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ABSTRACT 

That the majority of the pore sizes of nanoporous unconventional reservoirs are on the 

order of the molecular dimensions of large hydrocarbons of crude oils implies the possibility of 

molecular sieving during the flow of crude oil in these formations. The objective of this study is 

to provide evidence for the filtration of hydrocarbon mixtures in nanoporous media and to support 

the hindered transport models for flow in nanoporous, unconventional reservoirs.  

The hindered transport of hydrocarbons in nanoporous media may be contributed by a variety 

of mechanisms, such as molecular sieving, size exclusion, selective adsorption, and retention in 

dead-end pores. Core experiments conducted by Zhu et al. (2019) intended to examine filtration 

and hindered transport in its entirety. The experimental setup used in this research, on the other 

hand, was designed to focus on the molecular sieving component of filtration. Therefore, although 

hindered transport in porous media resembles depth filtration, where adsorption and retention in 

dead-end pores and tight pore-throats may be significant contributors of filtration, in this study, 

thin polymeric membranes simulated surface filtration due to molecular sieving only. Two 

versions of the experimental setup have been used: The first setup was a regular dead-end cell to 

study the effects of temperature, pressure, and CO₂ on filtration. The second setup adopted a stirred 

cell to alleviate concentration polarization and eliminate accumulation of heavy hydrocarbons on 

the filter surface. The results of both experiments have been compared and interpreted.  

The filtration of hydrocarbon molecules by polymeric membranes was verified. The 

retention efficiency of a hydrocarbon is proportional to its molecular weight. The effect of 

concentration polarization was significant in extended period tests using regular dead-end cell. It 

reduced the retention of large hydrocarbon molecules due to increased higher chemical potential 
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from higher concentration. The effect of concentration polarization was alleviated significantly 

using stirred cell. The retention of large hydrocarbon molecules was higher in this scenario. 

CO₂ treatment of hydrocarbon mixture increased the total flux and reduced retention of 

large hydrocarbon molecules using regular dead-end cell. However, during a stirred cell test, CO₂ 

treatment of hydrocarbon mixture did not reduce retention of heavy or medium hydrocarbons and 

only affected the retention and flux of light hydrocarbons. The retention of large hydrocarbon 

molecules was proportional to filtration pressure and inversely proportional to temperature. That 

is, in general, the higher the pressure and the lower the temperature, the higher the retention of 

large molecules. 

An improved understanding of the factors affecting the retention of large hydrocarbon 

molecules in nanoporous media will facilitate developing models for the filtration behavior and 

shed light on potential methods to reduce retention of large hydrocarbon molecules in shale 

reservoirs.  
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CHAPTER 1  INTRODUCTION 

1.1 Motivation 

That the majority of the pore sizes of nanoporous unconventional reservoirs are on the order 

of the molecular dimensions of large hydrocarbons (Nelson 2009; Kuila and Pradad 2011) implies 

the possibility of molecular sieving during the flow of hydrocarbon mixtures in these formations. 

Empirical observations from production in low-permeability, unconventional reservoirs also 

suggest that the transport rate of hydrocarbon molecules within the porous media varies with the 

molecule size (Lindgreen 1987; Freeman et al. 2012). In addition, when considering oil and gas 

production from shale formations, it has been observed that the composition of the production 

stream gets richer with lighter hydrocarbons over the producing life of a well (Schettler and 

Parmely 1987), which also implies trapping of heavier hydrocarbons in the tight rock. Production 

of lighter hydrocarbons from nanoporous, source rocks has been associated to differential 

desorption, preferential Knudsen diffusion, and capillary effects (Mayerhofer et al. 2010; Moridis 

et al. 2010; Freeman et al. 2012; Walker et al. 2017). However, molecular sieving (or steric 

hindrance) has been overlooked as a potential phenomenon affecting the transport of hydrocarbon 

mixtures in tight formations.  

This work constitutes an element of a broader study to define hindered transport in nanoporous 

media and determine the EOR mechanisms and agents for tight unconventional reservoirs. In this 

study, I will experimentally investigate the filtration of hydrocarbon mixtures using polymeric 

membranes.  

The objective of the study is to provide evidence for the filtration of hydrocarbon mixtures in 

nanoporous media and to support the hindered transport models for flow in nanoporous, 
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unconventional reservoirs (Zhu et al. 2015; Huseynova and Ozkan. 2017; Geren et al. 2014). 

Moreover, an improved understanding of the factors affecting the retention of large hydrocarbon 

molecules in nanoporous media will facilitate developing models for the filtration behavior and 

shed light on potential methods to reduce retention of large hydrocarbon molecules. Other parallel 

studies (Zhu et al. 2019) consider filtration in Niobrara cores, molecular modeling of diffusion and 

adsorption of hydrocarbon molecules, and field scale numerical modeling of hindered transport in 

unconventional reservoirs. 

1.2 Objectives 

This section will introduce the overall goal and specific objectives this research attempts to 

achieve. 

1.2.1 Research goal 

The main goal of the research presented in this dissertation is to demonstrate the filtration of 

hydrocarbon mixtures and crude-oil samples through polymeric membranes, quantify the retention 

efficiency at various thermodynamic conditions, and delineate the factors affecting the retention 

efficiency of large hydrocarbon molecules in nanoporous media.  

1.2.2 Specific Objectives 

The specific objectives of the research are: 

1. Demonstrate the filtration of hydrocarbon mixtures and unconventional reservoir oils 

through nanoporous membranes.  

2. Define and quantify the retention efficiency of polymeric membranes, which have the pore 

size characteristics of tight-oil reservoirs, for heavy hydrocarbon molecules in crude oils. 
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3. Investigate factors that affect filtration of heavy hydrocarbon components in nanoporous 

media, such as component concentration, pressure, and temperature. 

4. Investigate the effect of CO₂ on filtration efficiency and the use of CO₂ as an EOR agent. 

5. Review appropriate membrane transport models as an introduction to the formulation of 

hindered transport in nanoporous unconventional reservoirs. 

1.3 Methodology 

The main method of this research is experimental. Both qualitative and quantitative 

information have been collected to accomplish the research objectives. Comparative and critical 

evaluation is used to validate and interpret the experimental findings. Conclusions about hindered 

transport in nanoporous unconventional reservoirs are drawn by inference from the experiments 

using polymeric membranes. 

1.3.1 Experimental Setup 

It is hypothesized that hindered transport in nanoporous media is a complex phenomenon, 

which may be contributed by a variety of mechanisms, such as molecular sieving, size exclusion, 

selective adsorption, and retention in dead-end pores. Core experiments conducted in a parallel 

study (Zhu et al. 2019) intend to examine filtration and hindered transport in its entirety. The 

experimental setup used in this research, on the other hand, has been designed to focus on the 

molecular sieving component of filtration. Therefore, although hindered transport in porous media 

resembles depth filtration, where adsorption and retention in dead-end pores and tight pore-throats 

may be significant contributors of filtration, in this study, thin polymeric membranes simulated 

surface filtration due to molecular sieving only. Two versions of the experimental setup have been 

used: The first setup was a regular dead-end cell to study the effects of temperature, pressure, and 
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CO₂ on filtration. It evolved three times to meet experimental needs and to improve the accuracy 

and consistency of test results. The second setup adopted a stirred cell to alleviate concentration 

polarization and eliminate accumulation of heavy hydrocarbon components on the filter surface. 

The results of both experiments have been compared and interpreted.  

1.3.2 Analysis and Interpretation 

For the analysis of the results, the concept of retention efficiency has been used. The retention 

efficiency of a hydrocarbon component (for example, nonane, C9 for simplification) is defined as 

the change of its concentration from membrane upstream to downstream divided by its 

concentration at upstream. It was found that the weight concentration of a hydrocarbon among all 

selected hydrocarbons in a crude oil correlates well with its corresponding peak area percentage 

measured by gas chromatography (GC). Therefore, GC peak area percentage is used to calculate 

retention efficiency of selected hydrocarbons.  

By examining how the retention efficiency changes with time, temperature, pressure, crude 

oil type and interaction with CO₂, we can gain insights of the filtration process within the 

membrane.  

1.4 Thesis Outline 

The dissertation is divided into nine chapters. In Chapter 1, the motivation, objectives and 

methodology are introduced. 

Chapter 2 provides a review of potential filtration phenomenon in shale reservoir and 

fundamentals related to filtration processes and membranes. 

Chapter 3 presents the four different setups, membranes and hydrocarbons used in this study. 

It also discusses how mass spectrometry (MS) was used to identify the type of hydrocarbons and 
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how gas chromatography was used to determine hydrocarbon concentration. Different approaches 

to improve measurement accuracy and integration consistency of GC peak area are also discussed. 

The definition of retention efficiency is introduced and discussed in detail.  

Chapter 4 presents the results from Phase I tests: static regular dead-end cell tests. The 

filtration system was first verified by binary hydrocarbon mixture. It was then used to study the 

CO₂ effect on filtration of hydrocarbons. 

Chapter 5 presents the results from Phase II tests: dynamic regular dead-end cell tests. It 

studies the effect of pressure, temperature, CO₂, concentration and crude oil type on filtration 

through dynamic tests using a regular dead-end cell. 

Chapter 6 present the results from Phase III tests: stirred cell tests. It studies the effect of 

pressure, temperature and CO₂ on filtration through both static and dynamic tests using a stirred 

cell. 

Chapter 7 reviews some popular membrane transport models to help us understand the 

hindered transport of hydrocarbons within the membrane.  

Chapter 8 draws conclusions from this study and Chapter 9 introduces some future work that 

could be done to address some unanswered questions regarding to membrane filtration of 

hydrocarbons. 
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CHAPTER 2  LITERATURE REVIEW 

With the development and improvement of technology, the oil and gas industry has been able 

to unlock petroleum resources from low permeability formations (in the range of micro- to nano-

Darcy), such as shale source rocks and tight sandstone and carbonate rocks. Basically, the 

technology used for unlocking these resources consists of horizontal well completions with 

multistage, hydraulic fracturing stimulation. The injection of fluids, such as gelled or slick water, 

at high pressures above the mechanical strength of the formation, creates hydraulic fractures that 

interact and connect with pre-existing (open or cemented) natural fractures forming an 

interconnected network of high conductivity pathways (i.e., a stimulated reservoir volume, SRV). 

Reservoir fluids within the rock pore volume (or rock matrix) flow to the surfaces of these 

fractures, enter into the fracture network, and then flow in the fractures towards the producing 

well. The low permeability nature of the rock matrix only allows a small fraction of fluids to flow 

into the fractures under very large pressure differential, resulting in low recovery factors; less than 

10% for oil-rich formations and around 20% for shale-gas reservoirs.  

2.1 Potential Steric Hindrance Phenomenon in Shale Reservoir 

Generally, the  recovery factor of tight-oil reservoirs increases with an increase in fracture 

density (Blasingame 2008; Mayerhofer et al. 2010). This relationship between the recovery factor 

and fracture density implies that fluid drainage is limited to rock matrix volumes close to the 

fracture faces, and low permeability hinders fluid flow from deeper rock matrix. In the case of 

source rocks, hydrocarbons are generated by thermal maturation of organic matter (kerogen) that 

is trapped along water within fine-grained sediments. During the thermal maturation process, large 

molecules of kerogen break down to form smaller hydrocarbon molecules. These hydrocarbon 
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molecules exist as an adsorbed phase on kerogen pore surfaces and as free-oil and/or gas phase in 

the organic and inorganic pores (Barker 1980). Source rocks (shale) tend to be water-wet as a result 

of preferential adsorption of water on grain surfaces due to electrostatic forces (Hinch 1980). Oil 

generated during the maturation process forms droplets due to high interfacial tension between oil 

and water. It has also been recognized that shale behaves as a semi-permeable membrane for salt 

ions dissolved in water due to the electrostatic properties of clays (Berry 1969; Neglia 1979). If 

shale is able to exclude the passage of dissolved salt ions, it will also prevent the flow of large 

hydrocarbon molecules through small pore throats due to steric hindrance (Neglia 1979). Most of 

the oil generated in source rocks will remain within the rock until the hydrocarbon molecules are 

thermally reduced to gas or the rock is fractured during geomechanical processes (Neglia 1979; 

Barker 1980). 

These phenomena are expected to happen during the production of hydrocarbons from 

nanoporous unconventional reservoirs. A typical production behavior of unconventional wells, 

shown in Figure 2.1, exhibits an initially high volumetric flow rate followed by a rapid decline. 

The high productivity at early times is attributed to production from the fracture network and the 

rapid production decline is associated with the depletion of fracture pressure and potential closure 

of fractures. The composition of produced streams from shale gas reservoirs changes with time 

(Schettler and Parmely 1987; King 2010). The produced gas stream composition typically gets 

richer in lighter hydrocarbon components. These changes in composition have been attributed to 

mechanisms such as differential desorption, preferential Knudsen diffusion, and capillary effects 

(Mayerhofer et al. 2010; Moridis et al. 2010; Freeman et al. 2012; Walker et al. 2017). However, 

the hindered transport of large hydrocarbon molecules due to pore size restrictions has been 

overlooked in the development of models to describe the compositional change observed in shale 
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production. The phenomena of steric hindrance of large molecules, however, is well recognized 

and has been studied in other areas, such as, membrane separation with applications in 

chromatography and catalysis (Deen 1987). 

 

 Figure 2.1 Typical behavior of production from low permeability reservoirs. Production data from 
a tight gas reservoir, Grand Valley field, Williams Fork formation, Piceance Basin. 

2.2 Need for Understanding the Fluid Flow in Porous Media on a Molecular Level 

Previous research efforts have focused on investigating flow mechanisms in tight, 

unconventional reservoirs. For example, Blasingame (2008) summarized a series of research 

outcomes from previous works that led to the characterization and identification of flow 

mechanisms in low permeability unconventional reservoirs. Most of the concepts presented by 

Blasingame are based on the classical concepts of reservoir engineering for conventional 

reservoirs. Also, Blasingame noted that most of the work on low permeability reservoirs is still 

under progress without conclusive results. The flow mechanisms highlighted by Blasingame are 
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high-velocity flow (non-Darcy flow), effect of capillarity on flow behavior, and reservoir 

heterogeneity.  

Moridis et al. (2010) recognized the limitations of the conventional perceptions of fluid flow 

in low permeability formations and presented an analysis based on numerical simulation, which 

incorporates the additional mechanisms and processes expected in these reservoirs. Their model is 

still based on Darcy’s law as the basic equation for multiphase flow in porous media; however, it 

incorporates options for non-Darcy flow, stress-sensitive rock and fracture properties (e.g., 

porosity, permeability, relative permeability, and capillary pressure), gas slippage effects, non-

isothermal effects (i.e., Joule-Thompson cooling for gas flow), and gas desorption from kerogen. 

Their purpose was to assess the prediction capabilities of simplified, conventional models when 

flow is influenced by some key unconventional mechanisms and processes. While their simplified 

dual-permeability model provided a good match to the results of a reference simulation case, the 

validation of their model with field and experimental data is still pending.  

Firincioglu et al. (2012) showed how the interactions between reservoir fluids and solid grain 

surfaces shift the phase equilibria in small pores (< 100 nm) encountered in low permeability 

reservoirs. They presented a thermodynamic model that accounts for the effect of capillary 

pressure and van der Waals surface forces to predict the suppression of the bubble-point pressure. 

They concluded that the effect of surface forces on phase behavior is dependent on the 

configuration of the fluids within the confinement geometry and mineralogy of the pore surface, 

but noted that more work is needed for the understanding of these relationships.  

Numerical reservoir models for nanoporous unconventional reservoirs have been developed 

to combine the expected flow mechanisms and complex phase behavior and to consider multiple 

domains to capture different levels of heterogeneity observed in these reservoirs (e.g., hydraulic 



 

10 

fractures, natural fractures, and pore size distribution of rock matrix) (Wu et al. 2014; 

Khoshghadam et al. 2015; Alharthy et al. 2016; Calisgan et al. 2017). These numerical reservoir 

simulators represent the current understanding of unconventional reservoirs behavior. However, 

they are still limited in representing the complex flow mechanisms in unconventional reservoirs, 

which inhibit our ability to design methods to improve recovery from these resources. 

The fundamental understanding of physical mechanisms that hinder the transport of 

hydrocarbon molecules in heterogenous, nanoporous rocks still requires further study. The most 

explicable cause of  hindered transport is the size exclusion of large hydrocarbon molecules by 

narrow pore throats. Based on core measurements, Kuila and Prasad (2011) have reported that the 

pore sizes of some producing shale plays are as low as 2 nm or less (Figure 2.2). (The pore sizes 

could be even smaller under the overburden pressure in reservoir conditions.) Meanwhile, the 

kinetic diameter of C5-C8 alkanes ranges from 0.4-0.7 nm (Jiménez-Cruz and Laredo 2004). The 

addition of aromatic rings and hydrocarbon branches increase the kinetic diameter. Typical crude 

oils contain hydrocarbons over C30 (Figure 2.3). This means the pore sizes of shale rocks can be 

comparable to the kinematic diameters of heavy end of hydrocarbon molecules (Figure 2.4); 

consequently, it is plausible to expect the steric hinderence of heavy hydrocarbons during flow 

through shale.  
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Figure 2.2 Comparison of pore size distribution obtained from N₂ adsorption (gray), N₂ desorption 
(blue) and Mercury Intrusion Porosimetry (red) from four mudrock formations. (Kuila and Prasad 
2011) 

 
Figure 2.3 A typical gas chromatography response of a crude oil. (Mode et al. 2016) 
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Figure 2.4 Pore size spectrum for various types of rocks (adapted from Nelson 2009). 

2.3 Filtration Fundamentals 

The filtration or separation process plays an important role in various industries because of 

their energy and waste efficiency. Filtration fundamentals span through a multidisciplinary 

spectrum involving chemical synthesis, material science, process engineering and membrane 

manufacturing (Vandezande et al. 2008). This section provides brief information on filtration 

fundamentals to put the experimental setup and discussions of this dissertation into the context of 

standard filtration theory, terminology, and practice.    

2.3.1 Filtration Types 

Filtration process can be divided into five different types (Figure 2.5) based on the pore size 

of the medium (filter) that the fluid flows through: particle filtration (PF, 1 to 1000 microns), 

microfiltration (MF, 0.05 microns to 5 microns), ultrafiltration (UF, 3 nm to 100 nm), 

nanofiltration (NF, 1 nm to 5 nm) and reverse osmosis (RO, usually less than 1 nm). 
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Figure 2.5 A filtration spectrum provided by Sterlitech, (2019). 

Microfiltration and ultrafiltration are usually used for treating industrial streams before 

additional separation process. They are preferred for purifying streams for portable water 

generation, refining to concentrate proteins or oil, and treating waste to satisfy environmental 

regulations.  

Reverse osmosis is widely used in industrial processes and the production of potable water. 

When used in water purification, it utilizes a semi-permeable membrane to separate ions and solids 

from water. It is the opposite of a normal osmosis process, where the solvent moves freely from 

low solute concentration (i.e. high solvent potential) to high solute concentration (i.e. low solvent 

potential).  The chemical potential from this solvent concentration difference across the membrane 

creates the osmotic pressure.  During a reverse osmosis process, pressure is applied to overcome 

the osmotic pressure, so the solutes (ions and solids) are retained on the feed or retentate side of 

the membrane while the solvent is able to pass through the membrane freely to the permeate side.  
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The term “Nanofiltration” was “invented” during a FilmTec meeting in 1984 (Schaefer et al. 

2004). It referred to a filtration process that was similar to a selective reverse osmosis process but 

allowed ionic solutes in the feed solution to pass through membranes. Nanofiltration using organic 

solvents has gained increasing popularity over the past decade. They are called organic solvent 

nanofiltration (OSN, which will be used throughout the dissertation), or solvent resistant 

nanofiltration (SRNF).   

Organic solvent nanofiltration has great potential because it allows the separation of organic 

mixtures down to a molecular level through the simple application of pressure across a membrane. 

However, the understanding of separation mechanism at the molecular level poses many 

challenges due to complex mechanisms acting besides size exclusion. The filtration tests 

conducted in this study fall into the category of organic solvent nanofiltration because toluene is 

used as the solvent and the membrane pore sizes are in the range of 1-5 nm.  

2.3.2 Separation Mechanism 

Membrane properties, such as the material and interactions between the membrane and the 

solvent and solute, complicate the definition of the separation mechanisms in nanofiltration. 

Retention of large molecules by the membrane can be explained by both sieving (i.e. steric 

hindrance or size exclusion) and non-sieving mechanisms. The sieving effect is dependent on the 

molecular weight of the solute, which corresponds to its diameter, and the membrane pore size. 

Even though size exclusion is the primary factor that controls the filtration process, there are other 

factors, which can influence the retention of solutes significantly. These factors include polarity, 

solubility, electrostatic repulsion etc. (Mänttäri and Nyström  

2006). The effect of electrostatic repulsion on separation is also called Donnan’s effect 

(Donnan 1995), which rejects solute molecules based on the charges of the solutes and membranes.  



 

15 

Figure 2.6 shows four scenarios for the flow of a gas mixture consisting of two sizes of 

molecules (large and small) through various sizes of pores based on the size exclusion mechanism. 

For scenario A, the pore size is much larger than the sizes of both molecules. This is called bulk 

flow. No retention occurs in this case. For scenario B, pore size is only slightly larger than the size 

of the large molecules, this phenomenon is called Knudsen diffusion, where the large molecules 

move slower through the pores than the small molecules. For scenario C, pore size is smaller than 

the size of the large molecules and larger than the size of the small molecules; the pore size is too 

small to let the large molecules pass. This is called molecular sieving. For scenario D, the 

molecules dissolve into the membrane and diffuse through it at different rates based on their 

molecular sizes. This is called solution-diffusion filtration.  

 
Figure 2.6 Membrane gas separation: (a) Bulk flow through pores; (b) Knudsen diffusion through 
pores; (c) molecular sieving; (d) solution diffusion through dense membranes. White circle 
represents large molecules while black circle represents small molecules (Wikipedia 2019). 

2.3.3 Cross-flow vs. Dead-end 

There are two common filtration setups: dead-end and cross-flow (Figure 2.7). Lab scale tests 

often adapt the dead-end mode while industrial processes often run in cross-flow mode. During 

the dead-end filtration, the fluid is driven through a membrane by a pressure differential that is 

perpendicular to the surface of the membrane. The cross-flow filtration, in contrast, is driven by a 
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pressure gradient that is parallel to the surface of the membrane. Lab testing results using dead-

end setup with flat sheet membranes are usually not reproducible by cross-flow setup.  

 
Figure 2.7 Schematic representation of membrane filtration system design (a) dead-end, (b) cross-
flow  (adapter from Mulder 1997). 

Rejection is a definition commonly used to quantify the separation capability of a membrane. 

Rejection of a solute during the separation process is defined by 

�� = 1 − ��(��������)��(���������)             (2.1) 

�� is the rejection of solute i. �� is the concentration of solute i in permeate or retentate side. 

Even though this definition originated from solid filtration, where the solute is a type of solid, it 

has been used in assessing the membrane filtration efficiency. In the scope of organic solvent 

nanofiltration, the solute being rejected can be single or multi component. This rejection concept 

will be used in this study and will be discussed in Chapter 3 – Methodology.  

2.3.4 Membrane Fouling and Concentration Polarization 

Membrane fouling is a process by which particles deposit on the membrane surface, at pore 

openings or within pores, which leads to the decrease of membrane separation capability (Mulder 

1997).  Concentration polarization is the main mechanism of membrane fouling. It is defined as 

the accumulation of solutes on the membrane surface, which leads to high concentration of solute 

near the membrane surface. The osmotic pressure gradient, Δπ, can increase drastically due to 
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concentration polarization on the retentate side of the membrane and the effective filtration 

pressure (ΔP-Δπ) can decrease significantly. This results in lower flux and can promote more 

fouling. Dead-end filtration is particularly subject to concentration polarization but membrane 

fouling due to concentration polarization can also occur in cross-flow filtration. Membrane fouling 

is usually a reversible process and can be alleviated by increasing fluxes in the cross-flow setup, 

stirring the bulk solution in dead-end filtration, or by applying pulsing and ultrasound treatment 

on the feed solutions.     

2.3.5 Pressure Effect on Rejection 

There are abundant experimental data in literature showing that higher pressure leads to higher 

rejection. Figure 2.8 shows just one of such examples. Vandezande et al. (2008) pointed out that, 

according to the Spiegler–Kedem equations (an irreversible thermodynamics model that will be 

discussed in Chapter 7), higher solvent fluxes result in higher rejections. In this case, increasing 

pressure increases the solvent fluxes and the rejection. 

 
Figure 2.8 Best-fit data for experimental values of glucose and ManNAc (Bowen et al. 2004). 
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2.3.6 Membrane-solvent Interaction 

 Koops et al. (2001) showed that rejection of solute was dependent on the solvent used. They 

noted higher retention of linear hydrocarbons by the membrane when they were dissolved in 

ethanol instead of hexane (Figure 2.9). They attributed this to the higher affinity of ethanol to the 

membrane than hexane, which was supported by the observation that ethanol attained higher fluxes 

than hexane during the tests,. Bhanushali et al. (2002) also observed higher rejection of Sudan IV 

(284 Da) in methanol than hexane. Again, they concluded that higher solvent flux correlated with 

higher solvent affinity to the membrane and higher solute rejection. Negative rejection is a result 

from membrane-solvent interaction, and it will be discussed next. 

 
Figure 2.9 Solute rejection as a function of the feed pressure, measured at 30 °C and feed 
concentration of 1600 ppm: docosanoic acid (white circle), tetracosane in ethanol (black circle) 
and tetracosane in hexane (black triangle) (Koops et al. 2001).  

The affinity of solvent to membrane is quantified by the solubility parameters of both the 

solvent and the membrane. Different solvent properties such as molar volume, viscosity, density, 

surface tension and dielectric constant etc. were explored to identify which parameters control the 

solvent flux. It was found that the solubility parameter correlated well with solvent flux and 

membrane rejection (Table 2.1). 
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Table 2.1 Rejection of the solutes in three solvents (THF, n-heptane, ethanol), their solubility 
parameters and the measured flux at  30 bar, 25±3 °C and 1 l/min feed flow (Zeidler et al. 2013). 

 

2.3.7 Negative Rejection 

According to Eq. 2.1, retention can be negative when the concentration of solute is higher in 

the permeate than in the retentate. This phenomenon is well known when filtering salt solutions. 

The charged membrane repels the solvent and therefore lead to higher flux of solute and negative 

retention (Mänttäri and Nyström 2006).   

For organic solvent nanofiltration, negative retention is caused by the difference of solubility 

parameters of solvent (light component) and solutes (heavy component), which leads to the 

preferential sorption of solvent on the membrane (Zeidler et al. 2013).  

Both positive and negative retention could be observed when using different solvents and the 

same membrane (Figure 2.10).  Postel et al. (2014) explained that changes in retention and the 

negative values shown in Figure 2.10 were related to the sorption selectivity of the membrane 

material. Toluene has high affinity to the membrane and, therefore, it passes through the membrane 

preferentially while leaving solutes trapped or rejected by the membrane. This leads to positive 

retention. Solvents like isopropanol or methanol has less affinity or lower solubility number than 
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the solute; then, the solute will pass through the membrane preferentially, which leads to retention 

of solvent and negative retention values. 

 
Figure 2.10 Measured (symbols) and simulated (solid line) retentions of C16 dissolved in toluene, 
isopropanol and methanol at different transmembrane pressure and the same room temperature 
(Postel et al. 2014) 

2.4 Membrane Fundamentals 

Membranes are semipermeable material that only allows certain sizes of particles or molecules 

to pass through. The magnitude of the separation depends on the sizes of the particle or molecules 

and the membrane pore size. The sizes of the membrane pores are designed for specific 

applications and controlled depend by the material and the process by which the membranes are 

manufactured. Membrane rejection rating, membrane compaction, and membrane pretreatment are 

also important concepts defining the success of filtration.     
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2.4.1 Membrane Types 

For organic solvent nanofiltration applications, membranes can be divided into three different 

types based on the material they are made of: polymer, ceramic and composite organic-inorganic 

membranes. Ceramic membranes excel in chemical, mechanical and thermal stability. They do not 

react with many organic solvents and therefore do not swell. They do not compact under pressure 

(within the operating range of pressure). However, they are more brittle than polymeric membranes 

and their maximum operating pressure is much lower than polymeric membranes. There are 

limited variety of materials to produce ceramic membranes. They are usually hydrophilic, which 

should be taken into consideration in organic solvent nanofiltration. Currently, ceramic membranes 

have much higher molecular weight cut-off (MWCO) (larger pores) than polymeric membranes.  

This limits the use of ceramic membranes when low MWCO or small membrane pore size is 

required.  

Composite organic-inorganic membranes are also called mixed-matrix membranes. This type 

of membranes combines the best properties of polymeric and ceramic membranes, so they usually 

possess good to excellent rejection capability, little membrane compaction, high solvent stability 

etc. However, they are technologically more challenging to manufacture and more expensive.  

Polymeric membranes are widely used for organic solvent nanofiltration because of their 

availability, price and thermal stability. The membranes used in this study are polymeric 

membranes. There are two common types of polymeric membranes. One is called integrally 

skinned asymmetric membrane (ISA) while the other being thin film composite (TFC) membrane 

(Figure 2.11). Loeb and Sourirajan (1963) developed phase inversion technique that made ISA 

polymeric membrane manufacturing easier, economical and reproducible. Interfacial 
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polymerization and dip-coating technique was used to produce TFC membranes (Marchetti et al. 

2017). 

Both ISA and TFC membranes consist of two layers, one thin working layer at the top, which 

has small pore size and perform the actual filtration, and one supporting layer at the bottom, which 

is porous and supports the working layer during separation process. The thin layer controls the 

permeability and selectivity of the membrane. The key difference between these two types of 

membrane, as shown in Figure 2.11, is that the thin layer of ISA membranes is made of the same 

material as the bottom supporting layer while thin layer of TFC membranes is made of different 

material from the porous supporting layer underneath.  

 

 
Figure 2.11 Schematic representation of major polymeric membrane types used for organic solvent 
nanofiltration: (a) integrally skinned asymmetric (ISA) membrane, (b) thin film composite (TFC) 
membrane, (bottom photos) SEM images of TFC membrane (Vandezande et al. 2008). 

2.4.2 Membrane Rejection Rating 

Due to commercial considerations, the nanofiltration membranes are usually categorized by 

their molecular weight cut-off (MWCO), which is defined as the molecular weight of a molecule 
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that is 90% rejected by the membrane. The MWCO of a membrane is highly dependent on the 

experimental conditions, such as the solvent and solute properties (Marchetti et al. 2014), and, 

currently, there is no standard methodology to determine the MWCO of a membrane.  

Schematic representation of rejection profiles for uncharged solutes by a membrane are shown 

in Figure 2.12. For example, a membrane with an effective pore size of 0.75nm retains a solute 

with molecular weight of 100 g/mol. Therefore, the rejection rating of the membrane is 100 g/mol 

or 100 dalton. 

A variety of markers were used to determine the MWCO. Linear and branched n-alkanes, 

dyes, hexaphenyl benzene (HPB), polyethylene glycol (PEG), polyisobutylene and oligostyrenes 

are common markers. There are draw backs for these markers that prevent them to be widely used. 

For example, branched and linear alkanes higher than 400 g/mol are hardly available 

commercially. Many dyes are charged and can interact with membranes. They also have limited 

solubility in many solvents. Oligostyrenes  grew popular in recent years as a marker to determine 

MWCO (developed by See-Toh et al. 2007). These styrene oligomers have a large range of 

molecular weight and can be easily dissolved in styrene for testing. 
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Figure 2.12 Schematic representation of rejection profile for uncharged solutes by a membrane 
with uniform pore size (rp) between 0.75 and 1.5 nm by Donnan steric pore-flow model. rs 
represents the diameter of the solute and is proportional to the molecular weight of the solute. The 
dashed lines were obtained by simulation; the solid line represents the desired rejection profile 
(Marchetti et al. 2014). 

2.4.3 Membrane Compaction 

Membrane compaction can be observed when polymeric membranes are used. It is reflected 

by a drastic flux reduction over time with pressure during the initial testing stage (Figure 2.13). 

This phenomenon is often attributed to the re-arrangement of polymer structures under the 

filtration pressure (Gibbins et al. 2002). As shown in Figure 2.13, the duration and magnitude of 

compaction varies with the type of membrane (membrane material) and pressure. Different 

membranes compact differently, but we expect the same type of membranes to compact at the 

same rate. The compaction process is semi-reversible, which means the membrane permeance can 

partially recover after pressure is reduced.  
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Figure 2.13 Variation of permeance over time for the four membranes used in the study of 
polystyrene/CAN mixtures (Marchetti and Livingston 2015). 

2.4.4 Membrane Pretreatment 

Pretreatment of the membrane (rinsing the membrane with solvent under pressure) is 

recommended to minimize compaction during the actual filtration process. Zhao and Yuan (2006) 

reported significant change of membrane rejection and flux for some polymeric (polyimide or 

polyamide based) membranes when using different solvents (acetone, methanol and toluene) in 

treating the membranes before the filtration process. While membrane compaction explains the 

flux reduction during pretreatment, interactions between solvents and membranes explain the 

different flux reduction when using different solvents. It was also observed that the flux of the tests 

using Polydimethylsiloxane (PDMS)-based membranes was not significantly impacted by the 

membrane pretreatment.   
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Zhao and Yuan (2006) also showed the differences of the membrane surfaces, which were 

treated with different solvents, by Atomic Force Microscope (AFM) images. This confirmed the 

impact of pretreatment and could explain the difference of flux using different solvent. 

 

 
Figure 2.14 AFM image of untreated and treated Desal-DK membranes. The AFM measurement 
was carried out on an area scan of 9 μm� . ��  , room mean square roughness. Membrane 
pretreatment solvents: (a) water, (b) 50% methanol, (c) methanol, (d) 50% ethanol, (e) ethanol, 
and (f) untreated. (adapted from Zhao et al. 2006). 
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CHAPTER 3  METHODOLOGY 

This chapter describes the experimental setup used in the research and provides the details 

of the methodology to derive and interpret the results. The information here is intended for the 

repeatability of the results and verification of the experimental procedures.    

3.1 Experimental Setup 

The basic approach of this research is to flow a hydrocarbon mixture of light and heavy 

components through an artificial membrane and compare the compositions of the original and 

produced fluids as a function of pressure, temperature, and addition of CO₂ into the fluid fixture. 

The composition of the mixture before and after the filtration is analyzed by gas chromatography 

(GC) or mass spectrometry (MS). The changes of the component concentrations are then used to 

calculate the retention efficiency of the membrane for the particular fluid mixture and under the 

specific operating conditions.  

Both regular dead-end and stirred cell setups have been used in the research. The initial 

experimental design consisted of a regular dead-end cell (Setup 1), which was later revised to 

allow optional gas treatment (Setup 2) and switchable gas treatment and water bath (Setup 3). 

Finally, a stirred-cell (Setup 4) was incorporated into the experimental design to eliminate the 

effect of membrane fouling due to concentration polarization.  

3.1.1 Setup 1 – Regular Dead-end Cell 

Figure 3.1 shows the initial setup of the filtration system.  It was used for test series S16 to 

S30 shown in Table 4.1 (Page 67). These tests were conducted using binary hydrocarbons to 

validate the filtration system. 
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An ISCO syringe pump was used to transfer water into a transfer vessel, which served as a 

reservoir for the storage of the hydrocarbon mixture. A piston sealed by O-rings was used to 

separate water and hydrocarbon mixture inside the vessel. 

The hydrocarbon mixture in the reservoir was then transferred into the membrane setup (a 

photo of the membrane holder is shown in Figure 3.2). In the membrane holder, the membrane 

was sealed by O-rings and supported by a porous metal plate at the downstream. The effluent was 

then collected in vials and its composition was analyzed by gas chromatography or mass 

spectrometry. The details about gas chromatography or mass spectrometry will be discussed in 

Section 3.4.  

 
Figure 3.1 Setup 1 (for test series S16-S30): Initial set-up of the filtration system. 
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Figure 3.2 Photo of membrane holder (left). Top right shows upstream side within the holder (with 
a clear plastic layer for leak testing) and bottom right shows the downstream side within the holder. 
The porous metal plate served as a support to prevent membrane from tearing up during the test.  

3.1.2 Setup 2 – Dead-end Cell with Optional Gas Treatment 

The revised setup (Figure 3.3, Setup 2) shows the addition of gas cylinder to the initial setup 

(Setup 1). This setup was used for test series S34 through S46 in Table 4.2 (Page 71). These tests 

were conducted using crude oil in toluene mixture to test the effect of CO₂ on filtration.  

The reservoir was connected to a gas cylinder (carbon dioxide) under a specific pressure to 

treat the hydrocarbon mixture for one day so that gas can be dissolved in the mixture. The reservoir 

was shaken at least twice vibrantly to maximize the dissolution of gas in the fluid. After the 

treatment, the path to gas cylinder was closed by a valve. The mixture was then transferred into 

the membrane holder to conduct the filtration test as in Setup 1).  

A brand-new membrane of the same type was used for each test. Most tests showed 

repeatability. However, some discrepancy was observed among some tests and this led to 
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inconclusive results. For example, for all tests shown in Table 4.2, eight tests showed that CO₂ 

made a difference in the test results. However, results of two tests did not support this outcome. 

One possible cause was manufacturing imperfections, which created slight differences in the 

membranes of the same type. Another possible cause was the unintentional variations in 

operational conditions, such as starting pressure, time the samples were collected, etc. Because of 

these reasons, Setup 2 was revised to Setup 3 to address these potential issues.  

At first, mass spectrometry was used to measure the composition of the crude oil. MS related 

each peak to a specific component. Because MS required low concentration of crude oil in toluene 

to achieve high accuracy, 5% (in weight) crude oil in toluene was used in tests that used MS to 

measure the mixture composition.  

The tests using Setup 1 and Setup 2 are called static tests because the test conditions remained 

unchanged during the filtration process, which is the main difference from the dynamic tests used 

Setup 3 (variable pressure and temperature, and switch to CO₂ treated mixture) during the filtration 

process. The test results from Setup 1 and 2 will be presented and discussed in Chapter 4. 

3.1.3 Setup 3 – Dead-end Cell with Switchable Gas Treatment and Water Bath 

To address the consistency and repeatability concerns due to the irregularities of membrane 

properties and unintentional variations of testing conditions, a revised setup (Setup 3 shown in 

Figure 3.4) was designed. This setup allowed two filtration tests – with or without gas treatment 

of the hydrocarbon mixture – with the same membrane and same mixture. It was used for test 

series S47 through S65 shown in Table 5.1 (Page 80).  
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Figure 3.3 Setup 2 (for test series S37-S46): set-up of the filtration system with optional gas 
treatment of hydrocarbon mixture.  

Reservoir and gas tanks shown in Figure 3.4 could be added or removed as needed. An argon 

gas cylinder replaced ISCO pump to drive the untreated hydrocarbon mixture. Argon gas cylinder 

was only connected to the reservoir right before the test to ensure little or no argon gas dissolved 

in the mixture. For CO₂ (or N₂) treatment, the gas cylinder was connected to the reservoir under 

some pressure differential for one day (unless specified otherwise). The reservoir was placed near 

horizontally and shaken at least twice vibrantly to maximize the dissolution of gas in the mixture. 

With Setup 3, the composition of the effluent fluids was found to change slightly among the 

different samples during tests. To better understand this change, a balance was added to measure 

the weight of the samples. Time for collecting each sample was also recorded to calculate the flux. 

The effluent composition and flux versus time were analyzed to study the effect of CO₂, pressure 

and temperature. 
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Instead of MS used with Setup 1 and 2, GC with a new column (VF-5ht UltiMetal Column 

from Agilent) was used to measure the composition of crude-toluene mixture for tests conducted 

with Setup 3. This new column improved the resolution and the consistency of measurements. 

 
Figure 3.4 Setup-3 (for test series S47-65): set-up of the filtration system with switchable injections 
of different hydrocarbon mixtures.   

To test the filtration at a temperature that was higher than the room temperature, the membrane 

holder and the reservoirs shown in Figure 3.4 were all submerged in a water bath. A tank custom-
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made of three-quarter inch thick acrylic was used as the water bath. All tests were done at room 

temperature (about 20 °C) unless specified otherwise. In order to observe the direct temperature 

effect on filtration quickly, hot tap water (about 43 °C) was used to fill the tank in fifteen minutes 

and a heater was used to maintain the temperature at 43 °C. Samples were collected continuously 

when increasing the temperature (i.e. when filling the water). The membrane holder was made of 

stainless steel and the fluid volume within the upstream of the holder was small (~4.5 mL). 

Therefore, it was assumed that the temperature of the mixture within the membrane holder 

increased to target temperature quickly. The filtration results indicated a steady temperature effect 

about 10 minutes after filling the tank with water. 

The tests conducted with this setup are called dynamic tests because of the changes imposed 

during the filtration process, which include varying temperature and pressure and adding CO₂ to 

the hydrocarbon mixture. The test results from Setup 3 will be presented and discussed in Chapter 

5. 

3.1.4 Setup 4 – Stirred Cell 

In filtration experiments with regular dead-end cell, heavy hydrocarbons accumulate on the 

surface of the membrane. This phenomenon is called concentration polarization and will be 

discussed in Chapter 5. For conventional filtration applications, concentration polarization is 

usually undesirable and stirred cells are preferred to eliminate it. Although our interest in this study 

is in filtration through nanoporous rocks, where heavy hydrocarbons are expected to accumulate 

in pore channels, it was also desirable to eliminate the concentration polarization effects to study 

the effects of membrane pore sizes on filtration.  

The stirred cell shown in Figure 3.5 was used in this study to prevent or minimize the 

concentration polarization. The schematics of the setup including the stirred cell (Setup 4) is shown 
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in Figure 3.6 and a photo of the real lab setup is shown in Figure 3.7 .This setup was used for test 

series S66 through S69 (shown in Table 6.1, Page 108) to study the pressure, temperature and CO₂ 

effect without concentration polarization.  

The distinctive difference between the stirred cell and the regular dead-end cell used in 

previous tests is that the stirred cell has large space above the membrane where a stir bar rotates 

to remove the large molecules from the membrane surface. The stir bar is driven magnetically 

using the stirrer beneath the cell. The stirrer is also capable of heating, which helped studying the 

temperature effect.  

The test results using the stirred cell setup showed only slight concentration polarization effect 

compared with the results of the regular dead-end cell setup. The pressure, temperature and CO₂ 

effects on filtration were tested using this setup and the results will be discussed in detail in Chapter 

6.   

 
Figure 3.5 Photo of a stirred cell (provided by the seller, Sterlitech) and the schematic of a stirred 
cell.  
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Figure 3.6 Setup-4 (for test series S66-68): filtration system using stirred cell. 

 
Figure 3.7 Photo of stirred cell setup with stirrer/heating plate underneath and balance for weighing 
effluent samples.  
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3.1.5 Membrane Holder Leak test 

The seal around the membrane is critical for the filtration process. Therefore, leak tests were 

performed to ensure the seal around the membrane.  

O-rings that were compatible with the solvents used in the experiments were selected to seal 

the membrane. In this research, ethylene propylene rubber (EPR) O-rings were used when acetone 

was used as a solvent and fluorocarbon elastomers (FKM) or Viton O-rings were used when 

toluene or hexane was used as the solvent.  

A leak test was conducted only in the beginning of the experiments. Because O-rings would 

degrade with increased exposure to chemicals even if they were marked compatible with the 

chemicals, a brand-new O-ring was used for each test to ensure a good seal every time.  

For a leak test, a combination of a plastic layer (impermeable, to be placed at the top) and a 

white paper layer (to be placed at the bottom) instead of a permeable membrane layer, were placed 

in the membrane holder. After the holder was assembled, the upstream of the holder was filled 

with blue dyed water. Then the holder was pressurized to 500 psi for over 24 hours. No blue dyed 

water on paper indicated a good seal. Figure 3.8 shows what the inside of the membrane holder 

looked like after a leak test (when there was no leak). 

 
Figure 3.8 Photos of inside the membrane holders after leak test.  
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3.2 Commercial Membranes 

Commercial quality membranes with nanometer scale pore size, compatible with 

hydrocarbons including various solvents, and operational under a wide range of pressure and 

temperature were needed for this study. Three types of membranes (Table 3.1), provided by 

Sterlitech, were selected for filtration tests in this study.  

3.2.1 Membrane Properties 

According to the manufacturer, polyether ether ketone (PEEK) membranes have high 

resistance to any known organic solvents. However, their smallest pore size is about 5 nm, which 

was assumed to be not small enough to show filtration effect with the lighter hydrocarbon samples 

used in this study. PEEK5 membrane (5nm pore size) was used to pre-filter crude oil samples to 

remove potential solids and other impurities before conducting actual filtration tests with smaller 

pore size membranes. However, the retention of hydrocarbons was observed if a crude oil 

contained extra heavy hydrocarbons. The effect of crude oil type on filtration will be discussed in 

Chapter 5. 

Puramem and Duramem membranes, made by Evonik were the two main types of membranes 

used in this research. They were made of polyimide and modified polyimide polymer respectively 

for application with different solvents.  

Duramem membranes are compatible with following solvents: acetone, tetrahydrofuran, 

methanol, ethanol, methyl-tert-butyl-ether, methyl-ethyl-ketone, methyl-isobutyl-ketone, butyl 

acetate, ethyl acetate.  
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PuraMem membranes are stable in mild and nonpolar solvents: alcohols (e.g. methanol, 

ethanol, 2-propanol); aliphatic hydrocarbons (e.g. hexane, heptane), aromatic hydrocarbons (e.g. 

toluene, xylene), butyl acetate, ethyl acetate, methyl-ethyl-ketone and methyl-tert-butyl-ether.  

Duramem membrane was the preferred choice due to its wider selection of pore sizes if solvents 

like acetone, methanol, etc. need to be used. To dissolve crude oil, toluene is a much better solvent 

than acetone, methanol or ethanol. Therefore, Puramem was used for filtration tests of crude oil 

(crude oil in toluene).  

In order to observe a distinctive filtration effect when filtering crude oil in toluene mixture, 

the membrane with the smallest pore size, Puramem 280 Da, was used for the majority of the tests. 

It is worth mentioning is that Duramem and Puramem membranes contain a preservative, 

Polyethylene glycol (PEG), to protect the membrane when in storage.  This preservative appeared 

as a significant peak in GC analysis with the other hydrocarbon from the crude oil. These affected 

peaks could be identified and excluded from the analysis. However, the preservatives can be 

washed out easily prior to use with a solvent such as toluene. Discarding several milliliters of 

effluent would usually prevent contaminated peaks from appearing in GC measurements.  

Table 3.1 The properties of three types of membranes used in the study 

 

Type Manufacturer
Material          
(Polymer 

Type)

Pore Size 
Options 
(MWCO)

Compatible Chemicals Operating Pressure 
Range (psi)

Maximum 
Temperature 

(°C)

PEEK Novamem Polyether 
Ether Ketone 5, 20, 100 nm All organic solvents N/A 180

Puramem Evonik Polyimide 280 Da, 600 Da

Aliphatic hydrocarbons 
(Hexane, Heptane), 

Aromatic hydrocarbons 
(Toluene)

600 psi 50

Duramem Evonik Modified 
Polyimide

150 Da, 200 Da, 
300 Da, 500 Da, 

900 Da

Acetone, methanol, 
ethanol, etc.

150/200/300Da: 900 psi;       
500/900 Da: 300 psi 50
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When the pore size of membrane is small (e.g. less than 5 nm), molecular weight cut off 

(MWCO) is a method of characterization used in filtration to describe pore size and retention 

capabilities of membranes. It is defined as the molecular weight (in dalton) of a solute which is 

retained by the membrane 90%. Low MWCO corresponds to smaller pore size. A filtration 

spectrum (Figure 3.1) that correlates MWCO to pore size was used to guide membrane selection 

in this research. 

3.2.2 Scanning Electron Microscope Images of Membranes 

To examine the pore structures of the membranes, scanning electron microscope (SEM) was 

used. The working layer of Puramem and Duramem membranes is polyimide polymer, which has 

nanometer scale pores. Because polymer is not electrically conductive, gold coating needs to be 

applied prior to SEM imaging of pores. However, it was still difficult to observe the nanometer-

scale pores.  

When looking at a brand-new membrane with SEM at magnification of 50,000x, only long 

cracks could be observed (Figure 3.9). These cracks were not the membrane pores because they 

were much larger than the pore size specified by the manufacturer. The comparison of the images 

before and after filtration did show that the membrane was still in good condition after the filtration 

test. The images of the edge of the membranes reveal some pores, but they are believed to be 

within the supporting layer of the membrane (Figure 3.10). 

Figure 3.11 through Figure 3.14 show the supporting layer of the membranes, which is made 

of a fiber-like material. It was much easier to see the details of this supporting layer at a 

magnification of 10,000x because of its textural nature. 
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In short, SEM images provided us with good close-up visual observations of the membranes, 

but they did not show the nanometer-scale pores. 

 
Figure 3.9 SEM images of working (front side) layer of Duramem 150 Da membrane used in S22, 
before (left) and after (right) filtration. Magnification: 50,000x. The dark rectangles area at right 
is due to electron beams focusing on the membrane too long and “burning” the membrane layer. 
It was not a result of the filtration test. 

  
Figure 3.10 SEM images of the edge of working (front side) layer of Duramem 150 Da brand-new 
membrane. Left, magnification: 5000x; right, magnification: 10,000x 
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Figure 3.11 SEM images of supporting (back side) layer of Puramem 280 Da membrane used in 
test S7, before (left) and after (right) filtration. Magnification: 100x. 

  
Figure 3.12 SEM images of supporting (back side) layer of Puramem 280 Da membrane used in 
test S7, before (left) and after (right) filtration. Magnification: 1,000x.  
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Figure 3.13 SEM images of supporting (back side) layer of Puramem 280 Da membrane used in 
test S7, before (left) and after (right) filtration. Magnification: 10,000x. 

  
Figure 3.14 SEM images of supporting (back side) layer of Duramem 150 Da brand-new 
membrane. Left, magnification: 1000x; right, magnification: 5000x.  
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3.3 Hydrocarbons   

The objective of this study was to investigate the filtration of crude oil samples from 

unconventional reservoirs. However, to calibrate the experiments and understand the process, first, 

a binary hydrocarbon mixture was used as a crude-oil surrogate due to its simpler composition and 

ability to make accurate measurements.   

3.3.1 Simple Binary Hydrocarbon Mixture 

The binary hydrocarbon mixtures consisted of a light and a heavy component. The majority 

of the light component was presumed to be unfiltered, whereas most of the heavy component was 

filtered by the membrane. Selection of the right binary hydrocarbon mixture was important to 

quantify the retention efficiency.  

The light component in the mixture acted as a solvent and dictated the selection of the 

compatible membrane to be used in the experiments. They were usually low carbon number 

hydrocarbons with relatively small kinetic diameter, which were supposed to pass through the 

selected membrane 100%. After some considerations, acetone (for styrene/polystyrene as solute, 

or heavy component) and toluene (for crude oil as solute, or heavy component) (Figure 3.15) were 

selected as the light components to be used in this research.  

The selection of the heavy components (Figure 3.16) was also relative to the light components.  

For example, dodecane was “heavy” relative to hexane. α-Methylstyrene Dimer (MD), 

Allyldiphenylphosphine (ADP) and 4-(Diphenylphosphino)-styrene (4-DP-Styrene) or even 

styrene were “heavy” relative to acetone. These heavy components were selected based on their 

cost and availability. Although ADP and MD shared similar structure and molecular weight, ADP 

had some compatibility issues with the solvent or the membrane, and, therefore, only MD was 
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used in the experiments. Styrene, MD and 4-DP-Styrene consist of a series of chemicals with 

increasing aromatic rings, which corresponds to increasing molecular weight and kinetic diameter.  

  
Figure 3.15  Structures of light components: acetone (left) and toluene (right). 

    

  
Figure 3.16 Structures of heavy components: styrene (top left), α-Methylstyrene Dimer (MD, top 
right), Allyldiphenylphosphine (ADP, bottom left) and 4-(Diphenylphosphino)-styrene (4-DP-
Styrene, bottom right).  

3.3.2 Crude Oil Hydrocarbon Mixture 

After validating the filtration system with binary hydrocarbon mixtures, filtration of crude oil 

samples was tested. To test the filtration of a crude oil, crude oil was dissolved in toluene (5%-

30% in weight). There were several advantages of dissolving crude oil in toluene.  

First, the membranes (Duramem and Puramem) were designed to be compatible with specific 

chemicals or solvents. The composition of crude oil was very complex, and it was possible that 

some components within the crude oil were not compatible with the selected membranes. 

Dissolving crude oil in toluene, which is compatible with Puramem membrane, eliminated the 

compatibility concerns.   
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Second, it was much easier to clean the apparatus after the experiments with crude-oil 

dissolved in toluene compared to pure crude oil. Besides, to accurately measure the composition 

of the crude oil in GC, either very small amount of crude oil or crude oil diluted with toluene was 

needed.  

Third, dissolving crude oil in toluene alleviated the concerns about the limited availability of 

actual crude oil samples. In this study, Eagle Ford shale crude oil, Sussex sandstone crude oil and 

Frontier sandstone crude oil were tested. They have slightly different composition of hydrocarbons 

and showed different filtration results, which will be discussed in Chapter 5.  

A potential disadvantage of dissolving crude oil in toluene could be the alteration of the 

filtration characteristics of crude-oil. However, this was not believed to be a major concern and 

therefore it was not addressed due to the limited time scope of this study. 

With the crude-oil/toluene mixture, there were two levels of filtration phenomenon. On the 

first level, toluene could be treated as the light component and all hydrocarbons within crude oil, 

as a whole, could be treated as a heavy component. On the second level of filtration, within the 

crude oil hydrocarbons, lower molecular weight hydrocarbons could be treated as the light 

component and higher molecular weight hydrocarbons could be treated as the heavy component. 

Although the filtration on both levels were examined, the second level filtration phenomenon were 

the main interest in this study. 

Table 3.2 lists the hydrocarbons of Eagle Ford crude oil identified by mass spectrometry and 

their corresponding properties. Frontier crude oil had similar properties to Eagle Ford crude. 

Sussex crude oil was slightly richer in heavy hydrocarbons. 
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Table 3.2 Predominant hydrocarbons from the MS analysis of an Eagle Ford crude oil 

 

3.4 Gas Chromatography and Mass Spectrometry 

In this research, hydrocarbon components in a mixture were detected by gas 

chromatography (GC). While GC could detect the existence of individual hydrocarbon 

components, mass spectrometry (MS) was needed to identify them. 

3.4.1 Gas Chromatography  

Figure 3.17 is an illustration of how GC works. First, the sample is injected into the liner and 

vaporized at high temperature. Then the vapor travels through a column where the components 

separate according to their distinct properties such as molecular weight and polarity. Lighter 

hydrocarbons travel faster and, therefore, they are detected earlier by the flame ion detector (FID). 

Detection of heavier hydrocarbons, on the other hand, takes longer time.  

Peak No. Formula 
Abbrviation Chemical Name Retention Time 

(Minutes)
Molecular Weight 

(g/mol) 
1 n-C9 Nonane 7.49 128
2 n-C10 Decane 10.66 142
3 n-C11 Undecane 13.91 156
4 n-C12 Dodecane 16.99 170
5 n-C13 Tridecane 19.88 184
6 n-C14 Tetradecane 22.57 198
7 n-C15 Pentadecane 25.11 212
8 n-C16 Hexadecane 27.51 226
9 n-C17 Heptadecane 29.78 240
10 n-C18 Octadecane 31.93 254
11 n-C19 Nanodecane 34.05 268
12 n-C20 Eicosane 36.64 282
13 n-C21 Heneicosane 40.09 296
14 n-C22 Docosane 44.84 310
15 n-C23 Tricosane 51.50 324
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Retention time of a hydrocarbon component is defined as the time between the start of the 

sample injection and the detection of the particular component by the FID. Retention time is a 

unique characteristic of hydrocarbon components and independent of the composition of the 

hydrocarbon samples, as long as they are analyzed by GC or GC/MS by the same procedure. 

Retention time correlates with the molecular weight of the hydrocarbon components: as the 

molecular weight of the hydrocarbon components increase, their retention times become longer. 

The concentration of each hydrocarbon component can be calculated by multiplying the peak 

area detected by GC by a response factor (RF). The RF is the ratio between the concentration of a 

component and its response (peak area) detected by the GC. RF is found by calibrating the GC 

with hydrocarbon mixtures of known compositions (standard solution). For the crude oil sample 

used in this research, it was challenging to find a standard solution that contains all desired 

hydrocarbon components to calculate their response factors. Besides, for our purposes, it was 

sufficient to determine the change of a component during filtration through analyzing the peak 

areas of the particular component before and after filtration. 

Figure 3.18 shows a graph of the peaks from a binary hydrocarbon mixture (hexane and 

dodecane) and Figure 3.19 shows the three repeat runs of the same sample. There was some 

variance among these repeat tests; therefore, it was important to optimize the GC run parameters 

to improve the peak area measurements, which will be discussed in Section 3.4.3.  

For the binary hydrocarbon filtration tests, the change of a heavy hydrocarbon concentration 

before and after filtration could be observed clearly by comparing its peaks, as shown in Figure 

3.20. The change observed here is drastic and indicates the high retention efficiency of the heavy 

hydrocarbon. In some cases, the change is small, and the GC parameter optimization mentioned 

before is essential to determine the retention efficiency precisely.  
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The GC system used in this study was Agilent 7890B. An ultra-inert GC column (VF-5ht 

UltiMetal column from Agilent) was used to separate hydrocarbons within crude oil. It had the 

temperature rating up to 450 °C and its long length (30m) helped separate the heavy hydrocarbons. 

This UltiMetal column was very successful in separating crude oil peaks and its performance was 

more consistent than the mass spectrometry approach discussed next.  

 

 
Figure 3.17 Illustration of the working mechanism of gas chromatography (GC).  (E. Stauffer et 
al. 2008) 
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Figure 3.18 Illustration of peaks obtained from gas chromatography analysis of binary 
hydrocarbon mixtures. X-axis is retention time, in minutes and Y-axis is ion counts, in pA. First 
peak is for hexane (as light component) and second peak is for dodecane (as heavy component). 

 
Figure 3.19 Illustration of reproducibility of same peak obtained from gas chromatography 
analysis of dodecane. 
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Figure 3.20 Illustration of the peak comparison of light and heavy hydrocarbon components before 
and after filtration. 

3.4.2 Mass Spectrometry  

While gas chromatography can separate hydrocarbon components within the crude oil, mass 

spectrometry (MS) is used to identify what these peaks are. MS is usually attached to GC (Figure 

3.21) and it scans the mass spectra (i.e. the ion counts versus the mass to charge ratio; Figure 3.22) 

of the separated components leaving the GC column. It then searches for the same response in a 

library that contains such information of known chemicals. Based on the match, it can determine 

what hydrocarbon component each peak corresponds to.  

Because MS is very sensitive, low concentration of crude oil in toluene was required. 

Otherwise, the high concentration of hydrocarbons would block or damage the column and/or the 

detector. Accordingly, in this work, 5% crude oil in toluene was used to be able to analyze the 

peaks with MS. However, the comparison of the results from MS and GC with UltiMetal column 

indicated that the latter separated peaks better and yielded more consistent results.  
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 Figure 3.21 Illustration of the working mechanism of a gas chromatogram-mass spectrometer 
(source: https://www.slideshare.net/deepakravi21/gas-chromatography-76557634).  

 
Figure 3.22 Illustration of gas chromatography - mass spectrometry analysis of a sample from test 
S39. 
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3.4.3 Optimization of Peak Area Measurement and Area Integration 

The accuracy of the GC measurement of hydrocarbon concentrations can be further improved 

by optimizing some of the GC parameters. This is especially important when the change of 

concentration is small before and after filtration.  

As shown earlier in Figure 3.19, the peak areas of three repeat runs of the same sample 

displayed some variance. The variance was the standard deviation among repeated runs. Lower 

variance was assumed to indicate more accurate measurement. To reduce the variance, split ratio 

(ratio of the carrier gas volume to the volume of evaporate of the injected sample) and sample 

injection volume were varied (Figure 3.23) and the standard deviation of the repeat experiments 

were analyzed. These tests showed that the peaks with smoother and more symmetric shape 

yielded lower variance.  

Peaks shown in Figure 3.23 were from pure hydrocarbon (hexane). Obtaining peaks like this 

from crude oil was almost impossible due to its complex composition. Figure 3.24 shows actual 

peaks from GC analysis of a crude oil sample. Still, GC parameters such as split ratio and sample 

volume were optimized for best peak shapes (i.e. lowest variance) for different samples and 

different tests. 

Even with the optimization of the GC parameters to obtain the best peak shapes, the peak area 

integration could also affect the resulting area. The width parameter was especially important when 

integrating peaks of crude oil using 0-Baseline method, which will be discussed in Section 3.4.5.  

Figure 3.25 and Figure 3.26 show the effect of width parameter in integration. It was found that 

lower width parameters resulted in more consistent areas, but, even with the lowest width 

parameters and GC parameter optimization, the areas would still show some variation. For 
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example, Figure 3.27 shows the software calculated areas between two repeat runs. Even though 

the peak looked very similar, the resulting variance for repeat runs of the same peak could be up 

to 5-10%. Variance less than 5% was ideal. Variance of 5%-10% was still acceptable. When 

variance was higher than 10%, the peaks were examined closely to identify the source of such high 

variance. In a few instances, the error was due to the software and corrections were applied 

manually. If there were too many such instances, then the entire peak would be excluded from the 

analysis. Because there were plenty of hydrocarbon peaks, this would not constitute an issue. In 

fact, some hydrocarbons, such as C11 and C17, often had inconsistent peak areas (similar to the 

peak 10, 11 and 12 shown in Figure 3.24) among repeat runs, which they were almost always 

excluded from the analysis. 

3.4.4 Correlation between Peak Area Percentage and Weight Percentage 

Examination of the peak area and weight percentage of the components in a hydrocarbon 

mixture (toluene, C10 and C17) shown in Table 3.3 indicate a fair correlation between them. This 

is understandable as the FID measures the ions formed during the combustion of hydrocarbons in 

a hydrogen flame and the percentage of ions for individual components is close to their weight 

percentage. The peak area percentage, or simply “area %”, is the peak area of one hydrocarbon 

component divided by the total peak area of all the selected components in the hydrocarbon 

mixture.  

Therefore, the raw peak areas from GC analysis were used to calculate the weight percentage 

of the selected hydrocarbons within the crude oil. The weight percentage was then used to calculate 

the retention efficiency as discussed Section 3.5.   
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Figure 3.23 Illustration of optimal gas chromatography parameters. Split ratio of 100 and sample 
volume of 0.2 uL were adapted as the optimal gas chromatography settings. After optimization, 
the standard deviation of repeats reduces by half from initial GC parameters. 

 

Figure 3.24 Sample peaks from GC analysis of crude oil.  
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Figure 3.25 The effect of width parameter (w=1, 0.1, 0.001) on GC peak area calculation, peak 
shown is for hydrocarbon C26. 
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Figure 3.26 The effect of width parameter (w=1, 0.1, 0.001) on GC peak area calculation, peak 
shown is for hydrocarbon C11. 
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Figure 3.27 MS peak area integration variance. Even though these two peaks look very similar, 
almost overlap with each other, the software calculated the areas (light yellow area and dark yellow 
area) differently.  

Table 3.3 A comparison of weight percentage and area percentage of mixture that contains toluene, 
C10 and C17 

 

3.4.5 Peak Area Integration Method 

There are two different ways to integrate the peaks from GC analysis. One is called Valley to 

Valley (or Valley-Valley) method, shown in Figure 3.28. The red lines connecting the valleys 

(therefore the name) mark the bottom constraint of the peak area. The area above the red lines were 

considered as the peak area. 

Compared to Valley-Valley method, 0-Baseline method counts the area between the red line 

and the line of 0 response, i.e. the 0 baseline (Figure 3.29). The 0-Baseline method, therefore, 

yields higher peak areas for each hydrocarbon component. The 0-Baseline area is considered a 

more accurate approach to estimate the weights of the hydrocarbon components because all 

Components Weight (g) Weight Percentage (%) GC Peak Area (min-pA) Area Percentage (%)
Toluene 30 75 92604845 76.5
C10H22 6 15 16863666 13.9
C17H36 4 10 11630285 9.6

Total 40 100 121098796 100
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response above the 0-Baseline, rather than the area above the red line connecting valleys, should 

be a result of ionization of the particular component.  

The Valley-Valley method yields more consistent areas among sample repeats than 0-Baseline 

method (Figure 3.30 and Figure 3.31). Each narrow column in these two figures represents the 

relative standard deviation of the repeat runs for one hydrocarbon component. Higher variation 

from 0-Baseline method is because this method accounts for height variation of the peak in 

addition to the area variation. Valley-Valley method only accounts for the area variation.  

However, because the area from 0-Baseline method better represents the weight of 

hydrocarbons, the 0-Baseline method is used in this study. 0-Baseline method shows higher 

difference between “light” and “heavy” hydrocarbons than the Valley-Valley method (Figure 

3.32). This just shows different integration methods lead to different retention efficiency values. 

It should not be a problem as long as the comparison of retention efficiency is based on the same 

0-Baseline method. 

 
Figure 3.28 Valley-Valley peak area integration method. 
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Figure 3.29 0-Baseline peak area integration method. 

 
Figure 3.30 S63 Relative standard deviation of peak area based on “Valley-Valley” integration 
method 
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Figure 3.31 S63 Relative standard deviation of peak area based on “0-Baseline” integration 
method. 

 
Figure 3.32 S63 sample B06 retention efficiency (based on area% concentration) between “0-
Baseline” and “Valley-Valley” integration method. 
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3.4.6 Peak Area versus Time 

Sometimes the samples were not analyzed by GC immediately after they were collected. Even 

though the samples were stored in a tightly sealed vial, there was concern that evaporation might 

have occurred, which could have caused a change in the concentrations. Therefore, a sample was 

measured at three different times to evaluate how its concentration changes with time (Figure 

3.33).   

Figure 3.33 shows that the concentrations of hydrocarbons did not change considerably with 

time. The slightly higher relative standard deviation of C14 could be due to measurement or area 

integration error. Therefore, there was no rush to analyze the sample with GC as long as it was 

measured within days after collection.  

 
Figure 3.33 Area percentage and its relative standard deviation of the same sample measured at 
different times, test S62. 
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3.5 Retention Efficiency Calculation  

How well a membrane hinders the transport of a hydrocarbon component under certain 

conditions is defined by retention efficiency. In the literature, filtration efficiency and rejection are 

alternative names used for retention efficiency. In this dissertation, retention efficiency will be 

used.   

The retention efficiency of a component i in a Sample j can be defined by Eq. 3.1:   

���� = 1 − ������                (3.1) 

���� is the retention efficiency of component i in Sample j (j = B, C, D etc. after filtration). ���  

is the concentration of component i in Sample A (original mixture before filtration). ���  is the 

concentration of component i in Sample j (j = B, C, D etc. effluent samples after filtration). 

As discussed in Section 3.4.4, peak area percentage (i.e. Area %) was found to represent the 

weight percentage of hydrocarbons reasonably well. In addition, to be consistent with the parallel 

research work from a colleague (Zhu et al. 2020), area % will be used as the “concentration” in 

calculating retention efficiency.  

 The area % is the area of one hydrocarbon divided by the total area of all selected 

hydrocarbons and is given by  

���� % = ���������              (3.2) 

where Area % is the concentration based on area percentage (percent), ��� is the peak area of 

component Cx, where x denotes the number of carbons in the component, and ������ is the total 

peak area of all selected components.  
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An alternative to compare the component concentrations before and after filtration is to use 

the “pseudo concentration” (PC) definition. To calculate PC, it is assumed that the lightest 

component (C9 for the cases considered in this work) flows through the membrane 100%; all other 

components (C10 and beyond) are considered as heavy components and hindered. The pseudo 

concentration of these heavy components is then calculated relative to C9 by  

�� = ������×��������               (3.3) 

where PC is the pseudo concentration (m-mol/g), ��� is the peak area of C9, ��� and ���� 

are the peak area and the molecular weight of Cx respectively.  

To use this definition, first, the peak areas of the heavy components from GC or MS are 

normalized to the area of C9. Then the normalized area of each heavy component is divided by 

their respective molecular weight to obtain the pseudo concentration in mol/g. For better 

visualization of the numbers, PC is given as multiplied by 1000. Therefore, the final pseudo 

concentration has the unit of m-mol/g. 

The difference between retention efficiency calculated based on Area % and PC is shown in 

Figure 3.34. The retention efficiency based on PC starts at 0 for C9 and increases as molecular 

weight increases. The retention efficiency based on Area % starts at negative values for C9, 

increases with molecular weight, and goes above zero. Negative retention efficiency based on Area 

% means that the concentration of the component is higher in the downstream than the upstream 

of the membrane. This is the case for unfiltered, light components because a decrease in the 

downstream concentration of the heavy components due to filtration is compensated by the 

increase of the downstream concentration of the light components.  
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An easy way to evaluate the magnitude of the retention of large hydrocarbon molecules was 

through the visual observation of the retention efficiency plot (based on Area %). The more the 

line rotate clockwise (around the intersection of retention efficiency line and x-axis), the lower the 

retention. 

 

 
Figure 3.34 S63 sample B06 Retention efficiency calculated based on area % and pseudo 
concentration.  
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CHAPTER 4  RESULTS PHASE I: STATIC DEAD-END CELL TEST 

This chapter presents the results of Phase 1 experiments with the static, regular dead-end cell. 

First, filtration tests with simple binary hydrocarbon mixtures were conducted to characterize the 

membranes. The filtration results were analyzed to verify that the system worked. Afterwards, 

filtration tests with crude oil were conducted to demonstrate the filtration of heavy hydrocarbons 

by the membrane. Finally, filtration tests with CO₂ treatment of the crude oil were conducted to 

investigate whether CO₂ affects the retention of heavy hydrocarbons within the crude oil. 

Tests discussed in this chapter (using Setup 1 and Setup 2 discussed in CHAPTER 3 ) are 

called static tests because, contrary to the dynamic tests using Setup 3 (varied pressure and 

temperature, CO₂ treatment of the hydrocarbon mixture), test conditions remained unchanged 

during the filtration process in these tests. 

4.1 Filtration Results with Binary Hydrocarbon Mixture 

A list of filtration tests with binary hydrocarbon mixtures is presented in Table 4.1.  

The retention efficiencies of different membranes with various pore sizes (150 Da, 200 Da, 

300 Da, 500 Da and 900 Da) for 4-DP-Styrene as a solute are shown in Figure 4.1. The retention 

efficiency stays near 90% with MWCO less than 300 Da. Then it decreases drastically at MWCO 

between 300 Da to 500 Da. It, then, flattens out between 500 Da to 900 Da. It is noted that Figure 

4.1 shows a different version of the data in Figure 2.12 and the similarity between these two plots 

verifies the success of the filtration tests in this section. 

 Figure 4.2 shows that for a specific membrane (Duramem 150 Da), retention efficiency of a 

solute drops significantly with decreasing molecular weight. On the other hand, increasing 
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filtration pressure increases the passage of the heavier components and leads to lower retention 

efficiency (Figure 4.3).  

Most samples from the filtration tests were collected within a couple of hours after the start 

of the test. To determine if the retention efficiency changed with time, test S30 (Figure 4.4) was 

conducted over an extended period of time (12 days). The results showed that the filtration 

efficiency stayed relatively constant in the beginning (first two days) and slowly decreased over 

the next 10 days. It was found later that this decrease of the retention efficiency over time was due 

to concentration polarization, which will be discussed in Chapter 5. Because of this observation, 

it was concluded that the retention efficiency of early samples reflected the actual filtration 

capability of the membrane when the concentration polarization phenomenon was not severe. 

Therefore, it was acceptable to collect the samples soon after filtration started, e.g. within the first 

half hour to one hour. 

These filtration tests with binary mixtures verified that the filtration system worked well, and 

it could be used for the next phase of testing with crude oil. 

4.2 Filtration Results with Crude Oil Hydrocarbon Mixture (CO₂ Effect) 

Filtration tests with crude oil were conducted to shed light on how large hydrocarbons were 

filtered through nanoporous unconventional reservoirs. For these tests, 5% Eagle Ford Shale crude 

oil was dissolved in 95% toluene in terms of weight.  

One sample (Sample A) of the original, unfiltered mixture was collected before filtration. 

Usually at least three effluent samples (Samples B, C, D etc.) were collected after filtration. About 

five milliliters of the initial effluent was discarded before collecting Sample B. Each sample was 

collected in three to five minutes. Once collected, the samples were stored in tightly sealed, 2 mL 
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vials. All samples were then analyzed by GC three times, usually within a day. Sample B usually 

showed slight less retention efficiency than Samples C, D and E, potentially, due to incomplete 

equilibration of the system. Therefore, the results of Sample B were not included in the analysis. 

Raw peak area for each selected hydrocarbon component was the average of three repeat tests 

( Figure 4.5). The concentration of each hydrocarbon component based on the peak area was then 

calculated (Figure 4.6) and used in the estimation of the retention efficiency (Figure 4.7) as 

discussed in Section 3.5 .  

 Figure 4.7 shows that the retention efficiency increases with increasing molecular weight as 

already established. The positive retention efficiency of large hydrocarbons (molecular weight > 

210 g/mol) indicated that their downstream concentration decreased due to filtration by the 

membrane. Retention of heavy hydrocarbon components by the membrane caused an increase in 

the downstream concentration of the light hydrocarbons and led to a negative retention efficiency. 

The dashed line in Figure 4.7 is a polynomial trend line through the data points. 

Table 4.1 Summary of tests with a binary hydrocarbon system  

 

S16 Duramem 150 0.75 Acetone/4-DP-Styrene 58/288 100
S17 Duramem 150 0.75 Acetone/4-DP-Styrene 58/288 200
S18 Duramem 150 0.75 Acetone/4-DP-Styrene 58/288 500
S19 Duramem 150 0.75 Acetone/Styrene 58/104 200
S21 Duramem 200 1 Acetone/4-DP-Styrene 58/288 100

S21-2 Duramem 200 1 Acetone/4-DP-Styrene 58/288 100
S22 Duramem 150 0.75 Acetone/ADP 58/226 300

S24-2 Duramem 200 1 Acetone/4-DP-Styrene 58/288 200
S23 Duramem 300 1.5 Acetone/4-DP-Styrene 58/288 200
S24 Duramem 200 1 Acetone/4-DP-Styrene 58/288 200
S25 Duramem 150 0.75 Acetone/ADP 58/226 200
S26 Duramem 200 1 Acetone/Styrene 58/104 200
S27 Duramem 150 0.75 Acetone/MD 58/236 200
S28 Duramem 500 2.5 Acetone/4-DP-Styrene 58/288 200
S29 Duramem 900 4.5 Acetone/4-DP-Styrene 58/288 200
S30 Duramem 300 1.5 Acetone/4-DP-Styrene 58/288 200

Filtration 
Pressure (psi)Test No. Membrane Pore Size (nm) Mixture (Light/Heavy) Molecular Weight              

(g/mol)



 

68 

 
Figure 4.1 Retention efficiency changes with membrane pore sizes. Heavy: 4-DP-Styrene. Light 
component: acetone. Data are from series: S17, S24-2, S23, S28 and S29. The dashed line was 
drawn for visualization.  

 
 Figure 4.2 Retention efficiency changes with molecular weight of heavy components through 
Duramem 150 Da. Heavy components: styrene, MD and 4-DP-Styrene. Data are from series S17, 
S19 and S27. The dashed line was drawn for visualization.  



 

69 

 
Figure 4.3 Retention efficiency changes with injecting pump pressure. Membrane: Duramem 150 
Da.  Heavy components: 4-DP-Styrene. Light components: acetone. Data are from test S16, S17 
and S18. The dashed line was drawn for visualization. 

 
Figure 4.4 Retention efficiency changes with time. Data are from test S30. Dashed line is the trend 
line of all points.  
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 Figure 4.5 Test S34: peak area of selected hydrocarbons. 

 
Figure 4.6 Test S34: concentration of selected hydrocarbons. 
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Figure 4.7 Test S34: retention efficiency versus molecular weight; regular filtration test. 

4.2.1 Regular Filtration Test 

In addition to S34, two more regular filtration tests, S35 (Figure 4.8) and S40 (Figure 4.9,) 

were done to establish the baseline of the retention efficiency of selected hydrocarbon components 

in the crude oil sample. It is worth noting that the retention efficiency baseline for these tests started 

around -20% at the low end and increased to near 40% at the high end. Details of these three tests, 

with all other tests discussed in this section, are presented in Table 4.2.   

Table 4.2 Summary of tests discussed in this chapter that investigating CO₂ effect 

 

Test NO. Membrane Pore size (nm)  Fluid Filtration 
Pressure (psi)

CO2 Treatment 
Pressure (psi)

S34 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 N/A
S35 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 N/A
S36 Puramem 280 Da 1.4 5 % EF crude  in toluene 100 N/A
S37 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 600
S38 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 600
S39 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 250
S40 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 N/A
S43 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 600
S44 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 600
S45 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 600
S46 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 N/A
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4.2.2 Filtration Tests with CO₂ Treatment 

CO₂ has been used for improving oil recovery in both conventional and unconventional 

reservoirs. Because of the tight pores in shale reservoirs, only a few conventional improved oil 

recovery (IOR) methods are viable and CO₂ injection is one of these methods. Therefore, it is 

worthwhile to investigate whether CO₂ would lower the retention efficiency of the large 

hydrocarbons in crude oil.  

To investigate the CO₂ effect on the retention efficiency of crude oil, the crude oil-toluene 

mixture was stored in a transfer vessel, which was then connected to a CO₂ cylinder at 600 psi. 

The mixture was exposed to CO₂ for one day. The vessel was not fully filled with the mixture and 

it was tilted almost horizontally to maximize the contact area between the liquid mixture and the 

CO₂ gas phase. Calculations showed that CO₂ was miscible with toluene under 600psi. Therefore, 

CO₂ was dissolved in the crude oil-toluene mixture as much as possible during its one-day 

treatment.  

Because the filtration pressure was 250 psi, the pressure of the transfer vessel was lowered 

from 600 psi to 250 psi by releasing some CO₂ prior to the filtration tests. It was likely that some 

of the CO₂ dissolved in the mixture (toluene) was also released and escaped the vessel during this 

process. This uncertainty may have caused the retention efficiency variations in the CO₂ tests. 

Figure 4.10 to Figure 4.14 show five filtration tests with CO₂ treatment of the mixture. Their 

retention efficiency lines all start around -15% at the low end and reach around 20% at the high 

end.  

Figure 4.15 plots the retention efficiency from the tests with (red diamonds) and without (blue 

circles) CO₂ treatment. From this graph, the effect of CO₂ on the filtration of the mixture is 
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apparent. At this point, it is not clear what caused the change of retention efficiency from CO₂ 

treatment; concentration polarization, steric hindrance, or a mixture of both. The effect of 

concentration polarization on filtration will be reconsidered in. Chapter 5. 

Another issue was the discrepancies among test results. For example, a regular filtration test 

(Figure 4.16) showed even lower retention efficiency than tests with CO₂ treatment ( 

Figure 4.17). Unknown operation errors and damages of the membrane may have caused this 

discrepancy. It was also possible that the discrepancies were due to the membrane quality 

variations. Even though the same type of membranes was used, they were not identical and minute 

differences among these membranes could have caused the variations in retention efficiency.  

Two more tests were done to investigate the sensitivity of the retention efficiency on test 

conditions. Lower CO₂ treatment pressure (200 psi instead of 600 psi) led to more retention (Figure 

4.18, -30% at low end to 45% at high end). Lower filtration pressure (100 psi instead of 250 psi) 

led to less retention (Figure 4.19, -10% at low end to 15% at high end).  

The concern of membrane variance, membrane damage, and the relatively high sensitivity of 

retention efficiency on test conditions led to the design of Setup 3 as described in Chapter 3. With 

Setup 3, tests with and without CO₂ treatment could be done without changing the membrane. 

More about tests using Setup 3 will be discussed in Chapter 5. 
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Figure 4.8 Test S35: retention efficiency versus molecular weight; regular filtration test. 

 
Figure 4.9 Test S40: retention efficiency versus molecular weight; regular filtration test. 
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Figure 4.10 Test S37: retention efficiency versus molecular weight; mixture was treated with CO₂ 
under 600 psi for 1 day. 

 
Figure 4.11 Test 38: retention efficiency versus molecular weight; mixture was treated with CO₂ 
under 600 psi for 1 day. 
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Figure 4.12 Test S43: retention efficiency versus molecular weight; mixture was treated with CO₂ 
under 600 psi for 1 day. 

 

Figure 4.13 Test S44: retention efficiency versus molecular weight; mixture was treated with CO₂ 
under 600 psi for 1 day. 
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Figure 4.14 Test S45: retention efficiency versus molecular weight; mixture was treated with CO₂ 
under 600 psi for 1 day. 

 
Figure 4.15 Combination plot to show CO₂ effect, including CO₂ treatment tests: S37, S38, S43, 
S44,S45 and without CO₂ treatment tests: S34, S35 and S40. 
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Figure 4.16 Test S46: retention efficiency versus molecular weight; regular filtration. 

       
Figure 4.17 New test S46 (without CO₂ treatment) has lower retention efficiency than tests with 
CO₂ treatment.  
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Figure 4.18 Test S39: retention efficiency. CO₂ treatment pressure was 200 psi instead of 600 psi. 

 
Figure 4.19 Test S36: retention efficiency, filtration pressure = 100 psi. 
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CHAPTER 5  RESULTS – PHASE II: DYNAMIC DEAD-END CELL TEST  

The tests discussed in this chapter are called dynamic tests, because of the changing test 

conditions. During the static dead-end cell tests (discussed in Chapter 4), some variations were 

noted in the hydrocarbon concentrations observed in effluent samples collected at different times. 

Therefore, exact weight of the effluent samples and time to collect them were recorded 

continuously during the filtration process. Test conditions such as temperature and pressures were 

varied, and CO₂ was added to the hydrocarbon mixture to investigate their effect during a filtration 

test.  

One set of modified static tests was conducted to investigate CO₂ effect on filtration. It is 

included in this chapter rather than Chapter 4, which discussed the static results. 

A list of the tests that will be discussed in this chapter is presented in Table 5.1. 

Table 5.1 Summary of the tests investigating CO₂, temperature and pressure effects 

 

  

Test No. Membrane Pore Size 
(nm) Fluid Filtration 

Pressure (psi) Temperature (oC) Comments

S48 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 RT (~20oC) CO2 treated at 600 psi for 1 day
S49 Puramem 280 Da 1.4 5 % EF crude  in toluene 250 RT (~20oC) N2 treated at 600 psi for 1 day
S52 PEEK5 5 100% Sussex crude oil 150 RT (~20oC) Crude oil type effect
S53 Puramem 280 Da 1.4 15% wt Sussex crude oil in toluene 250 RT (~20oC) N2, CO2 effect
S54 Puramem 600 Da 3 15% wt Sussex crude oil in toluene 470 RT (~20oC) N2, CO2 effect
S59 PEEK5 5 100% Frontier Crude Oil 150 RT (~20oC)->43oC Crude oil type effect
S60 Puramem 280 Da 1.4 15% + 30% wt Sussex oil in toluene 470 RT (~20oC)->43oC Concentration effect
S61 Puramem 280 Da 1.4 15% + 30% wt Sussex oil in toluene 470 RT (~20oC)->43oC Conc. And temp effect
S62 Puramem 280 Da 1.4 30% wt Frontier oil in Toluene 470->250 RT (~20oC) Pressure effect
S63 Puramem 280 Da 1.4 30% wt Frontier oil in Toluene 470 RT (~20oC)->43oC Temperature effect
S64 Puramem 280 Da 1.4 20% wt Frontier oil in Toluene 470 RT (~20oC) CO2 effect, 4 hour toluene rinse
S65 Puramem 280 Da 1.4 20% wt Frontier oil in Toluene 470 RT (~20oC) CO2 effect, 4 hour toluene rinse
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5.1 CO₂ Effect 

Moving on from the static tests in Chapter 4, to investigate the effect of CO₂ on filtration 

efficiency, this section will discuss four dynamic tests (S48, S49, S53 and S54) and two static tests 

(S64 and S65). 

5.1.1 Dynamic Test 

For the four dynamic tests that were conducted using Setup 3, un-treated crude oil in toluene 

mixture was first injected to conduct the regular filtration test (control test). After discarding the 

first gram of effluent (for conditioning the membrane), six samples (1.5 g each) were collected. 

Then the mixture source was switched to gas (CO₂ or N₂) treated mixture (treatment test). Again, 

approximately one gram of effluent was discarded before collecting another six samples.  

Figure 5.1 shows the decrease of retention efficiency with CO₂ treated hydrocarbon mixture. 

It is worth noting that the retention efficiency of the control test (-10% to 10%) is different from 

that of the static tests without CO₂ treatment (-20% to 30%) in Chapter 4 demonstrates again the 

variability of retention efficiency due to different membranes or test conditions.  

In order to determine whether the reduction of retention efficiency was unique to CO₂ 

treatment, a test was conducted with mixtures that was treated with N₂ (in the same way as CO₂ 

treatment).  

Figure 5.2 shows the reduction of retention efficiency for the N₂ treated mixture. The retention 

efficiency of the control test had a similar range as the earlier static tests without CO₂ treatment (-

20% to 30%). 

Two more tests, S53 (Figure 5.3) and S54 (Figure 5.4) were conducted to compare the effects 

of CO₂ and N₂. These two tests consisted of three consecutive parts: the first part was regular 
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filtration test with untreated hydrocarbon mixture (control test); the second part was a filtration 

test with N₂ treated mixture; the third part was a filtration test with CO₂ treated mixture.  

It must be noted that, due to running out of the Eagle Ford crude oil sample, starting with tests 

S53 and S54, Sussex and Frontier crude oil samples were used in the tests. The effect of the crude 

oil type on filtration will be discussed later in Section 5.3. 

Figure 5.3 and Figure 5.4 both show that the mixtures treated with N₂ and CO₂ had lower 

retention efficiencies. Whether the mechanisms by which N₂ and CO₂ reduced the retention 

efficiency were the same was unknown and not investigated further due to the limited scope of 

this study. 

Test S53 was conducted with Puramem 280 Da membrane (1.4 nm pore size) while test S54 

was conducted using Puramem 600 Da membrane (3 nm pore size). The retention efficiency lines 

for these two tests are different. The positive retention number starts around 350 Da for 3 nm pore 

membrane (Figure 5.4) while it starts around 300 Da for 1.4 nm pore membrane (Figure 5.3). This 

makes sense as large pores retain larger and heavier hydrocarbon molecules and vice versa. Figure 

5.3 and Figure 5.4, along with Figure 5.22, which used 5 nm pore size membrane, show that 

different pore size membranes have different shape of retention efficiency lines.   
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Figure 5.1 Test S48: retention efficiency of effluents during one filtration test. The source 
hydrocarbon mixture was switched from one without CO₂ treatment to one with CO₂ treatment. 

 
Figure 5.2 Test S49: retention efficiency of effluents during one filtration test. The source 
hydrocarbon mixture was switched from one without N₂ treatment to one with N₂ treatment. 
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Figure 5.3 Test S53: Puramem 280 Da, regular filtration test followed by a test with N₂ treated 
mixture and a test with CO₂ treated mixture. 

 
Figure 5.4 Test S54: Puramem 600 Da, regular filtration test followed by a test with N₂ treated 
mixture and a test with CO₂ treated mixture. 
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5.1.2 Modified Static Test 

When conducting a dynamic test using the same membrane, because of the extended testing 

duration, the concentration polarization may have played a role that made it hard to identify the 

effect of other factors. To minimize the concentration polarization effect, at least at the beginning 

of tests, two different membranes of the same type were used (again) to investigate the CO₂ effect.  

One additional step was added to the test procedure to promote consistent membrane 

performance. That was to rinse the membrane for three hours under filtration pressure. After the 

filtration test started, about 5 grams of effluent was discarded before collecting samples of crude 

oil-toluene mixture rather than the toluene flush fluid. With this additional preparation step, two 

tests (S64 and S65) were conducted to investigate the CO₂ effect on retention efficiency of crude 

oil. The toluene rinse gave similar but slightly different flux (Figure 5.5).  

Test S64 was the control test using the untreated crude oil in toluene mixture while test S65 

was the treatment test whose crude oil-toluene mixture was treated with CO₂ prior to filtration. 

The crude oil-toluene mixture was stored in the transfer vessel, which was then connected to a CO₂ 

cylinder under the filtration pressure of 470 psi for test S65 discussed here. The mixture was 

exposed to CO₂ for a week. The vessel was not fully filled with the fluid mixture and was tilted 

almost horizontally to maximize the contact area between the liquid mixture and the CO₂ gas 

phase. The vessel was shaken vibrantly once every two days to maximize the dissolution of CO₂ 

in the crude oil-toluene mixture. The results of test S64 are shown in Figure 5.7 to Figure 5.8 while 

the results of test S65 are shown in Figure 5.9 to Figure 5.10.  

Two levels of filtration (as described in Section 3.3.2) occurred and will be discussed here. 

On the first level filtration, both tests start with the same retention efficiency (45%) of C9-C33 

(Figure 5.6). The decrease is attributed to concentration polarization. However, the retention 
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efficiency of C9-C33 decreases much faster during treatment test S65 than control test S64. Flux 

of treatment test S65 starts much higher than control test S64 (Figure 5.6) even though the toluene 

flush flux is slightly lower prior to the start of actual filtration test (Figure 5.5). CO₂ seems to have 

increased flux and reduced retention of C9-C33 as a whole.  

On the second level filtration, considering individual hydrocarbons within C9-C33, the 

treatment test S65 (Figure 5.9) shows higher concentration of heavy hydrocarbons, such as C32, 

and lower concentration of light hydrocarbons, such as C9, than control test S64 (Figure 5.7) in 

the effluent samples in the beginning. This corresponds to lower retention of heavy hydrocarbons 

in the treatment test (Figure 5.10) than that in the control test (Figure 5.8). The comparison of the 

retention efficiency of these two tests, using C9 and C32 as examples, are shown in Figure 5.11. 

The difference in the retention efficiencies of these two tests is sufficiently large to eliminate the 

potential effect of inconsistent membrane performance.  

In sum, these two tests show that CO₂ reduces the retention of the solute (i.e. the crude oil 

consisting of C9-C33) and the heavy components in the crude oil. CO₂ also increased the flux of 

C9-C33 as a whole. However, explaining the mechanisms by which CO₂ reduces retention 

efficiency requires additional and different tests which are beyond the scope of this work.  
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Figure 5.5 Toluene flux prior to the tests for S64 and S65. 

  
Figure 5.6 Test S64 and S65: Comparison of retention efficiency of C9-C33 and flux between tests 
with (S65) and without CO₂ treatment (S64). 
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Figure 5.7 Test S64: Concentration of selected hydrocarbons. Time = 0 indicates data for original 
unfiltered solution. Puramem 280 Da, 20% Frontier crude oil in toluene, 20 °C, 470 psi. 

 
Figure 5.8 Test S64: Retention efficiency of selected hydrocarbons.  
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Figure 5.9 Test S65: Concentration of selected hydrocarbons. Puramem 280 Da, 20% Frontier 
crude oil in toluene, 20 °C, 470 psi. Data at time = 11 indicates data for original unfiltered solution. 
The mixture was treated with CO₂ under 470 psi for 7 days prior to the test. 

 
Figure 5.10 Test S65: Retention efficiency of selected hydrocarbons. 
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Figure 5.11 Test S64 and S65: comparison of retention efficiency between tests with (S65) and 
without (S64) CO₂ treatment of the mixture. 

5.2 Pressure and Temperature Effect 

As was discussed in Chapter 3, it was difficult to determine the effect of external factors on 

retention efficiency because of the inconsistent performance of the same type of membranes. 

Therefore, a method was developed to use the same membrane to ensure consistent membrane 

performance. With this method, a sequence of tests was performed. First, a control test at certain 

conditions was conducted. Then, either pressure or temperature was changed, and the change of 

retention efficiency was analyzed to determine the effect of temperature and pressure. 

5.2.1 Pressure Effect  

A sequence of tests was performed to study pressure effect. The results are shown in Figure 

5.12 to Figure 5.15. A test (Test B) started at room temperature, approximately 20 °C, and 470 psi. 
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After collecting 6 samples within 60 minutes, pressure was reduced to 250 psi for another test 

(Test C). Another 10 samples were collected within 150 minutes.   

Test B 

A sequence of tests was performed to study the pressure effect. The results are shown in Figure 

5.12 to Figure 5.15. Test B started at room temperature, approximately 20 °C, and 470 psi. After 

collecting 6 samples within 60 minutes, pressure was reduced to 250 psi for another test (Test C) 

and 10 more samples were collected within 150 minutes.   

As described in Section 3.3.2, there are two “separate filtration processes” happening in 

parallel in this filtration experiment. In the mixture of crude oil and toluene, crude oil is considered 

as the solute, which includes all kinds of hydrocarbons but is represented by “C9-C33” for 

simplicity. The toluene is considered as the solvent.  The first level of filtration is between toluene 

(as the small molecules) and crude oil, i.e. C9-C33 (as the large molecules). So, the C9-C33 will 

be filtered by the membrane relative to toluene.  

The second level of filtration occurs within C9-C33. C9 is considered as the small molecules 

that will flow through the membrane while C33 is considered as the large molecules that will be 

filtered by the membrane. Molecules between C9 and C33 will be filtered depending on their 

relative concentration within C9-C33 in the original mixture and in effluent samples.  

It is worth noting that the retention efficiency values of hydrocarbons in Figure 5.15 are for 

second level of filtration. They are based on hydrocarbon concentrations within the solute (i.e. C9-

C33). For example, C9 concentration is calculated by dividing the peak area of C9 by the total of 

all peak areas from C9 to C33. The retention efficiency from the first level filtration is based on 

hydrocarbon concentration within the entire solution (toluene and crude oil) (Figure 5.16). The 
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two levels of filtration provide similar but slightly different interpretations. The comparison of 

these two plots shows more “light hydrocarbons” were filtered in the first level filtration (high 

retention efficiency values in Figure 5.16) than those in the second level filtration (Figure 5.15). 

This shows that different references can lead to different retention efficiencies. However, retention 

efficiency plot from the second level filtration (Figure 5.15) provides a more straightforward and 

easier interpretation of how hydrocarbons flow through the membrane relative to each other. 

Therefore, the second level filtration, as in Figure 5.15, is adopted as the main plot to analyze in 

this chapter. 

It is believed that the solute (C9-C33) that was filtered by the membrane remained on the 

surface of the membrane, which caused a localized high concentration of the solute as the filtration 

process continued. The increased concentration of solute led to increased chemical potential 

(concentration polarization), which increased the diffusion and convective flow of the solute 

(indicated by the increased peak area of C9-C33 in Figure 5.12) relative to the solvent.   

Within the solute (C9-C33), hydrocarbons from C9 to C33 behaved differently. That is, heavy 

hydrocarbons, for example, C32, was retained (45% of retention efficiency to be exact in the first 

effluent sample, Figure 5.15) by the membrane and accumulated on the membrane surface.  Its 

concentration (i.e., the peak area normalized by total peak area, Figure 5.13) decreased by 45% in 

the first effluent sample, but then slowly increased in following effluent samples due to its 

increased chemical potential in upstream side of the membrane. On the contrary, the concentration 

of the light hydrocarbons, such as C9, increased in the first effluent sample to compensate the 

decreased concentration of heavy hydrocarbons, such as C32. This corresponds to -30% retention 

efficiency (Figure 5.15).  



 

93 

The retention efficiency of hydrocarbons from C9 to C33 (versus different molecular weight) 

in the first effluent sample is shown in Figure 5.14 (green dots). The retention efficiency of C18 

and C19 is close to zero, which means the concentration of C18 and C19 does not change much 

from their concentration in the original unfiltered solution. This plot illustrates how the 

hydrocarbons from C9 to C33 flow through the membrane relative to each other.  

In sum, during Test B, the retention of the solute (C9-C33) and heavy hydrocarbons in C9-

C33 decreases with time due to concentration polarization on the membrane surface. As shown in 

Figure 5.15, the retention efficiency eventually converges to 0. 

Test C 

During Test C, pressure decreased to 250 psi from 470 psi in Test B.  

For the first level filtration, the solute (C9-C33) peak area continues increasing before 

reaching a plateau (Figure 5.12); the concentrations of the components continue converging 

(Figure 5.13) before reaching a plateau, and the retention efficiency continues converging towards 

zero (Figure 5.15). But the slopes of the concentration and retention efficiency plots become 

steeper during the converging. This is attributed to the change of pressure. The change of slopes 

caused by the pressure change was delayed (since the beginning of Test C) due to the fact that it 

took some time for the filtered fluid to reach the outlet. 

The retention efficiency shows more significant changes than concentration because it 

contains information about the change of concentration with time. The retention efficiency 

converges toward zero at the end of Test C (Figure 5.15), which means there was not much 

filtration of heavy hydrocarbons relative to the light hydrocarbons. This is reflected by the 

retention efficiency versus molecular weight line at t = 211.5 minutes in Figure 5.14. 
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This test also shows a decrease in the flux of solute (C9-C33) when the pressure was decreased 

(Figure 5.15), which was expected. The flux decreased from 0.4 L m-2 h-1 to 0.22 L m-2 h-1, which 

was a ratio of 1.8 (the same as the ratio of the original and the decreased pressures).  

All in all, decreasing pressure decreased the retention and reduced overall flux during tests 

using dead-end cell. 

 

 
Figure 5.12 Test S63: Individual peak areas of selected hydrocarbons and peak area of all peaks 
within C9-C33. Time = 0 indicates data for original unfiltered solution. Puramem 280 Da, 30% 
Frontier crude oil in toluene, 20 °C, 250 psi and 470 psi. 
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Figure 5.13 Test S63: Concentration of selected hydrocarbons. Time = 0 indicates data for original 
unfiltered solution. 

 
Figure 5.14 Test S63: Retention efficiency versus hydrocarbon molecular weight at t = 30 minutes 
and 211.5 minutes. 
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Figure 5.15 Test S63: Retention efficiency of selected hydrocarbons at 20 °C and 470 psi or 250 
psi. 

 
Figure 5.16 Test S63: Retention efficiency of selected hydrocarbons at 20 °C and 470 psi or 250 
psi based on the hydrocarbon concentration within the entire solution (toluene + crude oil) instead 
of within only the solute (i.e. C9-C33) as in Figure 5.20. 
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5.2.2 Temperature Effect 

A sequence of tests, similar to the tests described in the previous section, was conducted to 

study the temperature effect. It started with a control test, Test B at 20 °C and 470 psi, followed 

by Test C with an increased temperature of 43 °C keeping the pressure fixed at 470 psi. The test 

results are shown in Figure 5.17 to Figure 5.20. 

Test B 

The peak area (Figure 5.17) and concentration (Figure 5.18) in Test B of S62 follows a 

similar trend to that of S63 in Section 5.2.1. That is, the peak area and concentration of light 

hydrocarbons (close to C9 end) increase while those for heavy hydrocarbons (close to C33 

end) decrease in the first sample (an indication of filtration). However, S62 shows slightly 

different behavior after the first sample. The concentration increases slightly before it 

decreases. This behavior is reflected by the retention efficiency in Figure 5.20. The retention 

efficiency increases first and then reaches a plateau (except for C32).  

Even though the retention efficiency behaves slightly differently during Test B, it is 

comforting to see that there is consistency between tests S63 and S62.  The retention 

efficiency is around 10% for the solute (C9-C33), around 35% for C32, and around -25% for 

C9 at the end of Test B (Figure 5.20). Other hydrocarbons share similar retention efficiencies 

as well between these two tests.  

The retention efficiency versus molecular weight plot in Figure 5.19 confirms the above 

observation. It shows retention efficiencies starting in the negatives for C9 and increasing 

toward positive values as the molecular weight of the components increases. The line crosses 
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zero at a molecular weight around 260 g/mol, i.e. C18 and C19 had similar concentrations in 

the original and effluent mixtures. 

The total flux (toluene and crude oil) during Test B is close for S62 and S63 (Figure 5.21). 

The solute retention efficiency, however, is slightly different. Although not ideal, this 

discrepancy was expected and did not hamper the interpretation of the effect of temperature.   

Test C 

The peak area, concentration, and retention efficiency in Test C of S62 (Figure 5.17, 

Figure 5.18 and Figure 5.20) follow similar trends to those (Test C of S63) discussed in the 

previous section. The slopes of the peak area, concentration, and retention efficiency plots 

change sooner after the temperature adjustment compared to the delayed change after pressure 

adjustment. This is because the increased temperature increases the flux therefore the filtered 

fluid reaches the outlet faster. The downhill slope of the retention efficiency is attributed to 

the temperature adjustment.  

After increasing the temperature, the retention efficiency decreases and stabilizes. C32 

has a stabilized retention around 13%, while C9 had a stabilized retention around -2%.  

All in all, increasing temperature decreased the retention during the tests and increased overall 

flux using the regular dead-end cell.   

The concentration polarization of heavy hydrocarbons on membrane surface may cloud our 

ability to determine how much temperature and pressure affect the retention of heavy hydrocarbons 

in dead-end cell tests. However, it is certain that the change of temperature and pressure affects 

the filtration process using dead-end cells. The mechanism behind this effect could be the 
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disruption of either the concentration polarization or size exclusion in membrane pores. This 

discussion will continue in next chapter when discussing the results from stirred-cell tests. 

5.3 Effect of Crude Oil Type on Filtration 

According to the manufacturer, PEEK5 membrane “exhibit outstanding resistance to almost 

any known organic solvent”. Therefore, PEEK5 membrane was chosen to remove any solids in 

crude oil that would potentially affects the filtration process. With a stated pore size of 

approximately 5 nm, no filtration was expected using PEEK5 membrane to filter pure crude oil. 

However, when filtering pure Sussex crude oil, it showed high filtration of heavy hydrocarbons 

with molecular weight higher than 450 g/mol (Figure 5.22). No clear filtration was observed when 

filtering pure Frontier crude oil.  

The gas chromatography shows that Sussex crude oil contains higher concentration of 

intermediate hydrocarbons (C10-C34) and more heavy components (>C34) than Frontier (Figure 

5.23). Frontier crude oil contains hydrocarbons beyond C34; however, the peaks of these 

hydrocarbons are below or close to the GC detection limit.  

What was remained on the membrane surface after the filtration also confirmed that Sussex 

contained heavier hydrocarbon components than Frontier (Figure 5.24).  After the Sussex 

filtration, there was gel like residue remained on the surface of the membrane while there was no 

clear residue left on the membrane for the Frontier test. The Gas Chromatography responses of the 

residue shows that it contains much higher concentration of heavy components than the original 

mixture, and even more than the filtered mixture (Figure 5.25) 
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Figure 5.17 Test S62: Individual peak areas of selected hydrocarbons and total peak area of all 
peaks within C9-C33. Time = 0 indicates data for original unfiltered solution. Puramem 280 Da, 
30% Frontier crude oil in toluene, 20 °C and 43 °C, 470 psi.  

 
Figure 5.18 Test S62: Concentration of selected hydrocarbons. Time = 0 indicates data for original 
unfiltered solution. 
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Figure 5.19 Test 62 and S63: Retention efficiency vs hydrocarbon molecular weight at t = 30 
minutes. 

 
Figure 5.20 Test S62: Retention efficiency of selected hydrocarbons at 20 °C and 43 °C. 
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Figure 5.21 Test S62 and S63: Retention efficiency of all peaks within C9-C33 and its total flux. 

For the Sussex test, because it was not a planned filtration test, only one sample was collected 

after half an hour since the start of the filtration test. The picture of the residue in Figure 5.24 was 

taken after one day of filtration and about 50 mL of Sussex crude oil was filtered by the membrane. 

The gel residue formed when filtering Sussex oil could prevent us to study the effect of membrane 

pore size on filtration process. However, when filtering Sussex crude oil in other tests, the crude 

oil was dissolved in toluene and no significant amount of gel residue was found in tests using a 

smaller pore size membrane (Puramem 280 Da, 1.4 nm pore size).  

In sum, different type of crude oils showed different filtration phenomena with the same type 

of membrane. Gel residue that is rich in heavy hydrocarbon components could be formed on the 

membrane surface. This residue could influence our ability to study the pore size effect on 

filtration. Therefore, care should be taken to avoid the gel formation. Dissolving crude oil in 

toluene proved effective in achieving this goal.   
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Figure 5.22 Test S52 and S59: Comparison of retention efficiency of 100% Sussex crude oil (S52) 
vs 100% Frontier crude oil (S59)  vs 100% Eagle Ford crude oil through PEEK5 membrane (5 nm 
pore size). 

 
Figure 5.23 Test S52 and S59: comparison of hydrocarbons peak area of crude oil Frontier and 
Sussex. 
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Figure 5.24 Test S52 and S59: There was gel like residue on membrane after filtering 100% Sussex 
crude oil (S52, left) while there was no obvious residue left on membrane after filtering 100% 
Frontier crude oil (S59, right), both with PEEK5 (5 nm pore size). 

  
Figure 5.25 Test S52: Hydrocarbon peaks of original mixture (red, in the middle), filtered mixture 
(light blue, at the bottom) and residue on the membrane (blue, at the top). Left figure represents 
intermediate hydrocarbon and right figure represents heavy hydrocarbons. 

5.4 Concentration Effect  

Mixtures with different concentration of crude oil were tested for practical reasons. One 

practical reason is to adjust crude oil concentration for best gas chromatography measurement 

accuracy. Therefore, it was deemed necessary to study whether concentrations of crude oil would 
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affect the retention efficiency, which would help single out the factors that could impact the 

filtration process.  

Two tests (S60 and S61) were conducted to study the concentration effect. A sequence of 

filtration tests was done using 15% crude oil mixture followed by a 30% mixture. The retention 

efficiency decreased during the first period of the sequence (15% crude oil) due to concentration 

polarization, while the retention reduction followed a similar trend (or not so different trend) 

during the second period of the sequence (30%) (Figure 5.26 and Figure 5.27). Therefore, it was 

concluded that concentration change among different tests did not cause a significant change in 

retention efficiency. Stirred cell tests might be able to detect the change of retention efficiency 

caused by the change of crude oil concentration in toluene better. However, this was not tested in 

this work.   

 
Figure 5.26 Test S60: Retention efficiency of selected hydrocarbons. Puramem 280 Da, 15% and 
30% Sussex crude oil in toluene, 20 °C, 470 psi. 
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Figure 5.27 Test S61: Retention efficiency of selected hydrocarbons. Puramem 280 Da, 15% and 
30% Sussex crude oil in toluene, 20 °C or 43 °C and 470 psi. 
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CHAPTER 6  RESULTS PHASE III: STIRRED CELL TEST  

To alleviate the role of concentration polarization in the filtration process using regular dead-

end cell as described in Chapter 5, a stirred cell was used to perform additional filtration tests. 

What differentiates a stirred cell from a regular dead-end cell is that there is a stir bar in close 

proximity above the membrane. The stirring creates a flow that removes the large molecules 

accumulated on the membrane surface.  

This chapter describes the results obtained using the stirred cell to determine the effect of 

pressure, temperature and CO₂ on the filtration of hydrocarbon molecules and compares these 

results with those obtained using the regular dead-end tests presented in Chapter 5. The major 

difference between regular dead-end cell tests and stirred cell tests were the elimination of 

concentration polarization effect in the latter. During stirred cell tests, hydrocarbon concentration 

in effluent samples was relatively constant as long as the test conditions were maintained the same. 

It was observed that the hydrocarbon concentration in effluent samples changes with time during 

the regular dead-end cell tests. Without the concentration polarization (i.e. accumulation of large 

molecules on the membrane surface during the stirred cell tests), the primary factor that controls 

the filtration process will be the pore size of the membrane.  

The pressure, temperature and CO₂ effects using stirred cell were tested and will be 

discussed in this chapter. Table 6.1 lists all the tests discussed in this chapter.  
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Table 6.1 Summary of stirred cell tests included in this chapter 

 

6.1 Pressure Effect 

Two tests (S66 and S67) were conducted using the stirred cell to study the pressure effect on 

filtration. About 200 grams of Frontier crude oil (20% by weight) in toluene mixture was used. 

300 RPM stirring rate was applied during all stirred cell tests.  

During test S66, three different pressures were applied in a sequence. The pressure sequence 

was 250 psi, 350 psi, 470 psi and 250 psi. 10 samples were collected during each pressure test 

period. About 2 grams of effluent was discarded before collecting the first sample after changing 

pressure so that the first sample reflected the filtration results at the new pressure.  

The raw peak area, hydrocarbon concentration and retention efficiency are presented 

respectively in Figure 6.1 to Figure 6.3. Properties at time 0 represents the original unfiltered 

mixture. The peak areas (Figure 6.1) of selected hydrocarbons decreased consecutively at Test B 

(250 psi), C (350 psi), D (470 psi), and then increased in Test E (250 psi). The concentration 

(Figure 6.2) is basically the area of individual hydrocarbons (such as those in Figure 6.1) divided 

by their total area. The concentrations in Figure 6.2 are used to calculate the retention efficiency 

in Figure 6.3 using the retention efficiency equation discussed in Chapter 3.  

Test No. Membrane
Pore 
Size 
(nm)

Fluid Filtration 
Pressure (psi)

Temperature 
(oC)

Comments

S66 280 Da Puramem 1.4 20% wt Frontier oil in Toluene 250->350->470 RT (~20oC) Pressure effect

S67 280 Da Puramem 1.4 20% wt Frontier oil in Toluene 350->470 RT (~20oC) Pressure effect
S68 280 Da Puramem 1.4 20% wt Frontier oil in Toluene 250 ~20oC -> ~45oC Temperature effect
S69 280 Da Puramem 1.4 20% wt Frontier oil in Toluene 470 RT (~20oC) CO2 treated mixture
S70 280 Da Puramem 1.4 20% wt Frontier oil in Toluene 470 RT (~20oC) Not treated mixture
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Figure 6.1 Test S66: Peak areas of selected hydrocarbons in effluent samples.  

 
Figure 6.2 Test S66: Concentration of selected hydrocarbons in effluent samples.  
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Figure 6.3 Test S66: Retention efficiency of selected hydrocarbons based on hydrocarbon 
concentration in original unfiltered mixture. 

The peak area, concentration and retention efficiency all maintained relatively constant values 

during each pressure test period, which was in stark contrast with the results (Test B in Figure 5.1-

5.4, Figure 5.6-5.9) from regular dead-end tests discussed in Chapter 5. With stirring, the fluid 

mixture near the membrane surface was well mixed and therefore avoided becoming rich in large 

molecules as a result of filtration. The concentration at the upstream side of the membrane was 

maintained relatively constant and therefore led to relatively constant concentration in downstream 

effluent samples. This shows that stirring was effective in reducing concentration polarization on 

the membrane surface. 

Material balance was applied to update the upstream concentration during a test, assuming 

that the upstream fluids are well mixed through stirring. The weight and concentration of the initial 

mixture, the effluent samples and the remaining mixture in the cell after the entire test were 

measured and used in the material balance calculations. The assumption that upstream fluids are 
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well mixed is considered reasonable because of the fast stirring rate, relative low filtration rate and 

low upstream mixture volume.     

The concentration of upstream mixture within the stirred cell based on material balance is 

presented in Figure 6.4. The calculated concentration of retentate, i.e. upstream mixture, matches 

with measured concentration at the end of the test relatively well (Figure 6.5), which validates the 

material balance calculation. The retention efficiency in Figure 6.3, which was calculated based 

on the concentration of original mixture, was updated using the calculated upstream concentration. 

This update led to slightly larger difference of retention efficiency at different pressures (Figure 

6.6).  

In Figure 6.6, the retention efficiency for heavy hydrocarbons, such as C32 and C27, increases 

slightly (almost constant), for medium hydrocarbons, such as C21 and C19, increases, and for light 

hydrocarbons, such as C10, decreases as pressure increases from 250 psi to 350 psi to 470 psi. 

This shows that the increasing pressure will increase retention of large molecules and increase flux 

of small molecules in general.  

The retention (of large molecules) in the second 250 psi test was lower than that in the first 

250 psi test. This could be caused by the slightly enlarged pores resulting from the first test before 

the second 250 psi test.  
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Figure 6.4 Test S66: Calculated upstream concentration of selected hydrocarbons based on 
material balance. 

 
Figure 6.5 Test S66: The comparison among initial concentration of unfiltered bulk solution, 
calculated retentate concentration and measured retentate concentration. The calculated 
concentration matches with measured concentration relatively well, which validates the material 
balance calculation.  
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Figure 6.6 Test S66: Adjusted retention efficiency of selected hydrocarbons based on calculated 
upstream concentration (updated after each test period). 

The retention efficiency and flux of solute, C9-C33, versus pressure are shown in Figure 6.7. 

In the case shown in Figure 6.7, lower pressure leads to lower retention of heavy hydrocarbons. 

This conclusion agrees with the pressure tests in Chapter 5, but the mechanism of the pressure 

effect could be different due to different flow states. The flux at three different pressures did not 

fall on a straight line, indicating that there may be slight concentration polarization on the 

membrane surface.  

The retention efficiency of selected individual hydrocarbons within C9-C33 versus pressure 

are presented in Figure 6.8. It is shown that the change of pressure impacts the retention efficiency 

of light hydrocarbons more than heavy hydrocarbons.  

The retention efficiency of the solute (i.e. the crude oil) was calculated based on the total peak 

area of all hydrocarbons ranging from C9 to C33. While, the true solute concentration can be 
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calculated more accurately based on the direct crude oil peak area or crude oil peak area percentage 

from the gas chromatography, this was not required because, as shown in Figure 6.9, the total peak 

area of C9 to C33 was a good approximation to the solute concentration, especially regarding the 

relative change of solute retention efficiency. Therefore, the total peak area of C9 to C33 was used 

to calculate the solute (C9-C33) retention efficiency in this study.  

 
Figure 6.7 Test S66: Retention efficiency of C9-C33 changes with pressure; retention efficiency 
at 250 psi decreased comparing to early first test at 250 psi during the pressure ramp up tests (250 
psi, 350 psi and 470 psi).  
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Figure 6.8 Test S66: Retention efficiency of selected hydrocarbons and solute, i.e. C9-C33, 
changes with pressure.  

 
Figure 6.9 Test S66: Comparison of retention efficiency of “solute” (denoted by C9-C33), based 
on crude oil peak area, crude oil area percentage and total peak area of C9 to C33. Total peak area 
of C9 to C33 was used because of its relative accuracy and simplicity.  



 

116 

Another test (S67) was performed to investigate the effect of pressure change from 350 psi to 

470 psi and to compare the results with those of test S66. The raw peak area and concentration are 

shown in Figure 6.10 and Figure 6.11. The upstream concentration of hydrocarbons was calculated 

based on material balance (Figure 6.12). The non-adjusted retention efficiency of selected 

hydrocarbons is shown in Figure 6.13 while the adjusted retention efficiency of updated upstream 

concentration is shown in Figure 6.14. Both the absolute value and the change of retention 

efficiency in test S67 (Figure 6.15) due to pressure are smaller than that in test S66. The retention 

efficiency of the solute (C9-C33) was similar between S66 and S67 (Figure 6.7). The magnitude 

of the change in retention efficiency varies slightly between these two tests but the direction of the 

change is the same. That is, the retention of large molecules decreases when pressure decreases. 

In sum, decreasing pressure will not reduce or reduce slightly the retention of heavy 

hydrocarbon molecules (such as C33), but it will certainly reduce the retention of medium 

hydrocarbons (such as C19). Meanwhile, decreasing pressure decreases the flux of light 

hydrocarbons. In general, decreasing pressure decreases overall flux. 
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Figure 6.10 Test 67: Peak areas of selected hydrocarbons in effluent samples. 

 
Figure 6.11 Test S67: Concentration of selected hydrocarbons in effluent. 
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Figure 6.12 Test S67: Calculated upstream concentration of selected hydrocarbons based on 
material balance. 

 
Figure 6.13 Test S67: Retention efficiency of selected hydrocarbons based on hydrocarbon 
concentration in original unfiltered mixture. 
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Figure 6.14 Test S67: Adjusted retention efficiency of selected hydrocarbons based on calculated 
upstream concentration (updated after each test period). 

 
Figure 6.15 Test S66 and S67: Comparison of retention efficiency of C10, C14 and C32 between 
test S66 and S67. 
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6.2 Temperature Effect 

Test S68 was conducted with the stirred cell to study the effect of temperature on retention at 

constant pressure (250 psi). The test started at room temperature (Test B), which was 

approximately 20 °C. Then the stirrer was set to heat up to 45 °C (Test C, the stirrer had a 5 °C 

increment temperature setting, and it was set to be close to 43 °C as in earlier tests). The stirred 

cell was made of stainless steel and it was in direct contact with the heating plate of the stirrer from 

the bottom. It could take a while for the temperature of the mixture inside the cell to reach the 

target temperature. To ensure the mixture temperature reached the target temperature, the first 

sample was collected one hour after the start of heating. Test S68 used the same membrane 

throughout the test and the membrane was rinsed with toluene (toluene flow through the 

membrane) for three hours at 250 psi prior to the test.  

Figure 6.16 and Figure 6.17 show the change of peak area and concentration of selected 

hydrocarbons from 20 °C to 45 °C. Time 0 represents the original unfiltered mixture. The peak 

area increases slightly and concentration decreases slightly during both Tests B and C, which 

indicates slight concentration polarization during the tests. The peak area and concentration 

changes drastically upon changing temperature from 20 °C to 45 °C. The total peak area of all 

hydrocarbons increases after temperature increase. This shows that the increase of temperature 

reduces the retention of the solute (C9-C33).  

The change of retention efficiency of selected hydrocarbons within the solute at different 

temperatures is shown in Figure 6.18. The retention efficiency for C32 stays relatively the same, 

for C19 and C21, it decreases, for C14, stays the same, and for C10 increases from 20 °C to 45 °C. 

This shows increasing temperature might not reduce the retention of heavy hydrocarbons like C32, 

but it does reduce the retention of C19, C21, and similar medium hydrocarbons. The reduction of 
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the retention efficiency of medium hydrocarbons increases the flux of these hydrocarbons. 

Therefore, the flux of light hydrocarbons like C10 decreases and their retention efficiency 

increases.    

In sum, increasing temperature will not reduce or slightly reduce the retention of heavy 

hydrocarbon molecules (such as C33), however, it will reduce the retention of medium 

hydrocarbons (such as C19). Meanwhile, increasing temperature decreases the flux of light 

hydrocarbons. In general, increasing temperature increases overall flux. 

s 
Figure 6.16 Test S68: Peak area of selected hydrocarbons in effluent samples at temperature of 20 
°C and 45 °C. 
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Figure 6.17 Test S68: Concentration of selected hydrocarbons in effluent samples at temperature 
of 20 °C and 45 °C. 

 
Figure 6.18 Test S68: Adjusted retention efficiency of selected hydrocarbons based on calculated 
upstream concentration (updated after each test period). 
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6.3 CO₂ Effect 

Two tests (S69 and S70) were conducted to continue studying the effect of CO₂ on retention 

of hydrocarbons using stirred cell. Both tests used a mixture of ~20% Frontier crude oil dissolved 

in toluene. Test S69 had a mixture that was treated with CO₂ at 470 psi for one week and S70 had 

a mixture that was not treated. S69 test was conducted first. The membrane used in S69 was rinsed 

with toluene (toluene flew through the membrane) for one and half hours at 470 psi (The membrane 

was rinsed only half the time of the previous tests due to increased pressure, from 250 psi to 470 

psi; the rinse volume was about the same as the previous tests). 

 Figure 6.19 shows the peak area of S70 and S69. Figure 6.20 shows the concentration of S70 

and S69. Time at 0 minute and 25 minutes represent the original unfiltered mixtures of test S70 

and S69 respectively.  The peak area and concentration increase slightly during the test of S70 

(without CO₂ treatment), which indicates slight concentration polarization. Test S69 (with CO₂ 

treatment) shows more flat profile (less or no concentration polarization) of the peak area and 

concentration compared to that in S70. It seems that the test with CO₂ treated mixture had less 

concentration polarization.  

The retention efficiency plot (Figure 6.21) shows how the retention efficiency changes from 

Test S70 (no-CO₂ treated) to Test S69 (CO₂ treated). It shows that the retention efficiency of C32 

stays relatively the same, C27, C21, C19 and C15 increases slightly while C10 and C12 decreases 

drastically from non-CO₂ to CO₂ treated test. These results show that the CO₂ treatment of the 

mixture does not change the retention of heavy hydrocarbons but increases the retention of medium 

hydrocarbons and increases the flux of light hydrocarbons (reduces their retention). 
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One explanation for the increased retention of medium hydrocarbons could be that CO₂ gas 

increased the flow of light hydrocarbons, which hindered the flow of medium hydrocarbons. When 

the CO₂ saturated mixture passed through the membrane, CO₂ came out of the mixture (gas bubbles 

observed at outlet) due to the decrease of pressure (upstream was at 470 psi, while the 

downstream/outlet was exposed to atmosphere). Because the concentration of light hydrocarbons 

is higher than that of medium or heavy hydrocarbons in the mixture, and light hydrocarbons flow 

easier compared to medium and heavy hydrocarbons, the light hydrocarbons were dragged by the 

expansion of CO₂ gas toward the downstream. This resulted in higher light hydrocarbon flux, 

which decreases the flux of medium hydrocarbons (increased their retention). More tests should 

be conducted to verify the results and confirm this explanation. 

In sum, CO₂ treatment of mixture does not change or changes only slightly the retention of 

heavy hydrocarbons, increases retention (decreases flux) of medium hydrocarbons, and increases 

flux of light hydrocarbons (decreases retention).     

 
Figure 6.19 Test S69 (mixture treated with CO₂ at 470 psi for one week) and S70 (mixture not 
treated): Peak area of selected hydrocarbons in effluent samples. 
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Figure 6.20 Test S69 (mixture treated with CO₂ at 470 psi for one week) and S70 (mixture not 
treated): Peak area of selected hydrocarbons in effluent samples. 

 

Figure 6.21 Test S69 (mixture treated with CO₂ at 470 psi for one week) and S70 (mixture not 
treated): Retention efficiency of selected hydrocarbons based on hydrocarbon concentration in 
original unfiltered mixture of each test. 
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6.4 Retention Efficiency versus Molecular Weight 

In this section, we observe the effect of pressure, temperature and CO₂ comparing the retention 

efficiency versus molecular weight plots. The retention efficiency versus molecular weight does 

not change much with time for stirred cell tests - S66 and S67 (Figure 6.22 and Figure 6.23). 

However, the retention efficiency as a function of molecular weight changes slightly more when 

using the regular dead-end cell (Figure 6.24).  

Some interesting insights appear when comparing the retention efficiency versus molecular 

weight plots for the stirred and dead-end cells (Figure 6.25). The comparison indicates that more 

light hydrocarbons (close to C9 end; lower negative retention efficiency) and less heavy 

hydrocarbons (close to C32 end; higher positive retention efficiency) pass through the membrane 

in the stirred cell test. More light hydrocarbons passing through during stirred cell test could be 

attributed to the fact that there was no or little accumulation of heavy hydrocarbons on the 

membrane surface to block the flow of light hydrocarbons because of stirring. Because light 

hydrocarbons were easier to flow through the membrane pores, their flux increased when they 

were not blocked by accumulated large hydrocarbons, which in turn reduced the flux of heavy 

hydrocarbons (i.e. increased the retention efficiency of heavy hydrocarbons). This observation 

agrees with the literature which states concentration polarization decreases the filtration capacity 

of membranes.    

The concentration polarization effect on flux was significant (Figure 6.26). Stirred cell 

achieved five times the flux observed using the regular dead-end cell under the same testing 

conditions (20 °C and 470 psi). The comparison in Figure 6.26 shows that CO₂ also impacted the 

flux in addition to the retention efficiency discussed in Chapter 5. The dead-end test with CO₂ 

treatment started with high flux; then quickly decreased to a flux value that is close to the dead-
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end test without CO₂ treatment. This could be due to the loss or lack of CO₂ in the mixture during 

the filtration process. 

The retention efficiency versus molecular weight lines in Figure 6.27 show the pressure effect 

on retention of large molecules. As described in Section 3.5, the more the line aligns with the x-

axis, the less the retention of large molecules. The three lines for three pressures intersect at around 

200 g/mol.  As pressure decreases, the line rotates clockwise around the intersection point 

indicating the decrease of retention.  

Figure 6.28 implies similar results: when temperature increases, the line rotates around the 

intersection point clockwise indicating the decrease of retention. Figure 6.29 shows that treating 

the mixture with CO₂ only affects the flux of light hydrocarbons (<210 g/mol). Again, this could 

be due to CO₂ coming out of the fluid and increasing the flux of light hydrocarbons. 

 
Figure 6.22 Test S66: Retention Efficiency versus molecular weight at different time.  
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Figure 6.23 Test S67: Retention Efficiency versus molecular weight. 

 
Figure 6.24 Test S64: Retention efficiency of different hydrocarbons (molecular weight) changes 
slightly from t = 10 minutes and t = 60 minutes because of concentration polarization on the 
membrane using dead-end cell. 
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Figure 6.25 Test S64 and S66: Comparison of retention efficiency vs. molecular weight between 
stirred cell (S66) and regular dead-end cell (S64). Concentration polarization led to lower retention 
efficiency of heavy components in test S64. 

 
Figure 6.26 Test S64 (regular dead-end cell test with CO₂ treatment), S65 (regular dead-end cell 
test without CO₂ treatment), S66 (stirred cell test without CO₂ treatment): Comparison of fluxes at 
different test conditions. 
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Figure 6.27 Test S66: Retention Efficiency versus molecular weight at different pressures. 

 
Figure 6.28 Test S68: Retention Efficiency versus molecular weight at 20 °C and 45 °C. 
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Figure 6.29 Test S69 (mixture treated with CO₂ at 470 psi for one week) and S70 (mixture not 
treated): Retention Efficiency versus molecular weight.  

6.5 Discussion 

The stirred cell tests produced some useful data that allowed us to investigate the pore size 

effects on filtration process without the interference of concentration polarization. However, a 

phenomenon similar to concentration polarization in shale pores should be impossible to avoid.  If 

our research objective were to apply what we learn through membrane filtration tests to the crude 

oil flow in shale, then both types of tests would be necessary. 

That being said, the stirred cell tests show that decreasing pressure and increasing temperature 

can reduce the retention of large hydrocarbon molecules. This agrees with the conclusions drawn 

from regular dead-end cell tests discussed in Chapter 5. However, the mechanisms behind these 

two types of tests are different. During dead-end cell tests, the change of temperature and pressure 

reduces the retention by affecting the heavy hydrocarbon layer accumulated on the membrane 

surface. During the stirred cell tests, the change of temperature and pressure reduces the retention 
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by changing the relative fluxes of individual hydrocarbons, which reflects the effect of the 

membrane pore size. 

During stirred cell tests, treating the mixture with CO₂ only affected the flux of light 

hydrocarbons; not the medium or heavy hydrocarbons. This is different from the conclusions 

drawn from the regular dead-end cell tests discussed in Chapters 4 and 5, which showed repeatedly 

that treating the hydrocarbon mixture with CO₂ decreased retention of heavy hydrocarbons. Again, 

the reduction of retention in those cases could be attributed to CO₂ affecting the accumulated heavy 

hydrocarbon layer on membrane surface.    
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CHAPTER 7  MEMBRANE TRANSPORT MODEL REVIEW 

Transport models of how solutes and solvents flow through dense or porous films of various 

types of membranes could help us understand and even predict the retention efficiency (i.e. 

rejection) of a solute by a membrane, and the fluxes of the solvent and solutes. This chapter will 

give a brief review of existing membrane transport models as an introduction to the potential use 

of filtration results in modeling hindered transport in unconventional reservoirs.  

There are three types of models that have been developed to describe the membrane transport 

process. They are irreversible thermodynamics models, solution diffusion models and pore flow 

models. Marchetti and Livingston (2015)  summarizes the models and their transport mechanism.  

The primary two mechanisms that cause concentration separation on both sides of membranes 

are diffusion and convection. Both solution-diffusion and pore-flow models are popular in 

describing the flow of organic solvents’ flow within membranes. The major difference between 

these two models is the assumption of the main driving force of flow. The chemical potential 

gradient is expressed as pressure gradient only in pore flow models and as concentration gradient 

only in solution-diffusion models. Figure 7.1 illustrates this difference graphically. The following 

sections discuss these models in detail.   

All models reviewed in this chapter have been tested and compared with regard to their 

regression capability and ease of use by Marchetti et al. 2014. It is worth noting that these models 

were developed based on the assumption that the system was in steady state. Experimental results 

from stirred cell tests discussed in Chapter 6 can be reasonably assumed to be at steady state. 

Therefore, the models described in this chapter can apply to the results in Chapter 6. However, 
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results from regular dead-end cell tests discussed in Chapter 5 were in transition phase due to 

concentration polarization and they need more sophisticated models to simulate. 

Table 7.1 Summary of membrane transport models and their transport mechanism (adapted from 
Marchetti and Livingston 2015) 

 

 
Figure 7.1 Pressure driven permeation of a one-component solutions through a membrane 
according to: (a) pore flow model and (b) solution-diffusion model (Wijmans and Baker 1995). 

 

 

Model Transport mechanism

Kedem-Katchalsky Diffusion + convection
Speigler-Kedem Diffusion + convection

Classical solution-diffusion Diffusion
Maxwell-Stefan Multicomponent diffusion

Solution diffusion with imperfections Diffusion + convection

Donnan Steric Pore-Flow Model Diffusion+convection+electrostatic interactions
Surface-Force Pore-Flow Model Diffusion+convection+affinity interactions

Irreversible thermodynamics 

Solution-Diffusion 

Pore-flow 
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7.1 Irreversible thermodynamics models 

For this type of models, the transport process is an irreversible process. The free energy is 

dissipated continuously while entropy is generated. Based on this theory, Kedem-Katchalsky 

model (Eq. 7.1-7.2) was proposed (Kedem and Katchalsky 1958). This model considers the 

membrane as a black box because it does not characterize the electrical and structural properties 

of membranes.  

Kedem-Katchalscky model: 

�� = ��(∆� − ��∆�)                         (7.1) 

�� = ��∆�� + (1 − ��)�����             (7.2) 

where, 

J� − solvent velocity 

L� − mechanical filtration coefficient of the membrane 

J� − flux of solute i 

σ� − reflection coefficient for solute i, which relates to the retention efficiency 

∆π − differential osmotic pressure 

P� − permeability coefficient of solute i 

c�� −  average concentration within the membrane for solute i 

∆c� − concentration differences on both sides of the membrane 
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Spiegler and Kedem (1966) modified Eq 7.1 and 7.2 to better reflect the concentration 

differences on both sides of the membrane, which yielded Eq 7.3 and Eq 7.4:  

Spiegler-Kedem Model: 

�� = ��(∆� − ��∆�)                           (7.3) 

�� = −��∆� ����� + (1 − ��)����̅            (7.4) 

The first part on the right side of Eq. 7.4 represents the contribution from diffusion and the 

second part on the right side represents the contribution from convection. 

�� , ��, �� are the unknown parameters. Two tests at different filtration pressures are required 

to determine the unknown parameters.   

7.2 Solution-diffusion model 

The solution-diffusion model has become popular during the last two decades as it was widely 

used in reverse osmosis, dialysis, and gas permeation. This model assumes that the pressure is 

constant inside the membrane while the concentration gradient is the driving force for molecular 

movement within the membrane (Figure 7.1). Because of this assumption, the solute flux and 

solvent flux are independent from each other.  

The solution diffusion model was developed for transport in dense membranes, which means 

no “pores” exist in the membrane. Instead, free volume elements appear (i.e. are created) as 

statistical fluctuations when molecules arrive and disappear when molecules move to next location 

within the membrane. These free volume elements are different from the “pores”, which are static 

in space and time. However, in literature, both “pores” and “free volume elements” were used to 
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describe the same membrane “structure” because they are represented in the same way 

mathematically (Vandezande et al. 2008).  

The solute flux across the membrane can be easily obtained because no pressure gradient is 

considered over the membrane: 

�� = −�� �����              (7.5) 

D� −  diffusion coefficient of species i in solute 

c� − concentration of species i within the membrane 

x − distance from the membrane sides 

The basic flux equation becomes:  

�� = −�� (��,�� ���,��)�               (7.6) 

� − thickness of the membrane 

��,�� − solute i concentration at the retentate side within the membrane 

��,�� − solute i concentration at the permeate side within the membrane 

At the interfaces of the membrane:  

��,�� = ����,�              (7.7) 

��,�� = ����,�����(�����)/��                       (7.8) 

�� − partitioning coefficient of species i, which is the retention efficiency 

Substitute Eq 7.6 and 7.7 into Eq. 7.5, we have:  
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�� = ����� ���,� − ��,�������������� � = �� ���,� − ��,�������������� �         (7.9) 

�� −  permeability coefficient of solute i 

Even though Eq 7.8 was developed for solute (i), the equation for solvent (j) is developed the 

same way and therefore share the same form as Eq 7.9. 

�� = �� ���,� − ��,�������������� �           (7.10) 

�� , �� are the unknown parameters. One test at one filtration pressures is required to 

determine the unknown parameters.   

7.2.1 Solution-diffusion based on Maxwell-Stephan equation 

This solution diffusion model assumes the solute flux and solvent flux are independent from 

each other. That means there is no coupling effect, or convective effects between the solute and 

solvent. This does not agree with the lab observation by Stafie et al. (2004). Therefore, Silva et al. 

(2005) modified the classical solution-diffusion equations using Maxwell-Stefan equations to 

account for the potential coupling effects between the solute and solvent, i.e. the convective effects. 

The Maxwell-Stefan equation can predict complete diffusive coupling of multiple components 

within the system.   

The generalized Maxwell-Stefan equation is: 

�� =  ∑ [�����(�� − ��)]����� ��           (7.11) 

��  − friction force exerted on solute i 

�� − diffusive velocity for solute i 
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�� − diffusive velocity for solvent j 

��� − friction between solute i and solvent j 

�� − molar fraction of solvent j 

In the case of solution-diffusion, the chemical potential gradient across the membrane is the 

driving force: 

�� =  �����              (7.12) 

The diffusive velocity can be represented by molar flux: 

�� =  ��             (7.13) 

Friction coefficient can be represented by Maxwell-Stefan diffusions coefficient: 

��� =  �����             (7.14) 

Substituting Eq 7.12, 7.13 and 7.14 into 7.11, we obtain the equation below to calculate the 

flux �� of one component � in a multicomponent solution (Wesselingh 1995): 

����� = �������̅� �∑ �(���̅�����̅�)��� � + ������������ �         (7.15) 

The standard definition of the chemical potential difference across the membrane can be 

represented as: 

∆�� = (�� ∙ ∆ln�� + ��� ∙ ∆�)          (7.16) 

Substitute Eq. 7.16 into Eq. 7.15, the flux �� of a component � can be represented as below: 

�����̅����∆� �ln ������ + ����� ∆�� = ��� ∑ �(���̅�����̅�)��� � + ���������       (7.17) 
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The first group of unknown model parameters can be combined into the permeability 

coefficient as below: 

�����̅����∆� = ���            (7.18) 

Eq. 7.17 becomes:  

��� �ln ������ + ����� ∆�� = ��� ∑ �(���̅�����̅�)��� � + ���������         (7.19) 

A least square fit procedure can be used to determine the unknown parameters ��� and ��� 

(Postel et al. 2014).The properties of solute and solvent like molar volume (���), activity (���, ���) 

and diffusion coefficients between solvent and solute (���) are obtained from other experimental 

database. In the end, Eq. 7.19 can be solved by iterative calculation using a least square method. 

 Postel et al. (2014)  applied solution-diffusion model based on Maxwell-Stefan equations to 

model multicomponent mass transport in organic solvent nanofiltration and achieved good 

agreement between experimental data and simulated results in a binary mixture that contains pure 

solvent.  

Additionally, Maxwell-Stefan model considers the interactions of membrane-solvent-solute, 

therefore it can be used to describe both positive and negative retentions, which was discussed in 

detail in the literature review chapter earlier.  

Maxwell-Stephan transport equation is a more comprehensive solution diffusion model 

comparing to its classic version. However, it is more complex to solve and requires additional tests 

or data compared to classical solution diffusion model. Sometimes, Maxwell-Stephan model is not 

necessary when the friction effects between the solute and solvent have only a small impact on the 

filtration process (Dijkstra et al. 2006).   



 

141 

7.2.2 Solution-diffusion with imperfection model 

To consider the interactions between the solutes and the event of viscous flow, the classical 

solution diffusion model was modified to solution diffusion with imperfections model. With this 

model, there are a regular perfect matrix and an imperfect matrix (imperfection), which are parallel 

to each other. The perfect matrix has a transport described by solution-diffusion while the other 

one has a transport where solutes are transported without concentration change, i.e. by convective 

transport.  

Sherwood, Brian, and Fisher (1967) gave the transport equations as below: 

�� = ��(∆� − ∆�) + ��∆�                      (7.20) 

�� = ��(��,� − ��,�) + ����∆�          (7.21) 

In the above equations, ��, �� are partial mechanical permeability coefficients of the matrix 

and imperfection. ��   is the partial diffusional permeability coefficient of the matrix as in classical 

solution diffusion model. 

Yaroshchuk (1995) modified the imperfection model by considering the matrix to be 

inhomogeneous laterally. The solute flux of the new model is as below: 

�� = −�� ����� + ���            (7.22) 

With three unknown parameters (�� , ��, ��), this model requires data from tests at two different 

pressures. 
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7.3 Pore-flow models 

Contrary to the solution-diffusion model which assumes no pores, pore-flow models assume 

there are pores within the membrane. In addition, it assumes the concentration of solute and solvent 

are constant within a membrane. Therefore, the chemical potential gradient over the membrane is 

represented as a pressure gradient only (Figure 7.1).  

The solvent flux across the membrane can be calculated based on the well-known Hagen-

Poiseuille model:  

� =  �������� (∆� − ∆�) = ���(∆� − ∆�)         (7.23) 

� − surface porosity 

�� − membrane pore size 

� − tortuosity 

� − viscosity 

According to Eq. 7.23, the viscosity of the solvent is the only parameter that affects filtration 

process. 

The solute flux can be calculated based on several empirical pore flow models. The earliest 

model developed was the Nernst-Planck equation, which correlates the hindrance factors with 

regard to diffusion and convection to the ratio of solute radius to membrane pore radius. Bowen 

and Mukhtar (1996) developed a hybrid model, called Donnan Steric Pore-flow Model (DSPM) 

based on the extended Nernst-Planck model. It considers of the steric hindrance (i.e. size 

exclusion) and Donnan exclusion effects of the solute flow in membrane. The solute flux is 

represented as:  
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�� = −��,��� ����� − ������,����� � ���� + ��,����       (7.24) 

where 

��,�, ��,� − diffusive and convective hindrance factors 

�� − solute valence 

� − electrical potential 

This model shows that the total flux of solute consists of three parts: (a) diffusion process 

caused by concentration gradient; (b) electromigration caused by electric potential; (c) convection 

process that correlates the solute flux with total volume flux. Bowen and Welfoot (2002a) 

developed the retention efficiency (rejection) of a non-charged solute using the below equation:   

�� = 1 −  (��,���) ������(��,���)����� (���)                   (7.25) 

where 

�� =  (��,���) ������� ����         

��,�  =  ��,���,�        

� =  ����          

� = (1 − �)�     

��,� = (2 − �)(1 + 0.054� − 0.0988�� + 0.441��)   

��,� = 1 − 2.3� + 1.154�� + 0.224��  
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Data based on reverse osmosis experiments showed that the interaction between the solute 

and membrane can be important, such as the interfacial forces between the membrane and solutes 

resulting from the distribution of the solutes on the membrane surface, and the kinetic effect 

regarding the relative flux of solute to solvent. Surface force pore flow model (SF-PF) was 

developed by Matsuura and Sourlrajan (1981)  to account for such interactions.   

�� = − ����,��� ����� + �����            (7.26) 

where �� is a friction parameter. It is represented as below: 

 �� =  ��,����,���,�  

��,� −  friction coefficients between solute (i) and solvent (s) 

��,� − friction coefficients between solute (i) and membrane (m) 

Mehdizadeh and Dickson (1989) further revised the SF-PF model to correct for material 

balance. The new model is called Modified Surface Force Pore Flow (MD-SF-PF) model. DSPM 

and SF-PF models are less complex than the MD-SF-PF model and sufficient to help us understand 

the pore flow process and the solvent-solute-membrane interactions. Therefore MD-SF-PF is not 

discussed in detail here.  

7.4 Discussion 

The pore sizes of membranes used for organic solvent nanofiltration, which this study belongs 

to, are around 1-10 nm. This pore size lies between non-porous reverse osmosis membranes 

(whose transport is described by a solution-diffusion model) and porous ultrafiltration membranes 

(whose transport is often considered to result from size exclusion) (Bowen and Welfoot 2002b).   
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However, the solution-diffusion models and its revised version such as Maxwell-Stefan model and 

solution-diffusion with imperfections model are commonly used to model nanofiltration process 

with organic solvents (Wijmans and Baker 1995; Fierro et al. 2012).  

In this study, pore flow models are a better fit if we want to apply what we learn from the 

modeling of membrane filtration process to understand how hydrocarbon molecules flow in the 

tight pores of shale. While solution-diffusion models have been applied to model multicomponent 

(alkanes) mass transport in organic solvent nanofiltration (Postel et al. 2014), little effort has been 

done to model such transport within membranes using pore-flow models. Successful 

implementation of such modeling would not only improve our understanding of the 

multicomponent hydrocarbon molecular flow within membranes but would also facilitate the 

modeling of molecular filtration in shale rock.   
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CHAPTER 8  CONCLUSIONS  

The work conducted in this research is only an initial effort to study the molecular sieving 

phenomenon of hydrocarbons through nanoporous media. More scientific findings could be 

discovered through further research. Nevertheless, through lab filtration tests using regular dead-

end cell and stirred cell with crude oil in toluene mixture, the following conclusions have been 

drawn:  

1. The filtration of hydrocarbon molecules by polymeric membranes was verified. The 

retention efficiency of a hydrocarbon (if retained by the membrane) is proportional to 

its molecular weight. That is, the higher the molecular weight, the higher the retention 

efficiency. This result was not new within the general filtration theory and practice, 

but it was established for the first time by using actual crude oil samples from 

unconventional reservoirs and presented in the context of hindered transport of oil in 

nanoporous unconventional reservoirs.   

2. The effect of concentration polarization was significant in extended period tests using 

regular dead-end cell. It reduced the retention of large hydrocarbon molecules due to 

increased higher chemical potential from higher concentration. However, 

concentration polarization reduced the total flux due to the blockage of membrane 

pores. The effect of concentration polarization was alleviated significantly using 

stirred cell. The retention of large hydrocarbon molecules was higher, and the total 

flux was higher as well than regular dead-end cell. It was concluded that concentration 

polarization was potentially effective in nanoporous oil reservoirs, but the stirred cell 
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tests provided useful data about the filtration mechanisms by reducing or eliminating 

concentration polarization.  

3. CO₂ treatment of hydrocarbon mixture increased the total flux and reduced retention 

of large hydrocarbon molecules during filtration tests using regular dead-end cell. 

However, during a stirred cell test, CO₂ treatment of hydrocarbon mixture did not 

reduce retention of heavy or medium hydrocarbons and only affected the retention and 

flux of light hydrocarbons (molecular weight < 200 g/mol). This could be due to the 

emergence and expansion of CO₂ gas phase from the mixture during the filtration 

process, which increased the flux of light hydrocarbons. Since concentration 

polarization is the main difference between the regular dead-end and stirred cell tests, 

it has been concluded that CO₂ treatment only reduced retention of large molecules 

when concentration polarization was present. 

4. The retention of large hydrocarbon molecules was proportional to filtration pressure. 

That is, in general, the higher the pressure, the higher the retention of large molecules. 

This conclusion agrees with the literature, which states that higher solvent flux due to 

higher filtration pressure results in higher rejection of solute or large molecules.  

5. Regular dead-end cell tests showed the retention reduction of medium and heavy 

hydrocarbons with decreasing pressure while stirred cell tests showed retention 

reduction of medium hydrocarbons and no or low retention reduction of heavy 

hydrocarbons.  

6. The retention of large hydrocarbon molecules was inversely proportional to 

temperature. That is, in general, the higher the temperature, the lower the retention of 
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large molecules. Increasing temperature reduced the retention of both medium and 

heavy hydrocarbons during regular dead-end cell tests while it reduced retention of 

medium hydrocarbons and did not reduce, or reduced only slightly, the retention of 

heavy hydrocarbons.  

7. The review of membrane transport models suggests that the filtration phenomenon is 

caused by complex molecular diffusion and convection of hydrocarbons. Pore flow 

models are recommended to describe the membrane transport behavior. However, 

significant modification would be needed to account for multicomponent, pressure and 

temperature effects to simulate the retention of hydrocarbons in filtration tests 

conducted in this study and in porous media.  
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CHAPTER 9  RECOMMENDATIONS FOR FUTURE WORK 

The effect of water during the filtration process of hydrocarbons through nanoporous media 

is worth investigating considering that water is often present in shale pores where crude oil 

hydrocarbons flow through. The study of water effect will bring us a step closer in understanding 

the molecular sieving phenomenon in shale pores. 

Stirred cell tests with various types of crude oil are recommended to assess how sensitive the 

retention of hydrocarbons is to crude oil type. Tests using membranes with various pore sizes that 

are comparable to shale pore sizes can help us relate better the retention by membrane to the 

retention in shale when only considering pore-size factor. 

 Stirred cell tests to investigate the effect of N₂, ethane and other gases on filtration can help 

us understand the mechanism of gas effect on filtration. 

Modeling the retention of hydrocarbons by membranes would allow a better understanding of 

the effect of pressure and temperature on retention of large molecules, and the role of diffusion 

and convection during the filtration of crude oil.  
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