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SUMMARY:

This paper describes a protocol along with a comparative study of two microfluidic fabrication
techniques, namely photolithography/wet-etching/thermal-bonding and Selective Laser-induced
Etching (SLE), that are suitable for high-pressure conditions. These techniques constitute
enabling platforms for direct observation of fluid flow in surrogate permeable media and
fractured systems under reservoir conditions.

ABSTRACT:

Pressure limitations of many microfluidic platforms have been a significant challenge in
microfluidic experimental studies of fractured media. As a result, these platforms have not been
fully exploited for direct observation of high-pressure transport in fractures. This work introduces
microfluidic platforms that enable direct observation of multiphase flow in devices featuring
surrogate permeable media and fractured systems. Such platforms provide a pathway to address
important and timely questions such as those related to CO; capture, utilization and storage. This
work provides a detailed description of the fabrication techniques and an experimental setup
that may serve to analyze the behavior of supercritical CO, (scCO;) foam, its structure and
stability. Such studies provide important insights regarding enhanced oil recovery processes and
the role of hydraulic fractures in resource recovery from unconventional reservoirs. This work
presents a comparative study of microfluidic devices developed using two different techniques:
photolithography/wet-etching/thermal-bonding versus Selective Laser-induced Etching. Both
techniques result in devices that are chemically and physically resistant and tolerant of high
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pressure and temperature conditions that correspond to subsurface systems of interest. Both
techniques provide pathways to high-precision etched microchannels and capable lab-on-chip
devices. Photolithography/wet-etching, however, enables fabrication of complex channel
networks with complex geometries, which would be a challenging task for laser etching
techniques. This work summarizes a step-by-step photolithography, wet-etching and glass
thermal-bonding protocol and, presents representative observations of foam transport with
relevance to oil recovery from unconventional tight and shale formations. Finally, this work
describes the use of a high-resolution monochromatic sensor to observe scCO, foam behavior
where the entirety of the permeable medium is observed simultaneously while preserving the
resolution needed to resolve features as small as 10 um.

INTRODUCTION:

Hydraulic fracturing has been used for quite some time as a means to stimulate flow especially
in tight formations®. Large amounts of water needed in hydraulic fracturing are compounded
with environmental factors, water-availability issues?, formation damage3, cost* and seismic
effects®. As a result, interest in alternate fracturing methods such as waterless fracturing and the
use of foams is on the rise. Alternative methods may provide important benefits such as
reduction in water use®, compatibility with water sensitive formations’, minimal to no plugging
of the formation?®, high apparent viscosity of the fracturing fluids®, recyclability’?, ease of clean-
up and proppant carrying capability®. CO, foam is a potential waterless fracturing fluid that
contributes to more efficient production of petroleum fluids and improved CO; storage capacities
in the subsurface with a potentially smaller environmental footprint compared to conventional
fracturing techniques®”1%,

Under optimal conditions, supercritical CO, foam (scCO; foam) at pressures beyond the minimum
miscibility pressure (MMP) of a given reservoir provides a multi-contact miscible system that is
able to direct flow into less permeable parts of the formation, thereby improving sweep
efficiency and recovery of the resources'?3, scCO; delivers gas like diffusivity and liquid like
density'* and is well suited for subsurface applications, such as oil recovery and carbon capture,
utilization and storage (CCUS)*3. The presence of the constituents of foam in the subsurface helps
reduce the risk of leakage in long-term storage of CO,%. Moreover, coupled-compressibility-
thermal shock effects of scCO, foam systems may serve as effective fracturing systems?i.
Properties of CO, foam systems for subsurface applications have been studied extensively at
various scales, such as characterization of its stability and viscosity in sand-pack systems and its
effectiveness in displacement processes®®1215-17  Fracture level foam dynamics and its
interactions with porous media are less studied aspects that are directly relevant to the use of
foam in tight and fractured formations.

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 considerations®. Foam generation,
propagation, transport and dynamics may be visualized in microfluidic devices emulating
fractured systems and fracture-microcrack-matrix conductive pathways relevant to oil recovery
from tight formations. Fluid exchange between fracture and matrix is directly expressed in
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accordance with the geometry*®, thereby highlighting the importance of simplistic and realistic
representations. A number of relevant microfluidic platforms have been developed over the
years to study various processes. For example, Tigglaar and coworkers discuss fabrication and
high-pressure testing of glass microreactor devices through in-plane connection of fibers to test
flow through glass capillaries connected to the microreactors®®. They present their findings
related to bond inspection, pressure tests and in-situ reaction monitoring by 'H 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. Marre and coworkers discuss the use of a glass microreactor to investigate high-pressure
chemistry and supercritical fluid processes®°. They include results as a finite-element simulation
of stress distribution to explore the mechanical behavior of modular devices under the load. They
use nonpermanent modular connections for interchangeable microreactor fabrication, and the
silicon/Pyrex microfluidic devices are not transparent; these devices are suited for kinematic
study, synthesis and production in chemical reaction engineering where visualization is not a
primary concern. The lack of transparency makes this platform unsuitable for direct, in situ
visualization of complex fluids in surrogate media. Paydar and coworkers present a novel way to
prototype modular microfluidics using 3D printing?!. This approach does not seem well-suited for
high-pressure applications since it uses a photocurable polymer and the devices are able to
withstand only up to 0.4 MPa. Most microfluidic experimental studies related to transport in
fractured systems reported in literature focus on ambient temperature and relatively low-
pressure conditions'. There have been several studies with a focus on direct observation of
microfluidic systems that mimic subsurface 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 matrix?%23, The authors study three-phase systems using microfluidics
under reservoir conditions (8.3 MPa and 45 °C) for production efficiency; they assess scCO; usage
for re-stimulation where the leftover brine from a prior fracturing is immiscible with CO; and the
residual hydrocarbon?3. Oil-wet silicon microfluidic devices have relevance to mixing of oil-brine-
scCO; 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 study an
upscaling approach for high-pressure, in situ CO> foam generation?*. Most of the reports in
literature that leverage microfabrication are concerned with CO;-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.

This work presents a microfluidic platform that enables the study of scCO; foam structures,
bubble shapes, sizes and distribution, lamella stability in the presence of oil for EOR and hydraulic
fracturing and aquifer remediation applications. The design and fabrication of microfluidic
devices using optical lithography and Selective Laser-induced Etching?® (SLE) are discussed.
Additionally, this work describes fracture patterns that are intended to simulate the transport of
fluids in fractured tight formations. Simulated pathways may range from simplified patterns to
complex microcracks based on tomography data or other methods that provide information
regarding realistic fracture geometries. The protocol describes step-by-step fabrication
instructions for glass microfluidic devices using photolithography, wet-etching and thermal
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bonding. An in-house developed collimated Ultra-Violet (UV) light source is used to transfer the
desired geometric patterns onto a thin layer of photoresist, which is ultimately transferred to the
glass substrate using a wet-etching process. As part of quality assurance, the etched patterns are
characterized using confocal microscopy. As an alternative to photolithography/wet-etching, an
SLE technique is employed to create a microfluidic device and a comparative analysis of the
platforms is presented. The setup for flow experiments comprise gas cylinders and pumps,
pressure controllers and transducers, fluid mixers and accumulators, microfluidic devices, high-
pressure capable stainless-steel holders along with a high-resolution camera and an illumination
system. Finally, representative samples of observations from flow experiments are presented.

PROTOCOL:

CAUTION: This protocol involves handling a high-pressure setup, a high-temperature furnace,
hazardous chemicals, and UV light. Please read all relevant material safety data sheets carefully
and follow chemical safety guidelines. Review pressure testing (hydrostatic and pneumatic)
safety guidelines including required training, safe operation of all equipment, associated hazards,
emergency contacts, etc. before starting the injection process.

1. Design geometrical patterns

1.1. Design a photomask comprising geometrical features and flow pathways of interest (Figures
1 and S1).

1.2. Define the bounding box (surface area of the device) to identify the area of the substrate
and confine the design to the dimensions of the desired medium.

1.3. Design inlet/outlet ports. Choose port dimensions (e.g., 4 mm in diameter in this case) to
achieve a relatively uniform distribution of foam prior to entering the medium (Figure 1).

1.4. Prepare a photomask of the designed geometrical pattern by printing the design onto a sheet
of transparent film or a glass substrate.

1.4.1. Extrude the two-dimensional design to the third dimension and incorporate inlet and
outlet ports (for use in SLE).

NOTE: The SLE technique requires a three-dimensional drawing (Figure 2).
2. Transfer the geometric patterns to the glass substrate using photolithography
NOTE: Etchants and piranha solutions must be handled with extreme care. Use of personal

protective equipment including facepiece reusable respirator, goggles, gloves and use of
acid/corrosion resistive tweezers (Table of Materials) is recommended.
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2.1. Prepare the solutions needed in the wet-etching process by following these steps (also see
the Electronic Supporting Information provided as Supplementary File 1).

2.1.1. Pour an adequate amount of chrome etchant solution in a beaker such that the substrate
can be submerged in the etchant. Heat up the fluid to approximately 40 °C.

2.1.2. Prepare a solution of developer (Table of Materials) in deionized water (DI water) with a
volumetric ratio of 1:8 such that the substrate is able to be fully submerge in the mixture.

2.2. Imprint the geometrical pattern on a borosilicate substrate coated with a layer of chromium
and a layer of photoresist using UV irradiation.

2.2.1. Using gloved hands, place the mask (glass substrate or the transparent film bearing the
geometrical pattern) directly on the side of the borosilicate substrate that is covered with chrome
and photoresist.

2.2.2. Place the photomask and substrate combination under the UV light with the photomask
facing the source. This work uses UV light with a wavelength of 365 nm (to match the peak

sensitivity of the photoresist) and an average intensity of 4.95 mW/cm?.

2.2.3. Transfer the geometrical pattern into the layer of photoresist by exposing the stack of the
substrate and the mask to UV light.

NOTE: Optimum exposure time is a function of the thickness of the photoresist layer and the
strength of UV radiation. Photoresist is sensitive to light and the entire process of imprinting the
pattern must be performed in a dark room equipped with yellow lighting.

2.3. Develop the photoresist.

2.3.1. Remove the photomask and substrate stack from the UV stage using gloved hands.

2.3.2. Remove the photomask and submerge the substrate in the developer solution for
approximately 40 s, thereby transferring the pattern to the photoresist.

2.3.3. Cascade-rinse the substrate by flowing DI water from the top of the substrate and over all
its surfaces a minimum of three times and allow the substrate to dry.

2.4. Etch the pattern in the chrome layer.

2.4.1. Submerge the substrate in a chrome etchant heated to about 40 °C for approximately 40
s, thereby transferring the pattern from the photoresist to the chrome layer.

2.4.2. Remove the substrate from the solution, cascade-rinse the substrate using DI water and
allow it to dry.
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2.5. Etch the pattern in the borosilicate substrate.

NOTE: A buffered etchant (Table of Materials) is used to transfer the geometrical pattern to the
glass substrate. Prior to the use of the buffered etchant, the backside of the substrate is coated
with a layer of photoresist to shield it from the etchant. The thickness of this protective layer is
immaterial to the overall fabrication process.

2.5.1. Using a brush, apply several layers of hexamethyldisilazane (HMDS) on the uncovered face
of the substrate and allow it to dry.

NOTE: HMDS helps promote adhesion of photoresist to the surface of the borosilicate substrate.

2.5.2. Apply one layer of photoresist on top of the primer. Place the substrate in an oven at 60—
90 °C for 30—40 min.

2.5.3. Pour an adequate amount of the etchant into a plastic container and fully submerge the
substrate in the etchant.

NOTE: The etching rate is influenced by the concentration, temperature and duration of
exposure. The buffered etchant used in this work etches an average of 1-10 nm/min.

2.5.4. Leave the patterned substrate in the etchant solution for a predetermined amount of time
based on the desired channel depths.

NOTE: Etching time may be reduced by intermittent bath sonication of the solution.

2.5.5. Remove the substrate from the etchant using a solvent-resistant pair of tweezers and
cascade-rinse the substrate using DI water.

2.5.6. Characterize the etched features on the substrate to ensure desired depths have been
achieved.

NOTE: This characterization may be done using a laser scanning confocal microscope (Figure 3).
In this work, a x10 magnification is used for data acquisition. Once channel depths are
satisfactory, move to the cleaning and bonding stage.

3. Clean and bond

3.1. Remove photoresist and chrome layers.

3.1.1. Remove the photoresist from the substrate by exposing the substrate to an organic

solvent, such as N-Methyl-2-pyrrolidone (NMP) solution heated using a hot plate under a hood
to approximately 65 °C for approximately 30 min.
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3.1.2. Cascade-rinse the substrate with acetone (ACS grade), followed by ethanol (ACS grade) and
Dl water.

3.1.3. Place the cleaned substrate in chrome etchant heated using a hot plate under a hood to
approximately 40 °C for about 1 min, thus removing the chrome layer from the substrate.

3.1.4. Once the substrate is free from chrome and photoresist, characterize the channel depths
using laser scanning confocal microscopy. This work uses a x10 magnification for data acquisition
(Figure 4).

3.2. Prepare the cover plate and the etched substrate for bonding.

3.2.1. Mark the positions of the inlet/out holes on a blank borosilicate substrate (cover plate) by
aligning the cover plate against the etched substrate.

3.2.2. Blast through-holes in the marked locations using a micro abrasive sandblaster and 50-
mirometer aluminum-oxide as the sandblasting medium.

NOTE: Alternatively, the ports may be created using a mechanical drill.

3.2.3. Cascade rinse both the etched substrate and the cover plate with DI water.

3.2.4. Perform an RCA wafer cleaning procedure to remove contaminants prior to bonding.
Perform the wafer cleaning steps under a hood due to the volatility of the solutions involved in

the process.

3.2.5. Bring a 1:4 by volume H,0;:H,SO4 Piranha solution to a boil and submerge the substrate
and the cover plate in the solution for 10 min under a hood.

3.2.6. Cascade rinse the substrate and the cover plate with DI water.
3.2.7. Submerge the substrate and the cover plate in the buffered etchant for 30—40 s.
3.2.8. Cascade rinse the substrate and the cover plate with DI water.

3.2.9. Submerge the substrate and the cover plate for 10 min in a 6:1:1 by volume DI
water:H,0;:HCl solution that is heated to approximately 75 °C.

NOTE: Etching and bonding are preferably performed in a cleanroom. If a cleanroom is not
available, performing the following steps in a dust-free environment is recommended. In this
work, steps 3.2.9-3.2.12 are performed in a glovebox to minimize the possibility of
contamination of the substrates.

3.2.10. Press the substrate and the cover plate tightly against each other while submerged.
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3.2.11. Remove the substrate and the cover plate from DI water:H,0;:HCl solution.
3.2.12. Cascade rinse with DI water and submerge in DI water.

3.2.13. Make sure the substrate and the cover plate are firmly attached together and carefully
remove the two while pressed against each other from DI water.

3.3. Bond the substrates thermally.
3.3.1. Place the stacked substrates (the etched substrate and the cover plate) between two
smooth, %" thick, glass-ceramic plates for bonding.

3.3.2. Place the glass-ceramic plates between two metallic plates made of Alloy X (Table of
Materials), which is able to withstand the required temperatures without significant distortion.

3.3.3. Center the glass wafers in the ceramic-metallic holder.

NOTE: This work uses ceramic plates that are 10 cm x 10 cm x 1.52 ¢cm in thickness. The stacked
setup is secured using 1/4” bolts and nuts (Figure 5).

3.3.4. Hand-tighten the nuts and place the holder in a vacuum chamber for 60 min at
approximately 100 °C.

3.3.5. Remove the holder from the chamber and carefully tighten the nuts using approximately
10 lb-in of torque.

3.3.6. Place the holder inside a furnace and execute the following heating program. Raise the
temperature at 1 °C/min up to 660 °C; keep the temperature constant at 660 °C for 6 h followed
by a cooling step at approximately 1 °C/min back down to room temperature.

3.3.7. Remove the thermally bonded microfluidic device, rinse it with DI water, place it in HCI
(12.1 mol/L) and bath sonicate (40 kHz at 100 W of power) the solution for one hour (Figure 6).

4. Fabricate laser-etched glass microfluidic devices

NOTE: Device fabrication was performed by a third-party glass 3D printing service (Table of
Materials) via an SLE process and using a fused silica substrate as the precursor.

4.1. Write the desired pattern in a fused silica substrate using a linearly polarized laser beam
oriented perpendicular to the stage generated via a femtosecond laser source with a pulse
duration of 0.5 ns, a repetition rate of 50 kHz, pulse energy of 400 nJ, and a wavelength of 1.06
um.
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4.2. Remove the glass from the written pattern inside the fused silica substrate using a KOH
solution (32 wt%) at 85 °C with ultrasound sonication (Figure 7).

5. Perform high-pressure testing

5.1. Saturate the microfluidic device with the resident fluid (e.g., DI water, surfactant solution,
oil, etc. depending on the type of experiment) using a syringe pump.

5.2. Prepare foam-generating fluids and related instruments.
5.2.1. Prepare the brine solution (resident fluid) with the desired salinity and dissolve the
surfactant (such as lauramidopropyl betaine and alpha-olefin-sulfonate) with the desired

concentration (according to surfactant’s critical micelle concentration) in the brine.

5.2.2. Fill the tanks of the CO, and water pumps with adequate amount of fluids per the
experiment at room temperature.

5.2.3. Fill the brine accumulator and flow lines with the surfactant solution using a syringe. This
work uses an accumulator with a capacity of 40 ml.

5.2.4. Rinse the brine line with the brine solution.

5.2.5. Rinse the line connecting the accumulator to the device and the outlet lines with the
resident fluid (the brine solution in this case).

5.2.6. Place the pre-saturated microfluidic device in a pressure-resistant holder and connect the
inlet/outlet ports to the appropriate lines using 0.010” inner diameter tubing (Figures 8 and S5).

5.2.7. Increase the temperature of the circulating bath, which controls the temperature of the
brine and CO; lines, to the desired temperature (e.g., 40 °C here (Figure 9)).

5.2.8. Check all the lines to ensure the integrity of the setup prior to injection.
5.3. Generate the foam.

5.3.1. Begin injecting the brine at a rate of 0.5 mL/min and check the flow of surfactant solution
into the device and the backpressure line.

5.3.2. Increase the backpressure and brine-pump pressure simultaneously in gradual steps (~
0.006 MPa/s) while maintaining continuous flow from the outlet of the backpressure regulator
(BPR). Increase the pressure up to ~7.38 MPa (minimum required scCO; pressure) and stop the
pumps.

5.3.3. Increase the CO; line pressure up to a pressure above 7.38 MPa (minimum scCO; pressure).
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5.3.4. Open the CO; valve and allow the scCO, mixed with the high-pressure surfactant solution
to flow through an inline mixer to generate foam.

5.3.5. Wait until flow is fully developed inside the device and the channels are saturated. Monitor
the outlet for the onset of foam generation.

NOTE: Aukxiliary ports may be used to help pre-saturate the medium fully with the resident fluid
(Figure 1). Inconsistencies in the rate of pressure build-up and sudden increases in BPR may lead
to breakage (Figure 10). Fluid pressures and backpressure must be raised gradually to minimize
the risk of damage to the device.

5.4. Perform real-time imaging and data analysis.

5.4.1. Turn on the camera to capture detailed images of flow inside the channels. This work uses
a camera featuring a 60 megapixel, monochromatic, full-frame sensor

5.4.2. Launch the dedicated shutter control software (Table of Materials).

5.4.3. Select a shutter speed of 1/60, a focal ratio (f-number) of f/8.0, and select the appropriate
lens.

5.4.4. Launch the dedicated camera software (Table of Materials).

5.4.5. Select the camera, the desired format (e.g., 11QL) and an ISO setting of 200 in the pulldown
menu under the “CAMERA” setting of the software.

5.4.6. Adjust the working distance of the camera to the medium as needed to focus on the
medium.

5.4.7. Capture images at prescribed time-intervals by pressing the capture button in the
software.

5.5. Depressurize the system back to ambient conditions.

5.5.1. Stop injection (gas and liquid pumps), close the CO2 and brine pump inlets, open the rest
of the line valves and turn off the heaters.

5.5.2. Decrease the backpressure gradually (e.g., at a rate of 0.007 MPa/s) until the system
reaches ambient pressure conditions. Decrease the brine and CO, pump pressures separately.

NOTE: Decreasing the scCO, pressure may result in inconsistent or turbulent BPR outflow,
therefore the pressure drawdown must be executed with requisite care.
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5.6. Clean the microfluidic device thoroughly after each experiment as needed by flowing the
following sequence of solutions through the medium: isopropanol/ethanol/water (1:1:1), 2 M
HCI solution, DI water, a basic solution (DI water/NH4OH/H,0; at 5:5:1) and DI water.

5.7. Post-process collected images.
5.7.1. Isolate the pore scape by excluding the background from the images.

5.7.2. Correct minor misalignments by performing perspective transformation and implementing
a local thresholding strategy as needed to account for non-uniform illumination?®,

5.7.3. Calculate geometrical and statistical parameters relevant to the experiment such as
average bubble size, bubble size distribution and bubble shape for each foam microstructural
images in the channel.

REPRESENTATIVE RESULTS:

This section presents examples of physical observations from scCO, foam flow through a main
fracture connected to array of micro-cracks. A glass microfluidic device made via
photolithography or SLE is placed inside a holder and in the field of view of a camera featuring a
60 megapixel, monochromatic, full-frame sensor. Figure 11 illustrates the process of fabrication
microfluidic devices and their placement in the experimental setup. Figure 12 is illustration of
CO; foam transport and stability in the UV-lithography microfluidic device (4 MPa and 40 °C)
during the first 20 min of generation/isolation. The multiphase moved across the
fracture/microcracks and foam was generated through the microfractures. Figure 13 shows
scCO; foam generation in a SLE microfluidic device (7.72 MPa and 40 °C) starting from ambient
condition with no flow to fully developed scCO; foam at high and low flow rates. Figure 14
presents images of foam distribution and stability under reservoir conditions (7.72 MPa and 40
°C) during the first 20 min of generation/isolation. Figure 15 shows the distribution of the bubble
diameters and the raw and intermediate images as part of the quantification of the foam
microstructure including, raw image, post-processed image with improved brightness, contrast
and sharpness, and its binarized equivalent.

FIGURE LEGENDS:

Figure 1: Example photomask designs for fabrication of microfluidic devices (black and white
colors are inverted for clarity). (a) Entire field of view for a connected fracture network
containing a main fracture and micro cracks. (b) Zoomed-in view of the main feature comprising
a connected fracture network containing a main fracture and micro-cracks. (c) A third port is
added at the bottom. (d) Zoomed-in view of the main feature comprising a connected fracture
network containing a main fracture and micro-cracks along with a distribution network
connecting the network to the port at the bottom of the device.

Figure 2: 3D Microfludic design used in SLE fabrication and high-pressure foam flow through
microchannels.
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Figure 3: 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 um).

Figure 4: 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

um).

Figure 5: Schematic of thermal bonding process. (a) Placing two glass wafers between two
smooth ceramic plates. (b) Placing the ceramic plates 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.

Figure 6: The completed UV-etched glass microfluidic device.

Figure 7: SLE design and fabrication process. (a) Schematic of SLE design and fabrication process
(this figure has been reprinted with permission from Elsevier 201927), and (b) the resulting 3D
printed microfluidic device. Design and fabrication steps include (a.i) designing the inner volume
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 fused silica substrate, (a.iv) preferential KOH etching of laser
etched materials, and (a.v) the finished product.

Figure 9: High-pressure scCO, foam injection setup into a microfluidic device and a visualization
system using a high-resolution camera and image processing unit; (a) photograph of laboratory
setup, and (b) schematic of process flow diagram and the image processing unit.

Figure 8: 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.

Figure 10: De-bonded device at an injection port (right entrance) as a result of mishandling the
pressure profile by BPR and water pump during injection.

Figure 11: Comparative fabrication methods of glass microfluidic device. (a) Fabrication process
for fractured media microfluidic device using photo-lithography (i) design for a positive
photoresist, (ii) printed photomask on a polyester-based transparency film, (iii) blank and
photoresist/chrome coated glass substrates, (iv) transferring the pattern to the substrate via UV
radiation, (v) etched substrate, (vi) etched substrate after chrome layer removal and the blank
substrate prepared for thermal bonding, (vii) thermally bonded device, and (viii) scCO; injection.
(b) Fabrication using the SLE technique: (i) design for SLE printing, (ii) laser irradiation on the
polished fused silica substrate, (iii) SLE printed glass microfluidic device, and (iv) scCO; injection.
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Figure 12: CO; foam transport and stability in the UV-lithography microfluidic device (4 MPa
and 40 °C) during the first 20 min of generation/isolation.

Figure 13: scCO, foam generation in the SLE microfluidic device (7.72 MPa and 40 °C). (a)
Ambient condition with no flow through the micro channels. (b) Co-injection of CO; and aqueous
phase (containing surfactant or nanoparticle) at supercritical condition. (c) Onset of scCO, foam
generation 0.5 min after start of co-injection. (d) Fully developed scCO; foam at high flow rates
(e) lowering the flow rates of co-injection to reveal the borders of multiphase. (f) Profoundly low
flow rates reveal dispersed scCO; bubbles in the aqueous phase.

Figure 14: Visualization of foam stability under reservoir conditions (7.72 MPa and 40 °C) during
the first 20 min of generation/isolation.

Figure 15: Analysis of foam microstructure. (a) Image of scCO, foam flow in the fracture network,
(b) post-processed image with improved brightness, contrast and sharpness, (c) binarized image
using ImageJ, and (d) bubble diameter distribution profile obtained from ImageJ, particle analysis
mode.

Figure 16: Color-coded plot of UV intensity in a 10 X 10 cm? area of the stage where the
substrate is placed for UV exposure. UV intensity values range from 4 to 5 mW/cm? as recorded
using a UV meter.

Figure 17: lllustration 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.

DISCUSSION:

This work presents 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
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.
Additionally, the choice of the etchant should be based on the desired surface roughness. The
use of a mixture of HF and HCl as the etchant tends to reduce surface roughness®°. 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 uses a buffered etchant that enables the study
of mass transfer and transport in surrogate media resembling geologic permeable media.

Design of patterns

The patterns are created using a computer aided design software (Table of Materials) and the
features are intended to represent factures and microcracks to study transport and stability of
foam (see Figure 1). These patterns may be printed on a high-contrast, polyester-based
transparent film, or a borofloat or quartz plate (photomask). The patterns used in
photolithography comprise a main channel, 127 um in width and 2.2 cm in length, that serves as
the main fracture. This channel is connected to an array of micro-fractures with various
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dimensions, or a permeable medium consisting of an array of circular posts, with diameters of
300 um, that are connected to the middle of the fracture path. Additional auxiliary ports may be
included in the design to help with the initial saturation of the main features, e.g., fractures.

Photoresist

This work uses 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 nontransparent.

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. 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—see Table of Materials). 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 the fabrication of this low-cost light source for UV
lithography is adapted from the method presented by Erickstad and co-workers?> with minor
modifications!>2. Figure 16 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 16a, there are four
small fans (40 mm x 40 mm x 10 mm 12 V DC Cooling Fan—see Table of Materials) 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—see Table of Materials) on the top. Three variable DC power supplies (Table of Materials)
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 16b, is divided into 1 cm?
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 2 W 365 nm robe assembly. On average, the UV light has an
average strength of 4.95 mW/cm? with a variability characterized by a standard deviation of 0.61
mW/cm?. Figure 17 presents a color-coded plot of UV intensity map for this UV light source. The
intensity over the region of 10 cm X 10 cm is relatively uniform with values ranging from 4to 5
mW/cm? in the center of the stage where the substrate is placed and exposed to the light. For
more information on the development of the in-house collimated UV-light source refer to ESI,
Figure S3 and S4. The use of the UV source may be coupled with UV blocking shields/covers for
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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 (Table of Materials) lab coats and gloves to minimize the exposure.

Fabrication techniques

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
CO; and scCO; foam microstructure and transport in microfluidic devices are also 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. The main steps
involved in the photolithography/wet-etching/thermal-bonding technique include: (i) creation of
the map of the channel network, (ii) printing the design on polyester based transparency film or
a glass substrate, (iii) transferring the pattern on to a chrome/photoresist coated borosilicate
substrate, (iv) removal of exposed area by photo developer and chrome etchant solutions, (v)
etching the patterned area of the borosilicate substrate to the desired depth, (vi) preparing a
cover plate with entry holes positioned in appropriate locations, and (vii) thermal bonding of the
etched substrate and the cover plate. 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. In the first step, laser radiation through the fused silica glass
internally modifies the glass bulk to increase the chemical/local etch-ability. The focused laser
scans inside the glass to modify a three-dimensional connected volume that is connected to one
of the surfaces of the substrate.

Both 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 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
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MPa). Regardless of the fabrication technique, rapid pressure buildup rates may increase the
chance of mechanical failures in microfluidic devices.
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