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Abstract

We reported experimental measurements of the diffusion coefficient of methane at
effectively infinite dilution in methylbenzene and in heptane at temperatures ranging
from (323 to 398) K and at pressures up to 65 MPa. The Taylor dispersion method
was used and the overall combined standard relative uncertainty was 2.3%. The
experimental diffusion coefficients were correlated with a simple empirical model as
well as the Stokes—Finstein model with the effective hydrodynamic radius of meth-
ane depending linearly upon the solvent density. The new data address key gaps in
the literature and may facilitate the development of an improved predictive model
for the diffusion coefficients of dilute gaseous solutes in hydrocarbon liquids.

1 Introduction

The diffusion coefficients of gaseous solutes in liquid solvents is important in all
gas-liquid mass transfer processes [1]. It is a key factor in various processes includ-
ing those in biotechnology, solvent—solvent extraction, distillation, heterogeneous
catalysis and membrane-based separations. Recent years have witnessed a grow-
ing interest in the diffusion of gaseous solute in the connection with both geologi-
cal carbon storage and gas injection for improved oil recovery. In connection with
these processes, the most important solute gases are CO, and CH,. The diffusion
coefficients of these and other gases in liquid solvents have been studied by both
experimental and computational means. Nikkhou et al. [2] reported the diffusion
coefficient of CO, in heptane and hexadecane, deduced from the swelling of pendant
drops at T=(313 to 393) K and pressures up to 8.6 MPa. Pacheco-Roman et al. [3]
used the pressure-decay method to determine the diffusivity of CO, in decane and
hexadecane at 7=(273 to 298) K and at p=35 MPa. Additional data for CO, in
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hexadecane have been reported by Du et al. [4] and Hao et al. [5] using the Dynamic
Pendant Droplet Volume Analysis (DPDVA) method and the NMR method, respec-
tively. Guzman and Garrido [6] also using the NMR method for the CO, diffusion
in normal alkanes ranging from C, to C,; at 7=298.15 K, while Teng et al. [7]
used MRI technology to study CO, diffusion in decane at 7=297 K and pressures
of (2.2 to 4.2) MPa. The diffusion coefficients of CO, in more complicated systems
have also been measured by several authors. This includes the recent work of Rezk
and Foroozesh [8] who studied the diffusivity of CO, in crude oil using the pres-
sure-decay method at 7=294 K. The diffusivity of CO, in crude oil have also been
studied by Yang et al. [9] and Guo et al. [10]. Besides experimental work, molecu-
lar simulation techniques is an alternative tool for calculating diffusion coefficients,
especially at conditions that are difficult to access in experimental work. Zabala
et al. [11] have computed the diffusion coefficient of systems involving dissolved
CO, in several hydrocarbons (up to C,,) at their bubble pressure and at temperatures
varying between (298 and 373) K. Feng et al. [12] also performed molecular simu-
lations to investigate the diffusion coefficients of dilute CO, in alkane solute over a
wide density range of solvent, while Higashi et al. [13—15] used molecular simula-
tion to calculate the mutual diffusion coefficient for CO, and aromatic hydrocarbons
in the critical region. More recent work by Moultos et al. [16], using molecular sim-
ulation, addressed the diffusion coefficients of CO, in hydrocarbons including hex-
ane, decane, hexadecane, cyclohexane and squalane at temperatures up to 423 K and
pressures up to 65 MPa. The same group have simulated the diffusion coefficient of
CO, in water [17]. In our laboratory, Cadogan et al. [18-20] have studied the diffu-
sion coefficient of CO, in hydrocarbons, water and brine solutions over a wide range
of temperatures and pressures using either the Taylor dispersion method (TDA) or
13C pulsed-field gradient NMR.

In the work of Cadogan et al. [18-20], the Stokes—Einstein equation was used to
correlate the experimental results for different systems, mostly with average absolute
relative deviations (AARD) of about 5 %. However, in certain solvents, such as the
squalane, the Stokes—Einstein model failed to account adequately for the experimen-
tal data. This led to the development of a more sophisticated correlation based on
an elaboration of the rough-hard-sphere model [20]. In this approach, the dimen-
sionless reduced mutual diffusion D,,* coefficient was represented as a function of
reduced molar volume V*=V/V,,,. Here, V is the molar volume and V), is the molar
core volume of the solvent. It was postulated, based in part on molecular simula-
tion data for smooth hard sphere mixtures, that this correlation would be universal
for solutes and solvents having the same value of the ratio M,V ,/(M,V, ), where
the subscript 1 and 2 denote solute and solvent, respectively. In Cadogan’s work,
the solute was CO, and a series of non-polar solvents were investigated, such that
M,V ,/(M,V, ;) was nearly constant at about 2.1. In that case, a single correlation
related D,,* with V¥ and all data were found to conform within+ 10 %. In order to
extend the method to a wider range of solutes and solvents, it is necessary to inves-
tigate systems with different values of M,V,,,/(M,V,, ;). A substantial change can be
effected by considering CH, as the solute gas because, in that case, M, V| ,/(M,V, |)
is approximately 0.9 in common liquid hydrocarbons. However, to test the theory in
a meaningful way, results are needed over wide ranges of temperature and pressure.
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Diffusion coefficients of CH, in various liquids have been studied by several
researchers. Table 1 summarizes the results from the literature for methane in hydro-
carbon solvents [21-27]. Several measurement techniques have been applied includ-
ing the Taylor dispersion technique, NMR, pressure—time measurements and also
chromatographic analysis from a diffusion cell. The diffusion coefficients of meth-
ane in water have also been thoroughly investigated experimentally and mathemati-
cally using methods such as the capillary cell method, the diaphragm method, the
inverted tube method, the modified barrier method and a simplified method where
the capillary tube was used with in situ Raman spectroscopy [28—37]. Other studies
on the diffusion of methane in liquid hydrocarbons have focused on heavy crude oils
and bitumen [38—41]. Overall, there is a lack of experimental data for CH, diffu-
sion in pure liquid hydrocarbons over extended ranges of temperature and pressure.
Therefore, the aim of the present work was to address this deficiency by studying the
diffusion coefficients of methane in heptane and in methylbenzene (toluene), respec-
tively, ‘typical’ aliphatic and aromatic hydrocarbon liquids, over extended ranges of
temperature and pressure.

2 Experimental Section

2.1 Materials

The chemicals used in this work are described in Table 2. The purity of the meth-
ylbenzene and heptane were determined by the supplier by gas chromatography.

Before injecting the solvent, it was degassed under vacuum using an in-line vacuum
degasser.

Table 1 Summary of the literature for diffusion coefficients of CH, in hydrocarbon solvents

Solvent T (K) p (MPa) Method Number of  Uncertainty (%) Ref
points
Hexane 303.2-333.2 30-50 NMR 24 2 [21]
304-435 1.72 TDA 6 0.8 [22]
303.2-333.2 30-50 NMR 30 2 [21]
311.75 1.72 CAR 4 0.2 [23]
298-403 1 TDA 4 1 [24]
301.4-373.2 1.72 MZI 4 10 [25]
Nonane 280.7-311.75 1.72 CAR 4 0.2 [23]
Decane 280.7-311.75 1.72 CAR 4 0.2 [23]
303-423 20-60 MZI 9 0.6 [26]
298-433 1 TDA 3 1 [24]
Dodecane 318-354 4-34 DC 33 Not specified [27]
Tetradecane 298-430 1 TDA 4 1 [24]

DC diffusion cell, NMR nuclear magnetic resonance, TDA Taylor dispersion apparatus, CAR cylindrical
acoustic resonance, MZI Mach—Zehnder interferometer
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Table 2 Description of chemicals where w denotes mass fraction and x denotes mole fraction

Chemical name CAS number Supplier Purity as supplied Additional
purifica-
tion

Methylbenzene 108-88-3 Sigma-Aldrich w=0.998 Degassed

Heptane 142-82-5 Sigma-Aldrich w=0.99 Degassed

Methane 74-82-8 BOC x>0.99995 None

2.2 Apparatus and Procedure

Figure 1 shows a schematic diagram of the Taylor dispersion apparatus used in
this work. A full description of this apparatus has been given in previous work by
Cadogan et al. [19]. The apparatus comprises four modules: a solvent delivery mod-
ule (comprising syringe pump, degasser and chromatographic injection valve), a
diffusion-column module (comprising thermostatic oil bath and diffusion capillary);
a solution-preparation module (comprising saturation vessel and associated gas,

Solute Preparation
Module

'
i
E E“‘ RD | RT
|
i
i
1

DG

)
BP2

Solvent

Detector Module T Reservoir
TlC HB L_____________'_______________I
[ . Solvent Delivery
Diffusion Column Module
Module

Fig. 1 Schematic diagram of Taylor dispersion apparatus: DG, vacuum degasser; SP, syringe pump; PI1
and PI2, pressure transducers; F1 and F2, filters; SV, sample valve; DC, diffusion column; HB, ther-
mostatic oil bath; TIC, temperature controller; RT, restriction tube; RID, refractive index detector; BP1
and BP2, back-pressure valves; SC, saturation chamber; PRV; proportional relief valve; VO1, V02 and
V03, gas and vacuum valves; V04; solution outlet valve. Reprinted with permission from [19] Copyright
(2014) American Chemical Society
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vacuum and vent lines); and a detector module (comprising restrictor tube, differen-
tial refractive index detector, RID, and back-pressure valve). Several interchangable
restrictor tubes were used between the diffusion column and the RID. The purpose
of these restrictor tubes was to allow back pressure to build up in the diffusion tube
under steady-flow conditions, while permiting the RID to operate at a low pressure
of about 0.45 MPa. Different restrictor tubes were required to ensure that laminar
flow was maintained and that second flow induced by the coiling of the capillary
was negligible. To ensure that, we require, first, a low Reynolds number R, and sec-
ond that the Dean number D, and the Schmidt number S, are such that D2S, is less
than about 20. Here, R,=2Rvp/n, S.=(/pD) and D,=R,(R/R .;))"”*, where R is the
column radius, v is the flow speed averaged over the cross-section of the tube, p is
the solvent density, # is the solvent viscosity D is the diffusion coefficient and R is
the coil radius. These requirements place practical constraints on the allowable volu-
metric flow rates and necessitate the use of different restrictor tubes to obtain differ-
ent back pressures in the diffusion column. For the present measurements of CH, in
methylbenzene and heptane, flow rates were between (0.03 and 0.16) ml-min~! in a
capillary with R=0.54 mm and R,;; = 109 mm. This led to R, <8 and D25, < 19.

Before starting a measurement, the solvent of choice was initially flushed through
the system to clean the restrictor tube and to determine the required flow rate for
the chosen measurement pressure. The solvent was charged from a solvent reservoir
through a membrane vacuum degasser into the 100-ml-capacity syringe pump. The
solvent was then moved through the 6-port injection valve, into the diffusion column
housed in the thermostatic oil bath, via the restrictor tube and into the RID, exiting
through back-pressure valve BP2 to waste. The solution of CH, in the solvent was
prepared in the 100 ml saturation chamber at ambient temperature and a pressure of
up to 0.7 MPa. After thermal equilibrium and steady-state flow were both achieved,
a series of solution injections was made. Prior to each injection, the gas-saturated
solution was allowed to flow from the saturation vessel and flush through the 5-pL.
sample loop on the 6-port injection valve, exiting via back-pressure regulator BP1 to
waste. Following each injection, the signal generated at the RID as the solute eluted
from the system was analyzed to obtain the diffusion coefficient as described previ-
ously [19]. The values obtained pertain to the temperature and mean steady-flow
pressure in the diffusion column and effectively to conditions of infinite dilution.
Typically, four to six injections were made at each temperature and pressure from
which the mean and standard deviation of the diffusion coefficient were obtained.

The temperature was measured with an overall standard uncertainty of 0.02 K by
a platinum resistance thermometer immersed in the oil bath, while the pressure was
measured with a standard uncertainty of 0.05 MPa by a pressure transducer mounted
on the top of the syringe pump.

3 Results and Discussion
Measurements of the diffusion coefficients D,, of methane in methylbenzene and

heptane were made at four temperatures between 323 K and 398 K, with five
pressures between 1 MPa and approximately 65 MPa on each isotherm. Tables 3
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Table 3 Diffusion coefficient Dy, of methane at infinite dilution in methylbenzene at various tempera-
tures T and pressures p, together with standard deviations o, *

p (MPa) T (K) Dy, (107 m2s7h) 10? (6/Dyy) Restrictor tube
1.00 323.18 7.02 0.5 50 pm x 50 mm
1.12 348.18 9.14 0.4 50 umx 50 mm
1.07 373.15 11.08 0.3 50 umx 50 mm
1.03 398.17 13.46 0.2 50 umx 50 mm
10.79 323.16 6.67 0.2 25 umx 150 mm
9.99 348.14 8.70 L5 25 pm x 150 mm
10.93 373.15 10.81 1.0 25 umx 150 mm
9.10 398.13 13.38 0.2 25 umx 150 mm
38.41 323.16 5.48 1.6 25 um x 200 mm
31.52 348.15 7.59 0.3 25 umx 200 mm
31.37 373.15 9.43 0.3 25 pm x 200 mm
31.56 398.25 11.38 0.1 25 um x 200 mm
51.56 323.15 4.89 0.4 25 umx 500 mm
53.24 348.21 6.33 0.2 25 pmx 500 mm
52.77 373.21 7.95 0.2 25 umx 500 mm
51.30 398.26 9.76 0.7 25 pm x 500 mm
67.21 323.19 4.42 0.3 25 umx 500 mm
62.56 348.19 6.06 0.4 25 umx 500 mm
64.32 373.22 7.29 0.5 25 umx 500 mm
64.68 398.26 8.73 0.2 25 pm x 500 mm

4Standard uncertainties are u(7) =0.02 K, u(p)=0.05 MPa, u(D,,)=0.023D,,

and 4 list the results in methylbenzene and heptane, respectively, together with
the standard deviations o, obtained from repeated injections at each state point.
The overall relative standard uncertainty, calculated as described previously [20],
is 2.3%.

Figures 2 and 3 show the diffusion coefficients as a function of pressure along
the four isotherms studied in methylbenzene and heptane, respectively. As expected,
the diffusion coefficient increases when increasing temperature and decrease with
increasing pressure. For methylbenzene, the decrement in diffusion coefficient
between the highest and lowest pressure was approximately 36 % while, for heptane,
it was approximately 38 %. The effect of temperature in both systems was found to
be more significant as the increment was more than 90 % across the temperature
range investigated for all pressure conditions.

The experimental data along each isotherm have been fitted by the following sim-
ple correlation:

Dy, = Dyexp [-b(p — py)]. (1

where D, is the diffusion coefficient at p,=0.1 MPa. The parameters D, and b deter-
mined on each isotherm are listed in Table 5 and the linear correlations are plotted
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Table 4 Diffusion coefficient D, of methane at infinite dilution in heptane at various temperatures 7" and
pressures p, together with standard deviations o, *

p (MPa) T (K) Dy, (107° m?s7!) 10? (6/Dyy) Restrictor tube
1.03 323.18 8.92 0.2 50 pm x 50 mm
1.02 323.18 10.52 0.5 50 umx 50 mm
1.02 323.18 13.41 0.4 50 umx 50 mm
1.08 323.19 16.77 0.3 50 umx 50 mm
9.87 323.18 7.95 0.6 25 umx 100 mm
10.87 348.19 10.17 0.4 25 pm x 100 mm
9.85 348.21 12.37 0.7 25 um x 100 mm
9.91 348.18 14.88 0.5 25 umx 100 mm
25.86 348.19 6.93 0.6 25 umx 200 mm
23.75 348.21 9.30 0.5 25 umx 200 mm
23.56 373.22 11.60 0.3 25 pm x 200 mm
25.90 373.22 13.89 0.3 25 umx 200 mm
52.54 373.23 5.35 0.3 25 umx 500 mm
49.50 373.23 7.18 0.6 25 pmx 500 mm
50.87 373.23 9.64 0.2 25 umx 500 mm
48.91 398.29 11.53 0.2 25 pmx 500 mm
62.11 398.25 5.11 0.5 25 umx 500 mm
62.99 398.29 8.49 0.3 25 umx 500 mm
62.65 398.25 10.25 0.2 25 umx 500 mm

# Standard uncertainties are u(7)=0.02 K, u(p) =0.05 MPa, u(D,,)=0.023D,,

16
)
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o 8
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K
Q
4 . . .
0 20 40 60
p (MPa)

Fig.2 Diffusion coefficient D,, of methane at infinite dilution in methylbenzene as a function of pres-
sure p: A, I=323 K; ¢, =348 K; m, T=373 K; @, T=398 K. Solid lines represent D, calculated
from Eq. 1 and dashed lines represent D, calculated from fitting the value of D, and b. Note the semi-
logarithmic scale
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Dy, (10° m?/s)
(o)

p (MPa)

Fig. 3 Diffusion coefficient D, of methane at infinite dilution in heptane as a function of pressure p: A,
T=323K; ¢, T=348 K; 11, T=373 K; @, T=398 K. Solid lines represent D,, calculated from Eq. 1 and
dashed lines represent D, calculated from fitting the value of D and b. Note the semi-logarithmic scale

Table 5 Parameter for D, and 9 2 1
T D, (10 - b (MP. A A
b from Egq. 1 for diffusion K o ms ™) MPa™) AAD MAD
coefficient of methane in Methylbenzene
methylbenzene and heptane at 131 15 19% 103 0.8% 2%
various temperatures 7, together 17 7. 719% o0 i
with absolute average relative 343.26 9.32 6.98x 107 1.0% 1.6%
deviations A, ,p and maximum 373.18  11.49 69310  1.5% 3.0%
absolute relatlv.e deylatlons 39821 13.93 7.02%1073 1.7% 299
Apap for the diffusion
coefficients Heptane
323.18 8.82 9.17x1073 1.6% 2.2%
348.20 10.91 8.11x1073 2.4% 3.2%
355.23 13.48 7.04x1073 1.5% 2.2%
398.27 16.58 7.57x1073 1.5% 2.2%

as solid lines in Figs. 2 and 3. In order to establish a surface-fit correlation, we fitted
Dy and b as linear and quadratic functions of temperature, respectively, such that

Dy/(10°m? - s7') = d,y + d|(T/K), )

and
2
b/MPa™' = ) b(T/KY. A3)
i=0

The parameters for Eqs. 2 and 3 are listed in Table 6 and the surface-fit model is
also shown along the experimental isotherms as dashed lines in Figs. 2 and 3.

Figure 4 compares the values of D, and b determined in the isotherm fits with
Egs. 2 and 3 and one can see that the data for methylbenzene are smoother than
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Table 6 Parameters for Egs. 2

Methylb Hept

and 3 for D, and b, together cthyfbenzene cptane
w1t}_1 a})solute average rela}we dy (m>s™) —2.206x 1078 —2479% 108
deviations A, 5, and maximum _ Y 10
absolute relative deviations d (m’s™) 9.010x10 1.032x10
Apap for the diffusion by (MPa™h) 2.967x 10! 9.860x 10!
coefficients b, (MPa™") —1.248%107" —4.817x107!

by (MPa™") 1.705x 107* 6.352x 1074

Apap 1.4% 3.7%

Aviap 3.7% 5.6%

17
15
»
N
£ 13
2
=)
N |
o
Q
9
7
o5 k (®
™ 85 |
o
> *
o
o
T 75 F
Y W
6.5 L L L
320 340 360 380 400
T(K)

Fig.4 Diffusion coefficient D, (a) and b (b) as a function of temperature T: {), methylbenzene; 4, hep-
tane. Solid lines in (a) represent linear equation for D, and in (b) represent quadratic function for b

the data for heptane. We also compare both the isothermal and surface-fit correla-
tions with the experimental data in terms of the average absolute relative deviation
(A ap) and the maximum absolute relative deviation (Ay;,p) defined as follows:

N

Aaap = ]%, Z
i=1

D12,exp - D12,ﬁt

; “)

D12,exp

and
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D12,exp - D12,ﬁt
Apap = Max,| —————

(&)

12,exp

Here, Dy, ., is an experimental value, Dy, 4 is the value calculated from Egs. 1 to
3 and N is the total number of point. The values of A,,p and Ay ,p are given in
Tables 5 and 6.

The diffusion coefficients were also analyzed with the Stokes—Einstein model
represented by the equation:

Dy, = kgT/(nggman), (6)

where kg is Boltzmann’s constant, ngg is the Stokes—Einstein number, which was set
to 4, 5 is the solvent viscosity and « is the effective hydrodynamic radius of the sol-
ute. In the present work, the values for # and p for both solvents were all computed
with the REFPROP software [42]. In the case of viscosity, the values were from
the correlations reported by Avgeri et al. [43] for methylbenzene and Michailidou
et al. [44] for heptane. For density, the equation of state developed by Lemmon et al.
[45] was used for methylbenzene and that of Tenji et al. [46] was used for heptane.
Figure 5 shows the values of a determined from the experimental values of D,, for
methane in each of the two solvents investigated. These values are plotted against
the reduced solvent density p/p., where p, is the critical density of the solvent. As
with CO, [20], the effective hydrodynamic radius is found to exhibit a linear correla-
tion with solvent density. Therefore, the values of a determined from the experimen-
tal data via Eq. 6 were represented as follows:

a/nm = ay +a,(p/ p.)- 7

0.17

a (nm)

013

0.11 . :
25 2.7 29 3.1

plp,

Fig.5 Hydrodynamic radius of CH,, a, plotted against p/p. for: A, methylbenzene; [ll, heptane. The
value of @ was calculated by applying Eq. 6 to each data points. Solid lines represent linear correlation as
Eq.7

@ Springer



International Journal of Thermophysics (2020) 41:119 Page 110f13 119

Table 7 Parameters for Eq. 7 for
the hydrodynamic radius a of
methane, tog.ether w_ith absolute ag (nm) 0.2797 0.3034
average relative deviations

Methylbenzene Heptane

A, ap and maximum absolute a, (nm) —0.0537 —0.0582
relative deviations Ay.p forthe  Axap 3.4% 3.5%
diffusion coefficients Apiap 9.49 6.2%
(a)
6% ¢
o (3
95 2% *
s :
Q 2% *
5
Q 6% | X
-10% =
(b)
6% [
4%
3 . .
Q 2% f
I
Q 0% X
IQ- ‘ X
9/5 2% |
4% |
o « ’
6% L . . .
320 340 360 380 400
T(K)

Fig. 6 Deviation between experimental diffusion coefficient D, and calculated diffusion coefficient from
Stokes—Einstein model Dg with hydrodynamic radius a calculated from Eq. 7 for (a) methylbenzene; (b)
heptane at various pressures p; A, p=(1 to 1.12) MPa; ¢, p=(9.10 to 10.9) MPa; m, p=(23.5 to 38.5)
MPa; o, p=(48.9 to 53.2) MPa; %, p=(62.1 to 67.2) MPa

The coefficients a, and a; for both solvents are given in Table 7 and the corre-
sponding linear functions are plotted in Fig. 5.

In Fig. 6, we compare the experimental diffusion coefficients with those calcu-
lated from the Stokes—Einstein model with hydrodynamic radii from Eq. 7 with
parameters from Table 7. In both cases, the model fits the experimental data with
Apap of about 3.5%. In the case of methylbenzene, the Stokes—Einstein model
performs slightly worse than the empirical model formed by Egs. 1 to 3 while, for
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heptane, it is the other way around. However, the Stokes—Einstein model requires
only two parameters per solvent instead of five.

4 Conclusions

We report the diffusion coefficient of infinitely dilute methane in methylbenzene and
heptane along four temperatures and at five pressures measured using the Taylor dis-
persion apparatus. The experimental data were fitted using a simple empirical model
containing five parameters per solvent and also by the Stokes—Einstein model with
just two parameters per solvent. Both approaches represent the data with A, of
around 3.5%. The results will be used in future work to developing an improved
rough-hard-sphere model for the diffusion coefficients of non-polar gaseous solutes
in non-polar solvents.
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