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Author Questionnaire 

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique?  The process involves the use of cameras.  
If Yes, can you record movies/images using your own microscope camera?
Yes – we can record images.  
If No, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope.
n/a

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  No

3. Filming location: Will the filming need to take place in multiple locations?   No 


Introduction
1. Introductory Interview Statements

ADDED:
1.0.1. Reza Barati Ghahfarokhi: This protocol is a multidisciplinary collaborative effort between the University of Kansas and the University of Wyoming. We had a need for testing of our patented poly electrolyte complex nanoparticle system using high pressure microfluidics and started a collaboration between our research group and Dr. Aryana’s research group to take advantage of his state-of-the-art facilities. We would like to acknowledge NSF for funding part of the project and thank the Tertiary Oil Recovery Program for providing their facilities and support needed for this project. In addition, this work was in part funded by the CMC-UF, an Energy Frontier Research Center funded by the DOE.
1.0.2. Saman A. Aryana: This protocol and its applications to surrogate complex permeable media under high pressure conditions is the result of a collaboration between two research groups, one from the University of Wyoming and the other form the University of Kansas. 

REQUIRED: 
1.1. Saman A. Aryana: This protocol details the fabrication procedure for a robust microfluidic platform in the absence of cleanroom facilities. This platform enables direct visualization of flow in complex geometries under high-pressures conditions.

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.2. Reza Barati Ghahfarokhi: The described technique can be used to etch complex channel networks in glass substrates that mimic structures from subsurface media and withstand high-pressure conditions experienced during CO2 Utilization and Storage (CCUS). 

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

OPTIONAL: 
1.3. Hooman Hosseini: This method may be used to provide insight into interactions and transport of complex fluids in permeable media in the context of CCUS.

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.4. Saman A. Aryana: When performing this protocol, patience and extreme caution are required to minimize the risk of physical injury and failures in the fabrication process. 

1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: This statement is optional. If you don’t have time, don’t film it.

1.5. Reza Barati Ghahfarokhi: Visual demonstration of this method enables effective communication of the steps that are critical in its successful execution.

1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: This statement is optional. If you don’t have time, don’t film it.




Protocol

2. Transfer of Geometric Patterns to the Glass Substrate Using Photolithography
2.1. Begin by pouring an adequate amount of chrome etchant solution into a beaker [1] and heating it to approximately 40 degrees Celsius [2]. Then, place the mask directly on the side of the borosilicate substrate that is covered with chrome and photoresist [3].
2.1.1. WIDE: Establishing shot of talent pouring etchant into a beaker.
2.1.2. Talent placing the etchant on a hot plate.
2.1.3. Talent placing the mask on the substrate.
2.2. Transfer the geometrical pattern into the layer of photoresist by exposing the stack of the substrate and the mask to UV light [1]. Remove the photomask and substrate stack from the UV stage [2], then remove the photomask and submerge the substrate in the developer solution for approximately 40 seconds [3]. Videographer: This step is important!
2.2.1. Talent exposing the substrate to UV light.
2.2.2. Talent removing the mask and substrate from the stage. 
2.2.3. Talent submerging the substrate in developed solution.
2.3. Cascade-rinse the substrate by flowing deionized water on top of the substrate and over all its surfaces at least three times [1]. After allowing the substrate to dry, submerge it in the pre-heated chrome etchant for approximately 40 seconds [2], thereby transferring the pattern from the photoresist to the chrome layer [3]. Videographer: This step is important!
2.3.1. Talent cascade rinsing the substrate.
2.3.2. Talent submerging the substrate into the etchant.
2.3.3. Talent examining the geometrical pattern under the yellow light.
2.4. Remove the substrate from the solution [1], cascade-rinse it with deionized water, and allow it to dry [2]. Using a brush, apply several layers of HMDS to the uncovered face of the substrate and allow it to dry [3-TXT].
2.4.1. Talent taking the substrate out of the solution. 
2.4.2. Talent rinsing the substrate. 
2.4.3. Talent applying HMDS to the substrate. TEXT: HMDS: hexamethyldisilazane
2.5. Apply one layer of photoresist on top of the primer [1], then place the substrate in an oven at 60 to 90 degrees Celsius for 30 to 40 minutes [2]. Afterwards, leave the patterned substrate in the etchant solution for a predetermined amount of time based on the desired channel depths [3].
2.5.1. Talent applying photoresist. 
2.5.2. Talent placing the substrate in the oven.
2.5.3. Talent placing the substrate in the etchant solution.
2.6. Remove the substrate from the etchant using a solvent-resistant pair of tweezers [1] and cascade-rinse it with deionized water [2].
2.6.1. Talent removing the substrate from the etchant. 
2.6.2. Talent rinsing the substrate.
3. Clean and Bond
3.1. Expose the substrate to NMP solution preheated to 65 degrees Celsius for approximately 30 minutes to remove the photoresist [1-TXT]. Cascade-rinse it with acetone [2], followed by ethanol [3] and deionized water [4].
3.1.1. Talent putting the substrate into NMP solution. TEXT: NMP: N-Methyl-2-pyrrolidone
3.1.2. Talent rinsing the substrate with acetone, with the acetone container labeled.
3.1.3. Talent rinsing the substrate with ethanol, with the ethanol container labeled. 
3.1.4. Talent rinsing the substrate with water.
3.2. Place the cleaned substrate in chrome etchant heated to approximately 40 degrees Celsius for about 1 minute [1], then characterize the channel depths using laser scanning confocal microscopy [2].
3.2.1. Talent placing the substrate in chrome etchant.
3.2.2. Talent using the confocal microscope.
3.3. Mark the positions of the inlet and outlet holes on a blank borosilicate substrate by aligning the cover plate against the etched substrate [1]. Use a micro abrasive sandblaster and 50-micrometer aluminum-oxide micro sandblasting media to blast through-holes in the marked locations [2].
3.3.1. Talent aligning the cover plate against the etched substrate and marking the holes. 
3.3.2. Talent blasting the holes.
3.4. Cascade rinse both the etched substrate and the cover plate with deionized water [1], then bring a 1 to 4 hydrogen peroxide-sulfuric acid piranha solution to a boil and submerge the substrate and the cover plate in the solution for 10 minutes [2].
3.4.1. Talent rinsing the substrate and cover plate.
3.4.2. Talent submerging the substrate and cover plate in the boiling solution. 
3.5. After rinsing the substrate and the cover plate, submerge them in the buffered etchant for 30 to 40 seconds and rinse them again [1]. Next, submerge the substrate and cover plate for 10 minutes in a 6 to 1 to 1 water-hydrogen peroxide-hydrochloric acid solution that is heated to approximately 75 degrees Celsius [2].
3.5.1. Talent submerging the cover plate and substrate in the etchant.
3.5.2. Talent submerging the cover plate and substrate in the water-hydrogen peroxide-hydrochloric acid solution.
3.6. Press the substrate and the cover plate tightly against each other while submerged, then remove them from the solution, cascade rinse them [2], and submerge them in deionized water [3]. Videographer: This step is difficult!
3.6.1. Talent pressing the substrate and cover plate together. 
3.6.2. Talent removing them from the solution. 
3.6.3. Talent submerging them in water.
3.7. Make sure that the substrate and the cover plate are firmly attached together, press them against each other [1], and carefully remove them from the water [2]. Videographer: This step is difficult and important!
3.7.1. Talent pressing the substrate and cover plate against each other in the water. 
3.7.2. Talent removing them from the water.
3.8. Hooman Hosseini: Align the substrate and cover plate carefully while they are submerged in DI water and repeat the procedure until no air bubbles are observed between the two.

3.8.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
3.9. Place the stacked substrates between two smooth, 1.52-centimeter thick glass-ceramic plates for bonding [1]. 
3.9.1. Talent placing the substrates between the glass-ceramic plates.
3.10. Place the glass-ceramic plates between two metallic plates made of Alloy X, making sure that the glass wafers in the ceramic-metallic holder are centered [1]. Hand-tighten the nuts [2] and place the holder in a vacuum chamber for 60 minutes at approximately 100 degrees Celsius [3].
3.10.1. Talent placing the glass-ceramic plates between the metallic plates.
3.10.2. Talent tightening the nuts.
3.10.3. Talent placing the holder in a vacuum chamber.
3.11. Then, remove the holder from the chamber [1] and carefully tighten the nuts [2-TXT]. Place the holder inside a furnace and execute a heating program according to manuscript directions [3].
3.11.1. Talent removing the holder from the chamber. 
3.11.2. Talent tightening the nuts. TEXT: 10 lb-in of torque
3.11.3. Talent placing the holder inside the furnace and programming it.
3.12. Remove the thermally bonded microfluidic device from the furnace [1] and rinse it with water, then bath-sonicate it in hydrochloric acid for one hour [2].
3.12.1. Talent removing the device from the furnace. 
3.12.2. Talent rinsing the device with water.

4. High Pressure Testing
4.1. Fill the tanks of the carbon dioxide and water pumps with enough fluids for the experiment [1] and use a syringe to fill the brine accumulator and flow lines with the surfactant solution [2]. 
4.1.1. Talent filling the tanks of carbon dioxide and water. 
4.1.2. Talent filling the brine accumulator and flow lines with surfactant.
4.2. Place the saturated microfluidic device in a pressure-resistant holder [1] and connect the inlet and outlet ports to the appropriate lines using 0.01-inch inner diameter tubing [2].
4.2.1. Talent placing the device in the holder. 
4.2.2. Talent connecting the inlet and outlet ports with tubing. 
4.3. Increase the temperature of the circulating bath, which controls the temperature of the brine and carbon dioxide lines, to the desired temperature [1]. Increase the backpressure and brine-pump pressure simultaneously in gradual steps while maintaining continuous flow from the outlet of the backpressure regulator [2]. 
4.3.1. Talent increasing the temperature of the circulating bath. 
4.3.2. Talent increasing the backpressure and brine-pump pressure. 
4.4. Increase the pressure up to 7.38 megapascal and stop the pumps [1]. Increase the carbon dioxide line pressure to a pressure above 7.38 megapascal [2], then open the carbon dioxide valve and allow the supercritical carbon dioxide mixed with the high-pressure surfactant solution [3] to flow through an inline mixer and generate foam [4].
4.4.1. Talent stopping the pumps when the appropriate pressure is reached. 
4.4.2. Talent increasing the carbon dioxide line pressure. 
4.4.3. Talent opening the valve.
4.4.4. LAB MEDIA: Image of flow.  Authors: Please upload the image to your project page or indicate if we should use one of the images in your figures. 
4.5. Wait until flow is fully developed inside the device and the channels are saturated, monitoring the outlet for the onset of foam generation [1]. Turn on the camera to capture detailed images of flow inside the channels [2]. Videographer: This step is important!
4.5.1. Talent monitoring the flow. 
4.5.2. Talent imaging the flow with the camera.





Results
5. Results: Analysis of scCO2 Microstructure 
5.1. Carbon dioxide foam transport and stability in the UV-lithography microfluidic device during the first 20 minutes of generation and isolation is shown here. The multiphase moved across the microcracks and foam was generated through the microfractures [1].
5.1.1. LAB MEDIA: Figure 12.
5.2. The foam was generated in a selective laser-induced etching microfluidic device starting from ambient condition with no flow to fully developed supercritical carbon dioxide foam at high and low flow rates [1].
5.2.1. LAB MEDIA: Figure 13.
5.3. Foam distribution and stability was imaged under reservoir conditions during the first 20 minutes of generation and isolation [1].
5.3.1. LAB MEDIA: Figure 14.
5.4. The distribution of bubble diameters was determined using ImageJ [1]. Quantification of the foam microstructure was performed using raw images [2], post-processed images [3], and their binarized equivalents [4]. 
5.4.1. LAB MEDIA: Figure 15. 
5.4.2. LAB MEDIA: Figure 15. Video Editor: Emphasize A. 
5.4.3. LAB MEDIA: Figure 15. Video Editor: Emphasize B.
5.4.4. LAB MEDIA: Figure 15. Video Editor: Emphasize C. 



Conclusion
6. [bookmark: _Hlk27388131]Conclusion Interview Statements

6.1. Hooman Hosseini: When attempting this protocol, it is important to carefully examine the pattern on the chrome layer under a yellow light to ensure the desired pattern is transferred correctly.

6.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 2.3.3.

6.2. Hooman Hosseini: Variations of this methods include high-pressure injection of oil, polymer solutions, and low-salinity brines to develop an understanding of the physics of flow of complex fluids through direct visualization.

6.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: This statement is optional. If you don’t have time, don’t film it.
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