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In our previous work, we endowed a new physical meaning of self-diffusion coefficient in Fick’s law,
which proposed that the diffusion coefficient can be described as the product of the characteristic length
and the diffusion velocity. To testify this simple theory, in this work, we further investigated the under-
lying mechanism of the characteristic length and the diffusion velocity at the molecular level. After a
complete dynamic run, the statistical average diffusion velocity and the characteristic length of mole-
cules can be obtained by scripts, and subsequently the diffusion coefficient was determined by our pro-
posed theory. The diffusion processes in 35 systems with a wide range of pressure and concentration
variations were simulated using this model. From the simulated results, diffusion coefficients from our
new model matched well with the experimental results from literatures. The total average relative devi-
ation of predicted values with respect to the experimental results is 8.18%, indicating that the novel
model is objective and rational. Compared with the traditional MSD-t model, this novel diffusion coeffi-
cient model provides more reliable results, and the theory is simple and straightforward in concept.
Additionally, the effect of gas pressure and liquid concentration on the diffusion behavior were discussed,
and the microscopic diffusion mechanism was elucidated through the distribution of diffusion velocity
and the characteristic length analysis. Moreover, we suggested new distribution functions, providing
more reliable data theoretical foundations for the future research about the diffusion coefficient.
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1. Introduction

Diffusion is the tendency of particles to spread into an available
area. It plays an important role in every natural or industrial pro-
cess involving mass transfer. Therefore, the determination of diffu-
sion coefficient is of great importance for the calculation of mass
transfer processes. There are two kinds of classical diffusion theo-
ries used to define diffusion coefficient: Maxwell-Stefan’s (MS)
equations and Fick’s law [1-4]. The diffusion coefficient of the for-
mer has a definite physical meaning, which represents the friction
factor between two components [5]. The latter is commonly used
in mass transfer process with a simple expression, but the physical
meaning for its diffusion coefficient is not clear [6]. While, in our
previous work [7], we endowed a novel physical meaning of the
diffusion-coefficient in Fick’s law, in which the diffusion coefficient
can be described as the product of the characteristic length and the
diffusion velocity.

* Corresponding author.
E-mail address: wulianying@ouc.edu.cn (L. Wu).

https://doi.org/10.1016/j.cjche.2021.04.036

In many systems, diffusion coefficients are usually obtained
through experimental approaches [8,9], such as conduct metric
method, Taylor dispersion technique and digital holography
method, etc. For example, Rodrigo et al. [10] acquired the binary
diffusion coefficients of L-histidine methyl ester dihydrochloride
solutions by using the Taylor dispersion technique. Zhou et al.
[11] obtained the diffusion coefficient of the ethylene glycol-water
system by employing digital holography method. Mattisson et al.
[12] measured the diffusion coefficients for lysozyme in gels and
liquids by using holographic laser interferometry. Jamnongwong
et al. [13] studied the oxygen diffusion coefficients in clean water
containing salt, glucose or surfactant based on measurements of
volumetric mass transfer coefficients. Wang et al. [14] determined
the gas diffusion coefficient in porous shale. Albeit these experi-
mental methods are direct and easy to operate, the measurement
of diffusion coefficients in certain systems is tedious, cost-
ineffective and even impractical.

To this end, computer simulation method has been introduced
to obtain the diffusion coefficients. Nowadays, molecular dynamics
(MD) simulation has become an effective tool to calculate the dif-
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fusion coefficients [15-20]. Various studies on the diffusion prop-
erties research have been carried out through MD simulation. For
example, Yang et al. [21] investigated the diffusion of methanol/
water mixture through MFI-type zeolite (HZSM-5 and silicalite-1)
membranes by employing MD simulation. Hu et al. [22] and Zhang
et al. [23] computed the diffusion of corrosive particle via MD sim-
ulation. Ghaffari et al. [24] explored the self-diffusion coefficients
in NaCl aqueous solutions by using MD simulation. In recent study,
Zhao et al. [25] calculated the transport diffusion coefficients of
CO, and CH, in coal via the molecular simulation. Tsimpanogiannis
et al. [26] presented a detailed discussion about self-diffusion coef-
ficient of water by classical molecular simulation. Moultos et al.
[27-32] reported a series of papers regrading to the systematic
errors in the calculation of self-diffusion caused by the long-
range interactions and the imposed periodic boundary conditions.

On the other hand, to study the underlying mechanism of the
microscopic phenomena and to predict the diffusion coefficient,
various physical and mathematical models have been proposed
[33,34]. For instance, Kamgar et al. [35] suggested a simple model
only with the molecular mobility factor and the thermodynamic
correction factor. Considering an analogy between nonideal con-
centrated solutions and solutions near the consolute point, Cussler
et al. [36] suggested to mimic the diffusion through the movement
of entire molecules clusters.

Although the novel diffusion coefficient model was given in our
previous work, we did not give the values of characteristic length
and diffusion velocity. In this work, we further investigated the
underlying mechanism of our previously proposed diffusion coeffi-
cient model at the molecular level. Through MD simulation, the
statistical average diffusion velocity and the characteristic length
were obtained, and subsequently the diffusion coefficient was
given by our proposed model. Based simulated results of 35 sys-
tems, this novel diffusion coefficient model was proved to be
objective and rational. Moreover, the effect of gas pressure and liq-
uid concentration on the diffusion behavior were discussed, and
the microscopic diffusion mechanism was elucidated through the
distribution of diffusion velocity and the characteristic length
analysis.

2. MD Simulation
2.1. Theory of the diffusion coefficient model

In our previous work, we developed a new diffusion coefficient
model [7] by analyzing the unit of Fick’s Law diffusion coefficient
through the dimension analysis method. The proposed model con-
tains two parts: the characteristic length item and the diffusion
velocity item. The clear physical meaning of Fick’s Law diffusion
coefficient can thus be described as the product of the characteris-
tic length and the diffusion velocity, as follows:

D,‘:V,'XL,‘ (1)

where V; denotes the diffusion velocity; L; denotes the characteristic
length.

V; is the velocity of molecular diffusion, which can be consid-
ered as the statistical average velocity of the molecular motion. L;
is characteristic length, which is the statistical average of the diffu-
sion distance. And the diffusion distance is the distance which
traveled by a moving molecule without changing direction. This
is similar to the meaning of the free path of gas molecules. To tes-
tify this simple theory, we calculated the characteristic length and
the diffusion velocity via MD simulation.

2.2. Simulation method

In this study, all simulations were performed by means of COM-
PASS force field in Materials studio software. Each diffusion simu-
lation was repeated more than 10 times to obtain good statistic.
The initial configurations were built individually using the Amor-
phous Cell module. The appropriate length of the simulation box
was given in the Tables 1-3 according to the concentration and
density. The simulations were performed in a cubic box with peri-
odic boundary conditions and different directions. The Nose ther-
mostat and the Berendsen barostat was used to control the
system temperature and pressure, respectively. Ewald method
was used to simulate electrostatic and van der Waals interactions
with a cut-off value of 15.5 A (1 A = 0.1 nm). For the liquid system,
the configurations were firstly subjected to geometry optimization,
and then run in NPT (1 ns), NVT (1 ns) and NVE (1 ns) ensemble. A
small integration time step of 0.1 fs was selected to obtain more
statistic samples. The trajectories of liquid molecules were saved
every 10 steps for further analysis. For the gas system, the config-
urations which were built based on the gas density were firstly
subjected to geometry optimization, and then run in NVT (8 ns)
and NVE (8 ns) ensemble. For the gas system, the integration time
step was 1 fs. The trajectories of gas molecules were sampled every
250 steps for further analysis.

MD results can provide the microscopic details of molecular dif-
fusion to reveal the underlying mechanism of diffusion, such
details cannot be directly obtained through experimentation. The
diffusion velocity is actual the average velocity of the molecular
motion, which can be considered as the statistic average velocity
form the available statistic samples. After a complete dynamic
run, the instantaneous velocity of each molecule per femtosecond
directly obtained by scripts. Based on the available statistic sam-
ples, the statistical average diffusion velocity was given. Then V;
(the average velocity of the molecular motion) gained. The charac-
teristic length denotes the statistical average of the diffusion dis-
tance which traveled by a moving molecule without changing
direction. After a complete dynamic run, the position coordinates
of each molecule per femtosecond (such as the path in Fig. 1)
obtained. The deviation angle of ever frame can be calculated by
the arccosine function. For example, as shown in the partial
enlarged drawing of the Fig. 1b, the deviation angle of frame A
(i.e./BAC) calculated by the arccosine function (Eq. (2)). We
defined that the moving molecule change its direction when the
moving direction deviating from a straight line exceeds 2 degrees.
Thus, the distance between two adjacent frames that deviation
angle exceeded 2 degrees (e.g. ZBAC > 2°) is the diffusion distance.
Then L; (the statistical average of the diffusion distance) obtained.

2 2 2
/BAC = arccos(cosZBAC) = arccos (AC + |AB[” — [BC ) (2)

2|AC| - |AB|

Through statistical analysis of the displacement and velocity
data, the average diffusion distance and velocity can be obtained.
And subsequently the diffusion coefficient was determined by
our proposed model (Eq. (1)).

For comparison, we also calculated the diffusion coefficient by
mean square displacement (MSD) approach. The MSD

({1 — r,.(o)>2) is the square of particle displacement during a time
interval. Based on the well-known Einstein equation (Eq. (3)), the
diffusion coefficient can be obtained.

1 . dy 2
D= 6Na }me a Z <Tim — T'i(01> (3)

i=1

where N, is the number of diffusion molecules, r,, is the position
vector of the molecule at time t, and r,0, is the initial position.
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Table 1
The simulated results of various gas and organic vapor systems at 300 K and 1.01 MPa
Group M/ Density/ Cell sizex10'%/  Vyx1072/ Learx10°/  Deqyx10°/ Dexpx10°/ RD.;/  Dearmenx10°/ RD_,/
g'mol ! gL! m ms! m m?s ! m?s! % m?s ! %
N, 28 113 345.27 6.98 34.83 2.43 2.12 [37] 14.65 2.32 9.27
co 28 1.13 345.26 6.79 33.09 2.25 2.41
0, 32 1.29 345.21 6.10 33.97 2.07 2.23 [37] 7.11 2.53 13.35
CO, 44 1.78 345.24 6.52 17.00 111 1.13 [37] 1.89 1.36 20.79
SO, 64 2.58 345.32 5.60 11.60 0.65 0.75
CH4 16 0.65 345.53 8.21 31.62 2.59 2.40 [38] 8.12 3.22 34.03
CoH, 26 1.05 345.38 7.58 24.74 1.88 2.01 [38] 6.69 1.79 11.07
CoHy 28 113 345.44 7.47 20.97 1.57 1.68 [38] 6.70 1.74 3.71
H,S 34 1.37 345.47 4.77 20.55 0.98 1.49
CsHg 42 1.70 345.44 7.32 13.21 0.97 0.77
CeHi2 84 3.39 345.44 7.28 6.60 0.48 0.27
CeHs 78 3.15 345.38 7.09 9.57 0.68 0.40
Average 7.53 15.37
Table 2
The simulated results of the gas systems at 300 K for different pressures
Group p/ kPa Density/ g-'L~! Cell Sizex10'° / m Deai-mspx 10°/ m?s1 Veax1072 [ ms™! Leat-vx10° [ m Dearx10° [ m?s~!
CO, 25.33 0.44 548.03 4.80 6.48 82.88 537
50.66 0.89 434.98 2.66 7.34 44.79 3.29
101.33 1.78 345.21 1.49 6.52 17.00 1.11
121.59 2.22 320.49 1.03 7.51 11.48 0.86
151.99 2.66 301.60 0.87 7.98 9.83 0.78
N, 25.33 0.28 548.09 9.04 6.80 132.45 9.00
50.66 0.57 435.02 4.89 6.80 65.49 445
101.33 1.13 345.27 2.32 6.98 34.83 2.43
121.59 141 320.52 1.81 6.59 28.08 1.85
151.99 1.70 301.62 1.49 6.72 22.03 1.48
0, 25.33 0.32 547.99 9.00 7.16 123.07 8.82
50.66 0.65 434.94 4.72 6.32 69.66 4.40
101.33 1.29 345.21 2.53 6.10 33.97 2.07
121.59 1.61 320.46 1.86 6.21 27.96 1.74
151.99 1.94 301.57 1.55 6.00 24.63 1.48
Table 3
The simulated results of different liquid systems at 300 K and 1.01 MPa
Group c/ Density Cell Size Dyyx10'°/ Veax1072] Learx10']  Deapyx10'°) Dexp [39]x10") RD_;/ Deamspx10'0/ RD_,/
mol'L™!  x1073/ %101/ m?s! m-s! m m?s! m?s! % m?s~! %
gL! m
Alanine 0.59 1.03 2431 0.29 7.12 12.53 9.21 8.68 5.73 16.40 47.07
1.77 1.05 25.00 0.14 6.92 11.06 7.79 7.79 0.06 9.46 17.61
3.01 1.02 25.22 0.34 6.88 10.19 7.36 7.20 222 9.10 20.91
3.93 1.02 26.04 0.75 6.85 9.76 7.44 6.63 10.93 6.61 0.25
5.42 1.03 27.15 0.49 7.09 8.43 6.47 5.60 13.40 5.87 4.55
Glycine 0.5 1.01 23.86 0.59 6.28 16.63 11.03 9.73 11.79 14.94 34.88
Threonine 0.5 1.02 23.98 2.15 7.61 9.54 9.41 7.15 24.00 12.97 44.86
Urea 0.5 1.02 23.73 0.30 6.5 21 13.94 13.43 3.65 25.86 48.06
L-Arginine 0.5 1.04 24.00 0.23 7.4 8.34 6.40 6.04 563 5.17 16.83
Leucine 0.5 1.02 23.99 0.53 6.49 13.42 9.24 8.01
Glutamate 0.5 1.02 24.09 0.84 7.56 13.7 11.19 8.25
L-Valine 0.5 1.03 23.89 0.80 7.63 14.95 12.21 6.70
Average 8.60 26.11

3. Results and Discussion
3.1. Computation of MSD

The presence of numerous statistic samples indicates high linear-
ity of the MSD-t curve, resulting in accurate calculation of the diffu-
sion coefficient. Abnormal diffusion, which usually occurs at
beginning and ending part of the MSD, is nonlinearly related to time.
These irregular data should not be used to calculate the diffusion
coefficient. The fitting was conducted only in progresses into normal
diffusion. Therefore, the determining time interval (tmin < t < tmax) iS

necessary for diffusion coefficient calculation. The diffusion of CO,
was taken as an example to demonstrate the determination of t;,
and ty,.x. The MSD-time curve of CO; is presented in Fig. 1(a).

Double logarithmic coordinate plots of MSD are shown in
Fig. 2(b). The MSD-t curve is straight line when the slope of Ig
(MSD)-Ig(t) curve equal to 1. To observe the fluctuation of the slope
of Ig(MSD)-lg(t), the derivate of the Ig(MSD)-Ig(t) is depicted, as
shown in Fig. 2(a). This work treats the discrete data by using a
centered difference formula to approximate the derivative. The
derivative function applied to discrete data points can therefore
be written as follows:



X. Chen et al./Chinese Journal of Chemical Engineering 36 (2021) 138-145

4000

1100

141

£ &

7x10"/m
&

S
N

I
=

40

Fig. 1. (a) The diffusion pathway of Ny; (b) The diffusion pathway of Alanine (0.59 mol-L™").
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The MSD slope is considered as constant when the fluctuation
of the slope of 1g(MSD)-Ig(t) is ranging from 0.8 to 1.2. Thus, tmiy
and ty,x can be determined, as shown in Fig. 2(a). Consequently,
the diffusion coefficients can be calculated from this time interval.
The simulated results are listed in Tables 1-3 accordingly.

3.2. Results of the diffusion coefficient, characteristic length, and
diffusion velocity

After a complete dynamic run, the diffusion velocity and path of
each frame for every molecule obtained by scripts. Based on the
available statistic samples, the statistical average diffusion velocity
(namely the diffusion velocity) was given. The characteristic length
got from the diffusion path. As illustrated in Fig. 1, it is obvious that
the travel distance before changing direction is much shorter in
liquid systems than in gas systems, which means that a moving
molecule change direction more easily in the liquid than in the
gas. The simulated results of V;, and L; for the diffusion of gases,

1.60x10° |-
L ——MSD
1.40x10° |- — The derivative -
1.20%10° =
1.00x10% |- ]
i 8o00x107 | |
X L
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(a)

24

0.4

0.0

organic vapor, and the liquid system are listed in Tables 1-3
accordingly.

After the characteristic length and the diffusion velocity gained.
The diffusion coefficient was determined by our proposed model
(Eq. (1)). For liquid system, the self-diffusion coefficients were cor-
rected for finite-size effects by using the Yeh-Hummer correction
(see Egs. (5)-(7)) [30]. And for the gas system, we used the simu-
lation box with large size (1000 molecules) to avoid the error
caused by system size.

Deat-mrp = D/cal—MED + Dy (5)

Dea v = D,cal—LV + Dy (6)
kBTf

= o )

where Dyy is the YH correction diffusivity. D cai.msp and D a1y are
the calculated diffusion coefficient from the MSD-t curve and our
new model respectively. D¢a.msp and Dcapy are the corrected D’
cal-msp and D capy. kg is the Boltzmann constant, T is the tempera-
ture, n is the shear viscosity, L is the length of the cubic

a
7
=
0
g

0 " 1 " 1 " 1 " 1 i 1
-1 0 1 2 3 4
1g(Time)

(b)

Fig. 2. (a) The MSD-t curve of CO,; and the derivate of the 1g(MSD), tmin and tmax are marked; (b) The lg(MSD)-1g(t) curve.
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simulation box, ¢ is a constant which depends on the shape of the
simulation box (for a cubic simulation box, ¢ = 2.837297).

The simulated results of D.,.1v and D¢a-msp for the diffusion of
gases, organic vapor, and the liquid system are listed in Tables 1-3
accordingly. The calculation of relative deviations (RD, %) and the
mean relative deviations (ARD, %) are based on the following
equations:

‘Dex (i) — Dcal—LV(i)} 1 S
RD_; = 100% - "5 =21 ARD ;== > (RD.i(i))  (8)
P izt

Dexp (M)
}Dexpm — Dcal—MSD(i}! 1 .
RD_, = 100% - {ARD_; = > (RD_(1)) (9)
exp (i) Ny &

3.3. Gas system analysis

The simulated results for the diffusion of various gas and
organic vapor systems are listed in Tables 1 and 2. From Tables 1
and 2, the calculated diffusion coefficients by our new model are
in best agreement with those experimental results from literatures.
The minimum value of RD_; is 1.89% and the ARD_; is 7.53%, indi-
cating that the new model proposed previously are objective and
rational. Besides, the diffusion coefficients were calculated after
the high linearity of the MSD-t curve was determined, as listed in
Tables 1 and 2. Compared with the traditional MSD-t model, this
novel diffusion coefficient model provides more reliable results,
and the theory is simple and straightforward in concept.

Besides, in this study, the effects of pressure were evaluated by
varying pressures of CO,, N, and O, in MD simulations. As pre-
sented in Table 2, the value of diffusion coefficients and the char-
acteristic length decreased dramatically with increasing the gas
pressure, while the diffusion velocity appeared less influenced by
the pressure. This is quite understandable, since the intermolecular
distance will reduce when the pressure is rising, the characteristic
length will decrease. Meanwhile, the molecular velocity is little
changed. As a result, the value of diffusion coefficient will reduce.

Moreover, the diffusion coefficients follow the order of CO, <

0, < N, at identical pressures, which was probably caused by
the increase of the density. This is consistent with the results in
Table 1, the smaller density is, the greater the corresponding diffu-
sion coefficient and characteristic length are. At the same temper-

®  Statistical value
3 9 e The theoretically calculated value

Probability

-0.01 1 " 1 " 1 " 1 " 1

0 5 10 15 20
Diffusion velocity x10%/m-s”

(@

ature and pressure, collisions may not be easy to happen when the
gas molecular density is smaller, thus the characteristic length is
greater, and then the corresponding diffusion coefficient is larger.

3.4. Liquid system analysis

As shown in Table 3, the calculated diffusion coefficients are
perfectly matched with the experimental results. The minimum
value of RD_; is 0.06% and the ARD_; is 8.6%. This further evidence
that our new model proposed previously accurately described the
diffusion coefficient.

As shown in Table 3, we tested Alanine diffusion stimulation at
different concentrations. It was found that the increase of the Ala-
nine concentration in the aqueous solution caused decreases in
both the diffusion coefficient and the characteristic length, but
slight changes in the diffusion velocity. The trend of the character-
istic length is caused by the reduction of distance between alanine
molecules. However, the diffusion velocity was more sensitive to
temperature changes.

The other notable rule is that the characteristic length and the
diffusion velocity in liquid system are smaller than that in gas sys-
tem. Those results about characteristic length verified above leads
to a conclusion: when the intermolecular distance is reduced, the
diffusion coefficients will be decreased. Generally, there are three
different ways of molecule movement: translation, rotation, and
vibration. In gas system, particles are far apart, with large inter-
molecular space. In this case, the intermolecular force of particles
is relatively small. Translational motion makes a great contribution
to this gas molecular motion. As a result, the direction of gas
molecular displacement is not easy to change. Whereas in liquid
system, the interaction force among particles is relatively large.
In this case, molecular rotations and vibrations should be consid-
ered. The direction of molecular displacement is much easier to
change in liquid system than in gas system, leading to smaller dif-
fusion distance in liquid system.

3.5. Statistical analysis
According to a large number of statistical data from the trajec-

tories, the distribution of diffusion velocity and the characteristic
length can be analyzed through the probability density function.

0.10 | ®  Statistical value
= The theoretically calculated value
0.08
2 0.06
2 L
e
~ 0.04 |
0.02 -
0.00
TR R T R I R S R
0 2 4 6 8 10 12 14 16
Diffusion velocity x 10°/m-s"
(b)

Fig. 3. (a) The diffusion velocity distribution of Alanine (0.59 mol-L™"); (b) The diffusion velocity distribution of CO,,
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Table 4
The parameters of the distribution function for diffusion velocity

Vcalxlo 2/

Vcalxlo 2/

Group i D2 3 s ] Pearson's 7 | Group pi P2 P3 s ] Pearson's »
N, 0.18 0.13 7.12 6.98 0.99 Alanine 0.13 0.05 6.59 7.12 0.99
0, 0.16 0.13 5.85 6.10 0.99 Glycine 0.11 0.07 6 6.28 0.99
CO, 0.07 0.07 6.27 6.52 1.00 Threonine  0.12 0.05 7.11 7.61 0.99
CH4 0.06 0.05 7.79 8.21 0.99 Urea 0.14 0.06 6.21 6.5 0.99
CH, 0.09 0.10 7.40 7.58 1.00 L-Arginine 0.09 0.05 7.01 7.4 0.99
H,S 0.10 0.12 433 4.77 0.99 Leucine 0.15 0.07 6.16 6.49 0.99
C;Hs 0.11 0.15 7.20 7.32 1.00 Glutamate  0.13 0.05 7.12 7.56 0.99
CsHs 0.12 0.17 6,98 7.09 1.00 L-Valine  0.12 0.05 7.18 7.63 0.99
Average 1.00 0.99

3.5.1. For diffusion velocity

By statistically analyzing of 8 liquid systems and 8 gas systems,
we found that the probability density dot for the diffusion velocity
firstly increased and then decreased. This pattern is similar to the
normal distribution. Hence, we developed a new distribution func-
tion for describing the probability distribution of the diffusion
velocity based on the normal distribution. The probability distribu-
tion function was shown in Eq. (10). As an example, the distribu-
tion of diffusion velocity of Alanine (0.59 mol-L™!) and CO, are
shown in Fig. 3, respectively. From Fig. 3, it illustrated that the
probability density dot of diffusion velocity obeys our new distri-
bution function very well.

f(Vi) = py - exp(~pa(Vi-ps)’) (10)

where V; is the velocity; p,, p2, p3 are parameters.

After calculation, the values of the parameters and the Pearson
correlation coefficient (Pearson’s r) are listed in Table 4. The results
show that the new distribution function in this work are satisfac-
tory for the distribution of diffusion velocity. The minimum value
of Pearson’s r is 0.99 and the mean value is 0.99. It is worth noting

0.14 //
0.12 - ®  Statistical value
r e The theoretically calculated value
0.10 -
0.08 -
2
B i .
_§ 0.06 Alanine
i -
0.04 -
0.02 -
0.00 D
1 . 1 . 1 . 1 . 7 ——
0.000 0.001 0.002 0.003 1.4 1.
Diffusion length x10"/m
(a)

that the parameter ps; is approximate to the average diffusion
velocity. This indicates that the physical meaning of ps is related
to the average diffusion velocity.
The calculation of the average relative deviation (Pearson’s r)
was based on the following equation:
, cov(y,y
Pearsonsr:Ly) (11)
0y0y
cov(y.y-) is the covariance; o, is the standard deviation of X; g;.
is the standard deviation of Y.

3.5.2. For characteristic length

Based on the statistically analyzing of 8 liquid systems and 8
gas systems, we found that the tendency of the probability density
dot for the characteristic length increase at first, and then decrease,
and then go to be horizontal with the characteristic length increas-
ing. Take the characteristic length distribution of Alanine
(0.59 mol-L ') and CO, as an example, as shown in Fig. 4.

Molecular motion is a random event, and the molecular
diffusion process can be considered into two random events: One
is the small amplitude diffusion, and the other is the saltatory

0.25 |-
| L ®  Statistical Value
== The theoretically calculated value
0.20 -
2
3 0.15 -
E co,
S L
=™
0.10 |
0.05 -
0.00
P S R SR R R R ST |

-500 0 500 1000 1500 2000 2500
Diffusion length x 10"°/m
(b)

3000 3500

Fig. 4. (a) The characteristic length distribution of Alanine (0.59 mol-L™!); (b) The characteristic length distribution of CO,,
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Table 5
The parameters of the distribution function for diffusion distance

Group a a>x10° azx1073 Pearson's Group ax1073 a>x10% azx10* Pearson's r
N, 0.50 2.01 -1.62 0.98 Alanine 0.26 0.05 3.8 0.99

0, 1.02 3.59 —0.67 0.98 Glycine 1.62 0.82 1.25 1

CO, 0.50 5.02 -0.95 0.99 Threonine 0.22 0.03 431 0.99

CH4 0.50 2.90 -1.32 0.96 Urea 2.11 1.22 1.46 1

C,H, 0.50 2.92 -1.34 0.99 L-Arginine 0.19 0.04 5.4 1

H.S 0.50 3.43 -1.21 0,99 Leucine 235 0.87 1.08 0.98

C3Hg 0.20 5.26 —0.84 0.97 Glutamate 0.98 0.39 1.39 1

CeHg 0.02 26.70 —0.18 0.99 L-Valine 1.07 0.32 1.42 0.99
Average 0.98 0.99

diffusion. The former one is a high probability event. This pattern is
similar to the normal distribution. And the later one is a small
probability event, the regularity of distribution is similar to the
uniform distribution. Therefore, we developed a new distribution
function for describing the probability distribution of the charac-
teristic length. This new distribution function contains two parts:
the former part obeys a new distribution (see Eq.(12)). While the
later part obeys a uniform distribution (see Eq.(13)). After calcula-
tion, the values of the parameters and the Pearson’s r are presented
in Table 5. It was showed that the new distribution function could
describe the distribution of characteristic length well. The mini-
mum value of Pearson’s r is 0.96 and the mean value is 0.99.

L) =a -x-exp(—az-(Lifag)z) O<L<a (12)

1

(13)
where L; is the diffusion distance; [a, b] is the value range of L;; ay,
a, as is parameters.

4. Conclusions

Based on the molecular dynamics simulations, we further inves-
tigated the underlying mechanism of the novel diffusion coefficient
model at the molecular level. In this work, molecular dynamics
simulations were performed for diffusion process in 35 systems
(including 12 liquid systems as well as 23 gas and organic vapor
systems), to investigate our novel diffusion coefficient model. With
the dynamic simulation, the statistical average diffusion velocity
and the characteristic length can be obtained from the trajectory
file, and subsequently the diffusion coefficient defined by proposed
model was determined. From the simulated results, diffusion coef-
ficients from our new model matched perfectly with those exper-
imental results from literatures. The ARD_; of the simulations
results was 7.53% and 8.60% in gas and liquid system, respectively,
indicating that the novel model proposed previously are objective
and rational. Compared with the traditional MSD-t model, this
novel diffusion coefficient model provides more reliable results,
and the theory is simple and straightforward in concept. Moreover,
the effect of gas pressure and liquid concentration on the diffusion
behavior were discussed, and the microscopic diffusion mecha-
nism was elucidated through the distribution of diffusion velocity
and the characteristic length analysis. Meanwhile, new distribu-
tion functions were suggested to describe the distribution of the

diffusion velocity and the characteristic length, which provided
theoretical foundations for the future research about the diffusion
coefficient.
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Nomenclature

ai, a,, az represent the parameters of the distribution function
c concentration of component I, mol-L™}
cov(y,y) the covariance

Dcai-msp ca;cul?ted diffusion coefficient from the MSD-t curve,
m*'s

DealLv ca;cullated diffusion coefficient from our new model,
m*'s

Dexp experimental diffusion coefficient, m?-s™!

Kg Boltzmann constant

Lea, L characteristic length, m

L length of the cubic simulation box

M molar mass, g-mol~!

N, number of diffusion molecules

N, number of samples

p pressure, kPa

D1, P2, p3 represent the parameters of the distribution function

T temperature, K

t Time, s

I position vector of the molecule at time t

Ti0) initial position.

Vea, Vi diffusion velocity, ms™!

n shear viscosity

13 a constant which depends on the shape of the simulation
box

4 represent the standard deviation

oy standard deviation of X

gy standard deviation of Y
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