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ABSTRACT 

Unconventional reservoirs, such as shale gas and tight oil formations, have become 

an important source of energy in recent years. However, these reservoirs often contain high 

levels of asphaltenes, which can lead to deposition and blockages in production wells and 

reduce the flow of hydrocarbons during gas enhanced oil recovery (GEOR) techniques. 

This study aims to experimentally evaluate the impact of miscible and immiscible carbon 

dioxide (CO₂) and nitrogen (N₂) on asphaltene deposition and its impact on oil recovery 

performance in unconventional shale reservoirs.  

This research began with a comprehensive literature review and data analysis of 

GEOR methods in unconventional reservoirs. Following this, the minimum miscible 

pressure of CO₂ and N₂ was determined using the slim tube technique. Two gas injection 

methods were implemented in this research, including continuous and cyclic (huff-n-puff) 

modes. In the continuous mode, filter paper membranes which represent shale structure 

were utilized to demonstrate the severity of asphaltene deposition rate under different 

scenarios. For the huff-n-puff mode, various Eagle Ford shale cores were used to 

understand the potential of this mode on asphaltene instability in real shale structures and 

its influence on oil recovery performance. The plugging impact of asphaltene particles in 

continuous mode was evaluated using various methods including optical microscopy and 

scanning electron microscopy (SEM) imaging. Chromatography analysis of crude oil, 

wettability alteration, and pore size distribution were used to validate and support the 

findings of this research. 
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1. INTRODUCTION 

1.1. STATEMENT AND SIGNIFICANCE OF THE PROBLEM 

The substantial growth in oil and gas production in the United States in recent years 

may be attributed in large part to the discovery of unconventional shale oil resources (Zhou 

et al., 2018). Gas injection has become a widespread technology to improve oil production 

in unconventional shale reservoirs in the United States and could be the most reliable 

method to unlock the remaining oil percentage (Elturki et al., 2020; Tovar et al., 2021). 

Even though hydraulic fracturing technology in horizontal wells can be used to recover the 

trapped oil, only 4-6% can be recovered (Tang et al., 2022). Very recently, gas injection 

methods have been studied and investigated in unconventional shale reservoirs using 

nitrogen (N₂) and carbon dioxide (CO₂) injection, and the results showed a positive impact 

on increasing oil recovery (Yu et al., 2015; Elwegaa et al., 2019). In conventional 

reservoirs, the primary recovery mechanisms are considered the main portion of the 

recovery. After the primary mechanisms have ended, secondary or tertiary mechanisms are 

usually implemented to increase the recovery. In an unconventional shale reservoir, gas 

enhanced oil recovery (EOR) has been proposed to increase the recovery after using 

hydraulic fracturing as a primary mechanism. The main reason for using CO₂ and N₂ is that 

these gases are non-hydrocarbon gases that are cheaper and applicable in reservoirs. CO₂ 

is more viscous than N₂, so its efficiency is higher in the same reservoir conditions. N₂ is 

soluble than CO₂, so oil swelling of N₂ is poor. In addition, the minimum miscibility 

pressure (MMP) of CO₂ is lower than N₂, which makes N₂ suitable in high-pressure 

reservoirs.  
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One of the major problems during gas injection in unconventional reservoirs is 

asphaltene deposition and precipitation (Ahmed et al., 2022). Asphaltene precipitation and 

deposition during miscible gas injection is a prevailing issue in the petroleum industry 

which results in severe formation damage and permeability reduction. Asphaltene is one 

of the most complex solid components in the composition of crude oil. Asphaltene can be 

defined as “the heaviest component of petroleum fluids that is insoluble in light n-alkanes 

such as n-pentane or n-heptane, but soluble in aromatics such as toluene” (Goual, 2012). 

The main components of crude oil are saturates, aromatics, resins, and asphaltenes (Elturki 

and Imqam, 2021). These components are held together with resins which have both polar 

and nonpolar sites that make them as a perfect connector between all components. As the 

conditions change, the forces that hold all components become weaker and more severe, 

causing the asphaltene to precipitate. Common conditions that may change include 

pressure, temperature, solvent injection such as CO₂, and high oil production flowrate 

(Bahman et al., 2017). Asphaltene instability can be induced by changing the solubility of 

heavy components during the gas injection process. Thermodynamic changes including 

temperature, pressure, and crude oil composition in the reservoir will result in the 

precipitation of asphaltene on solid surfaces during oil flows from the reservoir to the 

surface. As a consequence, asphaltene aggregates and nanosized particles can form clusters 

that may cause crucial issues by blocking wellbore pores and production facilities. 

Deposition of asphaltene often reduces rock permeability, damages the formation, and 

plugs the wellbore and well tubing. Overall, these effects reduce the oil well productivity 

and efficiency (Srivastava and Huang 1997; Srivastava et al., 1999; Sim et al., 2005; 

Okwen 2006; Bahram et al., 2011; Elturki et al., 2023). 
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Gas injection for tertiary oil recovery can be conducted in either a continuous or 

cyclic injection mode. Continuous injection has been widely applied in conventional oil 

reservoirs, where the gas is injected from the injector well and both oil and separated gas 

are produced from the producer well (Alagorni et al., 2015). In gas cyclic injection mode, 

gas is introduced into the oil reservoir during injection, and the injector well is then shut in 

for period of time to “soak”. The injector well is then opened and both separated gas and 

oil are produced. The gas injection could produce oil by either miscible or immiscible 

displacement. For gas injection pressures below MMP, immiscible displacement of oil 

takes place, while if gas injection pressures are above the MMP, miscibility between gas 

and reservoir oil is achieved. Miscibility is achieved by eliminating the interfacial tension 

between oil and gas. On a fundamental level, the difference between continuous and cyclic 

injection is transient and unsteady-state conditions. Thus, the extension of continuous gas 

injection asphaltene studies to cyclic operation conditions is problematic, particularly 

given the limited number of studies to date applicable to practical injection conditions. For 

example, the same well is used for both injection and production in cyclic injection; thus, 

the changes in oil composition and pressure near the wellbore area are much more complex 

in cyclic injection. Changes in gas concentration near the wellbore further complicate the 

asphaltene precipitation during the cyclic injection process. Multiple cyclic injections 

achieve a higher oil recovery factor, but the effects of pressure, oil composition, and gas 

injection conditions (composition and time profile) are expected to be varied during 

injection cycles. In short, the current understanding of asphaltene precipitation mechanisms 

during continuous injection is not applicable to cyclic injection.  
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Despite the number of studies on the behavior of asphaltene during continuous gas 

injection, the interaction of asphaltenes with CO₂ and N₂ during huff-n-puff enhanced oil 

recovery (EOR) technique under miscible and immiscible conditions remains poorly 

investigated and understood. This present research aims to investigate the severity of 

asphaltene damage, especially in nano pore structures, mainly present in unconventional 

reservoirs. The research then studies asphaltene precipitation and deposition due to CO₂ 

and N₂ injection in the nanopores and quantifies the asphaltene weight percent in all 

experiments. Several interactions between the injected gas (CO₂ or N₂) and oil need to be 

investigated in order to determine the main thermodynamic factors that affect the EOR 

process in shale reservoirs. By studying the impact of different factors on asphaltene 

formation damage, asphaltene deposition may be avoided in future applications of N₂ and 

CO₂ injections. 

1.2. EXPECTED IMPACTS AND CONTRIBUTIONS 

The ultimate goal of this research is to highlight the severity of asphaltene damage 

during miscible and immiscible CO₂ and N₂ gas injection, especially in nano pore 

structures, mainly present in unconventional reservoirs. By undertaking this research, a 

better understanding of the factors that affect the asphaltene instability during miscible and 

immiscible injections is achieved. This research will help the industry and academia to 

address the following questions:  

• What are the possible EOR methods which have been applied in unconventional 

reservoirs? How can we construct a roadmap for the conditions at which different 

EOR methods are applicable? 
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• When it comes to asphaltene instability in crude oil stored in unconventional 

reservoirs, what influence do CO₂ and N₂ play under miscible and immiscible 

conditions? 

• To what extent may asphaltene block nanopores in unconventional reservoirs using 

continuous gas injection? How does the rate of asphaltene flocculation during gas 

cyclic injection affect oil recovery? 

• How does the profile of cyclic gas injection (including pressure ramping and soak 

time) influence asphaltene instability?   

• How could operating parameters (such as CO₂, N₂, and pressure) be altered to 

reduce asphaltene deposition rate? 

1.3. OBJECTIVES    

The primary objective of this research is to provide an intensive and comprehensive 

laboratory investigation of asphaltene instability in crude oil and determine the factors that 

impact its stability in crude oil during the gas injection process, in order to help define 

“when” and “how” to apply CO₂ and N₂ in unconventional shale reservoirs. The following 

objectives will be met by this research: 

• Perform a comprehensive data analysis and review of gas EOR methods in 

unconventional reservoirs and to understand the most frequently applied techniques 

and the factors that influence their success in increasing hydrocarbon recovery.  

• Provide an extensive EOR study on the main non-hydrocarbon gases (CO₂ and N₂) 

that are cheaper and more applicable to the reservoirs compared to hydrocarbon 

gases such as methane (CH4).  
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• Determine the MMP of CO₂ and N₂ to investigate the effect of injection pressure 

above and below the MMP on asphaltene stability in crude oil in order to provide a 

better understanding of how gas miscibility and immiscibility could affect the 

recovery and asphaltene instability. 

• Perform filtration experiments using nano-composite filter membranes to better 

understand the effect of pore size on asphaltene deposition and precipitation during 

continuous and huff-n-puff gas injection modes (using CO₂ and N₂). These 

experiments will provide a guideline of asphaltene stability and shale pore plugging 

under gas injection.  

• Perform cyclic CO₂ and N₂ injection (i.e., huff-n-puff) experiments in order to 

investigate the potential of gas enhanced oil recovery to increase oil recovery from 

shale reservoirs and evaluate the asphaltene deposition on pore plugging and 

wettability changes to shale structure.  

1.4. SCOPE OF WORK 

To achieve this study’s objectives, this Ph.D. work has been divided into four main 

tasks as shown in Figure 1.1. Task 1 is a comprehensive review and gas data analysis in 

unconventional shale reservoirs to provide a better understanding of the structure of such 

reservoirs and build a strong background on how these reservoirs preserve crude oil. The 

first task reviews all EOR methods including GEOR which have been applied to 

unconventional reservoirs, intending to construct a roadmap for the conditions at which 

different EOR methods are applicable. The systematic review of each method from both 

laboratory and field tests, if applicable, aims to provide insight into the limitations of each 
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technique.  Task 2 is to evaluate asphaltene stability using filtration experiments with 

various filter paper membranes. A series of evaluation experiments will be conducted 

during continuous gas injection mode using the filtration vessel, including but not limited 

to temperature, heterogeneity, and MMP. Task 3 is to evaluate asphaltene instability using 

the filtration vessel during huff-n-puff mode gas injection. Task 4 is to investigate 

asphaltene deposition during gas huff-n-puff technique using shale cores (Eagle Ford 

cores) and to determine the oil recovery performance in all experiments.  
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Figure 1.1. Ph.D. scope of work. 
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PAPER 

I. APPLICATION OF ENHANCED OIL RECOVERY METHODS IN 

UNCONVENTIONAL RESERVOIRS: A REVIEW AND DATA ANALYSIS 

Mukhtar Elturki and Abdulmohsin Imqam 

Missouri University of Science and Technology 

ABSTRACT 

Production from unconventional reservoirs using enhanced oil recovery (EOR) has 

gained much attention in recent years due to its ability to dramatically increase oil recovery. 

This paper reviews all EOR methods which have been applied in unconventional 

reservoirs, with the aim of constructing a roadmap for the conditions at which different 

EOR methods are applicable. The most applicable unconventional techniques that have 

been reported to enhance oil recovery are Carbon Dioxide (CO₂) gas injection, low salinity 

water flooding, and surfactant. Various tools are employed to study EOR methods in 

unconventional reservoirs including simulation, experimental, and field cases. Most of the 

reviewed studies utilize simulation and experimental tools. Notably, we discovered that 

gaseous EOR methods, such as huff-n-puff gas injection, were widely used to investigate 

the applicability of such methods. The most widely used gas that was reportedly used is 

CO₂. Of the chemical methods, surfactant is the material with the most potential to improve 

oil recovery due to its ability to change the wettability of the reservoir rocks to water wet. 
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We present an analysis of the most common fluid and rock properties of unconventional 

reservoirs. 

 

1. INTRODUCTION 

Unconventional reservoirs have significantly changed oil and gas production in 

recent years. More than 50% of U.S. oil production comes from shale and tight reservoirs 

(Energy Information Administration (EIA), 2019). Production from tight reservoirs is 

predicted to increase significantly due to current developments and advancements in the 

area. The EIA predicted that U.S. tight oil production will increase significantly in the 

coming decades, as shown in Figure 1. In terms of current production output, more than 4 

million barrels of oil were produced daily between 2011 and 2014 in the U.S (Todd et al., 

2016). Alvarez et al. (2016) reported that the Bakken formation only delivers about 10% 

of total U.S. production, with around 1.1 million barrels per day. Primary recovery methods 

of horizontal wells and hydraulic fracturing have the main impact on increasing oil and gas 

production from shale plays (Balasubramanian et al., 2018). Understanding the EOR 

methods in conventional plays is much easier than unconventional ones due to the 

abundance of information and applications of conventional reservoirs. The applications are 

dissimilar in unconventional plays due to the ultra-small porosity and permeability of 

unconventional reservoirs. All unconventional reservoirs share these characteristics: ultra-

small permeability and small porosity. The permeability of tight formation is less than 0.1 

mD (Jia et al., 2012). Figure 2 shows the types of oil and gas reservoirs according to the 

permeability cut offs. 
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Figure 1. Shale and tight oil production in USA 

(U.S. EIA, 2019). 

 

Various studies have reported low oil recovery from these reservoirs due to their 

ultra-low permeability. Clark (2009) stated that the highest value of oil recovery for an 

unconventional reservoir is about 7%. We have investigated gas injection, water flooding, 

and chemical methods using a variety of tools, such as simulation and experimental 

methods, with the aim of elucidating the applicability of EOR in tight reservoirs. Moreover, 

we aim to develop technologies to optimize production and yield a large recovery of oil 

and gas. The ultimate objective of this paper is to summarize the main methods of EOR in 

unconventional reservoirs. The feasible methods that have been reported based on this 

study are gas injection, water injection, and chemical methods. There is great heterogeneity 

in the reporting methods, analysis and conclusions throughout the literature. Our systematic 

review of each method from both laboratory and field tests, if applicable, aims to provide 

insight into the limitations of each technique. The following section presents the most 

commonly used EOR methods in production from unconventional oil resources.  
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Figure 2. Types of oil and gas reservoirs according to the permeability cut offs 

(Canadian Society of Unconventional Resources, www.csur.com) 

 

2. EOR METHODS TO PRODUCE UNCONVENTIONAL OIL RESOURCES 

2.1. GAS INJECTION TECHNIQUES  

2.1.1. Gas Types.  Miscible gas injection is one of the most commonly used and 

widely reported methods implemented in EOR for unconventional reservoirs. Gas can be 

injected into reservoirs through various modes: huff-n-puff or flooding mode. During the 

huff-n-puff technique, the fluid is injected to a well. Following this, the in-suit fluids are 

produced from the same well after period of time. For the flooding mode, a dedicated well 

is selected to inject the fluid into the reservoir, and oil and gas are produced from another 

well or wells (Sheng, 2017). Occasionally it is difficult for the injected gas to displace the 

oil from the injector well to the producer well. This is a result of the ultra-small 

permeability in the reservoir, the pressure at the producer well decreases, and the pressure 

at the producer it increases. To combat this issue, the huff-n-puff method was introduced 

(Wan et al., 2013). Figure 3(a) displays the distribution for various gas injection modes, 

based on our analyzed data from reported gas injection methods in unconventional 
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reservoirs. It shows that the most common mode used was huff-n-puff mode which was 

used in more than 60% of the reported studies.   

Figure 3(b) illustrates different gases which have been reportedly used in 

unconventional reservoir studies. Various gases have been injected, including CO₂, 

nitrogen (N₂), lean gas, and methane. Most of the reported studies were focusing on using 

CO₂. The use of CO₂ carries many benefits. For example, CO₂ can dissolve easily in shales, 

decreases the oil viscosity, and swells the oil more effectively compared to other gases. 

Furthermore, the minimum miscibility pressure (MMP) of CO₂ is lower comparing to other 

gases such as N₂ (Zhang et al., 2016). However, CO₂ is not without limitations. Sheng 

(2015) highlighted two disadvantages of CO₂: corrosion of facilities and lack of availability 

near large fields. Table 1 shows a comparison of some gases used for miscible gas injection 

method. 

 Alfarge el al. (2016) stated that the common CO₂ mechanisms for improving oil 

recovery in unconventional reservoirs are diffusion, reduction in capillary forces, 

repressurization, extraction, oil swelling, and oil viscosity reduction. Alfarge et al. (2018) 

and Jin et al. (2016) have both demonstrated that total organic carbon content and exposure 

time are crucial to the success of CO₂ in unconventional reservoir in laboratory 

experiments.  
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Figure 3-a. Gas injection modes distribution based on the reported gas injection methods. 

 

 

Figure 3-b. Different gases reported in unconventional reservoir studies. 

 

 

Table 1. Comparison of gases used for miscible gas injection. 

(Wang et al., 2017; Alfarge et al., 2018) 

 

Gases MMP Sweep Efficiency Cost In situ Oil 

CO₂ Lowest Highest Medium >25 °API 

Natural Gas Medium Medium Highest >30 °API 

N₂ Highest Lowest Lowest >40 °API 
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2.1.2. Experimental and Modeling Studies.  Various laboratory studies 

investigated the effect of gas injection on oil recovery in tight reservoir cores. Alfarge et 

al. (2016) concluded that to produce oil from the matrix of shale, long exposure time and 

large contact area are optimal. Some researchers have varied the gases used in the same 

cores to better understand each one and their impact on recovery in tight reservoirs. 

Alharthy et al. (2015) injected different gases such as CO₂, C1-C2 mixtures and N₂ to cores 

from the middle and lower formation of the Bakken formation. The data indicate that CO₂ 

recovery is almost the same as C1-C2 mixtures; around 90% from the middle formation 

and 40% from the lower formation. Yu et al. (2017) conducted a comparative experimental 

study of N₂ injection in different modes (huff-n-puff and flooding). The authors report that 

during the same period of operation, the huff-n-puff injection mode was superior to 

flooding mode, which has a higher recovery in the same shale cores. Additionally, they 

report that before breakthrough, N₂ flooding revealed the same recovery of N₂ as huff-n-

puff. After breakthrough, N₂ huff-n-puff demonstrated better recovery than flooding. 

Modeling methods have been implemented to investigate the applicability of gas injection 

in different formations. A compositional model has been used to evaluate the response of 

cyclic gas injection in naturally and fractured reservoirs (Wan et al., 2014). They concluded 

that as cyclic CO₂ injection continues, the amount of the dissolved CO₂ in oil increases; 

thus, the oil viscosity decreases, and oil can move easily to the production well. Zhu et al. 

(2015) performed a gas model in which the gas can be injected into a fracture along a 

horizontal well, where the production can be from a near fracture in the same well. They 

report an improvement in oil recovery by CO₂ injection in the reservoir. Yu et al. (2017) 

modeled both recovery processes of N₂ gas injection. They performed N₂ huff-n-puff and 
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N₂ flooding injection using lab-scale simulation. They suggest that the huff-n-puff model 

could lead to better recovery factor, of around 11%. Numerous simulation studies confirm 

that gas huff-n-puff is superior to gas injection, as shown in Table 2 (Sheng, 2015).  

 

 
Table 2. EOR Potentials (Incremental Oil Recovery Factors) From Gas Injection  

(Sheng, 2015) 

10-year primary 5.75% 

20-year flooding 2.39% 

20-year huff-n-puff 16.69% 

 

2.1.3. Field Studies.  Most of the reported field studies are from the Bakken 

formation (Sheng, 2017). One of the projects of gas flooding was conducted in viewfield 

Bakken field, Saskatchewan. One central horizontal well, perpendicular to nine horizontal 

production wells, was used to inject an immiscible gas (lean gas) (Schmidt & Sekar, 2014). 

Figure 4 shows viewfield Bakken field. This project was initiated in December 2011. After 

the gas breakthrough, the oil production was decreased to 53bbl/d in 2012. Workover was 

conducted, after which oil increased to 295 bb/d (Schmidt & Sekar, 2014; Sheng, 2017). 

Another gas project was reported in the Bakken formation in North Dakota in 2013 

(Hoffman & Evans, 2016). This project converted to gas flooding from water flooding 

because the water flooding was not successful. Five horizontal wells were used in the 

project: one was an injector, and the others were producers. Produced natural gas was 

injected for 5 days. This project showed an improvement of oil production over time 

(Hoffman & Evans, 2016).  
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Figure 4. Modified viewfield gas injection pattern. 

(Sheng, 2017 based on Schmidt and Sekar, 2014). 

 

 

Huff-n-puff gas injection projects have been conducted, the Elm Coulee field in the 

Bakken formation is one of these projects. Hoffman and Evans (2016) conduced this 

project in 2008 using CO₂ gas, and no injectivity problems were reported. During the 30-

day injection, no rate increase was observed (Hoffman & Evans, 2016). Sorensen et al. 

(2016) reported a project of huff-n-puff CO₂ injection in Parshall Field. In this project, a 

horizontal well was used with hydraulic fracture treatment. CO₂ breakthrough was 

observed after 11 days of CO₂ injection. The oil rate was increased after the injection 

process. To summarize, both modes of gas injected were reported differently. Simulation, 

experimental and pilots are the tools most commonly used to investigate the applicability 

of gas injection. Sheng (2017) concluded that the huff-n-puff mode outweighed the 

flooding mode in shale and tight reservoirs, provided that the huff-n-puff mode is well 

designed. However, the process of huff-n-puff, such as soaking time, should be optimized 

for better performance (Sheng, 2017). 
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2.2. WATER INJECTION TECHNIQUES 

2.2.1. Experimental and Modeling Studies.  Low salinity water (LSW) flooding 

for unconventional and tight reservoirs has been studied via various simulation and 

experimental tools. The main mechanisms of oil increase in this kind of EOR are 

wettability alteration and interfacial tension (Alfarge, 2016). Balasubramanian et al. (2018) 

stated that the main influencing mechanisms of LSW are clay swelling and shale cracking, 

wettability alteration, and water imbibition. Morsy et al. (2013) report experiments which 

utilized LSW with Eagle Ford formation cores. Both distilled water and KCL solution were 

used to investigate the recovery factor of each core. They found that the recovery factor of 

samples in distilled water was higher than from samples in KCL. Morsy and Sheng (2014) 

tested various cores from different formations (Mancos, Marcellus, Barnett, and Eagle 

Ford) to evaluate oil recovery. They employed NaCl and KCl brines with different 

concentrations. As the salinity is lowered to 15%, some of the cores started to convert to 

small pieces, especially Mancos cores. Barnett cores showed some cracks. No cracks were 

observed in Eagle Ford cores, but Marcellus showed some minor ones. Simulation studies 

of water injection concluded that water huff-n-puff injection is superior to water flooding 

(Sheng, 2015b) as shown in Table 3. 

 

Table 3: EOR Potentials (Incremental Oil Recovery Factors) From Water Injection 

(Sheng, 2015b) 

10-year primary 5.75% 

20-year water flooding 2.39% 

20-year water huff-n-puff 16.69% 
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2.2.2. Field Studies.  There are only a restricted number of water injection projects 

in fields that have been reported in the U.S and Canada. The main concern of water 

injection in tight reservoirs is the injectivity of water. Water is difficult to inject into ultra-

small permeability rocks. However, Hoffman and Evans (2016) reported no problem with 

injectivity in some field projects in the U.S. The findings have been replicated in many 

projects in China (Sheng, 2017). One of these waterflooding projects was conducted in 

2014 in the Bakken formation in Montana. After one year, the producer wells shut in for 

months, and then, an oil rate increase was observed (Hoffman & Evans, 2016). Huff-n-puff 

water injection is one of the important reported mechanisms of EOR in tight reservoirs. 

During this technique water invades the pores of the rock and imbibes slowly into smaller 

pores to displace the oil (Sheng, 2017). Figure 5 shows the effect of fractures on the 

imbibition rate. As the fractures increase in the matrix, the water has more ability to 

penetrate and imbibe into the matrix.  

 

 

 

Figure 5. Water imbibition in matrix vs. fractured matrix  

(Lin et al., 2016) 
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Some of the huff-n-puff water projects were conducted in different tight formations. 

In 2012, huff-n-puff water injection was performed in the Bakken formation in North 

Dakota. The injection time of this project was one month, with a soaking time of two 

weeks. There was little or no oil rate increase in this project (Hoffman & Evans, 2016). 

Sheng (2017) summarized some of the field projects conducted in North America, as 

shown in Table 4. 

 

 

2.3. CHEMICAL TECHNIQUES 

The main materials used in chemical methods are surfactant, alkaline, and polymer. 

Based on the recent EOR reported in tight reservoirs, surfactant is the most commonly 

studied material. The aim of chemical methods is to change the wettability of the reservoir 

from oil wet to water wet, which increases the oil recovery. The oil shales that have been 

Table 4. Different Field Projects of Water Injection Technique  

(Sheng ,2017) 

Field Performance Mode References 

Bakken + 

Lower 

Shaunavan 

Oil rate increase Waterflooding Thomas et al., 2014; 

Wood and Milne, 2011 

Bakken in ND No oil rate increase, 

low sweep efficiency 

Waterflooding Hoffman and Evans, 2016 

Bakken in 

Montana 

Water breakthrough Waterflooding Hoffman and Evans, 2016 

Bakken, ND Little or no oil 

increase, no injectivity 

issue 

Huff-n-puff Hoffman and Evans, 2016 

Parshall Field No oil increase Huff-n-puff Sorensen and Hamling, 

2016 

Parshall Field No oil increase Huff-n-puff Sorensen and Hamling, 

2016 
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reported are most likely oil wet (Phillips et al., 2009; Wang et al., 2011). Changing the 

wettability to water wet and making the reservoir rocks more imbibition to water are the 

best ways to increase oil recovery from this kind of tight reservoir. Surfactant is not only 

used for increasing the oil recovery, but also can be added in fracturing fluids (Sheng, 

2017). Many laboratory studies have investigated surfactants, but there is a lack of field 

studies. A study of the effect of surfactant on the Bakken formation has been reported 

(Dawson et al., 2015). The experimental study showed about 30-40% of oil recovery that 

has been obtained from their cores.  

Dawson et al. (2015) mainly used the spontaneous imbibition method to conduct 

this experiment. Wang et al. (2016) conducted an experimental study to investigate the 

effect of the imbibition rate of the surfactant. In their study, they used simulation methods 

to upscale their work to the field scale. Also, they studied the effect of penetration depth 

into the matrix. They stated that the oil recovery would not be much better by using 

surfactant if it was used only in hydraulically created fractures, because the penetrations of 

depths were small. 

Different types of surfactants, such as non-ionic and anionic, have been investigated 

in shale reservoir cores (Nguyen et al., 2014).  Studies have used cores from the Eagle Ford 

shale outcrop and Bakken reservoir. It has been reported that the imbibition of surfactant 

increased the oil recovery from Eagle Ford shale, and the Bakken formation oil recovery 

would be higher if only brine were used. However, researchers concluded that salinity has 

an impact on surfactant method; at higher salinity concentration, the ability of surfactant 

to reduce interfacial tension and wettability would be very low. Finally, alkaline and 

polymer materials have not been reported in any study. Alfarge et al. (2016) claims that 
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the reason could be the injectivity problems with these materials in unconventional 

reservoirs. Moreover, pore plugging may occur if the polymer is injected into the reservoir. 

The compatibility of alkaline and mineral-composition of unconventional reservoirs may 

be one reason for investigating this kind of material (Alfarge et al., 2016). Finally, no field 

applications have been reported using surfactant method. The following section presents a 

data analysis for the significant characteristics of unconventional reservoirs.       

3. DATA ANALYSIS 

3.1. MOST RECENT EOR METHODS 

Recent studies regarding EOR techniques are primarily related to gas injection, low 

salinity water flooding, and surfactant. The studies employed different methods to 

investigate the applicability of these techniques, including simulation, experimental, 

mathematical approaches, and some field tests. Field tests in the U.S. have been performed 

mainly in the Permian Basin Wolfcamp formation (Balasubramanian et al.,2018). Figure 6 

shows different formations that have been reported of EOR in unconventional reservoirs. 

The majority of these studies originate from the Bakken formation in the U.S and Canada 

with percent of 58% of total studies. Eagle ford formation has significance in the U.S with 

9% of the study reported in unconventional reservoirs. Figure 7 shows the varying tools 

used to investigate the applicability of EOR methods in North America and China. It is 

clear that simulation and experimental tools have been used the most due to their simplicity 

to perform in the laboratory compared to field tests. Tight formations in China have been 

reported in the Ordos Basin, Zhengger Basin, and Songliao Basin (Sheng, 2017). Figure 8 

shows different countries reported different EOR methods including field projects, 
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experimental, and simulation studies of unconventional reservoirs based on our data 

analysis.  

 

 
Figure 6. Different formation studies reported for EOR methods in unconventional 

reservoirs. 

 

 

Figure 7. Different tools used to investigate the applicability of EOR methods in 

unconventional reservoirs. 

 

 
Figure 8. Worldwide reported EOR studies of unconventional reservoirs 
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3.2. DATA COLLECTION AND PROCESSING METHODS 

Collecting information from different publications and then creating a data set was 

the first step of data quantification and analysis. The data set was created based on 129 

reported studies regarding unconventional reservoirs. These studies include field projects, 

simulation studies, and experimental tests. After processing and analyzing the collected 

data, two tools were used to present and visualize the data: boxplots and histograms. The 

following properties have been analyzed in this section: porosity, permeability, viscosity, 

temperature, minimum miscibility pressure, reservoir pressure, reservoir depth, and API 

gravity. 

3.2.1. Histograms.  Also known as frequency plots, used to determine the 

frequency of specific range of values and how they repeated in the data. The maximum 

range of values were illustrated in red color of each property. This visualization method 

allows identification of the most common values used in the reported studies of EOR in 

unconventional reservoirs. Figure 9 shows an illustration of a typical histogram. 

 

 

Figure 9- Histogram example 
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3.2.2. Boxplots.  Boxplots used to determine different five sections of the data. The 

boxplot is divided into five sections as following: the upper bar which presents the 

maximum value of data, the upper box which represents the third quartile range (75th 

percentile), the median value which represented by the middle line, the lower box which 

represents the first quartile range (25th percentile), and the lower bar which represents the 

lower values of data. Figure 10 shows an example of a boxplot and its sections. Table 5 

summarizes all the generated plots and the units used for each factor.   

 

 

Figure 10. Boxplot example 

 

Table 5- All Generated Plots Summary 

Factor Unit Histogram Boxplot 

Porosity Fraction X X 

Permeability  md X X 

MMP psi X X 

Oil viscosity cp X X 

Reservoir pressure psi X X 

Oil API gravity  oAPI X X 

Reservoir depth ft X X 

Reservoir temperature oF X X 
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3.3. RESULTS AND ANALYSIS 

Porosity: The boxplot and histogram of porosity are shown in the following figure. 

Figure 11 shows that most of the reported porosities in unconventional reservoirs range 

between 3.1 to 9 %. This range of low porosity confirms the most common quantity 

reported (Wang et al., 2016; Sorensen et al., 2015; Wang et al., 2012). A maximum of 14% 

was found and a minimum of 0.6%.  The median of data very central, around 6.5%, 

suggests a normal distribution of the data and no skew. The visualization highlights that 

the porosity of unconventional reservoirs is low. 

 

      

Figure 11. Porosity data distribution. 

a) Histogram. b) Boxplot 

 

Permeability: Permeability is the most significant factor which has been discussed 

and reported in the oil industry with regards to unconventional reservoirs. Hydrocarbons 

in such permeability are unable to move easily between pore spaces; thus, the oil recovery 

is very low. Hence, improved technologies of EOR are required. Based on our analysis of 
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data, the permeability data distribution is presented in Figure 12. All tight reservoirs have 

the same characteristic of ultra-small permeability, and the analysis of the data proved this 

point. A maximum of 7 millidarcy was reported (Wange et al., 2012) and the median of 

the data was 0.005 millidarcy. About 61% of the permeability were reported under 0.01 

millidarcy and 39% above 0.01 millidarcy. The common quantity is between 0.0001-0.1 

md (Kurtoglu et al., 2012). 

 

      

Figure 12. Permeability data distribution.  

a) Histogram. b) Boxplot 

 

Minimum Miscibility Pressure (MMP): At a constant temperature and composition, 

MMP is the lowest pressure at which multiple or first-contact miscibility can be achieved. 

The value of MMP depends on the gas type. For example, MMP of N₂ is higher than MMP 

of CO₂. Hence, gas selection is vital in improving the oil recovery during gas injection 

process. A maximum of 7000 psi of MMP was reported using nitrogen, while the minimum 
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value of MMP was 1500 psi as shown in the boxplot. Most of the reported studies have 

been used CO₂ to reach MMP. However, most of MMP in tight reservoir studies showed 

that most of the MMP is below 3000 psi.   The common quantity of the MMP of CO₂ is 

between 2450-2650 psi (Alharthy el al., 2015). Moreover, slim tube packed with sand and 

rising bubble apparatus were commonly used techniques employed to investigate the MMP 

in the laboratory. Figure 13 shows the data distribution of MMP.  

 

      

Figure 13. MMP data distribution.  

a) Histogram. b) Boxplot 

 

Oil Viscosity: Oil viscosity is a function of oil composition. Many low viscosities 

were reported in different laboratory studies and some field projects. This analysis found 

that viscosity range values were between 0.19 to 8.7 cp as shown in the following boxplot. 

Most of the reported studies showed that the most common viscosity values were less than 

4 cp (Wang et al., 2016). The lowest viscosity noted was 0.19 cp of middle Bakken 
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formation under reservoir conditions (Ling et al., 2014) due to high pressure and 

temperature.  The oil viscosity data distribution is presented in Figure 14.  

 

      

Figure 14. Oil viscosity data distribution  

a) Histogram. b) Boxplot 

 

Reservoir Pressure: The reservoir pressure is generally described as the pressure of 

fluids inside the formation pores. For ultra-low permeable formations, such as shales, the 

pore fluids cannot always move and support the total overlying rock column. This process 

generates high pressure in the reservoir. Usually in unconventional reservoirs, the pressure 

is particularly high. Different studies have been investigating reservoir pressure, including 

simulation studies, laboratory tests, or field projects. Most of these studies reveal that the 

common reservoir pressure of tight reservoirs ranges from 2500 to 7000 psi as shown in 

the following histogram in Figure 15. The maximum value was 9088 psi, and the minimum 

value is 2200 psi. A median of 6425 psi was obtained.  
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Figure 15. Reservoir pressure data distribution  

a) Histogram. b) Boxplot 

 

Oil API Gravity: Oil type based on API is a significant parameter. API measures 

how oil heavy or light compared to water. As the API increases, the oil becomes lighter. 

The lower the petroleum liquid density, the higher the API gravity. Based on our analysis, 

the API ranges from 32 to 52 with a median of 42 as shown in Figure 16. Around 56% of 

studies showed an API from 40 to 45. The average oil gravity of Bakken crude oil is 42 

API (Yu et al., 2014).  

 

      

Figure 16. Oil API gravity data distribution  

a) Histogram. b) Boxplot 
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Reservoir Depth: Figure 17 shows the maximum value of the reported studies was 

11340 ft and the minimum value was 7389 ft. The mode of reported reservoir depths of 

tight reservoirs was below 10000 ft.  

 

      

Figure 17. Reservoir depth data distribution  

a) Histogram. b) Boxplot 

 

Reservoir Temperature: Reservoir temperature is an important characteristic which 

affects different properties such as viscosity and MMP. Studying the reservoir temperature 

gives a better understanding of phase behavior and properties of reservoir fluids. High 

reservoir temperature also affects the pipeline design and operations. A maximum of 350oF 

was reported and a minimum of 95oF.  

Many studies have reported a temperature between 150-250oF (Zhang, 2016). The 

following histogram and boxplots in Figure 18 summarize the key values of reservoir 

temperature. The highest frequency range was observed between 151 - 200oF.  
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Figure 18. Reservoir temperature data distribution 

a) Histogram. b) Boxplot 

 

Table 6 summarizes the most common rock and fluid properties of unconventional 

reservoirs. The major properties have been characterized from Eagle Ford, Wolfcamp, 

Bakken, and Barned which has the most productive shale reservoirs. 

Table 7 summarizes the criteria values for each property for better understanding 

the distribution of the reported data of each characteristic. However, various factors that 

were collected in this research cannot be presented in a histogram or a boxplot due to the 

lack of data. For example, the commonly reported wettability of the unconventional 

reservoirs was oil-wet to intermediate-wet before adding the surfactant formulation (Wang 

et al., 2012). Water saturation was reported for Middle Bakken formation which is between 

25% and 50% (Cherian et al., 2012). Moreover, rich total organic content of 

unconventional reservoirs was reported of 0.1(wt%) to 5(wt%).   
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Table 6. Most common rock and fluid properties of unconventional reservoirs 

Reservoir Property  Unit Common Quantity Reference 

Porosity % 4.5-9 
Hawthorne et al. (2013) 

Schmidt et al. (2014) 

Permeability md 0.0001- 0.1 
Meng et al. (2017)  

Alfarge et al. (2018a) 

Temperature oF 248 Yu et al. (2016b) 

Reservoir Depth ft 6000-11340 
Alvarez et al. (2014) 

Zhang et al. (2016) 

 Reservoir Pressure psi 7350  Morsy et al. (2013e) 

Wettability - Oil wet to intermediate 
Alvarez et al. (2016a) 

Wang et al. (2012) 

Oil Saturation % 50-75 Pu et al. (2016) 

Grain Density g/cc 2.55-2.75 Alvarez et al. (2016b) 

Bulk Density g/cc 2.3-2.5 Alvarez et al. (2016b) 

Specific Gravity  - 1.9 Kurtoglu et al. (2014) 

Total Organic Content wt% 0.1 to 11 
Alharthy et al. (2015) 

Alvarez et al. (2016b) 

Dominant Grain Size μm <62.5 Pu et al. (2016) 

Net Thickness ft 10-40 Jin et al. (2016b) 

Clay Content  % 7-30 
Alvarez et al. (2016b) 

Yu et al. (2016c) 

Oil Density API 38-42 Kurtoglu et al. (2013b) 

Oil Viscosity cp < 8.5 
Yu et al. (2017) 

Schmidt et al. (2014) 

Contact Angle - 81-142 Alvarez et al. (2016b) 

MMP for CO₂ psi 1600-2560 
Alharthy et al. (2015) 

Vega et al. (2010) 

PH - 5.7 Kurtoglu et al. (2014) 

Total Acid Number  mg KOH/g 0.09 Kurtoglu et al. (2014) 

Total Base Number  mg KOH/g 1.16 Kurtoglu et al. (2014) 

GOR (Gas Oil Ratio)  SCF/STB 507-1712 Jin et al. (2016b) 
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4. FURTHER DISCUSSION 

Extensive studies have investigated the applicability of EOR methods in these 

unconventional reservoirs, whether in the laboratory, as an experimental or simulation, or 

in field tests. Although some methods are more applicable than others and many factors 

should be considered when choosing the most applicable method for the target reservoir. 

The results are complex, but it is clear from this study that CO₂ gas injection, low salinity 

water injection, and surfactant in chemical methods appear to be the most applicable 

techniques. This research highlights that these methods may give better results than 

previously used methods. All methods are subject to some limitations. Table 8 shows the 

potential mechanisms which may cause the increase in hydrocarbon recovery from 

unconventional reservoirs.    

 

 

 

 

 

Table 7- Summary and Criteria Guide of Data Analysis 

Property Minimum Maximum Mean Median 
Standard 

Deviation 

Porosity, % 0.6 14 6.53 6.5 2.73 

Permeability, md 0.00004 7 0.36 0.005 0.99 

Viscosity, cp 0.19 8.7 3.18 2.57 2.63 

MMP, psi 1500 7000 2882.41 3000 1066.92 

Reservoir Pressure, psi 2200 9088 5670.93 6425 2045.35 

Reservoir Depth, ft 7389 11340 9049.80 9250 1231.44 

API Gravity, o 32 52 40.94 42 3.92 

Reservoir Temperature, oF 95 320 197.29 182.5 61.50 
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Table 8. Mechanisms of most potential EOR in unconventional reservoirs  

Miscible Gas Injection Method (CO₂, N₂, Natural Gas) 

• Extraction  

• Oil Swelling and pressure maintenance   

• Reduction of oil viscosity  

• Displace oil in matrix by high compressibility.  

• Capillary pressure reduction and gas diffusion  

• Re-pressurization  

Low Salinity Water Method 

• Shale cracking and Wettability alteration 

• Water imbibition and Clay swelling  

Chemical Methods 

• Wettability alteration and Interfacial tension reduction 

 

 

5. COMMON EOR PROBLEMS IN UNCONVENTIONAL RESERVOIRS 

5.1. INJECTIVITY 

Injectivity problems are considered a main obstacle for all EOR in unconventional 

reservoirs due to their ultra-low permeability. Some studies reported that water injection in 

flooding mode may result in fractures in the reservoirs (Baker et al., 2016). This suggestion 

was based on a pilot test conducted in the Bakkan formation in the U.S. The lower the 

permeability, the better the chance of fractures being created. The other problem associated 

with gas injection is the type of gas injection mode.  

As aforementioned, there are two ways to inject the gas into the reservoir: the huff-

n-puff mode and the flooding mode. According to previous studies, the huff-n-puff mode 

is superior to the flooding process (Sheng, 2017). The huff-n-puff mode gave better 

recoveries in a variety of laboratory experiments. Alfarge et al. (2016) suggest this is not 

entirely correct. They propose that the ultra-low permeability is one of the reasons that 

might prevent the application of the flooding mode. 
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5.2. IMBIBITION RATE  

Another important issue is the imbibition rate. The imbibition of the injection fluid, 

such as surfactant, was not effective in some cases. The lower the imbibition rate, the lower 

the recovery from the reservoir. Wang et al. (2016) concluded that the imbibition rate of 

surfactant cannot proceed more than a few meters in unconventional reservoirs. The natural 

fractures in the reservoirs will increase the imbibition of the surfactant due to the increase 

of the contact area between the reservoir and the surfactant. Li et al. (2016) combined low 

salinity water with surfactant to increase the imbibition rate. 

 

6. OTHER EOR METHODS 

Various studies suggest alternative methods which may be considered as a 

technique to increase the hydrocarbon recovery from unconventional reservoirs. Increasing 

the reservoir recovery by the thermal technique to high temperature to change the oil 

viscosity thus increases the oil recovery. This could be true in heavy oil reservoirs, but not 

unconventional reservoirs; the common property is that their oil is light. This method 

requires further investigation into its applicability in field scales to be considered as one of 

the EOR in unconventional.  

Sheng (2013b) reported another method which has potential to be used in 

unconventional reservoirs, the microbial method. Microbial products can be generated by 

injecting microbial reaction products in reservoir. Usually, this method can be applied to 

formations that have a low temperature (<98 C) and high permeability (>50 mD) (Sheng 

,2013b). The only investigation of this method was conducted in China, where two slugs 
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of microbial solution were injected into the reservoir (Liu et al., 2010). Finally, there have 

been no investigations of this method in the U.S. 

 

7. CONCLUSIONS 

This paper summarizes the main methods of EOR in unconventional reservoirs. 

Given our results, we suggest the following conclusions:  

• Gas injection, low salinity water flooding, and surfactant are the most applicable 

techniques which have been applied in unconventional reservoirs for increasing 

hydrocarbon recovery.  

• Different tools have been employed to investigate EOR methods in unconventional 

including simulation, experimental, and field pilots. However, simulation and 

experimental tools were used more frequently than field tests. 

• CO₂, N₂ and methane were the most researched gasses for the unconventional 

reservoirs. CO₂ was extensively used due to price and availability. 

• Huff-n-puff mode was widely used and was superior to flooding mode in gas 

injection methods.  

• Surfactant has the most potential material to improve the oil recovery among the 

chemical methods due to its ability to change the wettability of the reservoir rocks 

to water wet. However, alkaline and polymer were not reported for unconventional 

reservoirs.  
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• The imbibition rate of surfactant is challenging because it cannot proceed more than 

few meters in unconventional reservoirs. This can be solved by creating more 

fractures and mixing the surfactant with low salinity water.  

• Of all the countries worldwide, the USA has performed the most research and field 

tests regarding EOR in unconventional resources. 

• There is a major disparity between the laboratory experiments and the applicability 

of these tests in field scales.  

• The rock and fluid properties impact the ability to apply EOR significantly due to 

the interaction of the EOR-agents with the minerals and the reservoir fluids. 

• More field investigations of applicability of all methods need to be done for better 

understanding of such techniques in field scales.  
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II. ASPHALTENE THERMODYNAMIC FLOCCULATION DURING 

IMMISCIBLE NITROGEN GAS INJECTION 

Mukhtar Elturki and Abdulmohsin Imqam 

Missouri University of Science and Technology 

ABSTRACT  

Gas enhanced oil recovery (GEOR) is one of the most advantageous enhanced oil 

recovery methods. Nitrogen (N₂) is one of the most investigated gases due to its beneficial 

properties. However, during its interaction with crude oil, N₂ can induce asphaltene 

deposition, which may result in severe formation damage and pore plugging. Few works 

have investigated the impact of N₂ on asphaltene instability. This research studied the 

immiscibility conditions for N₂ in nanopores and the impact of N₂ on asphaltene 

precipitations, which could lead to plugging pores and oil recovery reduction. A slim tube 

was used to determine the minimum miscibility pressure (MMP) of N₂ to ensure that all 

the experiments would be carried out below the MMP. Then, filtration experiments were 

conducted using nano-filter membranes to highlight the impact of the asphaltene particles 

on the pores of the membranes. A special filtration vessel was designed and employed to 

accommodate the filter paper membranes. Various factors were investigated, including N₂ 

injection pressure, temperature, N₂ mixing time, and pore size heterogeneity. Supercritical 

phase N₂ was used during all filtration experiments. Visualization tests were implemented 

to observe the asphaltene precipitation and deposition mechanism over time. Increasing the 

N₂ injection pressure resulted in an increase in the asphaltene weight percent in all 
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experiments. Decreasing the pore size of the filter membranes resulted in an increase in the 

asphaltene wight percent. Greater asphaltene weight percents were observed with a longer 

N₂ mixing time. Visualization tests revealed that asphaltene clusters started to form after 

1h and fully deposited after 12 h in the bottom of the test tubes. Chromatography analysis 

of the produced oil confirmed that there was a reduction in the heavy components and 

asphaltene weight percent. Microscopy and scanning electron microscopy (SEM) imaging 

of the filter paper membranes found that significant pore plugging resulted from asphaltene 

deposition and precipitation. This research investigated asphaltene precipitation and 

deposition during immiscible N₂ injection to understand the main factors that impact the 

success of using such a technique in unconventional shale reservoirs.  

1. INTRODUCTION  

  Gas injection enhanced oil recovery (EOR) methods have been investigated in 

unconventional reservoirs, with the results showing an increase in oil recovery. 

Experimental studies have indicated a positive result in increasing oil recovery from shale 

cores using cyclic N₂ and carbon dioxide (CO₂) injection (Gamadi et al., 2013; Yu et al, 

2015). Injection of CO₂ and N₂ mixtures has been studied for storing CO₂ and increasing 

hydrocarbon production from unconventional resources (Hassanpouryouzband et al, 2018; 

2019). They investigated the CO₂ capture efficiency at various injection pressure and the 

results demonstrated that the efficiency of CO₂ capture depends on the reservoir conditions 

such as pressure and temperature. The results also showed that there is an optimal reservoir 

pressure for a given reservoir temperature at which the maximum volume of CO₂ can be 

extracted from the injected flue gas or CO₂-N₂ mixtures. However, injection of a gas 
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changes the equilibrium conditions and fluid properties of the oil in the reservoir. Changing 

the equilibrium may lead to instability in the colloidal suspension, manifested by 

asphaltene precipitation and flocculation. CO₂ and N₂ could cause a different degree of 

asphaltene flocculation into the reservoir. CO₂ has good solubility in crude oil and can 

easily attain a supercritical condition in reservoir conditions (Wang et al., 2018). Thus, the 

mass transfer ability of supercritical CO₂ is strong. In CO₂ injection process, the CO₂-crude 

oil system could easily reach a miscible or near-miscible state that enhances extracts the 

light hydrocarbon components from crude oil into the gas phase. At similar thermodynamic 

conditions, N₂ has weaker solubility in crude oil than CO₂. N₂ has a weak mass transfer 

capacity which could lead to the poor extraction of light hydrocarbons and probably less 

asphaltene flocculation compared to CO₂ (Chung, 1992; Wang et al., 2018). Asphaltene is 

the heaviest component that occurs in petroleum fluids and that is insoluble in light n-

alkanes, such as n-pentane or n-heptane. However, asphaltene is soluble in aromatics, such 

as toluene or benzene (Goual et al., 2012). Asphaltene, a solid component of crude oil, has 

an extremely high molecular weight (Mozaffari et al., 2015). Under reservoir temperature 

and pressure conditions, asphaltene can be in solution or in a colloidal suspension 

(Jamaluddin et al., 2002). Asphaltene instability can be induced when the injection of CO₂, 

N₂ and hydrocarbon gases changes the solubility of the reservoir fluids (Yang et al., 1999; 

Dehghani et al., 2008; Moradi et al., 2012a; Shen et al., 2016). When the solid phase is 

formed after the liquid phase, precipitation occurs. The deposition is the adherence of the 

solid phase to the reservoir rocks (Zendehboudi et al., 2014). This is the fundamental cause 

of problems related to asphaltene deposition and precipitation, in which asphaltene 

becomes denser in the reservoir, production facilities, and transportation pipelines. 
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Understanding the behavior and the factors that affect asphaltene deposition and 

precipitation is crucial due to the additional economic costs that must be incurred to solve 

the aforementioned asphaltene deposition issues.  

  Recently, the effects of asphaltene deposition on enhanced oil recovery have gained 

more attention due to its impact on production processes and its deposition resulting in 

lower oil recovery. Many studies have investigated asphaltene deposition and have aimed 

to improve shale recoveries during CO₂ injection (Alta'ee et al., 2012; Ren et al., 2011). 

However, there is a lack of N₂ immiscible injection research in the oil industry (Necmettin, 

2003; Jamaluddin et al., 2002; Moradi et al., 2012a; Zadeh et al., 2011; Elwegaa et al., 

2019; Mansoori et al., 2010; Hajizadeh et al., 2009; Khalaf and Mansoori, 2019; Elturki et 

al., 2020a, 2021). Elwegaa et al. (2019) conducted an experiment using cold N₂ via cyclic 

gas injection in shale cores. The results demonstrated a higher recovery factor when the 

pressure increased using the cold N₂ injection. Jamaluddin et al. (2002) stated that 

asphaltene instability was aggravated by N₂ injection, and the bulk precipitation amount 

was increased by elevating the concentration of N₂ in the reservoir fluids. Zadeh et al. 

(2011) examined the effect of N₂ on asphaltene instability by combining 10 mole percent 

of N₂ with the target oil at a reservoir temperature of 240oF. Due to the low asphaltene 

content of the target oil, the asphaltene precipitation was not clearly detected, and the N₂ 

mole percentage was increased in the second sample. Zadeh et al. (2011) also investigated 

the effect of a lower temperature than 240oF, finding that asphaltene became more unstable 

as the temperature increased when the pressure was above the bubble point. Moradi et al. 

(2012a) studied asphaltene particle precipitation, aggregation, and breakup using natural 

depletion and miscible N₂ injection processes. Using high-pressure filtration, it was 
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observed that N₂ injection stabilized asphaltenes. Moreover, the study highlighted that the 

problems were more severe in heavier crude oil.  

  The negative effects of asphaltene deposition and precipitation on plugging pores 

are much more prevalent in unconventional reservoirs. Shale pores and throat sizes are 

usually much smaller than those in conventional reservoirs (Elturki et al., 2020b). 

Maroudas (1996) concluded that particles that have a size greater than 1/3 of pores sizes 

would block the pores and throats. When asphaltene particles are destabilized in solution, 

asphaltene flocculation occurs and can cause severe problems. Moradi et al. (2012b) 

conducted an experiment using N₂ and methane with a 0.2-µm pore size filter membrane 

and reported that asphaltene deposition was much higher in methane than in N₂. However, 

very few studies have been conducted to investigate asphaltene instability in crude oil 

during N₂ injection in nanopore-sized features, such as unconventional shale reservoirs. 

The ultimate goal of this research is to highlight the severity of asphaltene damage during 

N₂ gas injection, especially in nanopore structures, which are mainly present in 

unconventional reservoirs. By studying the impact of different factors on asphaltene 

formation damage, asphaltene deposition may be mitigated in future applications of N₂ 

injection.  

2. ASPHALTENE DEPOSITION AND PRECIPITATION 

Multiple compounds can be found in crude oil, depending on its composition. These 

compounds can be found in three phases: gases, liquids, and solids. The liquid phase 

consists of saturates, aromatics, and resins. Asphaltenes are the most common solids that 
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exist in crude oil. Asphaltenes are the main polar components of crude oil, and they contain 

heteroatoms, such as N₂, sulfur, or oxygen, which can be soluble in aromatic solvents but 

insoluble in paraffinic liquids (Goual et al., 2002; Speight, 2014; Rashed et al., 2019; 

Nguyen et al., 2020). However, saturates and aromatics are nonpolar compounds. Resins 

can be a good bridging agent to hold the polar and nonpolar components because resins 

have both polar and nonpolar sites. Figure 1 shows the main components of crude oil and 

asphaltenes. Plugging reservoir pores and changing the formation wettability are common 

issues (Shen et al., 2016). Figure 2 presents formation wettability alterations due to 

asphaltene precipitation.  

 

 
 

Figure 1. Main components of crude oil with asphaltene  

(Ashoori et al., 2017). 

 
 

 
 

 
 

Figure 2. Formation wettability alterations due to asphaltene precipitation. 
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3. EXPERIMENTAL TEST MATRIX  

Three sets of experiments were conducted: MMP experiments, filtration 

experiments, and asphaltene visualization experiments, with Figure 3 displaying an 

experimental flow chart. Table 1 presents a description of all of the experiments conducted 

in this research along with the significant factors they investigated.  

Table 1. Summary of all experiments conducted in this research.  

No. 
Experiment/analysis 

type 

Factor  

N₂ 

injection 

pressure 

(psi) 

Filter 

membrane 

pore size 

(nm) 

Filter 

membrane 

distribution  

Mixing 

time 

Temperature 

(ºC) 

1 MMP 500 to 

2000 

- - - 32ºC 

2 MMP 500 to 

2000 

- - - 70ºC 

3 Filtration 1000 450, 100, 50 Heterogenous 2 h 32ºC 

4 Filtration 1250 450, 100, 50 Heterogenous 2 h 32ºC 

5 Filtration 1500 450, 100, 50 Heterogenous 2 h 32ºC 

6 Filtration 1000 100, 100, 

100 

Uniform  2 h 32ºC 

7 Filtration 1000 450, 100, 50 Heterogenous 1 h 32ºC 

8 Filtration 1000 450, 100, 50 Heterogenous 10 min 32ºC 

9 Filtration 1000 450, 100, 50 Heterogenous 2 h 70ºC 

10 Visualization 1000 450, 100, 50 Heterogenous 2 h, 1 h 32ºC 

11 Visualization 1000 450, 100, 50 Heterogenous 10 min 32ºC 

12 Visualization 1250 450, 100, 50 Heterogenous 2 h 32ºC 

13 Visualization 1500 450, 100, 50 Heterogenous 2 h 32ºC 

14 Microscope Imaging 1000, 

1250, 1500 

450, 100, 50 Heterogenous 2 h 32ºC 

15 Gas Chromatography 1000, 1500 - Heterogenous - - 

16 SEM Analysis 1000, 1500 450, 100, 50 Heterogenous 2 h 32ºC 

17 Pore Size Distribution 1000, 1500 450, 100, 50 Heterogenous 2 h 32ºC 
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Figure 3. Experimental design flow chart. 

3.1. EXPERIMENTS MATERIALS 

The experimental materials used in this research included the following: 

- Crude oil: The crude oil had a viscosity of 19 cp, density of 0.864 gm/cc, and ºAPI 

of 32. The viscosity was measured using a rheometer. Gas chromatography-mass 

spectrometry was used to determine the composition of the crude oil, as shown in Table 2.  

- Nitrogen: An N₂ gas cylinder with 99.9% purity was connected to the filtration 

vessel and used for N₂ injection, with a pressure regulator controlling the N₂ cylinder 

pressure.  

- Filter membranes: Various filter membranes (i.e., 50, 100, and 450 nm) were used 

to investigate the effect of different pore sizes. The membranes were cut to the desired 

shape based on the 45-mm diameter of the filtration vessel.  

- Specially designed HPHT filtration vessel: A high-pressure, high-temperature 

(HPHT) filtration vessel was specially designed in the lab to accommodate the filter paper 

membranes.  



 

 

55 

- Oven: An oven that accommodated the filtration vessel was used to investigate 

the effect of various temperatures on asphaltene precipitation and deposition during N₂ 

injection.  

- N-heptane: A solvent was used to dissolve the oil samples in tubes to quantify the 

asphaltene weight percent after each experiment.  

- Slim tube: A stainless steel slim tube packed with sand was used to determine the 

minimum miscibility pressure of N₂.  

 

Table 2. Crude oil composition  

Component Weight percentage (%) 

C8 -C14 65.14 

C15-C19 6.06 

C20-C24 9.16 

C25-C29 14.48 

C30+  5.17 

Total 100.00 

 

3.2. MMP EXPERIMENT  

3.2.1. MMP Experiment Procedure.  The MMP experiment was conducted to 

ensure that all subsequent filtration experiments were carried out below the MMP. The 

MMP can be defined as the lowest pressure at which a gas can create miscibility with the 

reservoir oil at the reservoir temperature. In other words, the MMP is the lowest pressure 

at which miscibility between the injected gas and reservoir oil is achieved when the 

interfacial tension between the oil and gas vanishes after multiple contacts. Figure 4 shows 

a schematic diagram of the slim tube experimental setup. The main components of the slim 

tube test were a syringe pump, three accumulators, gas cylinders, a stainless-steel slim tube 
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packed with sand, and a back pressure regulator. The slim tube tests were divided into 

several steps, starting with the pretest to calculate the pore volume. The second step was to 

fill the slim tube with the crude oil at a low rate of 0.5 PV to ensure that the slim tube was 

100% saturated at the end of the pumping. The final step involved experimental 

manipulation, whereby the temperature was adjusted to a predefined level, the gas cylinder 

was filled with N₂, and gas was injected at a rate of 1.2 PV. A back pressure regulator was 

installed at the outlet of the slim tube and used to adjust the pressure with another water 

pump as a back pressure reservoir.  

 

 

Figure 4. Slim tube experimental setup. 

 

Starting with the slim tube which was fully saturated with distilled water. Following 

the oil was then injected into the slim tube unit fully saturated. This can be observed at the 

outlet of the slim tube when the produced liquids are only oil and thus ensure the slim tube 
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is fully saturated. During all the experiments, the back pressure regulator was placed at the 

outlet with the desired pressure. The gas accumulator was filled with N₂. Then, N₂ was 

injected at a rate of 0.25 ml/min. Each experiment was stopped when 1.2 PV of gas injected 

or when the gas broke through. The effluent was used to collect the produced oil. The MMP 

can be determined by plotting N₂ injection pressures versus cumulative oil recoveries. 

Finally, the solvent of Xylene was used after each experiment to clean the slim tube setup 

and to make sure there is no oil left in the slim tube that may affect the next experiment. 

3.3. FILTRATION EXPERIMENTS 

3.3.1. Filtration Experimental Procedure.  Figure 5 illustrates all the components 

of the experimental setup. The main components included a high purity N₂ cylinder with a 

pressure regulator to control the pressure from the cylinder. The filtration vessel was 

designed to accommodate three mesh screens to support the filter membranes and prevent 

them from folding under high pressures. The mesh screens were created with small holes 

that allowed the oil to pass through easily.  

Spacers between each mesh screen supported the screens in place; rubber O-rings 

were used above and below each spacer to prevent any leakage and to ensure that the oil 

and gas would pass through the filter paper membranes. A back pressure regulator was 

installed at the outlet of the filtration vessel and used to adjust the pressure via a syringe 

pump. The produced oil was collected using an effluent below the filtration vessel. An oven 

controlled the temperature of the filtration vessel to study the effect of different 

temperatures. Finally, two transducers were installed at the inlet and outlet of the filtration 

vessel and were connected to a computer to monitor and record the pressure difference.  
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Figure 5. Filtration experimental setup. 

 

These steps were followed to conduct the filtration experiments:  

1. The first set of mech screens, filter membrane papers, rubber O-rings, and spacers 

were placed inside the filtration vessel. This step was repeated for the next two sets.  

2. The vessel was closed tightly using a specially designed cap to ensure that all of 

the sets remained tightly bound together and to prevent any leakage during the 

experiment. 

3. Crude oil (30 ml) was poured into the accumulator, with a syringe pump to inject 

the oil into the vessel. 

4. N₂ was injected into the cylinder to reach the desired level. The crude oil was then 

exposed to the gas for a predetermined mixing time.  

5. After mixing, the syringe pump at the outlet was employed at constant pressure. It 

was adjusted to the required back pressure for each experiment to let the crude oil 

pass through the membranes.  
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6. N₂ was injected into the vessel, and the produced oil was collected. The experiment 

was stopped when no further oil production was observed.  

7. The inlet and outlet pressures were observed and recorded using transducers that 

connected to a computer. The difference between the two pressures did not exceed 

50 psi.  

8. After the gas injection was complete, the vessel was opened, and the remaining 

crude oil was collected from each filter membrane for asphaltene analysis.  

3.4. ASPHALTENE DETECTION TEST AND VISUALIZATION EXPERIMENTS    

Asphaltene weight percent can be calculated by weighting the filter paper before 

and after filtration. The difference between the weights determined the asphaltene percent 

weight, using the following equation: 

          Asphaltene wt% = 
wt asphaltene

wt oil
 * 100                                      (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. The asphaltene quantification 

test procedure can be summarized in the flowchart shown in Figure 6. Photos were taken 

of the asphaltene precipitation in the test tubes at specific time points (i.e., 0, 2, 4, and 12 

h) to observe the change in asphaltene settling over time. 
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Figure 6. Flowchart highlighting the main steps of asphaltene quantification. 

 

4. RESULTS AND DISCUSSION 

4.1. MMP EXPERIMENTS RESULTS 

N₂ can achieve miscibility using the same mechanism as CO₂: the vaporizing 

mechanism. The N₂ MMP experiments sought to ensure that the filtration experiments 

would be conducted under immiscible injection pressure. The effect of temperature on the 

N₂ MMP was investigated to ensure that at higher temperatures, the filtration experiments 

would be less than the MMP. Oil recoveries were recorded at gas breakthrough or at 1.2 
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PV of the gas injected and were plotted with the tested injection pressures. The MMP can 

be estimated when the cumulative oil recovery is greater than or equal to 90% of the 

original oil in place (OOIP). The solid lines in Figure 7 were used to determine the sudden 

slope change point in the measured oil recovery versus injection pressure. The intersection 

point can be used to determine the MMP. The MMP of N₂ at 32ºC was 1600 psi. Hence, 

1000, 1250, and 1500 psi along with a temperature of 32ºC were selected for investigating 

asphaltene precipitation under immiscible gas injection conditions.  

The results also showed that the MMP of N₂ at 70ºC was 1350 psi. The temperature 

is inversely proportional to the N₂ MMP due to the N₂ remaining in the gaseous phase at 

the same conditions (Belhaj et al., 2013; Vahidi et al., 2007; Sebastian et al., 1992). Thus, 

the effect of temperature can be investigated because of the immiscible pressure conditions 

at higher temperatures. 

 
Figure 7. N₂ MMP determination using an oil viscosity of 19 cp at 32ºC and 70ºC. 
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4.2. FILTRATION AND VISUALIZATION RESULTS  

4.2.1. Effect of Immiscible Conditions of Pressure Using Uniform Membrane 

Distribution.   Uniform membrane distribution means that the same pore size of the filter 

membrane was used in all of the filtration experiments. Figure 8 shows the paper membrane 

distribution inside the vessel, where the entire membrane had a pore size of 100 nm. The 

selection of filter membrane pore sizes was based on the pore size distribution of shale 

reservoirs, specifically Eagle Ford (Shen et al., 2017). 

 

 
 

Figure 8. Uniform paper membrane distributions inside the vessel. 

 

Figure 9 displays the effect of using a uniform pore size filter paper membrane on 

the asphaltene deposition during the filtration test. Three 100-nm filter membranes were 

placed inside the vessel in each mesh screen to investigate the effect of using the same pore 

size, and the results were compared with a heterogeneous distribution. An N₂ pressure of 

1000, 1250, and 1500 psi and temperature of 32ºC were used throughout this experiment.  

The results revealed that the asphaltene deposition was almost equal across all the 

paper membranes. For instance, the asphaltene weight percent ranged from 5.26% in the 

upper part of the 100-nm paper membrane to 5.62% in the lower part of the 100-nm paper 
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membrane during the 1000 psi gas injection. A slightly higher asphaltene weight percent 

was observed on the upper part of the filter membrane, which could have occurred because 

some asphaltene particles plugged some pores, thereby preventing effective oil passage. 

The asphaltene particles with a size greater than 100 nm precipitated on the upper section 

of the filter membrane, while the particles with a size less than 100 nm passed through to 

where the produced oil was collected. For example, a pressure of 1500 psi produced many 

more asphaltene clusters than did 1000 psi and also led to more asphaltene being deposited 

on the filter membranes. The higher pressure resulted in more clusters sized 100 nm or 

more. Thus, more asphaltenes were quantified at higher pressure levels in all filter 

membranes. Some of the particles plugged some pores on the middle and lower parts of 

the filter membrane, as can be observed in the results as a slight fluctuation in the 

asphaltene weight percent. However, these plugged pores resulted in a decrease in the 

asphaltene weight percent in the produced oil. It can be concluded that the asphaltene was 

mobilized and forced into the filter membranes with almost the same concentration due to 

the uniform pore sizes. 

 

 
Figure 9. Asphaltene weight percent using a uniform paper membrane distribution when 

injecting nitrogen at 1000, 1250, and 1500 psi. 
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A 1000 psi N₂ injection pressure was selected for further investigation of the 

asphaltene precipitation over time. The remaining oil was collected after each experiment 

and dissolved in n-heptane at a ratio of 1:40. Various times were selected (i.e., 1, 4, and 12 

h) to investigate and visualize the asphaltene deposition process. Figure 10 presents the 

uniform asphaltene visualization tests at 1000 psi with 100-nm pore size membranes at 

32ºC. The results showed an almost equal deposition process in all 100-nm membranes. At 

zero elapsed time, no asphaltene was observed, and the crude oil sample was entirely 

dissolved in n-heptane. After 1 h, the asphaltene started to precipitate and form deposits 

such that asphaltene particles accumulated at the bottom of the tube. Over time, the solution 

color lightened at the top of the lab tubes with the presence of some suspended asphaltene 

particles. Finally, after 12 h, almost all asphaltene particles were deposited, and the overall 

solution color was much lighter compared to the solution observed at zero time. The results 

confirmed that the asphaltene particles that passed through all of the filter membranes had 

almost the same percent.  

 

 
Figure 10. Visualization of asphaltene precipitation and deposition at 1000 psi using a 

uniform membrane size distribution. 
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4.2.2. Effect of Pore Size Heterogeneity.  Varying the filter membrane’s pore size 

inside the vessel created heterogeneity in the pore size distribution among membranes. 

Figure 11 presents a heterogeneous paper membrane vessel consisting of (1) a filter 

membrane size of 450 nm located at the top of the vessel, (2) 100 nm in the middle, and 

(3) 50 nm at the lower part of the vessel. Experiments were conducted with N₂ injection 

pressures of 1000, 1250, and 1500 psi at 32ºC.    

 

 
Figure 11. Illustration of the heterogeneous paper membrane distributions inside the 

vessel. 

 

Figure 12 illustrates that as the filter membrane’s pore size decreased, the 

asphaltene deposition increased. Furthermore, the asphaltene weight percent increased for 

all injection pressures. The asphaltene weight percent increased from 2.50% in 450-nm 

paper to 8.14% in 50-nm paper at 1000 psi. Higher asphaltene weight percent were 

observed using 1250 psi, where the percent were 3.16% and 9.8% in 450-nm and 50-nm 

papers, respectively. About 11% asphaltene weight percent was observed in a 50-nm paper 

membrane using 1500 psi. These data indicate that larger pore sizes allowed the asphaltene 

particles to pass through and resulted in less asphaltene precipitation. However, as the pore 

size of the filter membrane decreased, asphaltene particle passage was disrupted, leading 
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to more asphaltene deposition. For instance, asphaltene particles with a size larger than 450 

nm were incapable of passing through the 450-nm filter membrane. The asphaltene particle 

sizes that were more than 50 nm and less than 100 nm precipitated on the 50-nm filter 

membrane. Asphaltene particles that were less than 50 nm could pass through the 

membrane and collect in the produced oil. Thus, the asphaltene that precipitated on the 

450-nm, 100-nm, and 50-nm filter membranes was greater than 450 nm, between 450 and 

100 nm, and between 100 nm and 50 nm, respectively. As a result of Brownian motion, the 

asphaltene aggregates continued to interact with one another, forming larger particles. 

Because of the large radial diffusivity of the particles, smaller aggregates have a higher 

tendency to deposit (Hassanpouryouzband et al., 2017). In all experiments, the asphaltene 

weight percent in the produced oil was the lowest, as the asphaltene particles precipitated 

and plugged the nanopaper membranes gradually, which then led to reduced amounts of 

asphaltene in the oil outlet. Due to asphaltene deposition, the plugging pore size appears to 

be critical when increasing the N₂ injection pressure. This could result in pore plugging 

and cause severe problems during production operations, thus decreasing oil recovery.  

 

 
Figure 12. Asphaltene weight percent using a heterogenous paper membrane distribution 

at various nitrogen injection pressures. 
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 A 1000 psi N₂ injection pressure was also selected for further investigation of the 

asphaltene precipitation over time (Figure 13) in a heterogeneous membrane pore size 

distribution. Initially, no clear asphaltene could be observed. At zero elapsed time, the 

solution was dark colored for all the filter membranes. For the 450-nm filter membrane, 

some asphaltene deposition was seen after 1 h, and a lighter solution color was reached 

after 12 h. This could be due to the large pore size of 450 nm allowing less asphaltene 

particle precipitation in the filter membrane. For the 100-nm filter membrane, asphaltene 

deposition was observed after 1 h and was very similar to that of the 450-nm condition. 

Although the observation was almost the same at this time, the final observation of the 50-

nm filter after 12 h was higher in asphaltene deposition compared to the 100-nm and 450-

nm membranes. This indicates that smaller membrane pore sizes prevented the passage of 

all asphaltene particles through the membrane. It is plausible that as the filter membrane 

pore size decreases, some asphaltene particles cannot flow through. This is likely due to 

asphaltene particle sizes, which were the same or larger than the filter membrane pore size. 

This can be observed clearly in the 50-nm filter membrane, where after 1 h, a darker color 

was observed compared to the 450- and 100-nm filter. As time progressed, some asphaltene 

particles were suspended in the n-heptane, and most of the asphaltene was deposited after 

4 h. Finally, greater asphaltene deposition was observed at the bottom of the test tube, 

signifying an elevated asphaltene deposition. In Figure 10, the asphaltene deposition and 

precipitation process was similar compared to the process in the uniform tests shown in 

Figure 13. In heterogenous tests, the asphaltene weight percent using the 100-nm filter 

membrane was 5.36% compared to 5.26% in the upper part of the 100-nm filter membrane 

in the uniform test. This confirms that the same pore size will be impacted by asphaltene 
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clusters in the same way under the same conditions, as it is here with the same pressure of 

1000 psi.  

 

Figure 13. Visualization of asphaltene precipitation and deposition at 1000 psi using a 

heterogeneous distribution. 

 

Further visualization analysis of asphaltene was obtained at 1000, 1250, and 1500 

psi using asphaltene collected from the remaining oil. Figure 14 shows the asphaltene 

visualization experiments with different pressures at 32oC with a 2-h mixing time. With 0 

h elapsed, all of the tubes showed almost the same results at all pressures: asphaltene was 

entirely dissolved in n-heptane and no clear asphaltene depositions or precipitations were 

observed. After 1 h, the asphaltene started to flocculate in the tubes, especially at 1250 and 

1500 psi, as displayed in the representative images. Interestingly, for 1000 psi, no clear 

asphaltene deposition was observed, and the particles appeared to remain stable due to 

exposure to a lower N₂ injection pressure. After 4 h, the flocculation had begun to settle, 

and deposits were observed at the bottom of the tube, with more deposits at the highest 
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pressure (i.e., 1500 psi). This indicates that higher pressure affected the instability of 

asphaltene faster than did the lower pressure. As time progressed, more asphaltene 

deposition was observed under all conditions. The lighter the color of the mixture, the 

higher the asphaltene deposition at the bottom of the tubes. The visualization experiments 

showed that the asphaltene flocculation requires time to complete, making time a crucial 

factor in the asphaltene precipitation process. Detecting and understanding asphaltene 

deposition over time can facilitate mitigating the expected formation damage.  

 

 
Figure 14. Asphaltene precipitation and deposition visualization of the remaining oil 

using different pressures at 32oC with a 2-h mixing time. 

 

4.2.3. Effect of Mixing Time.  Mixing time is defined as the total time the oil was 

exposed to the desired N₂ pressure inside the filtration cell and left at 32ºC to let the N₂ mix 

well with the crude oil. Times of 10, 60, and 120 min were selected to investigate the effect 

of the mixing time on the asphaltene precipitation and deposition during 1000 psi N₂ 
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injection at a temperature of 32ºC. Figure 15 highlights that increasing the mixing time 

resulted in a slight increase in the asphaltene weight percent. For 450-nm paper, the 

asphaltene weight percent ranged from 3.7% to 5.17% for the mixing times of 10 min and 

2 h, respectively. It was observed that decreasing the filter membrane size led to an increase 

in asphaltene weight percent. This is due to the pore plugging from asphaltene clusters. For 

the 50-nm paper membrane, there were notable increases in the asphaltene weight percent, 

especially for 60- and 120-min mixing times. However, there were no significant 

differences between the asphaltene weight percentages in each filter membrane for these 

two mixing times. These data indicate that the mixing time did not have an intrinsic effect 

on the asphaltene deposition within 120 min but might cause a slight effect over longer 

times. Increased mixing times that expose the crude oil to N₂ will increase the asphaltene 

weight percent, thus increasing the precipitation and deposition of asphaltene, especially 

in smaller pores.    

 

  
Figure 15. Asphaltene weight percent at 10, 60, and 120 min of mixing time using 450-, 

100-, and 50-nm filter membranes. 
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  Figure 16 shows the asphaltene precipitation process of N₂ injections at 1000 psi 

for 10-, 60- and 120-min mixing times at 32ºC. As mentioned above, the results of the 

visualization experiments indicated that increased mixing time also increased the 

asphaltene deposition and precipitation process. For a 10-min mixing time, the asphaltene 

deposition process was relatively slow, and the asphaltene settled after 12 h. The solution 

at the top of the tube after 1 h was still dark brown in color, which suggests less settling at 

this time interval. However, after 120 min of mixing time, the bottommost section of the 

tube was dark after 1 h of settling, while a lighter color was observed at the top of the tube. 

The asphaltene continued to settle, and sediment at the bottom of the tube was substantially 

darker after 4 h. After 12 h of settling, there were no significant observable changes in the 

asphaltene deposition process for all initial mixing times. Given these observations, it is 

necessary to analyze asphaltene instability and the effect of the mixing time to avoid any 

asphaltene-related problems. After the filtration process, the filter membranes exhibited a 

higher asphaltene percent after 120 min of mixing time compared to 10 min.  

 

 
Figure 16. Visualization of asphaltene precipitation and deposition at different mixing 

times. 
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4.2.4. Effect of Temperature on Asphaltene Deposition.  All of the above 

experiments were conducted at 32ºC, but the effect of a higher temperature will be 

discussed in this section. Temperature can strongly impact asphaltene deposition and 

precipitation in crude oil. Two experiments were conducted at two temperatures (i.e., 32ºC 

and 70ºC) to investigate the effect of a high temperature on the asphaltene stability. The 

32ºC represents room temperature, and 70ºC represents the average temperature of shale 

basins. In both experiments, the entire filtration vessel was placed inside an oven to ensure 

the stability of the required temperature.  

A pressure of 1000 psi for the N₂ injection and a 2-h mixing time were used in both 

experiments. Figure 17 shows that increasing the temperature resulted in a decrease in the 

asphaltene weight percent. The higher asphaltene weight percent was observed in the 50-

nm filter membrane: 5.11% and 3.12% for 32ºC and 70ºC, respectively. This is likely due 

to the bonds between asphaltene and resins in the crude oil structure being weakened by 

the increased temperature, which increased the rate of asphaltene precipitation. The higher 

the temperature, the higher the asphaltene solubility rate and the lower the asphaltene 

concentrations. In stable oils, the suspension colloidal particles of asphaltene are covered 

by resins that are strongly connected to the asphaltene. This connection between asphaltene 

and resins becomes stronger at higher temperatures, which keeps the asphaltene dissolved 

in oil (Hoepfner et al., 2013).  

At higher temperatures, a smaller amount of asphaltene colloidal will form, and it 

will tend not to create strong associations due to the colloids being dispersed effectively by 

the resins (Branco et al., 2001). The precipitated asphaltenes that develop from the colloidal 

suspension particles at higher temperatures tend to dissolve in the oil; thus, more 
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asphaltenes will form in soluble conditions but fewer in colloidal conditions (Chandio et 

al., 2015).  

The resins can have a tendency to self-associate, and that tendency is much stronger 

at lower temperatures. Therefore, the bond between asphaltene and resins weaken (Pereira 

et al., 2007). Consequently, greater asphaltene precipitation can form due to the molecules 

of asphaltene becoming stronger in terms of their polarity, resulting in more aggregation at 

lower temperatures. Also, membrane pore size had the same effect at both temperatures: 

as the filter paper membrane pore size decreased, the asphaltene weight percent increased. 

This is because the asphaltene particle size plugged the pores much more in the 50-nm 

filter membrane; thus, more asphaltene was observed.  

 

 
Figure 17. Asphaltene weight percent at different temperatures using 1000 psi. 
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5. FURTHER ANALYSIS AND DISCUSSION 

5.1. CHROMATOGRAPHY ANALYSIS 

Gas chromatography-mass spectrometry (GC6890-MS5973) was used to detect the 

main chemical components and their presence in the produced oil, including asphaltene, to 

confirm the results mentioned above concerning asphaltene aggregation. Table 3 presents 

the gas chromatography analysis before and after the N₂ gas injection experiments at 1000 

and 1500 psi. First, the original crude oil with 19 cp was analyzed to compare its 

components to the oil after the experiments. The oil produced from the N₂ injection 

pressures at 1000 and 1500 psi was selected to highlight the asphaltene changes. The 

asphaltene components are included in the heavy components of C30+. The analysis showed 

that when increasing the pressure, the heavy components also increased.  

The heavy compounds, including asphaltene, decreased from 5.17% to 1.96% with 

a 1000 psi gas injection, which confirmed that the filter membranes inside the filtration 

vessel had a significant effect on the heavy components, including the asphaltene. The 

asphaltene molecules plugged the filter membrane’s pores gradually, thus reducing the 

asphaltene content at the outlet that produced the oil. However, the analysis showed that a 

higher-pressure of 1500 psi produced fewer asphaltene components (2.50%) compared to 

the original oil (5.17%) but higher than the compounds compared to 1000 psi (i.e., 1.96%). 

This results from the higher injection pressure causing the resins around the asphaltene 

molecules to weaken, thus providing a higher asphaltene content.  
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Table 3. Gas chromatography analysis before and after the experiments with 1000 and 

1500 psi nitrogen gas injection  

Component 

Before 

Experiment 

[Original oil] 

After Experiment  

[1000 psi] 

After Experiment  

[1500 psi] 

Weight percentage (%) 

C8 -C14 65.14 87.43 92.43 

C15-C19 6.06 3.59 2.20 

C20-C24 9.16 2.27 1.25 

C25-C29 14.48 4.76 1.62 

C30+ (Including asphaltene) 5.17 1.96 2.50 

Total 100.00 100.00 100.00 

 

5.2. MICROSCOPY IMAGING ANALYSIS  

The asphaltene particles were induced by gas injection, where large asphaltene 

clusters can form, leading to asphaltene holdup in a reservoir. Asphaltene can plug the 

pores and cause severe problems, including a reduction in oil relative permeability, 

alteration of the wettability of the rock, and an overall reduction in oil production. The 

filter paper membranes of 450 and 50 nm with 1500 psi gas injection were cleaned by the 

solvent n-heptane to highlight the pore plugging in the filter paper. Figure 18 illustrates the 

filter membrane before and after conducting the filtration experiment as well as after 

cleaning the crude oil from the filter membrane. The photo shows the asphaltene deposited 

in the filter membrane pores and the plugged path through which the crude oil had to move, 

especially in the 50-nm filter membrane, due to its smaller pore size.  

For a better understanding of the effect of asphaltene on pore plugging, a HIROX 

digital microscope was utilized to identify the plugging pores in the filter membranes. 

Showing the filter membranes’ microstructure will highlight the severity of the asphaltene 

aggregation on different pore size structures.  
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Figure 19 displays the microscopic images (20 µm) of the filter membrane’s pore 

structure of 450-, 100-, and 50-nm filters using an N₂ injection pressure of 1000, 1250, and 

1500 psi at 32ºC. The images were captured after cleaning and exposing the filter 

membranes to an n-heptane solvent for 24 h. Obvious differences occurred in the 

aggregation of the precipitated asphaltene molecules in the filter membrane images: the 

higher pressure coupled with a filter membrane having a smaller pore size resulted in more 

deposition of asphaltene and increased amounts of pore plugging, which is evident in the 

darker color of the images.  

 

 
Figure 18. Illustration of the filter membranes (450- and 50-nm) at 1500 psi before and 

after the experiment, and after cleaning. 
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Figure 19. Digital microscopic images (20 µm) of 450-, 100-, and 50-nm filter 

membranes using various nitrogen injection pressures. 

5.3. SEM ANALYSIS  

Scanning electron microscopy (SEM) is an advanced imaging analysis that can 

determine pore structure, particularly in unconventional shale structures that are known for 

their small pore sizes. SEM was utilized to highlight the impact of pressure and asphaltene 

particles on pore size plugging. To illustrate this, a collection of SEM images was taken 

for all heterogenous filter membranes (i.e., 450-, 100-, and 50-nm) during nitrogen 

injection at 1000 and 1500 psi. Figure 20 provides SEM images (5 µm) of the filter 

membranes’ pore structure of the 450-, 100-, and 50-nm filter paper using an N₂ injection 

pressure of 1000 and 1500 psi at 32ºC.  

For the 450-nm filter paper, the images depict asphaltenes accumulated inside the 

structure, which were black in color at injection pressures of 1000 and 1500 psi. The filter 

paper pore plugging was more severe in the 450-nm filter membrane using 1500 psi. The 
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structure of the 450-nm filter membranes was captured clearly due to the larger pore size 

compared to the 100- and 50-nm filters. As the pore size of the filter membrane decreased, 

dark colors were observed for the 100-nm filter membrane. Most of the area of the 100-nm 

filter papers was affected by asphaltene depositions, with the darkest color occurring at an 

injection pressure of 1500 psi. This confirms that the asphaltenes had more impact on the 

smallest pore structure compared to the largest (450 nm). Due to their smaller pore sizes, 

most of the photo areas of the 50-nm filter membranes were obstructed by asphaltenes.  

 

 

Figure 20. Scanning electron microscope (SEM) images (5 µm) of 450-, 100-, and 50-nm 

filter membranes at 1000 and 1500 psi injection pressure.  
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5.4. PORE SIZE REDUCTION DUE TO ASPHALTENE DEPOSITION  

To identify the effect of asphaltene on the pore plugging of the filter paper 

membranes, SEM images were processed using computer software to analyze the pore size 

of each filter membrane. Figure 21 compares the pore size distribution in the 450-nm filter 

membrane after N₂ injections at 1000 and 1500 psi. The estimated pore size distribution of 

the 450-nm filter paper ranged from 40 nm to 400 nm at 1000 psi, but 50 nm to 200 nm at 

1500 psi. The results showed that higher pressure (1500 psi) had a greater impact on pore 

plugging compared to the lower pressure (1000 psi) because the higher pressure created 

more asphaltene particles and resulted in higher asphaltene precipitation and deposition, 

which reduced the pore sizes. The oil path in the filter membranes became smaller due to 

the asphaltene deposition. The same observations were found in 100-nm and 50-nm filter 

membranes. For the 100-nm filter membrane, the pore size distribution ranged from 10 and 

50 nm for the lower pressure (1000 psi) and from 15 nm to 35 nm for the higher pressure 

(1500 psi), as shown in Figure 22. A smaller pore size distribution was observed in the 50-

nm filter membrane due to the smaller size of the pores. Figure 23 presents the results of 

the pore size distribution in the 50-nm filter membrane. The asphaltene particles 

accumulated at higher percentages in the smaller pore sizes of the filter membranes and 

then plugged most of the pores. Smaller pore size leads to more asphaltene concentration 

which lead to more pore plugging. Su et al (2021) developed an integrated simulation 

approach to predict permeability reduction under asphaltene particle aggregation and 

deposition. They concluded that longer aggregation time, higher flow velocity, and bigger 

precipitation concentrations will lead to a faster reduction in permeability. These results in 

this study revealed that asphaltenes in crude oil can be induced by N₂ injection and cause 



 

 

80 

severe issues in pore plugging, especially in unconventional resources with a small pore 

size.  

 

 
Figure 21. Comparison of the pore size distribution in a 450-nm filter membrane after 

1000 and 1500 psi N₂ injections.  

 

 
Figure 22. Comparison of the pore size distribution in a 100-nm filter membrane after 

1000 and 1500 psi N₂ injections.  
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Figure 23. Comparison of the pore size distribution in a 50-nm filter membrane after 

1000 and 1500 psi N₂ injections.  

 

6. CONCLUSIONS 

Three sets of experiments investigated N₂ immiscible pressure, filtration, and 

visualization of asphaltene. The asphaltene stability in crude oil was observed and 

investigated during N₂ injection. Various factors, including injection pressure, temperature, 

mixing time, filter membrane distribution, and pore size were investigated. The results 

support the following conclusions:  

• As the N₂ injection pressure rose, the asphaltene weight percent also rose. 

Increasing the injection pressure resulted in a slight increase in the asphaltene 

deposition time.  

• As the pore size decreased in the heterogeneous pore size distribution, asphaltene 

clusters were unable to pass through easily. Subsequently, asphaltene precipitation 

and deposition increased.  
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• Utilizing a uniform pore size distribution inside a vessel with a 100-nm filter gave 

almost the same asphaltene weight percent for all of the filter paper membranes 

because the same asphaltene particles passed through all of the same pore-sized 

membranes.  

• Increasing the temperature resulted in a decrease in the asphaltene weight percent. 

The higher the temperature, the higher the asphaltene solubility rate, and the lower 

the asphaltene concentrations.  

• The results demonstrated that increasing the mixing time, which exposed the crude 

oil to the N₂ for a longer time, increased the asphaltene instability, leading to 

increases in asphaltene precipitation and deposition.  

• The chromatography results demonstrated that the weight percent of the heavy 

components, including asphaltene, was higher when using 1500 psi than 1000 psi.  

• The microscopy imaging demonstrated the severity of the asphaltene deposition on 

the pore plugging. The results showed an increase in pore plugging when the 

pressure rose combined with a decrease in the pore size of the filter membranes.  

• SEM observation confirmed that at a higher pressure and with a smaller pore size, 

the asphaltene particles created more severe pore plugging. Pore size distribution 

analysis indicated that the pore size decreased significantly in all filter paper 

membranes due to asphaltene plugging.  
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III. ASPHALTENE THERMODYNAMIC PRECIPITATION DURING 

MISCIBLE NITROGEN GAS INJECTION 

Mukhtar Elturki and Abdulmohsin Imqam 

Missouri University of Science and Technology 

ABSTRACT  

For many years, miscible gas injection has been the most beneficial enhanced oil 

recovery (EOR) method in the oil and gas industry. However, injecting a miscible gas to 

displace oil often causes the flocculation and deposition of asphaltenes, which 

subsequently leads to a number of production problems. Nitrogen (N₂) injection has been 

employed to enhance oil recovery in some oilfields, seeking to improve oil recovery. 

However, few works have been implemented N₂ injection and investigated its effect on 

asphaltene precipitation and deposition. This research investigated the N₂ miscible flow 

mechanism in nanopores and its impact on asphaltene precipitations, which can plug pores 

and reduce oil recovery. First, a slim tube was used to determine the minimum miscibility 

pressure (MMP) of N₂ to ensure that all of the experiments would be conducted at levels 

above the MMP. Second, filtration experiments were conducted using nanocomposite filter 

membranes to study asphaltene deposition on the membranes. A filtration apparatus was 

specially designed and built to accommodate the filter membranes. The factors studied 

include N₂ injection pressure, temperature, N₂ mixing time, and pore size heterogeneity. 

Visualization tests were conducted to highlight the asphaltene precipitation process over 

time. Increasing the N₂ injection pressure resulted in an increase in the asphaltene weight 
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percent in all experiments. Decreasing the pore size of the filter membranes increased the 

asphaltene weight percent. More N₂ mixing time also resulted in an increase in asphaltene 

weight percent, especially early in the process. Visualization tests revealed that after 1 h, 

the asphaltene particles were conspicuous, and more asphaltene clusters were found in the 

test tubes of the oil samples from the filter with the smallest pore size. Chromatography 

analysis of the produced oil confirmed the reduction in the asphaltene weight percent. 

Microscopy and scanning electron microscopy (SEM) imaging of the filter membranes 

indicated significant pore plugging from the asphaltenes, especially for the smaller pore 

sizes. This research highlights the severity of asphaltene deposition during miscible N₂ 

injection in nanopore structures so as to understand the main factors that may affect the 

success of miscible N₂ injection in unconventional reservoirs.  

1. INTRODUCTION  

The gas injection method has become a widespread technology to improve oil 

production in unconventional shale reservoirs in the United States. Although hydraulic 

fracturing technology in horizontal wells can be employed to retrieve trapped oil, only 4 to 

6% can be recovered (Elturki et al., 2021). Very recently, gas injection methods have been 

studied in unconventional shale reservoirs using N₂ and carbon dioxide (CO₂) injection, 

and the results have demonstrated a positive impact on increasing oil recovery (Elwegaa 

and Emadi., 2019; Altawati et al., 2020). Multiphase flow production has the potential to 

cause many issues in the oil industry which the multiphase fluids (i.e., gas, oil, condensate, 

and water) together with scales can cause some problems including wax and asphaltene 
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deposition, formation of hydrates, slugging, and emulsions (Shi et al., 2021). Deposition 

of organic hydrocarbon solids in oil and gas reservoirs could cause many flow assurance 

problems during the oil and gas production process. These materials could increase the 

flow resistance and production disrupt or even plug the pipelines (Hassanpouryouzband et 

al., 2020; Ali et al., 2021). One of the major problems during gas injection in 

unconventional reservoirs could be asphaltene deposition and precipitation. Asphaltene, a 

solid component of crude oil, has an extremely high molecular weight (Mozaffari et al., 

2015; Rashid et al., 2019). Asphaltene can be found in colloidal suspensions or in solution 

under reservoir pressure and temperature conditions (Jamaluddin et al., 2002). Asphaltene 

instability can be induced when the solubility of heavy components changes during the gas 

injection process. Changes in temperature, pressure, and crude oil composition in a 

reservoir will result in the precipitation of asphaltene on solid surfaces during oil flows 

from the reservoir to the surface (Kar et al., 2020). As a consequence, asphaltene 

aggregates, and nanosized particles can form clusters that may cause critical issues by 

blocking wellbore pores and production facilities (Alves et al., 2019). CO₂ and N₂ could 

cause a different degree of asphaltene flocculation into the reservoir. CO₂ has good 

solubility in crude oil and can easily attain a supercritical condition in reservoir conditions 

(Wang et al., 2018). For dead oils, CO₂ solubility ranges from 0.100 to 0.800 (mole 

fraction) for low and high temperatures, respectively (Nguyen et al., 1998; Mahdaviara et 

al., 2021). On the other hand, the CO₂ solubility of live oils ranges from 0.062 to 0.966 

(mole fraction) for low and high temperatures, respectively (Rostami et al., 2017). Thus, 

the mass transfer ability of supercritical CO₂ is strong. In CO₂ injection process, the CO₂-

crude oil system could easily reach a miscible or near-miscible state that enhances extracts 
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the light hydrocarbon components from crude oil into the gas phase. At similar 

thermodynamic conditions, N₂ has weaker solubility in crude oil than CO₂. N₂ has a weak 

mass transfer capacity which could lead to the poor extraction of light hydrocarbons and 

probably less asphaltene flocculation compared to CO₂ (Chung, 1992; Wang et al., 2018). 

Recently, many experimental studies have examined the effect of gas injection, 

including CO₂ and N₂, on the stability of asphaltene in a crude oil system (Jamaluddin et 

al., 2002; Moradi et al., 2012a; Soroush et al., 2014; Alimohammadi et al., 2017; Alves et 

al., 2019; Afra et al., 2020; Kar et al., 2020; Elturki and Imqam, 2020a, 2021a). Jamaluddin 

et al. (2002) combined various molar concentrations of N₂ with the reservoir fluid to 

investigate the instability of asphaltene. Their results showed that raising the concentration 

of N₂ increased the instability of asphaltene and also expanded the bulk precipitated 

amount. Moradi et al. (2012a) used natural depletion and N₂ injection processes to study 

the instability of asphaltene aggregates. N₂ produced an extreme negative alteration in the 

asphaltene instability, especially for heavier crudes. They also stated that the evaporation 

of N₂ improved the capability of oil to overcome the association of the flocs and break 

down the complex clusters. Soroush et al. (2014) investigated the effect of miscible and 

immiscible CO₂ flooding on the damage to porous media. They concluded that (1) above 

the MMP of CO₂, the trapped gas in porous structures could reduce the permeability, and 

(2) the pore plugging was much more severe compared to conditions below the MMP. On 

the other hand, asphaltene deposition was the principal factor in reducing the permeability 

during miscible injection pressure. Alves et al. (2019) researched the effect of temperature 

on asphaltene precipitation and concluded that when the temperature rose, the asphaltene 

precipitation decreased. Afra et al. (2020) studied the effect of CO₂ injection on the 
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structure and stability of asphaltene using four crude oil samples. Their work using infrared 

spectroscopy and acid/base identification demonstrated that asphaltene stability was 

disturbed when the amine group of one of the tested asphaltene samples could form an 

amide functional group by reacting with CO₂. They also stated that as the oil viscosity 

increased, the asphaltene concentration also rose. Kar et al. (2020) performed static vial 

tests and dynamic flow tests using six nonionic, weakly ionic, and ionic surfactants to study 

the effect of various surfactants on removing the deposited asphaltene on the surface of 

flowlines. Their results demonstrated that all surfactants removed the deposited asphaltene 

with less severe asphaltene aggregation. Additionally, ionic surfactants were found to be 

the most effective chemical in asphaltene deposition removal. Injection of CO₂ and N₂ 

mixtures has been studied for storing CO₂ and increasing hydrocarbon production from 

unconventional resources (Hassanpouryouzband et al, 2018; 2019). They investigated the 

CO₂ capture efficiency at various injection pressure and the results demonstrated that the 

efficiency of CO₂ capture depends on the reservoir conditions such as pressure and 

temperature. The results also showed that there is an optimal reservoir pressure for a given 

reservoir temperature at which the maximum volume of CO₂ can be extracted from the 

injected flue gas or CO₂-N₂ mixtures. 

Few studies have investigated the negative effects of asphaltene deposition and 

precipitation on pore plugging in unconventional reservoirs. Moradi et al. (2012b) 

conducted an experiment using N₂ and methane, with a 0.2-µm pore size filter membrane 

and reported that the asphaltene deposition was much higher when using methane than with 

N₂. Shen and Sheng (2018) studied the asphaltene aggregates precipitated during CO₂ and 

methane injection in shale oil samples. They used different filter membranes (i.e., 200, 100, 
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and 30 nm) to investigate asphaltene deposition. Their study of core flooding concluded 

that the oil recovery decreased due to the increase in asphaltene precipitation and 

deposition. Elturki and Imqam (2020b) conducted experiments during immiscible N₂ 

injection into nano shale pore structures to investigate the instability of asphaltene. Various 

parameters were selected and examined, including temperature, pressure, and mixing time. 

They concluded that higher pressure resulted in a higher asphaltene weight percent, 

especially in smaller pore size structures, but the temperature had the opposite effect. 

However, a literature review found limited investigations of the factors impacting 

asphaltene deposition during N₂ injection, especially in nanopore reservoirs.  

Even though there are many studies on the thermodynamic behavior of asphaltene 

precipitation during CO₂ injection, the structure and chemistry of the asphaltene reaction 

with N₂ remains poorly investigated and understood, especially in unconventional shale 

reservoirs. This research extends the previous work conducted by Elturki and Imqam 

(2021b) which investigated the impact of immiscible N₂ injection on asphaltene 

precipitation. The present research aimed to investigate the severity of asphaltene damage, 

especially in nanopore structures present in unconventional reservoirs. By studying the 

impact of various factors on asphaltene formation damage, asphaltene deposition may be 

mitigated in future applications of N₂ injections. 

 

2. ASPHALTENE DEFINITION AND PRECIPITATION MECHANISM  

Asphaltene is one of the most complex solid components comprising crude oil. 

Asphaltene can be defined as “the heaviest component of petroleum fluids that is insoluble 
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in light n-alkanes such as n-pentane or n-heptane, but soluble in aromatics such as toluene” 

(Goual, 2012). The main components of crude oil are saturates, aromatics, resins, and 

asphaltenes.  All of these components are held together with resins that have both polar 

and nonpolar sites, making resins a perfect connector between all of the components. As 

conditions change, the forces that bind all of the components become weaker and more 

severe; thus, the asphaltene starts to precipitate. The common conditions that may change 

include pressure; temperature; solvent injection, such as CO₂; and a high oil production 

flowrate (Bahman et al., 2017). High density asphaltene flocculation starts to form after 

the precipitation, if conditions are suitable. This flocculation will start to be deposited in 

the pores of the reservoirs (Srivastava et al., 1997), with buildups forming if an excessive 

deposition occurs, causing pore plugging. Figure 1 shows the main alterations that can 

occur because of asphaltene deposition, including pore plugging and adsorption of the 

asphaltene to the rock grains both result in wettability changes (Al-Hosani, 2020).  

 

 

Figure 1. Asphaltene impacts oil recovery.  

(Al-Hosani, 2020) 
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3. EXPERIMENTAL DESIGN 

Figure 2 shows the experimental flowchart for the three types of experiments that 

were conducted: (1) MMP determination, (2) filtration, and (3) asphaltene visualization. 

First, the MMP of N₂ was determined to ensure the pressure in the filtration experiments 

fell within miscible conditions. Then, the visualization experiments were conducted, after 

which the asphaltene weight percentages were calculated. Chromatography analysis of 

crude oil confirmed the change in the asphaltene weight percent after the filtration 

experiments compared to the original crude oil. Microscopy imaging was used to highlight 

the effect of the asphaltene deposition into the pores of the filter membranes.  

 

 

Figure 2. Experimental design flowchart. 

3.1. EXPERIMENTAL MATERIAL AND DESCRIPTION 

The experimental materials included the following: 

- Crude oil: Crude oil with a viscosity of 19 cp, density of 0.864 gm/cc, and ºAPI 

of 32 was used. The viscosity was measured using a rheometer. Gas chromatography-mass 

spectrometry determined the composition of the crude oil, as shown in Table 1.  
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- Filter membranes: Various sizes of filter membranes (i.e., 50, 100, and 450 nm) 

were used to investigate the effect of different pore sizes. The selection of filter membrane 

pore sizes was based on the pore size distribution of shale reservoirs, specifically Eagle 

Ford (Shen et al., 2017). The membranes were cut to the desired shape based on the 45-

mm diameter of the filtration vessel.   

- Specially designed HPHT filtration vessel: A high-pressure high-temperature 

(HPHT) filtration vessel was designed specifically to accommodate filter paper membranes 

for oil filtration experiments. The filtration vessel had a length of 15.24 centimeters with 

inside and outside diameters of 5 and 7.62 centimeters, respectively.  

- Nitrogen: An N₂ gas cylinder with 99.9% purity was connected to the filtration 

vessel and used for the N₂ injection. A pressure regulator controlled the N₂ cylinder 

pressure.  

- Oven: An oven with enough space to accommodate the filtration vessel was used 

to investigate the effect of various temperatures on asphaltene precipitation and deposition 

during N₂ injection. The oven manufactured by Despatch, Model: LBB2-27-2, Chamber 

dimensions: 94(width) x 94(depth) x 89(height) centimeters.  

- N-heptane: This solvent was used to dissolve the oil samples in the tubes to 

quantify the asphaltene weight percent after each experiment.  

- Slim tube: A stainless steel slim tube packed with sand was used to determine the 

minimum miscibility pressure of N₂. The slim tube had a wight of 2211 gram with a length 

of 13.1 meter (inside and outside diameters were 0.21 and 0.41 centimeters, respectively).  
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Table 1. Crude oil composition  

Component Weight percentage (%) 

C8 64.55 

C9 0.28 

C14 0.31 

C15 0.35 

C16 0.43 

C17 3.92 

C18 0.20 

C19 1.17 

C20 3.60 

C21 0.93 

C22 2.66 

C24 1.97 

C27 5.94 

C28 7.22 

C29 1.32 

C30+ (including asphaltene) 5.17 

Total  100 

 
 

A summary describing all of the experiments conducted in this research and the 

significant factors that were investigated are presented in Table 2.  

 

Table 2. Summary of all experiments conducted in this research.  

No. Experiment/ 

Analysis 

Factor Studied Factor Value Pressure  

1 MMP Temperature 32ºC, 70ºC - 

2 Filtration  Temperature  32ºC, 70ºC, 90ºC 1750 psi 

3 Mixing time 10, 60, and 120 min 1750 psi 

4 Injection pressure 

/Heterogeneity  

450, 100, and 50 nm  1750, 2000, and 2250 psi 

5 100, 100, and 100 nm* 1750, 2000, and 2250 psi 

6 Visualization Mixing time 10, 60, and 120 min 1750 psi 

7 Injection pressure 

/Heterogeneity 

450, 100, and 50 nm  1750, and 2250 psi 

8 100, 100, and 100 nm* 2000 psi 

9 Microscope 

imaging 

Pore size plugging  450, 100, and 50 nm  1750, 2000, and 2250 psi 

10 SEM analysis Pore size plugging  450, 100, and 50 nm  1750 and 2250 psi 

11 Gas 

chromatography 

Chemical structure  1750 and 2250 psi 1750 and 2250 psi 

12 Pore plugging  Pore size distribution  450, 100, and 50 nm  1750 and 2250 psi 

*Uniform pore size distribution  
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3.2. MMP EXPERIMENT  

To ensure that all of the filtration experiments would occur above the MMP, 

experiments were initially conducted to determine the MMP. The MMP can be defined as 

the lowest pressure at which a gas can create miscibility with the reservoir oil at the 

reservoir temperature. In other words, the MMP is the lowest pressure at which miscibility 

between the injected gas and reservoir oil is achieved when the interfacial tension between 

the oil and gas disappears after multiple contacts. Figure 3 shows a schematic diagram of 

the slim tube experimental setup. The main components of the MMP experiment included 

a syringe pump, three accumulators, gas cylinders, a stainless-steel slim tube packed with 

sand, and a back pressure regulator. The first step was a pretest to calculate the pore 

volume. In the second step, the slim tube was filled with the crude oil at a low rate of 0.5 

PV to ensure that the slim tube was 100% saturated at the end of pumping. The final step 

involved experimental manipulation, whereby the temperature was adjusted to a predefined 

level, the gas cylinder was filled with N₂, and gas was pumped at a rate of 1.2 PV of gas 

injected. A back pressure regulator was installed at the outlet of the slim tube and used to 

adjust the pressure by using another water pump as a back pressure reservoir.  

 

 
Figure 3. Main components of the slim tube experimental setup 
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3.2.1. MMP Experiment Procedure.  Starting with the slim tube which was fully 

saturated with distilled water. Following the oil was then injected into the slim tube unit 

fully saturated. This can be observed at the outlet of the slim tube when the produced 

liquids are only oil and thus ensure the slim tube is fully saturated. During all the 

experiments, the back pressure regulator was placed at the outlet with the desired pressure. 

The gas accumulator was filled with N₂. Then, N₂ was injected at a rate of 0.25 ml/min. 

Each experiment was stopped when 1.2 PV of gas injected or when the gas broke through. 

The effluent was used to collect the produced oil. The MMP can be determined by plotting 

N₂ injection pressures versus cumulative oil recoveries. Finally, the solvent of Xylene was 

used after each experiment to clean the slim tube setup and to make sure there is no oil left 

in the slim tube that may affect the next experiment. 

3.3. FILTRATION EXPERIMENTS  

The components of the filtration setup are shown in Figure 4. The main components 

included a high-purity N₂ with a pressure regulator to control the pressure from the cylinder. 

The HPHT filtration vessel was designed to accommodate 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 mesh screen in its place, and rubber O-rings 

were used above and below each spacer to prevent leakage and to ensure that the oil and 

gas would pass through the filter paper membranes. A back pressure regulator was installed 

at the outlet of the filtration vessel and used to adjust the pressure in the syringe pump. The 

produced oil was collected using an effluent below the filtration vessel for further analysis. 
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An oven controlled the temperature of the filtration vessel to study the effect of different 

temperatures. Finally, two transducers were installed at the inlet and outlet of the filtration 

vessel and were connected to a computer to monitor and record the pressure differences.  

 

 

Figure 4. Filtration experimental setup. 

3.3.1. Filtration Experimental Procedure.  The first set of mesh screens along 

with a filter membrane paper, rubber O-ring, and spacer were placed inside the filtration 

vessel, in that order. This step was repeated with the next two sets, after which the vessel 

was closed using a specially designed cap that ensured a tight connection between all of 

the sets and prevented leakage during the experiment. An oil accumulator injected 30 ml 

of crude oil into the vessel using a syringe pump. Next, the N₂ cylinder injected gas into 

the vessel to the desired level and exposed the crude oil to the gas for a specific mixing 

time. Then, the syringe pump at the outlet was turned to constant pressure but was adjusted 

to the required back pressure for each experiment to let the crude oil pass through the 

membranes. N₂ was injected continuously into the vessel, and the produced oil was 
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collected for further analysis (e.g., chromatography analysis). The experiment was stopped 

when no further oil production was observed. During the experiment, the inlet and outlet 

pressures were recorded using transducers connected to a computer. The difference 

between the two pressures did not exceed 50 psi. After the experiment, the vessel was 

opened, and the remaining crude oil was collected from each filter membrane for analysis. 

Finally, the solvent n-heptane was used to clean the vessel, mesh screens, and spacers from 

oil in preparation for the next experiment.  

3.4. VISUALIZATION EXPERIMENTS  

3.4.1. Asphaltene Visualization Experiments Procedure. Asphaltene 

visualization experiments provide evidence of how asphaltene behaves in terms of 

precipitation and deposition at various conditions. These experiments were conducted to 

visualize the asphaltene precipitation and deposition using the following procedure:  

1. Place in a test tube 1 ml of crude oil collected from all filter membranes, the 

produced oil, and the remaining oil from the filtration experiments. The oil was 

collected using a pipette to ensure the accuracy of all samples.  

2. Add 40 ml of n-heptane to each test tube. Tubes were closed tightly to prevent n-

heptane evaporation. 

3. Each test tube was shaken well to ensure that the n-heptane was well dispersed 

within the crude oil.  

4. A special laboratory stand was used to handle all of the test tubes. The asphaltene 

then started to settle slowly. 
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5. Photos were taken at specific time points (i.e., 0, 2, 4, and 12 h) to observe the 

change in asphaltene settling over time. 

Asphaltene weight percent can be calculated by weighing the filter paper before 

and after the filtration process. The difference between these weights determines the 

asphaltene weight percent using the following equation: 

Asphaltene wt% = 
wt asphaltene

wt oil
 * 100                              (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. The asphaltene quantification 

test procedure is summarized in a flowchart in Figure 5.  

 

 

 
 

Figure 5. Flowchart highlighting the main steps of asphaltene quantification. 
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4. RESULTS AND DISCUSSION 

4.1. MMP EXPERIMENTAL RESULTS  

The MMP experiments were conducted to ensure that all of the filtration 

experiments would occur above miscible gas injection conditions. Crude oil with a 

viscosity of 19 cp, density of 0.864 gm/cc, and ºAPI of 32 was used. The effect of 

temperature was studied on the MMP of N₂ to ensure that the miscible injection pressure 

was still achievable during the high pressure of the filtration experiments.  

To determine the MMP, the tested N₂ injection pressures were plotted versus oil 

recoveries at 1.2 PV of gas injected or at gas breakthrough. The MMP can be estimated 

when the cumulative oil recovery is greater than or equal to 90% of the original oil in place 

(OOIP). The solid lines in Fig. 6 were used to determine the sudden slope change point in 

the measured oil recovery versus injection pressure. The intersection point can be used to 

determine the MMP. The results demonstrated that with increasing temperature, the MMP 

decreased. This is the opposite of what occurs with a CO₂ MMP. The MMP of N₂ at 32ºC 

was 1600 psi, while at a higher temperature of 70ºC, the MMP of N₂ was 1350 psi, as 

shown in Figure 6.  

Various studies stated that the MMP can increase or decrease depending on the oil 

composition (Belhaj et al., 2013; Vahidi et al., 2007; Sebastian et al., 1992). Therefore, the 

results of this research can be explained by the fact that the temperature is inversely 

proportional to the N₂ MMP due to the N₂ remaining in the gaseous phase at the same 

conditions. Consequently, the effect of temperatures higher than 32ºC were investigated in 

this research because miscibility can be achieved at higher temperatures.  
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Figure 6. N₂ MMP determination using an oil viscosity of 19 cp at 32ºC and 70ºC. 

4.2. FILTRATION AND VISUALIZATION RESULTS 

4.2.1. Effect Of Miscible Pressure Using Uniform Membrane Distribution.  

Three 100-nm filter membranes were placed in the filtration vessel to investigate the effect 

of using the same pore size structure and to compare the results to those using a 

heterogeneous distribution. A uniform distribution means that filter membranes of the same 

pore size were used. Figure 7 illustrates the paper membrane distribution inside the vessel. 

An N₂ pressure of 1750, 2000, and 2250 psi and a temperature of 32ºC were used 

throughout these experiments.  

 

Figure 7. Illustration of the uniform paper membrane distribution inside the vessel. 
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Figure 8 shows the asphaltene weight percent versus N₂ injection pressure when 

using a uniform distribution. The results showed that the asphaltene weight percent was 

almost equal for most of the filter membranes used. At 1750 psi injection pressure, the 

weight percent of asphaltene decreased slightly from 12.68% in the upper part of the 100-

nm filter membrane to 12.07% in the lower part due to the asphaltene clusters having 

plugged the pores in the upper and middle areas of the 100-nm filter membrane. This 

prevented some oil from passing through and thus reduced the asphaltene percent in the 

lower part of the filter membrane. However, this did not occur when using 2000 psi 

injection pressure, at which the asphaltene weight percent increased slightly from 13.69% 

to 13.80% in the upper and lower parts of the 100-nm filter, respectively. These 

observations demonstrated that the asphaltene clusters passed through all the filter 

membranes with approximately the same behavior at all the injection pressures studied. 

The asphaltene particles greater than 100 nm precipitated on the upper portion of the filter 

membrane, while the smaller particles passed through all the filters and reached the outlet 

with the produced oil. The slight fluctuation in the asphaltene weight percent occurred 

because some of the asphaltene clusters plugged some pores in the middle or lower filter 

membranes. The flow of oil inside the vessel was not smooth in all of the filter membranes 

because the pore plugging could not be controlled. The lowest amount of asphaltene was 

also found in the produced oil due to the pore plugging that resulted from the asphaltene 

clusters present throughout all the filter membranes.  
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Figure 8. Asphaltene weight percent distribution using uniform paper membranes with N₂ 

injections at 1750, 2000, and 2250 psi. 

 

A 2000 psi N₂ injection pressure was selected to investigate the asphaltene 

precipitation over time. Figure 9 shows the asphaltene visualization process along a 

uniform membrane pore size distribution. At zero elapsed time, no asphaltene was 

observed, and the crude oil sample was entirely dissolved in n-heptane. After 1 h, 

asphaltene started to form and precipitate, and suspended particles could be seen in the 

uppermost section of the test tubes. The lower portion of the 100-nm filter exhibited 

slightly more suspended particles due to asphaltene plugging more pores in the upper and 

middle parts of the filter membranes. Over time, more asphaltene was deposited on the 

bottommost section of the test tubes. The visualization tests showed that most of the 

asphaltene particles formed and were deposited over 1-4 h. Finally, after 12 h, most of the 

asphaltenes were deposited and few particles could be found in the supernatant. These 

results indicate that the asphaltene amount in all the filter membranes using the uniform 
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distribution was almost equal in all 100-nm filters used. This confirms the results of the 

filtration experiment, which showed the same trend.  

 

 
Figure 9. Asphaltene precipitation and deposition visualization process using 2000 psi 

injection pressure and a uniform distribution at 32ºC with a 2-h mixing time. 

 

4.2.2. Effect of Pore Size Heterogeneity.  Three miscible N₂ pressures were 

investigated (i.e., 1750, 2000, 2250 psi) at 32ºC with a 2-h mixing time. The mixing time 

effect will be presented in the following sections. A heterogeneous condition of the filter 

membranes was examined, starting with a 450-nm filter in the upper mesh screen, 100-nm 

filter in the middle, and 50-nm filter in the lower mesh screen, as shown in Figure 10. 

Increasing the pressure resulted in an increase in the asphaltene weight percent because the 

asphaltene resins connect all the solid components in crude oil that break down; thus, 

asphaltene levels will increase.  
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Figure 10. Illustration of the heterogeneous paper membrane distribution inside the 

vessel. 

 

Figure 11 presents the asphaltene weight percent using a heterogeneous paper 

membrane distribution during various N₂ injection pressures. When using 1750 psi gas 

injection, the asphaltene weight percent increased significantly, from 11.67% to 17.33% in 

the 450-nm and 50-nm filters, respectively. This indicated that the asphaltene particles and 

clusters were affected by the injected pressure, which resulted in asphaltene deposition 

depending on the asphaltene particle size. This led to plugged pores in the filter 

membranes, especially in the 50-nm filter. The ability of asphaltene particles to pass 

through the filter membranes was affected by the size of their pores. As a result of 

Brownian motion, the asphaltene aggregates continued to interact with one another, 

forming larger particles. Because of the large radial diffusivity of the particles, smaller 

aggregates have a higher tendency to deposit (Hassanpouryouzband et al., 2017). These 

observations strongly indicated that the asphaltene had altered the ability of the oil to pass 

through, which can occur in real reservoirs, causing severe problems. The produced oil had 

a lower asphaltene weight percent due to the asphaltene clusters having plugged the pores 

in all the filter membranes. Also significant is that when the filtration vessel was opened 

to collect the crude oil, the volume of the oil had increased, and bubbles could be seen in 
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the oil. This can be explained by the pressure increase, which made the N₂ more soluble in 

the oil; thus, the oil swelled. This phenomenon resulted in a slight decrease in the N₂ 

pressure inside the vessel. The N₂ started to be liberated from the oil after the pressure was 

relieved. Finally, the oil returned to its original volume. Figure 12 shows the bubbles that 

formed in the oil when it was collected from the filtration vessel.  

 
Figure 11. Asphaltene weight percent using a heterogeneous distribution at 1750, 2000, 

and 2250 psi N₂ injection.  

 

 
Figure 12. N₂ dissolved in the crude oil being liberated at an injection pressure                

of 1750 psi.  
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The visualization of the asphaltene deposition process over time was implemented 

by analyzing the collected oil after concluding each experiment. The oil collected from 

450-, 100-, and 50-nm filter membranes was analyzed under 1750, 2000, and 2250 psi N₂ 

injection pressures. Test tubes were used to mix the oil samples with the solvent n-heptane 

at a ratio of 1:40. Four times were selected (i.e., 0, 1, 4, and 12 h) to investigate and 

visualize the asphaltene deposition process. The photos illustrate that at 0 h, all the test 

tubes held oil that was fully dissolved in n-heptane, and no asphaltene was observed during 

all the selected injection pressures using any of the filter membranes. After 1 h, it was 

observed that asphaltenes started to form because the bonds between the asphaltene and 

resins were weakened by pressure. Interestingly, the image of the 50-nm filter showed a 

slightly higher amount of suspended asphaltenes during the 1750 psi gas injection because 

the smaller pore size trapped more particles of asphaltene, as shown in Figure 13. This 

observation also occurred during the 2000 psi gas injection, but not at 2250 psi. 

 

  
Figure 13. Visualization of the asphaltene precipitation and deposition process at 1750 

psi using a heterogeneous distribution at 32ºC.  
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During the highest pressure (2250 psi), the asphaltene precipitated slightly faster 

than at the lower pressures, as shown in Figure 14. Moreover, the asphaltene deposition 

and precipitation started after 1 h, which can be observed at the bottommost section of the 

test tubes, as they became dark in color due to the high asphaltene concentration. After 4 

h, more asphaltene settled, and less asphaltene suspension was found in the supernatant. 

This observation was more obvious at the highest-pressure condition of 2250 psi. As time 

progressed, more asphaltene deposition was observed in all captured photos of all test 

tubes. After 12 h of precipitation, the supernatant became lighter in color, but a darker color 

was still found in the bottom of all test tubes, representing asphaltenes. These results 

demonstrated that pressure has a significant effect on asphaltene instability. It is therefore 

important to analyze the pressure effect on the asphaltene stability to anticipate and avoid 

any related issues.  

 

 
Figure 14. Visualization of the asphaltene precipitation and deposition process at 2250 

psi using a heterogeneous distribution at 32ºC.  
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4.2.3. Effect of Mixing Time.  The mixing time is the total time the oil was exposed 

to the desired N₂ pressure inside the reservoir cylinder and left at 32ºC to allow the N₂ to 

mix well with the crude oil. Three different experiments with times of 10, 60, and 120 min 

were selected to investigate the effect of the mixing time on the asphaltene precipitation 

and deposition during 1750 psi N₂ injection at a temperature of 32ºC. Figure 15 shows the 

asphaltene weight percent in all filter membranes during various mixing times. The results 

highlight that increasing the mixing time resulted in an increase in the asphaltene weight 

percent. For a 450-nm filter, the asphaltene weight percent increase ranged from 8.95% to 

11.67% for 10 and 120 min, respectively. Decreasing the filter membrane size led to an 

increase in the asphaltene weight percent because of pore plugging from asphaltene 

clusters. A 10-min mixing time had a lower effect on the asphaltene clusters due to the 

limited time for the gas to weaken the bonds between the asphaltene and resins. Given 

these observations, the mixing time has an effect on the instability of asphaltene 

aggregation. These data highlight that the mixing time has a crucial effect on the asphaltene 

deposition within 120 min, although this deposition may increase slightly over longer 

times, especially in smaller pores.  

 
Figure 15. Asphaltene weight percent at mixing times of 10-, 60-, and 120-min using 

450-, 100-, and 50-nm filter membranes.  
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The remaining oil was collected from all of the filtration experiments and all mixing 

times. Every experiment was conducted at 1750 psi and 32ºC. Figure 16 shows the effect 

of a 1750 psi N₂ injection on the remaining oil, using mixing times of 120, 60, and 10 min. 

Increasing the mixing time also increased the asphaltene precipitation process time. For 10 

min of mixing time, the asphaltene deposition process was slower than for 60 and 120 min. 

This could result from the short time (10 min), during which the N₂ could impact the 

asphaltene instability; thus, there were fewer suspended asphaltene particles in the test 

tube, especially after 1 h. After 4 h, the bottommost section of the test tubes for the 120-

min mixing time became darker than during the 10-min mixing time. This indicates that 

the asphaltene particles significantly aggregated during longer mixing times.  

 

 
Figure 16. Visualization of the asphaltene precipitation and deposition process at 

different mixing times. 
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For all mixing times, after 12 h from the beginning of the experiment, most of the 

asphaltene particles had settled, although there were some suspended particles in the 

supernatant of the 60- and 120-min mixing times. The prolonged interaction of the N₂ with 

the oil resulted in more asphaltene instability; thus, severe problems could occur in actual 

unconventional reservoirs.  

4.2.4. Effect of Temperature on Asphaltene Deposition.  Since the MMP of N₂ 

decreases as the temperature increases, the investigation of higher temperatures is 

achievable because miscibility will always occur with higher pressures when the 

temperature is high. Experiments were conducted at two temperatures (i.e., 70ºC and 90ºC) 

to investigate the effect of a higher temperature on the asphaltene stability and to compare 

that with the experiment discussed earlier at 32ºC. The 32ºC represents room temperature, 

and 70ºC represents the average temperature of shale basins. To ensure the stability of the 

required temperature, a specially designed vessel was placed inside the oven in both 

experiments. Both experiments used a pressure of 1750 psi for N₂ injection, a 

heterogeneous filter membrane distribution, and a 2-h mixing time. Increasing the 

temperature increased the asphaltene weight percent, as shown in Figure 17.  

The results demonstrated that the highest asphaltene weight percent occurred on the 

50-nm filter membranes due to their smaller-sized pores. The asphaltene weight percent 

decreased in the 50-nm filter from 14.28% to 11.59% for 70ºC and 90ºC, respectively, 

compared to 17.33% for 32ºC. In stable oils, the suspension colloidal particles of 

asphaltene were covered by resins that bind strongly with asphaltene. This connection 

between asphaltene and resins becomes stronger at higher temperatures, which keeps the 

asphaltene dissolved in oil (Hoepfner et al., 2013). At higher temperatures, a smaller 
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amount of asphaltene colloidal will be produced, but it will tend not to form strong 

associations because the colloids are dispersed effectively by resins (Branco et al., 2001). 

The precipitated asphaltenes that form from the colloidal suspension particles at higher 

temperatures tend to dissolve in the oil; thus, more asphaltenes will be produced in a soluble 

condition but fewer in colloidal conditions (Chandio et al., 2015).  

The resins have a tendency to self-associate, and that tendency is much stronger at 

lower temperatures. Therefore, the bond between the asphaltenes and resins becomes 

weaker (Pereira et al., 2007). Consequently, a higher amount of asphaltene precipitation 

can form because the molecules of asphaltene become stronger in terms of polarity, 

resulting in more aggregation at lower temperatures.  

Note that the membrane pore size had the same effect at both temperatures: as the 

filter paper membrane pore size decreased, the asphaltene weight percent increased. This 

is due to the asphaltene particle size plugging the pores much more in the 50-nm filter 

membrane, such that more asphaltene was observed.  

In all experiments, the asphaltene weight percent in the produced oil was the lowest 

as the asphaltene particles precipitated and plugged the nano-paper membranes gradually, 

which then reduced the amount of asphaltene in the oil outlet. 
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Figure 17. Asphaltene weight percent using a heterogeneous distribution during a N₂ 

injection at 1750 psi at different temperatures.  

 

5. FURTHER ANALYSIS AND DISCUSSION  

5.1. CHROMATOGRAPHY ANALYSIS  

The produced oil was collected from the gas injection filtration experiments. Then, 

gas chromatography-mass spectrometry (GC6890-MS5973) was used to identify the main 

chemical components and their presence, including asphaltenes. First, the original oil with 

19 cp viscosity that was used in all experiments was analyzed and its components were 

compared to the oil analysis after the experiments. Two pressures (i.e., 1750 and 2250 psi) 

were selected to investigate the chemical changes in the oil after the experiments, 

especially the heavy components of asphaltene. Figure 18 shows the distribution of oil 

components before and after N₂ gas injection filtration experiments at 1750 and 2250 psi. 

The results revealed that the asphaltene components decreased from 5.17% to 3.14% using 

1750 psi N₂ gas injection. This indicates that the filer paper membranes inside the filtration 

vessel reduced the ability of the asphaltene clusters to pass through, thus the pores were 
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plugged. This resulted in a decrease in the heavy components in the produced oil. 

Increasing the pressure to 2250 psi resulted in more asphaltene components, with the 

analysis showing an increase from 3.14% to 3.91% when using 1750 and 2250 psi, 

respectively. This was because higher pressure will force more asphaltene clusters to pass 

through, thereby causing there to be a higher percentage of asphaltene in the produced oil. 

Table 3 presents the chromatography analysis of the original oil and the produced oil during 

1750 and 2250 psi.  

Table 3. Gas chromatography analysis before and after N₂ gas injection filtration 

experiments at 1750 and 2250 psi 

Component Group 

Weight percentage (%) 

Before Experiment 

[Original oil] 

After Experiment  

[1750 psi] 

After Experiment  

[2250 psi] 

C1 -C7 0.00 0.00 0.00 

C8 -C14 65.14 37.58 59.44 

C15-C19 6.06 11.08 11.76 

C20-C24 9.16 21.83 7.68 

C25-C29 14.48 26.37 17.21 

C30+ (Including asphaltene) 5.17 3.14 3.91 

Total 100.00 100.00 100.00 

 

 
Figure 18. Distribution of oil components before and after N₂ gas injection filtration 

experiments at 1750 and 2250 psi. 
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5.2. MICROSCOPY IMAGING ANALYSIS 

Asphaltene particles are induced by gas injection, and large asphaltene clusters can 

be formed, leading to asphaltene holdup in a reservoir. Asphaltene can plug the pores and 

cause severe problems, including a reduction in oil relative permeability, altering the 

wettability of the rock, and an overall reduction in oil production. The 450- and 50-nm 

filter paper membranes with a 2000 psi gas injection were cleaned by the solvent n-heptane 

to highlight the pore plugging in the filter paper. Figure 19 shows the filter membrane 

before conducting the experiments, after conducting the filtration experiments, and after 

cleaning the crude oil from the filter membranes. The photo shows the asphaltene deposited 

in the filter membrane pores and the plugged path for the crude oil to move, especially in 

the 50-nm filter membrane, which had the smallest pore size.  

A HIROX digital microscope was used to identify the plugged pores in the filter 

membranes. Showing the filter membranes’ microstructure can highlight the severity of 

the asphaltene aggregation on different pore size structures. Figure 20 shows the 

microscopic images (20 µm) of the filter membranes’ pore structure of the 450-, 100-, and 

50-nm filters using a miscible N₂ injection pressure of 1750, 2000, and 2250 psi at 32ºC. 

The images were captured after cleaning and also after exposure to the filter membranes in 

an n-heptane solvent for 24 h. Noticeable differences occurred in the aggregation of the 

precipitated asphaltene molecules in the filter membrane images. Higher pressure 

combined with filter membranes having smaller pore sizes resulted in more asphaltene 

deposition and pore plugging, as indicated by the darker color in the images. The 50-nm 

filter paper membrane exhibited darker colors compared to the 450- and 100-nm filters due 

to the small size of the pores, which led to greater asphaltene deposition.  
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Figure 19. Illustration of the filter membrane (450- and 50-nm) at 2000 psi before and 

after the experiment, and after cleaning. 

 

 

 
Figure 20. Digital microscopic images (20 µm) of 450-, 100-, and 50-nm filter 

membranes using various miscible N₂ injection pressures. 
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5.3. SEM ANALYSIS  

Scanning electron microscopy (SEM) provides advanced imaging analysis that can 

determine the pore structure, particularly in unconventional shale formations, which are 

known for their small pore sizes. SEM was utilized to highlight the impact of pressure and 

asphaltene particles on pore plugging. To illustrate this, a collection of SEM images was 

taken for all heterogenous filter membranes (450, 100, and 50 nm) during 1750 and 2250 

psi N₂ injection. Figure 21 shows SEM images (5 µm) of the filter membrane’s pore 

structure for 450-, 100-, and 50-nm filters using N₂ injection pressures of 1750 and 2250 

psi at 32ºC. For 450-nm filter paper, the images show asphaltenes accumulated inside the 

structure, which is colored black, during 1750 and 2250 psi injection pressure. The filter 

paper pore plugging was the most severe in the 50-nm filter membrane using 2250 psi. 

Because of 450-nm filter has larger pore size, the imaging clearly captured the structure of 

the 450-nm filter membranes, but not those of the smaller filters. As the pore size of the 

filter membrane decreased, dark colors were observed for the 100-nm filter membrane. 

Most of the area of 100-nm filter papers was affected by asphaltene depositions, with the 

darker color observed at 1750 psi injection pressure. This confirms that the asphaltenes had 

a greater impact on the smaller pore structure compared to the 450-nm filter. For the 50-

nm filter membranes, most of the photo areas were impacted by asphaltenes due to the 

smaller pores.  
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Figure 21. Scanning electron microscope (SEM) images (5 µm) of 450-, 100-, and 50-nm 

filter membranes at 1750 and 2250 psi injection pressures.  

5.4. PORE SIZE REDUCTION DUE TO ASPHALTENE DEPOSITION 

To identify the effect of asphaltene on the pore plugging of the filter paper 

membranes, the SEM images were processed using computer software to analyze the pore 

size of each filter membrane. Figure 22 compares the pore size distribution in a 450-nm 

filter membrane after N₂ injections of 1750 and 2250 psi. The estimated pore size 

distribution in a 450-nm filter paper ranged from 40 nm to 250 nm using 1750 psi, and 50 

nm to 180 nm using 2250 psi. The results showed that the higher pressure (2250 psi) had a 

greater impact on pore plugging compared to the lower pressure (1750 psi). This occurred 

because the higher pressure had a greater effect on the asphaltene particles and resulted in 

more asphaltene precipitation and deposition, thus reducing the pore sizes. The oil path in 
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the filter membranes became smaller due to asphaltene deposition and resulted in 

reductions in the pore sizes in the filter membrane. The same observations were also found 

in the 100-nm and 50-nm filter membranes. For the 100-nm filter membrane, the pore size 

distribution ranged between 10 nm and 40 nm for the lower pressure (1750 psi) and 15 nm 

to 35 nm for the higher pressure (2250 psi), as shown in Figure 23. Smaller pore size 

distributions were observed in the 50-nm filter membrane due to the smaller size of the 

pores. The results of the pore size distribution in the 50-nm filter membrane are shown in 

Figure 24. The asphaltene particles accumulated at higher percentages in the smaller pores 

of the filter membranes and then plugged most of the pores. Smaller pore size leads to more 

asphaltene concentration which lead to more pore plugging. Su et al (2021) developed an 

integrated simulation approach to predict permeability reduction under asphaltene particle 

aggregation and deposition. They concluded that longer aggregation time, higher flow 

velocity, and bigger precipitation concentrations will lead to a faster reduction in 

permeability.  These results revealed that asphaltenes in crude oil can be induced by N₂ 

injection and can cause severe pore plugging, especially in reservoirs that have the small 

pores that are present in unconventional reservoirs.  

 

 
Figure 22. Comparison of the estimated pore size distribution in a 450-nm filter 

membrane after N₂ injections of 1750 and 2250 psi. 
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Figure 23. Comparison of the estimated pore size distribution in a 100-nm filter 

membrane after N₂ injections. of 1750 and 2250 psi.  

 

 

 

Figure 24. Comparison of the estimated pore size distribution in a 50-nm filter membrane 

after N₂ injections of 1750 and 2250 psi. 

5.5. MISCIBLE VS. IMMISCIBLE DISCUSSION 

Asphaltene deposition and precipitation during N₂ gas injection is a major problem 

in EOR projects. Investigating of asphaltene instability in crude oil during miscible and 

immiscible N₂ gas injection is very important to avoid any future problems such as pore 

plugging and permeability reduction. In this research, the miscible N₂ gas injection 

impacted the stability of the asphaltene clusters in the crude oil. To provide a whole picture 
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of the impact of miscible and immiscible N₂ gas injection on asphaltene clusters, the 

essential results of immiscible N₂ condition from the previous work will be discussed 

(Elturki and Imqam, 2021b). Figure 25 shows a comparison of asphaltene wight percent in 

immiscible (i.e., 1000, 1250, and 1500 psi) and miscible (1750, 2000, and 2250 psi) N₂ 

injection in 450, 100, and 50-nm filter paper membranes. Table 4 presents the estimated 

asphaltene weight percentages from different collected areas during immiscible and 

miscible conditions. The results demonstrated that the asphaltene clusters in the crude oil 

were induced due to N₂ gas injection in all experiments. When the pressure is lower than 

the N₂ MMP, a lower average of asphaltene wight percent was observed comparted to 

miscible conditions. Once the pressure exceeds the MMP, the asphaltene weight percent 

increased significantly in all filter membranes, especially in smaller pore size structure (i.e., 

50-nm). More oil produced during higher pressures and thus a higher asphaltene weight 

percent was determined. Smaller pore size structure led to higher asphaltene percentages. 

These observations confirm that during miscible gas injection of N₂, higher oil recovery is 

expected with more asphaltene issues during production processes. The N₂ evaporation 

during pressures less than MMP improves the crude oil capability to overcome the 

asphaltene clusters' breaks down. During miscible conditions, the connection between 

asphaltenes and resins in the crude oil becomes much weaker and leads to higher rate of 

asphaltene deposition and fluctuations. As a result, asphaltene aggregation and fluctuation 

during immiscible N₂ injection would not be challenging in EOR process as miscible N₂ 

injection.  
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Table 4. Estimated asphaltene weight percentages from different collected areas during 

immiscible and miscible conditions. 

Collected Oil Area 

Immiscible pressure (psi) Miscible pressure (psi) 

1000 1250 1500 1750 2000 2250 

Asphaltene weight (%) Asphaltene weight (%) 

Remaining Oil 2.30 % 3.04 % 3.96 % 10.00 % 10.42 % 13.33 % 

450-nm Filter 2.52 % 3.61 % 3.81 % 11.67 % 13.56 % 16.18 % 

100-nm Filter 5.36 % 6.30 % 8.40 % 17.91 % 19.18 % 20.59 % 

50-nm Filter 8.14 % 9.83 % 11.11 % 17.33 % 21.43 % 20.90 % 

Produced Oil 5.46 % 7.39 % 5.95 % 8.20 % 8.82 % 11.36 % 

 

 

 
Figure 25. Comparison of asphaltene weight percentages during miscible and immiscible 

N₂ injection  

 

6. CONCLUSIONS 

This research implemented three sets of experiments to investigate asphaltene 

stability under miscible N₂ injection pressure. First, the MMP of N₂ was determined using 

a slim tube. Then, filtration and visualization asphaltene experiments were conducted. The 

following factors were investigated: injection pressure, temperature, mixing time, filter 
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membrane heterogeneity, and different pore sizes. Based on the results, we suggest the 

following conclusions:  

• The asphaltene weight percent increased as the N₂ injection pressure increased in 

all the filtration experiments because the higher pressure weakened the bonds 

between the resins and asphaltenes, which led to asphaltene deposition.  

• At higher temperatures, the precipitated asphaltenes that formed from the colloidal 

suspension particles tended to dissolve in the oil; thus, more asphaltenes will form 

in a soluble condition but fewer will form under colloidal conditions. 

• When using a heterogeneous distribution of filter sizes (i.e., 450, 100, and 50 nm) 

and as the pore size decreased, the asphaltene weight percent increased because the 

asphaltene clusters were unable to pass easily through the smaller pores of the filter 

membranes.  

• Using a uniform pore size distribution inside the vessel (100 nm) resulted in almost 

the same asphaltene weight percent as the heterogeneous distribution because of 

the size of the asphaltene particles that passed through all of the same pore size 

filter membranes. Additionally, increasing the mixing time produced a higher 

asphaltene weight percent.  

• The chromatography results demonstrated that the weight percent of the heavy 

components, including asphaltene, was higher when using 1750 psi than 2250 psi.  

• The microscopy imaging illustrated the severity of the asphaltene deposition on 

pore plugging. The results showed an increase in pore plugging when the pressure 

increased coupled with a decrease in the pore size.  
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• SEM showed how the asphaltene particles affected the pore plugging: at a higher 

pressure and with a smaller pore size, the asphaltene particles caused more severe 

pore plugging.  

• Pore size distribution analysis showed that the pore size decreased significantly in 

all the filter paper membranes due to asphaltene plugging.  
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IV. ASPHALTENE PRECIPITATION AND DEPOSITION UNDER MISCIBLE 

AND IMMISCIBLE CARBON DIOXIDE GAS INJECTION IN NANO SHALE 

PORE STRUCTURE  

Mukhtar Elturki and Abdulmohsin Imqam 

Missouri University of Science and Technology 

ABSTRACT  

Asphaltene precipitation and deposition is considered one of the prevailing issues 

during carbon dioxide (CO₂) gas injection in gas enhanced oil recovery techniques, which 

leads to pore plugging, oil recovery reduction, and damage surface and subsurface 

equipment. This research provides a comprehensive investigation of the effect of 

immiscible and miscible CO₂ gas injection in nanopore shale structures on asphaltene 

instability in crude oil. A slim tube was used to determine the minimum miscibility pressure 

(MMP) of the CO₂. This step is important to ensure that the immiscible and miscible 

conditions will be achieved during the filtration experiments. For the filtration experiments, 

nanocomposite filter paper membranes were used to mimic the unconventional shale pore 

structure, and a specially designed filtration apparatus was used to accommodate the filter 

paper membranes. The uniform distribution (i.e., same pore size filters) was used to 

illustrate the influence of the ideal shale reservoir structure and to provide an idea on how 

asphaltene will deposit when utilizing the heterogeneous distribution (i.e., various pore size 

filters) that depicts the real shale structure. The factors investigated include immiscible and 

miscible CO₂ injection pressures, temperature, CO₂ soaking time, and pore size structure 

heterogeneity. Visualization tests were undertaken after the filtration experiments to 
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provide a clear picture of the asphaltene precipitation and deposition process over time. 

The results showed an increase in asphaltene weight percent in all experiments of the 

filtration tests. The severity of asphaltene aggregations were observed at a higher rate under 

miscible CO₂ injection. It was observed that the miscible conditions have a higher impact 

on asphaltene instability compared to immiscible conditions. The results revealed that the 

asphaltene deposition was almost equal across all the paper membranes for each pressure 

used when using a uniform distribution. Higher asphaltene weight percentages were 

determined on smaller pore structures of the membranes when using heterogeneous 

distribution. Soaking time results revealed that increasing the soaking time resulted in an 

increase in asphaltene wight precent especially for 60- and 120-min. Visualization tests 

showed that after 1 h, the asphaltene clusters started to precipitate and can be seen in the 

uppermost section of the test tubes and were fully deposited after 12 h with less clusters 

found in the supernatant. Also, smaller pore size of filter membranes showed higher 

asphaltene weight percent after the visualization test. Chromatography analysis provided 

further evaluation on how asphaltene was reduced though the filtration experiments. 

Microscopy and scanning electron microscopy (SEM) imaging of the filter paper 

membranes showed the severity of pore plugging in the structure of the membranes.  

This research highlights the impact of CO₂ injection on asphaltene instability in 

crude oil in nanopore structures under immiscible and miscible conditions. The findings in 

this research can be used for further research of asphaltene deposition under gas injection 

and scale the results up for better understanding the main factors that may influence 

asphaltene aggregation in real shale unconventional reservoirs.    
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1. INTRODUCTION 

Gas injection has become a promising technique to enhance the oil recovery from 

unconventional resources, and the results revealed a positive impact on increasing the oil 

recovery (Elwegaa et al. 2019; Altawati et al. 2016; Zheng et al. 2021; Elturki et al. 2021). 

Even though hydraulic fracturing in horizontal wells was utilized to extract the remaining 

oil from unconventional reservoirs, only a very small percentage can be recovered and the 

production declines after few months due to the ultra-small permeability (Sheng 2015; 

Zoback and Kohli 2019; Liu et al. 2021). During multiphase flow production, many 

problems with multiphase fluids (i.e., gas, oil, condensate, and water) with scale are 

possible, which could lead to wax and asphaltene deposition, formation hydrates, 

emulsions, and slugging (Shi et al. 2021). Deposition of organic hydrocarbon solids in oil 

and gas reservoirs could cause many flow assurance problems during the oil and gas 

production process. These materials could increase the flow resistance and production 

disrupt or even plug the pipelines (Hassanpouryouzband et al. 2020; Ali et al. 2021). One 

of the major problems during gas injection in unconventional resources is asphaltene 

instability in crude oil. Normally, three main components in crude oil can be found in 

different percentages which are liquids, dissolved gases, and solids; however, the most 

common solid in crude oil is asphaltene (Elturki and Imqam 2020a). SARA (saturates, 

aromatics, resins, and asphaltene) analysis is used to characterize the crude oil elements. 

Asphaltene can be defined as “the heaviest component of petroleum fluids that is insoluble 

in light n-alkanes such as n-pentane or n-heptane, but soluble in aromatics such as toluene” 

(Goual 2012). Heavier n-alkanes precipitate less asphaltene than lighter n-alkanes 
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(Behbahani et al. 2011). Asphaltene can be found in colloidal suspensions stabilized by the 

presence of resins or in solution under reservoir pressure and temperature conditions 

(Punase et al. 2016; Ali et al. 2021). Changes in reservoir conditions, such as pressure or 

temperature, lead to asphaltene instability and thus asphaltene deposition and precipitation 

on solid surface during oil production process (Kar et al. 2020; Mohammed et al. 2021). 

This phenomenon would cause porosity and permeability reduction, wettability alteration 

in the reservoir, and subsurface and surface equipment blockages (Madhi et al. 2018; 

Alimohammadi et al. 2019) and is costly to treat (Melendez-Alvarez et al. 2016; Abutaqiya 

et al. 2019). CO₂ and N₂ may produce asphaltene flocculation in the reservoir to varying 

degrees. CO₂ has a high solubility in crude oil and may quickly reach supercritical levels 

in reservoirs (Wang et al. 2018). Thus, the mass transfer ability of supercritical CO₂ is 

strong. In the CO₂ injection process, the CO₂-crude oil system could easily reach a miscible 

or near-miscible state that enhances and extracts the light hydrocarbon components from 

crude oil into the gas phase. N₂ has weaker solubility in crude oil than CO₂ in the same 

thermodynamic conditions. Consequently, N₂ has a weak mass transfer capacity which 

could lead to the poor extraction of light hydrocarbons and probably less asphaltene 

flocculation compared to CO₂ (Chung 1992; Wang et al. 2018). Under gas injection, 

asphaltene aggregations can form clusters that may cause critical issues during oil 

production and thus impact the oil recovery negatively. Understanding the main factors 

that may affect the asphaltene instability in crude oil during gas injection is extremely 

important in order to determine how gas injection flow assurance problems can be avoided 

in future unconventional EOR applications.  
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CO₂ gas injection has been widely used to increase oil recovery from both 

conventional and unconventional resources (Luo et al. 2017; Elturki and Imqam 2020b; 

Milad et al. 2021). Asphaltene instability during CO₂ and N₂ injection have been studied 

by many researchers using experimental studies (Jamaluddin et al. 2002; Negahban et al. 

2005; Alizadeh et al. 2011; Moradi et al. 2012; Jafari et al. 2012;  Soroush et al. 2014; Shen 

and Sheng 2018; Zanganeh et al. ; 2012; 2018; Guzmán et al. 2020; Elturki and Imqam 

2021a; 2021b; 2022a; 2022b; Afra et al. 2020; Nascimento et al. 2021; Espinoza et al. 

2022), and numerical/modeling techniques (Tavakkoli et al. 2014; Alimohammadi et al. 

2017; Hajizadeh et al. 2020; Syed et al. 2020; Su et al. 2021; Carvalhal et al. 2020). 

Negahban et al. (2005) evaluated the asphaltene instability in the reservoir fluids during 

CO₂ and hydrocarbon gas injection. Results showed an increase in asphaltene precipitation 

when more hydrocarbon gas was injected. Asphaltene instability was observed during CO₂ 

injection when increasing the temperature. Using a cubic-plus-association equation of state 

(CPA-EOS), Li and Firoozabadi (2010) investigated the effects of pressure, temperature, 

and composition on asphaltene precipitation in several live oils. They mainly studied the 

effect of pressure decrease and mixing with CO₂ at high temperature and pressure. The 

tests on the quantity and onset pressures of asphaltene precipitation in different living oils 

over a wide variety of composition, temperature, and pressure conditions were reproduced. 

They successfully reproduced the asphaltene precipitation envelop as the temperature is 

less than 400 K, the temperature shift has a significant effect on the upper onset pressure, 

according to their findings. The upper onset pressure decreases by 1300 bar as the 

temperature rises from 300 to 400 K. Once the temperature exceeds 400 K, the 

temperature's influence on the upper onset pressure becomes low. In comparison to the 



 

 

136 

upper onset pressure, the bubble point pressure and lower onset pressure are very poorly 

temperature dependent. Espinoza et al. (2022) investigated the phase behavior of 

asphaltenes instability experimentally. They revealed that when CO₂ concentration 

increased, the lower asphaltene onset pressure (LAOP) increased in all situations. They 

also suggested that higher temperatures are advantageous conditions for minimizing 

asphaltene deposition for the CO₂ injection fraction of 25 to 35 % and temperature and CO₂ 

fraction are the main controlling factors. In the other hand, the main factor controlling the 

asphaltene deposition is the CO₂ injection proportion when the fraction ranged from 35 to 

45%. To investigate the influence of temperature on asphaltene precipitation and 

aggregation in light-live oils, Mohammadi et al. (2016) conducted several high pressure-

high temperature depressurization tests. They revealed that depressurization at higher 

temperatures resulted in higher asphaltene onset pressures or early asphaltene formation. 

Alves et al. (2019) investigated the influence of temperature on different Brazilian crude 

oils and observed that as temperature increased, asphaltene precipitation decreased but 

asphaltene onset increased. Moradi et al. (2012) conduced laboratory experiments to 

evaluate the asphaltene particle precipitation and aggregation under natural depletion and 

nitrogen (N₂) injection using high pressure filtration. The results highlighted that an 

extreme asphaltene destabilization was observed under N₂ injection. Also, the asphaltene 

fluctuation masses grew and became more organized when the aggregation of cluster 

increased. Jafari et al. (2012) proposed and conducted a set of experiments using bottom 

hole live oil sample during CO₂ flooding to study the effect of CO₂ injection on oil recovery 

and permeability reduction. The cyclohexane and toluene reverse flooding was conducted, 

and the asphaltene deposition amount was measured by spectrophotometer. Their findings 
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demonstrate that increasing the CO₂ injection pressure led to a significant increase in 

pressure drop which resulted in more asphaltene deposition and permeability reduction. 

Soroush et al. 2014 investigated experimentally, using a core flooding method, the effect 

of miscible and immiscible CO₂ injection on asphaltene deposition in porous media. Their 

observations highlighted that the asphaltene content in the produced oil decreased when 

increasing the pressure. The results showed that the damage during immiscible injection 

was due to gas trapping in the pores while during the miscible conditions the asphaltene 

was responsible for the damage along the cores. Elturki and Imqam (2021a) conducted 

experiments using the filtration technique to highlight the effect of immiscible N₂ injection 

on asphaltene instability. They used various filter membrane papers (i.e., 450, 100, and 50 

nm) to mimic the structure of unconventional reservoir structure. First, the slim tube 

technique was used to determine the N₂ MMP. Based on their results, increasing the 

pressure led to an increase in asphaltene weight percent, and decreasing the filter 

membrane pore size increased the asphaltene weight percent significantly. Pore size 

distribution of the filter paper membrane after the filtration experiments showed a decrease 

in the pore size due to asphaltene particles. Guzmán et al. (2020) evaluated the asphaltene 

stability of various Mexican crude oils (API 10 to 52) using spot test, S-value, and static 

stability test column. Their results showed no uniform results of the stability using different 

methodologies. Four crude oil samples were used by Afra et al. (2020) to study the effect 

of CO₂ injection on the structure and stability of asphaltene. Their results showed that, 

using infrared spectroscopy and acid/base identification, asphaltene stability was disturbed 

when the amine group of one of the tested asphaltene samples formed an amide functional 

group by reacting with CO₂. Their study suggested that asphaltene in oil matrix can be 
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destabilized through both chemical reactions and physical interactions. Khalaf and 

Mansoori (2019) performed a simulation study to evaluate different asphaltenes in different 

concentrations under N₂ and air injection. The concentration of the injected gas affected 

the asphaltene aggregation process significantly. The results showed that the asphaltene 

architecture played an essential role in the process of asphaltene aggregation and 

significant differences between using N₂ and air on asphaltene aggregations during EOR. 

Carvalhal et al. (2021) modelled asphaltene precipitation and deposition by evaluating 

different factors and the results showed that the thermodynamic sources had more effect 

on the performance of the model compared to kinetics parameters which include asphaltene 

molar content, binary interaction parameters, reference pressure, asphaltene molar volume, 

surface deposition rate coefficient and flocculation parameters. 

Although several researchers have studied the effect of CO₂ injection on asphaltene 

deposition and precipitation using multiple methods, few have evaluated both miscible and 

immiscible CO₂ gas injection and its effect on asphaltene stability in nano pore structures, 

mainly presents in unconventional reservoirs. This research aims to extend the previous 

work conducted by Elturki and Imqam (2021a; 2022a) which investigated the impact of 

immiscible and miscible N₂ injection on asphaltene deposition and precipitation. This 

research investigated the effect of immiscible and miscible CO₂ gas injection on asphaltene 

instability in crude oil using nano composite filter membranes. This research then 

quantifies the asphaltene content in all filter membranes under various factors and provides 

a holistic view on the impact of various factors. The studied factors include injection 

pressure, temperature, pore size heterogeneity, and soaking time. The process of asphaltene 

precipitation and deposition process was presented by visualization tests. Understating the 
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behavior of asphaltene deposition under CO₂ gas injection is extremely important in 

unconventional EOR process to avoid any asphaltene problems in both surface and 

subsurface equipment during production operation. 

 

2. EXPERIMENTAL SCOPE DESCRIPTION  

The experiments were designed to be conducted in both miscible and immiscible 

CO₂ gas injection. Figure 1 shows the experiment flow chart design in this research which 

includes three main tests: (1) MMP determination, (2) filtration, and (3) asphaltene 

visualization. Further investigations were conducted such as chromatography analysis, 

microscopy imaging, and SEM analysis to highlight the effect of CO₂ gas injection on 

asphaltene instability in the crude oil, and to show the effect of asphaltene particles on pore 

plugging.  

 

 

 
 

Figure 1. Experimental design flowchart. 
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2.1. EXPERIMENTAL MATERIALS 

The materials used in this research include crude oil with a viscosity of 19 cp, 

density of 0.864 gm/cc, and ºAPI of 32. A rheometer was used to measure the viscosity of 

the crude oil. Gas chromatography-mass spectrometry determined the composition of the 

crude oil, as shown in Table 1.  Filter paper membranes (i.e., 50, 100, and 450 nm) were 

used to mimic the unconventional reservoir pore structure and to investigate the effect of 

various pore sizes. The selection of filter membrane pore sizes was based on the pore size 

distribution of shale reservoirs, specifically Eagle Ford (Shen et al., 2017). The membranes 

were cut to the desired shape based on the 45-mm diameter of the filtration vessel. A High-

pressure high-temperature (HPHT) stainless steel vessel was used to accommodate the 

filter paper membranes. The filtration vessel had a length of 15.24 centimeters with inside 

and outside diameters of 5 and 7.62 centimeters, respectively. To supply the CO₂ gas 

injection, a high-pressure CO₂ cylinder was used with a purity of 99.99% and connected to 

the vessel. A pressure regulator was installed on the cylinder to control the injected 

pressure. To investigate various temperatures, an oven was used to adjust the temperature 

during the gas injection. The oven manufactured by Despatch (Model: LBB2-27-2, 

Chamber dimensions: 94(width) x 94(depth) x 89(height) centimeters). For the MMP 

determination, a slim tube made of stainless steel and packed with sand was used. The slim 

tube had a weight of 2,211 grams with a length of 13.1 meter (inside and outside diameters 

were 0.21 and 0.41 centimeters, respectively). The solvent of n-heptane was selected to be 

mixed with the crude oil samples after the filtration experiments in the test tubes to quantify 

the asphaltene weight percent which asphaltenes are insoluble in n-heptane. 
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Table 1. Grouped carbon number distributions of the original oil. 

Component Weight percentage (%) 

C8 64.55 

C9 0.28 

C14 0.31 

C15 0.35 

C16 0.43 

C17 3.92 

C18 0.20 

C19 1.17 

C20 3.60 

C21 0.93 

C22 2.66 

C24 1.97 

C27 5.94 

C28 7.22 

C29 1.32 

C30 1.07 

C31 0.53 

C32 0.76 

C33 0.57 

C34 0.59 

C35 0.64 

C37 0.31 

C38 0.38 

C40 0.32 

Total  100 

 

2.2. SLIM TUBE EXPERIMENTS 

The slim tube technique was selected to determine the MMP of CO₂ which has been 

used for years to measure MMP because it simulates the one-dimension displacement of 

reservoir oil (Ekundayo et al. 2013; Amao et al. 2012; Elturki and Imqam 2021c). The 

MMP can be defined as the lowest pressure at which the miscibility of gas can be created 

with the reservoir oil at the reservoir temperature.  

The miscibility can be achieved when the interfacial tension between the oil and 

gas vanishes after multiple contacts. The main components of the MMP experiment 
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included a syringe pump, three accumulators, gas cylinders, a stainless-steel slim tube 

packed with sand, and a back pressure regulator. The first step was a pretest to calculate 

the pore volume. In the second step, the slim tube was filled with the crude oil at a low rate 

of 0.5 PV to ensure that the slim tube was 100% saturated at the end of pumping. The final 

step involved experimental manipulation, whereby the temperature was adjusted to a 

predefined level, the gas cylinder was filled with CO₂, and gas was pumped at a rate of 

0.25 ml/min. A back pressure regulator was installed at the outlet of the slim tube and used 

to adjust the pressure by using another water pump as a back pressure reservoir. Figure 2 

shows a schematic diagram of the slim tube experimental setup. 

 

 
 

Figure 2. Schematic of the setup of the CO₂ MMP determination apparatus using the slim 

tube technique  

 

The procedure of MMP determination was as follows.  The slim tube was fully 

saturated with the distilled water, then the oil was injected into the slim tube unit fully 
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saturated. This was observed at the outlet of the slim tube when the produced liquids are 

only oil and thus ensure the slim tube is fully saturated. During all the experiments, the 

back pressure regulator was placed at the outlet with the desired pressure. The gas 

accumulator was filled with CO₂. Then, CO₂ was injected at a rate of 0.25 ml/min. Each 

experiment was stopped when 1.2 PV of gas was injected or when the gas broke through. 

The effluent was used to collect the produced oil. The MMP was be determined by plotting 

CO₂ injection pressures versus cumulative oil recoveries. Finally, the solvent of Xylene 

was used after each experiment to clean the slim tube setup and to make sure there was no 

oil left in the slim tube that could affect the next experiment.  

2.3. FILTRATION EXPERIMENTS 

The components of the filtration setup are shown in Figure 3. The main components 

included a high-purity CO₂ cylinder with a pressure regulator to control the pressure from 

the cylinder. The gas accumulator was used to accumulate the CO₂ gas and inject it into the 

vessel using a syringe pump to reach higher pressures due to the limitation of outlet 

pressure in the CO₂ cylinder. The HPHT filtration vessel (Figure 4a) was designed to 

accommodate 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, as shown in Fig. 4b. Spacers between each mesh screen were 

added to support each mesh screen in its place, and rubber O-rings were used above and 

below each spacer to prevent leakage and to ensure that the oil and gas would pass through 

the filter paper membranes. A back pressure regulator was installed at the outlet of the 

filtration vessel and used to adjust the pressure using a syringe pump. The produced oil 
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was collected using an effluent below the filtration vessel for further analysis. An oven 

controlled the temperature of the filtration vessel to study the effect of different 

temperatures. Finally, two transducers were installed at the inlet and outlet of the filtration 

vessel and were connected to a computer to monitor and record the pressure differences.  

 

 
Figure 3. Filtration experiments setup. 

 

 

The first set of mesh screens along with a filter membrane paper, rubber O-ring, 

and spacer were placed inside the filtration vessel, in that order. This step was repeated 

with the next two sets, after which the vessel was closed using a specially designed cap 

that ensured a tight connection between all of the sets and prevented leakage during the 

experiment. An oil accumulator injected 30 ml of crude oil into the vessel using a syringe 

pump. Next, the CO₂ cylinder injected gas into the vessel to the desired pressure level and 

exposed the crude oil to the gas for a specific soaking time. Then, the syringe pump at the 
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outlet was turned to constant pressure but was adjusted to the required back pressure for 

each experiment to let the crude oil pass through the membranes. CO₂ was injected 

continuously into the vessel, and the produced oil was collected for further analysis (e.g., 

chromatography analysis). The experiment was stopped when no further oil production 

was observed. During the experiment, the inlet and outlet pressures were recorded using 

transducers connected to a computer. The difference between the two pressures did not 

exceed 50 psi. After the experiment, the vessel was opened, and the trapped crude oil was 

collected from each filter membrane for analysis. Finally, in preparation for the next 

experiment, the solvent n-heptane was used to clean the vessel, mesh screens, and spacers 

of precipitated and deposited oil. 

 

 

Figure 4. Filtration vessel equipment 

- Figure 4 details: (a) real filtration vessel, (b) mech screen, (c) mech screen on top of 

spacer, (d) top-view of filter membrane on top of mech screen and spacer, respectively, (e) 

four Stainless steel spacers used inside the filtration vessel and the arrows indicates to the 

location of the filter paper membranes, (f) vessel top-view showing the 450-nm filter inside 

the vessel when using the heterogenous distribution. 
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2.4. ASPHALTENE VISUALIZATION AND DETECTION TESTS 

The visualization tests were conducted to highlight the asphaltene precipitation and 

deposition process at various conditions. Then, the asphaltene percent was quantified using 

the standard test (IP 143) of the n-heptane insoluble asphaltene content determination in 

crude oil (Shahriar 2014). The visualization test was conducted by first placing in a test 

tube 1 ml of crude oil collected from all filter membranes, the produced oil, and the 

remaining oil from the filtration experiments. The oil was then collected using a pipette to 

ensure the accuracy of all samples. Second, 40 ml of n-heptane was added to each test tube. 

Tubes were closed tightly to prevent n-heptane evaporation. Each test tube was shaken well 

to ensure that the n-heptane was well dispersed within the crude oil. A special laboratory 

stand was used to handle the test tubes. The asphaltene then started to settle slowly. Photos 

were taken at specific time points (i.e., 0, 2, 4, and 12 h) to observe the change in asphaltene 

settling over time. A filter paper with 2.7 µm pore size was used to filter the precipitated 

asphaltenes in the test tube and then to quantify the asphaltene content. Asphaltene weight 

percent can be calculated by weighing the filter paper before and after the filtration process  

using a high-precision balance. The difference between these weights determines the 

asphaltene weight percent using the following equation: 

 

Asphaltene wt% = 
wt asphaltene

wt oil
 * 100                                             (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. The asphaltene 

quantification test procedure is summarized in the flowchart shown in Figure 5.  
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Figure 5. Flowchart highlighting the main steps of asphaltene visualization tests. 

 

3. RESULTS AND DISCUSSION 

3.1. MMP EXPERIMENTS RESULTS 

The main mechanism by which CO₂ can achieve miscibility is the vaporizing 

mechanism. The MMP tests were conducted to ensure that we select the right miscible and 

immiscible pressure to conduct the filtration experiments. The impact of a high temperature 

on MMP was investigated to ensure that the filtration experiments were in the right 

condition of miscible or immiscible at higher temperatures. Oil recoveries were recorded 

at gas breakthrough or at 1.2 PV of the gas injected and were plotted with the tested 
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injection pressures. When the cumulative oil recovery became higher than or equal to 90% 

of the initial oil in place (OOIP), the MMP could be determined, as shown in Figure 6. 

Table 2 shows the cumulative oil recoveries of slim tube tests at temperatures of 32 and 

70oC. The solid lines in Fig. 6 were utilized to establish the point where the observed oil 

recovery against injection pressure suddenly changed slope. Then, the MMP was 

determined using the intersection point. At 32°C, the MMP of CO₂ was determined to be 

1450 psi. As a result, for examining asphaltene precipitation and stability under immiscible 

gas injection condition, pressures of 750, 1000, and 1250 psi were chosen, along with a 

temperature of 32oC. On the other hand, a higher temperature of 70 oC resulted in an MMP 

with 1650 psi. So, the pressure of 1500, 1750, and 2000 psi were selected to present the 

miscible condition in the filtration experiments. It was observed that the temperature has a 

direct relationship with MMP, as the temperature increases the MMP will increase 

(Zolghadr et al, 2013).  

 

 
Figure 6. CO₂ MMP determination using an oil viscosity of 19 cp at 32ºC and 70ºC. 
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Table 2. CO₂ slim tube cumulative oil recoveries (%) 

Tested injected 

pressure (psi) 
400 600 800 1000 1200 1500 1750 1850 2000 

Cumulative O.R at 

32 oC  
32.20 45.40 57.10 64.71 75.20 91.30 92.10 92.50 93.12 

Cumulative O.R at 

70 oC  
66.30 72.50 75.60 81.90 84.40 93.30 98.50 98.80 99.10 

 

3.2. FILTRATION AND VISUALIZATION RESULTS 

3.2.1. Effect of Miscible and Immiscible Pressure Using Uniform Membrane 

Distribution.  The term "uniform membrane distribution" refers to the use of the same 

pore size filter membrane in all the filtration experiments. The distribution of the paper 

membrane inside the vessel is shown in Figure 7 with a pore size of 100 nm for the entire 

membrane. The selection of filter membrane pore sizes was based on the pore size 

distribution of shale reservoirs, specifically Eagle Ford (Shen et al., 2017). The Impact of 

using a uniform pore size filter paper membrane on the asphaltene deposition during the 

filtration test is shown in Figure 8. The effect of applying the same pore size was 

investigated by placing three 100-nm filter membranes inside the vessel in each mesh 

screen, and the findings were compared to a heterogeneous distribution. A CO₂ immiscible 

pressure of 750, 1000, and 1250 psi and a miscible pressure of 1500, 1750, and 2000 psi 

were used to investigate the impact of miscibility on asphaltene disposition. All the 

experiments were conducted at a temperature of 32oC. The results revealed that the 

asphaltene deposition was almost equal across all the paper membranes for each pressure 

used. Increasing the pressure increased the asphaltene weight percent in all the 

experiments. It was observed that the miscible conditions have a higher impact on 

asphaltene instability compared to immiscible conditions. For instance, the asphaltene 
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weight percent ranged from 7.98% in the upper part of the 100-nm paper membrane to 

7.95% in the lower part of the 100-nm paper membrane during the immiscible pressure of 

750 psi gas injection. By comparing these findings to the miscible condition of 2000 psi, 

the asphaltene weight percent ranged from 19.95% in the upper part of the 100-nm paper 

membrane to 19.66% in the lower part of the 100-nm paper membrane. There is a slight 

difference between the asphaltene weight percent in all the filter membranes because some 

of asphaltene particles plugged some pores in the middle and the lower membranes during 

the injection process, thereby effecting the oil passage. These plugged pores resulted in a 

decrease in the asphaltene weight percent in the produced oil. Asphaltene particles larger 

than 100 nm precipitated on the upper section of the filter membrane, while particles less 

than 100 nm went through and were collected with the produced oil. A pressure of 1750 

psi, for instance, created considerably more asphaltene clusters than a pressure of 750 psi, 

as well as more asphaltene deposited on the filter membranes. More clusters of 100 nm or 

larger were formed as a result of the increased pressure. Thus, more asphaltenes were 

quantified at higher pressure levels in all filter membranes. In summary, because of the 

uniform pore size of the filter paper membranes, the asphaltene clusters were forced and 

deposited into the filter membranes with almost the same concentrations in all the 

experiments.  

 
Figure 7. Illustration of the uniform paper membrane distribution inside the vessel. 
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Figure 8. Asphaltene weight percent distribution using uniform paper membranes with 

immiscible and miscible CO₂ injections.  

 

A miscible pressure of 1750 psi and immiscible pressure of 750 psi CO₂ injection 

were selected to investigate the asphaltene precipitation process over time. The remaining 

oil was collected after each experiment and dissolved in n-heptane at a ratio of 1:40. 

Various times were selected (i.e., 1, 4, and 12 h) to investigate and visualize the asphaltene 

deposition process. Figure 9a, and b shows the uniform asphaltene visualization tests at 

750 and 1750 psi with 100-nm pore size membranes at 32ºC. There was no asphaltene 

present at zero elapsed time, and the crude oil sample was completely dissolved in n-

heptane. The miscible pressure showed a slight dark color of the mixture at zero elapsed 

time compared to immiscible one. After 1 h, the asphaltene clusters started to appear and 

precipitate with a small amount of asphaltene particle in the bottom of the tube. Over time, 

the color of the top of the lab tubes started to be lighter with the present of some suspended 

particle of asphaltene. More asphaltene particles can be observed miscible conditions of 
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1750 psi indicating that miscibility impacts the instability of asphaltene at higher rate. 

Finally, after 12 h, almost all asphaltene particles and clusters were deposited in the bottom 

of the lab tube and the color of the solution was much lighter compared to the zero-time 

observation. The pictures reveal that miscibility had higher impact on asphaltene instability 

and same pore size distribution led to almost the same precipitation process for all filter 

paper membranes in both conditions.  

 
 

  
Figure 9. Visualization of asphaltene precipitation and deposition using a uniform 

membrane size distribution at: (a) immiscible pressure of 750 psi and (b) miscible 

pressure of 1750 psi. 
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3.2.2. Effect of Pore Size Heterogeneity.  Figure 10 shows the heterogeneous 

distribution of the filter membranes, starting with a 450-nm filter in the upper mesh screen, 

a 100-nm filter in the middle, and a 50-nm filter in the lower mesh screen. As explained in 

the previous section, miscible pressures (i.e., 1500, 1750, and 2000 psi) and immiscible 

pressures (i.e., 750, 1000, and 1250 psi) were selected to investigate the heterogeneity of 

the filter paper membranes at 32ºC with a 2-h soaking time. The soaking time effect will 

be presented in the following sections. The asphaltene weight percent was increased when 

increasing the pressure and during the miscible conditions due to the resins that connect all 

the asphaltene particles and solid components in the crude oil broke down; thus, asphaltene 

weight percent will increase. Figure 11 presents the asphaltene weight percent using a 

heterogeneous paper membrane distribution during miscible and immiscible CO₂ injection 

pressures. When using low immiscible 750 psi gas injection, the asphaltene weight percent 

increased from 7.45% to 9.36% in the 450-nm and 50-nm filters, respectively. Increasing 

the pressure to 1000 and 1250 psi resulted in a significant increase in asphaltene weight 

percent in both pressures, especially at 1250 psi.  

At 1250 psi injection pressure, the asphaltene weight percent increased up to 

16.97% in 50-nm filter. This revealed that the injected pressure had an effect on the 

asphaltene particles and clusters, resulting in asphaltene deposition dependent on the 

asphaltene particle size. Filter membrane pores became almost blocked as a result, 

particularly in the 50-nm filter. The ability of asphaltene particles to pass through the filter 

membranes was affected by the size of their pores. The asphaltene aggregates continued to 

interact with one another because of Brownian motion, producing bigger particles. Smaller 

aggregates have a stronger tendency to deposit due to the significant radial diffusivity of 
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the particles which describes the ability of a particle to be pushed by a collision with 

asphaltene aggregates (Hashmi and Firoozabadi, 2010; Hassanpouryouzband et al. 2017). 

More nanoaggregates combined together and resulted in more clusters which led to pore 

plugging in all filter membranes. Injecting higher pressures (i.e., 1500, 1750, and 2000 psi) 

with miscibility conditions increased the asphaltene weight percent sufficiently. For 

instance, the weight percent of asphaltene ranged from 13.01% to 20.20% in the 450-nm 

and 50-nm filters, respectively.  

The highest weight percent was observed at miscible pressure of 2000 psi which 

was 25.47% in 50-nm filter membrane. These results confirm that the miscibility of gas 

impacts the asphaltene stability in oil at a higher rate compared to immiscible conditions 

of gas. Also, these findings clearly suggest that asphaltene particles changed the oil's 

capacity to flow through, which may happen in actual reservoirs and cause serious issues. 

Because the asphaltene clusters had plugged the pores in all of the filter membranes, the 

produced oil had a less asphaltene weight percent. 

 

 
 

Figure 10. Illustration of the heterogeneous paper membrane distribution inside the 

vessel. 

After each experiment was completed, the collected oil was analyzed to see the 

asphaltene deposition and precipitation process over time. The oil collected from 450-, 
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100-, and 50-nm filter membranes was analyzed under immiscible condition of 750 psi and 

miscible conditions of 1750 psi, as shown in Figure 12a and b. A ration of 1:40 was used 

to mix the oil samples with the solvent n-heptane in test tubes to observe the precipitation 

and deposition process over different times (i.e., 0, 1, 4, and 12 h). The captured photos 

show that at 0 h, all the oil samples collected from all filter paper membranes were fully 

dissolved in n-heptane, and no asphaltene clusters or particles were observed in both 

conditions of gas injection (i.e., immiscible and miscible). A slightly lighter color was 

observed in the test tube of 450-nm filter membranes in both conditions. After 1 hr, the 

asphaltene particles started to form in the mixture and started to form small clusters, 

especially in the sample collected from 100-nm and 50-nm filter membranes.  

The miscible test tubes showed a slightly darker color due to higher pressure 

weakening the bonds between asphaltene and resins at a higher rate compared to 

immiscible conditions. It was interesting to observe that the asphaltene accumulations and 

deposition were clear in the bottom of the test tube after 4 hr of the oil samples collected 

from 450-nm filter membranes. Over time, the supernatant became lighter in color and the 

asphaltene clusters started to settle down and form higher amounts of asphaltenes. After 12 

hr, most of the asphaltene particles were settled down and deposited for all oil samples 

collected from all paper membranes.  

These findings showed that pressure (i.e., immiscible and miscible) has a 

substantial impact on the stability of asphaltene. As a result, it's critical to investigate the 

impact of pressure on asphaltene stability in order to predict and minimize any problems. 
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Figure 11. Asphaltene weight percent using a heterogeneous distribution using miscible 

and immiscible CO₂ injections.  

  
 

  
Figure 12. Visualization of asphaltene precipitation and deposition using a heterogenous 

membrane size distribution at: (a) immiscible pressure of 750 psi and (b) miscible 

pressure of 1750 psi. 
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3.2.3.  Effect of Soaking Time.  To understand the impact of soaking time on 

asphaltene precipitation and deposition, three separate experiments using 1000 psi 

injection pressure with durations of 10, 60, and 120 minutes were selected. The soaking 

time is when the gas was injected into the vessel at the desired pressure and at 32oC to 

allow the CO₂ to mix with the crude oil. Figure 13 shows the asphaltene weight percent in 

all filter membranes during various soaking times. The results demonstrated that increasing 

the soaking time led to an increase in asphaltene weight percent in all filter paper 

membranes. For example, the asphaltene weight percent in the 450-nm filter increased 

from 6.26% to up 10.14% for 10 and 120 min, respectively. The small pore size of the 50-

nm filters resulted in an increase in asphaltene weight percent due to the asphaltene clusters 

plugging the small pores during the filtration process. The bonds between asphaltene and 

resins in the crude oil were weakened at a lower rate at 10-min soaking time which confirm 

that due to time limitation of soaking process, the asphaltene weight percent was lower 

compared to 120-min.  

Given these observations, the soaking time had an impact on asphaltene instability 

in the crude oil, especially for a time longer than 10-min. The findings showed that the 

effect of 60-min had similar effect on asphaltene aggregation even though the weight 

percent was slightly higher at 120-min. The longer soaking time investigated was 120-min 

because the difference between the asphaltene weight percent in both 60-min and 120-min 

was not significant.  
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Figure 13. Asphaltene weight percent at soaking times of 10-, 60-, and 120-min using 

450-, 100-, and 50-nm filter membranes.  

 

3.2.4. Effect of Temperature on Asphaltene Deposition.   Temperature has a 

great effect on asphaltene stability in crude oil. To study the influence of a higher 

temperature on asphaltene stability, two tests were performed at two temperatures (32oC 

and 70oC). The 32 ºC represents normal temperature, and 70ºC represents the average 

temperature of shale basins. A pressure of 1000 psi injection and a 2-h soaking time were 

used in both experiments to evaluate the temperature impact on asphaltene stability. A 

heterogenous filter paper distribution was used in both experiments. Increasing the pressure 

led to a decrease in asphaltene weight percent in all filter paper membranes, as shown in 

Figure 14. The higher percentage of asphaltene was found in the 50-nm filter paper 

membranes which changed from 18.90% to 16.23% for 32ºC and 70ºC, respectively. The 

suspension colloidal particles of asphaltene in stable oils are covered by resins that are 

strongly connected to the asphaltene. At higher temperatures, this connection between 

asphaltene and resins can be stronger and keeps the asphaltene dissolved in the crude oil 

(Hoepfner et al. 2013). Less asphaltene colloidal will be produced at higher temperatures 
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and the associations are weaker due to resins dispersing strongly the collides of asphaltenes 

(Branco et al. 2001). At higher temperatures, the precipitated asphaltenes created from 

colloidal suspension particles tend to dissolve in the oil, resulting in more asphaltenes 

forming in soluble conditions but less in colloidal ones (Chandio et al. 2015). Moreover, 

resins tend to have a strong self-association like asphaltenes at lower temperatures; thus, 

the connection between resins and asphaltene is reduced (Pereira et al. 2007). As a result 

of these mechanisms, asphaltene aggregates can be formed because of strong polarity and 

self-association to form aggregates at lower temperatures. It can be concluded that the 

asphaltene precipitated out from the colloidal suspension was dissolved in the crude oil 

until reaching equilibrium. This resulted in more soluble asphaltenes in oil and less 

asphaltene in colloidal form (Chandio et al. 2015). Also, the same observation was noticed 

for the filter paper pore size in which smaller pore size had higher asphaltene weight 

percent in both temperatures. This was due to the asphaltene particles plugged the pores of 

50-nm filter paper membrane much more compared to 450-nm and 100-nm; thus, higher 

asphaltene weight percent was determined.   

 

 

  

Figure 14. Asphaltene weight percent at different temperatures during CO₂ injection at 

1000 psi.  
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4. FURTHER ANALYSIS AND DISCUSSION 

4.1. CHROMATOGRAPHY ANALYSIS 

Gas chromatography-mass spectrometry (GC6890-MS5973) was utilized to 

analysis the main chemical components of the crude oil used in the filtration experiments 

in order to highlight the chemical structure changes, including asphaltene, after the 

injection of CO₂. First, the original oil was analyzed before conducting the filtration 

experiments. Then, the produced oil after the filtration experiments was collected for 

further analysis. Four produced oils were selected after filtration experiments using 

pressures of 1000 and 1750 psi to investigate the impact of immiscibility and miscibility 

conditions on the chemical components of crude oil, and to show the influence of pore size 

of filter paper membranes on asphaltene deposition. Table 3 presents the grouped carbon 

number distributions before and after CO₂ gas injection filtration experiments at immiscible 

conditions (i.e., 750 and 1250 psi) and miscible conditions (i.e., 1750 and 2000 psi). The 

findings showed that the light components (C8-C14) were partially extracted when using 

1250 psi which decreased from 52.72% to 47.32% when using 750 and 1250 psi, 

respectivley. When utilizing miscible gas injections of 1750 and 2000 psi, the light 

components substantially reduced to 40.66 % and 30.59 %, respectively. Miscible 

conditions had higher impact on the cude oil and this can be seen in the higher mole 

percentages of the intermediate and heavy components (C15-C30+). For instance, the heavy 

components of C30+ increased significanlty from 5.38% to 13.50 at immiscible pressure of 

750 psi and miscible pressure of 2000 psi, sequentially. This confirms that asphaltene 

particles and clusters deposited on the filter paper membranes during the filtration 
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experiment and reduced its content and the heavy components in the produced oil.  

Increasing the pressure above the MMP resulted in an increase in heavy components and 

asphaltene content compared to pressure below MMP (i.e., immiscible conditions). These 

results indicated that miscibility had impacted the crude oil and its chemical structure much 

more than immiscible gas injection conditions. The strong light-hydrocarbon extraction of 

miscible CO₂ leads to more percentage of the heavy hydrocarbons and less in light and 

intermediate hydrocarbons (Cao and Gu 2013). Higher pressure of miscibility will force 

the asphaltene particle and the heavy components to pass through the filter membranes at 

a higher rate and thus result in an increase in the asphaltene content in the produced oil. 

 

Table 3: Grouped carbon number distributions of the original oil and the remaining oil 

after immiscible and miscible CO₂ injection.  

Carbon 

Number 

Group  

Original Oil  

Before 

Experiments 

Pressure Condition 

Immiscible Conditions  Miscible Conditions  

750 psi  1250 psi  1750 psi 2000 psi 

C8 -C14 65.14% 52.72% 47.32% 40.66% 30.59% 

C15-C19 6.06% 3.85% 3.50% 8.45% 5.12% 

C20-C24 9.16% 16.32% 20.11% 17.45% 20.10% 

C25-C29 14.48% 21.74% 22.74% 25.28% 30.69% 

C30+ (Including 

asphaltene) 
5.17% 5.38% 6.33% 8.16% 13.50% 

Total 100.00% 100.00% 100.00% 100.00% 100.00% 

 

4.2. MICROSCOPY IMAGING ANALYSIS 

Asphaltene clusters and aggregations can be formed after CO₂ injection, and these 

new forms of asphaltene particles can cause severe issues and plug the pores in a reservoir. 

A reduction in oil recovery, and wettability alteration can be encountered during asphaltene 

precipitation and deposition process. In this section, a solvent of n-heptane was used to 
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clean the filter paper membranes after the filtration experiments to highlight the pore 

plugging due to asphaltene particle and clusters. Figure 15 shows the filter membranes (i.e., 

450-nm, and 50-nm) before and after conducting the filtration experiment with 1500 psi 

gas injection as well as after cleaning the crude oil from the filter membrane. The photos 

reveal that the pores were plugged and the asphaltene particles were deposited causing a 

reduction in pore size and oil path in filter paper membranes, especially in the 50-nm filter 

paper membranes which has smaller pore size. To highlight the severity of pore plugging 

in all filter paper membranes, a HIROX digital microscope was used to show the plugging 

pores. The filter paper membranes of a heterogenous filter distribution of immiscible and 

miscible filtration experiments were selected for further analysis. Figure 16 shows the 

microscopic images of the filter membrane’s pore structure of 450-, 100-, and 50-nm filters 

using immiscible conditions (i.e., 750, 1000, and 1250 psi) and miscible conditions (i.e., 

1500, 1750, and 2000 psi) at 32 oC. All images were captured after cleaning the filter paper 

using n-heptane solvent for at least 24 h. It was observed that miscible conditions of CO₂ 

had higher pore plugging of the filter paper membranes compared to immiscible conditions. 

These observations confirm the results from the filtration experiments explained above. 

The asphaltene particles and clusters were deposited at a higher rate in smaller filter paper 

membranes such as 50-nm due to smaller pore size structure. The results showed darker 

colors for smaller pore size filter paper during miscible condition of gas injection. It can 

be concluded that miscibility impacts the asphaltene particle in crude oil significantly 

compared to immiscible gas injection conditions.  
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Figure 15. Illustration of the filter membranes (450- and 50-nm) at 1500 psi before and 

after the experiment, and after cleaning. 

 

 
 

Figure 16. Digital microscopic images (500 µm) of 450-, 100-, and 50-nm filter 

membranes during immiscible and miscible CO₂ injection 

4.3. SEM ANALYSIS 

To provide an advance and clear imaging analysis of how asphaltene particles 

impact filter paper membranes, a scanning electron microscopy (SEM) was used to 
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highlight the impact of pressure and asphaltene clusters on pore plugging. To illustrate this, 

heterogenous filter paper membranes (i.e., 450, 100, and 50 nm) during immiscible (i.e., 

1000 psi) and miscible (i.e., 1750 psi) CO₂ injection were selected for further imaging 

analysis. Figure 17 shows SEM images (10 µm) of the filter membrane’s pore structure for 

450-, 100-, and 50-nm filters using miscible injection pressures of 1750 and 2250 psi, 

respectively at 32ºC. For 450-nm filter membrane, the structure of the filter showed some 

asphaltene particles which was colored black for both pressures. The structure of 450-nm 

filter was slightly clearer because it has large pore size compared to 100 and 50-nm filters. 

As the pore size decreased, the structure of the filters was darker and less details could be 

observed due to smaller pore size, especially in 50-nm filter papers. Large area of 100-nm 

filter paper was impacted by asphaltene clusters, and this can be observed on the darker 

color, especially for miscible pressure of 1750 psi. For the 50-nm filter membranes, most 

of the image area for both immiscible and miscible conditions was impacted by asphaltene 

deposition due to small pore size. These findings reveal that asphaltene particles plugged 

high percentage of the filter paper’s area which was observed clearly in smaller pore size 

filters and high CO₂ pressure.  

 

 
Figure 17. Scanning electron microscope (SEM) images (10 µm) of 450-, and 50-nm 

filter membranes at 1000 and 1750 psi injection pressures. 
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4.4. PORE SIZE REDUCTION DUE TO ASPHALTENE DEPOSITION 

SEM images were processed using advanced computer software to determine the 

pore size distribution of all filter membranes and to highlight the impact of asphaltene 

clusters on pore plugging. All heterogenous filter membranes were selected for further 

analysis of immiscible pressure of 1000 psi and miscible pressure of 1750 psi experiments 

at 32oC. Figure 18a compares the pore size distribution in the 450-nm filter membrane after 

CO₂ injections at 1000 and 1750 psi. The major distribution of the pore size of filters ranged 

from 40 to 300-nm at immiscible pressure of 1000 psi, but 20 to 180 at miscible pressure 

of 1750 psi. The results showed that miscibility significantly impacted the pore size 

compared to immiscible conditions because higher pressure induced the asphaltene 

particles at higher rate, and thus plugged membrane’s pores which led to reduce pore sizes.  

 

 

Figure 18. Comparison of the estimated pore size distribution in (a) 450-nm and (b) 50-

nm filter membranes after CO₂ injections of 1000 and 1750 psi.  
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When the asphaltene was deposited inside the membranes, the oil was not able to 

pass through the filter easily due to pore plugging. These observations were found in 50-

nm filter membranes. For the 50-nm filter membrane, the pore size distribution estimated 

to be between 1 to 7-nm for immiscible pressure (i.e.,1000 psi) and from 0.25 to 3-nm for 

miscible pressure (i.e.,1750 psi), as shown in Figure 18b. Due to the smaller pore size 

structure, a smaller pore size distribution was determined in the 50-nm filter membrane. 

The asphaltene clusters and particles deposited much more in 50-nm filter membranes for 

both immiscible and miscible pressure conditions due to smaller pore size which led to 

more plugging of the pores. Su et al (2021) developed an integrated simulation approach 

to predict permeability reduction under asphaltene particle aggregation and deposition. 

They concluded that longer aggregation time, higher flow velocity, and larger precipitation 

concentrations will lead to a faster reduction in permeability. These findings indicate that 

CO₂ injection can affect asphaltenes in crude oil during both immiscible and miscible 

conditions, causing significant pore blockage, especially in reservoirs with small pores, 

such as those found in unconventional reservoirs. 

4.5. CARBON DIOXIDE VS. NITROGEN DISCUSSION 

In this section, a holistic comparison discussion on how asphaltene deposition 

process differs under CO₂ and N₂ gas injections. The results in this research will be 

compared to the previous work using miscible and immiscible N₂ injection (Elturki and 

Imqam 2021a; 2022a). The MMP of N₂ was determined to be 1600 psi. CO₂ and N₂ could 

impact the asphaltene particles in crude oil at various degrees of fluctuations. Figure 19 

shows the asphaltene weight precent during immiscible CO₂ and N₂ injection. The results 
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show that CO₂ impacted the asphaltene particles significantly compare to immiscible N₂ 

injection condition. For example, the asphaltene weight percent during 1000 psi N₂ 

injection pressure on 450-nm filter was 2.52%, but for 1000 psi CO₂ injection was 10.90% 

indicating that CO₂ had influenced the asphaltene much more than N₂. For 50-nm filter, 

more asphaltene particles were trapped due to small pore size resulting in asphaltene weight 

percent up to 8.14% and 13.44% for N₂ and CO₂ during 1000 psi injection, respectively. 

This can be explained as the mass transfer of CO₂ is higher than N₂ due to the supercritical 

of CO₂ can be attained easily (Wang et al. 2018). Higher pressure led to more asphaltene 

precipitation and deposition in all filter membranes. In order to make a better comparison, 

Figure 20 shows the miscible condition results of CO₂ and N₂ on asphaltene stability. It is 

apparent from the figure that miscibility or near miscible conditions of both gases led to 

higher asphaltene rates. For example, during miscible pressure of 1750 psi, the asphaltene 

weight percent determinations were 17.33% and 26.26% on 50-nm filter for N₂ and CO₂, 

respectively. Higher pressure will break the bonds between the asphaltene and resins in the 

crude oil at higher degree and thus lead to more asphaltene fluctuations and deposition. 

Also, the solubility of CO₂ is higher than N₂ and thus N₂ has a weak mass transfer. This 

could lead to poor extraction process of light hydrocarbons of crude oil and thus less 

asphaltene flocculation compared to CO₂. Also, CO₂ and asphaltene both have polar 

molecules which lead to higher interaction rate and thus higher asphaltene deposition 

(Dashti et al. 2020). In terms of CO₂ and crude oil chemical interactions, the stability of 

asphaltenes in crude oil can be considerably impacted when they react with CO₂ and create 

amide functional group. The aggregation of asphaltenes during CO₂ injection would 

increase during the formation of the amide functional group due to the hydrogen bonding 
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and metal coordination reaction that may occur through this group (Afra et al. 2020). These 

results illustrate both effects of miscible and immiscible conditions of CO₂ and N₂ which 

CO₂ is more advantageous in terms of reaching miscibility more easily. This could result 

in a high oil recovery but could lead to more asphaltene issues during gas injection process 

in real reservoirs.  

 
Figure 19. Comparison of asphaltene weight percentages during immiscible N₂ injection 

(Elturki and Imqam 2021a) and immiscible CO₂ injection pressure 

 
Figure 20. Comparison of asphaltene weight percentages during miscible N₂ injection 

(Elturki and Imqam 2022a) and miscible CO₂ injection pressure 

0

2

4

6

8

10

12

14

16

18

Remaining
Oil

450-nm
Filter

100-nm
Filter

50-nm
Filter

Produced
Oil

A
s
p
h
a
lt
e
n
e
 C

o
n
te

n
t 

(w
t%

)

Collected Oil Area

Immiscible CO₂ Injection vs. Immsicble N₂ Injection 

Immiscible N₂ Injection 
(1000 psi)

Immiscible CO₂ Injection 
(1000 psi)

Immiscible N₂ Injection 
(1250 psi)

Immiscible CO₂ Injection 
(1250 psi)

0

5

10

15

20

25

30

35

Remaining
Oil

450-nm
Filter

100-nm
Filter

50-nm
Filter

Produced
Oil

A
s
p
h
a
lt
e
n
e
 C

o
n
te

n
t 

(w
t%

)

Collected Oil Area

Miscible CO₂ Injection vs. Miscible N₂ Injection 

Miscible N₂ Injection 
(1750 psi)

Miscible CO₂ Injection 
(1750 psi)

Miscible N₂ Injection 
(2000 psi)

Miscible CO₂ Injection 
(2000 psi)



 

 

169 

5. CONCLUSIONS 

This research provided a comprehensive experimental investigation of the impact 

of immiscible and miscible CO₂ injection on asphaltene stability in crude oil using nano 

pore structure which represents unconventional reservoirs. The filtration technique was 

used to conduct the experiments. A slim tube was used to determine the minimum 

miscibility pressure of CO₂. Various factors were studied including immiscible pressure, 

miscible pressure, temperature, filter membrane distribution, and pore size. The following 

conclusions can be drawn:  

• The filtration experiments showed that the asphaltene weight percent increased as 

the CO₂ injection pressure increased because the greater pressure breaks the resins 

around the asphaltenes, resulting in asphaltene precipitation and deposition. These 

observations were significant during miscible injection pressures (i.e., 1500, 1750, 

and 2000 psi) due to miscible injections had higher solubility and strong extraction 

process of light components in the crude oil, resulting in more heavy oil 

components and asphaltenes. The severity of asphaltene deposition was higher in 

50 nm filter paper membranes. Also, a soaking time of 120 min. had a higher impact 

on asphaltene instability compared to 60- and 10-min. soaking times.   

• At higher temperature of 70oC, the precipitated asphaltenes that formed from the 

colloidal suspension particles tended to dissolve in the oil; thus, more asphaltenes 

formed in a soluble condition but fewer formed under colloidal conditions. 

• The advanced analysis of chromatography of the crude oil showed that miscible 

CO₂ injections (i.e., 1750 and 2000 psi) led to more intermediate and high 

components of crude oil compared to immiscible conditions (i.e., 750 psi and 1250 
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psi). Also, microscopy and SEM advanced imaging revealed the impact of 

asphaltene accumulation on pore clogging. The results showed that when the 

pressure increased, pore clogging increased along with a reduction in pore size, 

especially in 50-nm filter paper membranes. 
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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 starts 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 huff-n-puff (cyclic) N₂ injection increases oil recovery and aggravates 

asphaltene precipitation. To ensuring that the miscibility can be examined in cycle 

experiments, the N₂ minimum miscibility pressure (MMP) was determined using the slim 

tube technique. The factors studied included the injection pressure, number of cycles, 

production time, and injection cyclic mode all conducted at 70oC. The findings showed 

that a high asphaltene weight percent was calculated during the static experiments (i.e., 
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using filter membranes) and this increase was severe on smaller pore size structures. 

Dynamic tests (i.e., using shale cores) showed that miscibility increased the 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 the 

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 the pore plugging after the 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 effects 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 efficient approach 

for unlocking the remaining oil percentage. Unconventional resources, like shale 

reservoirs, are widely recognized for their extremely low permeability and porosity (Elturki 

and Imqam, 2020a). Despite multistage hydraulic fracturing and horizontal well drilling 

techniques are used to extract remaining oil from such reservoirs, only 4 to 6 percent of the 

trapped oil can be extracted, and oil production drops after a few months attributing to the 

ultra-low permeability (Warpinski et al., 2009; Sheng, 2015; Zoback and Kohli, 2019; 
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Ahmed et al., 2019; 2020; Ahmed S., 2020; Liu et al., 2021; Elturki et al., 2021). Water 

injection is also one of the suitable strategies for increasing oil recovery from conventional 

reservoirs; nevertheless, due to weak injectivity, insufficient sweep potency, and clay 

swelling concerns, this approach is not the ideal solution for tight reservoirs. (Yang et al., 

2013; Ahmad et al., 2019). Cyclic gas injection outperforms gas flooding methods in terms 

of enhancing oil recovery, mainly in ultra-tight reservoirs (Milad et al., 2021; Tang and 

Sheng, 2022). 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 (Jia et al., 2019). 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 (Shi et al., 2021). 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 (Hassanpouryouzband et al., 2020; Ali et 

al., 2021). Crude oil is a complicated composition of hydrocarbons with different molecular 

weights 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. 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 (Zhou et al., 2018; Elturki and Imqam, 2020b). Asphaltene can negatively affect 
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the permeability of formations by plugging or adsorption (Behbahani et al., 2013). 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 (Turta et al., 1997; Sim et al., 2005; Hamadou et al., 2008; Behbahani et al., 2014; 

Mehana et al., 2019; Lo et al., 2022). Others investigated the stability of asphaltene under 

carbon dioxide (CO₂) gas injection and different factors were studied (Afra et al., 2020; 

Elturki and Imqam, 2022a; 2022c; Espinoza et al., 2022). 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 (Jamaluddin et al., 2002; Zadeh 

et al., 2011; Moradi et al., 2012; Khalaf and Mansoori, 2019; Elturki and Imqam, 2021a; 

2021b). Jamaluddin et al. (2002) 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. (2011) designed an 

experimental study to evaluate the effect of N₂ and methane on asphaltene precipitation 

under high-pressure and high-temperature conditions. Their findings demonstrated that the 

asphaltene precipitation was higher under N₂ gas injection than methane, and temperature 

had less impact compared to pressure and gas concentrations. Moradi et al. (2012) used 

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 
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crude samples. Khalaf and Mansoori (2019) conducted a simulation study to highlight the 

impact of using misciblized air and N₂ on asphaltene aggregation. They claimed that the 

aggregations of asphaltene influenced by the concentration of the injected gas, and the 

difference between asphaltene aggregations using air and N₂ was not significant. Elturki 

and Imqam (2021a) conducted an experimental study to investigate the effect 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  reported studies of cyclic injection EOR were implemented extensively 

using CO₂ in shale and tight reservoirs (Abedini et al., 2014; Yu W. et al., 2015; Li et al., 

2019; Elwegaa et al., 2019; Zhu Z. et al., 2020; Badrouchi et al., 2022; Louk et al., 2017; 

Sheng et al., 2014; Sanchez-Rivera et al., 2015; Sun et al., 2016; Wang et al., 2019; Luo et 

al., 2022; Altawati et al., 2022; Wan et al., 2022) and others used  lean gas, methane, rich 

gas, or gas mixture  (Zheng et al., 2021; Baek et al., 2021; Mahzari et al., 2021; Sie et al., 

2022; Shilov et al., 2022). Very little research was conducted using cyclic N₂ injection (Yu 

and Sheng 2015; Altawati, F.S., 2016; Yu et al., 2017; Elwegaa and Emadi 2019; Xiong et 

al., 2022). Yu and Sheng (2015) 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 efficient in improving oil recovery with the majority of oil 

produced within the first two hours of production time during the puff 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. Altawati (2016) saturated several 

Eagle Ford cores with decane oil and 15% NaCl brine water to study the effect of water 
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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 compared 

to cores with no water. The drawback of this study is also ignoring impact of asphaltene 

deposition. Li et al. (2017) investigated the effect 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 the 15 

experiments conducted, and the results showed an increase in oil recovery when injecting 

pressure higher than the MMP. Tovar et al. (2021) conducted several experiments using 11 

Wolfcamp shale cores to investigate the effect 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 the 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. (2021) conducted an experimental investigation to study 

the effect of flooding with CO₂, N₂ and a CO₂-N₂ mixture on the 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 is questionable. Lately, the asphaltene 

deposition process in tight reservoir has gained attention during CO₂ cyclic gas injection 

(Shen and Sheng, 2017a; 2017b; Mohammad R. S. et al., 2017; Lee et al., 2019; Shen et 
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al., 2019; Li et al., 2020). 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 

affecting 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 (2021b; 2022b), 

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 reservoirs. 

 

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, the miscible and immiscible pressures 

of the cyclic gas injection experiments were determined. This step was critical to ensuring 

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 cores after the cyclic 
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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. 

The details of materials used in each experiment will be discussed in the following sections.  

 

 

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 (size of 50, 100, and 450 

nm)  

Foxx Life Sciences, Fisher 

Scientific  
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The Eagle Ford shale outcrops were saturated with crude oil at 70oC “158oF” with 

a viscosity of 19 cp, density of 0.864 gm/cc, and oAPI 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 a 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). The X-ray diffraction (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.  

 

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

 

Table 3. Eagle Ford XRD results 

Mineral Calcite Quartz Dolomite Pyrite Kaolinite 

Composition (%) 70 18 2 1 9 

 

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 two months of the 
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saturation process, indicating that the cores had been saturated. Examples of the weight 

change during the saturation process are shown in Figure 3. Table 4 shows the saturated 

and dry weight of all cores used in this research.  

 

 
Figure 3. Three examples of core saturation process during a 10-month period. 

 

Table 4. Dry and saturated weight of all cores. 

Core No. Dry Core (g) Saturated Core (g) 

1 65.84 70.61 

2 65.54 69.33 

3 66.24 69.8 

4 64.25 68.64 

5 67.74 72.38 

6 63.05 68.47 

7 57.15 61.58 

8 64.16 67.97 

9 60.76 64.44 

10 60.44 65.12 

11 64.92 67.86 

12 64.21 69.02 
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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 

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

tube technique.  

2.2. GAS CYCLIC EXPERIMENTS USING FILTRATION TECHNIQUE  

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 which then gives 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 effect of 

various pore sizes. A high-pressure high-temperature filtration vessel was designed to 



 

 

190 

accommodate 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 were 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 the 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 “huff” stage.  
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• A heating jacket was turned on around the vessel to increase the temperature to the 

desired level (i.e., 70oC).  

• The vessel was depressurized after completing the soaking time. This step is 

referred to as the “puff” stage.  

• The produced oil was collected from the effluent, 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 the 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 percent. Using the following 

equation, the difference between these weights determined the asphaltene weight percent. 

         Asphaltene wt% = 
wt asphaltene

wt oil
 * 100                                       (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. 
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Figure 5. Illustration of the cyclic filtration tests setup. 

 

2.2.1. Scope of Work for the Cyclic Filtration Technique.  Four filtration 

experiments were designed to investigate the effect 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 the previous MMP experiments. All of the experiments 

were conducted at 70oC 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 5. 
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Table 5. 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 

N
it

ro
g

en
 

(N
₂)

 

6 1000 Immiscible 100 

50 

2 

450 

6 1750 Miscible 100 

50 

 

2.3. GAS CYCLIC EXPERIMENTS USING SHALE CORES 

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 shown in 

Figure 7.  

After placing the core inside the vessel there were some spaces which were 

considered artificial fractures. The main components were a gas cylinder as the source of 

the gas injection, stainless steel high-pressure vessel to accommodate the core, 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.   
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Figure 6. Cyclic experiments setup. 

 

 

Figure 7. Top view of the real vessel.  

After placing the core inside the vessel, there were some spaces, which acted as 

artificial fractures. The following procedure was followed to conduct the cyclic gas 

injection experiments:  
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• 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 huff stage.  

• A heating jacket was turned on around the vessel to increase the temperature to the 

desired level.  

• After the soaking time was completed, the vessel was depressurized (puff 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: 

 

     Oil Recovery Factor =
wt1- wt2

wt1- wtdry
                                        (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 Work for the Gas Cyclic Process Using Shale Cores.  Eight Eagle 

Ford shale cores were used to conduct cyclic gas injection experiments to investigate the 
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effect 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 effects of soaking time, production time, and 

injection pressure were analyzed. The operation conditions are presented in Table 6. To 

study the effect of the soaking time on the oil recovery, different 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 different cores for each soaking time (tests no. 6-8) to highlight the effect 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 70oC to 

mimic the reservoir temperature. In each experiment, the number of cycles was different, 

but the cycles were stopped when no more oil recovery occurred. The production times 

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. 

 

Table 6. Operating conditions for N₂ cyclic tests at miscible and immiscible gas 

injections.** 

Test 

no. 

Core 

no. 

Gas 

Injected 

Soaking time 

(h) 

Injection 

pressure (psi) 

Production time (min) 

1 #1 

N
it

ro
g

en
 

(N
₂)

 

6 1000 15, 60, and 90 

2 #2 6 1300 

3 #3 6 1750* 

4 #4 6 2000* 

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

6 #6 1 2000* 

7 #7 12 2000* 

8 #8 24 2000* 
* The injected gas in miscible condition 

**Note: Four more cores served as references for the wettability measurement and pore size distribution determinations, with 
the cores numbered #9, #10, #11, and #12.  
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3. RESULTS AND DISCUSSION 

3.1. MMP RESULTS 

The 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 (Elturki 

and Imqam, 2021c). To investigate the effect of miscibility on the 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 70oC, as shown in Figure 8. MMP experiment was conducted at 32 oC as a 

reference and to ensure the accuracy of the MMP results. Table 7 show 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 70oC, 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 (Sebastian et 

al., 1992; Vahidi et al., 2007; Belhaj et al., 2013; Zolghadr et al., 2013; Barati-Harooni et 

al., 2019). 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.  

 

Table 7. N₂ slim tube cumulative oil recoveries (%) 

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

Cumulative OR at 32 oC  62.92 75.51 80.96 85.15 88.51 91.03 92.71 

Cumulative OR at 70 oC  80.12 85.15 88.51 90.61 92.71 93.54 94.38 
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Figure 8. MMP determination using an oil viscosity of 19 cp at 32ºC and 70ºC.   

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 70oC. Figure 9 shows the results of the N₂ cyclic 

filtration experiments, demonstrating that asphaltene in crude oil was altered at different 

degrees of aggregations by N₂ in the first two cycles in all 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 
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percent was observed on the 50-nm filter due to its smaller pore size structure. In the 50-

nm filter, the asphaltene weight precent 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 the all-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 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 the miscible conditions is stronger. The extraction of light 

components in crude oil was higher during the miscible N₂ injection and could result more 

heavy components (Chung, 1992; Tovar et al., 2021) and this explaining why the 

immiscible N₂ had less asphaltene deposition and fluctuations.  
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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 70oC.  

 

3.2.1. Chromatography Analysis Results.  After the last injection cycle of the 

filtration experiments, oil samples were collected from the produced oil to evaluate the 

influence of gas injection on the asphaltene stability in cude 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 hydrocarbons extraction of the N₂. Following miscible 

N₂ testing, higher amounts of C31+ including asphaltenes were found compared to the initial 
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oil composition, but after immisicble N₂ tests, less heavy components were found because 

the mass transfer ability of the miscible N₂ is much strogner than immiscible N₂. Also, 

higher pressure during miscibility conditions will weaken the bonds between asphalten 

particles and resins inside the crude oil and thus more heavy compontnes and asphaltene 

deposition may occur. In the crude oil, immiscible N₂ has low solubility and thus 

immisicble N₂ has a low mass transfer capacity, which might result in less extraction of 

light hydrocarbons and likely less asphaltene flocculation compared to msicble N₂ injection 

pressure )Wang et al., 2018; Fu et al., 2021(. 

 

 

Figure 10. Distribution of oil components before and after N₂ cyclic filtration injections 

of 1000 and 1750 psi. 

 

3.2.2. Microscope and SEM Analysis.  After completing the filtration 

experiments, the impact of the gas injection and asphaltene clusters on the pore plugging 

on the filter paper membranes was determined using a Hirox digital microscope. Figure 11 
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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 areas in the 50-

nm due to its 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 microscopy 

(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 70ºC, 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.  

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.  
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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 microscope (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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3.3. RESULTS OF CYCLIC GAS INJECTION USING SHALE CORES  

3.3.1. Effect of Miscibility on Oil Recovery.  In this section, the effect of the 

cyclic injection pressure on the oil recovery using eight Eagle Ford shale cores. To examine 

the miscibility influence on oil recovery, four sets of experiments (tests 1, 2, 3, and 4) were 

performed at pressures below and above the N₂ MMP. Table 8 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 the oil 

recovery was measured at different 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 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 effectively in the first four 

cycles, but no more oil can be extracted after the sixth cycle. For immiscible cyclic N₂ 

condition, the essential impact in oil recovery was after the second cycle. Immiscible 

pressure of 1000 psi had no significant effect 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 because miscible N₂ 

has a higher solubility, which reduces the oil’s viscosity, thus increases the oil recovery as 

compared to immiscible N₂ pressures, which have a poor evaporation mechanism and oil 

swelling efficiency. In terms of asphaltene deposition, the figures suggested that it began 

to affect 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 
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lower pressers (i.e., immiscible conditions) and then asphaltenes began to precipitate even 

in smaller pores (Huang et al., 2022) 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 the cyclic experiments, we recognized that production time had an effect on 

oil recovery, thus; three different 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. The 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 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 RF 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, the 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 production time affected positively the RF during the 

cyclic N₂ tests.  
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Figure 13. Comparison of recovery performance between the immiscible (a and b) and 

miscible (c and d) N₂ cycles under a 6-h soaking time. 
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Table 8. Summary of the cumulative RF (%) 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 

 

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 (tests no. 6-8). Soaking times of 1, 12, and 24 were selected, and the 6-h 
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soaking time results were discussed in the previous section. Figure 14 shows an illustration 

of the different soaking time modes.  

 

Figure 14. Illustration of the different 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 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 which 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 

advantageous in increasing the oil recovery from shale cores due to 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 
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particles did not plug the pores completely and more oil recovered. Starting with longer 

soaking time impacted the asphaltene instability at higher rate inside the cores and thus 

more pore plugging could be 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.  

 

 
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 different 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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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 affect the 

wettability of shales; hence, the effectiveness of oil recovery. Due to the ultra-low 

permeability of the shale structure, capillary pressure in shale rocks is extremely high. The 

tendency of fluids to adhere to the surface is known as the wettability phenomenon 

(Abdallah et al., 1986). Wettability alterations during gas enhanced oil recovery, especially 

in unconventional reservoirs, are a significant factor in oil production. The wettability of 

shale rocks differs; it can be wet with water or oil, and it is not always oil wet as is usually 

assumed (Sheng, 2018). However, other investigations reported that shale rocks are more 

oil wet (Odusina et al., 2011; Akbarabadi et al., 2017). Wettability is influenced by the 

adsorption of asphaltenic components as well as total organic carbon (Kumar et al., 2008; 

Odusina et al., 2011; Pan et al., 2020; Mohammed et al., 2021). 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 their 

contact angles (i.e., right and left contact angle) of the cores that no pressure applied on 

them, and cores after N₂ cyclic tests. In order to evaluate the asphaltene deposition and the 

effect of gas injection on pore plugging on Eagle Ford cores, four separate saturated cores 

(Figure 17b) were used to measure the contact angle which no pressure applied on them 

(i.e., core 9, 10, 11 and 12). These four cores are fully saturated with crude oil and the 

average contact angle measured was 82.95o. This indicates that weakly intermediate 
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wettability existed before applying the gas pressure. For accuracy purpose, the contact 

angles from all of the shale cores (Table 9) were determined after N₂ cyclic tests in both 

conditions (i.e., miscible, and immiscible). The average contact angle following N₂ cycle 

testing was around 102.26o, showing that N₂ changed the wettability to a strong 

intermediate-wet system. These results suggests 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 (Sarmadivaleh et al., 2015; Iglauer et al., 2015; Arif et al., 2016; 2017; Roshan 

et al., 2016; Pan et al., 2018). This can be due to the shale surface structure had been altered 

by asphaltene deposition, making it rougher, resulting in a rise in contact angle readings 

(Amin et al., 2010; Hosseini, 2019). Furthermore, our findings indicate that oil reduction 

and asphaltene deposition occurred in the later cycles, since the decline in oil recovery was 

detected in the last two cycles in the majority of the cyclic experiments discussed earlier. 

As more cycles were applied, the asphaltene particles started to fill the big pores first at a 

higher rate (Huang et al., 2022) 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 (Shen and Sheng, 2018).The results confirmed 

that cyclic gas injection, particularly at miscible pressures, affects the stability of the 

asphaltene clusters and reduced the strong bonds between the asphaltene particles and 
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resins, resulting in increased asphaltene deposition and precipitation, specifically in later 

cycles.  

 

 

Figure 17. Equilibrated droplets of brine on different core samples and their contact 

angles (a) after N₂ cyclic tests, (b) no pressure applied on cores. 

 

 

Table 9. Contact angle measurements for all cores in this study.  

Stage Condition 
Test 

No. 

Pressure 

(psi) 

Average Contact 

Angle (o)  
Wettability Status * 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 

A
ft

er
 N

it
ro

g
en

 C
y

cl
ic

 

T
es

ts
 

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 

* Classification based on definitions adopted from Anderson, W. (1986) and Arif et al. (2017).  

* Wettability is classified as follows: 0° = completely water wet; 0 to 50° = strongly water wet; 50 to 70° = weakly 

water wet; 70 to 90° = weakly intermediate-wet; 90 to 110° = strongly intermediate-wet; 110 to 130° = weakly oil wet; 

130 to 180° = strongly oil wet.     
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3.3.4. Scanning Electron Microscope (SEM) Analysis.  The primary goal of 

using the SEM was to reveal the impact of the asphaltene precipitation and deposition 

process in the shale formations 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 formations. Gas injection can disrupt 

the connections between the resins and asphaltene particles in crude oil, causing asphaltene 

deposition 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, pictures (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 different 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 confirms 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 Deposition.  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 effective for 

comparing the findings of similar materials (Giesche H., 2006; Labani et al., 2016).  
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Figure 18. Scanning electron microscope (SEM) images (100 µm) of three cores after 

cyclic N₂ gas injection tests.  

 

Two Eagle Ford cores were selected to measure the pore size distribution using 

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, so before the measurements, each core was smashed 

into small pieces. 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. 

The comparison of the pore size distribution of the Eagle Ford cores is shown in Figure 19 

and 20. As a result of the gas injection, the composition of the oil in all cores changes 

resulting in the precipitation of asphaltene. The asphaltene aggregated and produced a solid 
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phase that began to accumulate inside the cores and on the rock’s surface, plugging the 

pores (Behbahani et al., 2015; Shen and Sheng, 2016; Wang et al., 2018).  

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 different ranges, indicating that 

the predominant pore diameter in the two samples was different. For instance, the peak of 

the pore size distribution of the sample before cyclic test was between 0.03 to 40 μm, but 

after N₂ cyclic test ranged between 0.01 and 20 μm. The intrusion of mercury into the 

sample selected after cyclic N₂ test was at a higher rate into the smaller pores.  

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

injection mercury intrusion process. 

 

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 
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consistent with our early-explained results and explain why the oil recovery was reduced 

at later cycles and wettability changes after cycle N₂ tests.    

 
Figure 20. Comparison of the pore size distribution in Eagle Ford cores before and after 

the N₂ cyclic gas injection 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 ultra-small mesh filter paper membranes (static mode). The effect 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:  
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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, the 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 effective. 

d. In the dynamic mode, the soaking time modes results demonstrated that starting 

with a shorter soaking period improved oil recovery. Longer soaking periods 

affected the deposition of asphaltene inside the cores, increasing the drop speed 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 
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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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ABSTRACT 

  One of the challenges in extracting oil from unconventional resources using 

hydraulic fracturing and horizontal drilling techniques is the low primary recovery rate, 

which is caused by the ultra-small permeability of these resources. Consequently, it is 

essential to investigate gas injection methods to produce the trapped oil in shale formations. 

However, the injection process can cause asphaltene depositions inside the reservoir, 

leading to plugging of pores and oil recovery reduction. There has been limited research 

on using gas injection techniques to improve oil production in tight/unconventional 

resources, although Carbon Dioxide (CO₂) and gas enhanced oil recovery (GEOR) methods 

have been used in conventional resources. In order to determine whether or not cyclic (huff-

n-puff) CO₂ process improves oil recovery and aggravate asphaltene precipitation, a 

rigorous experimental investigation was undertaken utilizing filter membranes and Eagle 

Ford shale cores. After the minimum miscibility pressure (MMP) was calculated for CO₂, 

various injection pressures were selected to perform CO₂ huff-n-puff experiments. 

Investigations were carried out at 70oC on injection pressure, cycle number, production 

time, and huff-and-puff mode injection. The results demonstrated that when pore size 

structure of the membranes used smaller and gas injection cycles increased, a higher 
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asphaltene weight percent (wt. %) was determined during the static experiments (i.e., 

employing filter paper membranes). Miscibility improved oil recovery in dynamic testing 

(i.e., using shale cores), but a more oil-wet system was detected in wettability 

measurements taken following CO₂ huff-and-puff tests. The plugging impact of asphaltene 

particles on the pore structure was studied using optical microscopy and scanning electron 

microscopy (SEM) imaging.  Following the huff-and-puff tests, a mercury porosimeter 

revealed how severely the pores were plugged, and after the CO₂ tests, the pore size 

distribution reduced as a consequence of asphaltene deposition. This study examines the 

significance of CO₂ injection in oil recovery under miscible/immiscible conditions to 

identify the critical parameters that could impact the effectiveness of CO₂ huff-n-puff 

operation in unconventional formations. 

 

1. INTRODUCTION  

Tight oil and gas have come into the forefront in the United States in recent years 

as conventional oil reserves have been depleted. Unconventional resources, such as shale 

reservoirs, are well-known to have ultra-small permeability and very low porosity (Elturki 

and Imqam, 2020). Only 4-6% of the trapped oil may be retrieved using multi-stage 

hydraulic fracturing and horizontal well drilling methods (Warpinski et al., 2009; Sheng, 

2015; Zoback et al., 2019; Liu et al., 2021), and oil production decreases after months 

attributable to the ultra-small permeability of such reservoirs (Elturki et al., 2021a). The 

water flooding technique is one applicable method that can increase oil recovery from 

conventional reservoirs; however, this technique is not the optimal choice for tight 
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reservoirs due to their poor injectivity, poor sweep potency, and clay swelling issues (Yang 

et al., 2013; Ahmad et al., 2019). Gas injection has become a widespread technology that 

improves oil production in unconventional reservoirs in the U.S. and could be the best 

reliable method to unlock the remaining oil percentage (Zhou et al., 2018). Huff-n-puff gas 

injection has a more advantageous impact in increasing oil recovery compared to gas 

flooding techniques, especially in ultra-tight reservoirs with the matrix permeability under 

0.001 mD (Tang et al., 2021; Milad et al., 2021). Because kerogen renders the surface of 

the pores oil-wet, extracting the oil from inside tight reservoirs is restricted by the presence 

of a high total organic carbon (TOC) (Jia et al., 2019). In multiphase-flow operations, the 

mixture of scales and multiphase fluids, such as gas and oil, may result in several 

challenges, such as the deposition of wax and asphaltene, the creation of hydrates, slugging, 

and the generation of emulsions (Shi et al., 2021). Particles made mostly of organic 

hydrocarbons that settle in oil and gas reservoirs might cause a number of flow-assurance 

concerns during oil extraction. Increased resistance to flow caused by these materials might 

decrease productivity or possibly plug pipelines (Hassanpouryouzband et al., 2020; Ali et 

al., 2021). Asphaltene precipitation and deposition is a difficult aspect of huff-and-puff gas 

injection into shale formations because it causes pore plugging in the shale and changes 

the wettability of the formation, which in turn reduces oil recovery. In crude oil, asphaltene 

is a solid-phase material that dissolves in aromatics like toluene but not in light n-alkanes 

such as n-pentane (Ahmed et al., 2022). The stability of asphaltenes in the crude oil 

decreases due to the interaction between the gas injected into the shale reservoir and the 

oil (Mohammed et al., 2021). Injecting gas into crude oil causes changes that affect the 

oil's solubility. Therefore, asphaltene starts to precipitate and flocculate because of the 
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unstable condition of the colloidal suspension in the crude oil (Elturki and Imqam, 2020; 

Behbahani et al., 2013). Various studies have investigated the effect of a number of factors 

on asphaltene deposition in conventional reservoir cores on permeability reduction (Turta 

et al., 1997; Sim et al., 2005; Hamadou et al., 2008; Behbahani et al., 2014; Mehana et al., 

2019; Lo et al., 2020). Many investigations have been conducted to highlight the impact of 

gas injection on asphaltene deposition using nitrogen (N₂) and CO₂ (Jamaluddin et al., 

2002; Moradi et al., 2012; Zadeh et al., 2011; Khalaf et al., 2019; Takahashi et al., 2003; 

Afra et al., 2020; Elturki and Imqam, 2021; 2022; Espinoza Mejia et al., 2022; Zanganeh 

et al., 2018; Nascimento et al., 2021). The asphaltene instability in shale/unconventional 

resources during the miscible/immiscible CO₂ huff-n-puff operation is still not fully 

understood. To do so requires investigating the conditions under which the asphaltene may 

deposit and precipitate in tight shale resources during the CO₂ huff-n-puff injection 

process.  

Recently, gas huff-n-puff and flooding process have been studied extensively in 

shale resources by various approaches, including experimental studies (Abedini et al., 

2014; Yu et al., 2015; Yu and Sheng, 20115; Altawati, 2016; Song et al., 2022; Li et al., 

2019; Sie et al., 2021; 2022; Zhu et al., 2020; Elwegaa et al., 2020; Badrouchi et al., 2022; 

Shilov et al., 2022; Mahzari et al., 2021; Sennaoui et al., 2022; Ma et al., 2019; Min et la., 

2020), field pilots (Nuttal et al., 2005; Louk et al., 2017), and through simulation work 

(Sheng and Chen, 2014; Sanchez-Rivera et al., 2015; Sun et al., 2016; Wan et al., 2018; 

Wang et al., 2019; Zheng et al., 2021; Baek et al., 2021; Luo et al., 2022; Wang et al., 2022; 

Zhang et al., 2022). Using N₂ and Eagle Ford shale cores, Yu and Sheng (2015) carried out 

an experimental investigation. They used mineral oil to saturate the cores and to perform 
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the study. The majority of the oil was extracted in the first two hours of production, during 

the "puff" phase, proving that N₂ was successful in enhancing oil recovery. There was a 

weakness in their research, however, since they didn't utilize crude oil but mineral oil 

instead, so avoiding the impact of asphaltene  precipitation on the performance of oil 

recovery. To examine how water saturation influences oil recovery using CO₂ and N₂ huff-

n-puff processes, Altawati (2016) saturated Eagle Ford outcrops with oil of decane and 

brine with a percentage of 15%. Altawati (2016) discovered that cores that were slightly 

wet with water had a lower recovery factor than those that were not saturated with water. 

Oil recovery during the CO₂ huff-and-puff process was studied by Li et al. (2017), who 

looked at the impact of the MMP. All fifteen tests utilized Wolfcamp cores, and the 

findings revealed an improvement in oil recovery at injection pressures higher than the 

MMP. Tovar et al. (2021) used 11 Wolfcamp shale cores in a number of tests to study the 

impact of CO₂ and N₂ injections on the performance of oil recovery. MMP, soaking length, 

and injection-gas mixtures were all variables investigated. Injecting CO₂ instead of N₂ was 

shown to increase oil recovery because CO₂ can evaporate a wider range of hydrocarbons. 

Oil recovery increased with increasing pressure and soaking duration beyond the 

miscibility limits for CO₂. Evaluating the oil recovery in tight resources was the focus of 

experiments done by Bougre et al. (2021), who compared the results of flooding with CO₂, 

N₂, and a CO₂-N₂ mixture. All of the tests utilized the same oil-soaked core sample from 

the Eagle Ford shale. Each experiment included washing and resaturating the sample. The 

CO₂ gas injection produced the best oil recovery, followed by the CO₂-N₂ mixture with a 

relatively slow breakthrough. The findings of oil recovery from the huff-and-puff injection 
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of CO₂ are controversial, since a literature study reveals the influence of asphaltene 

attributable to CO₂ miscible injection was not evaluated. 

Recent years have seen a few studies looking at the effects of asphaltene 

precipitation during huff-and-puff gas injection (Shen and Sheng, 2017a; 2017b; 2019; 

Mohammad et al., 2017; Li et al., 2020). Shen and Sheng (2017a) researched the impact of 

CO₂ huff-n-puff injection on the permeability and pore plugging due to asphaltene plugging 

in Eagle Ford shale. Results demonstrated that after six CO₂ cycles, pore diameters in the 

100–800 nm range decreased as well as pore sizes below 100 nm. Also, a decrement of 

47.5 nD of permeability was determined after six cycles of the CO₂ huff-n-puff process 

compared to the original permeability of 126 nD. Based on their results, pore plugging and 

asphaltene adsorption in shale cores were significant during the CO₂ huff-n-puff injection 

process. Mohammad et al. (2017) used computer simulations to estimate the formation of 

asphaltene in low-permeability reservoirs after huff-and-puff CO₂ injection. They aimed to 

optimize CO₂ injection by including brine into the huff-and-puff CO₂ injection in order to 

decrease asphaltene issues. Shen et al. (2019) conducted a simulation study to provide a 

better idea of the main factors that might affect asphaltene deposition and precipitation in 

hydraulically fractured shale reservoirs under the CO₂ huff-n-puff injection process. They 

found that asphaltene deposition can be different in the rock matrix and fractured network, 

and thus, the permeability reduction will also differ. Li et al. (2020) performed 

experimental research to highlight the impact of CO₂ huff-n-puff process on a shale outcrop 

using four cycles and two oil samples. Their findings revealed that the greatest amount of 

asphaltene was deposited in the first cycle. Despite the aforementioned studies' emphasis 

on a variety of variables that influence oil production from shale formations using the gas 
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huff-and-puff technique, there is a lack of comprehensive studies on how to evaluate 

asphaltene precipitation issues and how to determine its impact on oil production 

performance in shale resources using gas huff-n-puff technique (especially below and 

above MMP). The novelty of the work lies in presenting a comprehensive experimental 

evaluation of asphaltene instability in tight shale reservoirs during miscible and immiscible 

conditions using shale cores and filter paper membranes. This study further expands the 

work of Elturki and Imqam (2021; 2022a; 2022b; 2022c) who evaluated the effect of 

continuous and huff-n-puff immiscible/miscible N₂ injections on the deposition of 

asphaltenes.  

The ultimate goal of this research is to highlight the process of asphaltene damage 

during miscible and immiscible CO₂ huff-n-puff process, especially in ultra-small-

permeability reservoirs (mainly unconventional reservoirs). A better understanding of the 

factors impacting asphaltene instability during miscible and immiscible CO₂ huff-n-puff 

injections in tight-shale resources must therefore contribute from the completion of this 

extensive comparative study. 

 

2. MATERIALS AND METHODOLOGY 

There were three primary parts to the laboratory work. First, MMP determination 

experiments. Second, CO₂ huff-n-puff gas injection tests. Third, asphaltene deposition and 

pore plugging analysis. Initial investigations determined the MMP for CO₂ huff-n-puff 

tests. The miscible and immiscible pressures of the huff-n-puff gas injection tests were 

selected based on the findings of MMP. Figure 1 illustrates the experimental design for the 
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primary tests and analysis presented in this research. Table 1 provides a summary of the 

study's primary materials and their suppliers.  

 

 
 

Figure 1. Flowchart of experimental design. 
 

 

Table 1. List of Chemical/Material Suppliers Used in This Research 

Material/Equipment  Type/Size Supplier/Company 

Crude oil - Western Missouri Oil Field 

Solvent of n-heptane  Chemical formula: C7H16, purity: 

≥99%) 

Lab Alley Powering 

Whatman filter paper  Size: 2.7 μm OFITE 

Filter paper 

membranes  

Pore size structure: 50, 100, and 

450-nm 

Foxx Life Sciences  

Oven LBB2-27-2 Despatch 

 

2.1. EXPERIMENTAL MATERIALS 

Shale outcrops from the Eagle Ford formation were completely saturated with 

Western Missouri Oil (viscosity: 19 cP, density: 0.864 g/cc, oAPI: 32). The crude oil’s 

composition was analyzed utilizing gas chromatography and mass spectrometry (GC-MS), 
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and the findings are presented in Table 2. For the MMP tests, the western Missouri oil was 

used to saturate the slim tube and then the gas (i.e., CO₂) was injection to determine the 

MMP, more details will be discussion in the following section. For the huff-and-puff 

filtration studies, 450, 100, and 50 nm filter papers were used. The gas injection for the 

slim tube and huff-and-puff trials supplied from CO₂ gas cylinders with a 99.9% purity 

level. During the huff-and-puff tests, the cores were placed in a specially made vessel 

(Length: 15.25 cm, Inside Diameter: 5.0 cm, Outside Diameter: 7.63 cm). During the MMP 

tests, the temperature was controlled through an oven. Figure 2 shows a core sample 

dimensions and after the saturation process. Their diameter and length, respectively, were 

2.5-cm and 5-cm. The average permeability and porosity were 0.000198 mD and 5.7% 

(helium porosity), respectively. Figure 3 shows the cores’ XRD (X-ray diffraction) results. 

Finlay, the TOC (total organic carbon) of the Eagle Ford samples was 5.5% (measure by 

Rock Eval pyrolysis).  

 

 

 
Figure 2. A core taken before and after the saturation phase. 
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Table 2. The elemental composition of crude oil  

Carbon Number Mass % 

C1 0.000 

C2 0.000 

C3 0.000 

C4 0.003 

C5 0.063 

C6 0.430 

C7 0.540 

C8 64.48 

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) 5.170 

Total 100.0 

 

 

 
Figure 3. Eagle Ford XRD results. 
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2.2. SLIM TUBE EXPERIMENTS 

In order to carry out the MMP tests, we used a slim tube that was filled with sand 

as well as three accumulators. The slim tube has the following dimensions: length: 13.10 

m, inside diameter: 0.21 cm, and outside diameter: 0.41 cm. Figure 4 highlights the primary 

parts of the setup. The first phase was cleaning the slim tube, the second step was saturating 

the slim tube with the oil, and the third step was injecting gas into the slim tube. Therefore, 

the first accumulator stored the crude oil that was going to saturate the slim tube, the second 

accumulator contained the n-heptane solvent that was utilized to wash the slim tube, and 

the third accumulator contained the gas that was pumped into the slim tube throughout the 

tests. The methodology for carrying out the tests began with the preparation of the slim 

tube, which included completely filling it with distilled water. Constant injections of crude 

oil at a rate of 0.25 ml/min were conducted until the tube was saturated with oil. This can 

be confirmed at the outflow of the slim tube, which only received oil as a fluid. This insured 

that the whole slim tube was completely filled with oil. The gas accumulator was loaded 

with CO₂, and after that, the syringe pump's constant pressure mode was used to inject gas 

at a pressure that had been previously determined. When the gas breaks through or 1.2 pore 

volume of gas was injected, the test was stopped. The MMP may be calculated by 

generating a graph that compares the pressure of the gas injection to the total amount of oil 

recovered. After each experiment, the slim tube setup was given a thorough cleaning using 

the solvent xylene. This was done to guarantee that there was no oil residue left in the slim 

tube, which may have had an impact on the following experiment.  
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Figure 4. Slim tube apparatus for CO₂ MMP.  

 

2.3. HUFF-N-PUFF FILTRATION TECHNIQUE (STATIC MODE) 

The primary parts of the huff-n-puff tests using the static mode are shown in    

Figure 5. Due to the low outlet pressure of CO₂ cylinder, an accumulator was used to store 

the CO₂ and pump it directly into the vessel utilizing a syringe pump to accomplish high-

pressure levels. Various filter-paper membranes with pore sizes of 50, 100, and 450-nm 

were used to represent the structure of shale reservoirs and to examine the influence of 

variable sizes. Utilizing a filtration vessel with three mesh screens as a means of protecting 

the filter papers and avoiding the possibility of the sheets breaking at higher pressures. The 

mesh screens were built with porous structure to allow the oil to flow across them freely. 

One transducer was used to record and monitor the pressure during the experiments. The 

following steps were taken to perform the static mode experiments: 
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▪ The vessel was loaded with 50 nm, 100 nm, and 450 nm filter membranes and then 

was closed and attached to the gas source/cylinder in order to fill the accumulator 

of gas. Next, the pressure regulator was used to secure the gas cylinder.  

▪ The gas cylinder was opened using the pressure regulator at the desired pressure 

after 30 ml of crude oil was injected into it by utilizing a syringe pump attached to 

the accumulator of oil. 

▪ During the "huff" stage, the gas was able to mix with the crude oil for a set period 

of time (in this case, 6 h). 

▪ The temperature within the vessel was adjusted to 70oC by operating a heating jack. 

▪ When the soaking time was over, the pressure inside the vessel was released. This 

is known as the "puff" phase. 

▪ After taking the oil from the effluent and opening the vessel, a sample of the crude 

oil that had been filtered through the membranes was taken for asphaltene 

examination. Next, the oil that had been filtered through the paper membranes was 

carefully returned for yet another new cycle. 

▪ Without changing the filter membranes, the aforementioned procedures were 

carried out once again to create a new huff-and-puff process.  

Figure 6 shows a simple sketch of test tube and the process of asphaltene deposition 

to quantify the weight of asphaltenes after mixing 1 ml of crude oil with 40 ml of n-heptane 

(ratio of 1:40). Before measuring the asphaltene wt. %, 1 ml of oil from each filter paper 

was mixed with 40 ml of n-heptane in a test tube (ratio of 1:40).  
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Filter paper (2.7 µm) was used to filter the mixture. The asphaltene wt. % 

determined using the following equation:   

      Asphaltene wt. % = 
wt. asphaltene

wt. oil
 * 100                                               (1) 

Where asphaltene wt. % is the asphaltene weight percentage, wt. asphaltene is the asphaltene 

particles’ weight on the filter paper, and wt. oil is the weight of oil sample. 

 

 
Figure 5. Huff-n-puff filtration test setup. 

 

 

Figure 6. Simple sketch of test tube showing the process of asphaltene precipitation, 

flocculation, and deposition.  
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2.3.1. Huff-n-puff Filtration Technique Scope of Work.   Two filtration huff-n-

puff experiments were conducted utilizing one miscible pressure (i.e., 1750 psi) and one 

immiscible pressure (i.e., 1000 psi). Various filter paper membranes were used in each test 

as shown in the table below. All experiments were carried out at 70oC and for 6 h soaking 

time. The purpose of these tests was to examine how gas condition influences the 

asphaltene stability and the structure of filter membranes. These tests were implemented to 

highlight and evaluate of how CO₂ condition can influence the asphaltene stability and the 

membranes’ pore structure. These tests will provide an understanding of how asphaltene 

affects ultra-pore structures which represent real tight shale structures. Table 3 summarizes 

the operating conditions used in this section.  

 

Table 3. CO₂ huff-n-puff filtration experiments’ operating parameters.  

Test No. 

Filter 

Membrane’s 

Pore size (nm) 

Gas 

Used 

Soaking time  

(h) 

Injected 

pressure (psi) 
CO₂ Condition  

1 

450 

Carbon 

Dioxide 

(CO₂) 

6 1000 Immiscible 100 

50 

2 

450 

6 1750 Miscible 100 

50 
 

2.4. HUFF-N-PUFF PROCESS USING EAGLE FORD CORES  

Eagle Ford outcrops (8 cores) were used to conduct immiscible/miscible CO₂ huff-

n-puff tests based on the findings of MMP tests. Figure 7 illustrates the setup used in the 

dynamic mode tests. A high-pressure vessel was utilized for accommodating the cores. A 

syringe pump attached directly to the accumulator of gas for holding and boosting the 
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pressure of CO₂ gas. Finally, to mimic the real shale temperature during the experiments, a 

heat jacket was used.  

 

 
Figure 7. CO₂ Huff-n-puff experiments setup.  

 

Prior to the saturation step, twelve Eagle Ford cores were labelled and 

saturated with the same properties of crude oil used in the MMP tests. An accumulator was 

used to accommodate the core, and then they were subjected to high pressure and high 

temperature for a period of ten months to guarantee that the cores would be saturated. The 

saturation process was discontinued after ten months since the cores’ weight did not change 

during the last two months of the saturation time, demonstrating that the outcrops were 

completely saturated. Figure 8 illustrates the weight change of three selected cores 

throughout the saturation step. 
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Figure 8. Core saturation examples during a 10-month period. 

 

Spaces surrounding the core improved gas flow during the tests after inserting it in 

the vessel. Figure 9 displays a top view of the actual vessel. The experiments were 

conducted using the following steps: 

• Following the placement of the core inside the vessel, the vessel was then closed 

after being attached to the CO₂ cylinder and the gas accumulator. 

• The CO₂ was pumped into the vessel at the specified pressure during the huff stage, 

and then the CO₂ was allowed to soak the saturate core for the amount of time that 

was set for the soaking process. 

• For the temperature, a heating jacket was used to boost the temperature to mimic 

the reservoir temperature (i.e., 70oC).   

• Depressurizing the vessel after the end of soaking time is called the “puff” stage.  
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• The core was collected in order to determine the recovery factor at certain 

production durations by applying the following formula:  

 

Oil Recovery Factor (RF) =
wt1- wt2

wt1- wtdry
                                (2) 

      Where: 

- wt1 is the saturated core weight. 

- wt2 is the core weight after production time.  

- wtdry is the core weight when its dry  

 

• After calculating the RF from the previous gas cycle, a new cycle was started, and 

the cycles were terminated when no cumulative oil recovery was 

calculated/determined. 

• Once all the required cycles were completed, the Eagle Ford cores were tested for 

asphaltene precipitation, alteration in pore size distribution and wettability phase. 

 

 
Figure 9. Real vessel top-view.  
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2.4.1. Huff-n-puff Tests Using Shale Cores Scope of Work.   Eight Eagle Ford 

outcrops were utilized to study the effect of CO₂ miscibility on oil recovery performance 

and asphaltene precipitation using huff-n-puff injection technique. Extra four-reference 

cores that were only saturated (no CO₂ gas exposure) used to measure their wettability 

phase and pore size structure range. Various factors were examined such as soaking time, 

injection pressure, and production time. Table 4 summarizes the operation conditions.  

In order to investigate how the soaking period influences the amount of oil that can 

be extracted, many cores were exposed to a gas huff-n-puff pressure of 2,000 psi and a 

range of soaking durations (i.e., 1, 6, 12, and 24 h). Two techniques were used to investigate 

the influence of soaking time: one core for all soaking durations (test no. 5) and utilizing 

various cores for each soaking time (tests no. 6-8) to evaluate the influence of re-soaking 

procedure on the performance of oil recovery (more details in the following sections). The 

temperature for all the tests was maintained at 70oC.  

For each test, the cycle number ranged, but the cycles were stopped when there was 

no observation of oil (i.e., no oil recovery recorded/calculated). For both miscible and 

immiscible scenarios, the production times (i.e., the time when the core was weighed after 

finishing the huff-n-puff cycle) were defined as 15, 60, and 90 min. Finally, slim tube 

results were the reference for selecting the CO₂ miscible and immiscible pressures. 
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Table 4. CO₂ huff-n-puff experiments’ operating parameters  

Test no. Core no. ** 
Gas 

Used 
Soaking time (h) 

Injected 

pressure (psi) 

Production time 

(min) 

1 #1 

Carbon 

Dioxide 

(CO₂) 

6 1000 15, 60, and 90 

2 #2 6 1300 

3 #3 6 1750 *  

4 #4 6 2000 *  

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

6 #6 1 2000 * 

7 #7 12 2000 * 

8 #8 24 2000 * 
* Miscible pressure condition 

** Note: Four additional cores, numbered #9, #10, #11, and #12, were used as references for the wettability 

assessment and pore size distribution measurements. 

 

 

3. FINDINGS AND DISCUSSION 

3.1. MINIMUM MISCIBILITY PRESSURE (MMP) RESULTS 

The gas injection process can occur in either condition–miscible or immiscible; 

however, miscibility had a significant influence on the performance of oil recovery. The 

MMP is the pressure at which a gas becomes miscible with the crude oil at the conditions 

of the reservoir such as temperature (Sebastian et al., 1992; Vahidi et al., 2007; Belhaj et 

al., 2013; Elturki and Imqam, 2021c). Nine tests were performed to estimate the CO₂ MMP 

at pressures of 400, 600, 800, 1000, 1200. 1500, 1750, 1850, and 2000 psi at 32 and 70oC, 

as shown in Figure 10. As a point of reference of the MMP findings, the first MMP 

tests were carried out at 32oC. The cumulative oil recovery (OR) at each of the CO₂ 

pressures is shown in Table 5. The MMP of CO₂ was estimated to be 1450 and 1650 psi at 

32 and 70oC, respectively. The MMP findings were utilized to determine which miscible 

and immiscible pressures of CO₂ that could be selected for the static and dynamic CO₂ 

huff-n-puff tests.  
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Table 5. CO₂ slim tube cumulative oil recoveries (%). 

Pressure Injected (psi) 400 600 800 1000 1200 1500 1750 1850 2000 

Cumulative OR at 32oC  32.20 45.40 57.10 64.71 75.20 91.30 92.10 92.50 93.12 

Cumulative OR at 70oC  66.30 72.50 75.60 81.90 84.40 93.30 98.50 98.80 99.10 

 

 
Figure 10. Results of CO₂ MMP experiments at 32ºC and 70ºC. 

 

3.2. RESULTS OF HUFF-N-PUFF FILTRATION TESTS  

The huff-and-puff filtration methodology was used to perform two sets of huff-and-

puff tests (i.e., static mode). In order to examine the influence of CO₂ pressures (i.e., above 

and below MMP) on asphaltene deposition, two scenarios were designed. Pressures of 

1000 psi and 1750 psi were considered for immiscible and miscible circumstances, 

respectively. For both tests, the temperature and soaking time were fixed to be 70oC and 6 

h, respectively. The findings of the CO₂ huff-n-puff filtration tests are presented in Figure 

11. These findings suggest that asphaltenes in crude oil were impacted by varying degrees 



 

 

250 

of aggregation during the first-two cycles. The figure reveals that the asphaltene wt.% in 

the 450-nm filter upsurged considerably from 8.89% to 10.23% when comparing the first 

cycle to the second cycle, respectively, with an immiscible CO₂ pressure of 1000 psi. The 

asphaltene wt. % increased considerably as the number of cycles increased until the fifth 

cycle, demonstrating that asphaltene particles were affected at a higher pace in the early 

cycles. Because of the ultra-small pore structure, the 50-nm filter was identified to have a 

more asphaltene wt. % than the other filters. For example, a significant increase was 

observed in the fifth cycle in which the asphaltene wt.% climbed to 18.21% compared to 

14.22% in the first cycle. The asphaltene wt. % started growing slowly to 19.68% in the 

sixth cycle, then stabilized after the seventh cycle. However, the miscible CO₂ pressure of 

1750 psi dramatically increased the asphaltene wt. % in all filter membranes, indicating 

that the miscibility notably disrupted the connections between asphaltene particles and 

resins in the crude oil. For example, the asphaltene wt. % in the 50-nm filter was 24.98% 

during the first cycle, however by the fifth cycle, it had dramatically jumped to 35.5%. The 

asphaltene wt. % remained nearly constant at 35.98% during the subsequent cycles. To 

sum up, the asphaltene wt. % went up in all huff-and-puff experiments as the pore size 

structure of the membranes became smaller and in the first cycles of the huff-and-puff 

process. According to these findings, CO₂ causes more rates of asphaltene deposition and 

flocculation, especially at miscible gas conditions which has strong light component 

extraction (Chung, 1992). That could occur because CO₂ has high solubility, thus, the mass 

transfer potential of CO₂ is very strong.  
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Figure 11. Asphaltene wt. % in all filter membranes after seven CO₂ cycles at 70oC. 

 

3.2.1. Results of Chromatography Analysis.  Following the completion of the last 

cycle of the filtration tests, samples of crude oil were taken from the oil that was produced 

in order to analyze the alteration in its elemental composition using gas chromatography-

mass spectrometry (GC6890-MS5973). This step will ensure that the structure of filter 

membranes and gas cycles have an influence on heavy components in crude oil, such as 

asphaltenes. Figure 12 reveals the oil composition of the produced oil after miscible and 

immiscible CO₂ huff-and-puff tests. The findings demonstrated that CO₂ injection at 

miscible scenarios had a substantial influence on crude oil, as shown by the increased mole 

fraction of both the intermediate and heavy components (C15-C30). Partial extraction was 

observed for the light components (C8-C14) as CO₂ had a considerable light extraction 

mechanism. More heavy components (i.e., C31+) were detected after CO₂ tests, including 

asphaltenes, due to the high mass transfer mechanism of high CO₂ pressure. Moreover, 
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miscible pressure had weakened the connections between asphaltene particles and resins 

in the crude oil, resulting in an increase in asphaltene deposition and heavy components 

(Pereira et al., 2006; Wang et al., 2018). 

 

 

Figure 12. Crude oil carbon number before and after CO₂ huff-n-puff filtration tests. 

 

3.2.2. Microscope and SEM Analysis.  A Hirox digital microscope was used in 

order to investigate the pore structure plugging that resulted in the filter membranes as an 

outcome of the buildup of asphaltenes. After completing immiscible and miscible CO₂ tests 

(static mode), microscopic photos showing the filter membranes’s pore structure (i.e., 450, 

100, and 50nm) were taken at a magnification of 500 µm, as shown in Figure 13. Before 

the photos were captured, the filter paper membranes were cleaned and exposed to the 

solvent of heptane for 24 h. The figure reveals that asphaltene clusters plugged more spots 

in the 50-nm filter during miscible CO₂ pressure, resulting in more asphaltene depositions. 

This is due to the smaller pore structure of the 50-nm filter paper. This observation confirms 
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the above results in previous sections. To provide a clear picture of filter membranes, 

scanning electron microscopy (SEM) was used for high-resolution photos of the 

membrane’s structure. As shown in Figure 14, different photos of the membranes were 

captured to highlight the asphaltene deposition and its severity in pore plugging. The same 

sizes of the filter membranes were selected (i.e., 450, 100, and 50 nm) in both conditions 

of miscible and immiscible gas injections. Similar observations of the digital microscope 

were noticed in all filter membranes. For example, more asphaltene particles were found 

in the filter paper of 50-nm compared to 450-nm filter due to 50-nm has smaller pore 

structure. Moreover, the photos shows that darker colors were found during miscible CO₂ 

pressure. These results provide support to the observations above that CO₂ has a high 

solubility and high extraction of light-hydrocarbon compounds in oil, both of which have 

the potential to cause asphaltenes’ related issues. 

 

 

Figure 13. Microscopic photos at a magnification of 500 µm showing the structure of 

450, 100, and 50 nanometer membranes following the last cycle of immiscible and 

miscible CO₂ injections. 
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Figure 14. SEM photos at a magnification of 500 µm showing the structure of 450, 100, 

and 50 nanometer membranes structure following the last cycle of immiscible and 

miscible CO₂ injections. 

3.3. RESULTS OF HUFF-N-PUFF GAS INJECTION USING SHALE CORES  

3.3.1. Effect of Injected Pressure.  The influence of CO₂ huff-n-puff injection 

pressure on the performance of oil recovery using eight Eagle Ford shale cores will be 

discussed. Table 6 presents the cumulative recovery factor (RF) results that were 

determined after each cycle for each test for CO₂.  

Four sets of tests (test 1 to 4) were designed to evaluate the impact of CO₂ miscible 

conditions on the performance of oil recovery. The tests were carried out utilizing pressures 

both below and above the CO₂ MMP with a fixing soaking time of 6 h. At different 

production intervals of 15, 60, and 90 min, the oil recovery performance was measured, 

and the production time was evaluated. When there was no oil recovery recorded, the cycles 

were ended, and a new experiment was started.  
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Figure 15 demonstrates that at immiscible huff-n-puff conditions, oil recovery was 

significantly lower than under miscible conditions. The oil recovery performance 

significantly improved as the pressure continued to increase, as seen in the first cycle. 

According to the findings, oil can be recovered during the first five cycles in both scenarios, 

but after the sixth cycle, no more oil can be collected. These findings therefore confirms 

that miscible pressures were more effectiveness and advantageous over the immiscible 

pressure in terms of improving oil recovery. Similar results were obtained for the 

miscibility conditions, where miscibility positively impacted the oil recovery more than 

immiscible conditions. The possible explanation is that miscible CO₂ has a good solubility, 

which decreases the viscosity of oil and resulting in more oil extraction and recovery. 

Under miscible CO₂ pressure, hydrocarbon contents can be evaporated at a quicker pace, 

resulting in an increased oil recovery factor at higher pressures. The steady cumulative oil 

recovery in the last cycles indicates that asphaltene precipitation started to impact oil 

recovery performance in later cycles.  

During conditions of immiscibility (i.e., low pressure), asphaltene clusters started 

to deposit mostly in the larger pores (Huang et al., 2022). During miscible conditions, 

asphaltenes started to fill both large and small pores especially after several cycles of huff-

n-puff pressures; thus, the pore plugging rate in shale structure increased. These findings 

suggest that oil recovery existed primarily in early cycles, when asphaltenes were not yet 

fully deposited and blocked all pore spaces in the cores.  

In terms of production time shown in the figures which is the time when the cores 

were collected from the vessel after the cycle phase and then leave it for a certain period 
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of time to weight it. At 15, 60, and 90 min of production time, the oil recovery was 

calculated, and every cycle's soaking period was set at 6 h.  

 

 

Figure 15. Cumulative oil recovery factor of CO₂ huff-n-puff pressures (6-h soaking 

time). 

 

Figure 15 presents the findings of the CO₂ huff-and-puff experiments with different 

production periods. The figure reveals that for all CO₂ huff-n-puff cycles the recovery 

slightly increased in all production periods. After the second immiscible CO₂ cycle, the 

influence on oil recovery was most considerable. This was because more soaking time led 

to more interactions between the crude oil and the CO₂; thus, a higher solubility occurred, 
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which led to a higher performance of oil recovery. A slight increase in oil recovery was 

determined during the second cycle which increased from 10.66% to 11.71% during the 

1000 psi CO₂ gas injection for 15 and 90 min of production time, respectively. The oil 

recovery increased from 13.95% to 15.69% in the fifth cycle (conditions: 1000 psi, 15- and 

90-min production time).  

Table 6. Cumulative recovery factor (%) summary determined after CO₂ huff-n-puff 

tests. 
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1  6 1000 

15 4.14 10.66 12.30 13.93 13.93 13.95 13.98 - - 

60 4.55 11.29 12.93 14.57 14.57 14.59 14.60 - - 

90 4.76 11.72 13.82 15.69 15.69 15.69 15.70 - - 

2  6 1300 

15 9.10 10.72 11.66 12.24 13.24 13.24 13.24 - - 

60 9.07 11.16 12.36 13.09 14.09 14.09 14.10 - - 

90 9.28 12.07 13.75 14.48 15.48 15.48 15.48 - - 

3 6 1750 

15 10.26 15.40 17.42 20.30 22.81 22.81 - - - 

60 11.38 17.08 18.42 21.53 25.08 25.08 - - - 

90 12.67 16.97 18.99 22.52 26.08 26.08 - - - 

4 6 2000 

15 7.87 18.08 29.40 34.96 39.30 39.30 - - - 

60 9.26 22.39 31.01 37.42 41.57 41.57 - - - 

90 11.11 25.56 32.90 39.87 43.14 43.14 - - - 

5 

1 2000 15 11.16 13.25 18.68 21.74 24.30 25.20 26.40 26.20 26.19 

6 2000 15 27.46 31.46 40.03 44.03 45.61 47.36 47.10 47.41 47.41 

12 2000 15 47.50 61.79 68.93 71.30 73.22 75.46 75.60 75.61 75.61 

24 2000 15 76.06 81.66 85.47 90.12 91.54 92.33 93.11 93.12 93.12 

6  1 2000 15 2.26 8.94 12.61 15.13 16.33 18.01 19.25 20.33 20.35 

7 12 2000 15 17.93 25.43 32.48 41.13 45.12 46.32 47.10 47.11 47.11 

8  24 2000 15 31.01 37.39 47.69 53.44 59.12 61.31 61.32 61.32 61.32 

 

For miscible conditions (i.e., higher pressures), the change in oil recovery 

performance was seen from the second cycle, especially for the 2000 psi injection pressure. 

The previously discussed findings indicated that production time had a slightly positive 

influence on the performance of recovery factor during the process of CO₂ huff-n-puff. 
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3.3.2. Soaking Time Mode.  The impact of the soaking step will be discussed in 

this section using different techniques at a pressure of 2,000 psi. The first technique is 

referred to as Mode-I, and it involved using many cycles on the same core with changing 

soaking times of 1, 6, 12, and 24 h. The second technique, known as Mode-II, is defined 

by the use of a separate core for each soaking time, as well as multiple cycles. Figure 16 

illustrates the difference between these two modes. Test no. 5 was conducted using the 

Mode-I technique and one core was used for all soaking time and cycles parameters. To 

implement Mode-II, three more tests were designed (tests no. 6 to 8) in which each soaking 

time had its separate core. The results for the fourth test (soaking time of 6-h) were 

addressed in an earlier section. All experiments used a constant production period of 15 

min and a miscible injection pressure of 2000 psi. As demonstrated in Figure 17a, nine CO₂ 

cycles using Mode-I were sufficient to extract more than 90 % of the crude oil (soaking 

time of 24 h). On the other hand, using Mode-II resulted in a maximum oil recovery of 

61% after seven cycles, as shown in Figure 17b.  

The optimal number of cycles was found to be eight, beyond which there was no 

more recovery recorded. According to these findings, increasing the soaking duration 

resulted in a larger amount of recovery, especially in Mode-I. This could be because of the 

high rate of hydrocarbon evaporation that was encountered while employing Mode-I with 

a range of soaking times.  

The findings showed that carbon dioxide (CO₂) is effective for increasing oil 

recovery from shale cores for two main reasons: (1) because CO₂ can condense at a higher 

concentration in crude oil, and (2) because CO₂ can vaporize more hydrocarbon from the 

shale cores, mainly in miscible conditions. Both of these advantages were demonstrated by 
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the findings of this study. Based on the findings, it appears that a higher proportion of oil 

recovery could be achieved by beginning with a short soaking time, during which 

asphaltene would not have time to completely precipitate in the core. Figure 18 shows the 

core samples (for Mode-I and Mode-II) following CO₂ huff-n-puff experiments with a 24 

h soaking period and a 2000 psi injection pressure. 

 

Figure 16. Soaking time modes Illustration.  

 

 
Figure 17. Cumulative recovery factor of CO₂ (a and b) huff-n-puff injections using 

Mode I and II at a 2000 psi CO₂ huff-n-puff pressure. 
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Figure 18. Photos of cores following huff-n-puff gas injection tests at 2000 psi (a) after a 

Mode-I CO₂ test and (b) after a Mode-II CO₂ test (24-h soaking period). 

 

3.3.3. Wettability Analysis Due to Asphaltene Precipitation.  Wettability can be 

defined as “the tendency of fluids to adhere to the surface” (Sheng, 2018). Wettability 

changes during enhanced oil recovery are a critical characteristic for oil production, 

specifically in unconventional reservoirs. During gas injection processes, asphaltene may 

be deposited and precipitated, which has the possibility of changing the wettability of 

shales and, as a result, the efficiency of oil recovery. Capillary pressure in shale rocks is 

relatively high because of the small permeability of the shale structure. The wettability of 

shale rocks is variable; it is not necessarily oil-wet as has been commonly believed but can 

be water- or oil-wet (Sheng, 2018). However, some studies have indicated that shale rocks 

tend to have more oil-wet phase wettability (Odusina et al., 2011; Akbarabadi et al., 2017). 

The asphaltenic components and the total organic carbon (TOC) content both have an 

impact of wettability phase of shale rocks (Kumar et al., 2008; Pan et al., 2020; Mohammed 

et al., 2021). This study implemented an air-liquid-rock system to examine the Eagle Ford 

cores’ wettability before and after CO₂ huff-and-puff experiments. Figure 19 displays 
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equilibrated droplets of brine on all shale samples before and after the CO₂ huff-and-puff 

experiments. Before CO₂ huff-n-puff gas injection experiments, the contact angle was 

measured using four separate saturated cores which used as a reference (Figure 19b). The 

four cores were saturated with crude oil and the average contact angle was determined to 

be 82.95o (neutral wettability phase). After completing CO₂ huff-and-puff tests in both 

scenarios, the contact angles of all shale cores were measured as presented in Table 7. After 

the CO₂ huff-n-puff testing, the cores were found to have an average wettability of 114.17o 

(i.e., weakly oil-wet). These findings show that CO₂ had a greater influence on the 

asphaltene precipitation in Eagle Ford cores. When CO₂ gas was injected at miscible 

injection pressures, the contact angle increased, suggesting that miscibility may promote a 

weak oil-wet to moderate oil-wet system during CO₂ huff-n-puff tests. Asphaltene 

deposition has affected the surface structure of the shale, making it harder, leading to an 

increase in contact angle measurements (Amin et al., 2010; Hosseini et al., 2019). Our 

results were consistent with the results of other researchers, who reported that an increase 

in gas injection pressure led to an increase in the contact angle (Sarmadivaleh et al., 2015; 

Iglauer et al., 2015; Roshan et al., 2016; Arif et al., 2016; 2017; Pan et al., 2018). When 

injecting miscible CO₂ gas into shale basins, more oil-wet systems may be observed. 

Moreover, our results indicate that reduction of oil recovery and asphaltene precipitations 

was mostly found and accumulated during the later cycles. This is due to the fact that a 

decrease in oil recovery was observed in the last two cycles of the majority of CO₂ huff-

and-puff tests. More cycles increased the pace at which asphaltene clusters begun to fill the 

larger spaces in core’s structure (Chung, 1992), and more asphaltenes were precipitated in 

the cores with an increase in the plugging rate. Following CO₂ huff-and-puff tests, the oil 
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recovery factor decreased, and more cycles revealed that asphaltene deposition and 

precipitation had a negative influence on the oil recovery’s performance (Shen and Sheng, 

2018). To sum up, our results suggested that CO₂ huff-and-puff method, particularly at 

miscible conditions, affected the asphaltene’s stability and severely damaged the strong 

connection between asphaltenes and resins, leading to an increase in asphaltene plugging 

rate.  

 

Figure 19. Contact angle determination using brine droplets (a) after CO₂ huff-n-puff 

tests, and (b) no pressure exposure. 

 

Table 7. Contact angle determination.  

Stage 
CO₂ 

Condition 
Test No. 

Pressure 

Used 

(psi) 

Average 

Contact 

Angle (o)  

Status of 

Wettability * 

Total 

Average 

Four Separate Cores  - No 

Pressure 

Exposure  

83.80 Neutrally-Wet 82.95 

74.50 Neutrally-Wet 

88.60  Neutrally-Wet 

84.90 Neutrally-Wet 

After CO₂ 

Huff-n-puff 

Tests 

Immiscible 1 1000  111.20 Weakly Oil-Wet  114.51 

2 1300  112.20 Weakly Oil-Wet  

Miscible 3 1750  112.50 Weakly Oil-Wet  

4 2000  112.75 Weakly Oil-Wet  

5 2000  114.85 Weakly Oil-Wet  

6 2000  115.50 Weakly Oil-Wet  

7 2000  116.90 Weakly Oil-Wet  

8 2000  120.20 Weakly Oil-Wet  
* Based on definitions from Arif et al. (2016) and Anderson (1986).  ** Wettability was classified as: 0°= completely water-wet; 

0 to 50°= strongly water-wet; 50 to 70°= weakly water-wet; 70 to 110°= neutrally wet; 110 to 130°= weakly oil-wet; 130 to 
180°= strongly oil-wet.  
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3.3.4. Scanning Electron Microscope (SEM) Examination.  The main objective 

of utilizing SEM was to detect alterations in the structure of shale formations caused by 

asphaltenes The SEM examinations may provide further details on asphaltene particles 

inside the shale core and also give a precise image of the ultra-small pores that were 

plugged with asphaltenes. Gas injection may break the bonds between the resins and 

asphaltene molecules in crude oil, resulting in an increased in asphaltene instability and an 

increase in pore plugging. A scanning electron microscope (SEM) was utilized (100 µm) 

to show the severity of asphaltene’s pore plugging of the cores used, as shown in Figure 

20. After the CO₂ huff-and-puff tests, three cores were selected for SEM evaluation in this 

study, with the findings presented in Figure 20. (a, b, and c).  

 

 
Figure 20. Scanning electron microscope (SEM) pictures (100 µm) of three cores after 

CO₂ huff-n-puff gas injection tests.  
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Asphaltene particles appeared to fill some spots in the shale cores, as demonstrated 

by the SEM pictures. For instance, pictures (a) and (c) demonstrated a higher level of 

asphaltene pore blockage in comparison to sample (b). This might be because pictures (a) 

and (c) were exposed to longer soaking periods of 6 and 24 h, respectively. Furthermore, 

the degree and distribution of the blocked pores in all samples was never identical. Finally, 

image-processing software was utilized to show the asphaltene areas from SEM photos, as 

shown in red color in Figure 20. 

3.3.5. Change of Pore Size Distribution Due to Asphaltenes.   Permeability 

reduction is one of the crucial challenges produced by asphaltene plugging in shale 

resources during huff-n-puff gas process. This test was designed to determine how the pore 

size distribution altered as a result of increasing of asphaltene deposition after CO₂ huff-

and-puff process. Using a PoreMaster mercury porosimeter, the pore size distribution of 

two Eagle Ford cores was measured. A sample was picked among those that were fully 

saturated with oil, but no pressure was exposed to them. Another sample after the huff-n-

puff CO₂ test (i.e., test no. 8) of the Eagle Ford outcrops sample was selected to compare 

the results. Because it was necessary to have very little pieces of each sample, each outcrop 

was broken into smaller pieces prior to the tests were performed.  

During the measurement, a high pressure of 60,000 psi was applied to evaluate the cores' 

microstructure pores and throats. At each intrusion pressure, the PoreMaster determined 

and recorded precisely the volume of mercury intruded. Pore size distribution results are 

shown in Figure 21 and Figure 22. Huff-n-puff gas injection altered the oil’s composition 

and resulted in asphaltene deposition. Asphaltene aggregated and generated a solid material 

that started to settle and fill the pores within the cores and on the surface of the cores 
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(Behbahani et al., 2015; Shen et al., 2016; Lee et al., 2019; 2020; Huang et al., 2023). 

Compared to after huff-n-puff test, the samples before the test showed larger pore size 

diameters.  

Figure 21 indicates that the pore size peaks of two samples occur in completely 

separate ranges, showing that the major pore diameter in the samples significantly vary. 

The pore size distribution’s peak was determined to be between 0.03 to 40-μm before CO₂ 

huff-n-puff tests, while the peak was changed to be between 0.01 and 10-μm after CO₂ 

huff-n-puff tests. Based on these findings, it can be concluded that the asphaltene particles 

that were injected into the cores had an influence on the pore throats. Due to the presence 

of asphaltenes, more pore plugging was found after using CO₂ huff-n-puff gas technique 

during the EOR process.  

 

 

Figure 21. Pore size distribution results.  
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Figure 22. Pore size distribution comparison.  

3.4. FURTHER DISCUSSION (CO₂ VS. N₂ HUFF-N-PUFF PROCESS) 

The performance of oil recovery under CO₂ and N₂ gas injections, as well as the 

effect of asphaltene deposition, are comprehensively compared in this section. The results 

of oil recovery results under N₂ gas injection are from our previous work (Elturki and 

Imqam, 2022b). For the comparison, two immiscible pressures (i.e., 1000 and 1300 psi) 

and two miscible pressures (i.e., 1750 and 2000 psi) for the two gases were selected with a 

production time of 15 min. and 6 h soaking time, as summarized in Table 8.  

Figure 23 shows the performance of oil recovery during immiscible and miscible 

CO₂ and N₂ injections. The difference between the cumulative oil recovery for both gases 

started from the first cycle in all pressures. The huff-n-puff process was more effective to 

extract more oil from shale cores under CO₂ gas compared to lower performance using N₂ 

due to CO₂ can reduce the interfacial tension at a higher rate than N₂. For both gases, more 

recovery was seen in the first three cycles before it started to stabilize or slightly increase. 
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For instance, using CO₂ immiscible pressure of 1000 psi resulted in cumulative oil recovery 

of about 4.14%, which increased to 12.30% in the third cycle. After that, it began to rise 

gradually, reaching 13.93% and reaching 13.98% in the latest cycle. Under N₂ gas 

injection, the same observation was obtained, but the cumulative oil recovery was much 

lower.  

Interestingly, the cumulative oil recovery for both gases was close to each other 

under immiscible pressure of 1300 psi gas injection, but CO₂ gas still had a higher 

cumulative recovery. This might be a result of the oil being trapped in the deep core's pores 

during test #2 of CO₂, which prevented the gas from evaporating more of the crude oil's 

light hydrocarbons and lowering cumulative recovery. Miscible huff-n-puff pressure had 

better oil recovery performance in both gases. For example, using miscible 2000 psi CO₂ 

pressure led to up 39.30% cumulative oil recovery compared to 16.01% when using N₂ gas 

at the same pressure.  

The oil recovery factor in all of the experiments decreased in the later cycles, which 

is clear from the earlier results and suggests that asphaltene deposition had an immediate 

impact after the first cycle but accumulated over the subsequent cycles. Our finding 

suggests that the CO₂ huff-and-puff process in shale reservoirs can extract more oil than 

the N₂ process, but additional cycles may lead to accumulated issues with asphaltene 

deposition. More research must be done in order to scale up these laboratory-scale findings 

to actual shale resources. 
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Figure 23. Comparison of oil recovery performance during immiscible and miscible CO₂ 

and N₂ huff-n-puff injection pressures. 
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Table 8. Results of cumulative oil recovery factor (%) after (CO₂) and (N₂) huff-n-puff 

tests. 

Test no. Test #1 Test #2 Test #3 Test #4 

Pressure (psi) 1000 1300 1750 2000 

Condition Immiscible Miscible 

Gas  N₂ CO₂ N₂ CO₂ N₂ CO₂ N₂ CO₂ 

Cycle 1 1.81 4.14 8.88 9.10 9.08 10.26 5.38 7.87 

Cycle 2 2.64 10.66 10.33 10.72 11.10 15.40 9.00 18.08 

Cycle 3 3.38 12.30 11.43 11.66 12.82 17.42 13.33 29.40 

Cycle 4 4.63 13.93 12.03 12.24 15.24 20.30 15.81 34.96 

Cycle 5 4.85 13.93 12.03 13.24 15.24 22.81 16.01 39.30 

Cycle 6 4.85 13.95 - 13.24 - 22.81 - 39.30 

Cycle 7 - 13.98 - 13.24 - - - - 

 

4. CONCLUSIONS 

In this research, asphaltene instability under CO₂ huff-and-puff process were 

investigated experimentally using Eagle Ford shale cores and ultra-small membranes. 

Examinations were conducted on the effects of pressure, miscibility, and soaking duration. 

The wettability study and pore size distribution examination of the cores provided a 

comprehensive picture of the impact of asphaltene ’s related pore plugging during CO₂ huff-

and-puff operations. When using the static mode (i.e., filter paper membranes), the 

asphaltene wt. % climbed as the pressure increased and the influence of the huff-n-puff gas 

process on the instability of asphaltene particles was found in the first five cycles and 

accumulated in later cycles. The results showed that more asphaltene wt. % resulted in the 

50-nm filter paper due to the ultra-small pore structure. During the static mode 

experiments, chromatography analysis revealed the influence of the CO₂ on the asphaltene 

wt. %, with the findings revealing that CO₂ generated more accumulated heavy 

hydrocarbon components after the last CO₂ huff-n-puff injection, especially under miscible 
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conditions. The results of the dynamic mode (i.e., using Eagle Ford shales) indicated that 

the oil recovery improved when both the miscible-high pressure and more cycles achieved. 

The findings of the dynamic mode suggested that starting with a shorter soaking time led 

to more oil recovery. Longer soaking durations induced asphaltenes to accumulate within 

the cores, which accelerated the decline in oil recovery. Our results show that oil reduction 

and asphaltene deposition accumulated mostly in the later cycles as a result of the fact that 

the final two cycles in the majority of CO₂ huff-and-puff experiments revealed a decrease 

in the volume of oil recovered during those cycles. As the number of cycles increased, 

asphaltene clusters started to fill the bigger pores at a higher pace, altering the wettability 

of the shale cores to be oil-wet phase. After CO₂ huff-and-puff experiments on Eagle Ford 

cores, a PoreMaster mercury porosimeter revealed a reduction in pore size distribution 

related to asphaltene deposition. Our finding suggests that the CO₂ huff-and-puff process 

in shale reservoirs can extract more oil than the N₂ process, but additional cycles may lead 

to issues with asphaltene deposition. More research must be done in order to scale up these 

laboratory-scale findings to real shale resources and to highlight other variable/factors that 

may influence the effectiveness of such operations in tight-shale resources.  
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SECTION 

2. CONCLUSIONS AND RECOMMENDATIONS 

2.1. CONCLUSIONS  

This research provides a comprehensive experimental investigation of the impact 

of immiscible and miscible carbon dioxide (CO₂) and nitrogen (N₂) gas injections on 

asphaltene instability in crude oil and its impact on oil recovery in unconventional 

reservoirs. Continuous and huff-n-puff (cyclic) gas injection EOR techniques were 

implemented to highlight the severity of asphaltene deposition and precipitation in nano 

pore shale structures and Eagle Ford cores. The following are the key findings in this 

research:  

• The analysis of gas EOR data revealed a number of parameters that might affect 

the miscibility of the injected gas during gas EOR methods, including permeability, 

porosity, reservoir temperature, oil viscosity, reservoir depth, MMP, and reservoir 

pressure. 

• Based on the slim tube experiments, the minimum miscibility pressure (MMP) of 

CO₂ was lower than N₂ MMP, and the MMP for both gases decreased with the 

decrease in oil viscosity due to the reduction in interfacial tension between the 

fluids when the oil viscosity was decreased. Also, higher pressures are required to 

determine the MMP for high oil viscosities.  

• When using the filtration technique, asphaltenes were determined quantitively 

using the weight percent method during continuous gas injection modes on various 
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ultra-small filter paper membrane structures mimicking the unconventional 

reservoirs, and the results showed severe asphaltene deposition after CO₂ gas 

injection compared to lower asphaltene weight percent after N₂ gas injection. 

Moreover, the smaller pore structure of filter paper membranes during filtration 

technique showed higher asphaltene percent because the asphaltene particle could 

not pass easily through the small pores.  

• Injection pressure was found to be the most significant factor impacting asphaltene 

instability during filtration experiments, compared to other factors such as 

temperature and mixing time. The severity of asphaltene deposition and 

precipitation was observed under miscibility pressures, which may weaken the 

bonds between asphaltenes and resins in crude oil at a faster pace, resulting in a 

higher percentage of asphaltene deposition. 

• The huff-n-puff process was found to be more effective to extract more oil from 

Eagle Ford shale cores under CO₂ gas injection compared to lower performance 

using N₂. This is due to CO₂ reducing the interfacial tension at a higher rate than 

N₂. For both gases, higher recovery was observed in the first three cycles, after 

which it stabilized or slightly increased, especially during miscible conditions. 

Miscible huff-n-puff pressure had better oil recovery performance in both gases. 

Asphaltene deposition had an immediate impact after the first cycle but 

accumulated over subsequent cycles.  

• Findings suggest that the CO₂ huff-and-puff process outperforms N₂ huff-n-puff in 

shale reservoirs, but additional cycles may lead to accumulated issues with 

asphaltene deposition. 
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2.2. FUTURE WORK RECOMMENDATIONS 

This study investigated only the thermodynamic factors that may impact asphaltene 

instability under gas injection. Although this work was comprehensive, several parameters 

still need to be investigated. Below are some recommendations to extend the study of this 

research:  

• Examine other gases, such as methane (CH4), and gas mixtures, such as N₂-CO₂, to 

understand the instability of asphaltene under different scenarios.  

• Investigate the chemical interaction of crude oil and gas, particularly under miscible 

gas injection conditions and use various crude oils to compare the results.  

• Study the effect of formation brine on asphaltene deposition and precipitation to 

expand the knowledge to the field scale.  

• Study the flocculation kinetics of asphaltene colloidal particles using confocal 

microscopy imaging techniques and the size distribution of flocculated asphaltene, 

as a function of time. 

• Generate mathematical correlations and models that can be used to minimize 

asphaltene deposition upon miscible and immiscible gas injection in the field, 

compensating for variations in oil composition, pressure, temperature, time, and 

gas injection composition. 
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