedral from Orozco et al.
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4 Conclusions

The purpose of this work was to investigate the transport properties of acid gasses in aqueous
MDEA and fill the gap in literature. Furthermore, the force field of MDEA will give improved
computational results for bulk properties, primarily viscosity, of aqueous MDEA solvents. The
properties obtained in this work will aid in the design of new reactors employing aqueous MDEA
solvents. The transport properties are a significant challenge to measure experimentally. A
system was created with HoO and MDEA to obtain the density, viscosity and Dypga of aqueous
MDEA. Acid-gasses were added, either COy or HaS compute their diffusivity; Dco, or Dy,s.
Reactions and ions were omitted as we were comparing to experimental data which uses the NoO
analogy, which is a molecule which will not react with this mixture. These results are therefore
applicable to free COa.

Density was reproduced with a maximum 2% deviation from experimental values. This force field
can be used for densities of aqueous mixtures of up to 50 wt% MDEA. The computed viscosity
is very close to experimental data for temperatures in the 303-333K range. It can therefore be
used to obtain viscosity in this range in mixtures up to 50 wt%. The deviation becomes smaller
at higher temperatures, which means that it is likely to be accurate at temperatures higher than
the range presented in this work.

The diffusivities of MDEA, COy and HsS were computed as well. The computed results of
Dyipea were within 10% of experimental values over the entire range of temperatures. It is
underestimated by a relatively consistent percentage, which implies that a correction factor could
be employed to obtain 1-to-1 accurate results. The computed diffusivity of COy was initially
underestimated when employing the unchanged TRAPPE force field for CO5. The mixing rules
between MDEA and COg were scaled improve results. The final results of Dco, are within 11%
of experimental data for 0-10 wt% MDEA across the entire range of 288-333K. The deviation
is within 15% for the whole range of 0-50 wt% at 288K. Accuracy reduces at higher wt%’s
MDEA and higher temperatures. No literature was found reporting Dy,s in aqueous MDEA.
The computed results do show the expected ordering: Dp,s decreases with both temperature
and increasing wt% MDEA.

4.1 Recommendations

The final force field of MDEA produces less accurate results for viscosity for temperatures
lower than 303K. Furthermore, it was not verified in its pure form, as it was not the focus
of this research. More research can be conducted to improve bulk property behavior at lower
temperatures and at more than 50 wt% MDEA. The computed results of Dco, underestimate
experimental results. The mixing rules between MDEA and COg were adjust to achieve better
results. Further research can be conducted to raise Dco, further. This will again likely involve
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4.1. RECOMMENDATIONS

the force field of MDEA| due to the error increasing with the mass fraction of MDEA. Involving
ions may influence the behavior. However, the system of 700 molecules would only be able to
dissolve 1 molecule of COy. This would therefore only create one molecule of HCO3™ and one
MDEAHT. Some research is necessary, as it is not obvious whether the effect of such a small
number of ions is negligible. Literature reporting solubility of acid gasses in aqueous MDEA is
equally as scarce as that of Dco,. This property is important in the acid gas capture process
as it determines how much the solvent can process. Reaction force fields can be employed to
study the influence of reactions on the diffusivity of both acid gasses. This may prove difficult
to verify as measuring diffusivity when the gas reacts with the solvent very difficult.

No literature was found reporting Dyy,g in aqgeuous MDEA. The presented computed results
require verification which only experimental data can provide.
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Appendix

Atom type Atom € [keal/mol] o [A] q €] Source
OH O(H,0) 0.1852  3.1589 —1.1128  Abascal[45]
HO H(H20) 0 0 0.5564  Abascal[45]
Co C(CO)  0.0536515 2.8 0.7 Potoft[31]
0C 0(COy) 0.157 305  —0.35  Potoff31]
SH S(H,S) 0.2486 36 —0.28 Shah[33]
HS H(H.S) 0.09945 2.5 0.14 Shah|[33]
NT N(MDEA)  0.170 3.3 - Rizzo[34]

CT(NT)  C(MDEA)  0.030 2.5 - Rizz0[34]
OH O(MDEA) 0.170 3.12 - Jorgensen|[36]
HC(CT)  H(MDEA)  0.030 2.5 - Rizz0[34]
HC(Alkanes) H(MDEA) 0.015 2.5 - Rizzo[34]
HO H(MDEA)  0.001 1 - ;

Table 1: OPLS-AA Non-Bonded Parameters
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Bond Molecule  kj [keal mol™t A-2]  rq [A] Source
O-H H,O rigid 0.9572  Abascal[45]
C-O0 COq rigid 1.16 Potoff[31]
S-H S rigid .34 Shah[33]
CT(NT)-CT(NT) MDEA 268 1529 Rizzo[34]
CT(NT)-NT  MDEA 382 1448  Rizzo[34]
CT(NT)-OH MDEA 320 1.41  Cornell[35]
CT(NT)-HC(CT) MDEA 340 1.09  Rizzo[34]
CT(NT)-HC  MDEA 340 1.09  Rizzo[34]
OH-HO MDEA 953 0.96 Cornell[35]
Table 2: OPLS-AA Bond Stretching Parameters
Bond Molecule kj [keal mol™t deg?] 7o [deg] Source
H-O-H H,O rigid 104.52  Abascal[45]
C-C-O0 CO2 rigid 180 Potoff[31]
H-S-H H,S rigid 92 Shah(33]
CT(NT)-CT(NT)-NT MDEA 56.2 107.2  Rizzo[34]
CT(NT)-NT-CT(NT) MDEA 51.8 107.2  Rizzo[34]
CT(NT)-CT(NT)-HC MDEA 37.5 110.7 Rizzo[34]
HO-CT-HC MDEA 33 1078 Rizzo[34]
CT(NT)-CT(NT)-OH MDEA 50 109.5  Cornell[35]
CT(NT)-OH-HO  MDEA 55 108.5  Cornell[35]
HC-CT(NT)-OH MDEA 50 109.5 Cornell[35]

Table 3: OPLS-AA Angle Stretching Parameters

Dihedral angle Vi Vo V3 V4 Source
HC(CT)-CT(NT)-NT-CT(NT) 0.0 0.0 0.56 0.0 Rizzo[34]
CT(CT)-NT-CT(NT)-CT(NT) 0.416 —0.128 0.695 0.0 Rizzo[34]

CT(NT)-CT(NT)-OH-HO —0.356 —0.174 0.492 0.0 Jorgensen|36]

Table 4: OPLS-AA Dihedral Parameters
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Dihedral angle NT-CT(NT)-CT(NT)-OH

1% 0.11326434
v 0.70396196

Vs 2.446330913
Vi —18.73628653
Vs —13.08348189
Ve 28.94651043
vy 13.14424721

Vi —22.54397533
Vo 4.989989675

Table 5: Harmonic Dihedral Parameters from Orozco et al [Kcal/mol]
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Atom nr qle]

1 —0.571725
2 —0.23472
3 —0.098037
4 —0.102465
5 0.058014
6 0.062748
7 —0.703863
8 —0.699813
9 0.151056
10 0.146421
11 0.128142
12 0.156429
13 0.137115
14 0.15741
15 0.12735
16 0.116946
17 0.11088
18 0.116109
19 0.10917
20 0.416034
21 0.416799

Table 6: Atom-by-atom charges of MDEA, numbering adheres to Figure 2.1d
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