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Abstract  
Despite the imbalance in supply and demand of energy, due to the pandemic caused by the 

spread of coronavirus, the energy sector is experiencing a historic boost in oil and natural gas 

production thanks to development of hydraulic fracturing for unconventional recovery from tight 

shale formations. However, the process suffers from large dependency on water resources with 

reported negative environmental impacts. Reduction of freshwater use in hydraulic fracturing via 

high internal phase emulsions (foams) is a promising approach help to protect the quantity and 

quality of drinking water resources, to reduce the volume of water requiring disposal and, where 

deep well injection is the means of disposal, to reduce the risk of causing seismic activity. A 

sustainable approach for reduction of freshwater consumption and produced water disposal is to 

inject fracturing fluid with minimum aqueous phase volumes prepared using water obtained from 

the production cycle itself. The main objective of this work is to generate a stabilized supercritical 

CO2 (scCO2) foam using produced water and to study its texture, investigate its interactions with 

oil, and to use multiscale observation techniques to correlate foam microstructure with its stability 

and oil recovery performance in an environmentally friendly unconventional oil recovery process.   

Application of compressed CO2 foam provides enough viscosity for hydraulic fracturing 

and improves oil production while also serving as a promising CO2 storage and sequestration 

method in shale formations. The mixture of produced water and compressed CO2 in supercritical 

state was stabilized to form homogenous scCO2 foam. Two oppositely charged polyelectrolytes 

were dissolved and mixed in produced water to generate Polyelectrolyte Complex Nanoparticle 

(PECNP) that in turn helped form a stable lamella between the aqueous phase and the scCO2 while 

degrading in the presence of crude oil. The foam system improved fracture propagation, proppant 

transport, and fracture cleanup compared to the base case foam system with no PECNP.  

Enhanced bulk viscosity and improved foam quality as a result of complexation at the 

interface was identified with rheometry in addition to sandpack experiments with PECNP-

surfactant ratios of 1:9 and 4:6, in 33.3 kppm and 66.7 kppm salinity brine systems, respectively. 

Formation damage was controlled by the newly introduced mixtures as fluid loss volume decreased 

across the tight Kentucky sandstone cores by up to 78% and 35% for scCO2 foams made with 

PECNP-WLMs in 33.3 and 66.7 kppm salinity brine, respectively. The formation of PEC-

surfactant nanoparticles was verified via dynamic light scattering and transmission electron 

microscopy (TEM). A Raman spectroscopic model was developed to realize the structural changes 
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associated with complexation. The possibility of molecular complexation for lamella stabilization 

was also explored for EOR application. Molecular complex containing PECNP and N-120 

ethoxylated surfactant was employed to enhance scCO2 foams made with the thin film of high 

salinity brine formed between scCO2 bubbles and the formation of molecular complex improved 

DLVO forces in aqueous polyelectrolytes for carbonate surfaces.   

Millimetric view cell visualization was coupled with micrometric fluidic visualization to 

facilitate multi-scale observation of physical structure, geometry, dynamics and stability of 

electrostatically enhanced scCO2 foam.  Multiphase flow in fractured medium was emulated using 

glass micromodels. Wet etching technique on glass was performed via UV photolithography and 

thermal bonding, whereas dry etching was conducted with selective laser etching (SLE) inside the 

bulk glass. Lamella stability as a result of complexation of two oppositely charged polyelectrolytes 

with zwitterionic surfactant was investigated and compared in the view cell and glass microchips. 
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Chapter 1: Introduction 

1.1. Prologue  

In spite of advent of renewable energy and significant demand for solar, wind, hydropower 

and biomass, fossil fuel production still plays a dominant role in global energy sector as global oil 

production has increased to more than 2.5-fold over the last 50 years and crude oil has become the 

largest energy source on planet earth as in 2019 it was reported about 84% of global primary energy 

originated from coal, oil and gas 1. This growth occurs despite the development of clean and 

renewable energies 2,3 as well as growing air pollution concerns associated with fossil fuels, CO2 

emission and generation of other greenhouse gases 1 into atmosphere which are mitigated by newly 

developed technologies in carbon capture, utilization, and storage (CCUS) sector 4. Accordingly, 

the progress in oil and gas conformance improvements is accompanied by advances in CCUS 5. 

Tight shale reservoirs contribute to 75% of natural gas and 50% of total petroleum liquids 

in United States 6. The permeability and porosity of which, less than 1 mD (milli Darcy) and 15 

%, respectively highlights the tight shale physical characteristics. Hydraulic fracturing is an 

essential technique for stimulation of hydrocarbon production from low permeability formations 

that were previously inaccessible 7. 

To stimulate the tight shales where oil is trapped in rock formations and cannot be extracted 

in traditional ways, hydraulic fracturing is employed. High pressure water and chemicals break up 

rock formations, releasing the oil from tight formation and forcing it to the surface 8. Nearly 70 

years old, hydraulic fracturing is an essential technique for stimulating hydrocarbon production 

from low permeability formations 7. Figure 1 represents the process of hydraulic fracturing.  
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Figure 1. The schematic of hydraulic fracturing process, reprinted with permission from 9, Copy right 

Elsevier 2016  

The process consists of high pressure pumping of fluid to initiate the fracture networks 

vertical to horizontal wells followed by pumping a particle-laden fluid to leave the fracture open 

10. The technology is now very well developed in a way that more than 60% of all the drilled wells 

are fractured to increase the production rate with stimulation. From the early development of 

hydraulic fracturing process in the 20th century, chemical fluids were used to open/propagate the 

fractures and to carry the proppants to the fracture 11,12. Ideal fracturing fluid needs to offer high 

apparent viscosity to ensure efficient proppant transportation, compatibility with formation, 

efficient clean-up after treatment, excellent proppant settling and placement and low formation 

damage 13.  

Water based fracturing has been commonly used in commercial shale gas and shale oil 

production due to its low cost, availability and efficiency 14,15, however, the excessive use of water 

led to water-scarcity related to drought as a typical well injects 2 to 4 million gallons of water to 
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reservoirs for fracturing 14. Partial volumes of injected water (known as flow back) are recovered 

in early stages of fracturing process. Flow back and produced water need to be treated before re-

injection or disposal to prevent the damage to ecosystem and to preserve the stability of injection 

fluid. Needless to mention, deep injection or excessive disposal of the wastewaters trigger 

seismicity that results in low-degree earthquakes 16. To minimize the use of fresh water in the 

beginning of the fracturing and produced water disposal to the surface at the end and also deep 

injections to subsurface, waterless fracturing methods are employed 17. Demand for foam based 

fracturing fluids is on the rise due to unique properties such as reduction of water usage, 

compatibility with water sensitive formations, no pore plugging in the formation, high apparent 

viscosity, recyclability, clean-up properties and proppant carrying capability 5.  

The success of foam flooding in reservoirs largely depends on foam stability and foam-oil 

interactions responsible for flow resistance in porous media 18. Foam stability is crucial for shear 

resistive capability about the wellbore and fracture, proppant carrying and in coordination with 

rheological properties, it ensures the fracture propagation and proppant settlements 5. For a 

responsive foam in hydraulic fracturing application, lamella film stability at initial stages is 

required, however, the generated foam needs to be decomposable upon meeting the oil, and also 

foam needs to break as fast during the flow back and proppant release to maintain the fracture 

opening and conductivity 17. Therefore, an unstable lamella is required upon introduction of oil to 

foaming system. Hydraulic fracturing fluids experience high shear since fluid flows through the 

wellbore tubular and the shear rate drops significantly as the fluid enters the fracture 19. Therefore, 

shear rate sweep and static measurement studies help with understanding of the fluid behavior as 

it is mainly affected by flow geometry, time scale and foam microstructure and stability 20. The 

rheology of dry CO2 foam is widely regarded as non-Newtonian 20,21. 
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Highly viscous, dry foam capable of using produced water as its external phase needs to 

be developed. The foam system needs to have positive impact on fracture propagation, proppant 

transport and fracture clean up compared to the base case foam system with minimum chemical 

stabilizers. The formation of molecular complexes needs to be validated with light scattering 

techniques at the molecular level and the chemical conjugation mechanism for this complexation 

needs to be evaluated. Formation damage to tight shale formations need to be studied for waterless 

fluid mixture to assess the environmental impact. The produced water compatibility and reduction 

of water disposal are important factors to consider for introducing an environmentally friendly 

scCO2 foams for hydraulic fracturing of unconventional reservoirs. 

 Macroscale observation of scCO2 foam generation and stability in view cell enables the 

access to complex fluid macroscale topographic features, quantification of bubble frequency and 

measurement of hydrodynamic parameters which are influencing the underground fluid transport 

and stability. Instability mechanism such as coarsening rate, coalescence, and bubble drainage 

need to be evaluated. Foam- oil interactions and instability through oil lamella spreading, bridging 

mechanism and lamella rupture are critical factors for oil recovery which need to be evaluated in 

macroscale, however, the detailed fracture transport and microcrack stability requires microscale 

investigation. Visualization of multiphase flow in convergence/divergence, constrictions and 

channels with variable dimensions can also be useful for evaluation of foam stability for wellbore 

injections and subsurface transport in fracture/microcracks. Impact of chemical ingredients 

residing in CO2-water lamella on bubble geometry and dimensions in constrictions can be 

investigated.  
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As there is numerous research conducted on different scales from flooding on cores to 

rocks and sand-pack systems, less was known in pore scale transport 22. Before the oil reaches the 

surface, it travels through the channels of fractures, microcracks and to the network of porous 

rocks 3,14. Since fluid flow and transport processes in reservoir occur within the rock micro scale 

pores and low matrix permeability affect the long-term production, after demonstration of 

performance a downscaling in observations is required to highlight the relative importance of pore-

scale and matrix fluid transport. The significance of visualization in microfluidic is due to real 

time analysis of fluid flow and stability in fracture and micro-cracks in a way that was never seen 

before in at the laboratory scale because of typical high Reynolds number and convection forces 

associated to macro scale phenomena. Microfluidic platforms enable direct visualization and 

quantification of the relevant microscale processes. These platforms provide real-time control of 

the hydrodynamics and chemical reactions to study pore-scale phenomena alongside recovery 

considerations7. 

 Foam generation, propagation, transport, and dynamics needs to be visualized in 

microfluidic devices emulating microcrack-matrix conductive pathways relevant to oil recovery 

from tight formations. Fluid exchange between fracture and matrix is directly expressed in 

accordance with the geometry23, thereby highlighting the importance of simplistic and realistic 

representations. Several relevant microfluidic platforms have been developed over the years to 

study various processes.  

 The aim of microscale visualization research is to present a microfluidic platform that 

enables the study of scCO2 foam topographic features such as bubble shapes, sizes and distribution, 

lamella stability in the fracture for hydraulic fracturing. Additionally, fracture patterns that are 
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intended to simulate the transport of fluids in fractured tight formations need to be described. 

There is a need to design the fracture pattern on glass chip that resembles the confinement 

and geometries of real fracture pathways for subsurface applications. Simulated pathways 

may range from simplified patterns to complex microcracks based on tomography data or other 

methods that provide information regarding realistic fracture geometries. As an alternative to 

traditional etching techniques such as photolithography/wet-etching, cutting edge techniques need 

to be explored to create a pressure resistive microfluidic device for subsurface oil recovery and a 

comparative analysis of the platforms is needed to identify the desired fabrication technique.  

 The main objective of microfluidics study is to answer the urgent industry need to 

study the inaccessible microscale foamability, fracture transport, stability, and fluid loss 

behavior of waterless fracturing fluids. The multiphase flow of waterless fluids such as 

scCO2 foam containing chemical stabilizers such as polyelectrolyte complex nanoparticle 

and ionic surfactants needs to be studied in order to correlate the physio-chemical 

characteristics of micro to macro scale in unconventional oil recovery. Such study in 

subsurface emulated condition requires development of pressure-resistive micromodels 

with simplified 2D fractured patterns of glass micro models. After development of pressure 

resistive micromodels with state-of-the-art techniques of micromodel fabrication, the 

scCO2 foam fracture flow and stability and fluid loss properties for variety of ionic 

stabilizers is CO2-Water lamella needs to be investigated.  

1.2. Objectives  

The present study focuses on foamability, fracture transport, stability, fluid loss 

behavior, fracture conductivity and cleanup properties of scCO2 in highly concentrated 

electrolytes (highly saline brine with sea-level salt concentration) containing ionic 
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stabilizers such as Zwitterionic Surfactant (ZS) and complexes of ZS and PECNP in 

macroscale and pressure resistive and simplified 2D fractured patterns of glass micro 

models. The performance of dry foams stabilized with 1 wt% ZS can be compared to ZS-

PECNP enhanced scCO2 foams in view cell, fluid loss module and sand-pack and the 

results can be coupled with microscale observation on glass microfluidics to correlate the 

physio-chemical characteristics of micro to macro scale in unconventional oil recovery.  

The project seeks to tackle the water-less fluid multiscale stability and instability 

problems in hydraulic fracturing with visualization techniques. The multiscale observation 

will lead to development of topography quantification techniques for foam analysis in 

confined mediums. The project aims at comprehensive multiphase flow study for 

sustainable oil recovery with environmentally beneficial process (produced water 

reinjection, minimal freshwater use and produced water disposal) and biofriendly-

compounds (Dextran Sulfate, PECNPs; see section 2.4) for ultimate decline in freshwater 

consumption and produced water disposal at surface. This sustainable and recyclable 

approach will be economically beneficial for oil industry and water resource management 

(e.g. lowering the cost of water lifting, handling, treating and disposal and increasing the 

oil production). The produced water compatibility with scCO2 offers a promising approach 

for CO2 storage in underground formations. The findings of this study are valuable for other 

applications across the spectrum of chemical and petroleum engineering dealing with 

microscale transport/isolation of scCO2 in confined mediums.  

1.3. Dissertation outline 

The research performed in this proposal involves two major parts: (i) development of 

water-less fracturing fluid and investigation of its physiochemical properties and oil recovery 



8 
 

performance; (ii) development of visualization techniques, macro and micro scale observations 

and quantification of complex fluid morphology in view cell and microfluidic chips to enable study 

of multiphase flow stabilized in produced water for sustainable oil recovery.  

In the first part of this work scCO2 foam chemical composition, generation, stability, rheology, 

interfacial properties, and hydraulic fracturing performance (recovery) were investigated. Figure 

2 exhibits the roadmap to establish a correlation between foam physiochemical and morphological 

properties to unconventional oil recovery performance.  

 

Figure 2. A roadmap for first part of this thesis including complex fluid preparation and characterization for 

fracture development  

First, complex fluid is developed by selection of chemical components compatible with high 

salinity produced water and scCO2. The compatibility is evaluated with air foam test, scCO2 foam 

stability in view cell, zeta potential and particle size analysis (sections 4.1 and 4.3 in chapter 4). 
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The best performing mixtures are selected for mechanistic study and oil recovery performance. 

Electrostatic interaction between polyelectrolyte complex nanoparticles with entangled wormlike 

micelles (WLM) of viscoelastic surfactant (VES) is investigated through zeta potential, particle 

size analysis, and transmission electron microscopy (TEM) and Raman spectroscopy. Rheological 

and interfacial properties are employed to explore the viscoelastic properties and CO2 -water 

lamella, lamella entering and spreading coefficient for oil instability analysis and dilatation 

elasticity for elastic response of lamella interface to external perturbations. The developed and 

optimized complex fluid (dry scCO2 foam) is then generated in view cell and oil instability is 

evaluated. Subsequently, fluid loss and sandpack are performed to evaluate formation damage, 

fracture conductivity and clean-up and oil recovery performance.  

In the second part of this thesis, the complex fluid comprising scCO2 foam generated with 

optimized ratio of variety of foam stabilizers is employed for high pressure injection into view cell 

and microfluidic chip and the multiscale visualization is carried out. The macro scale visualization 

approach includes employment of monocular digital microscope camera with defined working 

distance to the view cell and employing specified illumination source and light adjustments to 

determine the stability, foam morphology features and instability of foam to resemble the foam 

capability for proppant settlement and oil recovery in the fracture. The dual stability behavior of 

waterless fluid for hydraulic fracturing is verified with this approach where the initial film stability 

at initial stages is necessary; however, the generated foam needs to degrade when it comes in 

contact with oil and needs to break rapidly during the flow back, leaving behind a fracture with 

effective conductivity. The microscale visualization is performed to evaluate the microstructural 

transport, stability, and fluid loss behavior of scCO2 foam in a fracture/matrix medium resembling 

tight shale formation.  
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The micro scale visualization approach includes development of pressure resistive 

microchips and microchip holders and employment of high-resolution camera to study the 

multiphase flow in microscale and in a timely manner. The development of pressure resistive 

microchip requires comparative study between traditional glass microfabrication techniques such 

as photolithography to recently developed selective induced laser etching (SLE) to find the 

optimum resistance to harsh reservoir condition for LOC studies of multiphase flow. A systematic 

method of morphology quantification is developed to quantify the bubble geometry, size, 

distribution, and morphology for the images obtained from macro and micro scale observations. 

The method will couple the ability of MATLAB image processing tool to enhance the pictures 

with binarized capability from ImageJ and recently developed watershed – segmentation strategies 

(section 3.11). Accordingly, hydrodynamic flow properties such as dimensionless parameters and 

magnitude of capillary forces can be derived from quantification of foam topography. Multiscale 

complex fluid morphology and stability performance need to be correlated to chemical 

composition of CO2 – water lamella where the interface is enhanced with variety of ionic 

stabilizers. Topography, stability and fluid loss performance of scCO2 foams enhanced with 

zwitterionic surfactant and PECNP-Surfactants is compared to evaluate the impact of ionic 

complexation on physicochemical properties of scCO2 foam in subsurface formation physical 

properties such geometrical constraints, permeability and pressure drop gradients in fracture, 

microcrack and tight shale matrix. The workflow diagram of the proposed endeavor is shown in 

Figure 3.  
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Figure 3. Multiscale foam visualization roadmap leading to correlation of foam physiochemical and 

topological properties to subsurface performance 

Foam texture and individual lamella resistance in different fracture geometries are 

deemed to be influenced by steric disjoining pressure enhancement originated from 

electrostatic complexation of surfactant oligomers and ionomers in nanoparticle. The 

fracture patterns are designed in a way to simulate the physical appearance of the pathway 

for fracturing fluid transport in the fractured reservoir. The simulation of this pathway could 

be in simplified form of laboratorial patterns of fracture and micro cracks or in the form of 

realistic depictions obtained on micro-CT. AutoCAD is employed to design the fracture 
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pattern and laser etching, or photolithography are used to etch and transfer the fracture 

pattern on glass chip in a manner that resembles the confinement and geometries of real 

fracture pathways for subsurface applications. In this work, using glass micromodel 

engraved with pseudo fracture pattern, dry scCO2 foam in-situ generation, transport, 

stability and fluid loss are visually examined via high resolution camera imaging and the 

pictures are processed and statistically quantified to make a physiochemical correlation 

between micro facture/matrix transport and stability behavior of scCO2 bubbles with foam 

microstructural properties, additionally, the ability of different ionic stabilizers (ZS and ZS-

PECNP) are assessed in a comparative study.  

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

Chapter 2: Literature Review  

2.1. Waterless processes: toward protecting the environment  

Water based or gas based fracturing fluids have historically been among the popular methods 

to conduct the fracturing job 24. Some water based fluids comprise lower concentration of other 

ingredients such as polymers and guars to increase the viscosity of fluid and assist proppant 

suspension and transportation to the fracture 25. Slickwater (fracturing fluid with friction reducer 

additive) was also reported to improve the fracture length 26. Currently, alternatives to water-based 

fluids are being investigated due to large amounts of water usage, formation damage, process 

expense and environmental issues 24. Also, low viscosity of slick water weakens the ability of fluid 

to suspend, place and carry the proppants and viscosifying agents used to increase the viscosity of 

fluid might be plugging the pore throats and cause the formation damage 17. Gas based fracturing 

fluids were traditionally CO2 and N2 gases and they are applied to water sensitive reservoirs and 

improvement of clean up, proppant transportation and placement and increase of up to five fold 

was reported in production using these mixtures as well as formation damage control 24; however, 

the low viscosity and density of the gas molecule overshadows the process scale up and 

environmental benefits 24. 

2.2. Foam: environmentally friendly approach to waterless fluid 

Foam and energized fluids are composed of one compressible component such as carbon 

dioxide or nitrogen that are considered to overcome the formation damage, low viscosity and 

clean-up efficiency of conventional fracturing fluids in tight and ultra-tight unconventional 

formations 27. Ultra-low water content and high apparent viscosity are exceptional properties of 

foam fracturing fluids 24. Figure 4 represents the combination of dry foams with produced water 

recycled in the field for environmentally friendly oil recovery 28. 
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Figure 4. Dry foams as efficient water-less fluids for environmentally friendly unconventional oil recovery. 

Reprinted with permission from 28 ACS 2019.  

High apparent viscosity helps to increase the proppant capability and to ensure the required 

fracture width and height, 29. Moreover, foams are known for their interfacial film elasticity and 

the capability to reduce the formation damage 30.  

2.3. CO2 for subsurface oil recovery  

Better fracture stimulation was reported using CO2-based energized fluids 31. CO2 is mixed 

with fluids injected to deeper wells to form a low water content fracturing fluid 32. Despite the 

environmental concerns about CO2 pollution in atmosphere 33 and heavy emphasis on its capture 

4,34, storage 35,36 and sequestration 36,37, if properly managed, CO2 is abundant, nonflammable, 

essentially non-toxic for variety of applications such as refrigeration 38, material synthesis and 

processing 37,39, medicine 40, chemical industry 41 and of course, oil industry for oil recovery 

enhancements 42. CO2 foam has been under consideration as a prominent fracturing fluid capable 

of being stored and sequestered in the formation while increasing the effectiveness of shale oil and 

gas production and reducing environmental impacts 5,43. Due to discrepancies in cohesive energy 
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density of oil and CO2 and having lower density than oil and water, the affinity of CO2/water has 

been subject of variety of studies to stabilize the gas/liquid mixture while flowing through low 

permeable formations 44. Low density and viscosity of CO2 enhances the propagation in low 

permeability reservoirs, however, there exist issues reported with ice formation 45, challenges in 

storage 46 and filtration of liquid CO2-based fracturing fluid 24. 

Supercritical fluids have attracted considerable attention owning to liquid-gas properties 

from low viscosity, rapid diffusivity and wettability to low surface tension properties 47. 

Pressurized CO2 as supercritical CO2 foam (scCO2 foam) is a notable non-aqueous fracturing fluid 

which offers more miscibility with hydrocarbons to prevent flow blocking in small pores 48. scCO2 

with operational critical point (31.1 °C, 73.8 bar) exhibits gas-like diffusivity and liquid like 

density 47. scCO2 offers promise to effectively fracture the rock due to coupled-compressibility- 

thermal shock effects 43 as CO2 expands to the new fracture volume. Potential drawbacks of scCO2 

injection are increased expenses of capturing, pressurizing and transporting and lack of enough 

viscosity to carry the proppants if degraded under shear 43.  

scCO2 in water (C/W) foams are stabilized with nanoparticles or surfactants through CO2-

water interfacial adhesion 49. Surfactants, in general, form protective layers at gas/liquid interface 

to prevent the coalescence between the bubbles (uniform dispersion) and to make gas and liquid 

phase compatible in the mixture 50. Some issues with surfactants such as imbalanced head/tail 

solubility in CO2/aqueous phase impacts the resulting emulsion stability 51. Foamed liquids with 

CO2 compatible viscoelastic surfactants (VES) offer stable fracturing fluids with viscous behavior 

under shear which helps to degrade in the fracture in addition to leaving no residue behind 45. 
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2.4. scCO2 foam stabilization: ionic approach  

To enhance the compatibility of scCO2 with water phase variety of methods were proposed. 

The presence of adsorbed surfactant layers stabilize the lamellae between the scCO2 and the 

aqueous phase 52 taking advantage of electrostatic repulsion between the two faces of lamellae 53. 

Similarly, increasing the surfactant concentration under the influence of electrolyte concentration 

would help with forming long-range electrostatically ordered microstructures on the thin liquid 

films and the bulk of the lamellae to inhibit foam film drainage (stratification) 54 Formation of 

viscoelastic lamella stabilizes the gas-in-water foams by suppressing the gravity drainage, lamella 

thinning and eventually Ostwald ripening 55. Figure 5 illustrates the positive effect of molecular 

synergy for stabilization of dry foams in hydraulic fracturing 31.  

 

Figure 5. Overview of required synergy for stabilization of dry foams in hydraulic fracturing, employing 

nanoparticles, polymers and surfactants 31, open access content on web 

Nanoparticles with large surface area 56 were found to overcome the challenges associated with 

surfactant adsorption on reservoir rocks 24, thermal conductivity 57, fluid loss 58, water invasion 59, 
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fluid propagation in porous media 56,60 and pore throat plugging 61 to achieve proper fracture width 

and height 24. Nanoparticle stabilized high quality CO2 foams were found to generate wider 

fracture with smaller fracture half-length due to high viscosity of dry fracturing fluid 31. Figure 6 

reveals the effect of variety of fracturing fluids to create desired fracture volume 31. 

 

Figure 6. Simulated effect of variety of fracturing fluids to create desired fracture volume 31,62, Reprinted with 

permission from 62 Elsevier 2016. 

Further simulation results confirmed the efficiency of cleanup in 10 days as opposed to that of 

viscous fracpad which could take up to 1000 days 31. Figure 7 represents the efficient cleanup 

properties for dry CO2 foams enhanced with nanoparticles 31.   
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Figure 7. Water saturation map obtained different fracturing fluids resembles the fracturing cleanup 

efficiency for high viscosity dry foams enhanced with nanoparticles 31,62, , Reprinted with permission from 62 

Elsevier 2016. 

Electrostatic interaction between polyelectrolyte complex nanoparticles with entangled 

wormlike micelles (WLM) of viscoelastic surfactant (VES) is investigated to eliminate fluid loss 

issues, improve the viscosity of VES-based fluids, to enhance the proppant suspension capabilities 

to tailor ionic activity of surfactants and to reduce the surfactant adsorption to reservoir rocks with 

addition of ionic hindrances. Polyelectrolyte complex nanoparticles were developed by our group 

for both Enhanced Oil Recovery (EOR), reservoir treatment and hydraulic fracturing applications 

17,32,63–66.  

Polyelectrolytes are widely used charged polymers compatible with aqueous solutions 

useful for adsorption 67, ionic conduction 68 and controlled release 66. Branched Polyethyleneimine 

(PEI) with different types of cationic amine functionality is capable of polyelectrolyte complex 

nanoparticles (PECNP) formation in electrostatic complexation with Dextran Sulfate (DS: Sodium 

Salt) comprising anionic sulfonate functionality in adjusted pH medium 17. Figure 8 illustrates a 
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cartoon for molecular complexation of PECNP and Zwitterionic Surfactants (ZS) which is verified 

by TEM and Raman Spectroscopy in Chapter 4.1.  

 

Figure 8. Illustration of molecular complexation of PECNP and zwitterionic surfactant (ZS) explored in this 

work (chapter 4.1) 

Interactions between the polyelectrolytes and oppositely charged surfactant creates a 

variety of different colloidal systems with liquid crystalline-like mesostructured and long-range 

order on nanometer scale. 

PEI and DS are both biodegradable and biocompatible polyelectrolytes 5,69. In preparation 

of nanoparticle, PEI and DS are combined with fixed proportions to obtain electrostatically stable 

ionic super complex to improve the disjoining pressure in the lamella. PECNPs were originally 

developed for drug delivery applications 70 and due to biocompatibility to organisms were adapted 

to oil field applications 71,72. Polyethyleneimine is a water soluble, non-viral gene delivery polymer 

that offers high transfection efficiency both in vitro and in vivo 73. To decrease the toxicity due to 

polycationic activity of PEI, a degradable polyanionic Dextran sulfate (DS) is added to decrease 

the cytotoxicity of DNA-incorporated nano-gel 73. Dextran sulfate is a biodegradable polymer 

containing a branched chain of anhydroglucose units with 2.3 sulfate groups per glucosyl residue 
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frequently used on pharmaceutical applications with proven biocompatibility 73. DS chemical 

structure is illustrated in Figure 9.  

 

Figure 9. Dextran Sulphate (DS) chemical structure 5, open access content on the web 

In terms of functional properties to protect the ecosystem in oil and gas industry, 

Polyethyleneimine-dextran sulfate  polyelectrolyte complexes are used to protect the enzymes 

from harsh conditions and their vesicle loaded with enzymes helps to degrade the guar gels, HPG 

solutions and borate-cross-linked gels at variety of pH and temperature and also to degrade the 

filter cake therefore preventing the fluid loss in hydraulic fracturing 74. The similar bio/organism-

compatibility is expected in EOR application. 

The formation of complexes of nanoparticle and surfactant is shown in Figure 8. Branched 

Polyethyleneimine (PEI) contains 25% primary amines, 50% of secondary amines and 25% 

tertiary amines 17. PEIs are low molecular weight compounds with the general formula –[CH2-

CH2-NH2]-, made by ring opening polymerization of aziridine. The polymer of this type, can be 

linear (primary amine in the backbone), partly branched or repetitively branched polymer also 

known as dendrimer (with secondary and tertiary amines). All three foams are soluble in water 5,75. 

The main variants of PEIs are linear and branched as shown in Figure 10.  
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Figure 10. Structures of different types of polyethyleneimines 75, open access chemical structures on web 

For primary amines, the nitrogen is bound to one carbon, and substitution of more hydrogen 

for carbon turns the amide group to secondary and tertiary amides. Figure 11 reveals all types of 

major amine groups 76.  

 

Figure 11. All types of major amine groups in amide for depending on neighbor carbon bonding 76, open 

access content on web 
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From Figure 11, one can notice the chemical reactivity of ammonia and primary amine are 

larger than other types due to availability of N-H bonds with lower energy of dissociation 76. 

Amines can react as either nucleophiles or bases and removal of proton generates the amide ion. 

The electrostatic activity of amines originates from high electron density of nitrogen atom when 

paired with adjacent hydrogens, however, when protonation occurs the activity of protonated 

amides declines due to lowering the density of electrons on Nitrogen 77, therefore, it can be 

concluded more positive amide nuclei in protonated primary amines (in aqueous solution) will 

form stronger electrostatic bond with sulfate in DS as a result of higher electron density difference 

between the pairs, so more stable PECNP is formed employing linear PEI which is also achieved 

by pH adjustment for aqueous PEI solution containing branched configuration of polymer. Also, 

more open sites will be available for interactions with oppositely charged sulfonate in surfactants. 

The hypothesis is the number of PEI cationic moieties affects the DS-PEI interaction, stability and 

electrostatic stabilization of CO2-water lamella as it has strong effect on the PEI-DNA interactions 

is biomedical applications 75.  

The aggregation of PEI chains is more likely to happen in branched PEI and binding with 

DS is negatively affected, however, the densely populated amine sites are found on branched PEI. 

Studies showed the free energy of amine hydration is increased in the order, primary, secondary, 

and tertiary, indicating that molecules become compact with branching the PEI 78 and 

subsequently, electrostatic complexation is negatively affected due to conformational and 

reactivity hindrances. The solution stability is also dependent on PEI polymer structure and 

PEI/DS charge ratio. The linearity of the PEI chains would decorate the resulting polyplex with 

more ionic active sites for electrostatic interactions with surfactant. Moreover, Zeta potential and 
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particle size of as obtained PECNP nanoparticle is altered by linear and branched chain 

conformations of PEIs.  

2.5. Foam Stability in Formations: Geothermal and Geophysical Influence 

Foam stability in porous media is characterized based on three flow regimes with three 

different flow behaviors and foam generation mechanisms. Firstly, surface facilities and the pore 

wall, where flow may create bulk foam. Secondly at near-wellbore region where the flow rate and 

pressure are high and thirdly, formation which is far away from the injection well, where pressure 

gradient and flow rate are much lower 79. The additional regime in fractured reservoirs would be 

flow in fracture and micro crack pathways in which the shear and pressure gradient would even 

drop to lower values 5. Foam stability in general can be evaluated through bulk stability or lamella 

stability. Bulk stability is affected by permeability of porous medium, injection rate, pressure, 

reservoir temperature, brine salinity, foaming agents and oil 79. Lamella stability in porous media 

originates from mechanisms of foam creations in porous media. Leave behind, lamella division 

and snap-off mechanisms are common mechanisms of lamella stability dealing with gas invasion 

of pore bodies through other throats, creation of two lamella from single one in pore space 

movement and drop of local capillary entry pressure in the throat 79.  

Foam stability in the fracture is affected by high temperature conditions, high shear rate 

while pumping and low shear rates while fracture is closing 80. Failure to maintain the foam 

stability results in proppant inhomogeneous distribution in the fracture closure 80. The stability in 

the fracture can be evaluated by liquid drainage rate and foam collapsing time of sample which are 

also obtained by dynamic foam rheology and view cell measurements, however, microscale 

observation in microfluidics will be performed to correlate the results of micro to macro scale. 
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2.6. Microstructural studies: Topography and Stability in millimetric scale   

The foam stability and rheology can be studied in accordance to microstructural change 

with time. Qichao and coworkers studied the bubble shape and size with time 81 as bubble 

coalescence with adjacent small bubbles increases the size of bubbles and thickness of bubble 

films changes from 10 to 2 μm during 7 h as a result of lamella drainage. Figure 12 represents the 

different microstructures of the films formed with SiO2 and SiO2/SDBS enhanced N2 foams during 

7h periods and corresponding bubble size distribution. One concludes the ability of bubbles to 

preserve their shapes depends on adsorption of organic/inorganic ionic complexes to the lamella 

and to enhance the dilatational elasticity of interface and resistance to morphological deformations 

81.   

 

Figure 12. (a) Microscopic analysis of SiO2 and SiO2/SDBS enhanced N2 foams during 7 h periods and (b) 

corresponding bubble size distribution 81, reprinted with permission from 81, ACS 2015 

The changes in microstructural bubble morphologies can be eventually attributed to foam 

viscosity, interfacial tension and even proppant suspension capability from near-well-bore to far-

well-bore and from the main fractures to micro fractures. Higher interfacial elasticity leads to more 

resistance to proppant settling deformations and helps to carry the proppant along the lamella 

borders with longer film stability 81. Interactions between proppant and bubble lamella in 

nanoparticle (SiO2) and nanoparticle/surfactant (SiO2/SDBS) was enhanced in N2 foams according 
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to Qichao and coworkers 81. The proppant is suspended in a more confined medium of bubble 

lamellas in case of SiO2/SDBS enhanced foam with narrower distribution bubbles and lower 

bubble sizes which, gives rise to longer lamella surface interaction with proppant area. The 

microstructural changes were not studied for high pressure systems at confined mediums such as 

fractures and microcracks.  

Foam drainage has been more accurately observed with Hele-Shaw cells in the literature 

82. Microstructural analysis is also conducted through 2-D hele-shaw cells and microfluidic 

devices. Previously, rheology and micro structure of foams are correlated through Hele-Shaw cell 

observations 83. Tong and coworkers produced a 2D foam in a vertical Hele-Shaw (HS) cell in 

order to measure the bubble size distribution at steady state with image analysis and they used 

integrated numerical model to evaluate the agreement of numerical and experimental results on 

spatial and temporal evaluation of bubbles while liquid drainage occurred 82. Foaming dynamics 

in Hele-Shaw cells was subject of comprehensive study by Caps and co-workers with simple water 

and soap foam in the cell 84. Thin film liquids are created during each flip of Hele-Shaw cell and 

flipping the cell with upside-down directions accelerates the liquid drainage toward the bottom of 

the cell. Figure 13 represents the formation of foam in Hele-Shaw cell with different consecutive 

flips to reach different bubble sizes 84.  
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Figure 13. Six consecutive images of the foam with different flipping cycles of HS cell reported by Caps and 

co-workers 84 (open access content on web) 

Accordingly, bubble size, cumulative probability distributions of the bubble size with 

number of flips, ratios between the standard deviation of the bubble size distribution and the mean 

bubble size with number of flips were determined 84. The bubble breakup process was studied with 

the help of high-speed camera and breaking bubble was drawn in the gray scale for clear analysis. 

It was reported that transport of small bubbles into the fluid flow is responsible for primary bubble 

segregation as it’s shown in Figure 14 84. Such morphologies are observed in thin film layers of 

foams generated at low pressure, whereas, in practical subsurface application foam is generated 

with unknown frequency and dense population of bubbles and the fluid is hindered by pore or 

fracture walls affecting the microstructural stability and proppant carrying capability of foam.  
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Figure 14. Bubble split sequence recorded at a time frame rate of 100 frames/s showing the bubble breakage by the 

falling liquid reported by Caps and coworkers 84 (open access content on web) 

Szabries et al introduced an analyzed systems for foam structural analysis for EOR 85. 

Figure 15 reveals the figure of (a) experimental setup, (b) illumination and light adjustments to 

determine the stability and foam structure and (c) schematic of high pressure foam analyzer used 

by Szabris and coworkers 85. 
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Figure 15. Schematic reveals the figure of (a) experimental setup, (b) illumination and light adjustments to 

determine the stability and foam structure and (c) schematic of high pressure foam analyzer 85, reprinted 

with permission from 85, ACS 2019 

The foam height and structure were detected simultaneously as a function of foam age with 

apparatus illustrated in Figure 15. The apparatus offers an extended optical access by means of 

three high pressure tongue-shaped windows (Figure 15a). Special arrangement of prism allows for 

bubble morphology observations whether shape or size distribution for high pressure generated 

CO2 and N2 foams (Figure 15b). The schematic of foam analyzer system is shown in Figure 15c. 

The result of foam imaging is illustrated in Figure 16.  
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Figure 16. Microstructure of foams generated at 5 MPa and 45 °C 85, reprinted with permission from 85, ACS 

2019 

With these new imaging and illumination systems, the authors of this work were able to 

quantify mean bubble area (MBA) and the MBA variation with time and also relative foam height 

and long term stability pressurized CO2 and N2 foams with different stabilizers were evaluated 85. 

The work presented a new way to analyze the 3D foam microstructures at high pressures within 

the context of EOR. The methodology for optically transmitted light to receive visible foam height 

(Figure 15b) is adapted to our system for foam macrostructure analysis in hydraulic fracturing. 

2.7. Multiscale Observations 

As there are numerous researches conducted on different scales from flooding on cores to 

rocks and sandpack systems, less was known in pore scale transport 22. Before the oil reaches the 

surface, it travels through the channels of fractures, microcracks and to the network of porous 

rocks 3,14. Since fluid flow and transport processes in reservoir occur within the rock nonometric 

to milimeteric cracks, pores and low matrix permeability affects the long-term production, a 
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downscaling in observations is required to highlight the relative importance of pore-scale and 

matrix processes.  

2.8. Microscale observations: downscaling to study pore-scale  

Lab on the chip (LOC) is used in oil and gas industry as visualization tools for fluid 

propagation, flooding, fracturing, and emulsification in recovery processes 86. Microfluidics is a 

promising approach to quantify the micro scale processes and the real time control of 

hydrodynamics and chemical reactions to make a link between pore scale phenomena and 

production 7. Current and envisioned energy applications of microfluidics address subsurface and 

surface operations (Figure 17) 7.  

 

Figure 17. Illustration of applications of microfluidics for surface and subsurface operations and correlation 

to environmentally friendly processes. Reprinted with permission from 86, RSC 2014 

Therefore, the microscale flow study is critical, and it is mainly performed via visualization 

techniques such as optical microscopy and high-speed visualization offering pore scale vision. The 

significance of visualization in microfluidic is due to real time analysis of mixing and chemical 

reactions, alteration in wettability, production of new phases, dynamic, kinematic and mass 

transport studies in a way that was never seen before in a laboratorial scale because of high 
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Reynolds number and convection forces associated to macro scale phenomena. Figure 18 illustrate 

a simple microfluidic device made of cured PDMS on glass. 

 

Figure 18. Simple cure PDMS microchannels full of different dye fluids representing a micro model, 

Reprinted with permission from 87, ACS 2013 

The material for making the device plays a dominant role in fabrication of microfluidic 

devices 88. Surface properties of device materials are greatly amplified in microfluidics due to high 

surface to volume ratio, laminar flow through the microfluidics and dominancy of capillary effects 

88,89. Therefore, each material requires a certain microfabrication strategy depending on application 

and properties of the device. Moreover, the microfluidic pattern, size and operational condition 

vary for different applications. Thus, material, design, structural and operational conditions need 

to be evaluated to set up a prototype for micro pore dynamics in fractures that reassemble the harsh 

reservoir condition for scCO2 foam fracturing. Microfluidics offers the possibility to study the 

coupling of hydrodynamics and mixing and reactive phenomena in such complex systems in hope 

to improve the scCO2 foam stability and produce water compatibility for environmentally friendly 

oil production in hydraulic fracturing process.  
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2.9. Microfluidics in subsurface oil recovery 

In hydraulic fracturing, before the recovery to the surface, foam travels through the fracture 

channel and meets the oil from formation rocks, so the critical processes concerned with oil 

recovery from tight shales occurs within the micrometric and nanometric scale of the cracks and 

pores in the rocks 3. Microfluidic offers a great understanding of micro scale fluid transport and 

oil recovery to the surface. As early applications of micro-mechanics in energy sector began in the 

early 90’s 3 when early micro models developed for two phase flow and oil-recovery 90 majority 

of research during this period of discovery was focused on EOR applications, through oil recovery 

from polymer floods, surfactant/water floods, nano floods using nano particles and foam floods 3. 

The focus has been on oil displacement with pumping the liquids and studying the behavior of 

displacing fluid traveling through the porous medium and facing the oil in terms of compositional 

and conformational change 91, viscoelastic behavior 92, viscosity characterization, and stability 3. 

In hydraulic fracturing simulations with micro models mainly the fluid propagation and 

hydrodynamic occurs through the fracture and micro cracks of shales, within the rock nanometer 

to millimeter sized pores of fracture. A discrete fracture network is adapted from characterization 

of shale reservoirs to stimulate production form hydraulically fractured well through diffusion, 

desorption, connectivity, and permeability is introduced in recent publications in literature. Figure 

19 represents the ever increasing number and subject area for the publications with key word 

‘Fracture Microfluidics’ in the last 10 years according to Scopus search engine 93.  
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Figure 19. The status of recent publications with key word “Fracture Microfluidic” in Scopus data base (a) 

number of publications per year (b) publications according to subject area (data generated by Scopus data 

base) 93 

‘Fracture microfluidics’ is a general topic that covers variety of two-dimensional matrix-

fracture micromodels applicable in EOR and hydraulic. Homogeneous and heterogeneous glass 

etched micromodels were employed for pore scale investigation of matrix-fracture interaction 

during CO2 injection by Vahapcan and coworkers 94. The authors insist phase behaviors and flow 

patterns to/from the fracture and from/to the matrix need to be studied to optimize the oil 

production 94. Precise placement of proppant packs is critical to assure the conductivity in the 

fracture and continued flow of hydrocarbons from the formation into the producing well 3,25. 

Consequently,  optical microscopy emerged as helpful tool to study the pack forms, settlement or 

disintegration as flow rate and pressure changes in the reservoir 3. There is an opportunity for 

design of microfluidic systems with pre-defined proppant particle distribution to optimize the 

fracture conductivity.  

The majority of experimental works on stimulation of hydraulic fracturing with 

microfluidics were limited on applicability due to ambient operational condition 7. There have 

been a few studies for high-pressure and high-temperature microfluidics with direct observation 

of flow in a medium that mimics the subsurface condition. Jimenez-Martinez and co-workers 

recently introduced two major studies on critical pore scale flow and transport mechanism in 
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complex network of fractures and matrix 95,96. Authors studied three phase microfluidic simulated 

at reservoir conditions (8.3 MPa and 45°C)  for production efficiency assessment of scCO2 for re-

stimulation with leftover brine (less miscible fluid)95. In their study, direct observation of dynamic 

evolution of scCO2 restimulation in an oil and brine bearing process with high pressure – 

temperature microfluidics reveals this fact that presence of residual oil from initial production 

creates spatiotemporal variability for efficient interaction of scCO2 with hydrocarbon and thus 

production increases. The study offers no direct observation on multiphase flow in the fracture and 

oil wet silicone micromodel pattern resembles the EOR application for mixing of oil-brine-scCO2. 

Figure 20 represents the temporal snapshots of scCO2 displacement process (top t=0s, middle, 

t=5.7s, bottom t=11.4s).  

 

Figure 20. Time laps pore-scale observation of scCO2 normalized concentration field c(x,t) 95. Open access 

content on the web 95 
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Three dimensional topographies of real fracture can be useful in replicating a realistic 

pattern on micromodels 7,97. Carey and coworkers investigated the fracture-permeability behavior 

of ultra-tight shale using core flood device and X-ray tomography of fractures 98, conducting direct 

shear experiments the fracture patterns were emulated on shale samples and it is shown in Figure 

21.  

 

Figure 21. X-ray tomography of fracture patterns developed by shear experiment, reprinted with permission 

from 98 Elsevier 2015 

In recent years, researchers from US Los Alamos National Laboratory have been 

working on experimental systems that allow direct observation of multiphase transport 

within geological micromodels with CCUS objective 7. Porter et al used scCO2 real-rock 

micromodels with idealized and realistic fracture patterns and the research was focused on 

water imbibition, hydrocarbon/brine displacement and scCO2-brine-oil flow within the 

channels 97. Middleton and co-workers introduced an etched shale micro-model to inject 

scCO2 into a water saturated fracture to observe different localized flow pattern and 

dissolution of scCO2 in water 14. To the best knowledge of this author, the microscale 
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observation for stabilization of scCO2 bubbles in concentrated electrolytes with confined 

movement in fractured medium for sustainable and environmentally friendly (waterless) oil 

recovery processes has not been studied. Pore level dynamic study of nanoparticle 

stabilized scCO2 in different zones comprising fracture and micro cracks with 

interconnected or dead end topology requires novel microscale observation on subsurface 

emulated Lab-on-a-Chip (LOC) devices due to harsh reservoir condition and wide range of 

length scale involved in shale production 7.  

Process selection for micromodel fabrication can be performed based on optical 

transparency of the glass device using photolithography and wet etching in inorganic acids 

to create the pattern on the glass followed by adhesive bonding 99. However, lack of 

mechanical integrity and non-uniformity of geometry for the chips made by adhesive 

bonding (e.g. thermal fusion) affect the pressure resistivity and magnitude of light 

reflections from desired features within the micromodel 100. Electromagnetic radiation 

provides a novel way to etch the glass. The invent of femtosecond (fs) infrared laser source 

shed new light on printing of in depth pattern in glass micro-chips with shorter pulse 

duration and energy deposition time leading to minimum damage and improved spatial 

resolution 101. Femtosecond laser irradiation into the bulk glass entails nonlinear adsorption 

and modifies the material at focal point, and it is followed by wet etching to create 

microstructures 102. The programmed laser path file and a polished fused glass silica 

substrate (SiO2) are often loaded to glass 3D etching devices 103. The predetermined 

network pattern (designed by CAD) is directly ‘laser-written’ inside the glass substrate and 

the entire procedure (prior wet etching) is automated and computer controlled 100 thanks to 

combination of 3D microscanner (fast writing of micro vectors with micrometric 
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resolution) and precise micrometric 3-axes system 103. The process eliminates additional 

steps for sealing the microchip such as anodic or thermal bonding.  

Figure 22 exhibits an amplified femtosecond fiber laser system (IMRA America, FCPA 

μJewel), operating at a wavelength of 1045 nm with a 450 fs pulse width and 100 kHz repetition 

104.  

 

Figure 22. Fs fiber laser system for glass sample modification process (a) laboratorial setup (b) using a motorized 

stage helps to create a linear modified region 104, open access content on web 104 

A microfluidic setup for high pressure – temperature applications consists of gas cylinder 

and pumps, fluid mixers, microfluidic chip sealed and contained in stainless steel pressure vessel 

with sapphire view cell, pressure controllers and transducers and visualization system. When the 

chip is ready, analysis of real time incidents inside the chip is performed by optical methods. A 

basic microfluidic setup may include external pump, microfluidic device, pressure controllers and 

visualization system 105. Figure 23 depicts a common laboratorial microfluidic setup including 

external pumps, microfluidic chip, inverted light microscope, camera and image processing 

computer unit.  
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Figure 23. A basic microfluidic setup including microfluidic chip, inverted light microscope, camera, and 

image processing computer unit. 

The pump injects the fluid with pre-defined flow rate to chip pattern from the inlet tube 

and depending on the specific application, it may interact, displace, or saturate the chip with 

injected fluid. The typical setup utilizes real-time visualization, quantification or control of flow 

105. For visualization system, if the chip is transparent, a transmitted microscope (light source and 

optical access are at the opposite side of the chip) or a reflected microscope are employed. The 

example of pressure vessel design for hosting the microchip is shown in Figure 24. In this 

compartment two sapphire window glass will make a sandwich with glass microfluidic chip in 

stainless-steel high-pressure housing (pressure vessel) 106.  
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Figure 24. Pressure vessel containing microfluidics in bulky visualization instalment, open access content on web 106 

Accordingly, the illumination system is set on top of the cell camera and objective lens on 

the bottom part will detect the reflective light from glass microfluidic chip. 

 The microfluidic fabrication techniques for micromodels tolerable to high pressure were 

previously explored in the literature. Tigglaar and coworkers discussed fabrication and high-

pressure testing of glass microreactor chips through in-plane connection of fibers to chips to test 

flow through glass capillaries connected to the microreactors107. They presented their findings 

related to bond inspection, pressure tests (up to 69 MPa) and in-situ reaction monitoring by 1H 

NMR spectroscopy. As such, their platform may not be optimal for relatively large injection rates, 

pre-generation of multiphase fluid systems for in-situ visualization of complex fluids in permeable 

media. Paydar and coworkers presented a novel way to prototype modular microfluidics using 3D-

printing108. This approach does not seem well-suited for high-pressure applications since the 

microchip material is a photocurable polymer and the chip is able to withstand only up to 0.4 MPa. 

Most microfluidic experimental studies related to transport in fractured systems reported in the 

literature focus on ambient temperature and relatively low pressure conditions7. There have been 

several studies with a focus on direct observation of microfluidic systems that mimic subsurface 
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conditions. For example, Jimenez-Martinez and co-workers introduce two studies on critical pore-

scale flow and transport mechanisms in a complex network of fractures and matrix95,96. The authors 

studied three-phase systems using microfluidics under reservoir conditions (8.3 MPa and 45 °C) 

for production efficiency; they assessed scCO2 usage for re-stimulation where the leftover brine 

from a prior fracturing is immiscible with CO2 and the residual hydrocarbon95. Oil-wet silicon 

microfluidic devices have relevance to mixing of oil-brine-scCO2 in Enhanced Oil Recovery 

(EOR) applications; however, this work does not directly address pore-scale dynamics in fractures. 

Another example is work by Rognmo et al. who studied an upscaling approach for high-pressure, 

in-situ CO2 foam generation109. Most of the reports in the literature that leverage microfabrication 

are concerned with CO2-EOR and they often do not include important fabrication details. To the 

best of the authors’ knowledge, a systematic protocol for fabrication of high-pressure capable 

devices for fractured formations is currently missing from the literature.  
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Chapter 3: Materials and Methods  

3.1. Complex fluid development  

High salinity brine is synthesized according to procedure introduced by Hosseini et al 17. 

The Mississippian Limestone Play (MLP) recipe contains aqueous solution of more than 202,848 

ppm total dissolved solids consisting of CaCl2.2H2O (Fisher Chemical, Certified ACS), 

MgCl2.6H2O (Fisher Chemical, Certified ACS, Crystalline), SrCl2.6H2O (Fisher Science 

Education, Lab Grade), Na2SO4 (Fisher Chemical, Certified ACS, Granular) NaCl (Fisher 

Chemical, Certified ACS, Crystalline) and KCl (Fisher Chemical, Potassium chloride for calomel 

cells, Crystalline). The salts were added to reverse osmosis and deionized water (RO- DI- water). 

The salt type and concentration in MLP brine are shown in Table 1. The highly concentrated brine 

synthesized according to laboratorial recipe adopted from original MLP recipe (202,848 ppm, 

~200,000 ppm) was then diluted to 66,666 ppm (3X) and sea-water level 33,333 ppm (6X) 

nominal concentrations.  

Table 1. Mississippian Limestone Play (MLP) brine composition (original and laboratorial concentrations), 

reprinted with permission from 28 ACS 2019 

MLP Elements Ca Mg Na K Cl Sr,Fe,Mn,SO4,etc Total 

Nominal 

Concentration 

Concentration 

(mg/L) 
12,780.4 2,601.1 64,779.4 374.9 120,630 1,482.6 202,648.4 

Synthesized 

MLP 
Salt NaCl Na2SO4 KCl MgCl2.6H2O SrCl2.6H2O CaCl2.2H2O Total 

Lab 

Concentration 

Concentration 

(mg/L) 
163,661 1,224 715 21,759 1,535 46,886 235,782 

 

Zwitterionic surfactant HDP-0761-12-2AM was provided by Harcros Chemicals Inc. The 

surfactant structure was designed for optimum ionic activity in form of short chain aliphatic 

molecules with positive amine and negative sulfonate functional groups. The main ingredients in 
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the form of solvent and additive to the surfactant solutions are listed in Table 2 (provided by 

Harcros).  

Table 2. Solvent and additives in HDP-0761-12-2AM surfactant provided by Harcros, reprinted with 

permission from 28 ACS 2019 

Chemical Name CAS number % 

Water 7732-18-5 60 -< 70 

Sodium Chloride 7647-14-5 5 -< 10 

3-chloro-1,2-Propanediol 96-24-2 < 0.2 

Other components below reportable levels - 30 -< 40 

 

The hypothetical structure of Zwitterionic Surfactant (ZS) is shown in Figure 25.

 

Figure 25. Zwitterionic surfactant hypothetical structure based on the provided structure by Harcros 

company and FTIR and Raman Spectroscopy analysis 

The surfactant was dissolved in 33.3 kppm and 66.7 kppm brines to form 1 w/w% reference 

solutions. Polyelectrolyte complex nanoparticles (PECNP) are prepared according to the 

procedure developed by Barati and co-workers 17,63,64. Branched Polyethyleneimine (PEI) is 

obtained from Sigma Aldrich with an average molecular weight of 25,000, 1.03 g/mL density at 

25 °C and corresponding viscosity ranging between 13,000 cP to 18000 cP at 50 °C. Dextran 

Sulfate (DS) is provided from Sigma Aldrich with 500,000 molecular weight. PEI and DS are 

separately dissolved in high salinity brines with 1 w/w% and the pH for PEI solution is lowered to 

8.5 by addition of 6 N HCl (up to 1 ml gradual addition of acid to 100-120 ml of PEI solution) 
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17,64. pH calibration curves for HCL 6N amount added to PEI 1 wt% solution in 33.3 kppm and 

66.7 kppm are shown in Figure 26. 

 

Figure 26. pH calibration curves for HCL 6N amount added to PEI 1 wt% solution in 33.3 kppm and 66.7 

kppm brine solutions 28 

In order to tailor the properties of PECNP, linear PEI, poly(allylamine) is purchased from 

Sigma Aldrich with an average molecular weight of 17,000, 1.02 g/mL density at 25 °C and 

corresponding viscosity of 50 cP at 50 °C. The poly(allylamine) contains a major portion of 

primary amine groups and in combination with DS forms a modified PECNP with enhanced ionic 

properties for CO2-water lamella stabilization. The solution of 1 w/w% DS in high salinity brine 

is prepared and PEI and DS solutions are mixed accordingly. The mixing ratio of PEI to DS, to the 

diluting brine solution (PEI:DS:Brine) is chosen to be 3:1:0.1 to make positively charged 

nanoparticles. The proportion of mixing linear PEI with DS can be similar or different according 

to zeta potential and particle size preliminary test results. This ratio is developed based on previous 

observations with zeta potential and particle size measurements 32,63. The nanoparticle solution is 

mixed with surfactant solutions (1 w/w %) in 33.3 kppm brine and 66.7 kppm brine for 20 minutes 

to form the PECNP-surfactant complexation with different mixing ratios of PECNP:surfactant 

0:10, 1:9, 2:8, 3:7, and 4:6. The concentration of the surfactant remains constant in mixing with 

nanoparticles (1 w/w %). The foaming solution is later mixed with scCO2 (90 v/v %) in inline 
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mixers at 40 °C to form the actual foam. Figure 27 represents the schematic of colloidal synthesis 

and foam lamella constituents. 

 

Figure 27. Laboratorial procedure to prepare ZS/PECNP complexes to enhance CO2-high salinity brine 

interface 

To investigate the molecular complexation in EOR application, the choice of surfactant 

was different. The SURFONIC N-120 used for EOR study belongs to the class of Nonyl phenol 

ethoxylates with a non-ionic nature (upon aqueous hydration) and 12 Ethylene oxide (EO) groups. 

Huntsman Chemicals, Woodlands, TX, USA (CAS # 9016-45-9), synthesized the surfactant for 

improved water compatibility in EOR. Figure 28 exhibits the chemical structure of SURFONIC 

N-120.  

 

Figure 28. Chemical structure of SURFONIC N-120 surfactant 110,111 

The EO group is a surface-active agent compatible with other nonionic surfactants and with 

ion active species 112. The theoretical molecular weight and hydroxyl number of the surfactant are 

748 and 75, respectively. The density is 1.066 g/mL at 25℃.  The surfactant solution was prepared 
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in 33,667 and 67,333 ppm salinities. The solution’s CMC was obtained as 0.11 wt.% 63. Therefore, 

the surfactant concentration in the solution was kept at 0.1 wt.% for all the experiments to preserve 

the surface activity of the surfactant and to avoid the foam film stratification 113. Details of core 

flooding application with complexation PECNP and SURFONIC N-120 can be found in our recent 

publications for foam flooding in carbonate reservoirs 48,110.  

3.2. Fourier Transform-Infrared (FT-IR) spectroscopy 

The chemical functional groups on the surfactant molecules were examined with a 

Spectrum 400 FT-IR spectrometer (Perkin Elmer, Waltham, MA) equipped with two temperature 

stabilized deuterated triglycine sulphate detectors. A small aliquot of liquid sample was deposited 

onto the diamond crystal top plate of an attenuated total reflection (ATR) accessory (GladiATR, 

Pike Technologies, Madision, WI). Sixty scans were co-added over the range of 4000-650 cm-1 

with a spectral resolution of 4 cm-1. Air was taken as the reference for the background before each 

sample. After acquisition of each spectrum, the ATR plate was cleaned in situ by cleaning it with 

ethanol solution three times and allowing it to dry. No residue from the previous sample was 

observed in subsequent background spectra and when compared it to the previous background 

spectra. Also, an atmospheric correction routine is performed for CO2/H2O suppression by the 

Spectrum software (PerkinElmer, Waltham, MA).  

3.3. Dynamic light scattering 

The hydrodynamic diameter of ionic particles was measured by dynamic light scattering 

measurement, through the average of three readings using a NanoBrook Omni Particle sizer and 

zeta potential analyzer by Brookhaven Instruments. pH of colloidal solutions, density, and 

viscosity of each sample as well as mean particle diameter were employed for determining the zeta 

potential. For the zeta potential measurements, the samples were diluted 20 times in background 
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electrolyte of 1mM KCl where the average of three readings were considered for analysis on the 

NanoBrook Omni. The standard 35 mV red diode laser with nominal 640 nm wavelength was 

employed to detect the size range, size distribution and electrophoretic mobility using the 

Smoluchowski model. 

3.4. The air-foam stability measurements  

Experimental setup was designed to quantify bulk foam height as a function of time to 

determine the aqueous foam stability. The predetermined amount (10 mL) of foaming solution 

comprising different proportions of PECNP to surfactant (PECNP:Surfactant of 1:9, 2:8, and 3:7) 

was transferred to 20 mL vials for primary foam decay analysis. The sealed and scaled vial 

containing the 50 % mixture with air was heavily agitated for 30 times for perfect mixing of air 

and liquid. The scaled vial was placed and kept in an oven with a constant temperature of 40 ºC 

(Figure 29). A camera was set inside the oven and the air foam height in the vials was recorded 

every minute. Figure 29 illustrates the setup for air-foam stability measurements.  

 

Figure 29. Simple vial test for PECNP/Surfactant mixtures in high salinity brine mixed with air as 

preliminary test before actual test with scCO2 17, reprinted with permission from 28 ACS 2019 
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3.5. Interfacial tension analysis  

scCO2 interfacial tension in high salinity brine containing surfactants and PECNP was 

measured according to axisymmetric drop shape analysis of pendant drop by a tensiometer at 

pressures and temperatures in which CO2 is in supercritical conditions. The scCO2 bubble is 

formed on the tip of stainless-steel capillary in high pressure chamber (1330 psi) filled with 

PECNP-surfactant solution while isothermal temperature of 40 °C was maintained by applying 

thermal jackets around the pipes and chamber. The DROPimage software and high-resolution 

camera were employed to measure the surface tension for each bubble in dynamic mode for 1 h. 

A minimum of three runs for each sample was recorded. Schematic of the employed tensiometer 

in this analysis is provided in Figure 30. The droplet area was determined by analyzing the droplet 

profile using a camera coupled with image analyzer software (DROPimage).  

 
Figure 30. Process flow diagram for interfacial tension analysis setup, reprinted with permission from 28 ACS 

2019 
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Critical micelle concentration (CMC) was determined with different concentrations of 

surfactant dissolved in high salinity brines and the corresponding interfacial tension was estimated 

accordingly. Dilatational elasticity was estimated according to a ramp-type perturbation approach 

previously presented by Tewes and coworkers 114. The variation of interfacial pressure after 

compression of equilibrated surface layer of pendant drop (Δπe) is correlated to surface area 

variation (
ΔA

Ai
=

Ubt

Ai
) as a result of mechanical strain to estimate the equilibrium surface dilatational 

elasticity 114,115:  

3-1                                                                𝛥𝜋𝑒 = 𝐸𝑒
𝑈𝑏𝑡

𝐴𝑖
 

where Ai is surface area prior to applying the mechanical strain, Ub is the constant velocity of 

compression during the time (t) and Ee is equilibrium surface dilatational elasticity. The non-

equilibrium portion of surface pressure variation (Δπne) is also calculated based upon dissipation 

of accumulated energy during compression and relaxation 114, where τ stands for relaxation time. 

3-2                                                         𝛥𝜋𝑛𝑒 =
𝐸𝑛𝑒𝑈𝑏𝑡

𝐴𝑖
(1 − 𝑒−

𝑡

𝜏) 

  Details of calculations are found in our recent publication 28. 

3.6. Rheological measurements 

Oscillatory shear stability of bulk foam is examined through stress-controlled rotational 

measurements using an Anton-Paar MCR 302 rheometer. The temperature was controlled by a 

water-circulating bath (6 to 40 °C). The setup utilized feed cylinders, pumps, circulating coolers 

and thermal isolators (Figure 31). A Couette geometry module was used in a pressure cell to study 

the viscoelastic behavior of scCO2 foam. Constant (2000 s-1) and variable shear rates (2000 s-1 to 
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100 s-1) were used for static (stagnant foam in the cell) and dynamic (continues flow of foam in 

the cell) measurements at 40 °C and 1,350 psi. The detailed procedure is introduced as following: 

The rheometer setup consists of feed cylinders, pumps, the main rheometer unit connected 

to a PC software and a waste pump collector. To maintain isothermal conditions in lines, valves 

and pumps, a recirculating cooler (ISOTEMP 1016D) and heating tapes were used and the 

temperature was set to 6˚C. Pump A is refilled with CO2 and temperature and pressure were set to 

a supercritical state of 40°C and 1350 psi. Pump B was also filled with the foaming liquid. Lines 

containing scCO2 and foaming solution were connected, and the produced foam flowed through 

the rheometer cup and from there to the waste collector pump (Pump C). The proportion of scCO2 

to foaming mixture was chosen to be 9 to 1 based on previous observations by our group 32,63. The 

measurements were carried out in dynamic (constant flow of foam solution), static (stagnant foam 

liquid in the cup) and ramp (variable shear rate in static mode). During the static and ramp modes 

45 to 120 data points were collected with 30-second time intervals. The Rheoplus software was 

used to set the rheological adjustments. The main rheometer unit was connected to a PC software 

and a waste pump collector. 
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Figure 31. Process flow diagram for rheometer setup, reprinted with permission from 28 ACS 2019 

3.7. Raman spectroscopy 

Raman spectra of lyophilized powders were determined by using a LabRAM ARAMIS 

Raman spectrometer (LabRAM HORIBA Jobin Yvon, Edison, NJ) with a HeNe laser (λ = 633 

nm, power = 17 mW) as an excitation source. The instrument conditions were: 200 µm confocal 

hole, 150 µm wide entrance slit, 600 g/mm grating, and 50X long working distance objective 

Olympus lens. Data acquisition was performed using LabSPEC 5 (HORIBA Jobin Yvon). The 

samples were mounted in a computer-controlled, high-precision x–y stage. Spectra were acquired 

over a range of 700–2400 cm−1 with 60 s exposure time and 10 times accumulation.   

The acquired Raman spectra were processed using Matlab (the MathWorks, Inc. Natick 

MA, USA) to smooth the curves (through binning adjacent data points), to remove digital noise 

(through binning adjacent data points) and to remove the fluorescence background (by subtracting 

a fifth order polynomial fit to the original spectrum). Furthermore, contributions to the spectra 

from cosmic rays were removed manually when appropriate. The spectra of mixtures of PECNP 

and surfactant (1:9 ratio) were fit with average surfactant and PECNP spectra using least-squares 
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fitting in a manner similar to the method described by Shafer-Peltier for modeling of biological 

Raman spectra 116.  

Spectra of dextran sulfate and Polyethyleneimine were also collected in the same manner 

to aid in data interpretation and peak assignment but were not included in the model. Vectors 

representing each fit were created using the MATLAB polyval function and residuals of each fit 

were determined. An average of three to four spectra were then used (except in the case of the 

PECNP:Surfactant complex spectra) for further analysis.  

3.8. Transmission Electron Microscopy (TEM) 

5 µl of solutions of PECNP and PECNP-surfactant mixture were placed onto a 300 mesh 

Lacey carbon copper grid (EMS LC 300 Cu), respectively, for 1 minute and blotted twice with a 

filter paper. The 300 mesh copper grid with PECNP and PECNP-surfactant mixture was examined 

using a 200 kV FEI Tecnai F20 XT field emission transmission electron microscope at an electron 

acceleration voltage of 160 kV. TEM images were captured using a normative and standardized 

electron dose on eucentric specimen stage and a constant defocus value from the carbon-coated 

surfaces. Images were randomly acquired in a size of (1024 x1024) pixel resolution at 10 different 

locations within the grid.   

3.9. View cell, dynamic fluid loss and sand pack measurements 

The scCO2 foam stability, core fluid loss properties and fracture clean up performance were 

examined via a high pressure-high temperature foam flooding apparatus utilized with shear loop 

mixer, sapphire view cell, dynamic fluid loss and sand pack modules. The internal view of foaming 

flood apparatus is shown in Figure 32. Figure 32a reflects the view cell, vertical core holder and 

modules for fluid loss and sandpack and Figure 32b represents the close view of sandpack and 

housing for view cell module.  
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The foam is generated with in-line mixing of scCO2 foam (40°C, 1350 psi) and the aqueous 

solution (surfactant or PECNP:Surfactant solutions) prepared in 33.3 kppm and 66.7 kppm high 

salinity brine with different proportions of PECNP:Surfactant (1:9, 2:8, 3:7, and 6:4, with 0:10 

being the surfactant solution itself). The process flow diagram (PFD) of the system is presented in 

Figure 33. 

Figure 32. Internal view of high pressure-high temperature foam flooding apparatus (a) view cell, 

vertical core holder and modules for fluid loss and sandpack (b) the close view of sandpack and 

housing for view cell module 
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Figure 33. Flow diagram for high pressure, high temperature CO2 foam flooding setup with view cell foam 

stability module, fluid loss and sand pack modules. Pathways A, B and C represent the foam flow through 

view cell, dynamic fluid loss and sand pack modules, reprinted with permission from 28 ACS 2019 

The foaming liquid is mixed with scCO2 and the components are directed toward the 

Swagelok inline mixer with 7 μm pore size. The generated foam is then directed to the view cell 

to measure the foam stability and foam textural properties. A GoPro camera was set to record the 

foam height on every minute. Figure 34 illustrates the foam generation and degradation in view 

cell captured by GoPro camera.  
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Figure 34. View cell measurements carried out to measure the foam stability in absence of oil, captured by 

GoPro camera inside the high pressure-high temperature foam flooding apparatus. (a) Foam isolation in the 

view cell (b) foam degradation (c) fully drained and destabilized foam, reprinted with permission from 28 ACS 

2019 

 After the foam was established in the view cell, oil was immediately introduced to the 

view cell to evaluate the stability of the of scCO2 foam in the presence of crude oil. Figure 35 

depicts the process of foam destabilization in presence of oil captured by GoPro camera. 

 

Figure 35. View cell measurements carried out to measure the foam stability in presence of oil, captured by 

GoPro camera inside the high pressure-high temperature foam flooding apparatus. (a) Foam isolation in the 

view cell (b) Introduction of the oil (c) Foam drainage in the presence of oil (d) Total foam disappearance and 

oil dominance, reprinted with permission from 30.  SPE 2018. 
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The generated foam could also be directed to the fluid loss module embedded low with a 

permeability Kentucky sandstone (Table 3) sitting perpendicular to fluid flow to measure the 

ability of fracturing fluid to prevent the leak-off in the tight formation.  

Table 3. Physical properties for Kentucky sandstone core, data provided by Kocurek Industries. Reprinted 

with permission from 17 Copyright SPE 2018. 

Core Gas Permeability Brine Permeability Porosity UCS Strength 

Kentucky Sandstone 

Core 
1 to 5 mD 0.18 mD 14% 8000 psi 

 

The fluid loss module is presented in Figure 36 as a core sits adjacent to the fluid flow path 

and degree of fracturing fluid flow and leak-off in low permeability rocks were measured. The 

scCO2 foam was generated and directed to the fluid loss setup where the tight core was exposed to 

foam flow. Two pathways directed the flow through the cell, one was adjacent to the core and the 

other through the core (fluid loss). The volume of gas and liquid coming out of the core were 

recorded versus time.   

 

Figure 36. Fluid loss module from different views used in HPHT CO2 foam apparatus (side and top view) 17 

Copyright SPE 2018. 
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The volume of lost gas and liquid through the core and their corresponding fluid loss 

coefficient were measured according to equation 117: 

2-3                                                                 𝑉𝐿 = 𝐶𝑤√𝑡 + 𝑆𝑃 

Where VL is the total fluid loss volume (gas and liquid), Cw is fluid loss coefficient (wall-

building coefficient) and Sp is the volume leaked off before any filtration occurred. 

The mixture of scCO2 and foaming solution can also be directed to a pack of low density, 

20/40 mesh size, ceramic proppant (CARBOECONOPROP provided by CARBO CERMAICS 

INC.) 118 Saturated with high salinity brine (predetermined pore volume) and MLP crude oil. The 

sequence for sand pack experiment includes primary brine flood to measure the initial pack 

permeability, oil flood for pack saturation, foam flood for pack clean-up and secondary brine flood 

for final pack permeability after clean-up. The pressure difference across the dynamic fluid loss 

and sand pack is monitored with Validyne pressure transducers linked to Gamry data analyzer. 

The system contains the left transfer cylinder filled with foaming solution and right transfer 

cylinder filled with MLP crude oil with properties provided in Table 4.  

Table 4. MLP crude oil physical properties 

Oil Viscosity (40 °C, 1.66 s-1) Density 

Mississippian crude oil   3.88 cP 0.83 g/cm3 

 

3.10. Macro visualization experiments 

A novel foam visualizing system is presented in this work to investigate the scCO2 foam 

structure including bubble shape, size and distribution, lamella stability and instability in the 

presence of oil for hydraulic fracturing applications, which is also applicable to EOR. The scCO2 

foam stability was examined via a high-pressure, high-temperature foam flooding apparatus 

utilized with transfer cylinders, inline mixer, sapphire view cell and back pressure regulators 

(BPR). The schematic of the system is presented in Figure 37. 



57 
 

 

Figure 37. Flow diagram for high-pressure, high-temperature CO2 foam flooding setup with view cell foam 

connected to high resolution camera and visualization unit 

For more accurate microstructural observations with engineered light source, a 14 MP 

monocular digital microscope camera from AIHOME with 180X or 300X zoom c-mount lenses 

was employed to analyze the microstructure and real time bubble dynamics of generated foam in 

the view cell. An adjustable arm was set on the set-up to alter the horizontal and vertical movement 

of camera. Pixel size with this camera is 1.43*1.43 μm and 60 fps frame rate. The R/G/B colors 

are adjustable and five times digital zoom is possible with the software (manual zoom: 180X). 

Figure 38 reveals the picture of deployed AIHOME monocular microscope camera including the 

main module and camera lens and c-mount lens dimensions.  
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Figure 38. Multiphase visualization with millimetric field of view. The light source location is on top of the 

camera or on other positions with respect to the camera to adjust light reflection for photography 

Working distance and zoom capability are important to adjust a clear view for mechanistic 

studies and Figures 37, 38 demonstrate the setup utilizing this camera in combination with view 

cell while illumination source location varies in order to obtain an optimum light in the picture. 

The light source location can be set direct on the camera or it can be located on other positions 

with respect to the camera to avoid the blurriness of 3D foam in observation.  

3.11. Image processing  

The obtained images with AIHOME camera are analyzed with special dedicated software 

HAYEAR to obtain the bubble size correlated to each picture. The HAYEAR software graphic 

user interface for image and video capture and analysis. Once the bubble dimension and scale 

(pixel/distance) is known, a general image analysis tool ImageJ (ImageJ, an open-source Java 

image-processing program inspired by NIH image) coupled with MATLAB image processing tool 

(the MathWorks, Inc. Natick MA, USA) are employed to enhance the quality of images including 
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light, contrast and sharpness and to obtain the average bubble size and bubble size distributions 

for each foam microstructural image (Figure 39).  

 

Figure 39. Image processing levels on pictures obtained in field of view (a) original image cropped to find 

optimum lighting in the area (b) Matlab processed image with corrections of light, contrast and sharpness  (c) 

Image J processed to black and white contrast (d) final processing with water-shed segmentation method to 

find the pore size and pore size distribution 

For higher magnifications, it is possible to observe and quantify the singular bubble 

phenomena such as lamella drainage, bubble coalescence and disproportionation as well as snap-

off, lamella division and leave behind mechanisms 119. The enhanced image with MATLAB is 

then processed through ImageJ for pore size distribution analysis. The pore size distribution is 

obtained with the following protocol. First, the desired area of the picture is selected and 

duplicated. Then, the image is converted to gray scale (8-bit image type). The known distance 

obtained from HAYEAR software is entered to ImageJ with ‘Set Scale’. FFT Bandpass Filter 

command filters large structure down to 160 pixels. “Adjust Threshold” is employed to create the 

black and white contrast between two phases. By checking “over/under” the contrast is varied in 

a green and black colored background and on B&W, the ultimate black and white contrast is set. 

Eventually, using analyze particles with setting size range on 5 to infinity and selecting to show 

overlay, the summary of particles and particle size distribution is obtained. “Analyze particle” in 

imageJ determines the bubble size distribution. Some larger bubbles with this method are ignored 

and more accurate analysis is required. More accurate analysis for pore or bubble size distribution 

of 2D porous media images was introduced by Rabbani and coworkers to detect pore and throats 
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for analyzing the connectivity and permeability of the network 120. The method can also be applied 

to 2-D images. Using the method introduced by this group (online – open access MATLAB code 

85) and input of resolution (micron/pixel) specific to each picture, the bubble size distribution and 

bubble map area are obtained. Their analysis is deemed to be more accurate due to detection of 

vast majority of bubble areas in the map compared to original processed photo shown in Figure 

39d. The introduced method by Rabbani et al is a new computational algorithm to detect pore (or 

bubble) network by coupling distance function and watershed segmentation 120. These results are 

comparable with commercialized foam analysis systems. Accordingly the remainder of PECNP-

surfactant generated scCO2 foams can be analyzed with a combination of three steps: (i) image 

quality enhancement with MATLAB image processing toolbox (ii) black and white phase 

differentiation and saturation enhancement with ImageJ (iii) using computational network 

algorithm introduced by Rabbani et al 85 to detect bubble area and distribution in the corresponding 

micrograph. 

3.12. Microfluidic device fabrication (Photolithography)  

2D CAD design is drawn with predetermined size for fracture and micro cracks. 

Figure 40 represents the 2D CADs for photomask printing alongside the magnified main 

features.  

 

Figure 40. 2D CADs for photomask printing (a) chip #1 and (b) chip #2 (main features are magnified in lower 

right of each design) 



61 
 

An area of interest is selected as bounding box to confine the dimensions and desired 

medium. The main channel within the box is 127 μm wide and 2.2 cm long which serves 

as subsurface fracture. Array of microcracks are all connected to the middle part of main 

channel and they are distributed with their sequential proportions (1:8, 1:4, 1:2), to the main 

channel (127 micron) so the order of channel widths in the main module is 127 μm (left), 

15.87 μm, 31.75 μm, 63.5 μm and 127 μm (right). The main fracture is linked to circular 

inlet/outlet ports with 0.04 cm diameters for homogenous dispersion of multiphase fluids 

upon injection/extraction. The design was submitted to Fine Line Imaging company to print 

the photomask with resolution of 20,320 DPI (for 12 µm minimum feature size) on high-

contrast, polyester-based transparent films. Figure 41 illustrates the printed photomask.  

 

Figure 41. Photomask printed by Fine Line Imaging company on polyester transparent films, reprinted with 

permission from 121 JOVE 2020 

In-house made UV light source is employed to transfer the computer-aided designed 

CAD patterns from the mask to photoresist layer on borofloat glass substrate (provided by 

Telic company) coated with chromium and photoresist layers. Figure 41 exhibits the 

Illustration of in-house collimated UV light source containing LED light sources and a 

stage.  
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Figure 42. Illustration of in-house collimated UV light source. (a) Photograph and (b) A schematic of 

laboratory UV light stand containing LED light sources and a stage, reprinted with permission from 121 

JOVE 2020 

The patterns are transferred to the photoresist by altering its solubility as a result of 

its exposure to UV light. A full-spectrum, mercury-vapor lamp may serve as the UV source. 

The use of a collimated, narrow-band UV source, however, improves the quality and 

precision of the fabrication significantly. This work uses a photoresist with peak sensitivity 

at 365 nm, a collimated UV source consisting of an array of light emitting diodes (LED), 

and an exposure time of approximately 150 s. This UV source is a developed in-house and 

offers a low maintenance, low-divergence, collimated UV light source for lithography. The 

UV source consists of a square array of nine high-power LEDs with a target peak emission 

wavelength of 365 nm at 25 °C (3.45 mm x 3.45 mm UV LED with Ceramic substrate. A 

light-collecting UV lens (LED 5 W UV Lens – see Table of Materials) is used on each LED 

to reduce the divergence from ~70° to ~12°. The divergence is further reduced (~5°) by 

using a 3 x 3 array of nine converging polyvinylchloride (PVC) Fresnel lenses. The setup 

produces collimated and uniform UV radiation over a 3.5-inch squared area. The details of 
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the fabrication of this low-cost light source for UV lithography is adapted from the method 

presented by Erickstad and co-workers 122 with minor modifications123,124. Figure 41 

illustrates the LED UV light source mounted on the celling of UV stand alongside the stage 

at the bottom for substrate UV exposure (the procedure is performed in a darkroom). The 

UV stage is placed 82.55 cm from the nine Fresnel lenses that are mounted on a rack 13.46 

cm below the rack that houses the LEDs. As seen in Figure 41a, there are four small fans 

(40 mm x 40 mm x 10 mm 12 V DC Cooling Fan) on the bottom of the plate that houses 

the LEDs and there is a larger fan (120 mm x 38 mm 24 V DC Cooling Fan) on the top. 

Three variable DC power supplies are used to power the LEDs. One power supply feeds 

the center LED at 0.15 A, 3.3 V; one power supply feeds the four corner LEDs at 0.6 A,14.2 

V; and one power supply feeds the remaining four LEDs at 0.3 A, 13.7 V. The stage, shown 

schematically in Figure 41b, is divided into 1 cm2 sub-areas and the intensity of the UV 

light is measured in each using a UV power meter (Table of Materials) that is equipped 

with a 2W 365 nm robe assembly. On average, the UV light has an average strength of 4.95 

mW/cm2 with a variability characterized by a standard deviation of 0.61 mW/cm2. Figure 

42 presents a color-coded plot of UV intensity map for this UV light source. The intensity 

over the region of 10 cm by 10 cm is relatively uniform with values ranging from 4 to 5 

mW/cm2 in the center of the stage where the substrate is placed and exposed to the light.  
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Figure 43. Color-coded plot of UV intensity in a 10 x 10 cm2 area of the stage where the substrate is placed for 

UV exposure. UV intensity values range from 4 to 5 mW/cm2 as recorded using a UV meter, reprinted with 

permission from 121 JOVE 2020 

The use of the UV source may be coupled with UV blocking shields/covers for its 

safe use. Additional safety measures may include the use of UV safety goggles (Laser Eye 

Protection Safety Glasses for Red and UV Lasers – (190–400 nm)), face-shields marked 

with the term Z87 that meets the ANSI standard (ANSI Z87.1-1989 UV certification) to 

provide basic UV protection, lab coats and gloves to minimize the exposure. 

Photo-developer solution is used to dissolve the radiated features in the positive 

photoresist (40 s). The substrate is submerged in chromium etchant (provided by 

TRANSENE) at 40 °C for 40 s to transfer the pattern from the photoresist to the chromium 

layer. The process is shown in Figure 44. 
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Figure 44. Schematics of photolithography and thermal bonding fabrication process for borosilicate glass 

substrate in 16 steps, reprinted with permission from 121 JOVE 2020 

The backside of the borosilicate glass is coated with Hexamethyldisilazane (HDMS, 

KMG Electronic Chemicals) and photoresist for protection against BD etchant and then is 

submerged in BD (buffered) etchant (provided by TRANSENE) for a predetermined 

amount of time. The channel depth (etched feature) is examined via laser scanning confocal 

microscopy at this point for dipped substrate in BD etchant (Figure 45). In this work, a 10x 

magnification is used for data acquisition. Once channel depths are satisfactory, move to 

the cleaning and bonding stage. 

OLYMPUS OLS4000, Lext 3D measuring laser microscope was used to optically 

examine the pattern on the surface of the glass microchips. The observation was performed 

to visually examine the top view of pattern, to measure the channel width and to identify 
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possible flaws. A dedicated software was employed to analyse the dimensions and 

topography.  

 

 

Figure 45. Examination of channel depth via confocal microscopy for substrate dipped in BD-etchant for 136 

h (no sonication in this case). (a) channel overview (b) channel depth measurement (~43 μm), reprinted with 

permission from 121 JOVE 2020 

The etched substrate is then pre heated and submerged in N-Methyl-2-pyrrolidone 

(NMP, Ultra-Pure Solutions, Inc) solvent at 65 °C for 30 min to remove all photoresist. The 

cleaned substrate is submerged in chromium etchant (40 °C) for 40 s to remove the 

remaining chromium layer from the substrate and then the channel depths is characterized 

using laser scanning confocal microscopy. (This work uses a 10x magnification for data 

acquisition) (Figure 46). 
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Figure 46. Examination of channel depth via confocal microscopy for a substrate with chrome layer removed 

after NMP rinsing. (a) Channel overview. (b) Channel depth measurement (~42.5 μm), reprinted with 

permission from 121 JOVE 2020 

The positions of the inlet/out holes are marked on a separate blank borosilicate 

substrate (cover plate) by aligning the cover plate against the etched substrate. holes are 

blasted in the marked locations using a micro abrasive sandblaster and 50 μm aluminum-

oxide micro sandblasting media. Both the etched substrate and the cover plate are cascade 

rinsed with DI water. The substrate and cover plate then dried, and RCA wafer cleaning 

procedure is performed 121. The substrate is submerged alongside a sand-blasted cover plate 

with drilled inlet/outlet holes in a boiling Piranha solution for 20 min to remove all the 

remaining debris. Both glass pieces are submerged in BD etchant for 30 s and to clean the 

surfaces and then in 6:1:1 volume solution of H2O: H2O2: HCl for 10 min to remove the 

inorganic impurities (H2O2 and HCl from Fisher Chemical). The solution containing the 

glass pieces are moved to glovebox/clean room. The glass pieces are submerged in DI water 

and they are pressed by matching the sides firmly against each other to create a stack for 

bonding process. The stack is placed between the two ceramic plates and it is placed in a 

vacuum oven (100 °C) for 60 min followed by main thermal bonding process in 
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temperature-controlled oven (1 °C/min heat up to 660 °C for 6 h). The schematics of 

thermal bonding processes are illustrated in Figure 47.  

 

Figure 47. Schematic of thermal bonding process. (a) Placing two glass wafers between two smooth ceramic 

plates. (b) Placing the ceramicplates between two metallic plates and tightening the bolts. (c) Placing the 

metallic and ceramic holder containing the substrates inside a programmable furnace to achieve the desired 

temperatures for thermal bonding, reprinted with permission from 121 JOVE 2020 

Figure 48 summarizes the laboratorial steps involved with fabrication and testing of glass 

microfluidic chip with UV lithography and thermal bonding approach.  

 

Figure 48. UV lithography and thermal bonding fabrication method of glass microfluidic device. (a) 

Fabrication process for fractured media microfluidic deviceusing photo-lithography (a.i) design for a positive 
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photoresist, (a.ii) printed photomask on a polyester-based transparency film, (a.iii) blank 

andphotoresist/chrome coated glass substrates, (a.iv) transferring the pattern to the substrate via UV 

radiation, (a.v) etched substrate, (a.vi) etchedsubstrate after chrome layer removal and the blank substrate 

prepared for thermal bonding, (a.vii) thermally bonded device, and (a.viii) scCO2 injection, reprinted with 

permission from 121 JOVE 2020 

3.13. SLE Microfluidic device fabrication  

The design of geometrical patterns for Selective Laser Etching (SLE) requires 

development of a three-dimensional CAD design inspired by 2D network of fracture/micro 

channels (Figure 49). A 2D scheme comprising geometrical features and flow patterns Is 

designed using AutoCAD (Autodesk, San Rafael, CA) with features that are representing 

microcrack/fractures to study the foam stability and transport (Figure 49).  

 

Figure 49. A process of fracture emulation on SLE glass microchip for subsurface oil recovery of tight shale 

formations (a) hydraulic fracturing of tight shale formations is considered as application model (b) real 

fracture geometry on rock samples are obtained. (c, d) simplified pseudo fracture network is designed by 

AutoCAD in 2D and 3D format. (e) Laser printing of pseudo fracture network on fused glass microchip (f) 

completed SLE chip after post processing, reprinted with permission from 121 JOVE 2020 

SLE designs mainly follows 2D design for UV lithography and include the 

additional step of extruding the two-dimensional design to the third dimensions and 
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incorporating inlet and outlet ports (Figure 50). In this work, the designs used in SLE 

fabrication have features that are 254 μm in depth and the flow network design is positioned 

approximately 1746 μm from one face of a 4.5 mm thick glass chip.  

 

Figure 50. 3D CAD designs for (a) chip #1 and (b) chip #2, reprinted with permission from 121 JOVE 2020 

Following CAD design, the SLE chips are fabricated from Fused silica glass 

(SIEGERT WAFER GmbH) by LightFab GmbH, Germany to generate the 3D structure in 

a subtractive 3D printing process. A LightFab 3D printer with scanning focused ultrashort 

pulsed laser (femtosecond laser) source from Trumpf GmbH, Ditzingen, Germany is used 

to locally change the glass properties in focal volume with pulse duration of 0.5 ns, a 

repetition rate of 50 kHz, pulse energy of 400 nJ, and a wavelength of 1.06 μm. The 

maximum processing area and depth in the glass substrate are 200 x 200 mm2 and 7 mm, 

respectively. A microscope with a 20X objective lens (Zeiss) and 10 mm working distance 

is employed. A linearly polarized laser beam oriented perpendicular to the stage was used 

to write the pattern in the substrate. The etching rate for treated glass and untreated glass 

are reported as ~250 μm/hour and ~0.25 μm/hour, respectively. The time of the process for 

bulk etching is referred to as ‘write time’ during which the laser obliterates a fraction of the 

glass substrate and the channels are formed. The write time of 1 month are allocated to 
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etching process. Chips were manually singulated to an accuracy of ± 1 mm and a channel 

width tolerance of +/- 5 μm. Accordingly, the desired geometrical pattern is etched inside 

the glass substrate. The process was followed by a wet etching step to remove the glass 

debris. KOH 32 wt% at 85˚C with sonication (ultrasound) was used for this purpose. The 

fabricated chip is pressure resistive and the pressure resistivity up to 9.65 MPa was 

confirmed during scCO2 foam injection. The summary of this method is depicted in Figure 

51.  

 

Figure 51. SLE design and fabrication process. (a) Schematic of SLE design and fabrication process (this 

figure has been reprinted with permission from Elsevier27), and (b) the resulting 3D printed microfluidic 

device. Design and fabrication steps include (a.i) designing the innervolume of channels, (a.ii) slicing the 3D 

model to create a z-stack of lines to define the laser path, (a.iii) laser irradiation on the polished fusedsilica 

substrate, (a.iv) preferential KOH etching of laser etched materials, and (a.v) the finished product, reprinted 

with permission from 121 JOVE 2020 

It is worth noting the dry etching inside the glass silica bulk could be performed via two 

approach namely (i) channel widening and (ii) welding. The proposed channels were considered 

long for laser etching, thus, widening towards the entrances for the etching fluids was employed 

and accordingly time frame of the etch required to clear the smallest channel led to some non-

uniformity in the outer channels, nevertheless, the approach is preferred over welding where the 
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model is sliced into two halves at the top of the channels and the channel is written in one of halves 

so the narrow inlets are written in other half (lid) and a weld line is written along the edge of each 

channel. Although, the welding approach reduces the write time and leads to more accurate 

dimensions, it is expected the pressure resistivity of the chip is affected and thus widening 

approach was authors’ choice to maintain the integrity of the chip for harsh reservoir applications.  

3.14. scCO2 foam injection/isolation experiments  

3.14.1- High-pressure holders for the microfluidic device 

Figure 52 shows a close-up view of high-pressure holders. The holder comprises two pieces 

made of 304 stainless steel at Department of Chemical engineering, University of Wyoming. As 

shown in Figure 52a, these plates feature an opening that accommodates the typical microfluidic 

devices built in the laboratory at the University of Wyoming. The two plates are connected via hex 

socket cap screws. Inlet-outlet lines are fixed in place via the threaded through-hole in each holder, 

which protects the ports from leaks mechanically by applying compressive force against the 

sandblasted hole in the device. As such, the holders also protect the microfluidic device from 

dislocation during high pressure injection without the need for adhesive-based sealants. The 

through-hole in the holder and the hex socket cap screws are shown in Figure 52b. The hex socket 

cap screws are spaced center-to-center 35 mm apart. The top plate (Figure 52b) is 43 mm x 150 

mm x 12 mm thick, and the bottom plate is 43 mm x 150 mm x 5 mm thick. The housing for the 

microfluidic device is 112 mm x 25 mm deep x 5 mm high; it is formed in the top plate and reduces 

the thickness of the top plate to 7 mm. 
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Figure 52. High-pressure holder for microfluidic devices; a) close-up view of the holders during a flow 

experiment, and b) close-up view of a single holder, reprinted with permission from 121 JOVE 2020 

scCO2 foam microscale texture, fracture transport, stability and loss properties are 

examined via a high-pressure foam flooding apparatus utilized with microchip module, 

high resolution Phase one camera system, illumination source and advanced computing 

image processing unit. The schematic of the system is presented in Figure 53.  
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Figure 53. (a) schematic of high-pressure CO2 foam injection and visualization of microchip in laboratorial 

scale; the system is capable of scCO2 foam generation as well as oil injection through the microchips. The 

simultaneous visualization is performed by high resolution camera and fast processing units. (b) The photo of 

the actual setup in the lab in Professor Saman Aryana’s lab in Chemical Engineering Department, University 

of Wyoming, reprinted with permission from 121 JOVE 2020 

Figure 54 reveals the main module containing the chip holder (Figure 54a) and 

visualization system (Figure 54b). Schematic of high-resolution visualization system is depicted 

in Figure 54b.  
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Figure 54. Microfluidic device placed inside a holder and the imaging system comprising a high-resolution 

camera and an illumination system. (a) A photograph of laboratory setup, and (b) schematic of a lab-on-a-

chip under observation via the high-resolution camera and illumination system, reprinted with permission 

from 121 JOVE 2020 

The CO2 and high saline brine are compressed and co-injected at (40°C and ~ 8.6 

MPa). The mixture of scCO2 and pressurized high saline brine are mixed (through glass 

micro bead pack and Swagelok inline mixer with 7 μm and 15 μm pore size) and directed 

to the microchip held by pressure holders. The back pressure is applied at outlet to maintain 

the control on pressure of the injecting fluid. The initial flow rate is selected to achieve a 

range of foam qualities (FQ) including of FQ = 90% (5.4 ml/min scCO2 and 0.6 ml/min 

brine containing surfactant/nanoparticle).After foam generation is detected at outlet, the 

flow rate is dropped 100 times and low flow rates are maintained up to 30 min to stabilize 

the flow inside the micromodel. For stability measurements, the flow is stopped, and 

inlet/outlet valves are closed instantly, so the multiphase fluid inside the chip is isolated 

and visual characterization is executed. The microscale observations are performed with 
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Phase One IQ260 Camera mounted on DT Versa capture station manufactured by DT 

Scientific and LED light box from the bottom provided the requires backlight luminance 

and image processing unit. The images are captured, processed and stored electronically 

via Capture One software running on computer with high power (INTEL® Xenon® CPU 

E5-2687W v2 @ 3.40GHz, 3.40GHz  (dual processors)) and graphic capability (NVIDIA 

Tesla K20 Graphic Card - 706 MHz Core - 5 GB GDDR5 SDRAM - PCI Express 2.0 x16). 

At the end of observation, the valves are opened, heaters are turned off and depressurization 

to ambient condition is performed. The micromodel channels are flushed with DI water 

multiple times. In case of hydrocarbon injection, the microfluidic device must be 

thoroughly cleaned using a cleaning protocol in the following order: brine containing 

surfactant/nano particle to rinse the oil, DI water to rinse the surfactant/nanoparticle. 

3.15. Image analysis and post processing  

The obtained images with Phase one IQ260 camera are analysed with special 

dedicated software Capture One 12 to convert the obtained pictures to editable format 

(Tiff). Once the bubble dimension and scale are known, MATLAB image processing tool 

(the MathWorks, Inc. Natick MA, USA) coupled with a general image analysis tool ImageJ 

(ImageJ, an open-source Java image-processing program inspired by NIH image) are 

employed to enhance the quality of images including light, contrast and sharpness and to 

obtain the average bubble size and bubble size distributions for each foam microstructural 

images with known pixel/distance parameter. Figure 55 depicts the image processing steps 

in this work.  
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Figure 55. Image post processing steps after obtaining the image from injection/visualization unit. (a) 

Obtained image in original form (b) correction of light/contrast/sharpening by MATLAB (c) applying the 

black/white contrast to processed image (d) corresponding bubble size distribution measured by ImageJ, 

reprinted with permission from 121 JOVE 2020 

The enhanced image with MATLAB is then processed through ImageJ for bubble 

size distribution analysis. The pore size distribution is obtained with the following protocol. 

First, the desired area of the picture is selected and duplicated. Then, the image is converted 

to gray scale (8-bit image type). The known distance obtained from optical/microCT 

observations is entered to ImageJ with ‘Set Scale’. FFT Bandpass Filter command filters 

large structure down to 160 pixels. “Adjust Threshold” is employed to create the black and 

white contrast between two phases. By checking “over/under” the contrast is varied in a 
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green and black colored background and on B&W, the ultimate black and white contrast is 

set. Eventually, using analyze particles with size range 1 to infinity and selecting to show 

overlay, the summary of particles and particle size distribution is obtained. “Analyze 

particle” in ImageJ determines the bubble size distribution. Some larger bubbles with this 

method are ignored and more accurate analysis is required.  

3.16. Micro-CT Analysis  

Three-dimensional (3D) micro X-ray computer tomography (Xradia MicroXCT-

400, Carl Zeiss Microscopy, LLC, Thornwood, New York) optimized for non-destructive 

imaging of complex internal structures was employed for identification of microchip 

internal structure. The instrument was equipped with 90 keV Microfocus X-ray source and 

2K*2K CCD camera and an X-ray detector with a pixel resolution of about 0.3 mm and 

spatial resolution of less than 1 mm. The transmission X-ray imaging of the samples was 

performed using an X-ray tube with a tungsten anode setting of 50 kV at 8 W. The 3D 

images were constructed with the help of the software “XM Reconstructor 8.0” (Carl Zeiss 

Microscopy, LLC, Thornwood, New York), using 1600 images taken at 35 s and 40 s 

exposure time per image for microchip #1 and #2 respectively. 
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Chapter 4: Results and Discussion  

4.1. Molecular complexation mechanism (Fracturing, EOR) 

Complexation of surfactant and PECNPs were investigated for foam flow through fractures 

in tight shales (hydraulic fracturing) and foam flow through porous carbonate reservoirs (EOR 

application).  

4.1.1. Complexation for foams in hydraulic fracturing  

Aqueous mixtures of PECNP and Zwitterionic surfactants presented in section 2.1 were evaluated 

with light scattering techniques such DLS, TEM and Raman Spectroscopy.  

4.1.1.1 Particle size and zeta potential measurements.  

The particle size and zeta potential values for variety of PECNP to surfactant proportions 

(1:9, 2:8, 3:7 and 4:6) in 33.3 kppm and 66.7 kppm brine solutions are presented in Figure 56. 

 

Figure 56. Particle size and zeta potential measurements for PECNP and different proportions of PECNP to 

surfactant in 33.3 kppm and 66.6 kppm brine systems, reprinted with permission from 28 ACS 2019 
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For 33.3 kppm brine system, PEI and DS form PECNPs within the size range of 132 to 140 

nm with an average zeta potential of +16 mV (Figure 56a,c) due to an excess of amine functional 

groups on the outer layer of the nano-aggregates resulting in a positive charge (PEI:DS 3:1). 

Addition of nanoparticles with the lowest proportion (1:9) to the surfactant solution enhances the 

average particulate size, preventing the fluid loss of the final mixture by bridging the pores on the 

surface of the rock matrix 125. Nevertheless, further addition of PECNP lowers the average particle 

size due to precipitation and charge instability 5,126 (Figure 56a). Accordingly, PECNP:surfactant 

with the 1:9, 2:8 and 3:7 ratios represent the highest positive zeta potential on the surface of 

nanoaggregates and no further stable charge accumulations were observed for higher proportion 

of PECNP in the 33.3 kppm brine system due to ionic and charge imbalances on the PECNP and 

surfactant coagulates, allowing electrostatic attractions of opposite charges and electrostatic 

instabilities. Considering the combined effect of particle size and charges, the 1:9 and 2:8 ratio for 

PECNP:Surfactant are the prime candidates to stabilize the CO2 - water lamella and prevents the 

fluid loss in 33.3 kppm brine mixtures.  

Particle size and potential for ionic mixtures at 66.7 kppm system are represented in Figure 

56b, d. Addition of PECNP to WLMs directly enhances the particle size and positive potential. 

Higher salinity enhances the hydrophilicity of formed nanoparticles and it accelerates the 

aggregation of PECNPs, and PECNP-surfactant due to weakening of electrostatic repulsions and 

higher concentration of divalent ions 127. As previously reported, the stronger adsorption of 

nanoparticles on the lamellae and formation of an electrostatic dense layer in the lamella results in 

particles with larger zeta potentials 61,128, therefore, ratios of 3:7 and 4:6 result in optimal size and 

surface charge in the 66.7 kppm high salinity brine and the stable quasi colloidal particles of 

PECNP and surfactants (WLMs) can withstand harsh condition of high salinity brine. 
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4.1.1.2 Transmission Electron Microscopy (TEM) 

 Morphological representations of nanoparticles and surfactants in high salinity brines 

agree with the light scattering and Raman spectroscopy observations presented in sections 4.1.1.3. 

Figure 57 shows the TEM images for PECNP, 1 wt% surfactants and PECNP-surfactant (with 1:9 

ratio) prepared in 33.3 kppm high salinity brine. Formation of PECNPs as particles made by 

electrostatical interaction between PEI and DS is visible in Figure 57a, Figure 57b and Figure 57c. 

The size range of PECNPs is consistent with the predicted values of dynamic light scattering 

measurements (section 4.1.1.1). The 1 wt% surfactant solution in the high salinity brine exhibits 

the formation of WLMs as elongated rod-like surfactant aggregates (Figure 57d, e and f).  

 

Figure 57. TEM images for PECNP nanoparticle (a, b and c), 1 wt% surfactant (d, e and f), and complexes of 

PECNP: Surfactant 1:9 (g, h and i) prepared in 33.3 kppm high salinity brine. The semi dried mixtures were 

examined on copper grid, reprinted with permission from 28 ACS 2019 
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Initially, nanoparticle agglomerates with WLMs form ring-like structures. WLMs are 

formed and coiled in the presence of nanoparticles starting to merge with the nanoparticle as they 

cover the outermost layer of a PECNP. Decoration of micelles on nanoparticle is derived through 

the redistribution and direct adsorption of micelles on nanoparticles due to electrostatic attractions 

between the amine and sulfonate groups, confirmed by Raman spectroscopy (section 4.1.1.3). With 

time, the PECNP helps to form an elastic layer at the interface to overcome the foam coarsening, 

as, accumulation of elastic and positively charged hydrophilic particles at the plateau border 

hinders liquid drainage. Formation of stable nanogels in the form of vesicular structures (sphere to 

rod transition) was previously shown and studied in molecular dynamic simulations in 

cetyltrimethylammonium chloride (CTAC)-functionalized NP self-assembly 54,129, where double 

layer coverage of WLMs on oppositely charged and spherical nanoparticle induces the self-

assembly of nanoparticle- surfactant in an aqueous medium. 

4.1.1.3. Raman spectroscopy 

Figure 58 illustrates the identified characteristic bands in Raman spectra and corresponding 

functional groups for the mixtures of PECNP and 1 wt% surfactant prepared in 33.3 kppm brine. 
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Figure 58. The identified bands and corresponding assignments in Raman spectra for 33.3 kppm brine, 

surfactant,  PECNP, and PECNP:surfactant (1:9) in brine (a) and identification of key Raman bands (b) 

corresponding groups based on the values reported in the literature 130,131, reprinted with permission from 28 

ACS 2019 

The PECNP and surfactant spectra share many of the same bands, corresponding to their 

backbones and other shared functional groups. Of special note are the 1014 cm-1 and 1665 cm-1 

bands. The first represents a totally symmetric sulfate stretching mode associated with the 

surfactant (present to a very minor extent in the PECNP spectrum due to the dextran sulfate used 

to make the PECNP), while the second band represents the δN-H in plane bending generated by 

the nitrogen-hydrogen bonds and is unique to the polyehtyleneimine. A band around 1654 cm-1 is 

observed in the brine (and underlying some of the other spectra) that can be attributed to the 

remaining water present in the lyophilized samples 132,133. The 33.3 kppm brine spectrum has a 

weak band for free sulfate (SO4
-2) from Na2SO4 centered at 992 cm-1 134. The chemically bound 

sulfate band can be found at 1014 cm-1 in the three other spectra as that functional group is found 

in both the surfactant and the dextran sulfate used to make the PECNPs, although the relative 

intensity of this band varies significantly among the spectra. This observed shift is consistent with 
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previously reported findings by Wang and coworkers 135 about the noticeable band shift for SO4
2-  

band from 992 to 1010 cm-1 in titanium hydroxide complexation with sulfate.   

To better understand the changes in intensity of the sulfate signal, especially in the PECNP-

surfactant spectrum, a simple model was developed. Using least-squares fitting, four 

PECNP:Surfactant 1:9 Raman spectra (collected from different locations within the lyophilized 

samples) were fit with average PECNP and surfactant spectra. The residual of corresponding fit 

indicates locations within the spectra where the PECNP:Surfactant spectrum is not completely 

explained by the sum of the components. If the PECNP:Surfactant spectrum represented a mixture, 

rather than a change in chemistry, then its residual should represent the noise in the data, however, 

this is clearly not the case, as shown in Figure 59. In each residual, the sulfate band at 1014 cm-1 

stands out as significantly different, indicating that complexation between the PECNP and the 

surfactant occurs and that the complex itself has a unique Raman signature (possibly due to a 

change in chemical environment of the key functional groups). The strength of the sulfate band 

varies between samples, however, as the complexes are not homogenous, this should not be a 

surprise. There are other minor changes to peaks within the Raman spectrum, particularly at 1144 

cm-1, indicating that the changes due to complexation are not confined to the polyatomic anions. 
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Figure 59. The Raman spectra of four PECNP:surfactant 1:9 samples (blue) fit with average PECNP and 

surfactant spectra for surfactant (red dots) and corresponding residual (black, offset) along with zero 

residual line (also black, offset), reprinted with permission from 28 ACS 2019 

4.1.1.3.1. Raman spectroscopy 632.8 nm excitation wavelength post processing with MATLAB 

The mixture of PECNP and surfactant was fit with the model basis spectra (consisting of 

average spectra of PECNP and surfactant) using the least-squares method described by Shafer-

Peltier using MATLAB 116. Pre-processing of the spectra included fitting with a fifth degree of 

polynomial using MATLAB’s polyfit function. Vectors representing each fit were created using 

the polyval function and residuals of each fit were determined. An average of three to four spectra 

were then used (except in the case of the PECNP:Surf complex spectra) for further analysis. 

Cosmic rays were removed manually, and MATLAB’s smoothing function was used to bin 

neighboring points to remove digital noise. The magnified region of interest was selected and 
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normalized to initial data points at 1000 cm-1 (lowering the curves with the magnitude of intensity 

at 1000 cm-1). Figure 60 represents the normalized bands in magnified region 1000-1025 cm-1 for 

surfactant and PECNP in 33.3 kppm brine, clearly illustrating the intensifying the 1014 cm-1 band.  

 

Figure 60. Normalized bands in magnified region 1000-1025 cm-1 for surfactant and PECNP in 33.3 kppm 

brine, reprinted with permission from 28 ACS 2019 

4.1.1.4. FTIR 

To analyze the surfactant behavior in detail, the zwitterionic surfactant was characterized 

with Fourier transform-Infrared spectroscopy (FT-IR) to identify the chemical functional groups. 

As Figure 61 illustrates there exist characteristic bands for the surfactant mixture between 970 to 

1575 cm-1 as well as between 2800 to 3000 cm-1, which were not present in water spectrum (blue 

curve). As the majority of surfactant is composed of water (60-70 w/w % , Table 2), water bands 

(1580 to 1680 cm-1, 2000 to 2220 cm-1 and 3000 to 3700 cm-1) dominate the surfactant spectrum. 
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Figure 61. Fourier transform infrared spectra for water and Zwitterionic surfactant used in this study, 

reprinted with permission from 28 ACS 2019 

Stretching vibrations for alkyl aryl ether (C-O) and sulfonate and sulfonamide (S=O) 

chemical bonds were observed at 1177 cm-1. Medium bending for methyl group (C-H) was 

identified at 1457 cm-1 followed by medium to weak bending located at 1570 cm-1 for the amine 

group (N-H). Presence of other bending for amine, strong stretches for alkene, secondary amine 

and ketone are anticipated, however, coverage by H-O-H scissors in water overwhelmed the bands. 

Medium adsorptions at 2850 and 2924 cm-1 belong to C-H stretch in alkane and aldehyde (doublet). 

The down field bands such as expected surfactant amine stretches (N-H) and hydroxide (O-H) in 

the range of 3000 to 3700 cm-1 were covered by strong stretch resulted from the O-H bond from 

water molecules. The main functional groups are quaternary and secondary amines as well as 

pendant hydroxide groups, amide and sulfonate (R-SO3
-). Combination of ammonium and 
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sulfonate offers a zwitterionic surfactant with both cationic and anionic charge head groups 

capable of conjunction with PECNP in scCO2 lamella interface.  

Taken together the IR spectra (Figure 61), Raman data the surfactant structure resembles 

the amidopropyl hydroxysultaine with a long hydrophobic tail, sulfonate and quaternary 

ammonium pendant groups. The main functional groups are quaternary and secondary amines as 

well as pendant hydroxide groups, amide and sulfonate (R-SO3
-). Combination of ammonium and 

sulfonate offers a zwitterionic surfactant with both cationic and anionic charge head groups 

capable of conjunction with PECNP in scCO2 lamella interface.  

4.1.2. Complexation for foams in EOR 

4.1.2.1 Transmission Electron Microscopy (TEM) 

Morphological graphs of nanoparticles and surfactants in high salinity brines agree with 

the data obtained from previously reported light scattering results 63. Figure 62 represents the TEM 

images for 0.1 wt.% surfactants, PECNP, and PECNP:surfactant (with 1:9 ratio) prepared in 

33,667 ppm  salinity brine. The 0.1 wt.% surfactant solution in the high salinity brine exhibits the 

formation of micellar domains with less than 100 nm dimensions (Figure 62a, b and c). Formation 

of PECNPs as soft matters made by electrostatic interaction between PEI and DS is illustrated in 

Figure 62d, e, and f. The elctrostatic bonding between the PEI-DS complex and the surfactant is 

illustrated in Figure 62g, h and i. The size range of PECNPs is consistent with the predicted values 

of dynamic light scattering measurements (~ 200 nm) 28. 
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Figure 62. TEM images for 0.1 wt. % surfactant (a, b and c), PECNP (d, e and f), and complexes of PECNP: 

Surfactant 1:9 (g, h and i) prepared in 33,667 ppm salinity brine, reprinted with permission from 48 Elsevier  

2020 

Nanoparticle aggregation with N-120 micelles forms wormlike or vesicular structures 

comprising both nanoparticle and surfactant components electrostatically merged into each other. 

Figure 62f, g, and h illustrate the complexation of PECNP and N-120 micelles. Redistribution and 

direct bonding of micelles on nanoparticles is due to electrostatic attractions between the amine 

groups in PECNP and hydrated ether and hydroxide groups in N-120. The Raman spectroscopy 

data supports this interpretation. Accumulation of elastic and positively charged hydrophilic 

particles (complexes of PECNP-surfactant) at the plateau border and lamella interface hinders 

liquid drainage and foam coarsening. 
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4.1.2.2 Raman Spectroscopy 

 Figure 63 shows the Raman spectra and identified characteristic bands for lyophilized 

samples of brine, sulfate, 1 wt.% surfactant, PECNP and PECNP-surfactant prepared in 33,667 

ppm salinity brine.  

 

Figure 63. The Raman spectra for ionic species comprising the CO2-water lamella interface (b) Table of key 

Raman bands and corresponding groups based on reported values in the literature 131,137, reprinted with 

permission from 48 Elsevier  2020 

        The strong Raman band observed at 1014 cm-1 in the sulfate and PECNP spectra is 

characteristic of bound sulfate (Figure 63b). Its intensity varies greatly in lyophilized form, most 

likely due to orientation and potential concentration effects of the lyophilization process, and thus 

the sulfate contribution is being treated as a separate basis spectrum 138 (Figure 63a).  The sulfate 

band overlaps with the aromatic ring vibrations present in the N-120 spectrum at 1011 cm-1 and 

therefore the band observed at 1014 cm-1 in the PECNP-surfactant spectrum is likely the result of 

contributions from both sulfate and aromatic ring vibrations. Free sulfate (SO4
-2) from the Na2SO4 

dissolved in the brine can be found at 992 cm-1, in agreement with the literature 28,135. Bands 

between 1011 cm-1 and 1474 cm-1 represent a combination of aliphatic C-C bond vibrations, 
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aromatic ring vibrations, and anti-asymmetric -CH2,-CH3 vibrational modes in the surfactant 

backbone, while the band 1613 cm-1 indicates further existence of the aromatic ring present in N-

120 structure connecting the ethoxylated heads to the aliphatic tale (N-120 structure in Figure 28). 

The PECNP spectrum comprises the characteristic surface functional groups including sulfate and 

amine. The sulfate vibrational mode from dextran sulfate is located at 1014 cm-1. The relative 

intensity of sulfate band varies significantly among the spectra of PECNP, surfactant and the 

mixture of PECNP-surfactant. This observation is consistent with our previously reported results 

for shift and intensification of SO4
2-  as a result of electrostatic complexation between zwitterionic 

surfactant and PECNPs 138. Bands centered at 1327 cm-1 and 1578 cm-1 represent the δN-H stretch 

and in plane bending generated by the nitrogen-hydrogen bonds as unique feature of the 

polyethyleneimine 138. The wide band centered at 1654 cm-1 in the brine is shared with other 

samples and can be attributed to the remaining water present in the lyophilized samples 28,132,133. 

The PECNP-surfactant spectrum shares the features of both PECNP and surfactant solutions.  

           Variations in Raman scattering for the mixture of PECNP-surfactant solution in 33,667 ppm 

salinity brine can be predicted and modeled with least-square fitting approach 138. A two-

component model comprised of an average PECNP an average surfactant spectrum was created 

and used to fit four spectra collected from different locations within the lyophilized samples 

(Figure 64). The model was used to identify regions within the spectra where the PECNP-

surfactant spectrum is not completely explained by the sum of the components, indicating a change 

in the chemical environment of the components when mixed. The residual when mostly noise is 

representative of a complete fit of the model to the mixture, whereas the presence of well-defined 

peaks is indicative of a change in chemical environment because of reactions between the 

individual components.  
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Figure 64. Raman spectra for four PECNP:Surfactant (1:9 ratio) samples shown with blue line were fitted 

with the average spectra for PECNP and surfactant and corresponding residual line, reprinted with 

permission from 48 Elsevier  2020 

          In each residual shown in Figure 64, the sulfate band at 1014 cm-1 represents a fingerprint 

residue and band regions between 1060 to 1100 cm-1 and 1615 to 1670 cm-1 are not explained with 

least-square model containing the features from PECNP and surfactant spectra. The sulfate 

intensification is due to change in chemical environment of key functional groups 138. The residual 

peaks at 1060 to 1100 cm-1 and between 1615 and 1670 cm-1 are characteristic of aromatic and 
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aliphatic chain vibrational modes. The strength of the intensified regions varies between samples 

due to inhomogeneity of the lyophilized powders.  

4.2. Complex fluid bulk and interfacial characterization  

4.2.1. Bulk rheological properties 

 Hydraulic fracturing fluids experience high shear rates since fluid flows through the 

wellbore tubular and the shear rate drops significantly as the fluid gets into the fracture 54. 

Therefore, shear rate sweep and static measurement studies help with understanding of the fluid 

behavior as fluid flow is mainly affected by flow geometry, time scale, foam microstructure and 

stability 20. The rheology of dry CO2 foam is widely regarded as non-Newtonian 20,21. To 

characterize the non-Newtonian nature of scCO2 foam created by the PECNP-surfactant mixture, 

first, the viscosity is measured at specific value of shear rate 2000 s-1 (Figure 65). The maximum 

apparent viscosity trend with time was observed for scCO2 foam generated with PECNP:Surfactant 

systems with ratios of 1:9 and 4:6 prepared in 33.3 kppm and 66.7 kppm brines, respectively.  

 

Figure 65. Viscosity with respect to time for 90% scCO2 foam quality generated using 1:9, 2:8, 3:7 and 1:6 

ratios of PECNP:Surfactant prepared in (a) 33.3 kppm and (b) 66.7 kppm brine. (Static constant shear 

measurement), reprinted with permission from 28 ACS 2019 
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It was previously noted that a high gas volume fraction above the volume fraction of bulk 

closed pack spheres can significantly increase the viscosity 139. The bubble deformation at constant 

shear occurs with a slower rate for the most stable mixtures (1:9 and 4:6), as the surface tension of 

PECNP at the interface restores the bubble shape 20. A higher apparent viscosity indicates the 

formation of smaller bubble sizes and a narrower size distribution 140, as a result of monodispersed 

ordered structures formed by the ionic PECNP/Surfactant stabilizers in the lamella 141.  Higher 

shear resistivity originates from the ability of lamella to reverse the deformations as well as energy 

storage capacity at the interface controlled by chemical components at CO2-water interface 20. 

The shear thinning behaviors of PECNP-surfactants were examined with the shear rate 

sweep test shown in Figure 66. Shear thinning for WLM at high concentrations entangled with 

flexible polymer chains on the nanoparticle surface was reported due to alignment of wormlike 

chains, which increases the viscoelasticity of the mixture 54. Wanniarachchi et al presented the 

effect of very low and very high viscosity fracture propagation and proppant transport 142. 

Although high viscosity foam carries the required amount of proppants to the fracture, it may not 

be able to penetrate through micro-fractures with tiny openings, so the moderate viscosity range 

(50-250 cP) is recommended 142,143.  
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Figure 66. Viscosity with respect to shear rate of 90% scCO2 foam quality systems prepared using 1:9, 2:8, 

3:7 and 4:6 ratios of PECNP:Surfactant in (a) 33.3 kppm and (b) 66.7 kppm brine. (Static Shear Sweep 

Measurement), reprinted with permission from 28 ACS 2019 

Shear thinning properties were evaluated through the laminar flow of incompressible 

scCO2 foam through a Couette geometry rheometer and the results were matched by the power 

law model 20,144. The apparent viscosity of the foam was reduced with increasing shear rate (shear 

softening with n < 1). Foam lamella drainage is at its lowest for the highest viscosities achieved 

with PECNP:Surfactant solutions with 1:9 ratio in 33.3 kppm and 4:6 in 66.7 kppm, respectively. 

Xue and coworkers demonstrated the viscous thick lamella’s ability in ‘CO2- aqueous phase’ to 

lower the rates of Ostwald ripening 55 which leads to generation of smaller bubbles 85. The two 

PECNP-surfactant systems prepared in the 33.3 kppm and 66.7 kppm, respectively, offer higher 

apparent viscosity and flow consistency indices (Table 5) to enhance proppant transport and 

placement.  

The flow consistency index depicts the highest value for optimal concentrations of PECNP 

and WLMs shown in Table 5. 
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Table 5. Flow consistency index (K) and flow behavior index (n) for variety of PECNP/Surfactant scCO2 

foam systems. Reprinted with permission from 17 Copyright SPE 2018. 

33.3 kppm System K (Pa sn) n 

Surfactant-scCO2 1184.3 0.402 

PECNP:Surfactant-scCO2 (3:7) 1387.9 0.394 

PECNP:Surfactant-scCO2 (2:8) 1261.6 0.407 

PECNP:Surfactant-scCO2 (1:9) 2916.4 0.276 

66.7 kppm System K (Pa sn) n 

Surfactant-scCO2 1035.7 0.368 

PECNP:Surfactant-scCO2 (4:6) 1683.1 0.380 

PECNP:Surfactant-scCO2 (3:7) 1443 0.371 

PECNP:Surfactant-scCO2 (2:8) 1163.9 0.405 

PECNP:Surfactant-scCO2 (1:9) 1464.6 0.385 

 

Plastic deformation in the bulk fluid shown in Figure 66 are the result of stress induced 

bubble slide, coalescence and coarsening, which are controlled by elastic deformation of film 

containing a network of the PECNP-WLMs nanoparticles in the solid like interface studied by 

dilatational elasticity measurements. The flow consistency index depicts the highest value for 

optimal concentrations of PECNP and WLMs (Table 5), therefore, pressure drops across the 

tubular wellbore and fractures reaches their highest level for optimal values 145.  

The formation of PECNPs as a result of electrostatic complexation of PECNP with WLMs 

helps to stabilize the water-CO2 lamella by enhancing the viscosity, rigidity and electrostatic 

repulsion among lamellae surfaces 56. In addition to Ostwald ripening slow down caused by high 

packing fractions of WLMs 55, association of surfactant with nanoparticle enhances the stability 

and viscosity of foam lamella even further.  

4.2.2. Interfacial tension analysis and CMC  

Figure 67 reveals the CMC calculations for a variety of surfactant concentrations in 33.3 

kppm and 66.7 kppm brine systems according to the analysis of interfacial tension measurements. 
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The determined CMCs are 0.059 wt% for 33.3 kppm brine and 0.055 wt% for 66.7 kppm brine. 

The presence of two charges on the surfactant molecule helps to form the micelles at lower 

concentrations 54. Micellar solutions are formed above the CMC in both 33.3 kppm and 66.7 kppm 

high salinity brines. The zwitterionic surfactant micelles were found to aggregate into worm like 

micelles (WLM) with self-assembly of surfactant into the elongated structures 54, thus, WLMs are 

expected to exist at 1 wt% surfactant in high salinity brine. It was previously reported that salt ions 

would screen the electric double layer around the micelles and negatively affect the micellar 

assembly 115, however, the ionic activity of zwitterionic surfactant gives rise to the effective 

micellar volume fraction, therefore, CMC is still achieved at low concentrations.  

 

Figure 67. The critical micelle concentration for the viscoelastic surfactant at two different brine salinity of 

(a) 33.3 kppm, and (b) 66.7 kppm, reprinted with permission from 28 ACS 2019 

Interfacial tension analysis results for scCO2 bubbles formed in 1 wt% surfactant and 

PECNP in 33.3 kppm and 66.7 kppm brine systems suggest that the interfacial tension dramatically 

declines upon addition of surfactant and PECNP:Surfactant (Figure 68 a,b). The very low IFT 

values of 5.4 and 6.4 mN/mm were obtained after addition of 1 wt% surfactant and PECNP-

surfactant, with 1:9 ratio, to 33.3 kppm brine due to interfacial stabilization of scCO2-brine lamella 
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by improving repulsive forces created using ionic micelles, wormlike micellar self-assembly with 

PECNP and the network layer formed in the lamella. The IFT decline hits the minimum value (5.5 

mN/mm) in lower concentration of ionic salts (33.3 kppm), whereas at higher concentrations (66.7 

kppm), due to higher presence of ionic interactions and imbalanced forces, slightly a higher IFT 

value was detected. Addition of WLMs further stabilizes the scCO2 lamella due to micellar 

branching and intra-aggregate attractions which lower the perturbations and imbalanced forces at 

the interface, as reported by Bouri and Tewes 114,146. Polymeric nanoparticles present in the lamella 

in conjunction with WLMs form vesicular nano-capsules in which ionic aggregates reorient from 

the bulk phase to the lamella border and form arrays of stabilized PECNPs lining up on the 

interface between the supercritical phase and aqueous phase. While PECNPs do not necessarily 

reduce the IFT at the interface, one should note PECNP-surfactant nanoparticles are not a driving 

force for lamella instability and imbalanced forces at the interface, so the ionic compatibility and 

stability are preserved. 

 

Figure 68. The interfacial tension measured for surfactant and PECNP in (a) 33.3 kppm and (b) 66.7 kppm 

brine, reprinted with permission from 28 ACS 2019 
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The dilatational elasticity was measured for RO water, surfactant and PECNP in (a) 33.3 

kppm and (b) 66.7 kppm brine according to equation (1) using dynamic interfacial tension 

measurements with scCO2 (Figure 69). Examples of calculations for ionic mixtures in 33.3 kppm 

and 66.7 kppm high salinity brine are shown in Table 6 and 7.  

Table 6. Summary of elasticity calculations from interfacial tension analysis in 33.3 kppm systems, reprinted 

with permission from 28 ACS 2019 

System Initial π Final π Δπ(ne) Δπ(e) 
Initial 

A 

Final 

A 
ΔA ΔA/Ai Ee 

RO-Water-scCO2 32.21 24.91 7.3 24.91 18.87 14 4.87 0.26 96.52 

33.3kppm-scCO2 31.51 28.7 2.81 28.7 18.86 20.04 1.18 0.066 458.71 

33.3kppm-Surf-scCO2 5.95 5.59 0.36 5.59 7.41 3.79 3.62 0.49 11.44 

33.3kppm-

PECNP:Surf 1:9 

scCO2 

6.27 5.76 0.51 5.76 5.25 4.39 0.86 0.16 35.16 

 

Table 7. Summary of elasticity calculations from interfacial tension analysis in 66.7 kppm systems, reprinted 

with permission from 28 ACS 2019 

System Initial π Final π Δπ(ne) Δπ(e) 
Initial 

A 
Final A ΔA ΔA/Ai Ee 

RO-Water-scCO2 32.21 24.91 7.3 24.91 18.87 14 4.87 0.26 96.52 

66.7kppm-scCO2 29.93 27.14 2.79 27.14 20.9 21.9 1 0.05 567.23 

66.7kppm-Surf-scCO2 5.64 7.39 1.75 7.39 4.7 5.94 1.24 0.265 28.01 

66.7kppm-

PECNP:Surf 4:6 

scCO2 

6.78 6.34 0.44 6.34 4.96 5.3 0.34 0.07 92.49 

 

Dilatational elasticity represents the surface tension gradient which opposes the film 

drainage and provides a more stable film along the CO2-water interface 115. High values of surface 

elasticity does not guarantee the counterbalance of surfactant adsorption and surface diffusion to 
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surface tension gradient and velocity of film thinning 115, thus the surface tension variation at the 

interface with respect to area change needs to fall within the allowable range to oppose the 

destabilizing forces 146,147.  

 

Figure 69. The dilatational elasticity measured for RO water and surfactant and PECNP in (a) 33.3 kppm 

and (b) 66.7 kppm brine according to interfacial tension analysis, reprinted with permission from 28 ACS 

2019 

Similar to IFT, the equilibrium surface dilatational elasticity is significantly lower than RO 

water and high salinity brines, when WLMs and PECNP-WLM mixtures exist in the CO2-water 

interface (Figure 68). The difference between the elasticity obtained by WLMs and PECNP-WLM 

is not considerable, though addition of PECNP slightly increases the value as an indication of 

infinitesimal rigidity added to the interface, when PECNP-WLMs agglomerates form networks at 

the interface, giving rise to lamella elasticity and prolonging the bubble rupture time.  

4.3. Macroscale foam stability measurements   

For initial stage of stability measurements, the foaming mixture was mixed with air as 

shown in Figure 70. The foam height was measured with respect to time.  
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Figure 70. Preliminary foam stability test for different ratios of PECNP to Surfactant mixed with air for two 

different brine concentrations (a) 33.3 kppm and (b) 66.7 kppm, reprinted with permission from 28 ACS 2019 

Zhang and coworkers reported adsorption and self-assembly of micelles above CMC at the 

air-water interface for ionic surfactants forming surface segregation with hydrophobic and 

hydrophilic regions so repartitioning around the gas-liquid interface 148. Surfactant-water solubility 

and nanoparticle compatibility to the ionic interface helped to create relative stability as the 

resulting foam remains stable for at least 100 min when optimum concentrations of micelles and 

nanoparticles exist.  

Actual foam stability measurement was performed on scCO2 mixture with PECNP-

surfactant in high salinity brines. Figure 71 illustrates the foam stability measurements and the 

actual foam formation and degradation inside the sapphire view cell (Figure 71c). Fine-textured 

and homogenous cellular structures with dominant microcellular texture (~200 to 300 µm) were 

formed with different ratios of PECNP to surfactant solution. Uniform bubble size and distribution 

was achieved with 1:9 and 4:6 portions of PECNP to surfactant (Figure 71d).  
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Figure 71. Foam stability measurements for scCO2 foam made with variety of PECNP-surfactant mixtures in 

(a) 33.3 kppm brine solutions. (b) 66.7 kppm brine solutions (c-1) Foam generation and isolation in the view 

cell (c-2) foam drainage progress (c-3) Total foam Total foam disappearance and breakage (d) foam 

microstructural view inside the view cell for PECNP:Surfactant 1:9 in 33.3 kppm brine, reprinted with 

permission from 28 ACS 2019 

 

Likewise, the longest-lived foam belongs to 1:9 and 4:6 ratios in the 33.3 kppm and the 

66.7 kppm brines, respectively, as foam preserves the cellular structure for at least 2 h in the view 

cell in these scenarios. The foam half-decay time for different systems are presented in Table 8. 

The half-decay time for PECNP-surfactant (with 1:9 ratio in 33.3 kppm brine) is more than twice 

that of 1 wt% surfactant mixed with scCO2. The half-life shortens when a higher portion of 

nanoparticle is used due to lower electrostatic repulsions as explained in section 3.1.1.1 In contrast, 

for 66.7 kppm brines, a higher proportion of nanoparticle to surfactant increases the half-life 

dramatically (PECNP: Surfactant 4:6 in 66.7 kppm). Recently, Al-Anssari and co-workers 
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reported that the increased surface tension caused by increasing salinity can eliminate the 

stabilizing influence of nanoparticles at CO2-brine interface 149. 

Table 8. Foam half decay time for variety of PECNP-Surfactant proportions (No half time: No recorded 

decay to half of the foam height due to stability of the foam system), reprinted with permission from 28 ACS 

2019 

33.3 kppm System half decay time (min) 

Surfactant-scCO2 65 

PECNP:Surfactant-scCO2 (3:7) 70 

PECNP:Surfactant-scCO2 (2:8) 80 

PECNP:Surfactant-scCO2 (1:9) 140 

66.7 kppm System half decay time (min) 

Surfactant-scCO2 No half time 

PECNP:Surfactant-scCO2 (4:6) No half time 

PECNP:Surfactant-scCO2 (3:7) No half time 

PECNP:Surfactant-scCO2 (2:8) 60 

PECNP:Surfactant-scCO2 (1:9) 30 

 

Bubble rupture and CO2-water lamella drainage occur in a longer period with lower rate, 

when PECNP forms ionic complexes with WLMs resulting in stronger electrostatic interactions in 

the lamella, including the plateau border and lamella border wall. In 66.7 kppm salinity brine, 

addition of PECNP to surfactant deteriorates the foam stability to some extent due to excessive 

charge attractions destabilizing the lamella. However, increasing the PECNP-surfactant solution 

ratio (to PECNP of around 40 v/v %) provides a very stable lamella against lamella drainage, 

bubble coalescences and coarsening.  

In foam fracturing, initial good film stability at initial stages is necessary, however, the 

generated foam needs to degrade when it comes to contact with oil, breaking, as fast during the 

flow back, leaving behind a fracture with high effective conductivity 17. Therefore, an unstable 

lamella is required upon introduction of oil to foaming system. The foam stability measurements 

in the presence of oil are shown in Figure 72 where scCO2 foam made in 33.3 kppm and 66.7 kppm 
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was exposed to MLP crude oil in a view cell and the foam height with respect to time is shown. 

The most stable foams presented in Figure 70a,b (with 1:9 and 4:6 PECNP:Surfactant ratios), are 

the least stable ones with fastest drainage when the oil is introduced to the view cell (Figure 72a, 

b). 

 

Figure 72. Foam stability measurements in the presence of crude oil for variety of PECNP-surfactant mixtures in 

33.3 kppm brine solutions (b) 66.7 kppm brine solutions (c-1) Foam generation and isolation in the view cell (c-2) 

Introduction of the oil (c-3) Foam drainage in the presence of oil (c-4) Total foam disappearance and oil dominance, 

reprinted with permission from 28 ACS 2019 

As it was previously noted, due to low interfacial tension between CO2 and oil at high 

pressures, crude oil enters the original lamella, spreading and accelerating the thinning of lamella, 

coarsening the foam and causing gas bubble coalescence 150,151. The time frame of the lamella 
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breakage depends heavily on the interaction of oil with the chemical components residing in the 

lamella, in this case, the PECNP-Surfactant complexes in lamella. As WLMs meet the oil 

molecules, the oil collapses into an emulsion 54. The PECNP is also susceptible to degradations as 

carboxylic acid groups on MLP crude oil can trigger the secessions of coiled PEI-DS chains and 

electrostatic desorption of amine functional groups resulting in instability of the PECNP-WLMs 

in the lamella. Configuration of the oil at the gas-aqueous interface is another determining factor 

in oil instability, when pseudo-emulsion film formed between the oil and the gas is ruptured and 

oil spreads at the interface (bridge configuration) 115. Accordingly, disintegration of the interface 

is anticipated due to positive entering and spreading coefficients previously reported by Xiao et al 

22. Table 9 summarizes the entering (E) and spreading (S) coefficients obtained by interfacial 

tension measurements as underlying equations for calculation are as following 152: 

(4-1)                                                                𝐸 = 𝜎𝑤𝑔 + 𝜎𝑜𝑤 − 𝜎𝑜𝑔 

(4-2)                                                                𝑆 = 𝜎𝑤𝑔 − 𝜎𝑜𝑤 − 𝜎𝑜𝑔 

 

Table 9. Entering and Spreading Coefficients for PECNP and Surfactant mixtures in the presence of scCO2 and 

MLP crude oil, reprinted with permission from 28 ACS 2019 

33.3 kppm System σwg(mN/m) σow(mN/m) E (mN/m) S (mN/m) 

Brine 33.42 11.47 44.89 21.95 

Surfactant 1 wt% 6.35 0 6.35 6.35 

PECNP 14.97 0.87 15.84 14.1 

PECNP:Surfactant (1:9) 6.43 0 6.43 6.43 

66.7 kppm System σwg(mN/m) σow(mN/m) E (mN/m) S (mN/m) 

Brine 31.45 9.97 41.42 21.48 

Surfactant 1 wt% 6.55 0 6.55 6.55 

PECNP 15.1 1.7 16.8 13.4 

PECNP:Surfactant (4:6) 6.74 0 6.74 6.74 
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Surface tension between the oil and scCO2 (σog) is considered a negligible value since the 

operating condition is above the minimum miscibility pressure of the MLP and scCO2 (MMP~ 

1200 psi). Considering the positive values of E and S, crude oil is capable of entering the gas-water 

interface and spreading on the liquid lamella, so the weakening of the disjoining pressure by 

disturbing the PECNP-Surfactant charge distribution and desorption to the lamella occurs 

spontaneously  22.  

4.4. Hydraulic fracturing performance  

4.4.1 Dynamic Fluid Loss 

It is critical to control the leak off rate of fracturing fluids to reduce pumping cost and to 

ensure the mechanical integrity of the formation. Production from horizontal wells in tight 

reservoirs requires high internal fracture conductivity since conductivity provides a path to 

accommodate high velocity hydrocarbon flow 153. Fluid loss coefficients were measured with the 

setup presented in Figure 36 for the scCO2 foams prepared with highest apparent and dynamic 

viscosities (1:9 ratio and 4:6 ratio of PECNP- surfactant in 33.3 kppm and 66.7 kppm brine 

systems, respectively) and the results are shown in Figure 73. 
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Figure 73. Total fluid loss (gas and liquid) and fluid loss coefficient for the mixtures prepared in (a) 33.3 

kppm and (b) 66.7 kppm high salinity brines, reprinted with permission from 28 ACS 2019 

The volume loss (gas and liquid) belong to the surfactant and PECNP:Surfactant systems 

penetrated through the Kentucky limestone core placed in the module (Figure 36) is shown in 

Figure 74. 

 

Figure 74. Volume of gas and liquid fluid loss for surfactant and PECNP:Surfactant mixtures in (a) 

33.3kppm and (b) 66.7kppm high salinity brine, reprinted with permission from 28 ACS 2019 
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The Permeability of the core before and after the foam flood through the module was measured 

(Table 10) and the results indicated no significant change in the permeability of tight cores (varying 

between 0.18 to 0.23 mD).  Here is the example of permeability measured before and after fluid 

loss experiment with surfactant 1 wt% and PECNP:Surf 4:6 in 66.7 kppm brine. The permeability 

was calculated for each individual core sample according to Darcy’s law with the flow rate of 0.1, 

0.3 and 1 mL/min. 

Table 10. Summary of permeability calculations from core flood analysis on Kentucky Sandstone tight core in 

66.7 kppm systems, reprinted with permission from 28 ACS 2019 

Core 
Fluid Loss 

Liquid 
Slope KA/µL µ (cP) A (cm2) L (cm) K (D) K(mD) 

Kentucky - 0.0005 0.0005 1.05 5.08 2.23 0.000231 0.23 

Kentucky 
Surf 1% 

66.7kppm 
0.0005 0.0005 1.05 5.08 2.23 0.000231 0.23 

Kentucky 
PECNP:Surf 

4:6 66.7 kppm 
0.0004 0.0004 1.05 5.08 2.23 0.000185 0.18 

 

The initial and final permeability of a Kentucky sandstone tight core exposed to the flow 

of scCO2 foam with PECNP-surfactant remained constant (0.18 mD) revealing minimal pore throat 

plugging and damage to the core as a result of core exposure to the fracturing fluid. The fluid loss 

volume and fluid loss coefficients were significantly lowered when PECNP-surfactant was used 

as the aqueous component of the foaming solution as compared to surfactant alone, resulting in a 

reduced leaked volume in the tight core and enhanced fracture properties. The fluid loss coefficient 

is a function of core permeability, surfactant/PECNP concentration and temperature 69. 

Furthermore, it was previously reported that higher foam quality provides higher viscosity and 

reduced leak-off 154. Efficient merge of WLMs to PECNPs resulted in the formation of 

nanoparticles performing as fluid loss additives during the injection of the foam solutions. The 
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results were consistent with rheological measurements where PECNP-surfactant systems prepared 

in 33.3 kppm and 66.7 kppm brine exhibited the highest viscosities over the shear thinning period. 

It was previously argued that osmotic pressure, which leads to foam tendency to retain water, 

prevents the water leak-off to the formation 155, thus, it can be concluded that PECNP-WLMs 

enhance the proppant carrying capability of scCO2 foam while lowering the water usage.  

4.4.2 Sand Pack Measurements  

The detailed flooding scenarios and mobility features in the sand pack experiment are 

indicated in Table 11.  

The sand pack experiment included a primary brine flood to measure the initial pack 

permeability, an oil flood for complete saturation, a foam flood for clean-up and a secondary brine 

flood for secondary packed bed permeability. The flood scenarios and apparent viscosities for 

different scenarios of flood in the sandpack is represented in Table 11. 

Table 11. Flood scenarios and mobility features for surfactant, oil and scCO2 foam floods in the sand pack, 

reprinted with permission from 28 ACS 2019 

Sand pack scenarios 
PV 

(cm3) 

Q 

(cm3/s) 

k 

(D) 

ΔP 

(psi) 

µapp 

(cP) 

33.3 kppm Brine Flood 7.58 0.1 169.94 0.38 0.93 

Oil Flood 7.58 0.1 169.94 2.71 6.66 
Surf 1 wt% scCO2 Flood  7.58 0.1 169.94 6.00 14.75 

Secondary Brine Flood 7.58 0.1 154.22 0.32 0.71 

      
33.3 kppm Brine Flood 7.63 0.1 154.23 0.48 1.07 

Oil Flood 7.63 0.1 154.23 2.42 5.4 

PECNP:Surf 1:9 scCO2 Flood 7.63 0.1 154.23 8.43 18.8 
Secondary Brine Flood 7.63 0.1 157.77 0.35 0.8 

      

66.7 kppm Brine Flood 7.41 0.1 155.14 0.56 1.26 
Oil Flood 7.41 0.1 155.14 2.87 6.44 

Surf 1 wt% scCO2 Flood 7.41 0.1 155.14 4.02 9.02 

Secondary Brine Flood 7.41 0.1 156.12 0.34 0.77 
      

66.7 kppm Brine Flood 7.47 0.1 154.91 0.43 0.96 

Oil Flood 7.47 0.1 154.91 2.66 5.96 
PECNP:Surf 4:6 scCO2 Flood 7.47 0.1 154.91 5.56 12.46 

Secondary Brine Flood 7.47 0.1 143.87 0.36 0.75 
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The pressure drop profile for each condition is presented in Figure 75 to 78 for the cases 

where the 33.3 kppm brine is used. Primary brine flood pressure profile is represented in Figure 

75 for different flow rates. 

 

Figure 75. Primary brine flood in the proppant filled packed bed with 33.3 kppm high salinity brine, 

reprinted with permission from 28 ACS 2019 

Oil flood is the second step of sandpack experiment, and the corresponding pressure profile 

is represented in Figure 76 (flow rate 6 ml/min). 

 

Figure 76. Oil Flood in the proppant filled packed bed saturated with 33.3 kppm high salinity brine, 

reprinted with permission from 28 ACS 2019 
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Foam flood is the third step of sandpack experiment, and the corresponding pressure profile 

is represented in Figure 77 (flow rate 6 ml/min). 

 

Figure 77. Foam Flood in the proppant filled packed bed saturated with MLP Crude Oil, reprinted with 

permission from 28 ACS 2019 

Secondary brine flood is the last step of sandpack experiment, and the corresponding 

pressure profile is represented in Figure 78 for different flow rates. 

 

Figure 78. Secondary brine flood in the proppant filled packed bed, reprinted with permission from 28 ACS 

2019 
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Also, no significant change in pack permeability was observed when the permeability of 

pack during primary and secondary brine flood were compared in this case. The results are 

summarized in Table 12.  

 

Table 12. Summary of permeability calculations from sand pack analysis (primary and secondary brine 

flood), reprinted with permission from 28 ACS 2019 

Stage Slope KA/µL µ (cP) A (cm2) L (cm) K (D) K(mD) 

Primary 

Flood 
3.07 3.07 1.02 0.55 25.93 147.30 147302 

Secondary 

Flood 
3.05 3.05 1.02 0.55 25.93 146.24 146237.2 

 

The saturation of oil in the pack after oil and foam flood is measured and presented in Table 

13. 

Table 13. Summary of calculations related to oil saturation in the sand pack after oil and foam flood in 66.7 

kppm high salinity brine systems, reprinted with permission from 28 ACS 2019 

System 

Pore 

Volume 

(mL) 

Volume of 

Flooded Oil 

(mL) 

Volume 

of 

Collected 

Oil (mL) 

Oil Saturation 

after Oil Flood 

(%) 

Volume of 

Flooded Foam 

(liquid) (mL) 

Volume of 

Collected 

Oil (mL) 

Oil Saturation 

after Foam 

Flood (%) 

Surf 1wt% 

66.7kppm 
7.69 76.34 59.8 97.96 11.37 18.2 30.17 

PECNP:Surf 4:6  

66.7 kppm 
7.58 75.01 59.6 84.47 11.36 18.1 17.02 

 

The permeability of the pack after an initial brine flood with 33.3 kppm and 66.7 kppm 

brine varies between 144 to 170 D, based on Darcy’s law, the value represents the high 

permeability porous pack. The apparent viscosity of fracturing fluid in the pack is calculated 

according to the Darcy’s equation (equation 4-3): 
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(4-3)                                                               µapp =
k.A.ΔP.

Q.L
 

where k is permeability of the fluid inside the pack, ΔP is the pressure difference between 

the two ends of the pack, A is the cross section area of the pack, Q is the volumetric flow rate of 

fracturing fluid flow in the pack column and L is the pack length. Accordingly, the apparent 

viscosity is obtained, and the results are shown in Table 12. Upon oil saturation, 10 pore volumes 

of crude oil were flooded to completely saturate the pack. The efficiency of the oil flood varied 

between 84 to 100%. Consequently, the scCO2 foam was flooded to clean up the oil saturated pack. 

Foam breakthrough occurred at 5.9 and 5.35 PV of foam flood for 33.3 kppm and 66.7 kppm 

brines, respectively, representing the better oil clean-up and sweep efficiency for 33.3 kppm 

salinity scCO2 foams as a result of the foam half decay time and higher viscosity shown in Table 

5 and Table 8.  

The pressure drop is recorded during the propagation of oil or scCO2 foam through the 

sand pack. Figure 79a, b exhibits the magnitude of the pressure drop with respect to time of foam 

flood. Relative stability, propagation, and performance of the scCO2 foam in the pack helped to 

effectively mobilize and recover the crude oil in the fractured reservoirs. Accordingly, large 

effective viscosities and sufficient mobility control for PECNP-Surfactant enhanced scCO2 foam 

are concluded. 

The saturation of oil and water phase in the pack after the oil flood is calculated from the 

following sets of equations: 

(4-4)                                                         𝑆𝑜1 =
𝑉𝑜𝑖−𝑉𝑜𝑐−𝑉𝑃2−𝑉𝑃1

𝑃𝑉
  and 

 

(4-5)                                                               𝑆𝑤1 = 1 − 𝑆𝑜1, 
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where So1 is the oil saturation in the pack, Voi is the injected volume of oil through the lines 

and pack, Voc is the collected volume of oil in the outlet after the oil flood. VP1 and VP2 are purt 

volumes of inlet and outlet lines connected to the pack. Sw1 is the remaining saturation of aqueous 

phase in the pack. PV is pore volume of ceramic proppants in the pack. Likewise, the saturation 

of oil and water phase in the pack after the foam flood is shown as: 

(4-6)                                                      𝑆𝑜2 = 𝑆𝑜1 −
𝑉𝑜𝑐𝑓−𝑉𝑃2−𝑉𝑃1

𝑃𝑉
  and 

 

(4-7)                                                               𝑆𝑤2 = 1 − 𝑆𝑜2, 

where So2 and Vocf are the oil saturation and collected oil volume. 
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Figure 79. Foam pressures drop and saturation profile for scCO2 foams generated by surfactant and PECNP-

surfactants in high salinity brine. (a) Pressure drop profile for foam flood inside the oil saturated sand pack 

in 33.3 kppm brine (b) Pressure drop profile for foam flood inside the oil saturated sand pack in 66.7 kppm 

brine (c) Oil saturation in sand pack after oil flood and foam flood for clean-up in 33.3 kppm brine (d) Oil 

saturation in sand pack after oil flood and foam flood for clean-up, reprinted with permission from 28 ACS 

2019 

The oil saturation is measured before and after foam flood with 1 wt% surfactant and 

PECNP-surfactant enhanced scCO2 foam is shown in Figure 79 c, d. The initial oil saturation varies 

between 0.84 to 1 depending on the available pore volume and packing efficiency. The secondary 

oil saturation drops to lower values after performing the surfactant foam flood indicating capability 

of the foam to clean-up the pack. Efficiency of the clean-up improves with 1:9 and 4:6 PECNP-
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surfactant scCO2 foam as oil saturation drops 85 % to 92 % reduction in 33.3 kppm systems (Figure 

79c) and 69 % to 86 % in 66.7 kppm systems (Figure 79d). The results are consistent with the 

apparent and shear viscosities presented in Figure 65 and Figure 66 where 1:9 and 4:6 ratios exhibit 

the capacity for clean-up and oil improvement of sweep efficiency. It is concluded that enhanced 

viscosity as a result of bulk foam stability using PECNP-surfactant improves the dynamics of foam 

flow in porous media. 

4.5. Macroscale visualization  

4.5.1. Analysis of diverging entrance flow-Foam entrance from inline tube to view cell 

To capture the foam rheological characteristics in fracture and porous media, motion of 

bubbles in capillary tubes and large tubes at small Reynolds number are studied 156. The scCO2 

foam stabilized with surfactant and PECNP:Surfactant complexes was generated through physical 

mixing of scCO2 and foaming solution in inline mixer and it entered the vertical view cell from 

upper inline tube (see Figures 37 and 38). The generated foam in view cell was isolated and 

immediately examined and initial moment of isolation/examination was called “t = 0 min”. The 

diameters of feeding tube and vertical view cell are 1.15 mm and 28.82 mm, respectively. The 

upper and middle part of view cell was visualized with camera and topography of the generated 

foam at time zero was examined. The lower part of view cell was not examined in case of isolation 

of foam due to dense accumulation of drained bubbles/liquids at bottom of view cell. Figure 80 

reveals the bubble micrograph analysis results in terms of bubble size and size distribution. 
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Figure 80. Foam bubble micrographs and texture properties for variety of stabilizers (a) camera 

configuration and position with respect to view cell (upper level) (b) foam micrograph for scCO2 foam in 1 wt 

% surfactant and (c) foam micrographs for PECNP:Surfactant in 33.3 kppm brine at t = 0 min upon instant 

generation and isolation of scCO2 foam in view cell apparatus (d) average bubble size and (e) diameter 

distribution for variety of mixtures in 33.3 kppm in upper part of view cell at time = 0 min (super large and 

millimetric bubbles were not included/detected in computational analysis) 

More regular dispersion of scCO2 bubbles with average size 75.84 μ are seen in Figure 80b 

for foams stabilized with surfactant (with WLMs at concentrations above CMC 28). Millimetric 

bubbles (up to 2 mm in diameter size) were evenly distributed and distanced in a pool of 

micrometric bubbles. The surfactant scCO2 foam monograph pattern is more closely resembling 

monodisperse array of millimetric and micrometric bubbles than the monograph observed for 

PECNP:Surfactant generated scCO2 foams (Figure 80c). For foams made with PECNP:Surfactant 

liquid, entrapment of super large scCO2 bubbles in upper part of view cell with (up to 10 mm 

diameter size) is seen. The bubble size distribution was affected and broader range of bubble 
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diameter was detected for PECNP:Surfactant scCO2 foam entrapped at top level of view cell 

(Figure 80d). General pattern of foam isolation in vertical view cell is illustrated in Figure 81a.  

The phenomenon was likely originated from inline transition of multiphase from upper 

feeding tube to view cell (Figure 81a). The foam generally experiences pressure drops upon 

entering the view cell from feeding tube with lower diameter as it was previously stated channel 

divergence tends to have destabilizing influence on interfacial disturbance 157. The pressure drop 

in breakup location leads to bubble expansion, however, contrary to our expectation, this 

expansion was noticeable for PECNP:Surfactant generated foams with super large bubbles (Figure 

80c and Figure 81a) as PECNP suppresses snap-off due to higher dilatational elasticity.  

 

Figure 81. (a) schematics of foam transport across the height of view cell and isolation at time = 0 min (b) 

dilatational elasticity values obtained from interfacial tension analysis from our previous work 28 

Widening flow in upper part of view cell was affected by confinement ratio of tube and 

view cell. The compressed foam thread in the feeding tube became increasingly unstable in 

stationary breakup location along the vertical pathway shown in Figure 81a. This eventually leads 

to formation of less uniform droplets in PECNP:Surfatcant scCO2 foam. Recently, Badve and co-

workers adapted the texture/elasticity tensor and local plastic rearrangement of lamella (T1 event) 

concept to measure the elastic strain for pattern of deformed bubbles in narrow constricted 



119 
 

channels 158. Figure 82 depicts the T1 event between four neighboring bubbles resulting in lamella 

plastic deformation 158. 

 

Figure 82. Local plastic rearrangement between the bubbles in which one of the soap films between the 

bubbles vanishes and the lamella is formed 158, reprinted with permission from 158 Elsevier 2020 

The distribution and frequency of T1 events provide a local measure of plasticity for foam 

flowing through 2D narrow channels, thus, highlighting regions where foam is likely to undergo 

plastic deformation and elucidating how flow dynamics and flow geometry can affect its plasticity 

158 and these regions are constrictions where compressibility and bubble elasticity are responsible 

for undershoot of velocity and morphological deformations 158.  

The value of elasticity tensor which signifies the total extensional strain and distribution of 

T1 events are concentrated in the vicinity of constriction and outset of diverging flow highlighting 

the high plastic deformation of lamella and high pressure drop at this location. It was also argued 

high degree of elastic deformation and compressibility of bubbles lead to bubble elongation and 

velocity gradients upon decompression when foam leaves the constriction (stationary breakup 

point) 158. Figure 83 represents the simulation of foam flow velocity field before, through and after 

constriction. The corresponding dynamic perturbations affect the bubble morphology. 
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Figure 83. Simulation of foam flow velocity field before, through and after constriction 158, reprinted with 

permission from 158 Elsevier 2020 

Nguyen and coworkers also concluded the surface elasticity and surface viscosity give rise 

to lamella pressure gradients and asymmetric shape transition of bubbles in diverging flow 159. 

Here, it was presumed excessive lamella breakup occurs in widening flow with faster pace for 

PECNP:Surfatcant scCO2 foam. This observation was attributed to elastoplastic properties of 

interface 160 originated by presence of branched PEI chains in PECNP mixture (assembled or freely 

moving branches). Previously, the dilatational elasticity for foaming liquids from ramp-type 

perturbation approach was determined and reported by Tewes and coworkers 114 from interfacial 

analysis results (Figure 81b) 28. Dilatational elasticity is a representative value for the variation of 

interfacial pressure as a result of compression of lamella which is then correlated to lamella surface 

area variation 28. The higher value of dilatational elasticity for PECNP:Surfatcant complexes may 

lead to plastic deformation of lamella under shear induced perturbations at stationary breakup 

location. Elasticity and elongation properties of PEI chains in aqueous solution of lamella affects 

the pressure characteristics of PECNP:Surfactant scCO2 foam flow which eventually affects the 
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foam front pressure drop after the flow leaves the constriction in diverging flow and thus local 

lamella breakage occurs in PECNP:Surfactant scCO2 foams, while bubble volume is preserved for 

surfactant generated scCO2 foams. The breakup is either delayed or happens to fewer portion of 

lamella in Surfactant scCO2 foams.  

4.5.2. Foam travel from upper part to middle part of view cell 

After the diverging flow is generated on top of the view cell, the flow traveled to the middle 

part and alternate morphology was developed (Figure 84a, middle part). The stability of scCO2 

foam was evaluated through the onset of filling the middle part view cell and subsequent isolation 

(t = 0 min) to the time of total breakage/drainage in the field of view. Figure 84 represents the 

micrograph of pictures taken upon isolation of middle part of view cell module (t = 0 min) from 

the scCO2 foam generated by zwitterionic surfactant and PECNP:Surfactant 1:9 in 33.3 kppm 

salinity brine.  



122 
 

 

Figure 84. Foam bubble methodology and micrographs for variety of stabilizers (a) camera configuration and 

position with respect to view cell (middle level) (b) foam micrograph for scCO2 foam in 1 wt % surfactant and 

(c) foam micrographs for PECNP:Surfactant in 33.3 kppm brine at t = 0 min upon instant generation and 

isolation of scCO2 foam in view cell apparatus (d) average bubble size and (e) diameter distribution for 

variety of mixtures in 33.3 kppm in middle part of view cell at time = 0 min (super large and millimetric 

bubbles were not included/detected in computational analysis) 

More uniform bubble sizes were observed in 1 wt% surfactant scCO2 foam with observable 

size range (~ 70 μm – 3.4 mm) while in PECNP:Surfactant 1:9 scCO2 foam noticeably larger 

population of smaller bubbles (~ 100 to 300 μm) as well as seldom dispersion of very large scCO2 

bubbles (up to 9 mm) were detected. Upon foam view cell filling and isolation (t= 0 min), the super 

large scCO2 bubbles (5 to 9 mm) are trapped in a medium of electrostatically stabilized highly 

concentrated electrolytes with ionic complexes. Compared to micrographs of upper part of view 

cell, most bubbles were preserved the initial size in surfactant generated scCO2 foam (~ 80µm), 

whereas, supper large bubbles in PECNP:Surfatcant were shrunken in size (down to average 100 
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µm) due to pressure drop across the view cell height and gravity drainage affecting the instability 

of super large bubble. The uniformity of bubble sizes was affected by travel across the view cell 

height, even at early stages of isolation. The morphological parameters of as -obtained pictures 

were quantified with the method presented in section 3.11. Bubble mean diameter and average 

bubble size distribution for initial stage of foam isolation at middle part of view cell (t = 0 min) 

are illustrated in Figure 84d, e. 

 Figure 84d confirms the average mean bubble diameter of 73.07 μm to 95.09 μm for 

surfactant and complex generated scCO2 foams, respectively. The mean diameter of trapped scCO2 

is up to 30 % larger for lamella stabilized by surfactant and nanoparticle complexes compared to 

sole presence of zwitterionic micelles in CO2 - water interface. The bubble size distributions (BSD) 

of mixtures were estimated by MATLAB distribution fitter tool with non-parametric fitting 

method. The average of three BSD for each foam are shown in figure 84e. The BSD for 

zwitterionic surfactant scCO2 foam is narrow with larger population of smaller bubbles, whereas 

the higher population of larger bubbles are observed in wider distribution of complex generated 

scCO2 foam.   

4.5.3. Long term stability of isolated foams in view cell 

  The long-term foam stability in hydraulic fracturing is vital to carry the proppants from the 

wellbore to the fracture 28, however, the foam needs to degrade when it meets the hydrocarbons 28. 

The long run stability observation for scCO2 within the field of view (upper and middle part of 

view cell) is illustrated in Figure 85. One should note there is a continuous lamella/gravity drainage 

from the top part of the view cell to the middle part and middle part to lower part which affects the 

stability of foam in middle part in long term. Our previous work has shown the thin layer lamella 

separating the scCO2 and concentrated electrolyte is stabilized with ionic complexation of PECNP 
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and zwitterionic surfactant which prevents the lamella drainage and coalescence and improves the 

stability and rheological properties of final scCO2 foam 28. Thus, variety of bubble sizes in 

PECNP:Surfatcant generated scCO2 foam are stabilized and hypothetically break in longer time 

and long term observation will shed light on stability behavior of emulsified scCO2 bubbles.  

 

Figure 85. Summary of foam microstructural stability in field of view for scCO2 foam generated in the 

solution of surfactant and nanoparticle/surfactant in 33.3 kppm brine (a) upper part (b) middle part of view 

cell 

The end of drainage is defined by the time the movable portion of the foam (majority) 

leaves the field of view and minor stagnant phase remains in place. The foam drainage as a result 

of bubble rupture and coalescence occurs at significantly longer time and the foam preserves the 
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cellular structure up to 160 min in field of view (Figure 85a) with ionic stabilization of lamella (in 

case of Figure 85b, up to 73 min). The zwitterionic surfactant in form of wormlike micelles 

(WLMs) fails to offer long standing lamella against the gravity drainage and so the resulting foam 

lasts only for couple of minutes in the field of view (Figure 85). 

The drainage time is measured through the field of view (Figures 80 and 84) is quantified 

and shown in Figure 86. PECNP:Surfactant scCO2 foams outperforms ZS enhanced scCO2 foam 

in terms of time scale required for foam to degrade and leave the field of view in both height 

gradients of view cell (upper and middle parts).  

 

Figure 86. The bulk foam drainage time for scCO2 foam generated in the solution of surfactant and 

nanoparticle/surfactant in 33.3 kppm brine (a) upper part (b) middle part of view cell  

The long-term stability observations are consistent with our previously reported foam 

height measurements with respect to time in entire view cell column 28. The stability of the same 

mixtures in entire view cell column (13 cm view cell height compared to 1.12 cm field of view 

width) followed the similar trend as ionic complexes in foaming mixture enhance the foam half-

life and stability in entire column height up to 115 % 28. Table 14 presents the foam half decay 

time for zwitterionic surfactant and PECNP-Surfactant enhanced scCO2 foams in entire view cells 

column shown in Figure 34. 
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Table 14. Foam half decay time for zwitterionic surfactant and PECNP-Surfactant enhanced scCO2 foams in 

entire view cells column shown in Figure 84a 

33.3 kppm System half decay time (min) 

Surfactant-scCO2 65 

PECNP:Surfactant-scCO2 (1:9) 140 

 

In terms of bubble geometry, shape of the bubbles remains elliptical during the time and 

bubble drainage and coalescence would not affect the bubble morphology. The stability of bubble 

shape is likely due to stability of lamella borders and plateau with electrostatic repulsions of 

WLMs, PECNPs and complexes and as mentioned in section 3.2, external constraints and 

constrictions may change the morphology depending of elasticity of lamella constituents.  

4.5.4. Size and distribution over time 

Bubble diameter and diameter distribution for scCO2 foams produced in high salinity brine 

containing surfactant and PECNP:Surfactant were measured and quantified over the time and the 

results were presented in Figure 87. The bubble size distribution is narrow at time of isolation (t = 

0 min) and broadens over the time for both ZS and ZS:PECNP enhanced scCO2 foams. The bubble 

size growth and drainage accelerate over the time, illustrating the higher degree of CO2-water 

lamella instability in ZS generated scCO2 foams. The diameter of bubbles for ZS foams reaches to 

250 µm in 30 min (Figure 87b), whereas in rakes up to 80 min for ZS-PECNP foams to develop 

bubbles with similar sizes (Figure 87d) in the first hour of stability measurement the bubble size 

remains in a near to constant size range with less noticeable fluctuations (100-130 µm) in ZS-

PECNP foams (Figure 87d). Smaller bubble size will slow down the Oswald ripening and 

coalescence and so more uniform bubble size and distribution will result in reduction Oswald 

ripening. Furthermore, another reason for slow drainage in CO2-water lamella would be higher 
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viscosity and density of lamella 161. Mean bubble area (MBA) change during foam life is proven 

to be dependent on physical and chemical properties of the gas and also lamella composition might 

be an influential factor, as moderate increase in MBA or lower variation of MBA with time might 

also result in higher foam stability 161. Also, a homogenous bubble size distribution (monodisperse) 

reduces the disproportion and thereby leads to an increased foam stability 161.  

 

 

Figure 87. Bubble diameter and diameter distribution for scCO2 foams produced in high saline brine 

containing surfactant and PECNP:Surfactant (a, b) bubble diameter distribution trend and bubble diameter 

with respect to time for 1 wt% surfactant scCO2 foam (c, d) bubble diameter distribution trend and bubble 

diameter with respect to time for PECNP:surfactant scCO2 foam 

4.5.5. Morphological changes over time 

Micrographs obtained from variety of stabilizing mixtures enhancing scCO2 foams were 

carefully examined in terms of bubble breakage and coalescence. Figure 88 reveals the detection 

of this disrupting incidents in foam stability. 
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Figure 88. Long term phenomena observed in timely manner for micrographs obtained from variety of 

stabilizing mixtures enhancing scCO2 foams 

 

The bubble breakage is visually detected for the first time between t = 4 min to 4.5 min for 

surfactant generated scCO2 foam, whereas the same phenomenon is observed between time = 14.5 

and 15 min for PECNP:Surfactant scCO2 foams. Bubble coalescence as other stabilizing effect in 

bubble rupture happens in a longer time for PECNP:Surfactant generated foam (Figure 88).   

4.6. Microscale visualization  

4.6.1. Fracture network properties   

The main model for fracture/micro-crack emulation used in this work consists of a 

main fracture and regular pattern of micro-crack with determined apertures illustrated by 

optical/laser microscopy in Figure 89a. The design could also include main fracture 

connected to array of circular pins to increase the flow resistance and to resemble the fluid 

loss to tight shale formation as shown in Figure 89b.  
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Figure 89. Close view of superimposed optical micrographs for (a) pseudo fractured network (b) 

fracture/matrix etched with SLE technique on fused silica 

In fracture network design #1 (Figure 89a), largest aperture belongs to the main 

fracture (173.23 μm) which allows the multiphase flow travel and propagation through the 

array of micro-crackmicro-cracks with lower apertures (down to 45.26 μm). For 

fracture/matrix design #2 main fracture aperture is 178.49 μm wide connected to pinned 

matrix with grains with average diameter of 202.66 μm. Table 15 lists the fracture/matrix 

network dimensional properties for two microchip designs. 
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Table 15. Physical and dimensional properties of pseudo-fracture network (design #1) and fracture/matrix 

(design #2) on glass micromodel. The measurements were made by optical microscopy and micro-CT 

analysis. 

Feature in Network (Design #1) L (μm) H (μm) W (μm) K (mD) dH 

Main Fracture (limited length in field of view as 

shown in Figure 6a) 
6509.18 297.1 173.23 8048.07 66.09 

Micro-crack #1 1166.24 282.67 168.3 - - 

Micro-crack #2 1189.98 282.67 45.26 - - 

Micro-crack #3 1189.98 282.67 60.86 - - 

Micro-crack #4 1178.08 282.67 96.93 - - 

Micro-crack #5 1189.98 282.67 167.53 - - 

Micro-crack #6 1880.20 282.67 150.9 - - 

Fracture/Matrix (Design #2) L H W K (mD) dH 

Main Fracture (limited length in Figure 6b) 6842.38 336.9 178.49 306.86 66.75 

Matrix (pinned area) 6271.18 342.67 1832.564 - - 

Matrix (pore throat) - 342.68 135.1 -- - 

Matrix (grain) 202.66 342.66 202.66  - 

 

Micro-CT validated the accuracy of reactive etching for SLE fabrication with 

negligible degree of error. Calculated lengths on 2D projections and 3D tomograms are 

shown in Figure 90 and 91.  
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Figure 90. Dimensional analysis for Chip #1 via Micro CT scanning 

 

Figure 91. Dimensional analysis for Chip #2 via Micro CT scanning 

Hydraulic aperture was measured by injection of DI water and recording of the 

injecting pressure, according to the formula previously introduced for flow rate- pressure 

dependency in a single fracture 162,163: 

(4-8)                                                   𝑄 =
1

12

|∇𝑃|𝑤𝑑𝐻
3

𝜇
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Where Q denotes to volumetric flow rate, |∇P| represents the pressure-gradient, w 

is fracture width and dH and μ are hydraulic aperture and viscosity of fracturing fluid, 

respectively. The pseudo-linear relation between fluid pressure and flow rate is illustrated 

in Figure 92.  

 

Figure 92. Pressure gradient – flow rate relationship for chip designs #1 and 2 

As it was previously reported, perfectly linear relation between pressure and flow 

rate points at negligibility of the inertial force and aperture variations 162. A slight deviation 

from the linearity indicates minor changes in aperture during the flow due to presence of 

main features (micro-crack/matrix) etched at the center of microchip. The aperture was 

slightly widened for Design #2 (66.75) indicating the presence of matrix in fracture flow 

pathway. The permeability of each fracture/macro-crack/matrix pathway was calculated 

according to Darcy’s equations 138: 

 (4-9)                                                                K =
μ.Q.L

A.ΔP
                                                                            

where K is permeability of the fluid inside the etched feature (mD), μ is the viscosity 

of complex fluid (cp), Q is the volumetric flow rate of scCO2 foam (ml/s), L is the feature length, 

ΔP is the pressure gradient of fluid injection on injecting pump (atm) and A is the cross section 
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area of the fluid pathway through the channels of fracture/micro-crack/matrix (cm2). Calculated 

permeabilities for two designs were obtained and reported in Table 15 (details are found in Table 

16).  

Table 16. Detailed parameters for calculation of permeability in microchip #1 and #2 

Main Fracture ΔP (atm) μ (cp) A (cm2) L (cm) K (D) K (mD) 

ZS scCO2 foam 84.73 1.02 0.0006 4.02 8.04 8048.073 

ZS-PECNP scCO2 foam 84.52 1.11 0.0006 4.02 8.77 8779.336 

Matrix ΔP (atm) μ (cp) A (cm2) L (cm) K (D) K (mD) 

ZS scCO2 foam 84.73 1.02 0.0024 0.62 0.30 306.86 

ZS-PECNP scCO2 foam 84.52 1.11 0.0024 0.62 0.33 334.74 

 

The value of matrix permeability is not within the range of tight shale formations (0.15 mD 

138), however, it is significantly lower than the permeability of main pathway (fracture) and the 

ratio of matrix permeability over fracture is almost 0.03 which is dramatic permeability decline 

and flow resistance build up for the flow entering the pinned area. Fracture conductivity (Fc) was 

obtained from equation (3) by finding the product of fracture permeability and fracture width: 

 (4-10)                                                              Fc= K. W                                                                            

Fc was obtained for the main fracture (4.02 mD.ft) and the amount varies for variety of 

channel width in the network. Aspect ratio is a critical factor in etching as height of the channel 

(H) to width (W) and it has to be more than one (α = H/W) 164. The overall size range agrees with 

stimulated hydraulic fractures reported in the literature. Recently, Li et al employed scCO2 to 

induce hydraulic fractures on homogenous and layered tight sandstones in laboratory triaxial 

fracturing experiment and stimulated shattered zone up to 348 μm wide and micro-cracks width 

ranging 0.2 to 92 μm 165.   
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4.6.2. CO2 foam in micro-models fabricated by UV-lithography and SLE 

Geothermal and CCUS operations employing hydraulic fracturing include high 

pressure pumping from the wellbore, fluid flow at subsurface environment, fluid loss 

through the tight shale and flow back to the wellbore 10,138, all dependent on development 

of micromodel materials and fabrication technique consistent with harsh reservoir 

condition 97. Lithography technique (photo and soft) has been a common tool to etch and 

fabricate glass and PDMS micromodels 105,166. The ability of UV-etched borosilicate 

(borofloat) chip to emulate CO2 foam transport in the fracture was compared to selective 

laser-induced etching (SLE) method in Figure 93. Figure 93a, b represent difference in 

optical micrograph of etched area by variety of etching techniques on borofoat and fused 

silica glass.  

 

Figure 93. Comparison of topography of features and multiphase flow in microchips etched by UV-

lithophany on borofloat glass at 0.055 m/s superficial velocity and SLE on silica glass at 0.019 m/s superficial 

velocity for ZS-generated CO2 foam in 33.3 kppm high saline brine (~ 4.13 MPa) (a) Optical micro graph for 
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UV-etched microchip (b) Optical micro graph for SLE glass microchip (c) ZS generated foam flow at ~ 4.13 

MPa in UV-etched microchip (d) ZS generated foam flow at ~ 4.13 MPa in SLE fabricated chip 

The fluid pressure (4.13 MPa) was almost half the required pressure to reach CO2 

super-critical state (8.6 MPa) and total superficial velocities for UV and laser etched 

microchips were 0.055 m/s and 0.019 m/s, respectively. For both chips, CO2 foam lamella 

was not formed in the main fracture and the micro-crack network helped to form the CO2-

brine lamella. Chips made with lithography offer shallow channel depth (~ 80 μm – 

depending on etching time- in this case 14 days) and wider channels (Figure 93c, Table 17) 

which led to formation of more visible lamella, larger bubbles and better wettability (gas-

covered ability) of borofloat by CO2 bubbles, indicating more lyophobic nature of borofloat 

167, whereas, smaller CO2 bubbles with more uniform texture and lower CO2 affinity to 

fused silica were observed in CO2 foam transport in SLE chip (Figure 93d), where the 

channel is up to 2.71X deeper and down to 0.25X narrower (Table 17). Comparison of 

accuracy of SLE printing and UV etching CAD design is illustrated in Table 17. The 

dimensions of SLE fabricated chips are significantly closer to determined values in CAD, 

illustrating a better accuracy of SLE printing technique to achieve targeted design and 

geometries. Moreover, some flaws and channel distortions were observed on UV-etched 

chips (Figure 93c). Figure 93d reveals more uniform and sharpened edges of channel 

network etched by SLE technique.  

Table 17. Main fracture dimensional error in comparison of initial CAD and resulted SLE and UV 

lithography chips (measurement obtained by optical microscopy and micro-CT) 

Feature/method 

CAD 

(μm) 

intended 

 

SLE 

fabricated 

chip (μm) 

Standard 

error of SLE 

from CAD 

design (%) 

UV-

Lithography 

(μm) 

Standard error of UV 

lithography from 

CAD design (%) 
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Channel width 127 173.23 36.4 231.10 81.90 

Channel depth 254 297.10 16.96 80 68 

Channel 

length (confined in micro-

crack network) 

1905 1948.40 2.28 1979.47 3.91 

 

The chip made by UV-lithography technique was inconsistent in handling the fluid 

pressures higher than 6.2 MPa and split of two thermally bonded layers led to the chip 

mechanical failure during multiphase fluid injection, in contrast, the SLE fabricated chip 

successfully handled scCO2 pressure and beyond (9.65 MPa), thanks to bulk integrity and 

fused silica high bending and tension strength (Table 18).  

Table 18. Fused silica physical and mechanical properties, information provided by SIEGERT WAFER 

GmbH 

Glass 

Material 
Manufacturer 

Density 

(g/cm3) 

Melting 

method 

Softening 

Point 

(°C) 

Compression 

resistance 

Strength 

(MPa) 

Bending 

resistance 

Strength 

(MPa) 

Tension 

resistance 

Strength 

(MPa) 

Poisson’s 

Ratio 

Fused 

Silica 

SIEGERT 

WAFER 

GmbH 

2.2 
Synthetic 

CVD 
1680 1100 67 48 0.14-0.17 

 

SLE fabricated microchip offers high modulus and transparency and it is able to 

sustain high deformation rate 164, complex fluid pressure and operational temperature suited 

for harsh conditions of tight shale formations 97 and thus the SLE approach was preferred 

for scCO2 foam injection, nevertheless, optical lithography is a robust technique in terms 

of complexity of design 124 and low-cost manufacturing 168 specific to mid-range pressure 

applications such as CO2 storage and sequestration in saline aquifer 169 and carbon 

utilization in EOR 170.  
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4.6.3. Dry scCO2 foam generation  

Pumping a particle-laden fluid into the perforated rock with low permeability exerts 

a shear force on the fluid not comparable (much lower shear rate 171) to shear history fluid 

experiences while pumped through the wellbore tubular 10,138, thus, injection of scCO2 foam 

components inside the fracture (pre-generation) and real-time monitoring of multiphase 

flow formation would picture a realistic capability of complex fluid for fracture transport, 

shear resistivity, stability and proppant release capability. scCO2 foam pre-generation 

involves the transition of single to multiphase flow while propagating inside the main 

fracture and micro channels. Figure 94 illustrates multiple stages of scCO2 foam pre-

generation conduced in high flow rates and 90% foam quality (FQ) within the SLE glass 

microchip. 



138 
 

 

Figure 94. schematic of ZS enhanced scCO2 foam pre-generation in the SLE micromodel: (a) Ambient 

condition with no flow through the micro-channels (b) Injection of brine containing surfactant into channel 

moves the air bubbles within the pattern (Ambient condition) (c) co-injection of CO2 and aqueous phase 

(containing surfactant or nanoparticle) at supercritical condition with 1.94 m/s total superficial velocity (7.72 

MPa and 40 ˚C) (d) onset of scCO2 foam generation 5 min after the start of co-injection (8.35 MPa and 40 ˚C) 

(e) fully developed scCO2 foam at high flow rates, 6 min after start of co-injection (8.41 MPa and 40 ˚C) (f) 

lowering the total superficial velocity (0.019 m/s) helps to reveal dispersed scCO2 bubbles separated by 

lamella in aqueous phase (8.41 MPa and 40 ˚C) 

The 2D geometrical pattern with no direct flow inside is shown at ambient condition 

in Figure 94a and can be considered as background. Subsequently, ZS containing high 

salinity brine (33.3 kppm) was introduced to the channel at ambient condition (with visibly 

moving air bubbles) and liquid pressurization started (Figure 94b). Immediate brine and 

scCO2 co-injection at 7.72 MPa and 40 ˚C made no visual difference in background since 
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a recognizable multiphase flow was not formed at this moment (Figure 94c). 5 min after 

inline mixing of the two phases (at inline filters, Swagelok with 15 and 7 μm pore size 

placed before the microchip inlet), the grey phase was detected within the flow pathway 

(Figure 94d) as gas-liquid lamella were starting to form at this moment. The grey phase 

turned to dark as mixing of two phases continued to create more lamella and uniform and 

homogenous multiphase (Figure 94e). The fully developed foam was observed at 

micromodel outlet at this stage (6 min from onset of co-injection). Fast fluid transport (1.94 

m/s) was required at initial stages to create and stabilize the high internal phase emulsion 

and once the homogeneity was achieved, the superficial velocity was reduced by 100 times 

(0.019 m/s) to detect the dispersed phase confined with lamella (Figure 94f). Therefore, the 

dispersed scCO2 bubbles and continuous electrolyte phase containing ionic stabilizers (ZS) 

were recognizable within the simplified fracture pattern.  

4.6.4. scCO2 volume fraction effect on fracture transport  

Minimal fresh water use and produced water disposal are core pillars of 

environmentally friendly hydraulic fracturing 172,173. Therefore, establishing a sustainable 

water-less process highlights the effect of gas/liquid phase volume ratio on foam stability 

and transport in subsurface formation 174. It is commonly known that foam viscosity and 

texture are controlled by foam quality as behavior of wet and dry foams differ in terms of 

bubble dispersion, interaction and frictions 175. In our previous study with foams formed 

near ultra-dry limit (90 v/v% scCO2 phase), the highest viscosity and fluid loss reduction 

were achieved in macro scale fluid transport 138,176. For variety of practical foam qualities 

of scCO2 foam, significant change in flow pattern and bubble size with alternation of scCO2 

volume fraction upon injection was evident in micrographs presented in Figure 95. Varying 
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superficial velocities of scCO2 and stabilizing solution resulted in foam with different 

qualities and textures. 

 

Figure 95. Foam quality comparison at fixed injection velocities for variety of scCO2 foams generated in the 

fractured network (a-d) ZS containing scCO2 lamella in 33.3 kppm brine (e-h) ZS-PECNP containing scCO2 

lamella in 33.3 kppm brine 

The flow was not characterized as segregated for all tested FQs due to homogeneity 

of dispersion and mixing and shear resistive properties approved by rheological 

measurements 138 and partly because of absence of gravity segregations in microchip 

observations, however, the foam flow regime may divide into free gas threads and foam 

slugs with respect to lamella stability, foam quality and viscosity 177. For all FQs, bubble 
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shape remained round and didn’t turn to polygonal, since FQ of ultra-dry foams (φ > 90%) 

was not tested 29. Achieving a complex fluid with single uniform phase would be an ideal 

case for fracture opening and optimum proppant distribution 138. Injection of lower quantity 

of internal phase (60 v/v%) led to formation of millimetric bubbles in form of free gas 

threads in ZS stabilized foam (Figure 95a) as oppose to nearly phase inverted foam with 

the similar FQ containing ZS-PECNP enforced lamella (Figure 95e). Changing the FQ to 

higher volume fractions of injected scCO2 phase (FQ=70%) led to development of more 

portion of wetted foam stabilized with ZS (Figure 95b) and dryer foam with large bubbles 

stabilized with PECNP-ZS (Figure 95f). Subsequent increase in portion of internal phase 

(FQ = 80%) led to entrapment and condensation of scCO2 bubbles in highly concentrated 

electrolyte (Figure 95c, g). Formation of more CO2-water lamella with smaller bubbles was 

observed for ZS-PECNP stabilized scCO2 foam (Figure 95g). This is in line with our 

previous bulk studies indicating that the addition of PECNP resulted in a more viscous and 

more stable foam 48,138. Plug flow with fully developed texture foam is observable in Figure 

95g, h for ZS-PECNP stabilized scCO2 foam, while ZS generated scCO2 foam with high 

foam qualities (figure 95c, d) represented the repetition of fine-textured foam and 

noticeably large bubbles. Condensation of scCO2 bubbles was frequent upon raise in FQ 

for both ionically stabilized mixtures. The increase in amount of liquid film per unit length 

is a result of formation of multiple electrostatically stabilized lamellas and is directly 

responsible for apparent viscosity rise 29. It’s been reported the foam elasticity improves 

with high FQ (dry foam) as contributing factor to capability of proppant transport 20. It was 

shown recently improved viscoelasticity is achieved with more solid- like gas-water 

interface stabilized by nanoparticle and surfactant complexes in shear thinning study for 
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laminar flow of incompressible scCO2 foam through a Couette geometry rheometer 138 

Furthermore, Harris and co-workers reported that higher foam quality would lead to higher 

viscosity and reduced fluid loss to the matrix 69 (section 3.6.8). One can easily conclude 

that the closely packed monodispersed array of bubbles in ZS-PECNP scCO2 with 90 v/v% 

gas volume fraction is an ideal candidate to optimize the fracture transport, proppant 

carrying capability and distribution.  

4.6.5. Dry scCO2 foam fracture transport 

Characteristics of foam flow in fractures is of importance for tight and low 

permeability reservoirs, since the fracture is the main flow pathway of complex fluid 29. 

Figure 96a, b reveals the scCO2 foam produced with ZS and ZS-PECNP complexes 

dissolved in 33.3 kppm high saline brine upon reaching to slow momentum with low 

superficial velocities (0.017 m/s for scCO2, 0.002 m/s for aqueous phase). FQ equal to 90% 

was selected for comparative analysis, due to optimal texture (Figure 96d, h). 
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Figure 96. Dry scCO2 foam (90% foam quality) generated within the main fracture and micro-crack after the 

flow with low flow rates reaches to pseudo laminar stage (a) bubble lamella stabilized with ZS in 33.3 kppm 

brine (b) bubble lamella stabilized with ZS-PECNP in 33.3 kppm  

Larger bubbles are formed within the ZS generated foam with average 40.74 μm and 

largest size 1028.27 μm and as a result, near to coarse texture was observed, whereas, the 

largest detectable bubble sizes during coherent and stable flow of ZS-PECNP stabilized 

scCO2 foam are 137.85 μm, with detectable average bubble size 35.42 μm representing a 

fine textured foam. Table 19 lists the microstructural quantification of two flow regimes in 

pseudo-fractured media.  
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Table 19. Microstructural quantification of complex fluids flowing through the fracture and micro crack 

network (analysis was performed on detectable phases) 

Foam mixture 
Mean bubble size 

(μm) 

Largest bubble 

size (μm) 

scCO2 bubble 

morphology 
Polydispersity Index (PDI) 

ZS scCO2 foam 40.74 1028.27 Near to coarse 7.87 (highly polydisperse) 

ZS-PECNP scCO2 foam 35.42 (detectable) 137.85 Fine 2.00 (near uniform) 

 

The bubble population in ZS-PECNP generated foam is the result of excessive 

lamella formation and supreme stability of electrostatically enhanced foam system. The 

instability of ZS-lamella upon foam generation and isolation of scCO2 bubbles led to more 

bubble coalescence and lamella drainage and formation of larger bubbles upon onset of 

mixing (Figure 96a), while ZS-PECNP generated scCO2 foam exhibits condensed and 

populated array of smaller and monodispersed bubbles with barely recognizable midrange 

bubbles were detected being dragged through the smallest micro channels (Figure 96b). 

Fast inter-bubble diffusion/compression (no collusion) regulates the bubble size in ZS-

PECNP scCO2 foam propagated through the fracture, according to the bubble dynamic that 

was introduced and investigated as influencing factor on bubble geometry in the literature 

162.  

Previously, it was reported that the electrostatic complexation of ZS and PECNP 

improves the lamella disjoining pressure and repulsive forces over the capillary pressure 

and van der Waals motivated mechanisms responsible for bubble degradation and 

expansions 138,178. Ostwald ripening rate is slowed down by high packing efficiency of 

WLMs 179 and the effect is improved by PECNP conjugation to WLM 138. The improvement 

of ionic strength for aqueous polyelectrolytes is responsible for appearance of more 

populated array of smaller scCO2 bubbles indicating more lamellas were formed in ZS-
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PECNP generated scCO2 foam and a larger volume of foam was generated with better 

foamability achieved using ZS-PECNP complexations with constant concentration of 

surfactant. 

Both mixtures successfully entered the micro-cracks as wide as 45 μm, which 

illustrates the high efficiency of multiphase fluid propagation and fracture invasion 

capability to maintain pathway conductivity and resistance against pressure gradient in 

confined geometries when hydrofracture size varies 180. The foam was successfully diverted 

in cross flow from high permeability to low permeability area and withstood the high-

pressure build-up upon entering the micro-crack region. For ZS generated scCO2 foams, 

the dispersed phase size was controlled by the width of the flow pathway and with 

maintaining the constant flow (0.019 m/s) the stability of bubbles was not affected moving 

from fracture to micro-cracks for both stabilizing mixtures (Figure 96). ZS generated scCO2 

foam successfully filled the smallest channel sizes (45 μm channel width for micro-crack 

#2), however, the ZS-PECNP generated scCO2 foam was unable to entirely fill the channels 

#2 and #3 with 45, 60 μm width. High frequency of lamella formation resulting in lower 

bubble size with higher internal pressure established the higher momentum of transport and 

rate of diffusion for ZS-PECNP scCO2 foam and negatively affected micro-crack storage 

capacity and foam propagation into short-range micro-cracks (Figure 96b), however, when 

broken foam (elongated bubble) invaded the smallest microcrakcs, the opportunity for 

diverting the fluid by CO2 to the fracture and eventually surface arises. 

Less momentum and energy of transport for ZS generated scCO2 foam allowed us 

to trace the movement of singular bubbles in the network. On this matter, Terry and co-

workers made an interesting analogy for energy loss during multiphase flow changing 
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direction to race car travel around the track 181. If the flow carries high momentum, the 

energy is lost in turns and morphology and integrity are affected. Figure 97 reveals the 

bubble flow direction through the fracture and channel network for lamella stabilized with 

ZS. Bubble in plug flow broke upon meeting the first T-junction and fed the smaller bubbles 

to the micro-crack network as foam propagated through and filled the smaller channels. 

Bubble travel from tiny channels to larger ones could be studied in terms of stability of 

multiphases when the flow experiences the pressure drop in a cross flow to increase the 

fracture conductivity as crack width widens.  

 

Figure 97. scCO2 bubble direction through the fracture and channel network for ZS scCO2 foam flow in SLE 

microchip 

The morphology and integrity of ZS-PECNP generated scCO2 was not affected by 

flow divergence from micro-crack to fracture, whereas the bubble growth and coalescence 

at T-junction was observed for ZS generated scCO2 foam (Figure 97) indicating the scCO2 

lamella instability on sharp edges when lamella was only filled with WLMs and the foam 

was obstructed or decelerated by T-junctions or 90° constriction. Conversely, confinement 

and flow divergence did not induce deformation to bubbles and breakup of fluid interface 
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comprising ZS-PECNP complexes was not observed. 1D (fracture) and 2D (network) flow 

of ZS-PECNP foams remained stable for a longer period (Figure 98). Inability to fully 

examine the texture of ZS-PECNP scCO2 foam due to excessive lamella formation and 

high degree of monodispersity of droplets led to inaccuracy of analysis for bubble 

population, so foam at macroscale was generated and complementary observations were 

performed in view cell. To characterize the dynamics of scCO2 foam bubbles, dimensionless 

parameters containing important information about the microstructure, shear condition and relative 

density were defined 20. Reynolds, Peclet, Stokes and Capillary numbers are critical parameters to 

explain the foam hydrodynamic dependence on microstructure (Table 20).  

Table 20. Hydrodynamic and flow parameters for scCO2 foam characterization in microchips 

Hydrodynamic 

Value 
Formula Description Parameters 

Reynolds 𝑅𝑒 =
𝜌𝑚𝑅𝑏

2𝛾̇

𝜇𝑚

 
Inertial Forces

Viscouse Forces
 

ρm and μm are the ambient fluid density and 

shear viscosity, respectively and 𝛾̇ denotes the 

applied shear rate and Rb is the bubble radius. 

Peclet 𝑃𝑒 =
6𝜋𝜇𝑚𝑅𝑏

3𝛾̇

𝐾𝐵𝑇
 

Hydrodynamic Forces

Brownian Forces
 

T is absolute temperature and KB is Boltzman 

constant 

stocks 𝑆𝑡𝑘 =  
𝜌𝑏

𝜌𝑚

𝑅𝑏ϛ𝑅𝑒 
Bubble response time

Fluid response time
 ρb is bubble density and ϛ is a shape factor. 

Capillary 𝐶𝑎 =
𝜇𝑚𝛾̇𝑅𝑏

𝜎
 

Viscouse forces

Surface tension forces
 

μm is shear viscosity, 𝛾̇ is shear rate, Rb is the 

bubble radius and 𝜎 is surface tension 

Deformation of 

bubble 
𝐷𝑅  ≅ 𝐶𝑎 

𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛

𝑅𝑚𝑎𝑥 + 𝑅𝑚𝑖𝑛

 

Where Rmax and Rmin are maximum and 

minimum axis lengths of an ellipsoid bubble 

under shear. 

 

To calculate basic hydrodynamic parameters, results from macro scale observations were 

considered (section 3.5, Table 21).  
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Table 21. Dimensionless parameters to characterize the dynamics of bubbles in scCO2 foam (T=40 °C, 313.15 

°K, Kb = 1.38064852 × 10-23 m2 kg s-2 K-1, ϛ = 1) FQ = 90 % 

33.3 kppm System 𝑅b(μm) 𝜇𝑚(𝑐𝑝) 𝛾̇(1/s) 𝜌𝑚 (gr/cm3) 
𝜌𝑏   

(gr/cm3) 

σ 

(mN/m) 
Re Pe Stk Ca 

ZS scCO2 foam 144.76 1 26.30 1.0217 0.526 6.355 56.32 3.48E+8 0.0042 0.0006 

ZS-PECNP scCO2 

foam 
102.62 1.05 31.74 1.0221 0.526 6.43 32.54 1.57 E+8 0.0017 0.00053 

 

The macro scale observation was performed on visualized flow of scCO2 foam generated 

in standard 1/8 inches stainless steel pipes. The shear rate was calculated according to velocity 

distribution profile for power-law flow in circular pipe 182. More details are found in Table 22 and 

23.  

Equation 1 expresses the shear rate obtained for fluid flow governed by power law model 

in circular pipe 182: 

(4-11)                                                       𝛾̇ =
𝑄

𝜋𝑟3 ∗ [3 +
1

𝑛
]                                                        

The characteristic indexes of power-law fluid (n, K) were previously obtained by rheological 

measurement 138 and listed in Table 22.  

Table 22. Flow consistency index (K) and flow behavior index (n) for variety of PECNP/Surfactant scCO2 

foam systems 

33.3 kppm System K (Pa sn) n 

ZS generated scCO2 1184.3 0.402 

ZS-PECNP generated scCO2 (1:9) 2916.4 0.276 

 

Accordingly, the shear rate was calculated and listed in Table S6. 

Table 23. Shear rate for variety of macroscale flow in circular pipe 

33.3 kppm System n (3+(1/n)) Q (m3/s) R (m) 𝛾̇ 

ZS generated scCO2 0.402 5.48 0.0000001 0.0019 26.30 

ZS-PECNP generated scCO2 

(1:9) 
0.276 6.62 0.0000001 0.0019 31.49 
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Table 21 represents the corresponding values for introduced dimensionless parameters 

using the average bubble diameter obtained from macro visualization experiments. Reynolds is 

defined as ratio of inertial force to viscose forces. The flow regime for all the stabilizing mixtures 

was laminar (Re<2300) which illustrates the homogenous phase dispersions and lack of eddies at 

moderate flow rates in small tubes 183. Peclet number is representative of bubble dynamics and 

high value of Peclet indicates slow bubble movement overcome Brownian movements and 

hydrodynamic interaction was prevalent. Low Stokes value (𝑆𝑡𝑘 ≪ 1) showed no phase 

segregation occurred in scCO2 foams (FQ = 90%) with variety of introduced stabilizers 20. 

Capillary number was defined to determine the equilibrium shape of bubble 20. This value is a 

measure of bubble deformity, as at early stages of deformation, at low capillary number, the 

emulsion is isotropic, 20. Capillary number value is in correlation with bubble deformation under 

shear, so it represents destabilizing forces in the lamella as well as the magnitude of opposite forces 

to disjoining pressure. One should note in case of ordered foams, the packing structure of the 

bubbles is dictated by capillary pressure and surface energy minimization 20, as such, 

improvements in disjoining pressure through electrostatic interactions balances the forces in CO2-

water interface, and the capillary value decreases for ZS-PECNP generated scCO2 foam (Table 

21).   

The scCO2 foam propagation schemes in chronological order for both ZS and ZS-

PECNP mixtures were shown in Figure 98.  
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Figure 98. scCO2 foam propagation schemes in chronological order for scCO2 bubble in highly saline brine 

containing (a-f) ZS and (g-l) ZS-PECNP mixtures 

The transport of scCO2 foam through the fracture slit is shown for variety of 

stabilizing mixtures. The fluid total superficial velocity was 0.019 m/s. The ZS-generated 

scCO2 foam represented discrete movement of super large bubbles of scCO2 surrounded by 

interconnected arrays of smaller scCO2 bubbles dispersed in highly saline brine (Figure 

98a). At early stages of transport (Figure 98b, t = 2 min), the multiphase was discretized at 

main fracture, despite the fact that flow was homogenous at micro-crack network for ZS-
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generated scCO2 foam, then when time elapsed, the foam flow began to discretized (Figure 

98c to 98e) and eventually a singular scCO2 bubble grew to fill the main channel (Figure 

98f, 10 min) due to instability of CO2-water lamella leading to bubble growth, coalescence 

and ultimate instability of multiphase transport. Bubble growth and coalescence directly 

affect proppant settling rate and triggers fast sedimentation 80. Zhu et al argued that for 

unstable lamella the plateau border is unable to provide the drag force against the gravity 

in shale formation due to reduction of bubble pressure 184, therefore, the proppant settlement 

deficiency is expected for ZS generated scCO2 foam. Coherent multiphase was observed 

for ZS-PECNP generated scCO2 foam (Figure 98 g to 98 l). The slugs of scCO2 were 

noticeably within the smaller size range (detectable up to 35μm), though as mentioned the 

channel filling (micro crack network) was not as effective as the foam generated with 

WLMs (channel filling efficiency), negatively affected by high shear rate at lower width 

micro-cracks 20. The multiphase system with supercharged ionic complexes in aqueous 

phase was coherent and integrated during the time frame of expansion through the micro-

cracks (10 min) and pressure gradient through the micro channel network didn’t affect the 

bubble size and stability of phases. Micro-cracks with lower dimensions than fracture 

(Table 15, up to 0.26 times lower) exert higher pressure and local strain on fracturing fluid 

where flow experiences sudden contraction, shear and extensional stress with risk of 

doubling the topological changes 158. It was previously reported that the ZS-PECNP scCO2 

foam offers higher viscosity than ZS foam in entire shear rate range from wellbore to 

fracture 138, as higher shear resistivity leads to formation of smaller bubble size and 

narrower size distribution 140, due to ability of ionic complexes to improve storage capacity 

of interface against the deformations 20. The observations are consistent with previously 
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measured flow consistency index K= 2916.4 Pa.sn for ZS-PECNP generated foams over 

K=1184.3 Pa.sn for ZS based scCO2 foams verifying improved complex fluid capability for 

proppant transport and placement 138 and to resist against pressure drop across the fracture 

145 and elastic deformations in constrictions 158. 

4.6.6. scCO2 bubble stability in main fracture 

Selection of proper fracturing fluid poses a direct impact on fracture width, fluid loss 

reduction, fracture conductivity and fracture clean-up process138,185. Failure to maintain the 

foam stability results in inhomogeneous distribution of proppants in the fracture [10]. 

scCO2 foam stability in the fracture was affected by high temperature conditions, high shear 

rate while pumping and low shear rates while fracture is closing [10]. Stability of ZS and 

ZS-PECNP generated scCO2 foam was compared over the course of 120 min from the point 

the multiphase flow was stopped, and the microchip was isolated. The micrographs are 

illustrated in Figure 99. 

 

Figure 99. Foam stability comparison in the main fracture. The flow was stopped, and microchip was isolated 

The stability of scCO2 foam generated using ZS along the main fracture was 

drastically affected by bubble coalescence and lamella breakage during the first 30 min of 

stabilization. The lamella was not stable enough to separate the scCO2 phases from each 

other in electrolyte solution. For ZS-PECNP generated scCO2 foam, extremely small and 
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monodisperse droplets were largely stable in fracture slit for entire time frame except some 

instable movements observed at t = 90 min due to inertia effect. The gradual bubble growth 

was observed but not significant to destabilize the stream. The ZS-PECNP scCO2 remains 

stable for entire time frame of isolation (up to 7 hr – Figure 100).  

 

 

Figure 100. Long term fracture stability for ZS-PECNP scCO2 foams 

4.6.7. scCO2 bubble stability in micro-cracks 

Figure 101 illustrates the level of stability for scCO2 bubbles in micro-crack 

networks. The main foaming solution fed the micro-crack from the main channel (lower 

edge on squared network). 
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Figure 101. Stability of foaming mixtures in micro-crack network for scCO2 bubble stabilized in high saline 

electrolyte containing (a) ZS (b) ZS-PECNP in every 15 min after foam isolation in SLE microchip 

Discreet movements of bubbles were visible in ZS generated foams (Figure 101a). 

Initially the feeding main bubble diffused through varying size micro-crack and broke into 

smaller bubbles confined with the micro cracks aperture, the foam within the micro-crack  

was stable enough through the entire timeframe (t = 2 h) with local variations in bubble 

size, however, the bubbles traveled and collided into the one millimetric bubble and foam 

breaks eventually in the main fracture (Figure 101a, after t = 105 min). It is worth noting 

that despite isolation of microchip from inlet/outlet, the low inertia in the channel, prompts 

the bubble movement and relocation. Highly monodispersed and emulsified scCO2 foam 

with lamella containing ZS-PECNP complexes successfully maintained the stability and 

offered proper channel occupancy (Figure 101b). The mixture remained stable for entire 

time frame of isolation (up to 7 hr – Figure 102) mainly due to surfactant-brine solubility 
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and nanoparticle compatibility to the WLMs and concentrated electrolytic interface, 

needless to mention the synergistic effect was previously introduced as influencing factor 

for improved foam stability in macroscale observations for foam height measurements 138. 

 

Figure 102. Long term stability of ZS-PECNP scCO2 foam in microcrack network  

4.6.8 Fluid loss assessment in fracture/matrix pattern 

High internal fracture conductivity and control of leak-off rate to formation reduce 

the pumping cost and ensures the mechanical integrity of formation in an environmentally 

friendly oil recovery process 138. Limiting the leak-off, extends the fracture length in 

practical operation due to higher viscosity 186. The tight shale formation damage can be 

evaluated in simplified problem of two-dimensional (2D) Cartesian complex flow in matrix 

domain. The schematic of this design is shown in Figure 89b and dimensional analysis is 

provided in Table 15. The fluid loss assessment was performed for flow of scCO2 foam in 

fracture/matrix (design #2) with high superficial velocities (total = 1.66 m/s) to distinguish 

the fluid pattern and to highlight the colour contrast in tight shale during visualization. 

Figure 103 represents the fluid loss micrographs for ZS and ZS-PECNP generated scCO2 

foam from main fracture to tight shale matrix (microchip design #2) with average 135.10 

μm pore throat (see Table 15) within the first 2.5 min after foam generation. The efficient 
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electrostatic conjugation of ZS and PECNP introduces a reliability of nanoparticle additive 

to control the formation damage in micro-scale. 

 

Figure 103. Fluid loss pattern representing the leak off from the fracture to the matrix on SLE microchip 

design #2 (a) flow of ZS and (b) flow of ZS-PECNP stabilized scCO2 foams with 90% FQ at high superficial 

velocities (total 1.66 m/s) 

Less volume of fluid leaked to the matrix from the fracture in flow of scCO2 foam 

stabilized with ZS-PECNP (Table 24). It was previously reported larger magnitude of 

compressibility and higher apparent and dynamic viscosities prevents the fluid to penetrate 

through the pore throats of tight shale and so high internal fracture conductivity is 

maintained 138,153. The volumes of lost fluids to the matrix in the chip design #2 with respect 

to the recording time of the micrograph and corresponding fluid loss coefficients were 

measured from the following equation 117:  
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(4-12)                                                      𝑉𝐿 = 𝐶𝑤√𝑡 + 𝑆𝑃                                                           

 

where VL is the total fluid loss volume, CW is the fluid loss coefficient for multiphase 

flow in chip design #2 and SP is volume leaked off before filter cake formation, which was 

neglected for microchip test due to lack of filter cake formations for foams. Thus, the 

following form was selected for assessment.    

(4-13)                                                          𝑉𝐿 = 𝐶𝑤√𝑡                                                               

 

Table 24 illustrates the matrix storage capacity (portion of filled area in the matrix) 

and estimated volume loss to the matrix (schematic provided in Figure 104).  

Table 24. Matrix storage capacity (portion of filled area in the matrix) and estimated volume loss for the flow 

into the glass microchip with area resembling the tight shale formation 

Time 

(min) 

Percentage of 

matrix filled 

with ZS scCO2 

foam (%) 

Volume loss for ZS (ft3) 

Percentage of 

matrix filled 

with ZS-

PECNP scCO2 

foam (%) 

Volume loss for ZS-PECNP (ft3) 

0 80.55 1.51e-8 72.97 1.41e-8 

1 88.8 1.73e-8 78.16 1.71e-8 

2 88.19 1.74e-8 79.87 1.68e-8 

2.5 88.49 2.04e-8 81.82 1.81e-8 

 

Table 25 represents the fluid loss coefficient for the flow into the glass microchip 

with area resembling the tight shale formation and for the flow through Kentucky sandstone 

tight core previously measured by our group 138. (0.18 mD permeability for Kentucky 

sandstone). Table 25 verifies the dramatic decline of fluid loss coefficient was observed in 

microscale observations.  
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Table 25. Fluid loss coefficients for measured volumes of fluid penetrated through tight formation in macro 

and micro scale observations 

Stabilizing mixture 
Volume loss slope (microfluidic) 

(ft3/min0.5) 

CW (ft/min0.5) 

(Micro scale observation) 

ZS generated scCO2 foam 2.00E-08 2.39E-02 

ZS-PECNP generated 

scCO2 foam 
8.00E-09 9.57E-03 

 

 

Figure 104. Volume loss with respect to time in chip micromodel #2 

The fluid loss coefficient is a function of foam quality 186 matrix permeability, 

surfactant/nanoparticle concentration and temperature 69 and so at constant FQ (90%), 

temperature (40°C) and permeability of matrix (Table 15), the stabilizing mixture 

determines the foam tendency to retain water by improving the viscosity and osmotic 

pressure 138. Imbibition of shale matrix by fracturing fluid is also influenced by 
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compressibility of the rock, fracture/rock conductivity and permeability 187. Here, 

compressibility of complex fluid and capillary pressure in the pore level controlled the 

amount the fluid penetrated through the pore throats of matrix and PECNP/Surfactant 

scCO2 foam offered less pore throat plugging and damage demonstrating yet another 

environmentally friendly aspect of waterless fracturing fluids enhanced with supercharged 

complexes.  

Chapter 5: Conclusions 

5.1. Molecular complexation, complex fluid development and hydraulic fracturing 

performance  

Herein, results are reported for a responsive scCO2 foam which combines improved 

viscosity and stability, to better carry proppants, as well as instability in the presence of the oil 

phase, resulting in rapid degradation upon contact.  A novel mixture containing PECNP-surfactant 

in high salinity brine was successfully prepared to enhance scCO2 foam, reduce formation damage 

and improve clean-up properties during the hydraulic fracturing process. The major conclusions 

can be summarized as follows:  

1. The presented mixture overcomes the traditional issues of water-based foam liquids such 

as foam instability at high temperature and pressure, and formation damage due to high water 

content. It offers a compatibility of scCO2 with high salinity produced waters (including divalent 

ions) up to 67 kppm TDS (higher than sea level) to minimize fresh water use and produced water 

disposal in the hydraulic fracturing process, helping to create a more sustainable process of oil 

recovery from tight shale formations and to store large volumes of CO2 from the atmosphere.  

2. Minimum polyelectrolyte and surfactant concentrations are required for effective 

performance with the recommended PECNP-surfactant mixture. A zwitterionic surfactant resistant 
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to high temperatures, compatible with high salinity brine and charged nanoparticles was employed 

to interact with PECNPs electrostatically. The mixture lowers the surface tension of scCO2 bubbles 

up to 74% in 33.3 kppm and 93% in 66.7 kppm high salinity brines.  

3. The formation of vesicular complexes as a result of electrostatic complexation of PECNP 

with WLMs was visually identified with TEM images and confirmed with Raman and 

spectroscopy. The ionic complexes are capable of stabilizing the water-CO2 lamella by enhancing 

the viscosity (rheometry), rigidity (dilatational elasticity), and electrostatic repulsion (zeta 

potential measurements) among lamellae surfaces. A least-squares fitting algorithm as a 

morphological model indicated the synergistic complexation between PECNP and surfactant based 

on fitting analysis on acquired Raman spectra from ionic mixtures. The underlying mechanism 

was identified as electrostatic rearrangement of WLMs along the structure of PECNP to form 

electrostatically bound layers with nanoparticles and create a stable complex.  

4. A novel ionic complex containing PECNP and N-120 ethoxylated surfactant is capable 

of enhancing interfacial interactions and disjoining pressure of the thin film of high salinity brine 

formed between scCO2 bubbles, and can improve DLVO forces in aqueous polyelectrolytes for 

carbonate surfaces (EOR application). TEM imaging and Raman spectroscopy analysis confirm 

the PECNP’s electrosteric interaction with N-120 micelles as wormlike or vesicular structures 

comprising both nanoparticle and surfactant components. These ionic nano-structures offer 

noticeable IFT reduction and also provide improvements in rigidity of lamella against the surface 

tension variations at the interface, opposing the lamella drainage and bubble coalescence. Raman 

spectroscopy results were used to understand the chemical interaction between N-120 oligomers 

and the PECNPs. A two-component model comprising an average PECNP and an average 

surfactant was fit to Raman spectra of lyophilized PECNP:surfactant solution with 1:9 ratio. The 
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model enabled identification of three major spectral regions not explained by the N-120 and 

PECNP spectra alone, indicating a change in chemical environment of the key functional groups 

as a result of ionic complexation and reorganization of the aromatic and aliphatic chain 

components.  

5. The stability of scCO2 bubbles is improved through the formation of electrostatically 

enhanced bubbles containing the aggregates of PECNP-surfactant. The foam stability drastically 

improved in view cell test as optimum mixtures presented longer foam life time. PECNP-surfactant 

mixtures represent a new prospect for stabilizing the bubble film in a high salinity environment, 

and for tailoring the lamella repulsive forces through addition of different ratios of PECNP to 

surfactant to overcome the lamella drainage and film thinning.  

6. Fluid loss commonly occurs in fracturing process, but can be controlled using the 

presented PECNP-surfactant scCO2 foam. Fluid loss volume and fluid loss coefficients for CO2 

and water were lowered up to 86 and 78%, respectively, by employing PECNP-surfactant,  

resulting in lower formation damage.   

7. Rapid and easy clean-up is offered by PECNP-surfactant scCO2 foam, as evidenced by 

the high pressure drop and decline in oil saturation detected in sand-pack tests.  

 

5.2. Macroscale (millimetric) visualization of foam flow at reservoir condition  

Macroscale observation of scCO2 foam generation and stability in vertical view cell led to 

the following conclusions.  

1. Macroscale visualization enabled access to complex fluid morphological and 

geometrical features, quantification of bubble frequency and measurement of hydrodynamic 

parameters influencing underground fluid transport and stability.  
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2. Widening flow in upper part of view cell was affected by confinement ratio of tube and 

view cell. The compressed foam thread in the feeding tube became increasingly unstable in 

stationary breakup location along the vertical pathway, which eventually led to formation of less 

uniform droplets in PECNP:Surfatcant scCO2 foam. Local plastic rearrangement of lamella 

happens with stronger magnitude for PECNP:Surfactant scCO2 foam, and a pattern of deformed 

bubbles exiting narrow constricted channels was observed for this mixture. The incident ultimately 

led to formation of asymmetric shape transition of bubbles in diverging flow. Excessive lamella 

breakup occurs in widening flow with faster pace for PECNP:Surfatcant scCO2 foam. This 

observation was attributed to elastoplastic properties of interface originated by presence of 

branched PEI chains in PECNP mixture. 

3. Instability mechanisms, such as coalescence, and bubble drainage were evaluated, and 

it was determined the destabilizing incidents happen with faster rates for ZS scCO2 foams.  

4. The comparative stability performance of scCO2 foams generated in high salinity 

produced water containing Zwitterionic Surfactants and PECNPs was demonstrated by macroscale 

observation of the long foam life for ZS:PECNP scCO2 foams.  

5. Morphology and structural parameters of foam bubbles including size, size distribution 

as well as film drainage and rate of deformation were quantified via visualization techniques and 

it was discovered PECNP:Surfactant scCO2 foam with larger initial bubble size preserves the size 

over the time compared to ZS scCO2 foam with smaller initial bubble size and ascending size trend 

throughout the time.  

5.3. Microchip fabrication for foam flow in harsh reservoir condition  

This section presented a protocol related to a fabrication platform to create robust, high-

pressure glass microfluidic devices. The protocol presented in this work alleviates the need for a 
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cleanroom by performing several of the final fabrication steps inside a glovebox. The use of a 

cleanroom, if available, is recommended to minimize the potential for contamination.  

1. This work is concerned with microfluidic platforms that enable direct, in situ 

visualization of transport of complex fluids in complex permeable media that faithfully represent 

the complex structures of subsurface media of interest. As such, this work used a buffered etchant 

that enables the study of mass transfer and transport in surrogate media resembling geologic 

permeable media. 

 2. UV lithography technique in this work employs a positive photoresist. As a result, the 

areas in the design that correspond to features that are intended to be etched on the substrate are 

optically transparent and the other areas obstruct the transmission of light (collimated UV light). 

In the case of a negative photoresists, the situation would be the opposite. The areas in the design 

that correspond to the features that are intended to be etched on the substrate shall be optically 

non-transparent. UV light source the patterns are transferred to the photoresist by altering its 

solubility as a result of its exposure to UV light. A full-spectrum, mercury-vapor lamp may serve 

as the UV source. The use of a collimated, narrow-band UV source, however, improves the quality 

and precision of the fabrication significantly. The UV source is a developed in-house and offers a 

low maintenance, low-divergence, collimated UV light source for lithography. The UV source 

consists of a square array of nine high-power LEDs with a target peak emission wavelength of 365 

nm at 25 °C (3.45 mm x 3.45 mm UV LED with Ceramic substrate). A light-collecting UV lens 

(LED). 

3. This work also presents a step by step roadmap for high-pressure foam injection in 

fabricated glass microfluidic devices using a high-resolution camera and an illumination source. 

Examples of CO2 and scCO2 foam microstructure and transport in microfluidic devices are also 
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presented with relevance to fractured tight and ultra-tight formations. Direct observation of 

transport in these subsurface media is a challenging task. As such, the devices described in this 

work provide an enabling platform to study transport in permeable media under temperature and 

pressure conditions that are relevant to subsurface applications such as fractured media, EOR 

processes and aquifer remediation. Devices used in this work are fabricated using two different 

techniques, namely photolithography/wet-etching/thermal-bonding and SLE. The 

photolithography/wet-etching/thermal-bonding technique comprises a relatively low-cost etching 

process using a low-maintenance, collimated UV light-source. SLE is executed using a femto-

second laser source followed by removal of modified glass from the glass bulk via wet-etching.  

4. The main steps involved in the developed photolithography/wet-etching/thermal-

bonding technique include printing the design on polyester based transparency film or a glass 

substrate and transferring the pattern on to a chrome/photoresist coated borosilicate substrate 

followed by removal of exposed area by photo developer and chrome etchant solutions and etching 

the patterned area of the borosilicate substrate to the desired depth, ultimately, thermal bonding of 

the etched substrate and the cover plate.  

5. In contrast, SLE employs a two-step process: (i) selective laser-induced printing in a 

transparent fused silica substrate, and (ii) selective removal of the modified materials via wet 

chemical etching leading to the development of three-dimensional features in the fused silica 

substrate. Both SLE and UV-lithography techniques result in devices that are chemically and 

physically resistant and tolerant of high pressure and temperature conditions that correspond to 

subsurface systems of interest. Both techniques provide pathways to create high-precision etched 

micro-channels and capable lab-on-a-chip devices. The photolithography/wet-etching/thermal-

bonding technique is robust in terms of the geometry of the channels and may be used to etch 
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complex channel networks, whereas SLE is limited to relatively simple networks due to practical 

reasons. On the other hand, devices made with photolithography/wet-etching/thermal-bonding 

may be more vulnerable to breakage due to bonding imperfections, residual thermal stresses from 

fast heating/cooling rates during thermal bonding and structural flaws from the wet-etching 

process. In contrast to photolithography, SLE devices appear more resilient under high pressures 

(tested up to 9.65 MPa). Regardless of the fabrication technique, rapid pressure buildup rates may 

increase the chance of mechanical failures in microfluidic devices. 

5.4. Multiphase fracture flow in harsh reservoir condition 

Herein, synergistic stabilization of scCO2 in highly concentrated electrolytes was reported 

and corresponding fracture/matrix multiphase flow visualization in SLE fabricated fused silica 

glass microchips for CCUS and environmentally and sustainable oil recovery. In the comparative 

study between microchip fabrication techniques, different ionic stabilizers and mixing phase ratios 

were introduced to find the optimum complex fluid composition and lab-on-a-chip (LOC) platform 

for sustainable and waterless multiphase flow in tight shale formation. The major conclusions can 

be summarized as follows:  

1. The high-pressure complex fluid injection into LOC was evaluated and it was revealed 

that fused silica glass microchips fabricated with selective laser-induced etching (SLE) 

outperformed photo lithography fabricated borofloat glass microchips in terms of mechanical 

integrity, pressure resistivity, accuracy of printing and ease of visualization. Accordingly, SLE 

was introduced as an ideal candidate for subsurface emulation on LOC.  

 2. In order to emulate a recyclable and sustainable water-less fracturing process on LOC, 

a zwitterionic surfactant compatible with concentrated electrolytes and charged nanoparticles was 

employed to interact with PECNPs electrostatically in high salinity brine (33.3 kppm) and the 
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mixture was co-injected with scCO2 into SLE chip micromodel. Pre-generation of scCO2 foam 

coupled with in-situ observation of SLE micromodel helped to identify the optimized foam quality 

and superficial velocities to achieve the formation of HIP with near to coarse texture and larger 

bubbles within the ZS generated foam, whereas, the largest detectable bubble sizes during 

the coherent and stable flow of ZS-PECNP stabilized scCO2 foam were roughly 0.13x 

smaller, with fine texture topography. The morphology and integrity of ZS-PECNP 

generated scCO2 was not affected by geometrical constraints and pressure drop induced by 

flow divergence from micro-crack to fracture, whereas destabilizing effects such as the 

bubble growth and coalescence at T-junction were observed for ZS generated scCO2 foam. 

3. To characterize the dynamics of scCO2 foam bubbles, dimensionless parameters 

containing important information about the microstructure, shear condition and relative density 

were calculated from macroscale observations. Laminar flow and homogenous phase dispersion 

were verified by Reynolds number. Existence of hydrodynamic interaction were revealed by Peclet 

number, and low Stokes value (𝑆𝑡𝑘 ≪ 1) indicated the phase segregation did not occurred in 

scCO2 foams (FQ = 90%) with variety of introduced stabilizers. Improvements in disjoining 

pressure through electrostatic interactions balances the forces in CO2-water interface, verified by 

decline of capillary number for ZS-PECNP generated scCO2 foam,  

4. Fracture transport of scCO2 foam enhanced with ZS and ZS-PECNP complexes was 

tracked in chronological order. Bubble population of unknown frequency was observed for 

ZS-PECNP generated foam because of excessive lamella formation and supreme stability 

of electrostatically enhanced bubbles. The instability of ZS-lamella upon foam generation 

and isolation of scCO2 bubbles leads to more bubble coalescence and lamella drainage and 

formation of larger bubbles upon onset of mixing, while ZS-PECNP generated scCO2 foam 



167 
 

exhibits condensed and populated array of smaller and monodispersed bubbles with barely 

recognizable midrange bubbles with sizes as big as the main fracture. 

5. Fracture/micro-crack stability was evaluated for variety of stabilizing mixtures. 

ZS generated scCO2 foam stability along the main fracture was negatively affected by 

bubble coalescence and lamella breakage. The lamella was not stable enough to separate 

the scCO2 bubbles from each other in electrolyte solution, whereas in ZS-PECNP generated 

scCO2 foam, extremely small and monodisperse droplets were largely stable in fracture slit 

for entire time frame. The fracture stability of scCO2 bubbles was improved through the 

formation of electrostatically enhanced bubbles containing the aggregates of PECNP-surfactant. 

ZS generated scCO2 foam breaks into smaller bubbles confined with the micro-crack 

aperture, the foam within the micro-crack is stable enough through the entire timeframe (t 

= 2 h) with local variations in bubble size, however, the bubbles traveled and collided into 

the one millimetric bubble and eventually foam broke in the main fracture. Highly 

monodispersed and emulsified scCO2 foam with lamella containing ZS-PECNP complexes 

successfully maintained the stability and offers proper channel filling due to the surfactant-

brine solubility and nanoparticle compatibility to the WLMs and concentrated electrolytic 

interface. 

6. An alternative design containing simplified problem of two-dimensional (2D) 

Cartesian complex flow in matrix domain was evaluated to measure the formation damage. 

The formation of vesicular complexes originated from electrostatic complexation of PECNP with 

WLMs leads to stabilizing the water-CO2 lamella by enhancing the viscosity and osmotic pressure. 

The chronological binary graphs of emulated tight matrix exhibited the effective reduction of the 
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fluid loss volume and fluid loss coefficients for PECNP:Surfactant mixtures down to 11% and 

60% respectively, by employing PECNP: surfactant which results in lower formation damage.   
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