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ABSTRACT: In this work, we developed a new self-diffusion
coefficient model for chain-like fluids, which was coupled with the
SE equation to simultaneously describe transport properties (i.e.,
self-diffusion coefficient and viscosity) using the parameters
obtained from thermodynamic properties. In modeling, the self-
diffusion coefficient model was developed based on the diffusion
coefficient of LJ spherical fluids by incorporating a correction
function to describe the characteristics of chain-like molecules.
Subsequently, the SE equation was used to calculate the viscosity.
Based on the molecular parameters in ePC-SAFT (i.e., segment
number N, segment diameter σ, and energy parameter ε/kB), one
set of universal parameters was determined from the self-diffusion coefficients and viscosities of 19 n-alkanes (C2H4−C20H42) at
various temperatures and pressures. The model reproduces the experimental self-diffusion coefficient data (804 data points) with an
average ARD of 8.4% and the experimental viscosity data (1539 data points) with an average ARD of 7.2% for 19 n-alkanes over
wide ranges of temperature and pressure. Furthermore, the viscosity and self-diffusion coefficient of the other 17 compounds,
including long n-alkanes, branched alkanes, and cyclic compounds, were predicted, and among them, the relatively poor prediction
results of branched alkanes and cyclic compounds were further discussed. Finally, the proposed model was extended to ionic liquids,
generally providing reliable results for these complex fluids. This study suggests that it is possible to describe the thermodynamic and
transport properties with one set of molecular parameters based on ePC-SAFT.

1. INTRODUCTION
Transport properties, such as viscosity and self-diffusion
coefficient, are crucial physical properties, required in various
industrial processes. These properties have a significant impact
on the flow behavior of fluids, as well as the rate of heat and
mass transfer, making them indispensable in many industrial
applications, such as carbon capture and storage1,2 and
chemical enhanced oil recovery.3 The transport properties of
fluids are commonly determined through experimental
measurement and theoretical calculation. Considering the
expensive and time-consuming nature of conducting exper-
imental measurements for fluids under various conditions,
especially under high-temperature and high-pressure con-
ditions,3,4 it is desirable to develop theoretical models to
describe the transport properties of fluids. Various methods
have been developed and reviewed for the prediction and
correlation of viscosity3,5,6 and self-diffusion coefficient7 of
different fluids. For gases, the kinetic theory of gas proposed
by Chapman and Enskog8 has been developed to widely
describe the viscosity and self-diffusion coefficient at low to
moderate pressures. For dense gases and liquids, based on the
kinetic theory of gas, a number of semiempirical models have
been developed to represent their viscosity and self-diffusion
coefficient. One common approach is based on a database of
transport properties obtained from molecular dynamics (MD)

simulations9−14 for simple “model” molecular fluids, such as
hard-sphere (HS)9,10 and Lennard-Jones (LJ)11−14 fluids, and
also semiempirical equations were developed to describe
viscosity15−17 and self-diffusion coefficient18−22 of real
substances. Another approach can be categorized as applied
statistical mechanics models, such as Eyring’s model23 (i.e.,
absolute reaction rate theory), residual models (i.e., friction
theory24 and free volume theory25,26), scaling models (i.e.,
excess entropy scaling27,28 and density scaling29), and so on.
In the above-mentioned models, thermodynamic properties
such as density, which are typically determined from
experimental measurements or calculated from thermody-
namic models, are required as input to obtain the transport
properties. However, in general, the model parameters in
describing the transport properties are different from those in
representing their thermodynamic properties. In principle, for
a substance, the molecular parameters should be independent
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of its properties; also considering that the thermodynamic
properties of a substance are often studied much more both
experimentally and theoretically, developing models with one
set of molecular parameters to simultaneously represent
thermodynamic and transport properties will be feasible and
important.

In general, there are two main theoretical approaches to
simultaneously calculate the thermodynamic and transport
properties with one set of molecular parameters. The first
approach is from the macroscopic scale, based on semi-
theoretical models such as Eyring’s model30−32 and entropy-
scaling models.33−41 The second approach is from the
microscopic scale, based on molecular simulation ap-
proaches.42,43 Wei and Rowley,30 as well as Cao et al.,31

determined the parameters of the thermodynamic model from
vapor−liquid equilibrium (VLE) data and then predicted the
viscosities of binary liquid mixtures via combining with the
Eyring’s model. In our previous study,32 we combined the
nonrandom two-liquid model (NRTL) with the Eyring’s
model to investigate how to simultaneously represent the
excess thermodynamic properties and viscosities of ionic
liquid (IL) mixtures. The models based on Eyring’s theory are
mainly restricted to describing the excess viscosity of liquid
mixtures, and the studies of the self-diffusion coefficient of
liquid mixtures are limited. Furthermore, to describe the
properties, studies of constituents in the mixture are needed
additionally.

Recently, the entropy-scaling theory gained significant
attention as a promising method to establish a link between
transport properties and residual entropy, where the residual
entropy can be determined from thermodynamic models, such
as perturbed-chain statistical associating fluid theory (PC-
SAFT). A universal relationship between dimensionless
transport properties (i.e., scaled viscosity and self-diffusion
coefficient) and residual entropy for simple fluids was
proposed by Rosenfeld,27,28 whereas this relationship cannot
extend to molecular liquids.44 To improve the model
capability based on the entropy-scaling theory, some
researchers33−41 modified the relationship between the
residual entropy and dimensionless properties (i.e., viscos-
ity33−35,37−39 and self-diffusion coefficient36,40,41) by using
different mathematical formulations. These modified models
can describe the viscosity or self-diffusion coefficient of
molecular liquids using a set of generalized parameters, while
their adjustable parameters are usually based on either the
self-diffusion coefficient or viscosity data. Studies on the
simultaneous representation of both properties using entropy-
scaling models are still rare. Moreover, the above-mentioned
semitheoretical models have not been extended to advanced
and complex fluids, such as ILs with charges.

Different from the Eyring’s models and the models derived
from the entropy-scaling concept, on the basis of force fields,
molecular simulation is used as a powerful technique for
calculating the thermodynamic and transport properties of real
molecular systems, and the all-atom (AA) or coarse-grained
(CG) force fields have been developed for a variety of
molecular fluids, such as hydrocarbons,43,45−47 electrolytes,46

and ILs.48 On the other hand, several studies43,46,47,49 also
used an equation of state (EOS), such as SAFT-based EOS, to
estimate the CG force fields, which were then used directly in
molecular simulations to obtain thermodynamic and transport
properties of fluids. For example, the research group of
Galliero43,46 developed two coarse-grained molecular models

(i.e., the LJ Chain model43 and Mie Chain model46) to
simultaneously represent thermodynamic properties from bulk
to interface and transport properties of short n-alkanes using
one set of molecular parameters. Considering the computa-
tional intensity and time requirements in molecular simu-
lations, it is desirable to develop semitheoretical models that
can simultaneously describe both the thermodynamic and
transport properties with one set of parameters for various
fluids, including ILs with charges.

In this work, we developed models to simultaneously
describe the self-diffusion coefficient and viscosity of
substances, including n-alkanes, branched alkanes, cyclic
compounds, and ILs by using one set of molecular parameters
based on ePC-SAFT owing to its capability to accurately
describe the thermodynamic properties of neutral (non-
electrolytes) and charged (electrolytes) substances, especially
those of chain-like molecules. The self-diffusion coefficient
equation for the LJ spherical fluids was incorporated with a
correction term, F(N, ρ*, T*), to describe the characteristics
of chain-like molecules, and the Stokes−Einstein equation was
developed to obtain the viscosity. In modeling, based on the
molecular parameters in ePC-SAFT, one set of universal
parameters was determined from the self-diffusion coefficients
and viscosities of n-alkanes (C2H4−C20H42) at various
temperatures and pressures. Based on the obtained universal
parameters, the viscosity and self-diffusion coefficient of
branched alkanes and cyclic compounds were predicted and
discussed. Furthermore, the proposed models were extended
to ILs.

2. THEORETICAL BACKGROUND
2.1. Self-Diffusion Coefficient Model. Based on the self-

diffusion coefficient equation for the simple and spherical LJ
fluid proposed in our previous study,20 a new self-diffusion
coefficient equation was developed for a chain-like molecule
containing N hard-spheres of diameter σ and mass m. It is
expressed as
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k
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The reduced temperature T* and reduced density ρ* for the
chain-like molecule are defined as

* = * =T
k T

N, N
B 3

(5)
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In these equations, D is the self-diffusion coefficient (m/s2),
N is the number of segments per chain, σ is the segment
diameter (Å), m is the molecular mass (kg) expressed as m =
M/(N·NA) (M is the molar weight, kg/mol, and NA is the
Avogadro constant, 1/mol), kB is the Boltzmann constant (J/
K), T is the temperature (K), ε/kB is the energy parameter
(K), ρN is the number density (1/Å3) expressed as ρN = NA/
(M·ρ), and ρ is density (kg/m3). Three molecular parameters
(i.e., N, σ, and ε/kB) were used in the model. Additionally, the
universal parameters in eq 2 (i.e., a, b, c, P1, P2, P3, P4, and P5)
and eq 4 (i.e., S1, S2, and S3) were determined from simulated
and experimental data, respectively. The process of obtaining
model parameters is discussed in section 2.4.

From eq 1, we can see that with N → 1, the correction
function (eq 4) approaches 1.0, and thus the equation
simplifies into the self-diffusion coefficient equation of the
simple and spherical LJ fluid, which is expressed as

* =
*

* ×D
T

A B
3

8 (6)

where the reduced self-diffusion coefficient D* is written as

* =D D

m/2 (7)

Equation 6 can be used to represent the self-diffusion
coefficient of spherical LJ fluids, including gas, liquid, and
supercritical fluid, with a total AAD of 4.95%.20 With a
generalized expression for the LJ parameters of pure real fluids
(i.e., σ and ε/kB), eq 6 can be extended to real pure
substances. The detailed expressions on the diffusion equation
of the LJ fluid can be found in the Supporting Information.
2.2. Stokes−Einstein (SE) Equation. In this work, the

SE equation was used to connect the self-diffusion coefficient
and viscosity. The SE equation is expressed as

=D
k T

C
B

H (8)

where η is the viscosity (mPa·s), and C is a numerical
constant determined by the hydrodynamic boundary con-
dition. Specifically, for “slip” and “stick” boundary conditions,
C is equal to 2 and 3, respectively. In this work, we assumed
that the boundary condition is “stick”, and C was taken as 3.
σH denotes the hydrodynamic diameter of a hard-sphere
particle.
2.3. ePC-SAFT. Following a previous work,50 the

dimensionless residual Helmholtz energy in ePC-SAFT is a
summation of energy contributions accounting for hard-sphere
(ahs), chain (achain), dispersive (adisp), and ionic (aion) terms:

= + + +a a a a a( )res hs chain disp ion (9)

For nonelectrolytes, each substance was modeled as a
nonspherical species with repulsive and dispersive interactions
with three parameters (i.e., segment number, N, segment
diameter, σ, and dispersion-energy parameter, ε/kB). For
electrolytes (i.e., ILs), following our previous work,51,52 each
IL was modeled as an equimolar mixture of IL-anion and IL-
cation, three parameters (i.e., N, σ, and ε/kB) were used to
represent each IL-ion in the model, and the Lorentz−
Berthelot mixing rules were used to characterize a pure IL
without any additional binary parameters:

= +1
2

( )ij i j (10)

=ij i j (11)

=m x m
i

i i
(12)

In this work, ePC-SAFT was also used to calculate the
density of the studied substances under different temperatures
and pressures as inputs in eqs 1 and 6. Also, their parameters
were used as inputs in modeling the kinetic properties, as
described in section 2.4.
2.4. Model Parameters. A great number of parameters

are required in the models in describing thermodynamic and
kinetic properties. In this work, the following are used:

(1) The universal parameters in eq 2 (i.e., a, b, c, P1, P2, P3,
P4, and P5). These were taken directly from our previous
work,20 where the self-diffusion coefficients at the range of 0.8
≤ T* ≤ 4.0 and 0.05 ≤ ρ* ≤ 1.0 were predicted using the
MD simulation for simple spherical fluids.14 The correspond-
ing values are listed in Table S1. It should be mentioned that
the finite size corrections53 were not employed in our previous
work.20 According to the study by Bell et al.,54 the error in
simulating diffusion coefficients without incorporating finite
size corrections could be from 1 to 15% for the MD results of
Rowley et al.14 We conducted preliminary studies, indicating
that these deviations only have a marginal impact on the
development of diffusion models for real substances.

(2) The universal parameters (i.e., S1, S2, and S3) in the
correction term F(N, ρ*, T*). In the previous work, these
parameters were commonly determined from the MD
simulation results. For example, Yu and Gao19,55 obtained a
correlation term F(N, ρ*) with 3 parameters to account for
the chain characteristics using the MD simulation data of
hard-chain fluids.56 Resi et al.21,57 determined a correlation
term F(N, ρ*, T*) with 3 parameters using the MD
simulation data of LJ chain fluids. He et al.22 proposed two
correlation functions G(N, ρ*, T*) and H(N, ρ*, T*) with a
total of 6 parameters to describe the chain characteristics,
where the parameters were determined on the basis of the
MD data by Resi.57 However, in this work, these parameters
were set as adjustable parameters, where both viscosity and
self-diffusion coefficient data of pure liquid n-alkanes were
used in parametrizing the correction function F(N, ρ*, T*).
The details for parametrizing and the corresponding results
were described in section 4.

(3) The molecular parameters (i.e., N, σ, and ε/kB) in ePC-
SAFT. In this work, these three molecular parameters for the
studied substances were taken from previous work.50−52,58 It
should be mentioned that the potential function of ePC-SAFT
is different from that of the LJ self-diffusion coefficient
equation, while it is still reasonable to use the ePC-SAFT
molecular parameters directly. This is because (1) in this
work, the universal parameters of F(N, ρ*, T*) were
determined from the experimental data, instead of the MD
simulation data, and as suggested by Liu et al.,59 (2) there
exist mathematical relations between the self-diffusion
coefficient models represented by different potential functions.
In this work, the possible deviations caused by parameters of
different potential functions were reflected in parametrizing
F(N, ρ*, T*). The ePC-SAFT parameters for the substances
studied in this work are listed in Table S3.
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(4) Additionally, the hydrodynamic diameter σH in the SE
equation was set as the segment diameter σ taken from ePC-
SAFT.

3. EXPERIMENTAL DATA
In this work, we assumed that the SE equation only can
describe the relationship between the viscosity and self-
diffusion coefficient of dense fluids, and thus, the experimental

data of all studied substances in the compressed liquid state
were surveyed. Tables 1 and 2 summarize the available
experimental self-diffusion coefficient data for 46 real
substances, containing 36 simple molecules (1358 data
points) and 10 ILs (143 data points), as well as viscosity
data for 50 real substances, containing 36 simple molecules
(2235 data points) and 14 ILs (1824 data points). The survey

Table 1. Self-Diffusion Coefficient Data for the Studied Substances

substance formula T (K) P (MPa) T* ρ* NDPa source

n-Alkanes
ethane C2H6 150.0−454.0 25−200 0.78−2.37 0.33−0.97 60 60
propane C3H8 165.0−453.0 25−200 0.79−2.18 0.47−0.96 55 60
n-butane C4H10 170.0−451.0 5.0−200 0.79−2.02 0.46−0.97 30 61
n-pentane C5H12 293.0−353.0 0.1−245 1.27−1.53 0.72−0.93 51 62
n-hexene C6H14 223.2−333.2 0.1−394 0.94−1.40 0.72−1.01 59 63
n-heptane C7H16 293.0−353.0 0.1−245 1.23−1.48 0.72−0.94 55 62
n-octane C8H18 248.1−348.2 0.1−361 1.02−1.43 0.74−0.93 43 64
n-nonane C9H20 293.0−353.0 0.1−245 1.20−1.44 0.75−0.96 55 62
n-decane C10H22 247.9−440.2 0.1−60.0 1.02−1.81 0.68−0.86 23 65−67
n-undecane C11H24 293.0−353.0 0.1−245 1.18−1.42 0.77−0.97 55 62
n-dodecane C12H26 264.2−434.8 0.1−60.0 1.06−1.74 0.71−0.87 17 65, 66
n-tridecane C13H28 293.0−353.0 0.1−245 1.17−1.41 0.78−0.97 50 62
n-tetradecane C14H30 279.4−436.2 0.1−200 1.10−1.74 0.72−0.95 30 65, 68
n-pentadecane C15H32 293.0−353.0 0.1−245 1.15−1.39 0.79−0.96 52 62
n-hexadecane C16H34 291.9−434.3 0.1−279 1.15−1.37 0.73−0.97 98 65, 69, 70
n-heptadecane C17H36 303.0−353.0 0.1−245 1.19−1.38 0.80−0.97 44 62
n-octadecane C18H38 301.4−438.8 0.1 1.18−1.71 0.74−0.84 11 65
n-nonadecane C19H40 313.2−343.2 0.1 1.22−1.34 0.81−0.83 4 71
n-eicosane C20H42 313.2−443.7 0.1 1.22−1.72 0.74−0.83 12 71, 72
n-tetracosane C24H50 323.2−443.7 0.1 1.24−1.70 0.75−0.83 11 71, 72
n-hexacosane C26H54 343.7−443.7 0.1 1.32−1.70 0.76−0.83 6 72
n-octacosane C28H58 343.7−443.7 0.1 1.20−1.69 0.72−0.81 6 72
n-triacontane C30H62 356.5−469 0.1−600 1.36−1.79 0.75−1.04 63 70
Branched Alkanes
isopentane C5H12 298−328 0.1−200 1.29−1.42 0.71−0.90 22 73
2,2-dimethylbutane C6H14 248.1−347.8 0.1−200 1.02−1.43 0.72−0.95 33 74, 75
2,3-dimethylbutane C6H14 217−453 0.1−200 0.88−1.84 0.55−0.97 30 76
2-methylpentane C6H14 200−287.5 0.1 0.85−1.22 0.77−0.86 7 74
3-methylpentane C6H14 200−302 0.1 0.85−1.29 0.76−0.87 9 74
Others
benzene C6H6 288.2−433.0 0.1−400 1.00−1.51 0.69−0.94 66 77, 78
toluene C6H5CH3 219.5−323.2 0.1−369 0.77−1.13 0.78−0.98 54 64
cyclopentane C5H10 194.7−328.0 0.1−200 0.73−1.23 0.75−0.90 26 73, 79
cyclohexane C6H12 313.0−383.0 0.1−214 1.13−1.38 0.71−0.88 39 80
pyridine C5H5N 303.2−423.2 0.1−500 0.99−1.39 0.72−0.98 54 81
carbon tetrachloride CCl4 283.2−328.2 0.1−148 0.96−1.12 0.77−0.88 27 82
octafluorocyclobutane C4F8 323.0−473.0 5.0−190 1.94−2.85 0.45−0.81 59 83
tetramethyl silane C4H12Si 298.0−373.0 4.5−450 1.36−1.70 0.68−0.99 42 77
Ionic Liquids
[C2mim][BF4] C6H11BF4N2 263−373 0.1 0.82−1.17 0.47−0.44 12 84
[C4mim][BF4] C8H15BF4N2 263−353 0.1 0.80−1.07 0.47−0.44 8 85
[C2mim][Tf2N] C8H11F6N3O4S2 263−373 0.1 0.94−1.34 0.41−0.44 30 84−86
[C4mim][Tf2N] C10H15F6N3O4S2 263.2−353.2 0.1 0.92−1.23 0.42−0.45 18 85, 86
[C6mim][Tf2N] C12H19F6N3O4S2 263−353 0.1 0.90−1.2 0.43−0.46 10 86
[C8mim][Tf2N] C14H23F6N3O4S2 263−353 0.1 0.87−1.17 0.43−0.46 18 85, 86
[C4mim][PF6] C8H15F6N2P 273−353 0.1 0.83−1.08 0.45−0.47 7 85
[C4py][Tf2N] C11H14F6N2O4S2 263−380 0.1 0.88−1.25 0.40−0.43 20 84, 85
[C4py][BF4] C9H14BF4N 263−373 0.1 0.77−1.09 0.43−0.46 12 84
[C4mim][tfo] C10H20F3NO3S 263−353 0.1 0.79−1.06 0.43−0.46 8 85

aNumber of data points.
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shows that most of the data were determined in a wide range
of temperatures and pressures.

It should be mentioned that Greiner-Schmid et al.60

measured the self-diffusion coefficient data for C2H6 at

temperatures from 136 to 454 K, and for C3H8 at
temperatures from 112 to 453 K. According to the ePC-
SAFT parameters of C2H6, C3H8, and C4H10, their
corresponding reduced temperatures are within the ranges

Table 2. Viscosity Data for the Studied Substances

substance formula T (K) P (MPa) T* ρ* NDPa source

n-Alkanes
ethane C2H6 150.0−500.0 20−60.0 0.78−2.61 0.24−0.88 180 87
propane C3H8 160.0−550.0 25−100 0.77−2.40 0.35−0.91 133 88
n-butane C4H10 323.0−443.0 13−69.2 1.45−1.99 0.56−0.78 100 89
n-pentane C5H12 303.2−443.0 7.5−75.3 1.31−1.92 0.58−0.92 168 89, 90
n-hexene C6H14 303.2−448.0 0.1−250 1.28−1.89 0.63−0.93 108 89, 90
n-heptane C7H16 303.2−348.0 0.1−245 1.27−1.46 0.73−0.94 92 91−93

n-octane C8H18 298.2−448.0 0.1−253 1.33−1.85 0.67−0.95 114 89, 90, 94
n-nonane C9H20 303.2−323.2 0.1−64.7 1.24−1.32 0.78−0.85 27 91
n-decane C10H22 293.2−373.2 0.1−254 1.20−1.53 0.74−0.95 103 90, 95, 96
n-undecane C11H24 303.2−323.2 0.1−62.4 1.22−1.30 0.79−0.87 26 91, 97
n-dodecane C12H26 293.2−373.2 0.1−100 1.18−1.50 0.76−0.90 30 96, 97
n-tridecane C13H28 298.2−353.2 2.0−50.0 1.19−1.41 0.78−0.87 85 97
n-tetradecane C14H30 293.2−373.2 0.1−100 1.15−1.47 0.77−0.90 28 96, 97
n-pentadecane C15H32 313.2−372.2 0.1−100 1.23−1.47 0.77−0.90 24 96
n-hexadecane C16H34 313.2−373.2 0.1−100 1.23−1.47 0.78−0.90 24 96
n-heptadecane C17H36 303.2−358.2 0.1−68.9 1.19−1.40 0.79−0.88 105 98
n-octadecane C18H38 313.2−373.2 0.1−100 1.22−1.46 0.79−0.90 22 96
n-nonadecane C19H40 308.2−598.2 0.1 1.20−2.34 0.61−0.83 67 99
n-eicosane C20H42 313.2−553.2 0.1−243.1 1.21−2.38 0.60−0.93 103 100
n-tetracosane C24H50 318.2−363.2 0.1 1.22−1.39 0.81−0.84 8 101−103
n-hexacosane C26H54 333.2 0.1 1.28 0.83 1 99
n-octacosane C28H58 323.2−573.8 0.1 1.23−2.19 0.67−0.84 9 103, 104
n-triacontane C30H62 343.2−363.2 0.1 1.31−1.38 0.82−0.83 3 103
Branched Alkanes
isopentane C5H12 223.2−298.2 0.1 0.97−1.29 0.73−0.82 24 99
2,2-dimethylbutane C6H14 273.2−313.2 0.1−147.1 1.12−1.25 0.75−0.89 11 99, 105
2,3-dimethylbutane C6H14 273.2−313.2 0.1−147.1 1.11−1.27 0.73−0.88 11 99, 105
2-methylpentane C6H14 273.2−333.2 0.1−147.1 1.16−1.40 0.72−0.88 32 99, 105
3-methylpentane C6H14 313.2 0.1−147.1 1.3 0.74−0.88 6 105
Others
benzene C6H6 288.2−433.0 0.1−400 1.00−1.51 0.69−0.93 94 77, 78, 106
toluene C6H5CH3 297.5−425.8 0.1−252 1.04−1.49 0.69−0.94 136 90, 106, 107
cyclopentane C5H10 258.0−298.0 0.1−380 0.97−1.12 0.77−0.98 183 108
cyclohexane C6H12 313.0−383.0 0.1−210 1.13−1.38 0.71−0.88 25 80
pyridine C5H5N 303.2−423.2 0.1−500 0.99−1.39 0.72−0.98 54 81
carbon tetrachloride CCl4 283.2−328.2 0.1−148 0.96−1.12 0.77−0.88 27 82
octafluorocyclobutane C4F8 323.0−423.0 8.0−190 1.94−2.55 0.63−0.81 27 83
tetramethyl silane C4H12Si 298.0−373.0 4.6−455 1.36−1.70 0.69−1.01 45 77
Ionic Liquids
[C2mim][BF4] C6H11BF4N2 269.2−363.2 0.1−14.5 0.84−1.13 0.45−0.47 99 109−112

[C4mim][BF4] C8H15BF4N2 273.2−353.2 0.1−300 0.86−1.07 0.44−0.49 171 109, 113, 114
[C6mim][BF4] C10H19BF4N2 278.2−363.2 0.1−399.4 0.82−1.08 0.44−0.50 249 109, 115, 116
[C8mim][BF4] C12H23BF4N2 273.2−353.2 0.1−224.2 0.82−1.02 0.44−0.47 159 109, 117, 118
[C2mim][Tf2N] C8H11F6N3O4S2 268.2−363.2 0.1−400 0.96−1.30 0.41−0.47 260 114−116

[C4mim][Tf2N] C10H15F6N3O4S2 273.2−353.2 0.1−298.9 0.95−1.23 0.42−0.48 119 113, 114
[C6mim][Tf2N] C12H19F6N3O4S2 273.2−363.2 0.1−401.1 0.93−1.24 0.43−0.50 205 115, 116
[C8mim][Tf2N] C14H23F6N3O4S2 278−358 0.1 0.92−1.19 0.43−0.46 35 119, 120
[C4mim][PF6] C8H15F6N2P 273.2−353.2 0.1−249.3 0.83−1.08 0.45−0.49 127 114, 121
[C6mim][PF6] C10H19F6N2P 273.2−353.2 0.1−238.5 0.81−1.05 0.44−0.49 108 113, 115, 122
[C8mim][PF6] C12H23F6N2P 273.2−353.2 0.1−175.9 0.79−1.02 0.44−0.48 77 117, 122
[C4py][Tf2N] C11H14F6N2O4S2 278.2−363.2 0.1 0.93−1.22 0.40−0.43 41 123, 124
[C4py][BF4] C9H14BF4N 278.2−353.2 0.06−65.0 0.81−1.03 0.44−0.47 100 125−127

[C4mim][tfo] C10H20F3NO3S 283.2−363.2 0.1−50.2 0.85−1.09 0.43−0.46 74 128, 129
aNumber of data points.
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of 0.71 ≤ T* ≤ 2.37, 0.54 ≤ T* ≤ 2.18, and 0.69 ≤ T* ≤
2.02, respectively. In the previous work,20 the range of 0.8 ≤
T* ≤ 4.0 was set in determining the parameters of eq 2, and
the prediction of D* out of this range is questionable,
specifically for T* far less than 0.8. Therefore, the
experimental self-diffusion coefficient data for C2H6, and
C4H10 at temperatures higher than 150 K and for C3H8 at
temperatures higher than 160 K were chosen in this work, and
the experimental viscosity data at similar conditions were
selected.

4. RESULTS AND DISCUSSION
4.1. Correlation of n-Alkanes (C2H6−C20H42). Consid-

ering that the ePC-SAFT parameters of 19 n-alkanes (C2H6−
C20H42) were determined from accurate volumetric and phase
equilibrium data, they are reasonable and can be used to
represent both thermodynamic and kinetic properties. In this
work, based on the ePC-SAFT parameters, the self-diffusion
coefficients (804 data points) and viscosities (1539 data
points) of these 19 n-alkanes were used to determine the
universal parameters (i.e., S1, S2, and S3) in eq 4 through the
objective function OF, which is expressed as follows:
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where Di,exp and Di,cal are the experimental and calculated self-
diffusion coefficients; ηi,exp and ηi,cal are the experimental and
calculated viscosities; and N is the total number of data
points.

To evaluate the model performance, the absolute relative
deviations (ARD) of self-diffusion coefficient and viscosity
were used and given by
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Table 3 shows the adjustable parameters in eq 4 and the
ARDs of self-diffusion coefficient and viscosity for the studied

n-alkanes (8.4% and 7.2%, respectively). It should be
mentioned that the data of methane (CH4) was not included
in the parametrization process due to its segment number
being equal to 1.0. Using the ePC-SAFT parameters of CH4
(i.e., N = 1.0, σ = 3.7039, and ε/kB = 150.03), the self-
diffusion coefficient was predicted via eq 1 and subsequently
compared to the experimental self-diffusion coefficient data
(173.4 K ≤ T ≤ 454 K and 0.8 MPa ≤ P ≤ 200 MPa) from
Greiner-Schmind et al.60 and Dawson et al.,130 and the
corresponding ARD is 9%. The comparison between predicted
and experimental results is illustrated in Figure 1, showing
good agreement in a wide range of temperatures and

pressures. Based on the corrections of 19 n-alkanes (C2H6−
C20H42) together with the results for CH4, it can be concluded
that, by using the ePC-SAFT model parameters as the input in
modeling the diffusion coefficient, a generalized correction
function can be obtained to simultaneously describe the self-
diffusion coefficient and viscosity of the studied n-alkanes.

The comparison of calculated and experimental self-
diffusion coefficients of n-alkanes (C2H6−C20H42) is further
illustrated in Figure 2(a), and their corresponding ARDs are
displayed in Figure 2(b). The deviations are mainly observed
at low self-diffusion coefficients, ranging from 10−10 to 10−9

m2/s, especially for the n-alkanes with short chain lengths. To
further analyze, we made a specific comparison for the short-
chain n-alkanes, i.e., C2H6, C4H10, and C6H14 with ARDs
higher than 10% (Figure 3). It shows that (1) the self-
diffusion coefficients decrease with decreasing temperature as
well as increasing pressure and chain length; (2) the
significant deviations for these three n-alkanes are observed
at temperatures below 250 K and above 200 MPa, suggesting
that the proposed equations may be unsuitable under these
relatively harsh conditions. At such conditions, the corre-
sponding reduced temperature T* is 0.8−1.0, and the reduced
density ρ* is 0.85−1.0. According to the simulation by
Rowley,14 these ranges of T* and ρ* are in the liquid−solid
phase transition region and close to the solid-state region,
respectively. In both these regions, it is difficult to obtain D*
due to very low molecular diffusion, and thus the capacity of
eq 1 in predicting D* is limited. Based on the above analysis,
we conclude that the limitations of eq 1 in predicting the low
self-diffusion coefficients result in significant deviations at low
temperatures and high pressures. Additionally, the accuracy of
the ePC-SAFT model in predicting density may become
worse with increasing pressures or decreasing temperatures,
leading to discrepancies in the self-diffusion coefficients.

To investigate whether the incorporation of the correction
function improves the model performance, we calculated the
ARDs of the studied n-alkanes (C2H6−C20H42) by using the
LJ self-diffusion coefficient equation of real substance
proposed in the previous work.20 The calculated details of
the LJ self-diffusion coefficient equation for real substances

Table 3. Adjustable Parameters of Correction Function
Given in eq 4 and Resulting ARDs between Experimental
and Calculated Transport Properties of n-Alkanes

S1 S2 S3 %ARD (D) %ARD (η)

0.219 0.119 −1.800 8.4 7.2

Figure 1. Comparisons of the calculated and experimental self-
diffusion coefficients for CH4 in a wide range of temperatures and
pressures. Symbols denote experiment data, and lines denote
calculated values.
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can be found in the Supporting Information. The results of
ARDs are illustrated in Figure 4. Compared to the results
shown in Figure 2(b) and Figure 4, it can be seen that the
model performance is significantly improved when the
concept of the chain segment is incorporated. Moreover,
Figure 4 reveals that with increasing the chain length of n-
alkanes, the values of ARDs show an overall increasing trend,
indicating the effects of chain segment should be considered
in the LJ self-diffusion coefficient equation when extending to
the long-chain n-alkanes. This further proves that the
correction function used in this work (eq 4) is reasonable.

In addition to the self-diffusion coefficient, the viscosities of
the studied n-alkanes at various temperatures and pressures
were also obtained. The comparison between calculated and
experimental viscosities is illustrated in Figure 5(a), and their
corresponding ARDs are shown in Figure 5(b). Overall, the
calculated viscosities exhibit excellent agreement with
experimental data, and the ARDs of viscosity are below 10%

for almost all substances. However, significant deviations can
still be observed in the low-viscosity region (close to 10−2

mPa·s). This is because the viscosities in the gas−liquid
transition region for C2H6 and C3H8 were included in
parametrizing, while the SE equation is incapable of describing
the relationship between the self-diffusion coefficient and
viscosity for the gas-like fluids, leading to obvious deviations
in the low-viscosity region.
4.2. Prediction of n-Alkanes (C24H50−C30H62),

branched alkanes, and other substances. Based on the
models with three universal parameters, together with the
ePC-SAFT parameters, the self-diffusion coefficients and
viscosities of 17 substances, including long n-alkanes,
branched alkanes, and other substances, were predicted and
discussed.

For long n-alkanes (C24H50−C30H62) and branched alkanes,
the model performance in predicting the self-diffusion
coefficient is illustrated in Figure 6(a), and their correspond-

Figure 2. (a) Comparison of calculated and experimental self-diffusion coefficients for all investigated n-alkanes (C2H6−C20H42); (b) ARDs
between calculated and experimental self-diffusion coefficients for all investigated n-alkanes (C2H6−C20H42). The dashed line represents an ARD
of 10%.

Figure 3. Comparisons of calculated and experimental self-diffusion coefficients for (a) C2H6, C4H10, and (b) C6H14 in a wide range of
temperatures and pressures. Symbols denote experimental data, and lines denote calculated values.
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ing ARDs and those predicted with the LJ diffusion equation
for real substances are shown in Figure 6(b). It can be seen
that, for the majority of alkanes, the models exhibit acceptable
predictions, and the prediction capacity was obviously
improved compared to the spherical LJ diffusion equation
for real substances. However, the model performance is
relatively poor for 2,2-dimethylbutane and 2,3-dimethylbu-
tane. In a further analysis, we investigated the molecular
structures, and these two isomers of hexane with two methyl
groups are more like spherical molecules. In contrast, in ePC-
SAFT, they were still modeled as chain-like molecules (N ≈
2.6), resulting in relatively poor predictions. Figure 7 shows
the comparison between the predicted and experiment
viscosities as well as their corresponding ARDs. Similar to
the observations of the self-diffusion coefficient, the model
performance in predicting the viscosities is, in general,

desirable but relatively poor for 2,2-dimethylbutane and 2,3-
dimethylbutane.

The comparison of predicted and experimental self-diffusion
coefficients for the other 8 substances is illustrated in Figure
8(a), and their corresponding ARDs together with those
predicted by the LJ diffusion equation for real substances are
shown in Figure 8(b). Overall, the model prediction
performance for these substances is poor (Figure 8(a)).
Figure 8(b) illustrates the ARDs given by the models
proposed in this and a previous work,20 respectively.
Surprisingly, except for toluene and pyridine, the equation
proposed in the previous work20 provides better predictions
than that in this work. In the LJ diffusion equation for real
substances, the segment number of the studied substance is
always equal to 1.0, i.e., spherical molecules. In this work, the
segment number of each studied substance was taken from
ePC-SAFT. Figure 9 shows the molecular structures of the
investigated substances and their corresponding segment
numbers in ePC-SAFT. It is evidenced that the segment
numbers for most studied cyclic compounds are close to those
of the n-alkanes with the same carbon atoms, which is
obviously unreasonable. In ePC-SAFT parametrizing, several
set of parameters can be obtained, but not all of them are
reasonable. Refitting the ePC-SAFT parameters and taking the
reasonable set will improve the model results in this work.
This will be done in our future work.

The viscosities of these 8 compounds were also predicted.
The results are illustrated in Figure 10(a). Similarly, the
overall deviation can be observed, and the predicted viscosities
are lower than those of the experimental data. Instead, the
predicted self-diffusion coefficient is higher than the
experimental data. This is because the viscosity is inversely
proportional to the diffusion coefficient in the SE equation.
To further analyze the reason for such a relatively high
deviation, we investigated the reliability of the SE relation for
these substances via a literature survey. Among the studied
substances, based on the work conducted by Jonas et
al.77,80,81,83,131 and McCool et al.,82 the SE relation was
found to be valid for benzene,77,131 cyclohexane,80 tetramethyl
silane,77,131 carbon tetrachloride,82 and octafluorocyclobu-

Figure 4. Comparison of predicted and experimental self-diffusion
coefficients for all investigated n-alkanes (C2H6−C20H42) using the
generalized LJ equation proposed in the previous work.20 The dashed
line represents an ARD of 10%.

Figure 5. (a) Comparison of calculated and experimental viscosities for all investigated n-alkanes (C2H6−C20H42); (b) ARDs between calculated
and experimental viscosities for all investigated n-alkanes (C2H6−C20H42). The dashed line represents an ARD of 10%.
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tane,83 but not valid for pyridine81 due to its exceptionally low
and pressure-dependent constant C. For cyclopentane and
toluene, the validity of the SE relation has not been tested due
to the limited experimental data on D and η under the same
conditions. Combining the results and discussion in the
previous paragraph, we conclude that the high deviations
observed for these cyclic compounds are caused by their
unreasonable ePC-SAFT parameters.
4.3. Extension to Ionic Liquids. For ILs, the presence of

electrostatic interactions between their ionic components
makes them apart from simple molecules, and thus, the
adjustable parameters in eq 4 were determined using their
experimental self-diffusion coefficient and viscosity data. The
calculated ARD (D) and ARD (η) are 39.4% and 30.9%,
respectively. The adjustable parameters and ARDs for each IL
are listed in Tables S5 and S6. The comparison of calculated

and experimental self-diffusion coefficients and viscosities is
illustrated in Figure 11, showing that for most ILs, the
calculated self-diffusion coefficients were lower than the
experimental values. Similarly, the calculated viscosities were
also lower than the experimental data, particularly in the high-
viscosity region. This observation is opposite to the finding
presented in Figures 8(a) and 9(a). This may be caused by
the limitation of the conventional SE equation in accurately
describing the relationship between the self-diffusion coef-
ficient and viscosity of highly viscous liquids, such as ILs. This
limitation has been previously reported in several stud-
ies,132,133 and as a solution, the fractional SE equation was
proposed to improve the performance of the conventional SE
equation. In this work, we mainly investigated whether it is
possible to describe the transport properties of ILs using the
proposed model, and thus, no further work on other modified

Figure 6. (a) Comparison of predicted and experimental self-diffusion coefficients for long n-alkanes and branched alkanes; (b) ARDs between
experimental self-diffusion coefficients and predicted values obtained from the equations proposed in previous work20 and in this study.

Figure 7. (a) Comparison of predicted and experimental viscosities for long n-alkanes and branched alkanes; (b) ARDs between predicted and
experimental viscosities for long n-alkanes and branched alkanes.
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SE equations was conducted. Furthermore, it is worth
mentioning that the proposed model has predictive
capabilities in describing transport properties by combining
the ePC-SAFT parameters of different ions. As far as we
know, there are limited models available for predicting the
self-diffusion coefficients of ILs. In contrast, extensive research
has been done on models for predicting the viscosity of ILs.
The majority of viscosity models were developed by
combining machine learning with either a quantitative
structure−property relationship (QSPR) model or a group
contribution (GC) model.134,135 The performance of these
models commonly depends on the machine learning models,
the number of ILs and data points, and the overall ARD varies
from values lower than 10% to more than 50%.135 In our
opinion, considering that the proposed model has only three

universal parameters, the ARD (η) of approximately 30.9%
obtained in this study can be considered acceptable.

5. CONCLUSION
In this work, we developed models to simultaneously describe
the self-diffusion coefficient and viscosity of various chain-like
substances based on ePC-SAFT. A new self-diffusion
coefficient equation was developed based on the diffusion
coefficient of LJ spherical fluids by incorporating a correction
function, F(N, ρ*, T*), to describe the characteristics of
chain-like molecules, and the SE equation was employed to
obtain the viscosity. In modeling, based on the molecular
parameters in ePC-SAFT, one set of universal parameters
were determined from the self-diffusion coefficients and
viscosities of n-alkanes (C2H4−C20H42) at various temper-

Figure 8. (a) Comparison of predicted and experimental self-diffusion coefficients for the other 8 substances; (b) Comparison of ARDs between
experimental self-diffusion coefficient and predicted values obtained from the equations proposed in a previous work20 and in this study.

Figure 9. Molecular structures of n-alkanes (CH4−C7H16), branched alkanes, and some other 8 substances, as well as their corresponding
segment number of ePC-SAFT.
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atures and pressures. The proposed models represent the
experimental self-diffusion coefficients with an ARD of 8.4%
and viscosity with an ARD of 7.2% for 19 n-alkanes (804
diffusion data points and 1539 viscosity data points). The
results suggest that the ePC-SAFT parameters determined
from thermodynamic properties can simultaneously provide
accurate kinetic properties (self-diffusion coefficient and
viscosity) of n-alkanes.

Based on the obtained universal parameters, the viscosity
and self-diffusion coefficients of long alkanes, branched
alkanes, and cyclic compounds were predicted and discussed.
For alkanes, the predicted ARD (D) and ARD (η) are 20%
and 11.5%, whereas the predicted ARD (D) and ARD (η) for
cyclic compounds are relatively poor, with ARD (D) of 45%
and ARD (η) of 29.9%. We think that the proposed model
with the chain-segment feature, compared with the predicted
results of the diffusion equation of spherical LJ fluids, has
difficulty providing accurate predictions for the substances

with other features, and the ePC-SAFT parameter for cyclic
compounds may be unreasonable, causing relatively poor
predictive results.

In addition to nonelectrolyte molecules, the proposed
models were used to simultaneously describe the self-diffusion
coefficient and viscosity of ILs, with ARD (D) of 39.4% and
ARD (η) of 30.1%. Considering that this predictive model
only has three universal parameters, the performance in
predicting can be acceptable compared to other predictive
models of ILs.134,135
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A brief introduction of the LJ self-diffusion coefficient
equation for real substances; parameters of the LJ self-
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Figure 10. (a) Comparison of predicted and experimental viscosities for the other 8 substances; (b) ARDs between predicted and experimental
viscosities for the other 8 substances.

Figure 11. (a) Comparison of correlated and experimental self-diffusion coefficients for 10 ILs. (b) Comparison of correlated and experimental
viscosities for 14 ILs.
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parameters of 36 simple molecules and their parameters
of the ePC-SAFT model; full name of ILs and their
parameters of ePC-SAFT; calculated ARDs of self-
diffusion coefficient and viscosity for studied ILs (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Xiaohua Lu − State Key Laboratory of Materials-Oriented
Chemical Engineering, Nanjing Tech University, Nanjing
210009, P. R. China; Email: xiaoyan.ji@ltu.se

Xiaoyan Ji − Division of Energy Science/Energy Engineering,
Lulea ̊ University of Technology, 97187 Lulea,̊ Sweden;

orcid.org/0000-0002-0200-9960; Phone: +46
725393298; Email: xhlu@njtech.edu.cn

Author
Zhida Zuo − Division of Energy Science/Energy Engineering,
Lulea ̊ University of Technology, 97187 Lulea,̊ Sweden; State
Key Laboratory of Materials-Oriented Chemical Engineering,
Nanjing Tech University, Nanjing 210009, P. R. China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jced.3c00276

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Swedish Research Council
(2020-03899, VR). The authors also thank STINT (CH2019-
8287), the State Key Laboratory of Material-Oriented
Chemical Engineering in China and National Natural Science
Foundation of China (22011530112) for financial support.
This article is dedicated to Professor Gabriele Sadowski,
whose invaluable assistance and unwavering support have
been crucial to our research endeavors since 2011. We express
our profound gratitude for your significant contributions to
the community, as your exceptional work serves as a profound
source of inspiration for many individuals. We thank you
immensely for your unwavering dedication and support.

■ REFERENCES
(1) Diamantonis, N. I.; Boulougouris, G. C.; Tsangaris, D. M.; Kadi,

M. J. E.; Saadawi, H.; Negahban, S.; Economou, I. G.
Thermodynamic and transport property models for carbon capture
and sequestration (CCS) processes with emphasis on CO2 transport.
Chem. Eng. Res. Des. 2013, 91 (10), 1793−1806.

(2) Trusler, J. P. M. Thermophysical Properties and Phase Behavior
of Fluids for Application in Carbon Capture and Storage Processes.
Annu. Rev. Chem. Biomol. Eng. 2017, 8 (1), 381−402.

(3) Baled, H. O.; Gamwo, I. K.; Enick, R. M.; McHugh, M. A.
Viscosity models for pure hydrocarbons at extreme conditions: A
review and comparative study. Fuel 2018, 218, 89−111.

(4) de Hemptinne, J.-C.; Kontogeorgis, G. M.; Dohrn, R.;
Economou, I. G.; ten Kate, A.; Kuitunen, S.; Fele Žilnik, L.; De
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Pressure dependence of self-diffusion in some neat alkanes and
binary mixtures. Ber. Bunsenges. Phys. Chem. 1990, 94 (3), 336−342.

(62) Arkhipov, V. Experimental study of the diffusion coefficient in
liquid n-paraffins at high pressures. Izv. Vyssh. Uchebn. Zaved., Neft
Gaz 1982, 25, 34−35.

(63) Harris, K. R. Temperature and density dependence of the self-
diffusion coefficient of n-hexane from 223 to 333 K and up to 400
MPa. J. Chem. Soc., Faraday Trans. 1 1982, 78 (7), 2265−2274.

(64) Harris, K. R.; Alexander, J. J.; Goscinska, T.; Malhotra, R.;
Woolf, L. A.; Dymond, J. H. Temperature and density dependence of
the selfdiffusion coefficients of liquid n-octane and toluene. Mol. Phys.
1993, 78 (1), 235−248.

(65) Ertl, H.; Dullien, F. A. L. Self-diffusion and viscosity of some
liquids as a function of temperature. AIChE J. 1973, 19 (6), 1215−
1223.

(66) Marbach, W.; Hertz, H. G. Self- and mutual diffusion
coefficients of some n-alkanes at elevated temperatures and pressures.
Z. Phys. Chem. 1996, 193 (1−2), 19−40.

(67) Helbæk, M.; Hafskjold, B.; Dysthe, D. K.; Sørland, G. H. Self-
diffusion coefficients of methane or ethane mixtures with hydro-
carbons at high pressure by NMR. J. Chem. Eng. Data 1996, 41 (3),
598−603.

(68) Winkelmann, J. Self-diffusion coefficient of tetradecane:
Datasheet. Diffusion in Gases, Liquids and Electrolytes; Physical
Chemistry Vol. 15B1; Springer-Verlag GmbH Germany, 2017.
DOI: 10.1007/978-3-540-73735-3_241.

(69) Dymond, J. H.; Harris, K. R. The temperature and density
dependence of the self-diffusion coefficient of n-hexadecane. Mol.
Phys. 1992, 75 (2), 461−466.

Journal of Chemical & Engineering Data pubs.acs.org/jced Article

https://doi.org/10.1021/acs.jced.3c00276
J. Chem. Eng. Data 2024, 69, 348−362

360

https://doi.org/10.1103/PhysRevE.69.062501
https://doi.org/10.1103/PhysRevE.69.062501
https://doi.org/10.1016/0009-2509(85)85102-2
https://doi.org/10.1016/0009-2509(85)85102-2
https://doi.org/10.1021/ie00021a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie00021a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2021.113176
https://doi.org/10.1016/j.fluid.2021.113176
https://doi.org/10.1016/j.fluid.2021.113176
https://doi.org/10.2202/1542-6580.2839
https://doi.org/10.1021/ie400654p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie400654p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.5b01698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.5b01698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.5b01698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b02406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b02406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c01386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c01386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c01386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c01009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c01009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c06090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c06090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cherd.2014.05.028
https://doi.org/10.1016/j.cherd.2014.05.028
https://doi.org/10.1073/pnas.1815943116
https://doi.org/10.1073/pnas.1815943116
https://doi.org/10.1021/acs.jced.2c00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.2c00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.2c00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.2c00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.2c00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b01397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b01397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b01397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-chembioeng-061312-103314
https://doi.org/10.1146/annurev-chembioeng-061312-103314
https://doi.org/10.1146/annurev-chembioeng-061312-103314
https://doi.org/10.1021/ie0003887?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie0003887?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2012.05.029
https://doi.org/10.1016/j.fluid.2012.05.029
https://doi.org/10.1016/j.fluid.2015.11.014
https://doi.org/10.1016/j.fluid.2015.11.014
https://doi.org/10.1021/jp0477147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0477147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0477147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b05808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b05808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1006652703917
https://doi.org/10.1023/A:1006652703917
https://doi.org/10.1063/1.469454
https://doi.org/10.1063/1.469454
https://doi.org/10.1016/j.fluid.2004.04.007
https://doi.org/10.1016/j.fluid.2004.04.007
https://doi.org/10.1021/acs.jced.0c00792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0009-2509(98)00036-0
https://doi.org/10.1016/S0009-2509(98)00036-0
https://doi.org/10.1016/S0009-2509(98)00036-0
https://doi.org/10.1016/S0009-2509(98)00036-0
https://doi.org/10.1063/1.460474
https://doi.org/10.1063/1.460474
https://doi.org/10.1002/bbpc.19900940327
https://doi.org/10.1002/bbpc.19900940327
https://doi.org/10.1039/f19827802265
https://doi.org/10.1039/f19827802265
https://doi.org/10.1039/f19827802265
https://doi.org/10.1080/00268979300100201
https://doi.org/10.1080/00268979300100201
https://doi.org/10.1002/aic.690190619
https://doi.org/10.1002/aic.690190619
https://doi.org/10.1524/zpch.1996.193.Part_1_2.019
https://doi.org/10.1524/zpch.1996.193.Part_1_2.019
https://doi.org/10.1021/je950293p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je950293p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je950293p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-540-73735-3_241
https://doi.org/10.1007/978-3-540-73735-3_241
https://doi.org/10.1007/978-3-540-73735-3_241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00268979200100351
https://doi.org/10.1080/00268979200100351
pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.3c00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(70) Vardag, T.; Karger, N.; Lüdemann, H. D. Temperature and
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Bueno, J. L. Self-diffusion in molecular fluids and noble gases:
Available data. J. Chem. Eng. Data 2015, 60 (10), 2757−2817.

(77) Parkhurst, H. J.; Jonas, J. Dense liquids. II. The effect of
density and temperature on viscosity of tetramethylsilane and
benzene. J. Chem. Phys. 1975, 63 (6), 2705−2709.

(78) McCool, M. A.; Collings, A. F.; Woolf, L. A. Pressure and
temperature dependence of the self-diffusion of benzene. J. Chem.
Soc., Faraday Trans. 1 1972, 68 (0), 1489−1497.

(79) Fishman, E.; Vassillades, T. Self-diffusion coefficients of
isomeric pentanes. J. Phys. Chem. 1959, 63 (7), 1217−1218.

(80) Jonas, J.; Hasha, D.; Huang, S. G. Density effects of transport
properties in liquid cyclohexane. J. Phys. Chem. 1980, 84 (1), 109−
112.

(81) Fury, M.; Munie, G.; Jonas, J. Transport processes in
compressed liquid pyridine. J. Chem. Phys. 1979, 70 (3), 1260−1265.

(82) McCool, M. A.; Woolf, L. A. Pressure and temperature
dependence of the self-diffusion of carbon tetrachloride. J. Chem. Soc.,
Faraday Trans. 1 1972, 68 (0), 1971−1981.

(83) Finney, R. J.; Fury, M.; Jonas, J. Density and temperature
dependence of self-diffusion and shear viscosity of perfluorocyclobu-
tane in the dense fluid region. J. Chem. Phys. 1977, 66 (2), 760−765.

(84) Noda, A.; Hayamizu, K.; Watanabe, M. Pulsed-gradient spin-
echo 1h and 19f nmr ionic diffusion coefficient, viscosity, and ionic
conductivity of non-chloroaluminate room-temperature ionic liquids.
J. Phys. Chem. B 2001, 105 (20), 4603−4610.

(85) Tokuda, H.; Tsuzuki, S.; Susan, M. A. B. H.; Hayamizu, K.;
Watanabe, M. How ionic are room-temperature ionic liquids? An
indicator of the physicochemical properties. J. Phys. Chem. B 2006,
110 (39), 19593−19600.

(86) Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, M. A. B. H.;
Watanabe, M. Physicochemical properties and structures of room
temperature ionic liquids. 2. Variation of alkyl chain length in
imidazolium cation. J. Phys. Chem. B 2005, 109 (13), 6103−6110.

(87) Friend, D. G.; Ingham, H.; Fly, J. F. Thermophysical
properties of ethane. J. Phys. Chem. Ref. Data 1991, 20 (2), 275−347.

(88) Vogel, E.; Herrmann, S. New Formulation for the Viscosity of
Propane. J. Phys. Chem. Ref. Data 2016, 45 (4), 043103.

(89) Kiran, E.; Sen, Y. L. High-pressure viscosity and density of n-
alkanes. Int. J. Thermophys. 1992, 13 (3), 411−442.

(90) Oliveira, C. M. B. P.; Wakeham, W. A. The viscosity of five
liquid hydrocarbons at pressures up to 250 MPa. Int. J. Thermophys.
1992, 13 (5), 773−790.

(91) Assael, M. J.; Papadaki, M. Measurements of the viscosity of n-
heptane, n-nonane, and n-undecane at pressures up to 70 MPa. Int. J.
Thermophys. 1991, 12 (5), 801−810.

(92) Assael, M. J.; Oliveira, C. P.; Papadaki, M.; Wakeham, W. A.
Vibrating-wire viscometers for liquids at high pressures. Int. J.
Thermophys. 1992, 13 (4), 593−615.

(93) Baylaucq, A.; Boned, C.; Dauge, P.; Lagourette, B. Measure-
ments of the viscosity and density of three hydrocarbons and the

three associated binary mixtures versus pressure and temperature. Int.
J. Thermophys. 1997, 18 (1), 3−23.

(94) Tanaka, Y.; Hosokawa, H.; Kubota, H.; Makita, T. Viscosity
and density of binary mixtures of cyclohexane with n-octane, n-
dodecane, and n-hexadecane under high pressures. Int. J. Thermophys.
1991, 12 (2), 245−264.

(95) Assael, M. J.; Dymond, J. H.; Papadaki, M. Viscosity
coefficients of binary n-heptane+n-alkane mixtures. Fluid Phase
Equilib. 1992, 75, 287−297.

(96) Ducoulombier, D.; Zhou, H.; Boned, C.; Peyrelasse, J.; Saint-
Guirons, H.; Xans, P. Pressure (1−1000 bar) and temperature (20−
100.degree.C) dependence of the viscosity of liquid hydrocarbons. J.
Phys. Chem. 1986, 90 (8), 1692−1700.

(97) Ruiz-Llamas, A.; Pimentel-Rodas, A.; Mendo-Sánchez, R. P.;
Galicia-Luna, L. A. Simultaneous viscosity and density measurements
and modeling on liquid undecane, dodecane, tridecane, and
tetradecane up to 50 mpa. J. Chem. Eng. Data 2022, 67 (12),
3589−3601.

(98) Sequeira, M. C. M.; Avelino, H. M. N. T.; Caetano, F. J. P.;
Fareleira, J. M. N. A. Viscosity and density measurements on liquid
n-heptadecane at high pressures. J. Chem. Eng. Data 2022, 67 (1),
37−44.

(99) Van Velzen, D.; Lopes Cardozo, R.; Langenkamp, H. Liquid
Viscosity and Chemical Constitution of Organic Compounds: A New
Correlation and a Compilation of Literature Data. Ind. Eng. Chem.
Fund. 1972, 11, 178.

(100) Baled, H. O.; Xing, D.; Katz, H.; Tapriyal, D.; Gamwo, I. K.;
Soong, Y.; Bamgbade, B. A.; Wu, Y.; Liu, K.; McHugh, M. A.; Enick,
R. M. Viscosity of n-hexadecane, n-octadecane and n-eicosane at
pressures up to 243 MPa and temperatures up to 534K. J. Chem.
Thermodyn. 2014, 72, 108−116.

(101) Wakefield, D. L.; Marsh, K. N.; Zwolinski, B. J. Viscosities of
nonelectrolyte liquid mixtures. II. Binary and quaternary systems of
some n-alkanes. Int. J. Thermophys. 1988, 9 (1), 47−59.
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