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ABSTRACT: Cyclic gas injection methods have been shown to improve oil recovery
in conventional reservoirs. Even though similar technologies have been used in
unconventional reservoirs with some success stories in shale resources, cyclic gas
injection enhanced oil recovery (EOR) is still a little-understood subject in boosting
oil recovery from unconventional reservoirs. During gas injection, asphaltenes start to
deposit and precipitate, which causes pore plugging and reduces oil recovery. Studies
of asphaltene deposition challenges during cyclic nitrogen (N2) gas injection and oil
production in unconventional reservoirs are yet relatively limited. Therefore, a
comprehensive experimental study was conducted using 12 Eagle Ford shale cores
(dynamic mode), and filter paper membranes (static mode) were used to evaluate
whether miscible and immiscible huP-n-puP (cyclic) N2 injection increases oil
recovery and aggravates asphaltene precipitation. To ensure that miscibility can be
examined in cyclic experiments, N2 minimum miscibility pressure (MMP) was
determined using a slim tube technique. The factors studied included the injection pressure, number of cycles, production time, and
injection cyclic mode, all conducted at 70 °C. The findings showed that a high asphaltene weight percent was calculated during static
experiments (i.e., using filter membranes), and this increase was severe on smaller pore size structures. Dynamic tests (i.e., using
shale cores) showed that miscibility increased oil recovery, but a stronger intermediate-wet system was observed when measuring the
wettability of cores after N2 cyclic tests. When starting with shorter soaking times, more oil recovery could be achieved. Oil recovery
reduction and asphaltene depositions were observed at later cycles. Microscopy and scanning electron microscopy (SEM) imaging of
the Eagle Ford cores showed asphaltene clusters inside the cores after cyclic tests. A mercury porosimeter emphasized the degree of
pore plugging after cyclic tests, and the findings revealed a smaller pore size distribution after N2 tests due to the asphaltene
deposition process when compared to cores that had not been pressured. This extensive study focuses on the ePects of asphaltene
deposition on oil recovery under cyclic N2-miscible and immiscible conditions in shale resources.

1. INTRODUCTION
Gas injection has been a widely used technology for increasing
oil production in unconventional shale plays in the United
States, and it may be the most eQcient approach for unlocking
the remaining oil percentage. Unconventional resources, like
shale reservoirs, are widely recognized for their extremely low
permeability and porosity.1 Despite the fact that multistage
hydraulic fracturing and horizontal well drilling techniques are
used to extract the remaining oil from such reservoirs, only 4−
6% of the trapped oil can be extracted, and the oil production
drops after a few months, attributing to the ultralow
permeability.2−19 Water injection is also one of the suitable
strategies for increasing oil recovery from conventional
reservoirs; nevertheless, due to weak injectivity, insuQcient
sweep potency, and clay swelling concerns, this approach is not
the ideal solution for tight reservoirs.20,21 Cyclic gas injection
outperforms gas flooding methods in terms of enhancing oil
recovery, mainly in ultratight reservoirs.22,23 The total organic
carbon (TOC) is the most important influencing parameter on

gas injection in tight reservoirs because kerogen makes the
surface of the pore oil-wet, making the oil inside challenging to
extract.24 Due to the combination of multiphase fluids (i.e.,
gas, oil, condensate, and water) and scales, multiphase flow
production can create a number of challenges including wax
and asphaltene deposition, hydrate formation, slugging, and
emulsions.25 Organic hydrocarbon particles settling in oil and
gas reservoirs might create many flow assurance problems
throughout the extraction process. These materials may
increase flow resistance, causing production reduction or
even pipeline plugging.26,27 Crude oil is a complicated
composition of hydrocarbons with diPerent molecular weights
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and organic components such as asphaltenes and wax.
Asphaltene is a solid phase in crude oil that is soluble in
toluene but insoluble in light n-alkanes like n-pentane or n-
heptane.28 The injected gas reacts with the oil in the shale
reservoir, causing the asphaltene inside the crude oil to become
more unstable. Throughout most of the gas injection process,
the gas alters the composition of crude oil, causing the oil’s
solubility to change. As a result of the instability of the
colloidal suspension in crude oil, asphaltene tends to
precipitate and flocculate.29,30 Asphaltene can negatively aPect
the permeability of formations by plugging or adsorption.31
One of the most challenging issues in the shale gas injection
process is asphaltene precipitation and deposition, which
causes shale pore plugging and wettability changes in the
formation.
Because of the impact of asphaltene aggregation during gas
injection, several studies have been conducted focusing on
cyclic gas injection in conventional reservoir cores.32−37 Others
investigated the stability of asphaltene under carbon dioxide
(CO2) gas injection and diPerent factors were studied.

38−42

CO2 can evaporate more hydrocarbon components and
condensate at a higher concentration into crude oil than N2,
resulting in more asphaltene depositions.43 There have been
very little studies employing N2 gas injection to illustrate the
severity of asphaltene deposition and precipitation as well as
the factors influencing its stability.44−49 Jamaluddin et al.44

examined the asphaltene stability by contacting various molar
concentrations of N2 with the reservoir fluids and the findings
revealed that increasing the concentration of N2 negatively
impacted the instability of asphaltene and increased the
quantity of bulk precipitated asphaltene. Zadeh et al.45

designed an experimental study to evaluate the ePect of N2
and methane on asphaltene precipitation under high-pressure
and high-temperature conditions. Their findings demonstrated
that asphaltene precipitation was higher under N2 gas injection
than under methane, and temperature had less impact
compared to pressure and gas concentrations. Moradi et al.46

used the high-pressure filtration technique to study asphaltene
particle precipitation, aggregation, and breakup using natural
depletion and miscible N2 injection processes. The results
showed that N2 severely destabilizes asphaltenes, and the issue
was worsened in heavier crude samples. Khalaf and Mansoori47
conducted a simulation study to highlight the impact of using
miscibilized air and N2 on asphaltene aggregation. They
claimed that the aggregations of asphaltene influenced by the
concentration of the injected gas and the diPerence between
asphaltene aggregations using air and N2 were not significant.
Elturki and Imqam48 conducted an experimental study to
investigate the ePect of miscible and immiscible N2 injections
on asphaltene deposition using filter paper membranes. They
found that miscibility of N2 resulted in a high asphaltene
weight percentage, especially in smaller pore structures.
Most of the reported studies of cyclic injection enhanced oil
recovery (EOR) were implemented extensively using CO2 in
shale and tight reservoirs49−64 and others used lean gas,
methane, rich gas, or gas mixture.65−69 Very little research was
conducted using cyclic N2 injection.

70−75 Yu and Sheng70

conducted an experimental study using N2 and Eagle Ford
shale cores. They soaked the cores in mineral oil before
conducting the experiments. Their findings revealed that N2
was eQcient in improving oil recovery with the majority of oil
produced within the first 2 h of production time during the
puP stage. Their study’s weakness was that they employed

mineral oil rather than crude oil, which ignores the influence of
asphaltene precipitation on oil recovery. Altawati71 saturated
several Eagle Ford cores with decane oil and 15% NaCl brine
water to study the ePect of water saturation on oil recovery,
utilizing the cyclic CO2 and N2 processes. The findings
concluded that the partially saturated cores with water gave
less recovery factor (RF) compared to cores with no water.
The drawback of this study is ignoring the impact of asphaltene
deposition. Li et al.72 investigated the ePect of the minimum
miscibility pressure (MMP) on oil recovery during the CO2
cyclic process. They estimated the MMP for a Wolfcamp crude
oil using the slim tube method. Wolfcamp cores were used in
all of the 15 experiments conducted, and the results showed an
increase in oil recovery when inducing a pressure higher than
the MMP. Tovar et al.76 conducted several experiments using
11 Wolfcamp shale cores to investigate the ePect of CO2 and
N2 injection on oil recovery. They investigated various factors
including MMP, soaking time, and injection-gas composition.
The results showed that CO2 injection led to more oil recovery
compared to N2 because CO2 had the ability to vaporize more
hydrocarbon components. Higher pressure and longer soaking
time led to higher oil recovery even beyond miscibility
conditions for CO2. Bougre et al.

77 conducted an experimental
investigation to study the ePect of flooding with CO2, N2 and a
CO2−N2 mixture on oil recovery in tight formations. The same
core sample was used in all experiments and saturated with live
oil from the Eagle Ford formation. For each trial, the sample
was cleaned and resaturated. Their results showed higher oil
recovery during CO2 gas injection followed by the N2−CO2
mixture with longer breakthrough time. To sum up, a review of
the literature shows that the impact of asphaltene due to N2-
miscible injection was not considered; hence, the oil recovery
results due to the cyclic injection of N2 are questionable.
Lately, the asphaltene deposition process in tight reservoirs has
gained attention during CO2 cyclic gas injection.

78−83 To the
best of our knowledge, no investigations or published work
have focused on asphaltene aggregation and deposition under
cyclic N2 injection in tight and shale reservoirs.
Despite the fact that the aforementioned studies investigated
various factors aPecting the oil recovery from shale reservoirs
during continuous and cyclic gas injection processes, there is a
lack of a rigorous investigation on how asphaltene deposition
impacts the oil recovery in shale reservoirs under miscible and
immiscible N2 cycle processes. This research extends the
previous work conducted by Elturki and Imqam,49,84 which
investigated the impact of continuous immiscible and miscible
N2 injections on asphaltene precipitation. The research then
studies the severity of asphaltene deposition in unconventional
reservoirs due to cyclic miscible and immiscible N2 gas
injections. This extensive study provides a better knowledge of
the parameters that influence asphaltene instability during N2-
miscible and immiscible injections in unconventional reser-
voirs.

2. MATERIALS AND METHODOLOGY
The laboratory work was divided into three sections: (1) MMP
determination experiments, (2) cyclic gas injection experiments
(using both filter paper membranes and shale cores), and (3)
asphaltene pore plugging analysis. The first experiments established
the MMP for N2. Based on the MMP experiments, miscible and
immiscible pressures of cyclic gas injection experiments were
determined. This step was critical to ensure that the miscibility and
immiscibility of the injected gas would be studied in terms of oil
recovery and asphaltene pore plugging. Further analysis of the shale
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cores after the cyclic gas injection experiments used scanning electron
microscopy (SEM), wettability measurements, and pore size
distribution measurements to highlight the severity of asphaltene
deposition on pore plugging during N2-miscible and immiscible gas
injection. Figure 1 shows the experimental flowchart for the main
experiments and analyses in this paper. The main materials and their
supplier used in this study are summarized in Table 1. Details of the
materials used in each experiment will be discussed in the following
sections.

The Eagle Ford shale outcrops were saturated with crude oil at 70
°C “158°F” with a viscosity of 19 cp, density of 0.864 g/cm3, and
°API of 32. The viscosity was measured using a rheometer, and gas
chromatography−mass spectrometry (GC−MS) was utilized to
determine the composition of the crude oil, as shown in Table 2.
The crude oil was used in the slim tube experiments with N2 to
determine the MMP. For the cyclic filtration experiments, filter paper
membranes of 450, 100, and 50 nm were used. N2 gas cylinders of
99.9% purity were the source of gas injection to perform the slim tube
and cyclic experiments. A specially designed high-pressure, high-
temperature vessel (L: 15.24 cm “0.50 ft”, ID: 5 cm “0.164 ft”, OD:
7.62 cm “0.25 ft”) was employed to accommodate the cores during
the cyclic experiments. An oven (model LBB2-27-2, Dispatch) was
used to adjust the temperature during the MMP experiments. As
shown in Figure 2, core samples from Eagle Ford shale outcrops were
used in the gas cyclic experiments, with diameter and length of 1 and
2 in, respectively. The average helium porosity was 5.7%, and the
average permeability was 198 nD (0.000198 mD). X-ray diPraction
(XRD) analysis of the cores is presented in Table 3. The total organic

carbon (TOC) of the cores was 5.5%, determined via Rock-Eval
pyrolysis.
Before the saturation process, 12 shale core samples were named
and weighed with the same crude oil from the MMP experiments. An
accumulator filled with crude oil was used to accommodate the shale
cores, after which high pressure was injected along with high
temperature from an oven being applied for 10 continuous months to
ensure that the core samples are well saturated. The justification for
discontinuing the experiment after 10 months was that the weight of
the cores had not changed in the last 2 months of the saturation

Figure 1. Experimental design flowchart.

Table 1. List of Suppliers of the Main Chemicals/Materials
Used in This Study

material supplier

n-heptane (chemical formula: C7H16, purity: ≥99%) Lab Alley Powering
crude oil Western Missouri

Oil Field
Whatman 2.7 μm filter paper OFITE, Inc.
filter paper membranes (sizes of 50, 100, and 450 nm) Foxx Life Sciences,

Fisher Scientific

Table 2. Crude Oil Composition

composition mass %

C1 0.000
C2 0.000
C3 0.000
C4 0.003
C5 0.063
C6 0.430
C7 0.540
C8 64.484
C9 0.278
C14 0.309
C15 0.349
C16 0.425
C17 3.490
C18 0.196
C19 1.166
C20 3.596
C21 0.926
C22 2.662
C24 1.973
C27 5.395
C28 7.225
C29 1.322
C30+ (including asphaltene) 5.17
total 100
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process, indicating that the cores had been saturated. Examples of the
weight change during the saturation process are shown in Figure 3.

2.1. Slim Tube Experiments for MMP Determination. A slim
tube (L: 1310 m “42.97 ft”, ID: 0.21 cm “0.0068 ft”, OD: 0.41 cm
“0.0134 ft”) packed with sand was used to perform the experiments
along with three accumulators. The permeability of the sand pack is
27.50 Darcy. Figure 4 shows the main components of the slim tube
apparatus. The three main steps in slim tube experiments are (1) slim
tube cleaning, (2) saturation of the slim tube with crude oil, and (3)
gas injection. Therefore, accumulator 1 contained the crude oil to
saturate the slim tube; accumulator 2 was filled with a solvent of n-
heptane to clean the slim tube; and accumulator 3 was filled with gas
to be injected into the slim tube during the experiments. The
procedure to conduct the experiments started with the slim tube,
which was fully saturated with distilled water. Next, oil was injected
into the slim tube at a rate of 0.25 mL/min until fully saturated. This
can be observed at the outlet of the slim tube when the produced
liquids were only oil, thus ensuring that the slim tube was fully

saturated. During all of the experiments, a back pressure regulator was
placed at the outlet with the desired pressure. The gas accumulator
was filled with N2. Then, gas was injected at a predetermined pressure
using the constant pressure mode of the syringe pump. Each
experiment was stopped when 1.2 PV of gas had been injected or
when the gas broke through. The produced oil was collected from the
eRuent. The MMP can be determined by plotting the gas injection
pressure versus the cumulative oil recovery. Finally, after each
experiment, the solvent xylene was used to clean the slim tube setup
and guarantee that no oil remained in the slim tube to impact the
following experiment.
2.2. Gas Cyclic Experiments Using a Filtration Technique
(Static Mode). Figure 5 illustrates the main components of the cyclic
gas process utilizing filter paper membranes. The main principle of
filtration experiments is to understand the asphaltene deposition in a
controlled pore size structure and the factors that may impact the
process that then give an idea about the process when using real shale
cores. The primary component was a high-purity N2 cylinder with
pressure regulators to adjust the cylinder pressure. Because the outlet
pressure of the N2 cylinder was limited, a gas accumulator was utilized
to collect the gas and inject it into the vessel using a syringe pump to
achieve higher pressures if needed. Filter paper membranes (i.e., 50,
100, and 450 nm) were employed to mimic the shale reservoir
structure and to investigate the ePect of various pore sizes. A high-
pressure high-temperature filtration vessel was designed to accom-
modate three mesh screens to support the filter membranes and
prevent them from folding under high pressure. The mesh screens
were designed with small holes that allowed the oil to pass through
easily. Spacers between each mesh screen were added to support each
screen in place, and rubber O-rings were placed above and below each
spacer to prevent leakage and to ensure that the oil and gas would
pass through the filter paper membranes. The injection and
production lines were located on the top of the vessel for the cyclic
technique. Finally, one transducer was installed on the top of the
filtration vessel and connected to a computer to monitor and
accurately record the injection pressure. The following procedure was
followed to conduct the cyclic gas injection experiments using the
filtration technique:
• The filter paper membranes were placed inside the vessel in
the following order: 50 nm at the bottom, 100 nm in the
center, and 450 nm at the top. Mesh screens and spacers
supported all filter paper membranes.

• The vessel was then sealed and connected to the system and
the gas cylinder.

• The gas cylinder was opened to fill the gas accumulator. Then,
the gas cylinder was closed using a pressure regulator.

• Crude oil (30 mL) was pumped into the vessel using a syringe
pump linked to the oil accumulator, after which the gas was
injected into the vessel at the predetermined pressure.

• The gas was allowed to interact with the crude oil inside the
vessel for a predetermined soaking time (i.e., 6 h); this step is
referred to as the “huP” stage.

• A heating jacked was turned on around the vessel to increase
the temperature to the desired level (i.e., 70 °C).

• The vessel was depressurized after completing the soaking
time. This step is referred to as the “puP” stage.

• The produced oil was collected from the eRuent, after which
the vessel was opened, and a sample of the filtered crude oil
was collected from each filter membrane for asphaltene
analysis. Then, the collected filtered oil on each filter paper
membrane was returned carefully for a new cycle.

• All of the above steps were repeated for a new cyclic process
without changing the filter membranes.

The oil samples (1 mL) obtained from each filter membrane were
mixed in test tubes after each cycle with the solvent n-heptane (40
mL) at a ratio of 1:40 for asphaltene weight percent measurements.
After the asphaltene was fully deposited in the test tube, the mixture
was filtered using filter paper (2.7 μm). Weighing the filter paper
before and after the filtration process quantified the asphaltene weight

Figure 2. Sample of an Eagle Ford core plug before and after the oil
saturation process.

Table 3. Eagle Ford XRD Results

mineral calcite quartz dolomite pyrite kaolinite

composition (%) 70 18 2 1 9

Figure 3. Three examples of core saturation process during a 10-
month period.
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percent. Using the following equation, the diPerence between these
weights determined the asphaltene weight percent

(1)

where asphaltene wt % is the asphaltene weight percent, wt asphaltene
is the asphaltene weight on the filter paper, and wt oil is the oil sample
weight.
2.2.1. Scope of the Work for the Cyclic Filtration Technique. In
one part of the research, four filtration experiments were designed to
investigate the ePect of gas injections on asphaltene in crude oil,
including two experiments using two conditions (i.e., miscible and

immiscible), with the pressures selected based on previous MMP
experiments. All of the experiments were conducted at 70 °C to
mimic the reservoir temperature, with a fixed soaking time of 6 h.
These experiments were designed to provide a comprehensive
evaluation of how each gas would impact the pore structure of the
filter paper membranes (which represent shale unconventional
reservoirs). The operating conditions are presented in Table 4.
2.3. Gas Cyclic Experiments Using Shale Cores (Dynamic
Mode). Based on the results of the MMP, eight experiments were
conducted on eight Eagle Ford core samples at pressures above and
below the N2 MMP. The apparatus employed in the cyclic
experiments is shown in Figure 6. A top view of the real vessel is

Figure 4. Schematic of the setup of the N2 MMP determination apparatus using the slim tube technique.

Figure 5. Illustration of the cyclic filtration test setup.
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shown in Figure 7. The core was placed inside the vessel above a
mesh screened plate to let the gas to spread around the core more
ePectively. The main components were a gas cylinder as the source of
the gas injection, a stainless steel high-pressure vessel to accommodate
the core, a syringe pump connected to the gas accumulator for storing
the injected gas and increasing the pressure, and a heat jacket to
mimic the temperature conditions in an actual tight reservoir.
The following procedure was followed to conduct the cyclic gas
injection experiments.
• The saturated core was placed inside the vessel.
• The vessel was connected to the high-pressure gas cylinder and
the gas accumulator; then, the vessel was secured.

• The gas was injected into the vessel at the designed pressure,
and then the gas was allowed to interact with the saturated
core for a predetermined time (soaking period). This step is
also called the huP stage.

• A heating jacked was turned on around the vessel to increase
the temperature to the desired level.

• After the soaking time was completed, the vessel was
depressurized (puP stage).

• The shale core was retrieved to calculate the oil recovery at
specific production times using the change in weight method
described in the following equation

(2)

where wt1 is the weight of the saturated core, wt2 is the production
time core weight, and wtdry is the weight of the cores before the
saturation process.

• A new gas cycle was conducted after measuring the oil recovery
from the previous cycle, and the cycles were stopped when
there was no oil recovery from the saturated core.

• After finishing the experiments, the shale cores were analyzed
for asphaltene deposition, pore size distribution changes, and
wettability alteration.

2.3.1. Scope of the Work for the Gas Cyclic Process Using Shale
Cores. In this part of the experiment, eight Eagle Ford shale cores
were used to conduct cyclic gas injection experiments to investigate
the ePect of miscible and immiscible conditions for N2 on oil recovery
and asphaltene deposition. An additional four saturated cores were
not exposed to gas injection and served as references (constants) to
determine the wettability and pore size distribution before conducting
the cyclic experiments. The ePects of soaking time, production time,
and injection pressure were analyzed. The operation conditions are
presented in Table 5. Gas injection experiments were conducted using
eight shale cores each of which was exposed to diPerent N2 injection
pressures. To study the ePect of the soaking time on oil recovery,
diPerent cores underwent a gas cyclic pressure of 2000 psi and various
soaking times (i.e., 1, 6, 12, and 24 h). The soaking time was
investigated in two ways: using one core for all soaking times (test no.
5) and using diPerent cores for each soaking time (test nos. 6−8) to
highlight the ePect of resoaking gas injections on oil recovery. (Note:
this will be explained in the soaking time mode section in the results
section.) All of the experiments were conducted at 70 °C to mimic the
reservoir temperature. In each experiment, the number of cycles was
diPerent, but the cycles were stopped when no more oil recovery

Table 4. Operating Conditions for the Cyclic Filtration
Tests at Miscible and Immiscible Gas Injections

test
no.

pore size of filter
membrane (nm)

gas
injected

soaking
time
(h)

injection
pressure
(psi)

pressure
condition

1 450 nitrogen
(N2)

6 1000 immiscible
100
50

2 450 6 1750 miscible
100
50

Figure 6. Cyclic experimental setup.

Figure 7. Top view of the real vessel.
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occurred. The production times (i.e., the time at which the core was
weighed after completing the gas cycling) were selected to be 15, 60,
and 90 min for both miscible and immiscible conditions. The miscible
and immiscible pressures were selected based on the slim tube
experiments.

3. RESULTS AND DISCUSSION
3.1. MMP Results. Minimum miscibility pressure (MMP)
can be defined as the lowest pressure at which a gas can create
miscibility with the reservoir oil at the reservoir temperature.85

To investigate the ePect of miscibility on oil recovery and its
impact on asphaltene deposition in shale cores during cyclic
gas injection, seven experiments were conducted at pressures
of 500, 750, 1000, 1250, 1500, 1750, and 2000 psi at 32 and 70
°C, as shown in Figure 8. MMP experiment was conducted at

32 °C as a reference and to ensure the accuracy of the MMP
results. Table 6 shows the cumulative oil recovery at each
injected pressure for N2. The N2 MMP pressures were
determined to be 1600 and 1350 psi at 32 and 70 °C,
respectively. The results demonstrated that the MMP of N2
was decreased when increasing the temperature due to the N2
remaining in the gaseous phase at the same conditions and
higher intermediate components of the oil.86−90 Based on the
MMP results, miscible and immiscible pressures were selected

to conduct the cyclic gas experiments and will be discussed in
the next section.
3.2. Results of the Gas Cyclic Experiments Using a

Filtration Technique. Two sets of cyclic experiments were
conducted using the cyclic filtration technique. An immiscible
pressure of 1000 psi and a miscible pressure of 1750 psi were
used to evaluate asphaltene instability under immiscible and
miscible scenarios. The soaking time was fixed at 6 h, and the
temperature was 70 °C. Figure 9 shows the results of N2 cyclic
filtration experiments, demonstrating that asphaltene in crude
oil was altered at diPerent degrees of aggregations by N2 in the
first two cycles in all of the filter paper membranes. For the
immiscible N2 pressure of 1000 psi, the asphaltene weight
percent increased slightly in 450 nm filter from 5.56 to 5.84%
from the first to second cycles, respectively. The asphaltene
weight percent increased slightly as the number of cycles
increased until it started to stabilize in the fifth cycle, which
indicated that the asphaltene clusters and particles were
impacted at a higher rate in the earlier cycles. A higher
asphaltene weight percent was observed on the 50 nm filter
due to its smaller pore size structure. In 50 nm filter, the
asphaltene weight percent increased from 9.16 to 11.88% for
the first and the fourth cycles, respectively. In the fifth cycle,
the asphaltene weight precent increased slightly to 12.20% and
then stabilized. On the other hand, the miscible N2 pressure of
1750 psi increased the asphaltene weight percent much more
in all the filter paper membranes, which revealed that
miscibility had significantly weakened the bonds between the
asphaltene clusters and resins inside the crude oil. For instance,
the asphaltene weight percent in the 50 nm filter in the first
cycle was 20.19% and then increased significantly to 26.73% in
the fourth cycle. Then, the asphaltene weight percent was
almost stable at 27.46% in all of the next cycles. In summary,
for all cyclic tests, asphaltene weight percent increased as the
pore size of the filter membranes decreased, and the number of
gas injection cycles increased. The results showed that the
miscible N2 pressure causes more asphaltene challenges,
according to these findings, especially in smaller pores. The
mass transfer ability (i.e., evaporation of light components) of
miscible conditions is stronger. The extraction of light
components in crude oil was higher during miscible N2
injection and could result in more heavy components76,91

Table 5. Operating Conditions for N2 Cyclic Tests at Miscible and Immiscible Gas Injections
b

test no. core no. gas injected soaking time (h) injection pressure (psi) production time (min)

1 #1 nitrogen (N2) 6 1000 15, 60, and 90
2 #2 6 1300
3 #3 6 1750a

4 #4 6 2000a

5 #5 1, 6, 12, and 24 2000a 15
6 #6 1 2000a

7 #7 12 2000a

8 #8 24 2000a

aInjected gas in miscible condition. bNote: Four more cores served as references for the wettability measurement and pore size distribution
determinations, with the cores numbered #9, #10, #11, and #12.

Figure 8. MMP determination using an oil viscosity of 19 cp at 32
and 70 °C.

Table 6. N2 Slim Tube Cumulative Oil Recoveries (%)

tested injected pressure (psi) 500 700 1000 1250 1500 1750 2000

cumulative OR at 32 °C 62.92 75.51 80.96 85.15 88.51 91.03 92.71
cumulative OR at 70 °C 80.12 85.15 88.51 90.61 92.71 93.54 94.38
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and this explains why the immiscible N2 had less asphaltene
deposition and fluctuations.
3.2.1. Chromatography Analysis Results. After the last
injection cycle of filtration experiments, oil samples were
collected from the produced oil to evaluate the influence of gas
injection on asphaltene stability in crude oil, and then gas
chromatography−mass spectrometry (GC6890-MS5973) was
used to determine the main chemical components, including
asphaltenes. Figure 10 shows the grouped carbon number

distribution of the produced oil following cyclic tests utilizing
immiscible and miscible conditions for N2. The results showed
that miscible N2 injection had a higher impact on the crude oil,
which can be seen in the higher mole percentage of the
intermediate and heavy components (C15−C30). The light
components (C8−C14) were partially extracted from the
original oil due to the high pressure and strong light
hydrocarbon extraction of N2. Following miscible N2 testing,
slightly higher amounts of C31+ including asphaltenes were
found compared to the initial oil composition, but after
immiscible N2 tests, less heavy components were found
because the mass transfer ability of miscible N2 is much
stronger than immiscible N2. Also, higher pressure during

miscibility conditions will weaken the bonds between
asphaltene particles and the resin inside the crude oil, and
thus more heavy components and asphaltene deposition may
occur. In the crude oil, immiscible N2 has low solubility and
thus has a low mass transfer capacity, which might result in less
extraction of light hydrocarbons and likely less asphaltene
flocculation compared to the miscible N2 injection pres-
sure.91−93 Finally, it is worth mentioning that the diPerence in
the heavy components (C31+) after miscible and immiscible
injections was not significant due to the fact that the heavy
components, including asphaltenes, were not fully deposited
on the filter membranes because of small lab-scale experiments.
Further research is required to apply these findings to field
applications.
3.2.2. Microscopy and SEM Analysis. After completing the

filtration experiments, the impact of gas injection and
asphaltene clusters on the pore plugging on the filter paper
membranes was determined using a Hirox digital microscope.
Figure 11 shows the microscopic images (500 μm) of the filter
paper membranes’ pore structure for the 450, 100, and 50 nm
filters using immiscible (i.e., 1000 psi) and miscible (i.e., 1750
psi) N2 injection pressures. The photos were taken after the
filter membranes had been cleaned and exposed to an n-
heptane solvent for 24 h. For miscible N2 conditions, the
asphaltene particles plugged more in 50 nm areas due to their
smaller pore size, which led to greater asphaltene deposition.
On the other hand, the filter membranes of 450 nm showed a
notable pore plugging and asphaltene clusters, as well as the
100 nm filter paper. Additionally, scanning electron micros-
copy (SEM) was utilized to obtain high-quality pictures of the
pore structure of filter paper membranes for further imaging
analysis. Various images (500 μm) were taken for the same size
filter membranes (i.e., 450, 100, and 50 nm) during immiscible
(i.e., 1000 psi) and miscible (i.e., 1750 psi) N2 injection
pressures at 70 °C, as shown in Figure 12. The photos of the
450 nm filter after N2 injection showed that asphaltenes
plugged the pores and accumulated inside the structure of the
filter membranes. This was much more severe in the 50 nm
filter due to its small pore size structure. Miscible N2 injection
led to more dark colors in the photos, and more particles were
noticed. More details of N2 precipitation on the paper
membrane can be found in our previous publications.49,84

Figure 9. Asphaltene weight percent in all filter membranes after six immiscible (i.e., 1000 psi) and miscible (i.e., 1750 psi) cyclic N2 gas injections
at 70 °C.

Figure 10. Distribution of oil components before and after N2 cyclic
filtration injections of 1000 and 1750 psi.
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These findings confirm that miscible N2 has a higher solubility
and strong extraction of light hydrocarbons in crude oil
compared to immiscible N2, which could lead to less
asphaltene issues.
3.3. Results of Cyclic Gas Injection Using Shale Cores.
3.3.1. E/ect of Miscibility on Oil Recovery. In this section, the
ePect of the cyclic injection pressure on oil recovery was
studied using eight Eagle Ford shale cores. To examine the
miscibility influence on oil recovery, four sets of experiments
(tests 1−4) were performed at pressures below and above the
N2 MMP. Table 7 presents the cumulative recovery factor
(RF) data calculated after each cycle of cyclic N2 tests. In all
experiments, the soaking time was fixed at 6 h. The production

time was investigated, and oil recovery was measured at
diPerent production times (i.e., 15, 60, and 90 min). The
cycles were stopped when no oil recovery was produced. The
results (Figure 13) indicate that oil recovery was less under
immiscible pressures than under miscible pressures. As the
pressure increased, the oil recovery increased, which can be
observed in the first cycle. The findings also suggested that
under both conditions, oil can be extracted ePectively in the
first four cycles, but no more oil can be extracted after the sixth
cycle. For immiscible cyclic N2 conditions, the essential impact
in oil recovery was after the second cycle. Immiscible pressure
of 1000 psi had no significant ePect in increasing the oil
recovery, demonstrating that immiscibility is not the optimum
choice when applying the cyclic N2 techniques. These
observations give the miscible pressure an advantage in
increasing the oil recovery compared to the immiscible
pressure. The key explanation for this is that N2 injection in
miscible conditions has a higher solubility, which reduces the
oil’s viscosity, increasing the oil recovery as compared to N2
injection in immiscible conditions, which have a poor
evaporation mechanism and oil swelling eQciency. In terms
of asphaltene deposition, the figures suggested that it began to
aPect the oil recovery in the later cycles, as seen by the stable
recovery in the last two cycles for all tests. Asphaltene particles
began to precipitate mostly in the large pores at lower
pressures (i.e., immiscible conditions) and then asphaltenes
began to precipitate even in smaller pores93 under miscible
conditions and after multiple cycles. Consequently, the
blockage rate increased. These findings imply that oil recovery
occurred more during early cycles when asphaltenes had not
yet fully developed and plugged the pores of the cores.
During cyclic experiments, we recognized that the
production time had an ePect on oil recovery; thus, three
diPerent production times were considered to determine the
oil recovery after each cycle. The production time was the time
that had elapsed when the core sample was retrieved from the
vessel and weighed. Oil recovery was determined at 15, 60, and
90 min of production time. The soaking time was fixed to be 6
h for each cycle and all of the results are shown in Figure 13.
The results revealed that the oil recovery was changed for all
production times in all experiments of immiscible and miscible
injection conditions. For example, the recovery factor
increased slightly during the second cycle from 2.86 to
3.12% during the immiscible pressure of 1000 psi for 15 and 90
min of production times, respectively. During the miscible
pressure of 2000 psi, oil recovery was observed in almost all
cycles, but less change was determined in the last two cycles.
This could be due to the fact that most of the retrievable oil
was produced at the miscible pressure and first cycles. The
results demonstrated that the production time positively
aPected the recovery factor during cyclic N2 tests.
3.3.2. Soaking Time Mode. Two modes of soaking time

were conducted at a constant pressure of 2000 psi and fixed
production time of 15 min. Mode I refers to conducting several
injection cycles at a constant injection pressure (i.e., 2000 psi)
on the same core for varied soaking times (i.e., 1, 6, 12, and 24
h), while Mode II refers to using separate cores for a single
constant soaking time for each core. One test was conducted
for N2, using the same core for each test (test no. 5). Soaking
times of 1, 6, 12, and 24 h were selected and applied to the
same core during the tests. Another three tests were conducted
using Mode II (test nos. 6−8). Soaking times of 1, 12, and 24
were selected, and the 6 h soaking time results were discussed

Figure 11. Digital microscopic images (500 μm) of 450, 100, and 50
nm filter membranes after the last cycle of 1000 and 1750 psi N2
injection pressures.

Figure 12. Scanning electron microscopy (SEM) images (500 μm) of
450, 100, and 50 nm filter membranes after the last cycle of 1000 and
1750 psi N2 injection pressures.
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in the previous section. Figure 14 shows an illustration of
diPerent soaking time modes.

The results showed that seven cycles were enough to
produce more than 40% of the oil using Mode I, as shown in

Table 7. Summary of the Cumulative Recovery Factor (%) Determined after N2 Cyclic Tests

test no. soaking time (h) pressure (psi) production time (min) cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 cycle 6 cycle 7

1 6 1000 15 1.81 2.64 3.38 4.63 4.85 4.85
60 2.07 2.87 3.67 4.72 5.02 5.02
90 2.33 3.13 3.93 5.06 5.28 5.28

2 6 1300 15 8.88 10.33 11.43 12.03 12.03
60 9.42 10.67 11.77 12.37 12.37
90 9.71 11.14 12.44 12.64 12.64

3 6 1750 15 9.08 11.10 12.82 15.24 15.24
60 9.80 11.38 13.95 16.36 16.36
90 10.53 12.28 14.98 16.95 16.95

4 6 2000 15 9.12 13.22 17.65 20.33 20.33
60 9.55 13.66 18.90 20.59 20.59
90 10.00 13.95 19.20 20.87 20.87

5 1 2000 15 7.61 11.07 12.68 13.14 13.56 14.02 14.00
6 2000 15 14.10 15.20 16.00 16.19 17.33 18.50 18.50
12 2000 15 17.20 18.66 21.00 23.65 24.67 26.48 26.48
24 2000 15 28.32 30.16 32.55 35.84 37.39 40.22 40.22

6 1 2000 15 4.74 5.50 7.23 8.26 10.11 11.12 11.12
7 12 2000 15 9.14 14.80 19.87 22.19 23.50 23.60 23.60
8 24 2000 15 15.12 23.74 29.01 32.71 33.66 33.67 33.67

Figure 13. Comparison of recovery performance between immiscible (a and b) and miscible (c and d) N2 cycles under a 6 h soaking time.
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Figure 15. A soaking time of 24 h produced the highest oil
recovery compared to other soaking times of 1, 6, and 12 h.
Comparing the results with the oil recovery from Mode II, the
highest oil recovery occurred when using a 24 h soaking time
where the cumulative oil recovery was about 33.67% after
seven cycles. The optimum number of cycles at which no more
oil recovery was observed was six. These results demonstrated
that longer soaking times lead to higher oil recovery and this
process was observed clearly when using Mode I. More
hydrocarbons evaporated using Mode I compared to Mode II.
The results revealed that starting with shorter cycle time has
more advantages in increasing the oil recovery from shale cores
as the cyclic gas can condensate at higher concentration in
crude oil giving the gas to evaporate more hydrocarbon from
the shale cores, especially in miscible conditions. The
asphaltene particles did not plug the pores completely, and
more oil recovery was obtained. Starting with longer soaking
time impacted the asphaltene instability at higher rate inside
the cores and thus more pore plugging could exist, resulting in
oil recovery reduction, as shown in Mode II using 24 h soaking
time. Figure 16 shows the core samples after N2 cyclic tests
after 24 h of soaking time and injection pressure of 2000 psi
using Mode I and Mode II.
3.3.3. Wettability Change due to Asphaltene Deposition.
In the literature, the contact angle and wettability of shales
during N2 cyclic gas injection are still poorly investigated.
During gas injection, asphaltene deposition and precipitation
may aPect the wettability of shales and hence the ePectiveness
of oil recovery. Due to the ultralow permeability of the shale

structure, the capillary pressure in shale rocks is extremely
high. The tendency of fluids to adhere to the surface is known
as the wettability phenomenon.94 Wettability alterations during
gas-enhanced oil recovery, especially in unconventional
reservoirs, are a significant factor in oil production. The
wettability of shale rocks diPers; it can be wet with water or oil,
and it is not always oil-wet as is usually assumed.95 However,
other investigations reported that shale rocks are more oil-
wet.96,97 Wettability is influenced by the adsorption of

Figure 14. Illustration of diPerent soaking time modes.

Figure 15. Results of cumulative recovery factor of cyclic N2 injections using Mode I and Mode II at a 2000 psi cyclic injection pressure with
diPerent soaking times.

Figure 16. Photos of cores taken after cyclic gas injection experiments
at a pressure of 2000 psi (a) after a N2 test using Mode I and (b) after
a N2 test (24 h soaking time) using Mode II.
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asphaltenic components as well as total organic carbon.98−100

To investigate the wettability alteration after the cyclic gas
injection process, an air−liquid−rock system was used to
determine the wettability of the shale cores before and after the
cyclic tests. The cores were not cleaned by a solvent because
the solvent can wash away the asphaltene particles and impact
the results. Figure 17 shows equilibrated droplets of brine and
the contact angles (i.e., right and left contact angle) of the
cores with no pressure applied on them and cores after N2
cyclic tests. To evaluate asphaltene deposition and the ePect of
gas injection on pore plugging on Eagle Ford cores, four
separate saturated cores (Figure 17b) were used to measure
the contact angle to which no pressure was applied (i.e., cores
9, 10, 11, and 12). These four cores are fully saturated with
crude oil and the average of contact angle measured was
82.95°. This indicates that weakly intermediate wettability
existed before applying the gas pressure. For accuracy purpose,
the contact angles from all of the shale cores (Table 8) were
determined after N2 cyclic tests in both conditions (i.e.,
miscible and immiscible). The average contact angle following
N2 cycle testing was around 102.26°, showing that N2 changed
the wettability to a strong intermediate-wet system. These
results suggest that N2 influenced the deposition of asphaltene

in the shale cores. The contact angle rose when miscible gas
was injected, indicating that miscibility may generate a strongly
intermediate-wet and close to oil-wet system during miscible
N2 cyclic gas injection. Our findings were quite similar with
various experimental literature data, where the contact angle
increased as the gas injection pressure increased.101−105 This
can be due to the fact that the shale surface structure had been
altered by asphaltene deposition, making it rougher, resulting
in an increase in contact angle readings.106,107 Furthermore,
our findings indicate that oil reduction and asphaltene
deposition occurred in the later cycles since the decrease in
oil recovery was detected in the last two cycles in the majority
of the cyclic experiments discussed earlier. As more cycles were
applied, asphaltene particles started to fill the big pores first at
a higher rate93 and more asphaltene was deposited in the cores
along with an increase in the blockage rate, especially when
using miscible N2, which has a strong extraction of the
hydrocarbon components. A reduction in the oil recovery
factor followed the N2 cyclic injections, and the influence of
asphaltene deposition and precipitation on oil recovery was
observed in subsequent cycles.108 The results confirmed that
cyclic gas injection, particularly at miscible pressures, aPects
the stability of the asphaltene clusters and reduced the strong

Figure 17. Equilibrated droplets of brine on diPerent core samples and their contact angles (a) after N2 cyclic tests and (b) no pressure applied on
cores.

Table 8. Contact Angle Measurements for all Cores in This Study

stage condition test no. pressure (psi) average contact angle (deg) wettability statusa,b total average

before cyclic tests no pressure applied 83.80 weakly intermediate-wet 82.95
74.50 weakly intermediate-wet
88.60 weakly intermediate-wet
84.90 weakly intermediate-wet

after nitrogen cyclic tests immiscible 1 1000 91.80 strongly intermediate-wet 100.26
2 1300 96.45 strongly intermediate-wet

miscible 3 1750 99.30 strongly intermediate-wet
4 2000 99.35 strongly intermediate-wet
5 2000 101.15 strongly intermediate-wet
6 2000 101.45 strongly intermediate-wet
7 2000 104.80 strongly intermediate-wet
8 2000 107.85 strongly intermediate-wet

aClassification based on definitions adopted from Anderson109 and Arif et al.110 bWettability is classified as follows: 0° = completely water wet; 0−
50° = strongly water wet; 50−70° = weakly water wet; 70−90° = weakly intermediate-wet; 90−110° = strongly intermediate-wet; 110−130° =
weakly oil-wet; and 130−180° = strongly oil-wet.
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bonds between the asphaltene particles and resins, resulting in
increased asphaltene deposition and precipitation, specifically
in later cycles.
3.3.4. Scanning Electron Microscopy (SEM) Analysis. The
primary goal of using the SEM was to reveal the impact of the
asphaltene precipitation and deposition process in the shale
formation after the cyclic tests. As presented in Figure 18,

asphaltene deposition and pore plugging of shale cores were
also investigated using a scanning electron microscope (SEM)
at a magnification of 100 μm. SEM examination can help to
show the asphaltene deposition inside the cores and give a
more detailed study of the small pores of shale formation. Gas
injection can disrupt the connections between the resins and
asphaltene particles in crude oil, causing asphaltene deposition

Figure 18. Scanning electron microscopy (SEM) images (100 μm) of three cores after cyclic N2 gas injection tests.

Figure 19. Pore size distribution of the tested cores before and after the N2 cyclic gas injection mercury intrusion process.

Figure 20. Comparison of the pore size distribution in Eagle Ford cores before and after the N2 cyclic gas injection tests.
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to increase. Asphaltene clusters may form in reservoir pores as
a result of this mechanism. In this investigation, three samples
were used for SEM examination following N2 cyclic testing.
Based on the SEM analysis, asphaltene clusters filled certain
areas in the shale cores. For example, samples (a) and (c)
showed more asphaltene pore blockage than sample (b),
perhaps because to the longer soaking times of 6 and 24 h,
respectively. Because of the diPerent conditions of the injected
pressure and the diverse structures of the samples, the severity
of asphaltene deposition was clearer in samples (a) and (c)
compared to sample (b). These photos confirm that cyclic N2
injection changed the pore size structure inside the cores, and
this led to lowering the oil recovery.
3.3.5. Pore Size Distribution due to Asphaltene Deposi-
tion. The purpose of this section is to evaluate and see how the
pore size distribution of the cores changed as a result of
asphaltene deposition after N2 cyclic tests. The mercury
porosimeter technique is a practical method for determining
the pore size distribution of rocks, and it is ePective for
comparing the findings of similar materials.111,112 Two Eagle
Ford cores were selected to measure the pore size distribution
using a PoreMaster mercury porosimeter. One sample (i.e.,
core #9) was selected from the samples that only saturated
with crude oil and no pressure was applied. The results from
this sample were compared to the other core (i.e., core #8)
after applying cyclic N2 pressure. Small pieces of each sample
were needed; hence, each core was smashed into small pieces
before the measurements. During the test, a maximum pressure
of 60,000 psi was applied to examine the small pores and the
throat inside the cores. The volume of intruded mercury was
calculated and recorded automatically by the PoreMaster at
each intrusion pressure. A comparison of the pore size
distribution of the Eagle Ford cores is shown in Figures 19
and 20. As a result of gas injection, the composition of the oil
in all cores changes, resulting in the precipitation of asphaltene.
The asphaltene aggregated and produced a solid phase that
began to accumulate inside the cores and on the rock’s surface,
plugging the pores.113,114 By comparing the pore size
distributions, lager pore size diameters were determined for
the sample with no pressure applied compared to the other
core. The figure demonstrates that the two samples’ pore size
peaks were in diPerent ranges, indicating that the predominant
pore diameter in the two samples was diPerent. For instance,
the peak of the pore size distribution of the sample before
cyclic test was between 0.03 and 40 μm, but ranged between
0.01 and 20 μm after N2 cyclic test. The intrusion of mercury
into the sample selected after cyclic N2 test was at a higher rate
into the smaller pores. These results reveal that the pore throat
in the cores had been impacted by the asphaltene clusters and
particles after the cyclic N2 gas injection applied. Our findings
are consistent with our previously explained results and explain
why the oil recovery was reduced at later cycles and wettability
changes after cyclic N2 tests.

4. CONCLUSIONS
A comprehensive experimental study was conducted to
investigate asphaltene deposition and precipitation under
cyclic N2 injections using Eagle Ford shale cores (dynamic
mode) and ultrasmall mesh filter paper membranes (static
mode). The ePect of pressure, miscibility, and soaking time
was evaluated. To provide a holistic assessment of the
influence of asphaltene deposition in such gas injection
techniques, wettability analysis and pore size distribution

evaluation of the cores were undertaken. The results support
the following conclusions.
a. During the cyclic filtration experiments (i.e., static
mode), the results showed that the asphaltene weight
percent increased when increasing the pressure, and
miscible pressure had the highest rate of asphaltene
weight percent. Also, the impact of N2 injection on
asphaltene instability was found mainly in the first four
cycles. Due to the lower pore size structure, the 50 nm
filter membranes had a higher asphaltene weight
percentage.

b. After the cyclic filtration experiments, chromatography
analysis of the produced oil revealed that N2 injection
produced more heavy hydrocarbon components after
the final cycle, especially under miscible conditions. The
miscibility of N2 gas extracted more light hydrocarbon
components from the crude oil than immiscible
conditions.

c. Using Eagle Ford cores under cyclic N2 gas injection
(i.e., dynamic mode) showed an increase in the oil
recovery when increasing the pressure, and more cycles
resulted in more oil recovery, especially during the early
cycles. During miscible conditions, these observations
were substantially more ePective.

d. In the dynamic mode, the soaking time modes results
demonstrated that starting with a shorter soaking period
improved oil recovery. Longer soaking periods aPected
the deposition of asphaltene inside the cores, increasing
the speed drop in oil recovery. In all experiments, longer
soaking time led to higher oil recovery.

e. Our findings imply that oil reduction and asphaltene
deposition occurred in the later cycles because the
majority of cyclic tests revealed a reduction in oil
recovery in the last two cycles. The asphaltene particles
began to fill the bigger pores at a faster rate as the
number of cycles increased, converting the wettability of
the shale cores to a strongly intermediate-wet system.
f. A smaller pore size distribution was determined using a
PoreMaster mercury porosimeter of the cores after the
cyclic experiments, indicating that the asphaltene
particles reduced the size of the pores.
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