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Abstract: Underground porous media are complex multiphase systems, where the behavior at the
macro-scale is affected by physical phenomena occurring at the pore(micro)-scale. The understanding
of pore-scale fluid flow, transport properties, and chemical reactions is fundamental to reducing
the uncertainties associated with the dynamic behavior, volume capacity, and injection/withdrawal
efficiency of reservoirs and groundwater systems. Lately, laboratory technologies were found to
be growing along with new computational tools, for the analysis and characterization of porous
media. In this context, a significant contribution is given by microfluidics, which provides synthetic
tools, often referred to as micromodels or microfluidic devices, able to mimic porous media networks
and offer direct visualization of fluid dynamics. This work aimed to provide a review of the design,
materials, and fabrication techniques of 2D micromodels applied to the investigation of multiphase
flow in underground porous media. The first part of the article describes the main aspects related
to the geometrical characterization of the porous media that lead to the design of micromodels.
Materials and fabrication processes to manufacture microfluidic devices are then described, and
relevant applications in the field are presented. In conclusion, the strengths and limitations of this
approach are discussed, and future perspectives are suggested.

Keywords: microfluidics; underground porous media; groundwater remediation; underground
storage; pore-scale modeling

1. Introduction

Technical complexity arises when considering the multiphase and multiscale nature
of underground porous systems. Spatial scales range from micrometers in the rock pores
to kilometers when determining the whole volume of an aquifer or reservoir. Pore-scale
phenomena are known to influence the reservoir behavior and complex phase interactions
affect the reservoir capacity, injection/withdrawal efficiency, pollutant migration in ground-
water, and environmental applications. Therefore, recognizing the microscopic picture of
the system is fundamental to reducing the uncertainty associated with the macro-scale
properties [1]. To this end, research is still ongoing and problems such as unstable displace-
ment phenomena, fluid-rock interactions, and chemical and biochemical reactions remain
not fully understood.

Microfluidic devices can effectively provide transparent and synthetic media for the
study of pore-scale fluid phenomena. The fluidic pattern engraved in such devices can
replicate the geometrical characteristics and the physical and chemical surface properties
of underground porous media at the microscale, where capillary forces become predomi-
nant [2]. One of the main advantages of microfluidics is that it is possible to design synthetic
flow patterns according to the aim of the investigation. Moreover, the possibility to fabricate
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sets of identical devices allows for the replicability of experiments and a direct correlation
between their results. The main advantages of microfluidics over traditional core analysis
are transparency, which allows for the direct visualization of pore-scale phenomena occur-
ring in the micro-channels, and flexibility, in terms of design and replicability of devices
and experiments. In this respect, 2D microfluidic devices are excellent yet complementary
platforms for the investigation of pore-scale dynamics. In 2D microfluidic devices, which
are meant to solve the limitation posed by the visualization of fluid phenomena in 3D com-
plex media, the optical investigation is allowed by the transparent covering layer bonded to
the patterned slab [2]. The exigency to directly observe and monitor the fluid phenomena
occurring in the porous volume was one of the main reasons why microfluidic devices were
developed in the first place. Fluids are injected through inlet ports, percolate through a pat-
terned area, and eventually leave the device from outlet ports (Figure 1). An appropriate set
of pumping and monitoring systems control the fluid injection and collection. A microscope
and a camera are typically mounted on top of the device (Figure 2). Another advantage of
microfluidic devices resides in their small dimensions, which generally imply very little
consumption of materials and fluids as well as easy and fast experimental procedures. New
fabrication methods, such as additive manufacturing or 3D printing offer the possibility to
fabricate complex yet cost-effective synthetic 3D devices [3-6].

Transparent covering layer

Patterned layer

\

Inlet port Outlet port

Bonded device

Figure 1. Simplified sandwich structure of a microfluidic device, showing the two bonded layers.
The patterned layer reproduces the designed geometric features; the covering layer confines the fluid.
Inlet and outlet ports can be hosted in either the patterned or the bonding layer.

SR

4

Valves and ||:||

sensors Valves and
I]j E sensors

Pumping system

Fluid collection

Fluid inspection

Device

Figure 2. Sketch of a typical experimental set-up for microfluidic tests. Fluids are pumped into the
device and collected at the outlet. The fluid dynamics occurring inside the device is monitored with
appropriate imaging techniques and sensors.

Ongoing research is dedicated to integrating laboratory experiments on microfluidic
devices with numerical simulations (computational microfluidics). Microfluidic experi-
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ments provide valuable benchmark data sets, validating numerical simulations, and leading
to more accurate and robust numerical models. Numerical simulations are complemen-
tary to microfluidic experiments, as they provide a high-resolution mapping of fluid and
transport properties that are not easily measurable experimentally, such as pressure and
velocity profiles, solute concentration, and mineral distribution [7]. For the interested
reader, a complete review of numerical simulation in microfluidic devices with application
to subsurface porous media was reported in Soulaine et al. [8], and more information on
3D microdevices can be found in the work of Jahanbakhsh et al. [9].

This review explores the current state-of-the-art of design, fabrication, and experi-
mental application of 2D microfluidic devices for the investigation of multiphase flow
in underground porous systems. A deeper comprehension of such systems is becoming
increasingly important in the new framework of energy transition and environmental
protection strategies. Applications of interest range from carbon capture and storage to
hydrogen and gas storage, to remediation of polluted soil and groundwater.

The overall contents of this paper are summarized in Figure 3. In Section 2, an overview
of the different types of design approaches is first presented. In Section 3, the most common
techniques used for the fabrication of microfluidic devices are presented. The fabrication
methods were chosen according to the selected materials and some steps may be common
to different materials. In Section 4, the most used materials for porous media representation
are described, with a focus on the size, surface properties, and experimental conditions
which can be achieved. The experimental conditions lead to the selection of materials
and methods, since the device must be able to withstand the chemical and mechanical
stresses imposed. Four categories of materials were reported to be used for the fabrication
of microfluidic devices mimicking underground porous media: polymers, glass, silicon,
and geomaterials. Combinations of different materials were also possible.

Pore-scale investigation of ggdesrt%’g;gd gas and hydrogen storage
. 2
Underground porous media Groundwater remediation

]

o

Regular and partially regular micromodels
Repeated image

Irregular micromodels

Multi-step approach

Design of micromodels mimicking
underground porous media

o o \

Fabrication Techniques ° { Materials ]
Soft lithography «  Polymers
Etching processes «  Glass
Silicon

Geomaterials

Figure 3. Design and fabrication workflow of micromodels for the investigation of pore-
scale phenomena.

2. Design of Micromodels Mimicking Underground Porous Media

Micromodel patterns can be classified based on geometry and topology into three main
categories [10]: (1) perfectly regular models, (2) partially regular models, and (3) irregular
patterns. In the first category, the whole network is composed of pores having the same
geometry and width, and constant distance between them. In partially regular models, the
pores’ dimensions are not constant, but they form a regular pattern; in this case, pore sizes
are chosen from a statistical distribution. Eventually, irregular patterns are characterized
by the absence of spatial correlation in the geometry: pores have a random location, and
their size is chosen from a statistical distribution. For example, Delaunay triangulation and
Voronoi tessellation are irregular patterns with properties that correspond to real porous
media [11]. In Figure 3, an example of a regular pattern and an irregular pattern based on
Voronoi tessellation is shown.
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2.1. Regular and Partially Regular Micromodels

A vast amount of literature exists about experimental and numerical studies on regular
or partially regular micromodels [12]. These geometries can provide information about
the fluid flow behavior; however, the level of complexity is too low to be considered
representative of natural porous media. Regular and partially regular patterns can be
useful to isolate the influence of specific geometrical properties on local phenomena; for
example, by tuning the channel orientation or the pore-throat ratio. On the other hand,
they are not representative of the actual pore space and do not reproduce the 3D complex
geometry of real porous media, which plays a key role in displacement phenomena in
reservoirs. Macroscopic parameters such as fluid saturation, capillary pressure, and relative
permeability are strongly related to the pore structure, pore size, and pore connectivity;
therefore, a higher level of complexity is necessary to investigate actual flow phenomena
occurring in reservoir rocks.

2.2. Repeated Image

Some authors created a micromodel pattern by repeating the image of a thin section
of rock. Buchgraber et al. [13] obtained a repeated pattern from a scanned image of a thin
section of Berea sandstone. Then, Chen et al. [14] conducted experiments and numerical
simulations on a micromodel that mimicked the pore structure of Mt. Simon Sandstone;
the pattern consisted of nine identical binary images arranged in a 3 x 3 array. However,
although more sophisticated than regular or partially regular patterns, these patterns
remained too simplistic and could not reproduce the geometrical and transport properties
of the 3D rock, but only of the 2D thin section. The representativeness of 3D properties in
2D models is critical in micromodel design.

2.3. Irregular Micromodels

A different approach involves the application of Voronoi diagrams (Figure 4b) or
Delaunay triangulation [11]. These patterns have the number of pore throats connected
to a single pore body (i.e., coordination number) equal to 3, which is the average value in
natural rocks. Moreover, Voronoi diagrams can be generated to obtain desired heterogene-
ity, fractures, and channels with different sizes. The Voronoi diagram is a computational
geometry algorithm that divides a 2D or 3D domain into many non-overlapping polygons
or polyhedrons, starting from a set of randomly distributed points. In two-dimensional
Voronoi diagrams, the vertices of the polygons are always connected to three other vertices.
The Delaunay triangulation of a set of randomly distributed points corresponds to the dual
graph of a Voronoi diagram for the same set of points. Wu et al. [11] created micromod-
els of homogeneous and heterogeneous networks based on Voronoi diagrams and they
introduced heterogeneity into the geometry by removing single grains or groups of grains.
Karadimitriou [15] designed a micromodel pattern based on pore network modeling. He
generated the pore network topology by using Delaunay triangulation, which was then
modified into a collection of pore bodies and throats. On the horizontal plane, the radius of
the pore bodies was assigned using a random number generator, employing a log-normal
distribution, while the width of pore throats was assigned using the equations reported in
Joekar-Niasar et al. [16]. The thickness of the network, including pores and throats, was
constant and equal to the mean pore size.

(a) (b)

Figure 4. Examples of patterns: (a) regular pattern; (b) irregular pattern based on Voronoi diagrams.



Water 2023, 15, 1222

50f19

2.4. Multi-Step Approach

When microstructure information and statistics of 3D rocks are available, multi-step
approaches can reproduce more realistic and representative micromodel patterns. For
instance, in Gunda et al. [17], the authors extracted the microstructure properties and
characterized the pore space starting from electron microscopy and X-ray micro-computed
tomography (micro-CT) images. Then, the extracted microstructural information was used
to represent the 2D model using a stochastic random network generator or Delaunay trian-
gulation. Porter et al. [18] generated patterns using micro-CT images to better represent the
pore space and fracture geometries expected in subsurface formations. They extracted a
series of slices from micro-CT data; then, they averaged and segmented the 2D images into a
single image that defined the final geometry of the porous medium or the fracture. In order
to extract geometrical pore structure properties from rock images, methods based on the
medial axis or medial surface [19,20] or methods based on path-finding algorithms [21,22]
can be applied. An interesting approach, similar to that of Gunda et al. [17], but based
on the quartet structure generation set (QSGS) algorithm [23,24], was introduced by Lei
et al. [25]. They proposed a multi-step approach (Figure 5): (1) microstructure charac-
terization of core samples; (2) extraction of statistical information, such as porosity, pore,
and grain size distribution and anisotropy; (3) generation of an equivalent geometry by
using QSGS algorithm; (4) analysis of the statistical information of the generated porous
medium, to determine whether it is close enough to the real one. Eventually, Gaol et al. [26]
also proposed a multi-step methodology having 3D micro-CT images as input informa-
tion: (1) convert raw micro-CT into binary images; (2) generate a grain 2D density map
by averaging all the binary values from all the images; (3) generate a pore body map
by applying a threshold value that subdivides the density map into grains and pores;
(4) perform opening—closing reconstruction operation to create a flatter grain density map;
(5) extract a pore throat map using the medial axis algorithm; (6) superimpose the pore
body map and the pore throat map to construct the pattern geometry. Using this approach,
they matched the rock properties of the micro-CT images and then, they generated homoge-
neous and heterogeneous patterns, with different permeability regions in the porous media.
Given the geometrical complexity of natural porous media, pore structure characterization
is essential to simulate real systems.

Pore volume ratio (%)

» 40 "L
Pore size (um)

(b) 3D Reconstruction (c) Pore size distribution

More than 2.8°10° pores

Pore volume ratio (%)

0 20 40 60 80 100 120 140
Pore size (um)

(f) Micromodel fabrication (e) Pore size distribution of the (d) Geometry generated by
micromodel QSGS

Figure 5. Example of a micromodel design using a multi-step approach [25].
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2.5. Inlet and Outlet

Not only the porous pattern but also the inlet and outlet regions of the device must be
carefully designed since they regulate the way the fluid front enters the porous area [26].
Fluids are injected into the microfluidic device and exit the system through circular holes,
called ports, positioned in the inlet and outlet regions (Figure 1).

3. Micromodel Fabrication Techniques

The established fabrication techniques used for microfluidic devices derive from
that set of technologies that were first developed for the fabrication of micro-structured
integrated circuits.

3.1. Soft Lithography

For polymeric devices, the fabrication of a master mold is often required, from which
replicas are created using methods such as casting (soft lithography), hot embossing, or
injection molding. With stiffer materials such as glass and silicon, and polymers such as
PMMA, typically etching processes, direct laser writing, and conventional machining can
be chosen, and often combined. Many of these techniques contain a photolithographic step
as the first process: with this method, it is possible to directly fabricate the master molds or
to prepare the substrate for further processes. In photolithographic techniques, a chosen
substrate is coated with a layer of a photo-sensitive polymer (in the range of UV spectrum)
called photoresist (or simply resist), whose thickness depends on the material used and the
application involved. Photoresists can be either positive or negative, meaning that they,
respectively, degrade or cure when exposed to UV light [9,10,15,27]. The resist is exposed
to the UV light with the interposition of a patterned mask, to transfer the desired structures
onto the polymeric layer. According to the final application and the positive/negative
nature of the photoresist, the mask pattern must be appropriately designed. After removing
the excess photoresist (uncured or degraded), the remaining structure is typically consoli-
dated through a baking process, and it will, therefore, leave some areas of the substrate
exposed while protecting others. This consolidated polymeric structure can directly be
used as a mold, which is often the case for the fabrication of polymeric microfluidic de-
vices. As shown in Figure 5, soft polymers, such as polydimethylsiloxane (PDMS), are
cast on the mold. Thermoplastic materials undergo hot embossing or injection molding
processes. Casting is performed by pouring a mixture of a pre-polymer and its curing
agent on the master surface, inducing the cross-linking of the material, and peeling the
replica off the master [28-30]. In embossing techniques, the structure of a mold is replicated
onto a polymeric substrate by application of pressure and temperature [31] by heating
both substrates and mold slightly over the corresponding glass transition temperature.
In injection molding, raw polymeric pellets are heated up to their melting point and the
resulting liquid phase is injected at high pressure into the mold cavity and quickly cooled
afterward. The substrate is typically silicon or glass and is less often PMMA. Other methods
are also possible, such as the LIGA process, which involves a sequence of three steps: deep
(X-ray or UV) lithography, electroplating, and molding [9,32].

3.2. Etching

Etching processes are based on either the chemical reaction of acids, alkaline solutions,
or technical solvents, or on the interaction of a plasma with the surface of a chosen material.
A first lithographic step is performed as described in Section 3.1 and the photoresist
remaining on the substrate has the function of protecting the surface where etching is
not required (Figure 6a). The resolution of the mask strongly affects the outcome of the
etching process. The thickness and the chemical selectivity, i.e., the ratio between the
etch rate of the substrate to the etch rate of the photoresist, will determine the depth of
the final network. After the photoresist is exposed and developed, the surface is etched
(Figure 6b) [20]. To date, two main etching methods are used, namely wet etching and
dry etching. In wet etching, acids or alkaline solutions are typically used as etchants on
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glass or silicon substrates: the area covered by the photoresist remains unaffected by the
etchant. The depth of penetration depends on the etching rate (i.e., the penetration depth
per unit time) and the time of exposure to the etchant. Wet etching is a very popular way
to produce micromodels; however, this method has some limitations. One shortcoming
is that the pore walls are often sloped rather than vertical (isotropic etching). Alternative
approaches for etching glass, silicon, or stiff polymers such as PMMA rely on ion-beam
milling, dry (plasma-assisted) etching, or electromagnetic radiation (laser micromachining).
Typically, a step of photolithography is required, to create a masking layer adherent to
the substrate, which allows for the selective removal of material from the uncovered areas
only. The reactive ion etching process is one of the most used techniques in the field of
microfluidics and operates through a mixed combination of physical and chemical etching.
The plasma is typically generated under low pressure by a strong radio frequency (RF)
electromagnetic field. The dry etching procedure may be very anisotropic, allowing for
less rounded bottoms, independently from the material properties. Dry etching produces
narrow and shallow channels with nearly vertical walls (82°-90°). The deep reactive ion
etching (DRIE) method improves the slope of the vertical walls (88°-90°) and also allows
one to obtain very low surface roughness. Figure 7 schematically shows the results of the
anisotropic and isotropic nature of dry and wet etching, respectively. The reactive-ion
etching method is a complicated procedure and is the subject of ongoing research, but it
remains one of the best ways to produce good-quality micromodels. This is also related to
the materials associated with the technique, which are typically glass and silicon, whose
physical and chemical stability allow for better performances of microfluidic devices in
terms of resistance to pressure, temperature, and to mechanical and chemical stresses.

Chosen Substrate

Spin coating

Resist
Substrate

UV light Exposure

(] @z Mask
— QTR

Development

Positive resist 554 ———— = (I (T Negative resist

Master molds for polymeric replica Resist masks for etching processes

Figure 6. Scheme of the photolithographic approach. The photoresist is spin-coated on the cho-
sen substrate and exposed to UV light with the interposition of a patterned mask. Positive pho-
toresists degrade when exposed to radiation, and negative photoresists cure. The final structure
can be either directly used as a master mold (soft lithography) (a) or serve as a mask for further
processes (etching) (b).

“ ¥ “..'b llil

Isotropic Etching Anisotropic Etching

Figure 7. The isotropic and anisotropic behavior of wet- and dry-etching.



Water 2023, 15, 1222

8 of 19

4. Micromodel Materials

In the following paragraphs, the most common materials used for the fabrication of
micromodels mimicking porous media are presented. The first materials presented are
transparent polymers, such as poly-di-methyl-siloxane (PDMS), thiolene-based polymers,
poly-methyl-methacrylate (PMMA), and cyclic olefin copolymer (COC), that are consid-
ered valid options for the fabrication of microfluidic devices, being significantly cheaper
than silicon or glass [33,34]. The usage of polymers, and PDMS in particular, relates to
the historical development of microfluidics. Polymers are generally versatile, allow for
surface modification, and can easily be bonded, or blended with nanostructured materials
to provide composites with improved characteristics and performance [35]. However, this
also implies that their surface tends to undergo undesired modifications during process-
ing, thus requiring additional stabilization. The main drawbacks of polymers are their
reduced chemical and mechanical resistance, which limits their application with solvents
and makes them unsuitable to withstand high temperatures and high differential pres-
sures. Photolithography, 3D printing, and/or molding processes are the most common
manufacturing techniques [36-38]. Glass follows, as one of the most applied materials
for the fabrication of microfluidic devices for pore-scale phenomena investigation, and,
historically, was the first to be used (together with silicon) in this field. Glass properties of
optical transparency, hardness, and chemical and thermal stability are indeed extremely
suitable for applications in geology, environment, and petroleum engineering, allowing
for experimental conditions involving high temperature and pressure conditions. Silicon
wafers are also a suitable platform for microfluidic devices, requiring the same fabrication
techniques as glass, but obtaining even smaller features and better resolutions. The pat-
terned silicon substrates must then be bonded to a transparent layer, which is often glass.
The usage—or the integrated usage—of geomaterials is the last frontier in the development
of microfluidic devices able to intimately reproduce the surface properties of real media,
while still preserving the capability of directly visualizing the flow phenomena.

Table 1 summarizes the materials and geometrical features of relevant microfluidic
devices presented in this review.

4.1. Thermo- and Photocurable Polymers: PDMS and Thiolene-Based Resin
4.1.1. PDMS

Poly-dimethyl-siloxane, which belongs to the group of silicones, was widely used
for the fabrication of microfluidic devices and quickly became a cheaper and easier-to-
manage option if compared to the traditional glass or silicon alternatives. It is indeed
reported that the surge of PDMS is associated with the flourishing of lab-on-a-chip devices,
where it rapidly became one of the preferred candidates for manufacturing cost-effective
microdevices [39]. For the fabrication of a synthetic replica of porous media, PDMS is an
optimal candidate for the rapid validation of the designed pattern. PDMS is an optically
transparent, non-toxic, non-flammable, silicon-based, elastomeric polymer. It can be used
to fabricate the entire device, meaning both the patterned plate and the covering one.
The PDMS-based porous media models are typically fabricated by soft lithography (also
known as casting) [40]. A mixture of the pre-polymer and the curing agent is poured onto
the mold, and often moderately heated, to catalyze the curing process. The advantages
of this technique are the fast and cost-effective fabrication and the replicability of the
structure due to the reusability of the masters. Channels generated in PDMS by casting
can have widths of a few micrometers, but it must be considered that defects or roughness
of the mold are transferred and enhanced on the PDMS replicas [41]. The most common
sealing process is the oxygen plasma surface treatment, which generates silanol groups
(Si-OH) on the surface of PDMS, which lead to the formation of stable chemical bonds
between the two plates. The covering plate can be alternatively chosen among glass,
silicon, quartz, silicon nitride, polyethylene, polystyrene, and glassy carbon. PDMS is
hydrophobic in its natural state with a water contact angle > 100° [9,42]. The surface
properties can, however, be easily changed and tuned by surface treatments. For instance,
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the oxygen plasma treatment causes PDMS to become hydrophilic [43], whilst activation of
the PDMS surface by corona discharge makes the polymer more hydrophobic than in its
natural state. There are, however, methods for recovering and stabilizing the natural PDMS
hydrophobicity [15]. Wettability alterations are often performed to achieve a mixed, or
heterogeneous wettability, to better represent real media, since the rock is often originally
water-wet but can gain oil-wet properties in case of precipitation of oil components. This
may be achieved through surface treatments, such as that performed on PDMS devices
proposed by Schneider et al. [28]. The high gas permeability of PDMS makes this material
also suitable for a variety of biological applications [43], but makes it less applicable in
experiments where the flow phenomena to be investigated are those of a gas phase. PDMS
is often not compatible with organic solvents, which limits its use to aqueous solutions.
Moreover, the low stiffness of PDMS leads to elastic deformations of micro-channels within
the microfluidic devices even under very low flow rates and injection pressures (even
pressure as low as 0.14 bar can be critical) [15].

4.1.2. Thiolene-Based Resin

New studies on photocurable thiolene-based commercial resins were also performed [29,44]
to solve some of the limitations of the PDMS devices, such as poor mechanical and chemical
resistance, swelling upon oil contact, and gas permeability. This resin is a single component
thiolene-resin that polymerizes upon exposure to a long wavelength (365 nm) UV light. It
is impermeable to air and water, stable on surface treatments, shows less swelling upon
contact with solvents and its elastic modulus is orders of magnitudes higher when com-
pared to PDMS. Fabrication techniques are molding processes or photolithography [45].
This resin has, by nature, both hydrophilic and lipophilic properties [46]. Wettability can
be easily altered: in the work of Kenzhekhanov et al. [47], it was noticed that the polymer
tended to acquire the wettability of the fluid it had the first contact with and so, keeping the
resin in contact with water or oil first can induce slight hydrophilicity or hydrophobicity,
respectively. UV treatment increases the surface energy of the polymer, thus making the
surface more water-wet. Oxygen plasma exposure can also improve water-wettability,
by creating free radicals able to interact with water. Oxygen plasma is also used to seal
the device. However, as further described by Kenzhekhanov et al. [47], a combination of
plasma bonding with the half-curing method is preferable to avoid delamination of the
device. Alternatively, an oil-wet surface can be created by adding APTES (3-aminopropyl
triethoxysilane) to the uncured (liquid) polymer.

4.2. Thermoplastic Polymers: PMMA and COC
4.2.1. PMMA

PMMA is an acrylic thermoplastic material that is stiffer and harder than PDMS.
Due to its high transparency, it is often used as a substitute for glass. Pore network
structures on PMMA can be generated by either direct laser writing or using a LIGA process
(a German acronym for “Lithographie, Galvanoformung, und Abformung”) [10,48]. The
first method is preferable for rapid prototyping and manufacture of microfluidic devices
in low quantities, while the second is a molding technique, suitable for the production
of identical replicas in large quantities. Different laser techniques are available for direct
writing on PMMA, each of them showing specific advantages and disadvantages. The
most commonly used lasers are KrF excimer lasers [49], CO, lasers [50,51], and Ti:sapphire
femtosecond lasers [52]. The LIGA technique is used when a high reproducibility of
microfluidic patterns is required. This fabrication method involves a sequence of three
processes: deep (X-ray or UV) lithography, electroplating, and molding [48,50]. To create the
first polymeric mold, a metal substrate is covered with liquid polymer (usually a PMMA-
based photoresist). In the following step, the designed pore-network pattern is transferred
onto the polymer either by X-ray or UV lithography [48] or by direct laser writing using
an excimer laser [53]. The X-rays enable the generation of narrow and smooth channels
with a high depth-to-width aspect ratio and almost vertical side walls. Customized masks,



Water 2023, 15, 1222

10 of 19

made of quartz and chrome or Kapton and gold, are required. This patterned polymer is
then filled with the chosen metal via electroplating. The plating process proceeds up to
the point where the metal layer covers the whole microstructure and is thick enough to
be fitted into a molding or embossing tool. The metal mold insert is then separated from
the polymer by shock-freezing using liquid nitrogen. Following this process, the insert is
cleaned from the residual polymer with organic solvents. Such a prepared metal mold is
ready for the replication of pore network patterns on PMMA by either injection molding or
hot embossing. The microstructures generated by this process are typically sealed with a
second PMMA plate through either thermal bonding or adhesives [53].

42.2.COC

Another thermoplastic polymer that was applied in the field of microfluidics for
porous media mimicking is the cyclic olefin copolymer (COC). This is a rigid thermoplastic
material, characterized by high optical transmission in the UV and visible spectrum range,
low water absorption, good resistance to many acids, and exceptionally good resistance to
many solvents, including organics (e.g., acetonitrile).

4.3. Glass

Early works of microfluidics for studying the fluid flow in porous media were based on
glass-based micromodels. The very first micromodel made by Chatenever and Calhoun in
1952 [54] is an example of a glass-beads-based model. Later, Chuoke et al. [55] used the same
technique to investigate the displacement phenomena in porous media. However, these
models presented some significant difficulties. The first challenge was that preferential
paths could be created along the walls in case the glass beads were not in close contact
with the container walls, and fluid will not flow through the center of the device. Other
difficulties may arise during the visualization and monitoring of the fluids flow, especially if
there are multiple layers of beads, which makes it challenging to find an appropriate depth
of focus. An interesting construction of the glass-bead model was presented by Corapcioglu
and Fedirchuk [56], who enclosed a single layer of glass beads between two Pyrex plates
by creating a recess of a certain depth in both plates, where the glass beads were hosted.
The main drawback of this model is that only a limited number of pore network patterns
can be achieved with glass beads, making the model unable to realistically replicate the
internal irregular structures of real geomaterials.

Architectures obtained with patterned wafers/plates sealed with a second covering
plate were, therefore, more frequently mentioned in the literature works. For the realization
of flow patterns on glass substrates, reactive ion etching (RIE) or wet chemical etching
are typically used. Direct laser writing, selective laser-induced etching (SLE), direct laser
writing, and laser micro-welding are less common but very promising for the rapid proto-
typing of microfluidic devices. For reactive-ion etching, gases such as SF6, C4F8, CF4, and
CHEFS3 are typically used on glass substrates. Additional gases—such as Hy, O, He, and
Ar—are often used to improve the etching process, e.g., to increase the etching depth or
to reduce the roughness of the etched surfaces. The generated plasma interacts with the
sample, where it sputters atoms from the surface by transferring part of its kinetic energy
and then, reacts with them, creating new species that are free to leave the surface. This
process may be anisotropic, meaning that it enables the generation of channels with almost
vertical walls. RIE allows for great control over the depth of the etched structures, with
the process being slow (1 um/min) and easy to stop. The other method commonly used
for the generation of microfluidic patterns on glass is wet etching. As already mentioned,
in the case of glass (typically amorphous), the wet etching process is isotropic, i.e., the
etching rate is equal in all directions. Glass substrates are typically etched by using highly
concentrated hydrofluoric acid (HF). Solutions combining HF with other strong acids, such
as HCl, HNOs, HySOy4, and H3POy, are also used, mainly to enhance the etching rate. The
etching rate of wet etching is high (approximately 7 pm/min for borosilicate glass) and it
also allows for low roughness (even 10 nm) and high selectivity, which can reach up to 30:1.
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The isotropy, however, poses limitations to the achievable aspect ratios (approximately
unity). Channels walls typically show rounded corners and undercuts. More information
on this process can be found in the work of Iliescu et al. [57]. Additionally, the chemical
and disposal costs can be very high because the etching material must be covered entirely
with the etching solution, and in turn, this solution must be often changed to maintain the
same nominal etching rate. The masking layers are typically made with photoresists such
as SU-8, but can also be of metals (Cu, Cr, Ni) or silicon. The choice of the masking material
depends on the required depth and quality of the etched features. A photoresist mask is
limited to shallow etching (tens of microns), silicon-based masks enable the generation of
deeper features (a few hundred microns), while structures as deep as 500 um are achievable
by using multilayer masks containing a combination of metals and hard-baked photoresist.
Pore network patterns generated on glass substrates form rigid microfluidic systems, which
are characterized by high transparency, thermal stability, and chemical resistance. These
properties must not be changed by the subsequent bonding process. Sealing processes are
usually achieved using temperature, adhesives, or electrostatic forces. One way is to use a
furnace or a high-temperature oven [58]. Thermal bonding (also called ‘fusion bonding’)
is the most common technique used for bonding two glass plates together. The two glass
plates must also have identical or at least very similar thermal properties and coefficient
of thermal expansion. Fused silica and borosilicate glass work well in this sense and are
often the materials of choice. Another method involves placing a thin layer of polymer
(a few nanometers thick) between the two glass plates and baking in a UV oven [59]. Glass
bonding on silicon can also be achieved, via electric field-assisted or anodic bonding [60]: a
gentle heating (~400 °C) is applied while also applying an electric field across the silicon—
glass sandwich. This is not suitable for all glass materials, since it is generally essential for
the glass to contain sodium compounds (e.g., borosilicate glass), being the process based
on the migration of the Na* and O~ ions [61]. This leads to the formation of a strong
and stable bond with the silicon surface that can withstand very high pressures. Among
the very many types of Si/glass microfluidics fabrication methods [62-66], micro powder
blasting, relying on physical erosion by an abrasive powder jet accelerated towards the
substrate, or laser micromachining are also possible, enabling for a cheap, fast, and complex
three-dimensional micro-structuring. Borosilicate glass can also be bonded to polymers
such as PDMS using oxygen plasma treatment.

4.4. Silicon

Because silicon has different physical properties than glass, the process parameters
must be properly adjusted, but the process principles remain the same. Since silicon is
opaque in the visible spectrum, direct optical visualization of fluid flow processes inside
the pore network structures is possible only at the surface of a silicon wafer bonded
to a transparent substrate (typically glass). A silicon-based microdevice may also be a
three-layers device, made of a glass-silicon-glass architecture (GSG) if full transparency is
required. The main advantage of using silicon over glass substrates is the ability to generate
pore network structures with very high (sub-nanometer) resolution and accuracy. The
etching techniques that were adapted from the semiconductor (microelectronics) industry
enable the generation of pores and throats whose size is comparable to that of pores and
throats in real rocks [67]. Both wet and dry etching methods can be applied. The Bosch®
process (a specific type of DRIE) is the most common dry etching technique used routinely
for the manufacture of microfluidic devices from silicon wafers, although other techniques
(e.g., cryogenic plasma etching) are also used. Wet etching methods are also an option for
the generation of pore network structures on silicon wafers. Depending on the solution
used, the etching can be isotropic or anisotropic. Isotropic etching is obtained by using HNA
(hydrofluoric, nitric, and acetic acid) solutions, while it is possible to obtain anisotropic
etching by using aqueous KOH (potassium hydroxide) solution, which is less aggressive
than the HNA solution.
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Anodic bonding is the most common method used for bonding silicon to glass without
using adhesives. Silicon-based micromodels were widely used to study transport processes
in porous media.

4.5. Geomaterials

Geomaterials should also be mentioned among micromodel materials. Another draw-
back of 2D microfluidics, other than the information loss in the third dimension, is that
devices may not be able to fully replicate the surface properties and the rock—fluid interac-
tions of real porous media. The full modification of the surface chemistry by minerals-based
coatings or the direct usage of geomaterials samples to engrave pore networks can improve
the performance of microfluidic devices. For example, Gerami et al. [68] fabricated a mi-
crofluidic device by etching a fracture pattern on a coal surface by using three-dimensional
laser micromachining. The surface roughness of real coal and the etched surface as well as
the coal/brine/gas contact angles were compared under static and dynamic conditions,
showing that the etched pattern has heterogeneous surface properties, well representative
of real media. However, the results are preliminary and further development of such
technology would be necessary.

5. Applications

The application of micromodels was very popular to study the behavior of single-
phase and two-phase fluids in porous media during imbibition and drainage processes
and the influence of wettability properties, and the correlation between numerical sim-
ulations and experimental observations [7]. The main applications of microfluidics to
underground porous media are related to groundwater remediation [69], dissolution pro-
cesses [70], water—oil separation [71], underground gas and hydrogen storage [2,72], CO,
storage [73-75], enhanced oil recovery [25], and the study of thermodynamic properties
such as phase-change, solubility /miscibility, and diffusivity [76]. Recently, Wang et al. [77]
designed a dual porosity microfluidic device to simulate a soil-groundwater system and in-
vestigate the formation process of a non-aqueous phase liquid (NAPL) contaminated layer.
Park et al. [78] used a 2D PDMS-based device to assess the environmental impacts of the
infiltration of acid mine drainage into a shallow aquifer. Significant works are summarized
in Table 2.

5.1. Polymers

As already mentioned, polymer-based microfluidic devices typically allow for cheaper
processes, high flexibility of applications, and cost-effective and relatively simple surface
modifications. The application of PDMS micromodels was very popular to study the
behavior of single-phase and two-phase fluids in porous media during imbibition and
drainage processes and the influence of wettability properties, and the correlation between
numerical simulations and experimental observations. Massimiani et al. [2] used PDMS
micromodels to study drainage and imbibition phenomena occurring in underground gas
storage systems. Xu et al. [43] used PDMS to study the influence of vugs, pore geome-
try, pore-width distribution, heterogeneity, and coordination numbers on the efficiency
of water—oil displacement in low-porosity oil-wet media, by comparing eight different
periodic and three random geometries with similar porosity and permeability. Their results
showed that higher coordination numbers in periodic networks, pore width heterogeneity,
and the presence of vugs in random networks all decreased displacement efficiency. Sun
and Santamarina [79] proposed a PDMS microdevice for the visual observation and investi-
gation of Haines jumps occurring during drainage. In the studies of Kunz et al. [30], PDMS
microfluidics served as experimental validation of numerical simulations of a drainage
process. Many works addressed the wettability issue, trying to develop methods for the
alteration and precise control over the wettability of PDMS surfaces. Schneider et al. [28]
altered the surface wettability of PDMS micromodels by UV-initiated graft polymerization
of poly(acrylic acid) (PAA), to reproduce the wetting heterogeneity that is observed in many
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hydrocarbon reservoirs and measured the higher level of residual fluid due to wettability
heterogeneities. Cottin et al. [42] also used PDMS chips to investigate the influence of wet-
ting properties on the displacement front during drainage, showing how more water-wet
conditions favor the predominance of viscous forces over capillary forces, which, in turn,
also stabilize the advancing front, reducing fingering effects [65]. As demonstrated by
Zhao et al. [80], PDMS can also be used as a cast form to replicate pore network patterns on
photocurable polymers, such as Norland Optical Adhesive 81 (NOAS81). Wégli et al. [44]
also demonstrated that these thiolene-based resins could be applied for fluorescence-based
microfluidic applications, which opened the way for further studies. Kenzhekhanov and
Yin [47] used surface-modified thiolene-based microfluidic devices to investigate the effect
of different temperatures and wettability conditions on water and surfactant flooding
displacement in fractured and non-fractured geometries. Tsakiroglou and Avraam [59]
developed a LIGA process for the fabrication of identical PMMA replicas of micromodels
having a simple porous network with a broad pore depth and width range (10-100 pm),
representative of real porous media. Sell et al. [81] used PMMA microdevices as micro-PVT
cells for the investigation of CO, diffusivity in water. Hsu et al. [82] created a COC mi-
croarray of channels with a central wider channel to simulate fractures on porous media
and perform two-phase-flow experiments to investigate the spatial distribution of oil and
groundwater subject to injection and extraction cycles. Gerami et al. [68] engraved a coal
sample with a fractures pattern and used PDMS for sealing the etched fractures along the
top surface of the geomaterial.

5.2. Glass

Glass-based microfluidic devices were the first to mimic underground porous media
networks [54,83,84]: they can withstand very high internal pressures—up to a few tens
of MPa (several hundred bars) if they are appropriately designed. Kamari et al. [85]
fabricated a glass micromodel with a homogeneous irregular pattern with different fracture
geometries to investigate the effect of geometrical characteristics of a single fracture on
the breakthrough time during a miscible displacement process (n-Heptane displacing n-
Decane). Buchgraber et al. [86] managed to create a two-porosity micromodel from Arab-D
images: the resulting carbonate micromodel had an overall porosity of 46%, with some
regions having a porosity as low as 11% and some areas having local porosity values as
high as 74%. They demonstrated that greater permeability was associated with greater
etch depth and that areas of high porosity, and, therefore, low capillary entry pressure,
showed greater recovery factors if compared to areas dominated by microporosity with
high capillary entry pressures. Khademolhosseini et al. [87] explored the influence of
nanosilica and biosurfactants on interfacial tensions to improve oil recovery. More recently,
Xu et al. [43] exploited the characteristic trapezoidal shape of channels obtained via wet-
etching for the fabrication of 2.5 D micromodels. In commercial glass micromodels with
varying channel widths, Van Rooijen et al. [88] measured the hysteresis of contact angles,
during both imbibition and drainage, for a hydrogen/brine system, at a pressure of 10 bar.

5.3. Silicon

Gunda et al. [17] were the first to introduce the term “reservoir-on-a-chip” with the
fabrication of a silicon-based microfluidic device with a pattern of channels based on the
Delaunay triangulation, demonstrating that the dynamics of the fluid phases and the
trapping phenomena inside the device produce recovery curves comparable to those of
traditional core analysis. Keller et al. [67] used silicon-based micromodels to study the
flow of NAPL or oil, water, and air at the pore scale, in a pore network that recreates
the photomicrograph of a Berea sandstone. Pore dimensions of 3-30 pm were obtained.
Fluid displacement and the influence of wetting layers in the displacement dynamics
were observed. Fodisch et al. [89] also used etched silicon wafers to perform oil-brine
displacement, demonstrating how UV tracers attached to the connate water and the oleic
phase allow for close monitoring of the flooding phenomena. Rock et al. [90] used a similar
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approach for the investigation of the viscoelastic properties of polymers in polymeric
solutions for enhanced oil recovery (EOR). Gaol et al. [26] fabricated a glass-silicon-glass
micromodel reproducing the pattern of a Bentheimer core plug with different permeability
values to investigate how the displacement front proceeds through different regions. One
example of polymer flooding for EOR application was also performed, to investigate
the sweep efficiency improvement of oil in heterogeneous porous media. The channels
created via dry-etching presented a depth of 50 £ 1 um, with an aspect ratio of 6:1, and
vertical walls with angles of 82-90°. The minimum pore size was around 8 pm, which
is in good agreement with the micro-CT images, showing a minimum pore size of 5 um.
For the investigation of the trapping dynamics of CO,, Buchgraber et al. [86] also used
glass—silicon—-glass micromodels, whose homogenous pore space is geometrically and
topologically similar to Berea sandstone. The pattern was obtained via DRIE and the
average pore size was 25 pm.

Table 1. Materials and geometrical information of significant works considered in this review.

Material Fabrication Reference Pattern Pattern Dimensions Channel Smallest
Techniques Geometry Depth Channel Width
Voronoi diagrams;
Soft-Lithography Xu et al. [43] Eight periodic - 14.6 um 4 um
networks
PDMS -
Casting on Random network L=25mm,
etched silicon Kunz etal. [30] of rounded pillars W=1mm ) 160 pm
Soft Lithography Park et al. [78] Uniform network L =49 mm, W =30 mm 50 um 120 um
Thiolene Casting on Kenzhekhanov S. Vi i di L=5mm, 10 8
resin PDMS mold and Yin X. [47] oronot diagram W =15mm Hm wm
Tsakiroglou, Uniform squared _ _
PMMA LIGA process and Avraam [59] network L=20mm, W =15mm 17.7 um 10 um
Laser ablation Sell et al. [81] Serpentine - 50 um 100 pm
. Uniform network
COC Lithography Hsu et al. [82] and fracture L =30mm, W =30 mm 100 um 200 pm
Glass Wet etching Amarasinghe etal. [74] Random network L =512mm, W=7 mm 40 um -
Wet etching Van Rooijen et al. [88]  Irregular network - 20 pm 50 pm
Reactive Ion Delaunay L =35mm,
Etching Gunda et al. [17] triangulation W =5mm 41 pm 25 pm
Silicon . Real thin section L =5.09 mm
Wet etching Keller et al. [67] image W = 5.09 mm 15 pm 3 um
Deep Reactive Real thin section _ _
Ton Etching Lysyy et al. [72] image L=28mm, W=22mm 30 pm 10 pm
. . . Coal cleat
Geomaterial Laser etching Gerami et al. [68] structure - 112 pm-381 pm 10 pm
Table 2. Applications and experimental thermodynamic conditions of significant microfluidic works
considered in this review.
Material Reference Application Pressure Temperature
I tigati f the effects of t
Xu et al. [43] nvestigation ot the eHiects of pore geometry 0.28-1.38 bar 25°C
and interfacial tension on two-phase flow
PDMS Kunz et al. [30] Compariso.n of numerical si.mulations with 1 bar )
micromodel experiments
Pore-scale mixing and reactions between an Atmospheric
Park et al. [78] iron sulfate solution and simulated P 22 °C
pressure

groundwaters
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Table 2. Cont.

Material

Reference Application Pressure Temperature

Thiolene resin

Kenzhekhanov S.
and Yin X. [47]

Water and surfactant flooding displacement
efficiencies in water-wet and 1 bar 22°C
oil-wet micromodels

Measurement of the diffusion coefficient of

PMMA Selletal. [1] carbon dioxide in water and brine 5-50 bar 26°C
CoC Hsu et al. [82] Drainage/Imbibition te§t in a fractured 85 bar 45°C
porous medium
Amarasinghe et al. [74] Pore-scale CO, con\/.ectlve mixing analysis in 100 bar 50°C
al water and oil/water systems
ass
Van Rooijen et al. [88] Hydrogen-brine contact angle measurement 10 bar Ambient
for underground hydrogen storage Temperature
Observation NAPL flow in water and air at Atmospheric Ambient
Keller et al. [67] h 1 T
Silicon Descriog t F pore sca1 e o pressure emperature
escription of pore-scale multiphase o
Lysyy etal. [72] hydrogen flow in an aquifer storage scenario 5 bar 20°C
Geomaterial Gerami et al. [68] Contact angle measurements in coal fractures up to 64 bar 20°C

6. Conclusions

Microfluidics can be used as a powerful tool for the investigation of fluid flow phenom-
ena occurring in underground porous media. Microfluidics allows for direct visualization
of physical and chemical processes, and experiments can be repeated on the same geo-
metrical pattern. Moreover, it offers the possibility to tune the material and the surface
properties in a controlled way to replicate diverse rock—fluid interactions.

Limitations of microfluidics are mainly related to the simplifications that characterize
synthetic replica that only mimic a natural system. In particular, the absence of the third
dimension affects pore-scale phenomena. The relation between 2D and 3D rock properties,
and 2D and 3D fluid behavior, is not yet clear and must be further investigated [91,92].
Approaches based on 2.5D or 3D printed devices were pursued to overcome this limita-
tion [43,93]. Moreover, with traditional fabrication techniques, it is extremely difficult to
achieve channel sizes smaller than a few microns, excluding the possibility of representing
sub-micrometric pores. Another limitation of micromodels is that surface properties are not
as complex as those of natural porous media. As already mentioned, researchers focused
on wettability alteration and mineral coatings, and similar approaches may be addressed
in new investigations.

As well documented by the technical literature, the parallel growth of technological
strategies for the development of adequate devices on one side and the implementation
of computational tools on the other side appears as a promising route for mimicking
porous media and investigating the phenomena occurring during single or multiphase
fluid flow, even in the presence of interactions with the solid matrix. Reported examples
of applications to underground engineering are very encouraging and seem to open new
perspectives for enhancing our ability to understand and manage processes involving
key environmental issues such as gas and hydrogen storage, CO, geological storage, and
groundwater and soil remediation.

Author Contributions: Conceptualization, A.M., EP. and D.V,; writing—original draft preparation,
A M. and FP; writing—review and editing, D.V,, EV,, M.C. and M.Q; visualization, A.M. and FP;
supervision, D.V. and S.L.M.; project administration, D.V.,, EV. and C.EP,; funding acquisition, F.V.
and C.EP. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Water 2023, 15, 1222 16 of 19

Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CcOoC Cyclic Olefin Copolymer
DRIE Deep Reactive Ion Etching
EOR Enhanced Oil Recovery
Micro-CT  Micro-Computed Tomography
NAPL Non-Aqueous Phase Liquid

PDMS Poly-Di-Methyl-Siloxane
PMMA Poly-Methyl-Meth-Acrylate

RIE Reactive Ion Etching

QSGS Quartet Structure Generation Set
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