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Abstract: The liner of reinforced thermoplastic composite pipes (RTPs) used for oil and gas gathering
and transportation experienced blister failure due to gas permeation. Few reports have appeared
on the problem of gas permeation in thermoplastics with absorbed crude oil. Accordingly, the
permeability of CHy in polyvinylidene fluoride (PVDEF) containing crude oil was studied at the normal
service conditions by molecular simulations. The results showed that the solubility coefficients of
CH,4 in PVDF containing crude oil were much lower than those in pure PVDE. It can be concluded
that the crude oil molecules absorbed into PVDF occupied certain adsorption sites, resulting in a
decrease in the adsorption capacity of CHy molecules in PVDE. The diffusion coefficients of CHy in
oil-containing PVDF were significantly greater than in PVDEF. This is because the absorption of oil
molecules leads to the volume swelling of PVDF and then increases the free volume for diffusion.
The permeation process showed that CHy molecules were selective-aggregate adsorbed in the region
with low potential energy in oil-containing PVDF firstly, and then they vibrated within the holes
of PVDF containing oil in most cases and jumped into the neighboring holes at high temperatures
and pressures.

Keywords: thermoplastics; crude oil; solubility; diffusion; gas permeation mechanism; molecular simulation

1. Introduction

In the field of oil and gas gathering and transportation, the gas in the transported
medium is constituted by methane (CHy), carbon dioxide (CO,), and hydrogen sulfide
(H»S) in varying amounts [1], which can corrode the metal pipes used in the process and
lead to perforation and other accidents. In recent years, reinforced thermoplastic composite
pipes (RTPs) have been widely used instead of conventional carbon steel pipelines in oil
and gas gathering and transportation fields due to their excellent corrosion, wear, waxing
and scaling resistance, and easy installation [2]. There are three layers in RTPs, including an
internal thermoplastic liner, a reinforcement layer, and an outer thermoplastic layer. Among
them, the internal thermoplastic liner of RTPs directly contacts the transport medium.
However, because of its inherent properties, thermoplastics do not act as perfect barriers.
When gases or gas-bearing liquids pass through RTPs, gas molecules permeate into the
inner thermoplastics by adsorption, solution, and diffusion phenomena, and consequently
accumulate in thermoplastics, resulting in the blister failure of thermoplastics [3]. In the
process of oil and gas transportation, the gas-bearing liquid mainly contains crude oil,
which can also be absorbed into thermoplastics and then cause their volume expansion,
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i.e., swelling [4]. Crude oil absorption would inevitably affect the permeation behavior
of gases and increase the probability of blister failure of thermoplastics. Therefore, it is
necessary to clarify the influence of oil absorption on gas permeability in an oil-gas coupled
medium to ensure the safe operation of the pipelines.

At present, much work has been devoted to studying the permeability of gases in
polymers by numerous experimental methods such as via the steady state, time lag method,
and sorption-desorption tests [5-11]. Nevertheless, few works have been carried out on
the gas permeation in thermoplastics for oil and gas gathering and transportation due to
a long experimental process, high cost, and high risk at high pressure. Computational
simulation is a useful technique to complement experimental studies, which can not
only calculate solubility and diffusion in polymers, but also predict the properties at
both the macroscopic and microscopic levels. The existing methods such as the Monte
Carlo (MC) [12-14] and molecular dynamics (MD) [15-17] methods are very desirable
to understand and predict the transport properties of gases in polymers. Lu et al. [18]
calculated the sorption and diffusion properties of gas molecules through amorphous
PPX C polymers by Monte Carlo (MC) and molecular dynamics (MD) simulations. These
methods were also performed by Borjesson et al. to calculate solubility and diffusion
coefficients of oxygen and water in polyethylene to understand the diffusion mechanism
at the molecular level [19]. Eslami and coworkers [20,21] studied the solubility, diffusion,
and permeation of gases in polystyrene over a wide range of temperatures by MC and MD
simulations, respectively. They found that the calculated solution and diffusion coefficients
and the ratios of calculated permeabilities agree well with the experimental data.

Although numerous studies on gas permeability in polymers using experimental and
molecular simulations have been done, there is still a lack of understanding on permeation
characteristics of gases in oil-gas coupled medium in thermoplastics. Polyvinylidene fluo-
ride (PVDF) is one of the most common thermoplastics used for the liner of RTPs, which
is a synthetic resin produced by the polymerization of vinylidene fluoride (CH,=CF,). It
possesses excellent properties such as thermal stability, mechanical strength, aging resis-
tance, and chemical stability [22], and has been widely used in the chemical industry [23],
semiconductor manufacturing [24], fluorocarbon coatings [25], membrane science [26,27],
oil/water separation [28], and medicine [29]. Usually, the main component of the gases
transported in oil and gas gathering and transportation systems is CHy, and its content is
often more than 95%. Thus, we have performed the permeation behavior and mechanism
of CHy molecules in polyvinylidene fluoride (PVDF) at the service conditions in oilfields
via molecular simulations [30]. In this work, considering the absorption of crude oil, we
focused more specifically on the permeation of CH4 molecules in PVDF containing crude
oil. The typical crude oil molecules were added in PVDE. The effect of crude oil molecules
on CHy permeability characteristics was analyzed under normal service conditions, and
the permeation mechanism of CHy in PVDF containing crude oil was discussed.

2. Theoretical Basis of Permeation

The solution-diffusion model is a widely recognized permeability mechanism model
that can be used to describe the permeation behavior of gas molecules in polymer materials.
The permeability of gas is determined by its solubility and diffusion capacity, and the
permeability coefficient P can be calculated by Equation (1):

P=SxD 1)

where S is the solubility coefficient and D is the diffusion coefficient.
The solubility coefficient S describes the relationship between the concentration C

and the pressure P; of the gas in polymers at equilibrium, which can be expressed as

Equation (2) [31]:
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where Kp is the Henry constant; C is Langmuir adsorption capacity; b is the Langmuir
constant; P; is the pressure of the gas in the polymer (Pa); and C is the concentration of gas
in the polymer (cm? (STP)-cm—3).

The adsorption isotherm method is usually used to solve the solubility coefficient of
gas molecules in polymers. The adsorption isotherm can be simulated by the Adsorption
Isotherm tool in the Sorption module of Materials Studio to obtain the curves of adsorption
gas concentration C and the pressure P;. When P; is zero, the limit slope of the curves is the
solubility coefficient S, as shown in Equation (3):

S = 1im£ = Kp + Cyb 3)
p—0 Pi

For diffusion of penetrants in polymers, the center-of-mass mean square displacement
(MSD) of the penetrant is shown to pass through three distinct regimes including short-
time ballistic regime, anomalous diffusion regime, and Fickian regime [21]. In order to
calculate the diffusion coefficients by molecular dynamics simulation, one has to calculate
the center-of-mass mean square displacement. For sufficient long times, the MSD becomes
linear in time, and the diffusion coefficients can be calculated by Einstein’s equation [32]
as follows:

D= L tim (Y ) -0 @)
6N t—oo dy = ! !
where D is the diffusion coefficient, N is the total number of penetrants, ¢ is the time, r(t) is
the centroid position of molecule 7 at time ¢, 7(0) is its initial position, and [ri(t)—r;(0)]? is
the MSD of the molecule, denoting the ensemble average.

Since the MSD value has been averaged over N, m is taken as the slope of the MSD

curve obtained by molecular simulation. The above Equation (4) can be simplified as:

D=m/6 ®)

3. Simulation Method

The Visualizer module in Materials Studio was used to construct the CH4 molecule,
vinylidene fluoride (VDF) monomer, and crude oil molecules, respectively, as shown in
Figures 1 and 2. Among them, the typical components of crude oil such as hexane (CgHj4),
cyclohexane (C¢Hjp), octane (CgHjg), and decane (CioHjy) [33-35] were chosen as oil
molecules models, as shown in Figure 2. The PVDF chain was generated with VDF as a
repeat unit with a chain length of 10 (Figure 1c). Then, the Smart Minimizer was used to
geometry-optimize the above models.

(a) (b) (©)

Figure 1. Gas molecules and polymer molecules: (a) CHy, (b) VDF monomer, (c) PVDF chain (n = 10),
Colored balls represent C in red, H in yellow, F in blue.

(b) (c) (d)

Figure 2. Typical crude oil molecules models: (a) C¢Hjy, (b) C¢Hi4, (c¢) CgHys, (d) C19Hpo, Colored
balls represent C in red, H in yellow.
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A three-dimensional cell model of crude oil/PVDF including a hexane, cyclohexane,
octane, decane, and four PVDF chains was constructed using the Construct tool in the
Amorphous Cell module. After the energy minimization and ensemble optimization,
the stable configuration (Figure 3a) can be obtained and used for adsorption simulation.
For diffusion simulation, four CH4 molecules were added to the crude o0il/PVDF cell to
construct the CHy/crude oil/PVDF mixed-cell model with periodic boundary conditions
first. The stable configuration of diffusion (Figure 3b) can be obtained and used for diffusion
simulation after the energy minimization and ensemble optimization.

@ c

© ceH12
@ CoHl4
@ cCsHi8
© cCioH22

@ PVoF

Figure 3. The stable configuration of (a) crude oil /PVDF cell, (b) CHy /crude oil /PVDE cell.

The Grand Canonical Monte Carlo method (GCMC) was adopted, and the Sorption
module was applied to calculate the adsorption isotherm and isosteric heats during the
sorption process. The adsorption sites were also determined based on the principle of
simulated annealing. Additionally, the molecular dynamics method (MD) was adopted
and the Forcite module was used to simulate the diffusion process and obtain the atomic
trajectories and MSD curve.

Temperatures and pressures were selected for sorption and diffusion simulations
according to the actual service conditions of RTPs used in oil and gas gathering and
transportation. The temperatures were set at 30 °C, 40 °C, 60 °C, and 80 °C, and the
pressures were set at 2.5 MPa, 6.4 MPa, 8.5 MPa, and 10 MPa [36]. Three simulations
were conducted at each condition and all the data shown in data graphs were average
values. During the simulation, the COMPASS universal force field was employed with high
accuracy. The group-based method was used to calculate the van der Waals interaction
force, and the Ewald method was used to calculate the electrostatic interaction force. The
temperature and pressure were controlled by the Andersen-Berendsen method. The initial
velocity of each molecule was randomly distributed via Maxwell-Boltzmann. The simulated
step size was 1.0 fs and the total step size was 1000 ps. The trajectory information of the
system was recorded every 1000 steps.

4. Simulation Results and Discussion
4.1. Permeation Behavior of CHy in PVDF Containing Crude Oil
4.1.1. Solubility

The adsorption isotherm of CHy molecules in PVDF containing crude oil at different
temperatures is shown in Figure 4. The adsorption gas concentration C of CH, constantly
increases with pressure. The fitting degrees of concentration—fugacity curves with the
Langmuir model were 0.9985, 0.9992, 0.9976, and 0.9995, at temperatures of 30-80 °C,
respectively. Therefore, the adsorption isotherm of CHy in PVDF containing crude oil
corresponds to the Langmuir single-layer reversible adsorption, which is consistent with
the previous study on the adsorption of CHy in PVDF [30]. The solubility coefficients
of CHy at different conditions can be calculated (Figure 4) according to Equation (3), as
shown in Figure 5. The isosteric heat (Qst), which is one of the most important indexes to
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measure the adsorption function of the adsorbent, can reflect the intensity of the adsorption
process [37]. The Qs values of adsorption of CHy molecules under different conditions can
be obtained from the output file after the simulation, and they are presented in Figure 6. It
can be seen that the solubility coefficient (Figure 5) and isosteric heat (Figure 6) decrease
with increasing temperature and decreasing pressure. It is well known that the adsorption
of gases in polymers is an exothermic process. The isosteric heat decreases with increasing
temperature when the adsorption system is at equilibrium. The lower heat indicates weaker
interactions between PVDF and CHy molecules, resulting in a lower adsorption amount
and a smaller solubility coefficient.
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Figure 4. Adsorption isotherm of CH, in PVDF containing crude oil.
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Figure 5. Solubility coefficient of CH4 in PVDF at different conditions: (a) 2.5 MPa; (b) 30 °C.

It can also be seen from Figure 5 that the solubility coefficient of CH4 in PVDF contain-
ing crude oil is much lower than that in pure PVDE. For example, the simulated solubility
coefficient for CHy in PVDF ranges from 0.699 x 107> cm? (STP)-cm~2 at 2.5 MPa to
1.399 x 107> cm? (STP)-cm~2 at 10 MPa, while the solubility of CHy in PVDF contain-
ing crude oil ranges from 0.227 x 107> cm?® (STP)-cm 2 at 2.5 MPa to 0.499 x 107> cm?
(STP)-cm~3 at 10 MPa. The largest difference is found at 30 °C and 6.4 MPa, where the
solubility of CHy in PVDF containing crude oil is reduced by 73.01%. A similar situation
occurred to isosteric heat with a decrease by around 15%, as shown in Figure 6. The
crude oil molecules would fill the volume in molecular chains of PVDF after adsorption.
When the temperature and pressure increase, the crude oil molecules absorbed into PVDF
would occupy certain adsorption sites, resulting in a decrease in the adsorption capacity
of CH4 molecules in PVDE. Therefore, it can be concluded that the adsorption of crude oil
molecules can significantly reduce the solubility of CH4 molecules in PVDFE.
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Figure 6. Isosteric heat of adsorption of CHy in PVDF at different conditions: (a) 2.5MPa; (b) 30 °C.
4.1.2. Diffusion

The MSD of CH4 molecules in PVDF containing crude oil with time is shown in
Figure 7. The value of MSD is increasing with time, exhibiting a linear relationship. Due to
the statistic error, noisy points appear at the end of the curves and need to be eliminated.
The diffusion coefficients of CHy were determined by using Equation (5), as shown in
Figure 8. As the temperature and pressure increase, the diffusion coefficient increases
significantly. Interestingly, the diffusion coefficients of CHy in PVDF containing crude oil
are in the range of 2.961 X 1070-8.274 x 1076 cm2-s~!, which are about three times greater
than in pure PVDF under the same conditions. The reason for this phenomenon is that the
addition of crude oil molecules may promote gas diffusion.

~_ 500

= ——30°C

S 400 ——40°C

§ 60 °C

5_30(»- | 6

z |

@ 200+

]

: -

3

Z 1001

$

> ] seru I I R B
0 200 400 600 800 1000

Time/ps

Figure 7. MSD curves of CHy in PVDF containing crude oil at 2.5 MPa.

According to free volume theory, the free volume is a measure of the internal space
available within a polymer matrix. As the free volume increases, so does the freedom
of movement for polymer chains and other small molecules [38—40]. The distribution
of free volume was simulated using the Atom Volume and Surface module, as the gray
area shown in Figure 9. The free volume fraction is the ratio of the free volume and the
simulated total cell volume. The fraction values at different temperatures and pressures
are shown in Figure 10. Since the stability of the PVDF chain would be reduced at the
higher temperatures and pressures, the chain segments are more likely to undergo torsion
or relative motion. Then, the free volume would be increased in the simulated cell, and the
space for the activity of CH4 molecules would as well. As a result, it would be easier for
the diffusion process to occur. Moreover, the crude oil molecules absorbed into PVDF play
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a plasticizing role [30], which can improve the activity of chain segment. The absorption of
crude oil molecules is conducive to gas passage and can significantly improve the diffusion
ability of CH4 molecules in PVDE.

XY CH4 in PVDF 10 XY cH4 in PVDF
[ CH4 in Oil+PVDF i [ cH4 in Oil+PVDF
8r 7.072 8.274
8F
T 6 o
NE 4.764 NE 6k
& 3.801 > 5.083
a 2.961 Z' ar 3201
2318 2.961 :
1.885
2F 1.872
1178 2r 1.249
0.737] 0.737| 0.812
30 40 60 80 25 6.4 8.5 10
Temperature/°C Pressure/MPa
(a) (b)

Figure 8. Diffusion coefficient of CHy in PVDF at different conditions: (a) 2.5MPa, (b) 30 °C.

Figure 9. The free volume distribution of CH,/(Oil + PVDEF) cell.
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Figure 10. Free volume fraction of CH, in PVDF at different conditions: (a) 2.5 MPa, (b) 30 °C.
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4.1.3. Permeation

Based on the solubility coefficient and diffusion coefficient obtained above, the per-
meability coefficients of CHy in PVDF containing crude oil at different conditions were
calculated by Equation (1), as shown in Figure 11. The permeability coefficient of CHy
molecules increases in PVDF containing crude oil as the temperature and pressure increase.
In addition, the corresponding permeability coefficient is always greater than that in pure
PVDEF under the same conditions. Therefore, it can be concluded that the absorption of
crude oil molecules would in general improve the permeability of gas molecules in PVDE.
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Figure 11. Permeability coefficient of CHy in PVDF under different conditions: (a) 2.5 MPa, (b) 30 °C.

4.2. Permeation Mechanism of CHy in PVDF Containing Crude Oil

The density field distribution and isopycnic of CH4 molecules in PVDF containing
crude oil were obtained via the Sorption module to qualitatively study the adsorption sites,
as shown in Figure 12. The adsorption density field distribution represents the concentrated
area of the density distribution of gas molecules in the simulated cell. The scattered area
in Figure 12a is the distribution location of adsorbed CH, molecules in PVDF containing
crude oil. It can be seen that the adsorption sites are selective aggregated rather than
uniformly distributed. The isopycnic display diagram is a display mode that combines
energy and density information. As shown in Figure 12b, the color mapping table on the
right side of the figure reflects the energy field value on the isopycnic surface. The smaller
the value in the blue region, the lower the intermolecular interaction energy is in this region.
According to the principle of minimum energy, gas molecules are most easily adsorbed in
the region with the lowest energy, i.e., the blue region in Figure 12b. It can be concluded
from Figure 12 that the adsorption sites of CH4 molecules in PVDF containing crude oil
are located in the low potential energy region of the simulation cell, and the adsorption
of gas molecules is selective aggregated. This adsorption process is consistent with the
result of CH, molecules in PVDF in the previous study [30], except for the reduction of
adsorption sites.

When the absorbed gas molecules diffuse in the polymer, they vibrate constantly. The
molecules not only can diffuse near the vibration position, but also can transmit between
different holes, as shown in the previous study [30]. In order to observe the diffusion process
of CH4 molecules in PVDF containing crude oil, the three-dimensional diffusion trajectory
and displacement of CH,; molecules at different conditions are shown in Figure 13. It can
be seen that CH4 molecules basically move back and forth in a certain region (Figure 13a)
at the condition of 2.5 MPa and 30 °C, and the amplitudes of the movement displacement
are always within 0.1 nm (Figure 13b). When the pressure is constant and the temperature
is increased to 40 °C, the diffusion trajectory in space becomes more scattered due to the
stronger thermal motion of the CH4 molecules (Figure 13a). During the diffusion, there
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are four large-scale hole-to-hole transitions in the range of 0~1000 ps for CH4 molecules.
The transition distances are about 0.25 nm (Figure 13b), and the diffusion ability becomes
stronger. As the pressure increases from 2.5 MPa to 6.4 MPa, the diffusion trajectory no
longer shows the concentrated distribution in the holes (Figure 13c), and there are three
large transitions with a transition distance of 0.2 nm (Figure 13d). Therefore, it can be
concluded that the diffusion of CHy in PVDF containing crude oil is also combined with

the vibration in the holes with the transition among the holes.

(a)

Figure 12. Density field distribution (a) and isopycnic (b) of CHy in PVDF containing crude oil.
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7. axis

Figure 13. Three-dimensional diffusion trajectory (a,c) and displacement (b,d) of CH4 molecules in
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crude oil-containing PVDF at different service conditions.
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Based on the above analysis, the permeation mechanism of CH, in PVDF containing
crude oil can be concluded as follows. In PVDF containing crude oil cell, CHy molecules
are first selective aggregated in the region with low potential energy, and then they vibrate
in the holes. When the temperature or pressure increases, the molecules can jump into the
neighboring holes at certain times due to their stronger thermal motion.

5. Conclusions

In order to understand the effect of crude oil on the gas permeation in the inner
thermoplastic liner of RTPs in oil and gas gathering and transportation systems, Grand
Canonical Monte Carlo method (GCMC) and molecular dynamics (MD) simulations were
performed to study the molecular-level mechanism as well as the solubility, diffusion, and
permeation coefficients of CHy permeating through PVDF containing crude oil. The main
results are summarized as follows:

1.  Because the crude oil molecules absorbed into PVDF can occupy certain adsorption
sites, the solubility coefficients of CH4 in PVDF containing crude oil are much lower
than in pure PVDEF, with drops between 58.74% and 73.01%.

2. The diffusion coefficients of CH4 in PVDF containing crude oil are in the range of
2.961 x 107°-8.274 x 107% cm?-s~!, which are about three times greater than in pure
PVDF under the same conditions. It is considered that the absorption of oil molecules
leads to the volume swelling of PVDF and then increases the free volume for diffusion.

3. The absorbed crude oil molecules in PVDF have a significant effect on the permeation
process of CHy in PVDE. The absorption of crude oil molecules would improve the
permeability of gas molecules in PVDF as a whole.

4. The mechanism of CHy molecules permeated into oil-containing PVDF can be con-
cluded as follows. CH4 molecules are selective-aggregation adsorbed in the region
with low potential energy in PVDF containing crude oil firstly, then the absorbed CHy
molecules vibrate in the holes in most cases, and the calculated movement displace-
ment is always within 0.1 nm. At higher temperatures or pressures, CH4 molecules
can jump into neighboring holes at certain times due to their stronger thermal motion,
and the transition distance is more than 0.2 nm.
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