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Abstract 2 
In nanoporous rocks, potential size/mobility exclusion and fluid-rock interactions in nano-sized pores and 3 
pore throats can turn the rock into a semi-permeable membrane, blocking or hindering the passage of 4 
certain molecules while allowing other molecules to pass freely. In this work, we conducted several 5 
experiments to investigate whether CO2 can mitigate the sieving effect on the hydrocarbon molecules 6 
flowing through Niobrara samples. Molecular dynamics simulations of adsorption equilibrium with and 7 
without CO2 were performed to help understand the trends observed in the experiments. The procedure of 8 
the experiments includes pumping of liquid binary hydrocarbon mixtures (C10 C17) of known compositions 9 
into Niobrara samples, collecting of the effluents from the samples, and analysis of the compositions of 10 
the effluents. A specialized experimental setup that uses an in-line filter as a mini-core holder was built 11 
for this investigation. Niobrara samples were cored and machined into 0.5-inch diameter and 0.7-inch 12 
length mini-cores. Hydrocarbon mixtures were injected into the mini-cores and effluents were collected 13 
periodically and analyzed using gas chromatography (GC). After observing the membrane behavior of the 14 
mini-cores, CO2 huff-n-puff was performed at 600 psi, a pressure much lower than the miscibility pressure. 15 
CO2 was injected from the production side to soak the sample for a period, then the flow of the mixture 16 
was resumed and effluents were analyzed using GC. Experimental results show that CO2 huff-n-puff in 17 
several experiments noticeably mitigated the sieving of heavier component (C17). The observed increase 18 
in the fraction of C17 in the produced fluid can be either temporary or lasting. In most experiments, 19 
temporary increases in flow rates were also observed. Molecular dynamics simulation results suggest that, 20 
for a calcite surface in equilibrium with a binary mixture of C10 and C17, more C17 molecules adsorb on 21 
the carbonate surface than the C10 molecules. Once CO2 molecules are added to the system, CO2 displaces 22 
C10 and C17 from calcite. The experimentally observed increase in the fraction of C17 thus can be attributed 23 
to the release of adsorbed C17. This study suggests that surface effects play a significant role in affecting 24 
flows and compositions of fluids in tight formations. In unconventional oil reservoirs, observed enhanced 25 
recovery from CO2 huff-n-puff could be partly attributed to surface effects in addition to the recognized 26 
gas-liquid interaction mechanisms. 27 
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Introduction 2 
In today’s North American field operations, CO2 has become the most employed gas for EOR projects in 3 
tight reservoirs, due to its advantage in achieving miscibility with reservoir oils as well as the benefit of 4 
greenhouse gas sequestration. Among the various field injection schemes, huff-n-puff, a single-well cyclic 5 
process, is the most attractive for tight oil reservoirs. In CO2 huff-n-puff, a producing well is first injected 6 
with CO2. After a shut-in period (soaking), the well is put back on production. The efficacy of laboratory-7 
scale cyclic CO2 injection has been reported in a number of references: Tovar et al. (2014), Gamadi et al. 8 
(2014) and Ma et al. (2015) investigated the application potential of CO2 huff-n-puff in nanoporous rocks 9 
through experiments. Song and Yang (2017) performed both experimental and simulation studies to 10 
evaluate the performance of CO2 huff-n-puff process for the Bakken Formation, all pointing out that CO2 11 
huff-n-puff considerably improved the oil recovery. 12 

Shale with clastic components is known to possess sieving properties to ionic species within an aqueous 13 
phase from electrostatic exclusion. In shale, because of the overlap of electrical double layers (EDL) that 14 
formed near the surface of naturally negatively charged clay platelets in contact with aqueous solution, 15 
certain anions approaching a pore throat coated with clay platelets may be retarded, leading to sieving of 16 
these anions across the shale. Wyllie (1948) measured the electrical potential across a shale placed 17 
between NaCl solutions with different concentrations and proved that shale can act as a semi-permeable 18 
membrane. Buneev et al. (1947) and Lomtadze (1954) experimentally investigated the salt-filtering 19 
properties of clays. Kemper (1960), McKelvey and Milne (1962), Kryukov et al. (1962), Englehardt and 20 
Gaida (1963) and Milne et al. (1964) reported that compacted clays can exclude salt ions, which again 21 
indicates the membrane properties of shale. Young and Low (1965) demonstrated experimentally that 22 
certain natural clayey rocks exclude salt ions and have membrane properties. Field-scale observations also 23 
indicate that shale can act as semi-permeable membranes. Berry (1959, 1960) found that the presence of 24 
chemical and pressure anomalies is widely distributed in the San Juan Basin of New Mexico and Colorado, 25 
which they believe can be best explained by chemical osmosis or salt filtration caused by membrane 26 
properties of shale. Bailey et al. (1961) also reported the existence of salt filtration in Wheeler Ridge 27 
anticline of the San Joaquin Valley, California. Recently, Neuzil (2000) showed that water transport 28 
between boreholes is interrelated with an applied chemical gradient through a nine-year in-situ field 29 
experiment which measures the fluid pressure and concentration on the Cretaceous Pierre Shale in South 30 
Dakota, confirming the significant role of membrane properties of shales. 31 

In tight ‘shale’ formations, due to the abundance of micropores (< 2 nm) and mesopores (2-50 nm) 32 
(Kuila and Prasad 2013), it is reasonable to hypothesize that sieving could exist due to preferential 33 
adsorption or size/mobility exclusion, resulting in ‘shale’ reservoirs prone to producing lighter and more 34 
mobile components. Here, ‘shale’ refers to any tight, nanoporous rock that contains flowable 35 
hydrocarbons, and does not necessarily require richness in clay content. Currently, there is some evidence 36 
of membrane behavior of shale for hydrocarbons derived from observed compositional differences 37 
between hydrocarbons in the reservoir and its associated source rocks (Hunt and Jameson 1956, 38 
Brenneman and Smith 1958, Hunt 1961). Olsen (1969, 1972), Kharaka and Smalley (1976), and 39 
Whitworth (1993) pointed out that some level of sieving for hydrocarbon molecules in shale is attributed 40 
to size exclusion. Additionally, mineral surfaces can preferentially adsorb certain components over others 41 
(Cheng and Huang 2004; Heller and Zoback 2014; Wang et al. 2015), and such a mechanism could also 42 
generate membrane behavior when adsorbing surfaces are unsaturated. Kang et al. (2011) provided a 43 
mechanistic description of CO2 uptake into shales, suggesting that the nanopores can behave as a 44 
molecular sieve in which CO2 can reside but other molecules cannot due to preferential adsorption. Our 45 
previous publication, Zhu et al. (2019), firstly demonstrated the presence of sieving effect in Niobrara 46 
shale to hydrocarbon molecules (C10 C17). Through analysis of experimental data and mass balance 47 
calculations enabled by molecular dynamics simulations, Zhu et al. (2019) inferred that both size 48 
exclusion and preferential adsorption mechanisms should exist. This study is a continuation of Zhu et al. 49 
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(2019) on sieving of hydrocarbon molecules in tight formations. Specifically, this study focuses on the 1 
effect of CO2 on molecular sieving. 2 

 3 

Experimental and Simulation Methodology 4 
Prior to huff-n-puff tests, we performed filtration tests, which is a combination of a mini-core flooding 5 
test and a compositional analysis of the effluent using gas chromatography. The objective of filtration test 6 
is to check whether Niobrara shale possesses membrane properties to the selected hydrocarbon mixtures. 7 
In filtration tests, as schematically shown in figure 1, a liquid binary hydrocarbon mixture (C10 C17) was 8 
driven into a cylindrical rock sample inside a vertically placed core holder, The effluent fluid was collected 9 
using a collection vial sealed by deionized water to prevent evaporation, and then analyzed using gas 10 
chromatography (Agilent 7890B). The details of sample preparation, fluid collection, and experimental 11 
procedures can be found in our previous publication (Zhu et al. 2019). 12 

 13 
Figure 1. Schematic diagram of filtration test 14 

Following the filtration tests, we performed one cycle of huff-n-puff using CO2. First, we shut down 15 
hydrocarbon injection and disconnected the core holder from the pump and the transfer vessel. Then, as 16 
schematically shown in figure 2, after plugging the inlet of the core holder, we injected CO2 from the 17 
producing side at 600 psi and soaked sample #1-3 for 10 days and sample #4-6 for 8 days. Note that at 18 
600 psi CO2 and our oil are immiscible. After soaking, we disconnected the core holder from the CO2 19 
tank, connected the core holder back to the pump and the transfer vessel, and resumed injection of oil 20 
around 2000 psi. We characterized the compositions of produced fluids after CO2 soaking and compared 21 
the flow rates before and after CO2 soaking. Note that compositions of all fluid samples were measured at 22 
the ambient condition and hence we did not detect any CO2 in any of the liquid samples. 23 

 24 
Figure 2. Schematic diagram of CO2 huff-n-puff test 25 

To investigate the mechanisms that have led to the compositional differences observed in the filtration 26 
tests and specifically preferential adsorption, we conducted molecular dynamics simulations of the 27 
mixture of C10 and C17 in equilibrium with a calcite surface approximating Niobrara shale in our prior 28 
study (Zhu et al. 2019). In this work, molecular dynamics (MD) simulation was also employed to study 29 
how CO2 affects the equilibrium of C10 and C17 on the calcite surface. 30 

Figure 3a shows the snapshots of our MD simulation systems. A ~8 nm thick mixture of linear alkanes 31 
of C10, C17 and CO2 were placed above a ~2 nm-thick model Niobrara substrate. The molar ratio between 32 
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C10 and C17 was set to 4:1 to mimic the situation in the experiment. The hydrocarbon mixture and CO2 1 
were bounded by a piston that was fixed in space. The number of CO2 molecules was adjusted by trial-2 
and-error such that the gas pressure (the pressure on the piston) was 33 bar (479 psi), which is lower but 3 
comparable to the pressure applied in the experiment. The system is periodic in directions parallel to the 4 
calcite slab (x- and y-directions) while a vacuum space was placed outside of the piston to remove the 5 
periodicity in z-direction. To compare the adsorption without CO2, a reference system was set up as shown 6 
in figure 3b. A ~8 nm thick 4:1 mixture of C10 and C17 was used, the gas phase and piston were replaced 7 
with a large vacuum space in z-direction. 8 

 9 
Figure 3. Snapshots of molecular dynamics simulation systems. (a) The system with a hydrocarbon mixture and CO2 (C10:C17 = 4:1). 10 
(b) The system with only hydrocarbon mixture (C10:C17 = 4:1). The calcite is shown in small spheres (Calcium: yellow, Carbon: cyan, 11 

and Oxygen: red). The hydrocarbons and CO2 are shown as van der Waals spheres (C17 in blue, C10 in red, and CO2 in green). The 12 
piston atoms are shown in grey spheres. The simulation boxes are denoted using black dashed boxes. 13 

Hydrocarbons were described using all atoms models. The OPLS-AA force fields for linear 14 
hydrocarbons with a recently optimized parameter set were applied for C10 and C17 (Siu et al. 2012). CO2 15 
was described using TraPPE force fields (Potoff and Siepmann 2001). Given that the major component of 16 
Niobrara shale is calcite (Kuila and Prasad 2013), the Niobrara substrate was again modeled as a calcite 17 
slab. The most stable and neutral plane of calcite was exposed to the hydrocarbons by cutting from the 18 
{101̅4} direction. The Lennard-Jones (LJ) potential and partial charges of calcite atoms were taken from 19 
the re-fitted Dove’s potential (Rahaman et al. 2008). The calcite atoms were fixed in space during the 20 
simulation. The interatomic potentials between dissimilar atoms were obtained using geometric 21 
combination rule. 22 

MD simulations were performed using the 5.1.4 version of Gromacs (Abraham et al. 2015). An NVT 23 
ensemble with velocity-rescale thermostat and a time constant of 2 ps at 300 K was adopted (Bussi et al. 24 
2007). A global cutoff of 1.2 nm was used for computing the LJ potential and the particle mesh Ewald 25 
(PME) method was used to calculate the electrostatic interactions (Darden et al. 1993). The time step was 26 
1 fs. The simulation for the system with CO2 ran for 150 ns and data from the last 50 ns was used for 27 
analysis. 28 

 29 

Experimental and Simulation Results  30 
We performed filtration tests and subsequent CO2 huff-n-puff tests on six Niobrara samples collected from 31 
a quarry in Longmont, Colorado. The quarry has excellent exposures of the Fort Hays limestone and up 32 
to the B Marl of the Smoky Hill chalk member of the Niobrara formation. Table 1 lists the parameters of 33 
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each Niobrara core sample used in the tests, including length, diameter, and pore volume. The pore volume 1 
of each sample was calculated based on an estimated porosity of 8% for Niobrara samples. Table 2 lists 2 
the duration of CO2 soaking (huff) and production (puff) for each Niobrara sample. 3 

 4 
Table 1. Parameters of Niobrara core samples 5 

Sample # Length (in) Diameter (in) Pore Volume (cc) 

Niobrara Shale #1 0.735 0.5 0.189 

Niobrara Shale #2 0.704 0.5 0.181 

Niobrara Shale #3 0.741 0.5 0.191 

Niobrara Shale #4 0.688 0.5 0.177 

Niobrara Shale #5 0.716 0.5 0.184 

Niobrara Shale #6 0.731 0.5 0.188 

 6 
Table 2. Duration of CO2 soaking in the ‘huff’ stage and production in the ‘puff’ stage of each sample in the huff-n-puff test 7 

Sample # CO2 Soaking, days Production, days 

Niobrara Shale #1 10 27 

Niobrara Shale #2 10 14 

Niobrara Shale #3 10 12 

Niobrara Shale #4 8 11 

Niobrara Shale #5 8 10 

Niobrara Shale #6 8 11 

 8 
Experimental results of Niobrara samples #1 – 6 are shown in figure 4 – 9. In each plot, x-axis is the 9 

amount of fluid in terms of pore volume produced from each sample, and y-axis is the fluid composition 10 
in terms of mole fraction of C10. The red short line represents the mole fraction of C10 in the injected fluid 11 
that differed slightly for each sample. Blue short lines represent the mole fraction of C10 in the produced 12 
fluid before CO2 injection. In each plot, the start of CO2 injection and soaking (huff) is indicated by the 13 
vertical dashed line, with the left side being the period of filtration test and the right side being the period 14 
of production (puff) stage. The orange and green short lines through which the dashed line passes represent 15 
the mole fraction of C10 in the fluid upstream of the core holder or in the remaining injection fluid before 16 
and after CO2 soaking, respectively. Each data point (marked by -) is the average of two consecutive GC 17 
measurements marked by up (˄) and down (˅) arrows, which respectively represent the 1st and the 2nd GC 18 
measurements. For the benefit of a comprehensive evaluation, we summarized the initial composition of 19 
the injected fluid, range of C10 mole fraction recorded in the produced fluid, and C10 mole fraction in the 20 
upstream fluid for each Niobrara sample before and after CO2 soaking in table 3. 21 

 22 
 23 
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 5 
Figure 4. Experimental result of Niobrara shale sample #1 6 

 7 
 8 
 9 

 10 
Figure 5. Experimental result of Niobrara shale sample #2 11 
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 5 
Figure 6. Experimental result of Niobrara shale sample #3 6 
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 10 
Figure 7. Experimental result of Niobrara shale sample #4 11 
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 5 
Figure 8. Experimental result of Niobrara shale sample #5 6 

 7 
 8 
 9 

 10 
Figure 9. Experimental result of Niobrara shale sample #6 11 
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Table 3. Summary of fluids compositions (C10 mol%) before and after CO2 soaking 1 

Sample # 

Injected Fluid Produced Fluid Upstream Fluid 

C10 mol% Before Soaking After Soaking Before Soaking After Soaking 

Niobrara Shale #1 79.41 79.16 - 80.14 76.39 - 79.96 79.17 78.62 

Niobrara Shale #2 79.41 78.98 - 80.43 78.51 - 79.75 79.00 78.58 

Niobrara Shale #3 79.41 79.46 - 80.44 77.72 - 80.66 78.92 78.71 

Niobrara Shale #4 80.12 80.20 - 80.56 79.73 – 80.00 79.92 79.80 

Niobrara Shale #5 80.12 79.35 - 80.20 80.10 – 80.13 80.05 80.05 

Niobrara Shale #6 80.12 79.87 - 80.31 79.78 – 80.09 80.03 79.99 

 2 

We note that the compositional data prior to CO2 soaking were already presented in our previous paper 3 
(Zhu et al. 2019). These compositional data indicate that the heavier component (C17) in the injected fluid 4 
was noticeably hindered and the mole fraction of lighter component (C10) in the produced fluid had various 5 
degrees of increase compared with the injected fluid, of which Niobrara sample #1 – 4 changed relatively 6 
more significantly, and Niobrara sample #5 and #6 changed relatively mildly. Oppositely, C10 mole 7 
fraction in the fluid upstream of each Niobrara sample decreased, indicating that the remaining injection 8 
fluid became heavier. These observations all point to the existence of sieving in our Niobrara samples. 9 

After CO2 soaking, for all Niobrara samples except sample #5, C10 mole fraction in the upstream fluid 10 
further decreased slightly, suggesting that CO2 that reached the fluid upstream of the samples may have 11 
preferentially vaporized some C10. After continuation of injection, C10 mole fractions in the first or the 12 
first few pore volumes of produced fluid were consistently less than the C10 mole fraction in the original 13 
fluid (red point), suggesting that CO2 mitigated sieving and allowed the heavier component (C17) that was 14 
filtered to flow through. For sample #5, based on the observations made from the experiment, during 15 
soaking, sample #5 did not show any signs of CO2 breakthrough into the upstream fluid, indicating that 16 
sample #5 did not permit CO2 penetration, and hence presented itself as an anomaly. After production of 17 
a few pore volumes, C10 mole fraction in the produced fluid of sample #1, #2 and #3 gradually increased 18 
to become higher than the C10 mole fraction in the original fluid, indicating that the heavier component 19 
(C17) was hindered again, consistent with the situation before CO2 huff-n-puff. Conversely, for sample #4 20 
and #6, as production continued, C10 mole fraction in the produced fluid was always lower than that of the 21 
original fluid, without recurrence of sieving of C17. 22 

In addition to compositional changes, we observed increases in the rates of production after CO2 23 
soaking. The average flow rates, expressed in terms of pore volumes produced per day, of Niobrara 24 
samples before and after CO2 soaking are calculated as 25 

 26 

𝑞̅ =
𝑁𝑃𝑉_𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 . . . . . . . . . . . . (1) 27 

 28 
and summarized in table 4. NPV_produced is the number of pore volumes of fluid produced from each 29 

sample before or after CO2 soaking, and Tproduction is the corresponding production time expressed in 30 

days. It can be noticed from the results that, except sample #5, of which no CO2 penetration was observed, 31 
the average flow rates of all Niobrara samples increased at various degrees, with the highest about 10 fold. 32 
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However, it was also observed from most samples that the production rates after CO2 soaking gradually 1 
decreased over time, approaching the level before CO2 soaking. 2 

 3 
Table 4. Production rates before and after CO2 soaking 4 

Sample # 

Average Flow Rate (PV/day) 

Before CO2 Soaking After CO2 Soaking After/Before 

Niobrara Shale #1 0.42 0.50 1.19 

Niobrara Shale #2 0.28 1.18 4.21 

Niobrara Shale #3 0.25 0.35 1.40 

Niobrara Shale #4 0.70 7.94 11.34 

Niobrara Shale #5 0.21 0.08 0.38 

Niobrara Shale #6 0.53 1.17 2.21 

 5 
The preferential adsorption of C17 over C10 near calcite surface in absence of CO2 from MD simulations 6 

is shown in figure 10a (from the carbon atoms) and figure 10b (from the center of mass of C10 and C17). 7 
The hydrocarbon mixture shows distinct layers near the calcite surface and the first layer of hydrocarbon 8 
is dominated by C17

 molecules. The adsorption of C10 and C17 on the calcite surface is quantified by 9 
defining a surface excess as 10 

 11 

𝛤𝑠 = ∫ 𝜌(𝑧)𝑑𝑧
𝑧2

0

− (𝑧2 − 𝑧1)𝜌𝑏𝑢𝑙𝑘 . . . . . . . . . . . . (2) 12 

 13 
where ρ(z) is the number density of hydrocarbon as a function of z. ρbulk is the corresponding number 14 
density of the hydrocarbon in the bulk mixture, z1 is the nominal lower boundary of the hydrocarbon 15 
mixture and z2 is the position at which the hydrocarbon density approaches bulk value (marked using 16 
dashed lines in figure 10).  17 

Considering the effective space occupied by hydrocarbons molecules (figure 10a and 10b), we set z1to 18 
be the position of the first peak of carbon atoms and z2 to be 8 nm. The surface excesses were measured 19 

to be Γs
C10 = 5.56 × 10−2 nm−2 and Γs

C17 = 1.80 × 10−1 nm−2 based on the center of mass of hydrocarbon 20 
molecules. These results show that both C10 and C17 were enriched near calcite surface and strong 21 

preferential adsorption exists for C17 molecules. Specifically, Γs
C17/Γs

C10 = 3.24 is more than 10 times of 22 

ρbulk
C17 /ρbulk

C10 = 0.25 in bulk mixture. 23 
The density profiles after introducing CO2 are shown in figure 10c (from carbon atoms of hydrocarbon 24 

and the center of mass of CO2) and figure 10d (from the center of mass of all molecules). Near calcite 25 
surface, the adsorption of hydrocarbon was modified greatly by CO2. First, as shown in figure 10c and 26 
10d, CO2 was adsorbed on calcite with a prominent peak as high as 80 nm−3. Second, C10 and C17 were 27 
displaced from the calcite surface. They were, instead, in contact with the CO2 layer and developed a 28 
structured interface, as indicated by the oscillations in the density profiles slightly beyond z = 2 nm in 29 
figure 10c and 10d. Using the surface excess defined above, the surface excesses based on the center of 30 

mass of hydrocarbon molecules at this interface were found to be Γs
C10 = 3.75 × 10−1 nm-2 and Γs

C17 =31 

9.83 × 10−3nm-2 (Γs
C10/Γs

C17 = 38.10 is about 10 times of ρbulk
C10 /ρbulk

C17 = 4 in bulk mixture). These values 32 
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suggest that the preferential adsorption of C17 over C10 on a calcite surface was eliminated by CO2. A layer 1 
that has very high CO2 content developed on the calcite surface, and the interface between this CO2 layer 2 
and the bulk mixture became richer in C10 compared to the original fluid. On the gas side, the simulated 3 
density profiles are shown in the inset of figure 10d. At a gas pressure of 33 bar, the density of CO2 was 4 
9.09 × 10−1 nm−2 (averaged from z = 12 to 14 nm) and a small but notable amount of C10 (8.22 × 10−4 5 
nm−2 from z = 12 to 14 nm) was vaporized. 6 

 7 

 8 
Figure 10. Density profiles of hydrocarbon mixtures near calcite surface. (a, c) The density profiles based on the carbon atoms of 9 
hydrocarbon for system without CO2 (a) and with CO2 (c). (b, d) The density profiles based on the center of mass of hydrocarbons 10 
for system without CO2 (b) and with CO2 (d). 𝒛𝟏 is the position of first adsorption peak of carbon atoms. 𝒛𝟐 is the position where the 11 
density reaches bulk value. The inset in (d) shows the density profiles in the gas phase based on the center of mass of molecules. 12 

The density of CO2 is scaled by 0.01. 13 
These (rather) significant changes in the structure of fluids with introduction of CO2, we think, are the 14 

results of two molecular-scale features of the system. First, CO2 molecules have stronger electrostatic 15 
interactions with a calcite surface than C10 and C17, and this leads to the observed enrichment of CO2 over 16 
these hydrocarbon molecules. Second, the adsorption of hydrocarbons is not only controlled by the 17 
electrostatic interactions but also the entropic penalty of long-chain hydrocarbons that must conform with 18 
the flat calcite surface. In the absence of CO2, C17 molecules reached calcite surface closely and their 19 
strong interactions with calcite overwhelmed the entropy penalty. We specifically observed that many C17 20 
molecules adopted a co-planar configuration on the surface. Because there are more atoms in a C17 21 
molecule than in C10, the C17-calcite interaction energy is lower and thus C17 was preferentially enriched 22 
near the calcite surface. In the presence of CO2, both C17 and C10 were displaced from the surface and 23 
their interactions with calcite were weakened. The entropic penalty of packing long-chain hydrocarbons 24 
near a planar surface might have become more important. Because the entropic penalty of packing C17 25 
with a longer chain is higher than that for C10, the interface between the CO2 layer and the bulk mixture 26 
became enriched with C10. 27 

 28 

Discussions 29 
The results of molecular dynamics simulation show that CO2 can displace most C17 molecules and C10 30 
molecules adsorbed on the calcite surface, and this displacement eliminated the preferential adsorption of 31 
C17 over C10. As C17 molecules are eluted from the surface of calcite minerals, it is reasonable that more 32 
C17 molecules were noticed in the produced fluid after CO2 soaking. In the filtration tests prior to huff-n-33 
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puff tests, C17 accumulated inside the Niobrara samples. Hence, it is not surprising that C17 mole fraction 1 
in the produced fluid after CO2 soaking became higher relative to that of the original fluid. Considering 2 
that we observed increases of C17 mole fraction in five of the six Niobrara samples, this observed 3 
mitigation is likely a robust effect from CO2 huff-n-puff. 4 

Molecular dynamics simulation results show that a non-negligible amount of C10 molecules were 5 
vaporized into the gas phase (CO2), whereas the vaporization of C17 was negligible. Therefore, in 6 
principle, other than elution, vaporization of C10 into the gas phase can also lead to an increase of C17 mole 7 
fraction in the produced fluid. However, as the molar amount of gas produced from each Niobrara sample 8 
was much less than that of liquid, the influence of this mechanism should be very limited in our 9 
experiments. 10 

The observed increase in flow rate may be due to the reduction in viscosity of the bulk mixture due to 11 
CO2 dissolution. Molecular dynamics simulation results show that the molar fraction of CO2 in the liquid 12 
phase of the bulk mixture is around 50 mol% under soaking condition, which may potentially lead to a 13 
viscosity reduction of the liquid phase under production condition from about 1.35 cp before soaking to 14 
0.44 cp after soaking. The viscosities were estimated through a multi-step process that involved separate 15 
correlations (Beggs and Robinson 1975; Vazquez and Beggs 1980; Egbogah and Ng 1990; Fitzgerald 16 
1994) for each step of the process. 17 

The Niobrara samples tested in the experiment were collected from an outcrop in Colorado. Its mineral 18 
composition (Tectosilicates, 11.3% by volume; Carbonates, 76.4% by volume; Clay, 10.7% by volume; 19 
Other, 1.6% by volume) is dominated by calcite and does not contain kerogen. For this reason, our 20 
molecular dynamics simulation focused on the interactions between C10, C17 molecules and calcite slabs. 21 
Flow of realistic hydrocarbon mixtures through tight formations may be controlled by many more 22 
parameters, e.g., the existence of kerogen and other minerals, solution-sorption equilibriums of various 23 
hydrocarbon species on surfaces can all influence sieving. Several studies noted that kerogen, though 24 
small in volume, can have an important effect in terms of adsorbing heavy components (Herdes et al. 25 
2018; Liu and Chapman 2019). Morphology and flexibility of kerogen have been shown to affect sorption 26 
and transport (Tesson and Firoozabadi 2018). In a more integrated and more realistic model, the above 27 
effects of mineralogy and complexity of fluids on sorption and transport with and without the presence of 28 
CO2 should all be considered. 29 

 30 

Conclusions 31 
In our previous study (Zhu et al. 2019), we confirmed that Niobrara shale has the ability to sieve 32 
hydrocarbons, allowing the passage of lighter components and hindering the transport of heavier 33 
components. In this study, we explored the effect of CO2 huff-n-puff on the sieving ability of six Niobrara 34 
samples. We observed that the hindrance of heavier component (C17) was clearly mitigated in five of the 35 
six samples. Additionally, the production rates of these five samples were stimulated to various degrees 36 
after soaking with CO2. After resuming production for a certain period, recurrence of sieving was observed 37 
in three Niobrara samples, the production rates also gradually decreased to the levels before soaking. 38 

Molecular dynamics simulation results suggest that mitigation of sieving was likely caused by elution 39 
of adsorbed C17 by the injected CO2. Adsorbed C17 is prone to be replaced by CO2 molecules. Increase in 40 
the flow rate could be resulted from CO2 dissolution. However, more detailed analysis is definitely needed 41 
to understand sample-to-sample variations. This experimental study is the first evidence that CO2 can 42 
mitigate the sieving of hydrocarbons in nanoporous reservoir rocks. Molecular dynamics simulations 43 
indicate that this benefit is likely associated with surface phenomena of CO2. Surface mechanisms have 44 
not been considered in modeling of CO2-EOR in unconventional tight oil reservoirs and they should be 45 
worthy topics for future investigations. 46 
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