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Abstract

Mutual diffusion coeflicient data are required for several systems of scientific and en-
gineering interest to properly describe mass transport phenomena over a wide range of
pressures, temperatures, and compositions. In this work, we calculated Fick diffusion
coefficients for some CO,+n-alkane mixtures at high pressures using a new method,
which we derived by introducing modifications to the Fourier Correlation Method
(FCM) originally proposed by Nichols and Wheeler [I&EC Research, 54, 12156-12164
(2015)]. The modified FCM (mFCM) results were validated through comparisons with
experimental data and with Fick coefficients calculated by employing well-established
Molecular Dynamics methodologies. The new approach has some interesting advan-
tages, such as providing Fick coefficients for molecular systems directly through a single
equilibrium calculation, in contrast to traditional methods in which an extra calculation
is needed to obtain the so-called thermodynamic factor. It is shown that the new ap-

proach considerably reduces the finite-size effect of the simulation box on the calculated
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diffusion coeflicients, which are thus obtained in the thermodynamic limit.

Introduction

Mass transfer phenomena are crucial for the development and improvement of technolo-
gies in several areas, from biomedical and biotechnology applications to the oil and gas
industries.! In the chemical industry, mass transfer processes are quite common and usually
mass diffusion phenomena are not only the heart of an operation, but also its limiting step.
Therefore, the appropriate description of the mutual diffusion process is critical for industrial
equipment and process design.?

It is important to distinguish mutual diffusion from self-diffusion. Self-diffusion is an
equilibrium phenomenon consisting of molecular diffusion due to collisions and Brownian
motion, in which the net mass flow of each component is zero.®* On the other hand, mutual
diffusion is a non-equilibrium process that takes place due to the presence of a chemical
potential gradient in the medium, causing a non-zero mass flow of each component and
increasing the entropy of the system as it moves to equilibrium.”?

In analogy to Fourier’s thermal conduction law, Fick proposed an equation to the molar
flow J; of a given species 1 in a binary mixture by stating that this quantity must be directly
proportional to the concentration difference of this species and inversely proportional to the
distance corresponding to this difference.®*” In the infinitesimal limit and for the case of a
multi-component mixture, the generalized Fick’s law can be applied to determine the (n.—1)

independent diffusion flows according to the equation®

ne—1

Ji = —C Z DZ']'VQZJ' (1)
j=1

where Z?;l J; = 0, ¢; is the total molar concentration, and Vz; is the mole fraction gradient
of species 4 in the mixture. The coefficients D;; are a generalized kind of Fick coefficients,

which does not depend on the magnitude of the concentration gradient.” Unlike the binary



Fick diffusivities, the generalized Fickian coefficients depend on the definition of the reference
velocity frame, do not directly reflect the i-j interactions, can either assume positive or
negative values, and are not necessarily symmetrical (D;; # Dj;).®

A different approach for describing mutual diffusion is through the so-called Maxwell-
Stefan (MS) equations.” The MS approach considers that diffusional flow is the result of
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a balance between molecular friction forces and intermolecular interactions, correlating

the flows directly with the motive force of chemical potential gradient through the equation

Z; . e (JZZJ] — ZE]Jz)
o VTP = ]Zl O 2)
i

where R is the universal gas constant, 7" is the absolute temperature, p; is the chemical
potential of component i, and D;; are the so-called MS coefficients. Unlike Fick diffusion
coefficients for the multicomponent case, MS coefficients are independent of the reference
velocity frame, have a clearer physical interpretation, and are always positive and symmet-
rical (D;; = D;;)." Nevertheless, MS coefficients normally cannot be directly measured by
experimental means, since they are formal coefficients that do not take into account the
non-ideal thermodynamic effects of a mixture. This justifies the lower dependence of the MS
coefficients on the composition of the mixture.®

Although they have different constructions, both Fick and MS formalisms describe the

same physical phenomenon and must therefore have some equivalence. In a molar reference

frame and for a two-component system, it is valid that"s

Dyy = I'Dyy, (3)

where I is the so-called thermodynamic factor for a binary mixture, given by
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where 7, is the activity coefficient of component 1 in the mixture, and the subscripts T, P, and
Ns indicate that the partial differentiation is carried out at constant temperature, pressure,
and number of molecules of component 2.4 It is noteworthy that the thermodynamic factor
plays the role of introducing the non-ideal effects of the mixture into the MS coefficient, and
for this reason the Fick coefficient is usually more strongly dependent on the composition of
the system. The generalized form of the relation between Fick and MS coefficients for the
multicomponent case is given in a matrix form and can be found in several mass-transfer
classical references.®42

It is also worth noting that both Fick and MS coefficients are not only dependent on
the composition, but also on the temperature and pressure of the medium. This represents
a serious challenge for engineers, because industrial processes take place in large ranges of
temperatures, pressures, and concentrations, but experimental measurements of ordinary
diffusion coefficients in each scenario of interest can be unfeasible. As alternatives to the
experiments, there exist several approaches to estimate mutual diffusion coefficients, includ-
ing semi-empirical correlations and the so-called Darken relations.*® Most of these relations
make mutual diffusivity a function of composition, temperature, self-diffusivity, and MS co-
efficients at infinite dilution, which can be obtained experimentally." Another possibility for
obtaining ordinary diffusion coefficients for systems of industrial interest is through molecular
simulations. Although they are not normally seen as practical engineering tool yet, molec-
ular simulations are already widely used for the calculation of mass transport properties,
including MS and Fick diffusivities 204023

In this work, we calculated Fick diffusion coefficients of several CO,+n-alkane mixtures at
high pressures using a variation of the methodology proposed by Nichols and Wheeler.*? We
called this new approach as the modified Fourier Correlation Method (mFCM). Because the
original Fourier Correlation Method was previously validated for LJ-fluid mixtures only and
proved to be not consistent for more complex fluids, some modifications were needed in order

to generalize it to the case of molecular systems. For further validation of the mFCM, we



also compared the obtained results with experimental data and with diffusivities calculated
through the traditional approach based on Onsager coefficients for the determination of
the MS coefficients, followed by conversion to Fick diffusivities by using thermodynamic
factors. These are also calculated in a Fourier-domain approach, based on the Kirkwood-
Buff formalism. Finally, we were able to evaluate how the simulation box size influences Fick
coefficients determined through the mFCM, which proved to be practically immune to the

finite-size of the simulation box.

Theoretical Background

Fick Diffusion Coefficients via Molecular Dynamics

In the context of Molecular Dynamics, there are several systematic ways of calculating
mutual diffusion coefficients. One possible way is to impose a mass flow in the simulation
box and determine the mutual diffusion coefficient by measuring the established composition
gradient in the box, according to Eq. . This approach can be achieved by using Reverse
Non-Equilibrium Molecular Dynamics methods (R-NEMD), by exchanging positions and
velocity vectors of molecules in different regions of the simulation box to force the occur-
rence of a constant composition gradient.®? Although somewhat intuitive, this methodology
presents some problems such as spurious energy drifts caused by the R-NEMD algorithms,
high gradient magnitudes and fluctuations, and the fact that the results obtained so far are
only qualitative. %20

In general, molecular simulation approaches for calculating diffusion coefficients employ
Equilibrium Molecular Dynamics (EMD) methods, by analyzing the equilibrium fluctuations.
Besides avoiding spurious problems of non-equilibrium methodologies, EMD approaches also
enables other properties to be calculated in the same simulation. Commonly, equilibrium

simulations provide us with Maxwell-Stefan coefficients, which can be converted into Fick

diffusion coefficients by multiplying the thermodynamic factor, according to Eq. (3).*



A possible way to determine MS diffusivities in equilibrium simulations is through the
extended Einstein relation for mutual diffusion.’® Another possible approach is through
the equivalent Green-Kubo formalism.'®2324 In theory, both Einstein and Green-Kubo for-
malisms for mutual diffusion should lead to similar results, although neither approach is
usually applied for the computation of such coefficient. Actually, one of the most widely
used methodologies for the computation of MS coefficients is based on the Onsager for-
malism of irreversible thermodynamics.?® This approach starts with the calculation of an

n.~dimensional matrix of the so-called Onsager coefficients, whose entries A;; are given by’

Ay = lim é%<<i[r1,i<t>—rz,i<o>1>- S [ (t) — s (0)] > G

k=1
where the indexes [ and k represent a sum over the center-of-mass position of each molecule
of types 7 and j, respectively. Note that Eq. is in accordance with the Onsager reciprocal
relations, which imply that these coefficients are symmetric (A;; = Aj;). For binary mixtures,

the Onsager coefficients are correlated to the MS diffusivities through the relation4
x x
Dio = —Au1 + —Asy — 2A10. (6)
I T2

The generalization of the Eq. @ for an n.-component mixture in matrix notation can be
found in many references. ™17 Despite this approach being quite efficient, its main diffi-
culty lies on the calculation of the thermodynamic factor to convert MS coefficients into
Fick diffusivities. Among the strategies to perform such calculation, those who adopt the
Kirkwood-Buff (KB) formalism in EMD simulations are widely employed. However, these
approaches are highly susceptible to finite-size effects of the simulation box, and KB-integrals
may not converge even for simple molecular systems.“®2” There are several recent attempts
in the literature to increase the convergence of such integrals for the calculation of the so-

27H29

called KB coefficients and of thermodynamic factors, including alternative strategies in

the Fourier domain.”" Despite all the development, this is still a field of active research in



the literature.

The Fourier Correlation Method (FCM)

Recently, Nichols and Wheeler“® proposed the FCM for the direct calculation of Fick
diffusion coefficients of binary mixtures through simulations at equilibrium. Based on the
mathematical device of correlations in the Fourier domain applied to Fick’s Second Law
of diffusion, they derived a governing diffusion equation that proved to be very useful in
Molecular Dynamics simulations. This allows the calculation of Fick coefficients in the
thermodynamic limit condition and, therefore, supposedly devoid of the finite-size effect of
the simulation box. They initially defined a complex factor of component i, which can be

calculated from the molecule positions over time through the relation®?

N
L < g,
ilgt) =5 > e, (7)
=1

where N is the total number of molecules in the system, N; is the number of molecules of
type 1, 7 is the imaginary number, and q is the wave or lattice vector in the reciprocal Fourier

space, given by

My
2w
q= T || (8)
m,

in which L is the edge length of the cubic box, and the components m,,m,, m, are three
independent integers (m € Z?). Thus, they employed Equation (7)) as an strategy to intro-
duce a finite spatial Fourier transform into the Fick’s Second Law and turn the problem into
a simple ordinary differential equation (ODE), after performing an analysis of the diffusion
equation based on the Linear Response Theory. Then, they introduced a self-correlation

expression by multiplying both sides of the solution by the complex conjugate of N;(q,0),



resulting in'*4

Sn’(% t) = Sn’(qy 0)67D12(q)q2t> (9)

where ¢ = |q| and S;;(q,t) is a dynamic factor, which contains information about the time

evolution of the particle self-correlations, and is expressed by

Si(q,t) = N (¥i(q,t)¥i(—q,0)). (10)

A similar expression as in Eq. (9) can be found in classical texts.®! It is important to
emphasise that this approach directly provides Fick diffusivities because it implicitly includes
the thermodynamic factor calculation. In a previous work, Nichols, Moore, and Wheeler="
showed that this factor can also be calculated in the Fourier domain based on the Kirkwood-

Buff formalism, according to the equation®%#2

N;N;

() = NJ?Sii(Q) — 2N;N;Sij(q) + N7 Sji(a)’ )

in which S;;(q) is the well-known static structure factor, given by

Sii(@) = N (¢i(@)¢;(—q)) - (12)

Finally, based on Eq. @D, the mutual diffusion coefficient for each lattice vector can be

determined by a linear regression through the relation

Dix(q)t = —izln [ (13)

Sii(q. t)} .
q

Sii(q,0)
where the diffusion coefficient in the thermodynamic limit can be determined by extrapo-
lating the Dio(q) results to ¢ — 0, which is equivalent to determining the diffusivity in a
macroscopic simulation box (L — o).

In their work, Nichols and Wheeler®? adopted the strategy of averaging the results ob-



tained for both components 1 and 2 through Eq. , that is, an average between Dq,
obtained from ¢11(q, t) and ¢22(q, t). Besides, they validated the FCM approach for Lennard-
Jones binary fluids at ordinary temperatures and pressures, and employed an empirical cor-
relation to extrapolate the results to the thermodynamic limit. However, there is no evidence
that this approach could work for binary mixtures more complex than Lennard-Jones fluids.
In addition, there is no extension of this methodology to the computation of mutual diffusion

coefficients of molecular systems.

Methodology

The modified Fourier Correlation Method (mFCM)

Here we present our proposed modifications to the original FCM construction, mainly
involving the governing diffusion equation of the method. In a binary mixture, for all g # 0,

the linear regime ensures that

WAL _ profa)iuta, ) (1

One way of making this equation useful for computing Dis(q) from EMD trajectories is to
multiply both sides by a constant N;(—q,0) and take a canonical average. This results in

dt = _D12(q)q25ij<q7t)7 (15>

which is similar to the differential equation whose solution is given by Eq. (9). In Eq. (17),

Si;(g,t) is a dynamic cross-correlation factor, given by

Sij (q, t) =N <¢Z(q, t)%-(—q, O)> = % < (ZZ: e—%qmz,i(t)) z]: eiq‘rk,j(o) > . (16)

=1 k=1



Therefore, S;;(qg,t) is a time-correlation function that can be estimated from a MD trajec-
tory. Contrary to what is stated in Ref. 22], S;;(q,t) is not a real-valued function. However,
when an average is taken for all ¢ vectors with equal length, the imaginary parts cancel out.
Thus, since S;;(—g,t) is the complex conjugate of S;;(q,t), we can deal exclusively with its

real part by defining

Sij(q,t) + Sij(—q,1)

Sz](q7t) = 92 )

(17)

which is equivalent to

Sij(q,t <[Z cos (q - i, ))] [ZJ cos (q - r1,;(0))

[Z sin (g - rk,j<0>>] > (18)

Note that, for a binary system, we can define a more general quantity S(q,t), given by

ZZS’U (g,t) = S11(qg, 1) + Si2(q.t) + S21(q, ) + S»(q. 1), (19)

=1 j=1

which is the real part of the well-known intermediate scattering function.®! Thus, we can

substitute the general quantity defined in Eq. into Eq. . Considering a given wave

number ¢, since ||q|| = || — gq|| = ¢, it follows that
1 S(g.1)
D =—— : 20
12<q> q2 S(q, t) ( )

There are, at least, two possible ways of evaluating the ratio above. The first one consists
in evaluating both S(g,t) and S(g,t) from ensemble averages. By taking the time-derivative
of Eq. and considering Eq. , we have
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The second way consists in plotting the equation resulting from the ODE resolution, that is

Ds(q)t = — = In {S(q’ﬂ , (22)

and taking the angular coefficient of its linear region, which is similar to Eq. .
It is worth noting that S(q,t) is the spatial Fourier transform of the van Hove pair-

correlation function G(r,t), and thus can be split into two separated contributions=!

S(q7 t) = SS(‘L t) + SD(‘L t)a (23)

where Sg(q,t) is the real part of the self-intermediate scattering function, given by

Ss(q,t) = Si11(q,t) + Sx(q,t), (24)

and Sp(q,t) is the real part of the distinct-intermediate scattering function,

Sp(q,t) = Si12(q,t) + S (q,t). (25)

It is important to clarify that Sg(q,t) and Sp(q,t) present different physical behaviours,
since as t — oo the function Gg(r,t) tends to a bell-shaped curve, whereas the peaks of
Gp(r,t) tend to decay and disappear.!

Note that the original Fourier Correlation Method* is equivalent to compute Di(q) by
considering the real terms of the self-intermediate scattering function Sg(q,t) separately and
then average the results obtained by employing S; and Sy5. However, we observed that the
self-intermediate scattering function is not appropriate for the calculation of diffusivities in

all types of mixtures, mainly if the two components in the system have different molecular

structures (see the [Results and Discussion| section). In such cases, each component provides

a specific self-intermediate scattering function, and this may yield two different diffusivity

11



results. This will be discussed in the forthcoming sections.
Our new proposal involves replacing the originally employed self-intermediate scattering
function by the distinct-intermediate scattering function Sp(q,t). Thus, the main equation

of the mFCM is given by
Sp(g,t
Dis(g)t = —— In l—D@ )} = ¢p (26)

whose results proved to be entirely consistent and free of disparities. The final diffusivities
are obtained by extrapolating the Dj5(q) results to the limit of ¢ — 0. Note that the deter-
mination of Dj5(0) in the Fourier Domain is equivalent to calculating the mutual diffusion
coefficient in the real space with an infinite simulation box (L — o0). Thus, the extrapolated
Fick coefficients are expected to be devoid of finite-size effects. The modified approach pro-
vides results in accordance with experimental data, even for binary systems more complex

than LJ-mixtures.

Simulation details

We have studied CO, at infinite dilution in either n-hexane or n-octane under pressures
ranging from 1.0 to 68.0 MPa and temperatures of 298 K, 323 K, and 373 K. We also
studied COy+n-octane mixtures at 290 K and 311 K, under pressures ranging from 0.75
to 3.68 MPa, with their corresponding bubble-point concentrations of carbon dioxide. We
employed in the simulations the OPLS (united atoms)=® force field for the hydrocarbons
and the single-site model proposed by Higashi et al.** for the carbon dioxide. This single-
site model were previously evaluated for the calculation of thermodynamic and transport

properties of carbon dioxide in alkane mixtures.®*¢ All parameters of the employed force

fields are available in Table [ST]in the [Supplementary Materiall

137

Playmol®" was employed to construct cubic simulation boxes with N = 1000 molecules

in total, and then LAMMPS" was used to carry out the MD simulations. These were
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performed by considering periodic boundary conditions and a 1 fs timestep. The integration
of the equations of motion was accomplished by means of the LAMMPS implementation of
the algorithm originally described by Tuckerman et al.*? We used a Nosé-Hoover Chain with
three thermostats“? with its characteristic time scale set to 100 fs to control the temperature,
and the Martyna-Tobias-Klein barostat*! with characteristic time scale of 1000 fs to control
the pressure.

The MD protocol started with a 7 ns simulation in the isothermal-isobaric ensemble
(NPT) to stabilize the volume of the simulation box and determine the density of each
system using the last 5 ns of this range. Then, new simulation boxes were assembled with
Playmol employing the calculated densities. Finally, the systems were simulated for 1 ns in
the canonical ensemble (NVT) for equilibration, followed by 5 ns in the same condition for
data production. In the production step, the center of mass position of each molecule was

stored at every 200 fs.

Fick diffusion coefficients

We calculated the MS coefficients through the well-established Onsager coefficient ap-
proach, using Eqgs. and @ For attaining quality statistics, results were treated by the
use of multiple origins of calculation.*® The MS coefficients were then converted to Fick
coefficients through Eq. . We performed the calculation of the thermodynamic factor by
the static structure factor approach in the Fourier domain, as presented in Eqs. (11 and
(12). The thermodynamic limit condition (¢ — 0) was then obtained by extrapolating the
static structure factor results through an analytical expression based on the Ornstein-Zernike

direct correlation function, that is,#<43

Sfl(Q) = Co,ij + CQ,ijq2 + C4,ijq4 + 0(96)7 (27)

)
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in which the odd-degree terms of the expansion are null and, consequently, the derivative
of the series at q = 0 is zero. This is in line with the theoretical statement that static
structure factors are even functions. As the simulated systems are isotropic, we averaged the
S;;(q) values over all lattice vectors of equal magnitudes, which made the static structure
factor dependent only on the module of lattice vectors, that is, S;;(¢). We set a maximum
assessment at ¢. = 2w L~14/20, which, after disregarding ¢ = 0, yields 388 unique pairs
of lattice vectors (£q). The choice of this cutoff is arbitrary, but a reasonable amount
of vectors must be employed to allow extrapolation. Of course, the larger the cutoff, the
higher even order terms will be needed in the expansion of the Ornstein-Zernike direct
correlation function. For this extrapolation, the parameters cg;j, c2j, ca,; were adjusted
using an optimization algorithm that employs the sum of quadratic residues as the objective
function 4440

Regarding the determination of the Fick coefficients through the modified Fourier Cor-
relation Method, we employed Eqgs. , , and to perform the calculations. As in
the case of the static structure factor, the distinct-intermediate scattering function Sp(q,t)
was averaged over all equivalent lattice vectors, reducing the dependence of this property to
the lattice vector module q. The Fick diffusion coefficient in the thermodynamic limit was
obtained by extrapolating the results to ¢ — 0. By analogy, we assumed the same expansion

of the Eq. to perform extrapolation of the mutual diffusion coefficient, that is,

Dis(q) = ¢+ &q” + gt + 0(¢°), (28)

where the coefficients of the correlation function may no longer assume physical values.
Again, the extrapolation was based on 388 pairs of lattice vectors resulting from a cutoff
¢. = 2rL='+/20. The parameter adjustment was also performed through an optimization
1446

algorithm.

Finally, we also determined the Fick diffusion coefficients according to the original FCM,
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in order to compare the results with those obtained through the mFCM. In this case, we
employed Egs. , , and to perform the original calculation as proposed by Nichols
and Wheeler.?? The extrapolation procedure to determine diffusivities in the thermodynamic

limit was the same as previously described, that is, using Eq. .

Results and Discussion

Density and thermodynamic factor results

The simulation density results presented a good agreement with the values obtained
from the GERG-2008 equation of state,*” available in the REFPROP software package.“®
The relative deviations between the MD results and those of REFPROP lie between 2%
and 6%. According to the estimates of critical coordinates also provided by REFPROP,
all studied systems are above their critical pressures and below their critical temperatures.
Therefore, they are in the compressible liquid phase region. The computed thermodynamic
factors are always close to unit, which indicates that all evaluated mixtures present small

deviations from ideality. The densities and thermodynamic factors obtained for all evaluated

mixtures are listed in Tables [S2}{S4] in the [Supplementary Materiall

It is worth mentioning that the calculation of the thermodynamic factor through the
Kirkwood-Buff formalism in the Fourier domain presented reasonable thermodynamic re-
sults, since the predicted behavior close to the thermodynamic ideality is expected in this
case. Figure [I] illustrates the static structure factors obtained in the simulations, as well
as the model fitting used to extrapolate the data, in the case of a COy+n-octane mixture
with zco, = 0.6167, at 290.0 K and 3.673 MPa. The extrapolation of the static structure
factors via Eq. seems quite satisfactory. Besides, the analytical extrapolation model

based on the Ornstein-Zernike direct correlation function proved to describe the behavior

of the structure factors accurately. Tables in the [Supplementary Materiall contain all

the results for the static structure factors in the thermodynamic limit, S;;(0), used here to
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calculate thermodynamic factors.

0.0 ' 0.2 0.4 ' 0.6
g/A’

Figure 1: Static structure factors S11(q), S12(¢q), and Sa2(gq) in a CO,y+n-octane mixture, with
zco, = 0.6167, at 290.0 K and 3.673 MPa. — Extrapolation model according to Eq. (27).

It is also noteworthy that the choice of this methodology for the calculation of the ther-
modynamic factor is due to the fact that it arguably surmounts finite-size effects, commonly
observed in the resolution of Kirkwood-Buff integrals in the canonical ensemble by means
of radial distribution functions.?® =049 Figure [2] illustrates the effect of the simulation box
size on the determination of the static structure factor for a COy+n-octane mixture with
rco, = 0.2427 at 290.0 K and 1.265 MPa. Note that the static structure factors followed
a well-defined curve, whose extrapolation to a value in the thermodynamic limit (¢ — 0)
seems to be little dependent on the size of the simulated system. Of course, larger simu-
lation boxes provide structure factor data closer to ¢ = 0, which makes the extrapolation
more reliable. Similar results on the evaluation of the finite-size effect on the static structure
factor have already been shown for a LJ mixture.®? On the other hand, it is clear that larger
fluctuations occur close to ¢ = 0. This is so because, when ¢ — 0, there are fewer equivalent

lattice vectors for determining the mean value of the structure factor.
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Figure 2: Static structure factors (a) S11(q), (b) Si2(g), and (c) Sa2(q) at different simulation
box sizes in a COy+n-octane mixture, with zcp, = 0.2427, at 290.0 K and 1.265 MPa.
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Fick diffusion coefficients

In this section, we discuss and compare the results of Fick diffusivities obtained by
means of different equilibrium MD strategies, namely (i) the Onsager coefficient approach,
associated to the thermodynamic factor (OC+TF), (ii) the new mFCM, and (iii) the original

FCM. All the results of mutual diffusion coefficients for the evaluated mixtures are listed in

Tables in the [Supplementary Materiall We compared our results to experimental data

reported by Cadogan et al.®" for the mixtures at infinite dilution of CO,, and to those of
Wang et al. (1996)°! for the mixtures of COy+n-octane at different concentrations. For

illustrative purposes, a few examples of linear regression sets used for the calculation of the

Onsager coefficients are also available in Figure [SI| of the [Supplementary Materiall This

methodology is well consolidated and will not be further discussed here.

In general, Fick coefficient results showed reasonable agreement to experimental data.
However, as shown in Tables [I3] the results obtained through the original FCM provided
quite different Fick coefficients when considering each part of the self-intermediate scattering
functions (¢17 and ¢9z). Although employing the S;;(q,t) part has provided physically
meaningful results, it is essential to note that component 1 in the mixture (CO,) was treated
as a single Lennard-Jones particle. As the efficiency of the original FCM have already been
demonstrated for LJ-like molecules, it was expected that the results provided by this term
would be reasonable. On the other hand, the results obtained with the Ss5(q,t) part of the
self-intermediate scattering function are not physically consistent. We attribute this issue to
the fact that these other components of the mixtures are chain-like hydrocarbons (n-hexane
or n-octane), whose long and dynamic structures may cause the self-intermediate scattering
function related to the center of mass to rapidly increase in the thermodynamic limit. Thus,
it is noted that the original FCM does not always provide satisfactory results for mixtures
with these molecular compounds.

Figures [3] to |5| graphically show a comparison between the experimental data and the

values obtained from our simulations through the OC+TF and the mFCM approaches.
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Table 1: Fick diffusion coefficients for COy+n-hexane mixtures at infinity dilution of CO,,
under different conditions of temperature and pressure. OC+TF: traditional approach of
the Onsager coefficients; mFCM: modified Fourier Correlation Method; FCM: original
Fourier Correlation Method.

D12/1079m2s7 1

FCM
T/K P/MPa Exp. OC+TF Dev.(%) mFCM  Dev.(%) on Dev.(%) boo Dev.(%)
13 832 £0.22 | 7.22 £1.31 -13.20% | 7.63 £0.01  -8.35% | 7.20 £0.01  -12.39% 61.45 £0.01  638.60%
22.0 | 7.27 4£0.19 | 6.19 £0.41  -14.86% | 5.47 £0.01  -24.82% | 6.31 £0.01  -13.22%  49.05 £0.01  574.69%
298.0 490 6.06 £0.16 | 5.18 £0.33  -14.54% | 5.23 £0.01  -13.74% | 5.60 £0.01  -7.56%  37.31 £0.01  515.69%
65.0 | 513 +0.13 | 4.93 £0.66 -3.81% | 5.16£0.01  0.60% | 5.19+0.01  1.10%  36.02 £0.01 602.19%
1.2 1050 £0.27 | 9.04 £1.10  -13.90% | 8.84 £0.01  -15.79% | 9.31 £0.01  -11.38% 67.46 £0.01  542.50%
22.0 | 9.27 £0.24 | 8.25£0.38 -11.05% | 7.38 £0.01  -20.3d% | 7.92 £0.01  -14.54%  50.47 £0.01  444.47%
323.0 50,0 7.61 £0.20 | 7.03 £0.46  -7.56% | 6.33 £0.01  -16.79% | 6.70 £0.01  -11.95%  44.90 £0.01  490.02%
66.0 | 7.15 £0.19 | 6.44 £0.53  -9.88% | 6.37 £0.01  -10.90% | 6.31 £0.01 -11.71%  44.68 £0.01  524.90%

1.2 15.80 +0.41 | 13.58 £1.48 -14.05% 12.07 +£0.01 -23.61% 14.01 £0.01 -11.30% 53.04 £0.01  235.67%
22.0 | 13.40 £0.35 | 12.23 £0.83  -8.76% | 11.35 £0.01 -15.32% | 12.12 £0.01  -9.53%  51.54 £0.01  284.62%
373.0 49.0 | 11.00 £0.29 | 9.43 £1.45  -14.32% | 9.60 £0.01  -12.74% | 10.08 £0.01  -8.37%  54.30 £0.01  393.65%
64.0 | 10.30 £0.27 | 8.94 £0.92  -13.25% | 8.54 £0.01  -17.06% | 8.91 £0.01 -13.50%  44.97 £0.01  336.56%

Table 2: Fick diffusion coefficients for CO4+4n-octane mixtures at infinity dilution of CO,,
under different conditions of temperature and pressure. OC+TF: traditional approach of
the Onsager coefficients; mFCM: modified Fourier Correlation Method; FCM: original
Fourier Correlation Method.

D12/10‘9m23‘1

FCM
T/K P/MPa| g OC+TF Dev.(%) | mFCM  Dev.(%) éun Dev.(%) oo Dev.(%)

1.0 | 6.32£0.16 | 5,12 £0.25 -18.91% | 4.50 £0.01 -28.75% | 4.85 £0.01 -23.26% 56.93 £0.01  800.76%
10.0 | 5.66 £0.15 | 4.59 £0.77  -18.93% | 4.02 £0.01  -28.90% | 4.49 £0.01  -20.64%  47.59 £0.01  740.84%
2980 310 | 4.72 40.12 | 3.93 £0.46 -16.70% | 3.78 £0.01  -19.84% | 4.18 £0.01 -11.42%  42.08 £0.01  791.54%
50.0 | 428 40.11 | 3.18 4£0.41  -25.74% | 3.34 £0.01  -21.99% | 3.66 £0.01 -14.59%  39.69 40.01  827.25%
68.0 | 3.8340.10 | 3.28 £0.15  -14.25% | 3.36 £0.01 -12.27% | 3.36 £0.01 -12.30%  30.32 £0.01  691.75%

1.0 | 810 +0.21 | 7.19 £0.45 -12.18% | 6.82 £0.01 -16.72% | 6.76 £0.01 -17.52% 58.76 £0.01  617.44%
10.0 | 7.36 £0.19 | 6.20 £0.44 -15.71% | 5.83 £0.01 -20.84% | 6.01 £0.01 -18.33%  55.98 £0.01  660.63%
3230 300 |6.10 £0.16 | 4.99 £0.40 -18.14% | 4.75 £0.01  -22.15% | 5.10 £0.01 -16.42%  48.54 £0.01  695.69%
51.0 | 5.62 £0.15 | 4.42 £0.38  -21.41% | 4.42 £0.01 -21.36% | 4.36 £0.01  -22.46%  40.09 £0.01  613.31%
68.0 | 5.1040.13 | 4.18 £0.34  -18.08% | 4.14 £0.01 -18.87% | 4.24 £0.01  -16.94%  43.33 £0.01  749.69%

Table 3: Fick diffusion coefficients for CO,+n-octane mixtures at different compositions,
temperatures, and pressures. OC+TF': traditional approach of the Onsager coefficients;
mFCM: modified Fourier Correlation Method; FCM: original Fourier Correlation Method.

D12/1079m2s7 1

FCM

T/K  zco, P/MPa Exp. OC+TF Dev.(%) | mFCM Dev.(%) o1 Dev.(%) - Dev.(%)

0.2427 1.265 4.58 +0.46 | 4.33 +0.20 -5.48% 4.47 +0.01 -2.40% 4.73 +0.01 3.24% 7.81 +£0.01 70.63%
0.3324  1.843 | 2.79 £0.28 | 4.88 £0.47  74.89% | 5.11 £0.01  83.24% | 5.33 £0.01  91.26%  7.77 £0.01  178.75%
290.0 94124 2358 | 3.42+0.34 | 4.90 £0.25  43.35% | 4.80 £0.01  40.40% | 5.05 £0.01  47.80%  6.35 £0.01  85.61%
0.5216  3.061 | 3.99 £0.40 | 4.70 £0.25  17.79% | 4.93 £0.01  23.60% | 5.30 £0.01  32.81%  5.91 £0.01  48.13%
0.6167  3.673 | 5.31 £0.53 | 5.27 £0.59  -0.84% | 523 £0.01  -1.53% | 558 £0.01  4.99%  5.99 £0.01  12.71%

0.1344  0.747 | 4.96 £0.50 | 6.0 £0.37  22.06% | 5.57 £0.01  12.32% | 591 £0.01  10.34%  14.43 £0.01 191.21%
0.2384  1.667 | 6.92 £0.69 | 5.75 £0.77 -16.82% | 5.77 £0.01  -16.53% | 5.99 £0.01 -13.42%  9.54 £0.01  37.95%
3110 02499 1769 | 8.11 £0.81 | 6.04 £0.37 -25.49% | 5.80 £0.01 -28.46% | 6.00 £0.01 -25.94%  9.67 £0.01  19.34%
0.2814  2.048 | 3.98 +£0.40 | 6.21 £0.64  55.95% | 5.75 £0.01  44.36% | 6.03 £0.01 51.36%  8.88 £0.01  122.94%
0.4007  3.103 | 4.61 £0.46 | 6.25 £0.15  35.73% | 5.95 £0.01  29.27% | 6.31 £0.01  36.94%  7.82 £0.01  69.69%
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Figures [3| and 4] show that, in the case of COs+n-hexane and CO,+n-octane mixtures at
infinity dilution of CO,, both the Onsager coefficient approach and the mFCM showed good
agreement with the experimental points. The values calculated by the traditional method
were sometimes higher and sometimes lower than those calculated by the mFCM, but both
approaches provided underestimated results when compared to the experimental data. This
finding can be explained by the residual finite-size effect of the simulation box, which does not
allow a proper account for the long-range hydrodynamic interactions and, mainly, because of
the natural limitation of the force field employed, whose parameterization was not targeted
to reproduce mutual diffusivity.

Figure [5|shows that, in the case of the CO,-+n-octane mixtures at different temperatures,
pressures, and concentrations of CO,, the obtained results do not present a good agreement
to experimental points. However, these experimental data are quite oscillatory and their
uncertainties are not known. We considered a scenario in which the error bars are 10% of
the property value, as the author of the original paper®! suggests. In these cases, results
obtained through the MD methodologies seem to have agreed with the experimental data
only at the extremes of the evaluated concentrations, with no agreement in the middle points.
It is important to highlight, however, that both the mFCM and the traditional methodology
of Onsager coefficients presented consonant results, with a smooth and physically consistent
profile.

To illustrate the process of determining the Fick diffusion coefficient through the mFCM,
Figure [6] shows ¢p at different wave numbers, together with the linear regression proposed
in Equation to determine the mutual diffusion coefficient in each case. These curves
decay because the real parts of both the self- and distinct-intermediate scattering functions
tend to zero, as this quantity describes the microscopic thermal fluctuations of the system
which should, according to the hypothesis of Onsager regression, decay to zero over time
just like macroscopic perturbations in a non-equilibrium condition.?252 Figure [f]a) shows

the behavior of ¢p at a low ¢-value, where a nonlinear behavior is noted for short time lags,
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Figure 3: Fick diffusion coefficients for COy+n-hexane mixtures at infinity dilution of CO,,
at (a) 298.0 K, (b) 323.0 K, and (c) 373.0 K. A Experimental data from Cadogan et al.
(2016); O Molecular Dynamics results through Onsager coefficients with thermodynamic
factors; [J Molecular Dynamics results through the modified Fourier Correlation Method.
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Figure 4: Fick diffusion coefficients for COy+4n-octane mixtures at infinity dilution of COs,,
at (a) 298.0 K, and (b) 323.0 K. A Experimental data from Cadogan et al. (2016); O
Molecular Dynamics results through Onsager coefficients with thermodynamic factors; [J
Molecular Dynamics results through the modified Fourier Correlation Method.
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modified Fourier Correlation Method.

23



which rapidly decays and converges to a linear trend for longer time lags. We believe that this
nonlinearity at low time lags is a result of the ballistic effects, when molecular collisions still
play a role in diffusion. This effect is also commonly observed in measurements not related to
the Fourier domain, as in the case of the exponential behavior observed at the beginning of
the Mean Square Displacement curve (MSD). For the purpose of linear regression, the initial
part of the curve with inertial effects was disregarded. Nichols and Wheeler®® predicted
that this behavior should be observed for low ¢-values in the dynamic structure factor,
although they have not effectively observed the phenomenon in the case of simple Lennard-
Jones fluids. Figure [6(b) shows the behavior of ¢p for an intermediate g-value, where the
ballistic effects at the beginning of the curve are little pronounced and the trend of the data
is practically linear, as expected. Finally, Figure @(C) illustrates the behavior of ¢p for a
high g-value, where a nonlinear decay is observed for long periods of time. In this case,
the slower decay is observed after a certain characteristic time in which the hydrodynamic
interactions promote a relaxation in the system, which causes a logarithmic decay of the
intermediate scattering function.”® Again, only the linear region was taken into account in
the fitting for the computation of the mutual diffusion coefficient corresponding to this wave
number. In this work, we implemented an automatic routine for the linearization of ¢p at
different ¢-values. This routine considers the peculiarities observed for different magnitudes
of the lattice vector and performs the regression in the region of intermediate times within
the studied time window, which ensures that the linear fit always show a quadratic Pearson
correlation coefficient greater than 0.95 (R? = 0.95). Another possible strategy would be
to estimate the characteristic time for each case and limit the linear regression to that time
window, being only necessary to discard the regions where the initial ballistic effects are
relevant.

It is important to emphasize the difficulty in determining the time-lag of the exponential
decay of ¢p(q,t) data for different g-values. In the limit of ¢ — oo, it is expected that the

non-linear decay of ¢p starts before and extends for longer intervals, which represents an
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intrinsic problem for the linear data regression. However, it must be considered that the
results at high values of ¢ are not of great importance, since the only values that matters
for the method are in the opposite extreme, that is, in the extrapolation for ¢ — 0. Also,
in the limit of ¢ — oo the hypothesis of macroscopic diffusion loses validity and the results
become less reliable.

Figure |7 exemplifies the extrapolation of the Fick diffusion coefficient obtained by the
mFCM as a function of the wave numbers. The assumption that the Ornstein-Zernike
correlation function would also be appropriate for the extrapolation of the mutual diffusivity
seems to be valid, since the fitting to the simulation data was quite satisfactory in the context
of the mFCM. On the other hand, Figure [§ shows the extrapolation of Fick coefficients
obtained through the original FCM, employing both terms S11(q,t) and Sy2(q, t) of the self-
intermediate scattering function. Again, it is noted that these two terms provided distinct
results, which impairs the applicability of the original FCM for mixtures with molecular
components as compared to Lennard-Jones fluids. Moreover, we observed that this difference
gets bigger as the system gets richer in the n-alkane, that is, the problem is aggravated in
limit of infinite dilution of CO,.

It is important to point out that the dispersion of the diffusivity values as a function of
g can be attenuated by statistical improvement, i.e. longer simulations. The uncertainties
of the Fick coefficients determined from both FCM and mFCM were estimated based on
the confidence interval of the adjusted parameters in the regression model, which ultimately
turns this error into an indirect measurement of the degree of dispersion of the D2(q) data.
Despite the clear dispersion on the g-dependent data, the estimated uncertainty on the Fick
coefficient extrapolated to the thermodynamic limit is low.

A pertinent source of criticism, as highlighted by Nichols and Wheeler,% is that both
the FCM and the mFCM require extrapolation of the simulation data, which demands an
appropriate model that must be able to describe the Fick diffusivities as a function of the ¢-

values. On the other hand, one should keep in mind that other equilibrium-based approaches
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also need to assume an extrapolation to the thermodynamic limit, as in the case of the
Onsager methodology (Eq. ) Besides, these well-established approaches do not directly
provide the value of Fick coefficients, thus requiring the calculation of the thermodynamic
factor, which is usually not trivial. In this sense, the mFCM approach not only directly
provides the value of the Fick coefficient but also assumes an extrapolation to ¢ — 0, which
provides Fick diffusivities less prone to the finite-size effect of the simulation boxes with

periodic boundary conditions. This effect is discussed in the following section.

Finite-size effect on Fick diffusion coefficients

In this section, we evaluated the finite-size effect on the approaches we employed to
estimate Fick diffusion coefficients. It is known that the Maxwell-Stefan coefficients deter-
mined by the traditional approach from Onsager coefficients may be subject to finite-size
effects.®™ The thermodynamic factor that converted the Maxwell-Stefan coefficients to Fick
diffusivities, however, is less prone to the finite-size effect of the simulation box as previously
discussed. On the other hand, the Fick diffusivity determined through the mFCM theoreti-
cally presents no finite-size effect because the extrapolation to ¢ = 0 is supposed to provide
mutual diffusion coefficients at the thermodynamic limit.

Figure [9] illustrates the effect of the simulation box size on the determination of the Fick
coefficient through the mFCM for a COy+n-octane mixture with xcp, = 0.2427 at 290.0 K
and 1.265 MPa. Note that the tendency of the Fick diffusivity value at the thermodynamic
limit is the same for different system sizes. However, the dispersion of the data at different
simulation box sizes cannot be neglected, as these oscillations may cause slightly different
Fick coefficient values after the extrapolation process. It is worth mentioning that all data
obtained from different simulation boxes collapse to a single curve, thus confirming the
principle that D5 actually depends on the wave number ¢ regardless of the system size.
Evidently, simulating larger systems enable us to obtain estimates at smaller ¢ values and,

as a consequence, the extrapolation to ¢ — 0 becomes more reliable.
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Figure 9: Fick diffusion coefficients as a function of the wave number at different simulation
box sizes in a COy+n-octane mixture, with xco, = 0.2427, at 290.0 K and 1.265 MPa. These
results were obtained with the mFCM.

In Figure [I0, we directly compare the Fick coefficients obtained by the two approaches
studied in this work, and we also include the Fick coefficients determined by the traditional
methodology and corrected for finite-size effects according to a recent proposal made by
Jamali et al®® Such strategy has already been validated in the original work as well as in
another recent study.®® It basically consists in the use of the Yeh-Hummer factor®® to correct

the finite-size effects on the Fick diffusion coefficients, according to the equation

CkpT

Djjoo = Dij + —,
]’ ]+67T77L

(29)
where D;;  is the Fick coefficient in the thermodynamic limit, D;; is the value obtained via
EMD simulations by methods liable to finite-size effects, n is the kinematic viscosity, and
¢ ~ 2.837297.595% We calculated the kinematic viscosity through the well-known Green-Kubo
formalism by using a 7 ns production in the isothermal-isobaric ensemble (NpT) with 4000
molecules in the system. We also used a multiple-origin algorithm to statistically improve

the obtained autocorrelation functions. The final result was obtained as an average of the
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results from triplicate simulations. For this COy+4n-octane mixture with zco, = 0.2427, at
290.0 K and 1.265 MPa, the determined viscosity was = (3.48 +0.12)107* Pa - s.

The diffusivities obtained by the traditional methodology through Onsager coefficients
seem to be influenced by the size of the simulation box, which may indicate that long-range
hydrodynamic interactions not properly accounted in periodic and finite systems tends to
underestimate the calculated mutual diffusivity. However, it should be considered that in
some cases the underestimation observed in the Fick coefficient by the traditional approach
appears to be in the same order of magnitude as the uncertainties of the measurements itself.
On the other hand, the new mFCM seems to considerably reduce the finite-size effect on
the calculation of the Fick coefficients. As expected, the fluctuations in Dy5(g) observed in
Figure [9] for different system sizes were sufficient to provide slightly different Fick coefficients
for each case. Because of these fluctuations at different simulation box sizes, the mFCM as
used in the present work does not seem to provide results completely free of the finite-size
effects. However, we believe that longer simulations and greater accuracy in determining the
linear region of the dynamic structure factor should reduce these fluctuations and make Fick
diffusivities even less dependent on the simulation box size through the mFCM.

In general, the Jamali et al.®®

correction greatly attenuates the effect of finite size of
the simulation box, although the problem does not seem to be completely solved since the
slope of its fitted line is not exactly zero. Thus, it is possible to state that the capacity
of the mFCM to mitigate the finite-size effect on the calculation of the Fick coefficients is
comparable to the one provided by the correction factor proposed by Jamali et al.®® The
regression lines of the coefficients obtained by both approaches are practically parallel, and

although the final values at the thermodynamic limit are slightly different from one approach

to the other, the values are statistically equivalents if we consider the error bars.

30



6.0

| Exp.
577 ® OC+TF
54 OC+TF+YH
| ® mFCM
5.1
‘T(I) g _ 1
N 484 o &
mE _5:5“-
9 451 [° 'ﬁ\.ﬂ\
& 42
a ] | J
3.9 1
3.6 1
3.3 T T T T T T T
0.05 0.10 0.15 0.20 0.25

1N

Figure 10: Fick diffusion coefficients as a function of the cubic simulation box size, for
a COy+n-octane mixture, with xcp, = 0.2427, at 290.0 K and 1.265 MPa. () OC+TF:
results through Onsager coefficients; ¢ OC+TF+YH: results through Onsager coefficients
and corrected by the Yeh-Hummer factor; [J mFCM: results through the modified Fourier
Correlation Method;— Experimental data from Wang et al. (1996).

Conclusions

We presented an alternative approach to directly calculate Fick diffusion coefficients from
equilibrium MD simulations, named the modified Fourier Correlation Method (mFCM). The
new approach is a generalization of the original Fourier Correlation Method introduced by
Nichols and Wheeler (2015),%4 which succeeds in the case of simple Lennard-Jones fluids, but
fails to provide suitable results in the case of binary molecular mixtures. To validate our ap-
proach, we performed the calculation of Fick diffusion coefficients for several COy+n-hexane
and COy+n-octane mixtures at high pressures and at different temperatures. We obtained
results with good agreement to experimental data and to Fick coefficients calculated through
the traditional approach based on Onsager coefficients associated with the thermodynamic
factor. Moreover, our new proposal proved to be a simpler alternative to the traditional
methodology, since Fick diffusivities are obtained directly from a single calculation.

We also evaluated the effect of the simulation box size on the Fick coefficient obtained via
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molecular simulations. The well-established methodology that employs the Maxwell-Stefan
(MS) coefficients converted to Fick diffusivities by the thermodynamic factor seemed to be
subject to finite-size effects. In contrast, the new mFCM presented practically no finite-size
issues, which is mainly caused by the dispersion of the Dj5(q) values that ultimately influences
the data regression process. In general, the small effect observed in the results obtained by
the mFCM is comparable to that observed in the Fick coefficients after application of a
correction factor as proposed by Jamali et al. (2018).%2

In summary, the mFCM proved to be a reliable approach for calculating Fick diffusion
coefficients in binary systems. Among its main advantages, we highlight the implicit incorpo-
ration of the thermodynamic factor in the calculation and the already mentioned mitigation
of finite-size effects. On the other hand, issues concerning the necessity of extrapolation
represent an inherent difficulty of the method.

Finally, it is worth mentioning that we were able to successfully calculate the thermo-
dynamic factor through the static structure factor in the Fourier Domain. The proposed
analytical model based on the Ornstein-Zernike formalism proved to be quite effective for
extrapolating the results to the thermodynamic limit. In addition, this approach has been
shown to be virtually immune to the finite-size effect of the simulation box, which is a

problem commonly observed in Kirkwood-Buff integrals resolution.
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Supplementary Material

Table S1: Parameters of OPLS-UA®? and Higashi®** force fields used in LAMMPS

atom_ style

full

¢/keal.mol ™! o/A Mass/Da Charge
COq 0.4692 3.9050 44.010 0.000
CHj 0.1750 3.9050 15.035 0.000
CH, 0.1180 3.9050 14.027 0.000
bond _style harmonic

Kr/kcal.mol_lA_z Teq/A
CH, - CH, 260.0 1.526
CH, - CH, 260.0 1.526
angle style harmonic

Ky/kcal.mol™trad™? 0cqy/deg
CHyCHy,CHy 630 112.4
CHyCHyCH, 630 112.4
dihedral style  opls

K1 /kecal.mol ™1 Ko /keal. mol™' K3/kecal.mol=" Ky /keal.mol !
CHy-CHyCHy-CH, 1.4110 -0.2710 3.1450 0.0000
CH, CH, CHy-CH, 1.4110 -0.2710 3.1450 0.0000
pair_style lj/cut
Combining rules Geometric
special _bonds  1j 0.0 0.0 0.0
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Figure S1: Results of the Onsager coefficients (a) Ay, (b) A2, and (c¢) Agg for COy-+n-hexane
mixtures at infinity dilution of CO,, at 290.0 K and under different pressures. The symbols
represents the simulation results over time, and the dashed lines are the linear regressions
performed for each case.
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Table S2: Density and thermodynamic factor results for COy+n-hexane mixtures at
infinity dilution of CO,, under different conditions of temperature and pressure.

p/kg.m=3
T/K P/MPa T
MD GERG-2008 Dev.(%)
1.3 681.63 +3.44 664.27 2.61% 1.00 +0.01
22.0 698.03 +3.19 678.76 2.84% 1.01 £0.01
298.0 49.0 715.85 £2.99 698.56 2.47% 1.02 +0.01
65.0 724.89 £+2.82 708.39 2.33% 1.06 +0.01
1.2 662.54 +£3.74 643.17 3.01% 0.99 +0.01
22.0 681.52 +3.42 659.32 3.37% 1.00 +0.01
523.0 50.0 701.64 £3.15 682.50 2.80% 0.99 £0.01
66.0 711.31 £3.03 693.31 2.60% 1.05 £0.01
1.2 621.12 £4.65 598.13 3.84% 0.98 £0.01
22.0 647.03 +3.96 619.85 4.38% 1.03 £0.01
373.0 49.0 671.53 £3.55 648.77 3.51% 1.00 £0.01
64.0 682.51 +3.41 661.27 3.21% 0.98 £0.01
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Table S3: Density and thermodynamic factor results for COy+n-octane mixtures at infinity
dilution of CO,, under different conditions of temperature and pressure.

p/kg.m=3
T/K P/MPa T
MD GERG-2008 Dev.(%)
1.0 738.72 +£2.89 700.35 5.48% 1.02 +0.01
10.0 745.52 £2.84 708.05 5.29% 0.97 £0.01
2980 31.0 758.74 £2.69 723.41 4.88% 1.06 £0.01
50.0 767.69 +£2.53 735.16 4.42% 1.00 +0.01
68.0 775.32 £2.47 744.98 4.07% 1.06 £0.01
1.0 721.39 £3.13 679.88 6.11% 1.04 £0.01
10.0 729.40 £3.03 688.94 5.87% 1.02 +0.01
5230 30.0 743.38 £2.86 705.74 5.33% 1.01 £0.01
51.0 754.48 +2.69 720.20 4.76% 0.97 +0.01
68.0 763.17 £2.63 730.34 4.49% 1.00 +0.01
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Table S4: Density and thermodynamic factor results for COy+n-octane mixtures at
concentrations, temperatures, and pressures.

p/kg.m=?
T/K zco, P/MPa T
MD GERG-2008 Dev.(%)
0.2427  1.265 | 763.55 +£3.43 730.67 4.50% | 1.03 £0.01
0.3324  1.843 | 772.85 +3.64 742.09 4.15% | 1.15 £0.01
20004191 2358 | 782.87 £4.03 753.32 3.92% | 1.12 £0.01
0.5216  3.061 | 798.46 +4.61 770.49 3.63% | 1.08 £0.01
0.6167  3.673 | 813.91 +5.32 787.47 3.36% | 1.09 £0.01
0.1344  0.747 | 738.25 +3.34 699.49 5.54% | 1.07 £0.01
02384  1.667 | 747.35 +£3.59 709.69 5.31% | 1.04 £0.01
MO 0009 1769 | 748.47 £3.70 710.88 5.29% | 1.08 +£0.01
0.2814  2.048 | 751.40 £3.72 714.18 5.21% | 1.08 £0.01
0.4007  3.103 | 764.34 +4.30 727.49 5.07% | 1.08 £0.01
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Table S5: Static structure factor values at the thermodynamic limit for CO,+n-hexane
mixtures at infinity dilution of CO,, under different conditions of temperature and pressure.

T/K P/MPa

S11(0)/1073

S12(0)/1073

So2(0)/1073

1.3 10.06 £0.02 | -3.45 £0.01 | 24.26 £0.11
22.0 9.93 £0.02 | -3.40 £0.01 | 19.82 £0.07
2980 49.0 9.85 £0.02 | -3.19 £0.01 | 16.24 £0.05
65.0 9.45 £0.02 | -3.21 £0.01 | 14.90 £0.04
1.2 10.12 £0.02 | -3.51 £0.01 | 30.40 £0.17
22.0 10.06 £0.02 | -3.62 £0.01 | 24.19 £0.11
3230 50.0 10.12 £0.02 | -3.44 £0.01 | 19.33 £0.07
66.0 9.55 £0.02 | -3.17 £0.01 | 17.24 £0.06
1.2 10.24 £0.02 | -3.81 £0.01 | 50.02 £0.47
22.0 9.73 £0.02 | -3.61 £0.01 | 35.43 £0.23
3730 49.0 10.05 £0.02 | -3.39 +£0.01 | 26.58 £0.13
64.0 10.26 £0.02 | -3.53 +£0.01 | 23.79 £0.11
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Table S6: Static structure factor values at the thermodynamic limit for CO5+n-octane
mixtures at infinity dilution of CO,, under different conditions of temperature and pressure.

T/K P/MPa

S11(0)/1073

S12(0)/1073

So2(0)/1073

1.0 9.87 £0.02 | -2.65 £0.01 | 14.68 £0.04
10.0 10.33 £0.02 | -2.72 £0.01 | 13.77 £0.04
298.0 31.0 9.51 £0.02 | -2.55 £0.01 | 11.93 £0.03
50.0 10.03 £0.02 | -2.66 +£0.01 | 10.95 £0.02
68.0 9.47 £0.02 | -2.52 £0.01 | 10.18 £0.02
1.0 9.63 £0.02 | -2.76 £0.01 | 17.86 £0.06
10.0 9.87 £0.02 | -2.74 £0.01 | 16.22 £0.05
323.0 30.0 9.93 £0.02 | -2.70 £0.01 | 14.04 £0.04
51.0 10.34 £0.02 | -2.84 £0.01 | 12.56 £0.03
68.0 10.09 £0.02 | -2.71 £0.01 | 11.50 £0.02
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Table S7: Static structure factor values at the thermodynamic limit for CO5+n-octane

mixtures at different concentrations, temperatures, and pressures.

T/K 200, P/MPa| S11(0)/1073 | S12(0)/1073 | S2(0)/1073
0.2427 1265 | 263.10 £12.93 | -71.47 +0.95 | 31.15 £0.18
0.3324  1.843 | 332.23 £20.62 | -92.21 +1.59 | 37.08 £0.26
290.0 0.4124  2.358 | 435.34 £35.40 | -121.74 £2.77 | 45.33 £0.38
0.5216  3.061 | 585.38 £64.00 | -164.50 £5.05 | 57.46 £0.62
0.6167  3.673 | 677.66 £85.77 | -192.85 £6.95 | 66.82 +0.83
0.1344  0.747 | 133.23 £3.32 | -36.79 +0.25 | 25.09 £0.12
0.2384  1.667 | 252.22 £11.88 | -70.58 +0.93 | 33.96 +0.22
311.0 0.2499  1.769 | 257.76 £12.41 | -72.38 +0.98 | 34.33 +0.22
0.2814  2.048 | 293.42 £16.08 | -82.50 +1.27 | 37.08 £0.26
0.4007  3.103 | 432.43 £34.93 | -122.06 +£2.78 | 48.09 +0.43
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