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Abstract:

Against the backdrop of global carbon neutrality goals, injecting CO, into deep saline
aquifers has become a critical engineering strategy for large-scale carbon storage. However,
salt precipitation during injection poses significant challenges, causing pore clogging and
permeability reduction that threaten to the long-term safety and efficacy of CO, storage.
Therefore, an in-depth investigation into the mechanisms and influencing factors of salt
precipitation under gas-brine multiphase flow conditions is essential for ensuring the stable
operation of CO, sequestration projects in deep saline aquifers. This paper comprehensively
reviews recent applications of micro visualization techniques to investigate the dry-out
effect during gas injection. It first addresses the visualization of interfacial stability and
the complete drying process during displacement, followed by a discussion of experimental
results from the literature focusing on key factors such as boundary conditions, salinity, and
pore characteristics. High-salinity conditions were observed to intensify salt precipitation and
clogging risks. Furthermore, variations in injection rates, gas-liquid alternation strategies,
and solution replenishment modes significantly influenced the location and extent of salt

precipitation, resulting in variable impacts on permeability and injection efficiency.

1 Introduction

Global economic growth has driven a persistent increase in
greenhouse gas emissions, particularly CO,, thereby accelerat-
ing global warming. As of 2023, 124 countries have announced
to net-zero targets. Major economies, such as the European
Union, the United States, the United Kingdom, Canada, Japan,
New Zealand, and South Africa, have pledged to achieve carbon
neutrality by 2050 (Wei et al., 2022). China formally pledged
in September 2020 to peak its carbon emissions by 2030 and
achieve carbon neutrality by 2060 (Zhu et al., 2024). Carbon
Capture and Storage (CCS) is recognized as a critical tech-
nology for mitigating CO, emissions and achieving net-zero
targets (Cai et al., 2021). Due to their favorable reservoir char-
acteristics, substantial storage capacity, economic feasibility,
and long-term stability, deep saline aquifers are regarded as
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highly promising geological formations for large-scale carbon
sequestration (Liu et al., 2016a; Leung et al., 2014). The global
CCS project portfolio comprises 628 cumulative initiatives,
50 of which are currently in operation. Prominent operational
examples utilizing deep saline formations include Norway’s
Snehvit Project, Canada’s Quest Facility, the Illinois Basin
Decatur Project (U.S.), Qatar Energy’s LNG CCS Complex,
and Australia’s Gorgon Carbon Dioxide Injection Project. Most
forthcoming projects are also planned for deep saline aquifers
(see Fig.1).

Deep saline aquifers are characterized by high salinity, where
complex gas-brine interactions often induce extensive salt pre-
cipitation near the injection well. This phenomenon, known as
the dry-out effect, occurs when actively injected CO; is driven
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Fig. 1 Global distribution of CCS projects: comparing applications in deep saline aquifers versus

enhanced oil recovery

by pressure gradients and velocity contrasts to displace and re-
move brine from the pore space of the saline aquifer, thereby al-
tering local phase distributions and promoting salt precipitation
(Wang and Liu, 2014). It substantially impairs injectivity and
storage efficiency, while also escalating operational costs and
heightening safety risks (Patil et al., 2020; Lopez et al., 2020;
Kumar et al., 2020). For instance, salt precipitation has caused
significant pressure build-up and injection impairment in CO,
injection wells at the Ketzin pilot site in Germany (Baumann
et al., 2014) and the Snehvit project in Norway (Grude et al.,
2014). Similar dry-out phenomena occur in other porous media
systems, including soil salinization (Dong et al., 2021), oil and
gas extraction (Zhou et al., 2021), and compressed air energy
storage (Mouli-Castillo et al., 2019).

During CO, displacement in deep saline aquifers, the in-
tricate coupling between flow dynamics and fluid properties
introduces significant uncertainty in predicting the distribu-
tion and kinetics of salt crystallization (Cui et al., 2023). A
comprehensive understanding of the crystallization mechanism
is therefore crucial for optimizing reservoir management and
enhancing storage efficiency. Both laboratory experiments and
numerical simulations have confirmed that salt precipitation
significantly alters the porosity and permeability of porous
media (Ren et al., 2018). This process involves complex gas-
brine two-phase flow, which is governed by a series of physic-
ochemical interactions. The mutual dissolution of CO, and
brine induces brine phase transitions, ultimately leading to salt
precipitation. This crystallization modifies the aquifer’s pore
structure, thereby influencing CO,-brine flow characteristics.
Conversely, variations in CO,-brine flow patterns further affect
the formation and distribution of salt crystals, creating a com-
plex feedback loop (Ren et al., 2018). Accurately capturing the
dynamic evolution of this feedback loop in geological storage
remains a formidable challenge. Existing simulation methods
struggle to provide accuracy and multi-scale quantitative pre-

dictions (Ren et al., 2021).

Conventional core-flooding experimental apparatuses often
fails to capture the kineties of salt precipitation within pore
space during gas-brine two-phase flow (Akindipe et al., 2022).
Challenges such as difficulty in refractive index matching,
irreproducible pore structures, and poor experimental repeata-
bility have limited the widespread adoption of transparent soil
models for studying salt precipitation in deep saline aquifer-
s (Zhang et al., 2022). Consequently, microfluidic visualiza-
tion techniques have emerged as a powerful alternative, en-
abling real-time, high-resolution imaging of pore scale dynam-
ics (Dgbrowski et al., 2025; Zou et al., 2024; Miri et al., 2015;
He et al., 2019a; Naillon et al., 2017; Zhang et al., 2024; He
et al., 2024; Yan et al., 2025; Zhou et al., 2022). This approach
allows for precise micromodel design to simulate fluid migra-
tion and interfacial behavior in porous media (Dabrowski et al.,
2025; Zou et al., 2024). Researchers have thus employed these
visualization techniques to investigate salt precipitation during
two-phase flow, yielding critical insights into its formation
mechanisms (Miri et al., 2015), spatial distribution patterns (He
et al., 2019b), and dynamic evolution (Naillon et al., 2017).

Given the substantial impact of the dry-out effect on the
safety and efficiency of geological CO, storage, alongside the
unique capability of micro visualization techniques to elucidate
multiphase flow in porous media, this paper systematically
reviews and synthesizes applications and findings of these
technologies in dry-out effect research. First, representative
studies utilizing micro visualization to investigate interfacial
stability are compared and synthesized, with a focus on mech-
anisms governing the interaction between evolving interfacial
morphology and multiphase flow. Next, the review examines
visualization-based studies of the entire drying process. Finally,
it comprehensively reviews key factors controlling the dry-
out effect, including salinity, boundary conditions, and pore
characteristics, and summarizes the underlying mechanisms
through which these factors influence dry-out dynamics. This
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review aims to provide insights for further research on salt
precipitation mechanisms and the optimization of geological
storage strategies, while also offering a reference for studying
salt precipitation in porous media across other disciplines.

2 Micro visualization systems and chip
fabrication technology

Micro visualization is an experimental technology designed
for precise observation and dynamic monitoring of fluid behav-
ior at the pore scale. It has become a key methodology for inves-
tigating fluid migration and salt precipitation in porous media.
The fundamental principle involves the use of high-resolution
microscopic imaging within a controlled experimental system
to capture intricate details of complex multiphase flow behavior
and interfacial evolution. A typical micro visualization system
comprises three core components: a fluid delivery system, an
observation system, and a data acquisition system (Fig.2). The
fluid delivery system enables precise control over injection
rates and flow conditions. The observation system, which typ-
ically integrates optical or fluorescence microscopy with high-
speed cameras, captures transient flow dynamics and interfacial
changes at the pore scale. The data acquisition system records
experimental processes in real time, collecting high-resolution
images, video data, and relevant experimental parameters.

Common materials for fabricating micro visualization chip-
s include silicon wafers, glass, and polymers such as poly-
dimethylsiloxane (PDMS). Among these, silicon wafers serve
as a fundamental material for microfluidic chips owing to
their exceptional physical and chemical properties. Their high
mechanical strength and thermal stability ensure chip relia-
bility under harsh conditions (Qi et al., 2018), whereas their
favorable refractive index and infrared transparency facilitate
the fabrication of photonic devices and enable precise optical
detection (Kuzin et al., 2024). The fabrication of silicon-based
microfluidic chips typically employs deep reactive ion etching
(DRIE) or wet etching to create micro channels (Iyer et al.,
2023). These processes can be integrated with chemical vapor
deposition (CVD) and surface functionalization to improve
biocompatibility (Batz et al., 2014; Liu et al., 2024; Juska
et al., 2023). However, silicon-based chips face technical chal-
lenges, including high fabrication complexity (Qi et al., 2018;
Kuzin et al., 2024), poor compatibility with optical microscopy
(Skottvoll et al., 2024), and limited biocompatibility for long-
term biological studies (Zhang et al., 2024).

Glass is widely employed in studies of multiphase flow
within porous media due to its optical transparency, chemical
stability, and high thermal resistance. These properties facilitate
applications in diverse fields such as petroleum engineering
(Gogoi et al., 2019), CO, sequestration (Hao et al., 2022; Li
et al., 2024a), and multiphase reactive transport (Wei et al.,
2024). Glass microfluidic chips are typically fabricated via wet
etching or laser micromachining to create microchannels, which
are then sealed through thermal bonding or adhesive bonding
(Hwang et al., 2019). Moreover, their surface wettability can
be precisely controlled via surface functionalization techniques
(Silverio et al., 2019). Despite these advantages, the high cost
and complex fabrication of glass microfluidic chips hinder their
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large-scale implementation. Future developments, including the
integration of hybrid materials and optimized fabrication pro-
cesses, are expected to improve their cost-effectiveness and
broaden their applicability (Aralekallu et al., 2023).

PDMS is widely used to simulate multiphase flow in porous
media (Lei et al., 2023a,b). Through soft lithography, PDMS
enables the rapid fabrication of chips with intricate microchan-
nels and pore structures (Rufai et al., 2018). This makes it
suitable for replicating fluid dynamics in diverse porous media,
including rocks and soil with varying porosity and permeability.
However, PDMS has limited chemical resistance and degrades
upon exposure to strong acids, bases, or organic solvents. This
susceptibility restricts its use in high-temperature, corrosive
environments (Battat et al., 2022), such as those involving oil
displacement or supercritical CO,-brine displacement process-
es. Tab. 1 summarizes the properties, advantages, and limita-
tions of key materials used in fabricating microfluidic chips for
multiphase flow studies.

3 Interfacial stability in two-phase flow

During CO, geological storage, both the injection phase and
subsequent processes alter multiphase flow behavior in the
reservoir. Interfacial instability can significantly impact storage
efficiency (Bachuetal., 2015; Lietal., 2019; Yang et al., 2019).
The displacement of brine by supercritical CO, typically occurs
under low viscosity ratios, promoting unstable displacement
and heterogeneous CO, flow pathways (Zhang et al., 2011).
This heterogeneity causes uneven brine distribution within the
pore space, influencing both the nucleation sites and morphol-
ogy of salt precipitation ( Shao et al., 2025). Localized water
enrichment can create crystallization “hotspots”, where sub-
sequent crystal formation modifies the pore structure and can
lead to pore or throat blockage (Lonartz et al., 2023). Further-
more, pore-scale precipitation obstructs fluid flow and ampli-
fies interfacial instability, reinforcing a detrimental feedback
loop (Noiriel et al., 2016). As salt precipitation progresses and
porosity evolves, flow dynamics and crystallization processes
become increasingly coupled, generating complex feedback
mechanisms (Ran et al., 2023; Li et al., 2024b).

The stability of the displacement process is governed by
factors including porous media properties, fluid characteris-
tics, and injection rate (Liu et al., 2016b; Lenormand et al.,
1988). Controlled by the competition between capillary pres-
sure and viscous forces, immiscible displacement in porous
media may exhibit capillary fingering, viscous fingering, or a
stable displacement front. Capillary fingering occurs when cap-
illary forces dominate, whereas viscous fingering arises when
viscous forces prevail (An et al., 2020). Characterizing flow
patterns is essential for understanding the hydrodynamics of
the displacement process. Researchers have established pore-
scale phase diagram to classify displacement stability. Based on
two dimensionless parameters - the viscosity ratio (M) and the
capillary number (Ca) - the displacement regime is classified
into three distinct types: viscous fingering (VF), capillary fin-
gering (CF), and stable displacement (SD) (Zhang et al., 2011;
Lenormand et al., 1988; Chen et al., 2023), see Fig. 3.
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Fig. 2 Schematic of the micro visualization experimental setup

Tab. 1 Types of micro visualization chips

Materials Advantages Disadvantages Topics
Mechanical strength Fraci
o ragile
Thermal stability Hioh cost
.- High refractive index 18 Biosensing (Liu et al., 2024; Juska et al., 2023)
Silicon . . Difficult to process .
Excellent optical electrical oo . . . Neuroscience (Mu et al., 2023)
. Incompatibility with optical mi-
properties
Croscopy
High chemical resistance 1]:)1fﬁ.cult to process Oil exploratlon. (Gogoi et al., 2019)
. ragile CO; sequestration (Hao et al., 2022)
Glas, Quartz Optical transparency Hich Multioh ion fl d fer (Li
High pressure tolerance igh cost ultiphase reaction flow and mass transfer (Li
Hard to bond et al., 2024b)
Processing flexibility Poor chemical resistance Suspension transportation and salt precipitation
PDMS Transparency Poor heat resistance in porous media (Miri et al., 2015; Lei et al.,
Low cost Easy to deformation 2023b)

3.1 Factors influencing interfacial stability

Studies indicate that increased wettability of the invading
fluid toward the pore walls enhances interfacial stability dur-
ing displacement (Jung et al., 2016; Holtzman et al., 2015).
Avendafio et al. observed in core-flooding experiments that the
water-oil interface is more stable in lipophilic media, indicat-
ing enhanced displacement stability when the invading fluid
exhibits poor wettability to the pore walls (Avendaiio et al.,
2019). They attributed this behavior to the larger contact angle
on hydrophobic surfaces, which reduces capillary pressure and
thereby suppresses capillary instabilities like fingering. In core-
flooding displacement experiments conducted by Wei et al (Wei
et al., 2021), as the wettability between the invading phase and
pore walls increased, capillary forces became more pronounced
due to enhanced fluid-wall affinity. Consequently, the invading
phase preferentially entered smaller pores while bypassing larg-
er ones, trapping a significant portion of the displaced phase.
Once trapped, the displaced phase resisted further mobilization,
significantly reducing displacement efficiency. Additionally,
capillary forces are influenced by flow rate (Hu et al., 2018).
This apparent contradiction may arise from the competition
between capillary and viscous forces. Zou et al. found that

increasing flow rate reduced the influence of wettability on two-
phase displacement patterns (Zou et al., 2020).

Pore-scale geometry significant influences interfacial dy-
namics. Wang et al. observed that increased particle angulari-
ty enhances surface-wettability heterogeneity within the fluid,
consequently altering the macroscopic morphology of fluid
invasion (Wang et al., 2021). Holtzman et al. proposed that
heterogeneous pore-size distributions promote fluid-front tip
splitting (Fig. 4a), which exacerbates fingering and reduces
displacement efficiency (Holtzman et al., 2016). Subsequently,
Rabbani et al. conducted displacement experiments using an
ordered porous medium and found that a gradual increase in
pore size along the flow path can suppress viscous fingering
(Fig. 4b) (Rabbani et al., 2018). Furthermore, through numer-
ical simulations, Suo et al. demonstrated that diverging pores
(gradually increases size) stabilize the interface and enhance
displacement efficiency, whereas converging pores (gradually
decreases size) promote interfacial instability (Suo et al., 2024).
However, the quantitative relationship between flow instability,
pore geometry, and the underlying interfacial dynamics remains
poorly understood.
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Fig. 4 Effects of pore size and internal topology on interfacial stability

3.2 Control of interfacial stability

Alterations in pore structure can affect local permeability,
pore-throat distributions, and connectivity, thereby modifying
capillary pressure gradients and flow resistance during inter-
face propagation. Direct or indirect modifications of the pore
structure are strategically employed to adjust fluid spatial distri-
bution and flow pathways at the pore scale, thereby mitigating
sudden breakthroughs or fingering phenomena. For example,
Al-Housseiny et al. showed that varying the thickness of a Hele-
Shaw cell (see Fig. 5) significantly suppresses viscous fingering
during displacement, highlighting how pore-structure modifica-
tions control interfacial instability (Al-Housseiny et al., 2012).

Similarly, Wang et al. developed a controllable porous mi-
crofluidic device (PoroFluidics) (Wang et al., 2024b). Through
precise regulation of solid geometry, wettability, and fluid prop-
erties, this device effectively suppresses interfacial instabili-
ties in multiphase flows, enabling predictable and stable fluid

invasion pathways. Furthermore, Lei et al. demonstrated that
increasing the channel aspect ratio in microfluidic chips reduces
imbibition-driven interfacial instabilities (Lei et al., 2023a).

Beyond geometric alterations, interfacial properties such as
energy (e.g., surface tension) and wettability can be modulated
by applying coatings with specific charges or functional groups
to pore walls or particle surfaces (Kalde et al., 2022a). These
coatings modify fluid-solid interactions by either promoting
attachment or inducing repulsion, which subsequently alters
the two-phase contact angle and displacement patterns. This
approach to interfacial engineering provides a versatile strategy
for controlling multiphase flow behavior. For example, Kalde
et al. utilized polyelectrolyte coatings to manipulate the zeta
potential of microfluidic channel surfaces (Kalde et al., 2022b).
A negative surface potential, corresponding to poor wettability,
promoted vigorous viscous fingering and resulted in low oil
recovery. Conversely, a weakly positive potential markedly
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Fig. 5 Schematic diagram of a non-uniform Hele-Shaw cell with a constant depth gradient

suppressed interfacial instabilities and reduced fingering. A
strongly positive potential yielded a stable interfacial morphol-
ogy, demonstrating that increasing the positive surface charge
effectively suppresses interfacial instabilities and improves dis-
placement efficiency.

4 Investigating dry-out effects via microfluidic
technology

Salt precipitation, induced by water evaporation during mul-
tiphase flow, is a key mechanism responsible for permeability
impairment in high-salinity aquifers. Zuluaga and Monsalve
investigated formation water evaporation during methane in-
jection into both unconsolidated and consolidated sandstone
cores, observing an absolute permeability reduction of approx-
imately 14-30% (Zuluaga et al., 2003). Similarly, Peysson et
al. injected nitrogen into consolidated sandstone cores (Peysson
et al., 2014). Through pressure monitoring and X-ray imaging,
they demonstrated that water evaporation triggers salt precipita-
tion, which in turn significantly reduces core injectivity. Using
micro-CT imaging in core-flooding experiments, Ott et al. ob-
served that salt precipitation occurred predominantly near the
injection inlet, coinciding with regions of residual water satura-
tion (Ott etal., 2015). They attributed this phenomenon to solute
enrichment from capillary-driven backflow, noting that such
localized precipitation could enhance gas relative permeability
(Fig.6). This conclusion, however, contrasts with the findings of
Wang et al., who observed that CO, relative permeability was
nearly halved (Wang et al., 2009). MRI images revealed that salt
deposition clogged pore throats, thereby significantly impeding
gas flow. These divergent results indicate that the impact of
salt precipitation is highly dependent on specific conditions,
a complexity that is difficult to resolve solely through core-
flooding experiments.

The dry-out effect during displacement processes in porous
media is governed by multiple factors, resulting in diverse salt
precipitation patterns and varying impacts on reservoir prop-
erties. The specific manifestations of this process depend on
the experimental conditions and core characteristics. This paper
critically reviews recent advancements in studying the dry-out
effect using microfluidic experiments.

4.1 Formation mechanism of salt precipitation

Salt precipitation morphology is primarily governed by lig-
uid phase distribution and evaporation dynamics, and can be
categorized into two distinct types: First, early-stage formation

of bulk crystals within residual brine: These crystals nucleate
at the solid-brine interface, growing into localized, massive
structures. This process is driven by brine evaporation, which
increases dissolved salt concentration until supersaturation and
crystallization occurs. Second, the formation of aggregated
polycrystalline structures at the gas-liquid interface, these wide-
ly distributed structures exhibit complex morphologies and are
prevalent during advanced evaporation stages (Fig.7) (Miri
et al., 2015; Zhang et al., 2024; Nooraiepour et al., 2018; Wu
et al., 2023; Chen et al., 2024).

Ho and Tsai utilized a microfluidic platform to perform core-
flooding experiments, elucidating the process of salt precipita-
tion driven by drying in porous media (Ho et al., 2020). They
classified this process into three distinct stages (Fig.7¢): In the
initial stage, salt crystals nucleate within isolated brine pockets
(approximately one pore in size) and gradually develop into
fine crystal clusters as drying progresses. In the rapid growth
stage, abundant residual brine supplies ample solute, promoting
the development of dendritic (feather-like) salt crystals that
progressively occupy the pore space. In the final stage, capillary
forces drive the migration of solute from the remaining brine,
which deposits onto existing crystal surfaces, forming more
complex aggregates. This characteristic Initial-rapid growth-
final process was also observed in the experimental studies of
Kim et al. and Miri et al (Kim et al., 2013; Miri et al., 2015).
Similarly, Naillon et al. investigated salt crystals growth from
supersaturated NaCl solutions in a microfluidic device (Nail-
lon et al., 2017). They observed that during the initial phase,
crystals grew rapidly due to the fast deposition of dissolved
salts onto the crystal surface. Over time, however, the solute
concentration near the crystal surface decreased, limiting ion
transport and consequently slowing crystal growth. This growth
inhibition occurs because crystal expansion gradually depletes
salt content in the solution, while a diffusion boundary layer
thickness further reduces the growth rate. Moreover, their re-
sults revealed that the observed precipitation rate substantially
exceeded that predicted of classical diffusion-reaction theory.

Focusing on the polycrystalline aggregates, Miri et al. pro-
posed a “self enhancement mechanism”, wherein a liquid
film covering the salt surface transports brine to the evapo-
ration front through the interconnected pore network of the
hydrophilic matrix (Miri et al., 2015). This brine subsequently
deposits onto the crystal surface, thereby promoting continued
crystal growth. This process expands the available evaporation
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area and markedly enhances the overall evaporation efficiency

(Fig.8).

4.2 Influence of fluid properties on the drying
effect

4.2.1 In situ aquifer salinity

According to Raoult’s law, the solvent mole fraction in an
ideal solution governs the evaporation process. As brine salinity
increases, the equilibrium vapor pressure decreases, thereby
reducing the evaporation rate (Guggenheim et al., 1937). Seo
et al. observed a nonlinear relationship between evaporation
rate and initial salinity: the rate initially decreases and then

increases with rising salinity (Fig.9a) (Seo et al., 2019). This
nonlinear trend is attributed to changes in the salt solution’s
activity coefficient. A decreasing activity coefficient enhances
solvent-solute interactions, which inhibits water molecules es-
cape and thus reduces the evaporation rate (Pitzer et al., 1984)
(Fig.9b). Moreover, Rufai et al. demonstrated that increasing
salt concentration significantly shortens the constant rate period
(CRP) duration during evaporation (Rufai et al., 2017). Under
saturated conditions (36% NaCl), the CRP nearly disappears
(Fig.9¢c). During the CRP, the evaporation rate remains high
and stable, resulting in a linear increase in mass loss over time.
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However, at higher salinities, salt crystals gradually deposit on
the porous medium surface, impairing capillary connectivity
between the liquid phase and the evaporation front. Conse-
quently, upon termination of CRP, the evaporation rate declines
sharply, and mass loss becomes linearly proportional to the
square root of time. This relationship indicates that evapora-
tion is subsequently controlled by vapor diffusion and limited
capillary flow.

Aquifer salinity is a key parameter controlling salt precip-
itation (Norouzi et al., 2021; Tang et al., 2015), as it directly
determines the total dissolved salt content available for crystal-
lization. Numerical simulations by Parvin et al. demonstrated
that salinity governs both the onset and the extent of salt pre-
cipitation (Parvin et al., 2020). Specifically, higher salinity ac-
celerates salt accumulation, leading to more severe permeability
reduction.

Microfluidic studies corroborate that increasing solution
salinity markedly enhances salt precipitation, thereby elevating
the risk of crystallization-induced clogging and significantly
reducing the porosity and permeability of porous media (Seo
et al., 2019; Rufai et al., 2017; He et al., 2022). Some stud-
ies indicate that salt deposition and associated permeability
impairment become negligible at salinities below 5 % (André
et al., 2014). This view is supported by observations from the
Sleipner field site in the North Sea, where a salinity of 3.5%
and permeability of approximately 1 D have not resulted in
reported impairment of injection capacity or well clogging to
date. Wang et al. (2024) conducted displacement experiments
using chips saturated with low-salinity solutions (10 % and
15 %) and high-salinity (20 % and 25 %) solutions, revealing
distinct crystallization patterns. In low-salinity cases, crystals
primarily formed as aggregated deposits within the extended
channel and its single-pore branches. In contrast, high-salinity
solutions generated large crystalline blocks. The main extended
channel was often completely obstructed by sizable cubic crys-
tals, with significant crystallization also occurring in the branch
pores (Fig.10).

He et al. demonstrated that crystallization rates govern crys-
tal morphologies; a low salinity, slower precipitation enables
effective solution replenishment, promoting the development

of aggregated crystals (He et al., 2023). In high-salinity brines,
precipitation behavior can vary markedly even with minor
salinity differences. For instance, Yan et al. reported that a
minor salinity difference (e.g., 20% vs. 25%) can lead to distinct
outcomes: 25% brine promotes rapid formation of large crys-
tals, whereas 20% brine yields smaller, more dispersed crystals
(Yan et al., 2025). Additionally, in 25% brine, multiple small
grains can aggregate into branched or feather-like structures.
These findings indicate that precipitation occurs not only as
bulk deposits but also as polycrystalline aggregates at the gas-
liquid interface, facilitated by liquid-film transport. This be-
havior may originate from uneven evaporation rates caused by
gas-flow variations within the chip, combined with interactions
between solute diffusion and liquid-film transport. For exam-
ple, under high-salinity conditions (25%), rapid evaporation
hinders timely replenishment at the evaporating front, resulting
in larger crystals formation. Moreover, salinity variations alter
wettability and modify the viscosity ratio between brine and
CO; (Al-Khdheeawi et al., 2017), which promotes continuous
brine replenishment and generates crystallization patterns dis-
tinct from those in high-salinity systems.

4.2.2 Injected fluid type

The viscosity ratio between the injected and resident fluid-
s directly governs interfacial stability, consequently affecting
residual water distribution and altering relative permeability
(He et al., 2019b; Jeong et al., 2017). For commercial viability,
potential CO, geological storage sites must maintain reservoir
temperature and pressure conditions that keep CO; in a super-
critical state (Chiquet et al., 2007). However, due to limitations
in micro-scale visualization instrumentation, most experimental
studies utilize gaseous CO, (Dgbrowski et al., 2025; Hu et al.,
2022; Cheng et al., 2023). Although this approach cannot fully
replicate the physical properties of supercritical CO,, it still
provides valuable insights into drying phenomena. Nooraiepour
et al. conducted experiments involving simultaneous injections
of gaseous, liquid, and supercritical CO, (Nooraiepour et al.,
2018). Their results demonstrated that the CO, phase state
substantially influence the extent and distribution of salt precip-
itation. Owing to its lower density and viscosity, gaseous CO,
retains a higher residual water saturation during injection com-
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pared to liquid or supercritical CO,. Consequently, the less effi-
cient brine displacement enhances evaporation and solute con-
centration, ultimately resulting in extensive salt precipitation.
Furthermore, to mitigate CO, instability and prevent corrosion
from dissolved CO; in experimental apparatus, some core-scale
and microfluidic-scale studies have employed N, (Lopez et al.,
2020) or air (Chen et al., 2024) as substitutes for CO; in salt
precipitation experiments. Chen et al. reported that salt crystals
formed in air exhibit slightly lower hydrophilicity than formed
those in CO,, resulting in a marginally lower evaporation rate
(Chen et al., 2024). Nonetheless, the overall salt precipitation
processes in both environments are highly similar, suggesting
that air-based experiments can yield valuable insights into pre-
cipitation behavior in CO, environments. However, due to the
scarcity of comprehensive controlled experiments comparing
different gases, the specific effects of gas types on the drying
process remain incompletely understood.

4.3 Influence of flow conditions on the dry-out
effect

4.3.1 Injection flow rate

The injection rate is a key control parameter during CO,

injection. Several studies have investigated its influence on
the dry-out effect using micro-scale visualization experiments
(He et al., 2019b; Nooraiepour et al., 2018; He et al., 2022).
An increased injection rate enhances brine displacement and
suppresses capillary backflow (Jeddizahed et al., 2016); while
simultaneously increasing the evaporation rate of residual brine.
He et al. observed that at a low injection rate (0.1 mL/min), salt
crystals predominantly deposited in the main channel, where
CO, preferentially flows through path with larger pore throats
and lower flow resistance (He et al., 2019b). At higher injection
rates (0.5 and 2 mL/min), salt deposition in the main channel
decreased significantly, but increased in adjacent regions with
smaller pore throats. This distribution shift is attributed to
capillary pressure variations across pore-throat structures. At
lower rates, the gas displaces brine only near larger pore throats,
concentrating the evaporation front and resulting in localized
precipitation in the main channel. At higher rates, the increased
injection pressure exceeds the capillary entry pressure of the
smaller pore throats, enabling greater brine displacement and
thereby reducing precipitation in the main channel.

4.3.2 Brine replenishment effect

He et al. and Wang et al. designed a microfluidic chip with
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tree-shaped replenishment channels on both sides to simulate
the brine replenishment mechanism within the boundary layer
(Fig.11a) (He et al., 2024; Wang et al., 2023). Their experi-
mental results demonstrated that continuous brine injection into
these channels at a constant rate significantly increased the
total salt precipitation. As shown in Fig.11b, salt precipitation
was lower in the control group without brine supplementa-
tion. In contrast, the experimental group with brine supple-
mentation, exhibited a significant increase in salt precipitation.
Brine replenishment significantly influences both the forma-
tion process and spatial distribution of salt crystals. Under no-
supplemented brine conditions, salt precipitation predominant-
ly forms dispersed dendritic structures that are uniformly dis-
tributed throughout the pore space (Fig.11b). In contrast, under
brine-supplemental conditions, especially at low CO, injection
rates, salt crystals primarily accumulate near the inlet and form
clustered “wet salt” regions. At higher CO, injection rates, U-
shaped salt bands form along the sides of the main flow channel
and near the outlet.

Wang et al. emphasize that salt crystal growth is not unlimit-
ed, even with an adequate supply of supplemental brine (Wang
et al., 2023). When the continuous brine influx is sufficient
to flush the salt precipitation front, previously deposited salt
dissolves, establishing a dynamic equilibrium between precip-
itation and dissolution. This equilibrium is evident in experi-
ments with high brine supplementation rates (e.g., L-2 and H-2
groups) (Fig.11b), where porosity stabilizes and precipitation
remains constrained despite an unrestricted brine supply. These
findings demonstrate that an unlimited brine supply does not
cause uncontrolled crystal growth. This conclusion was cor-
roborated by core-flooding experiment in which Mascle et al.
observed similar precipitation behavior (Mascle et al., 2023).
They maintained capillary contact with supplemental brine to
compensate for evaporation during gas injection.

4.4 Influence of pore medium characteristics on
the dry-out effect

Rock porosity and permeability govern the overall capacity
and efficiency of fluid storage and transport (Kang et al., 2019;
Sibiryakov et al., 2021). Pore shape and size distribution influ-
ence salt crystal nucleation sites and growth rate (Nooraiepour
etal., 2021). Small pore-throat radii or insufficient connectivity
enable capillary forces to drive the preferential accumulation of
salts within the pore space. Furthermore, variations in mineral
composition and surface wettability alter salt deposition pat-
terns and crystallization kinetics on pore surfaces (Dabrowski
et al., 2024; Sun et al., 2024; Liefferink et al., 2018). Overall,
porous medium characteristics govern both the formation and
spatial distribution of salt crystals (Akindipe et al., 2021) and
critically determine post-crystallization permeability and fluid
transport efficiency.

4.4.1 Pore size

Low-permeability reservoirs are widely recognized to be
more susceptible to permeability impairment from salt pre-
cipitation. The constricted pore structure in low-permeability
reservoirs restricts fluid mobility, facilitating the localized ac-
cumulation of high-concentration brine and thereby promoting
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salt precipitation (Alizadeh et al., 2018). Existing studies on the
dry-out effect often treat the pore network as a unified system,
primarily emphasizing the impact of bulk reservoir properties
on salt precipitation. However, they frequently overlook dif-
ferential dry-out effects arising from pore-size variations at
the individual pore scale. Capillary pressure differences aris-
ing from pore size heterogeneity cause solute to concentrate
preferentially at pore throats or along pore walls (Lu et al.,
2020). In smaller pores, stronger capillary forces enhance thin
liquid films retention. In contrast, larger pores exhibit more
rapid water loss due to weaker capillary forces, resulting in
more pronounced drying. Consequently, pore-scale variations
govern both the spatial-temporal patterns of salt nucleation and
deposition and the distribution of capillary forces, ultimately
determining flow dynamics and the degree of permeability
impairment (Li et al., 2021; Yang et al., 2024).

To investigate pore-size effects on evaporation and salt pre-
cipitation distribution, Dong et al. conducted evaporation ex-
periments using glass tubes with pore sizes of 1.0 mm, 1.9
mm, and 3.5 mm (Dong et al., 2024). Results demonstrat-
ed that smaller pores (1.0 mm) exhibited lower evaporation
rates, attributed to stronger capillary forces and enhanced liquid
transport that promoted salt accumulation at the meniscus. In
contrast, the tube with the largest pore size (3.5 mm) exhibited
the highest evaporation rate, with rapid liquid-front retreat re-
sulting in a more dispersed salt distribution (Fig.12). Although
the millimeter-scale circular capillaries in this experiment are
significantly larger than the micrometer-sized to nanometer-
sized pores in deep saline aquifers, and the evaporation behavior
relied on single-channel liquid-front advancement (unlike the
complex multiphase behavior in porous media), this study pro-
vides valuable mechanistic insights. It reinforces that pore size
influences both salt crystals distribution and the drying process,
suggesting that findings from idealized geometries can inform
salt solution evaporation in complex porous media.

4.4.2 Pore heterogeneity

Microfluidic visualization chips, fabricated from actual rock
samples or vis artificial design, serve as excellent tools for in-
vestigating heterogeneity in porous media. Whole-process visu-
alization of the dry-out effect reveals that in heterogeneous pore
structures, gas preferentially flows through larger pores, es-
tablishing dominant flow paths. Consequently, heterogeneous
structures exhibit significantly lower displacement efficiency
than homogeneous ones (Qian et al., 2025). Furthermore, salt
precipitation typically follows a multi-stage process that spans
from initial dissolution and evaporation to final precipitation,
with each stage being influenced by heterogeneous factors such
as pore size, connectivity, and fracture distribution. This influ-
ence manifests as spatial variations in crystal size and crystal-
lization rate across different regions (Dashtian et al., 2018).

He et al. designed three types of heterogeneous microfluidic
chips with distinct structural configurations, namely up-down
heterogeneous, left-right heterogeneous, and a composite struc-
ture containing fractures (Fig.13a), to investigate the drying
effect (He et al., 2023). Their study revealed that in hetero-
geneous structures, low injection rates mitigate precipitation-
induced clogging by modifying flow pathways and redistribut-
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ing residual brine. This flow redistribution disperses salt deposi-
tion into small-pore regions, preventing excessive accumulation
at the inlet and in primary flow channels. Furthermore, low
injection rates reduce the evaporation rate, allowing the brine
to redistribute via diffusion, which further inhibits localized salt
concentration. In the composite structure, salt deposition within
fractures can induce a “self-healing” effect that helps maintain
open flow pathways.

Nooraiepour et al. similarly highlighted that widely distribut-
ed salt crystals within fractures can act as a “healing” mechanis-
m, which under certain conditions may reduce the risk of CO,
leakage (Nooraiepour et al., 2018). Building on this concept,
heterogeneity can mitigate clogging by optimizing the spatial
distribution of salt precipitation, offering a novel perspective
on reservoir design (He et al., 2023). However, large-scale
numerical simulations have demonstrated that heterogeneity re-
duces wellbore injectivity (Rasmusson et al., 2016; Nordbotten
et al., 2005; Al-Khdheeawi et al., 2018). Ren et al. further
argued that simplifying highly heterogeneous reservoirs into a
deterministic multiphase model could significantly underesti-
mate the drying effect (Ren et al., 2021). Moreover, the lay-
ered structures used in experimental studies primarily simulate
simplified upper-lower or left-right pore distributions. Whether
such simplified model can adequately capture the complex,
stochastic heterogeneity of most reservoirs remains an open
question requiring further validation.

Zhang et al. employed pore networks with randomly dis-
tributed pore sizes (Chips 1-3), where heterogeneity increased
progressively from low to high (Fig.13b) (Zhang et al., 2024).

Their results indicated that as heterogeneity increased, perme-
ability reduction from salt precipitation rose from 65 % to
approximately 80 %, demonstrating that heterogeneous struc-
tures are more susceptible to localized plugging. Additionally,
dominant flow paths in highly heterogeneous chips 1 promoted
residual brine retention in specific regions, sustaining local salt
enrichment and further exacerbating permeability reduction.
Yan et al. observed that regions with poor connectivity exhibited
more dispersed and irregular salt crystal distributions (Fig.13c)
(Yan et al., 2025). Residual brine distribution was significantly
influenced by pore structure heterogeneity. More homogeneous
structures resulted in less brine accumulation near the injection
port, thereby reducing salt precipitation in this region. Further-
more, Yan et al. conducted displacement experiments in both
flow directions on the same chip, finding that injection direction
had little impact on overall salt precipitation distribution in
homogeneous media (Yan et al., 2025). However, in heteroge-
neous media, the salt precipitation pattern was notably altered
by pore structure anisotropy.

The studies by He et al. and Zhang et al. both confirmed the
critical regulatory role of heterogeneity in drying and salt pre-
cipitation processes (He et al., 2023; Zhang et al., 2024). How-
ever, notable differences exist between these studies in their
construction of heterogeneous structures and the manifestation
of salt precipitation. The former emphasizes how heterogene-
ity mitigates clogging and promotes self-healing mechanisms,
whereas the latter focus on salt retention in randomly distributed
pore spaces and the resulting permeability impairment. Com-
bined with Yan et al. analysis of injection direction effects (Yan
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et al., 2025), it is evident that heterogeneity and its anisotropy
govern not only the spatial distribution of salt precipitation but
also the drying pattern and the extent of permeability impair-
ment.

4.4.3 Wettability

Rock wettability plays a critical role in interfacial stability
by regulating fluid migration and distribution, thereby influ-
encing the formation and spatial distribution of salt crystals.
Microfluidic techniques enable the fabrication of chips with
tunable wettability via various surface modification methods,
such as plasma treatment (Li et al., 2024b), UV-induced graft
polymerization (Schneider et al., 2010), chemical vapor depo-
sition (CVD) of trimethoxy silane (Zhao et al., 2016), surface
chemical coating (Hossain et al., 2024), laser etching (Wang
et al., 2011), and electrowetting (Kalde et al., 2022b). These
techniques allow researchers to precisely manipulate surface
wettability to explore wettability-driven interfacial phenomena
in porous media.

Experimental studies on the dry-out effect in chips with vary-
ing wettability reveal significant differences in drying modes,
salt morphology, and precipitation distribution between hy-
drophobic and hydrophilic systems. Wettability directly influ-
ences the drying process and residual brine distribution. Zhang
et al. demonstrated that in hydrophilic pores, a continuous liquid
film facilitates capillary reflux (Zhang et al., 2024). This accel-
erates the drying process and concentrates brine at the evap-
oration front. Consequently, salt precipitation becomes more
concentrated and crystallization denser. Similarly, Dabrowski
et al. observed that in hydrophilic environments, enhanced
liquid film flow promotes more active precipitation and the
development of larger, irregular crystal structures (Dabrowski
etal., 2025). In contrast, in hydrophobic media, drying is slower
due to liquid film rupture and limited capillary reflux, resulting
in more discrete precipitation and smaller, dispersed crystals.
Furthermore, wettability governs the spatial distribution and
morphology of salt precipitation. He et al. emphasized that

in hydrophilic media, precipitation tends to occur outside the
pore channels (ex-situ), causing more severe pore plugging
and permeability reduction (He et al., 2019b). In contrast,
in hydrophobic environments, precipitation is more likely to
occur within the pore space (in-situ), resulting in deposition
and a reduced impact on permeability. Yan et al. further found
that hydrophilic pores in highly heterogeneous regions exhibit
more irregular and spatially variable precipitation distributions
(Yan et al., 2025). Some areas formed large crystal aggregates,
whereas others showed minimal deposition. Although these
studies vary in experimental design and specific precipitation
patterns, they concur on a key point: In hydrophilic networks,
enhanced capillary reflux and persistent liquid film flow accel-
erate drying, leading to higher brine concentration, more severe
precipitation, and significant permeability impairment. In con-
trast, hydrophobic media inhibit liquid film flow, resulting in
more dispersed precipitation and a reduced overall impact on
permeability.

Rock-fluid interactions and changes in reservoir fluid con-
ditions can alter rock wettability (Maes and Geiger, 2018).
CO; injection induces the release and adsorption of organ-
ic acids (e.g., lignoceric acid), leading to wettability modifi-
cations. Even at low concentrations, organic acids can form
chemisorbed layers on rock surface, gradually transforming
initially hydrophilic formations into neutral or hydrophobic
ones (Ali et al., 2020). Natural reservoir rocks often exhibit
mixed wettability, characterized by a non-uniform distribution
that forms localized hydrophilic and hydrophobic domains.
This heterogeneity can result in continuous hydrophobic or
hydrophilic channels, or alternating wettability along a sin-
gle flow path (Civan, 2023). Recent studies have investigated
multiphase flow behavior and front propagation under mixed-
wettability conditions (Da Wang et al., 2024; Sun et al., 2024;
Akai etal.,2019; Scanziani et al., 2020; Gao et al., 2020). These
studies have provided insights into the effects of mixed wetta-
bility on fluid percolation (Irannezhad et al., 2023), bound water
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saturation (Kim et al., 2025), and capillary pressure profiles
(Hiller et al., 2019). AlOmier et al.employed a lithography-
assisted, selectively patterned silanization technique to gen-
erate controlled mixed-wettability conditions in a microflu-
idic device. In their approach, pore-throat regions intended to
remain hydrophilic were protected using a photolithographic
mask, followed by fluorosilane (FDTS) vapor deposition onto
the exposed surfaces. Removal of the photoresist preserved
the native hydrophilicity of the masked areas while rendering
the exposed regions hydrophobic, thereby creating a spatially
defined wettability contrast within the pore network. Using
this mixed-wet microfluidic platform, the authors demonstrated
that fluid flow under heterogeneous wettability is not sim-
ply an intermediate case between uniformly hydrophilic and
uniformly hydrophobic systems; rather, distinct displacement
behaviors emerge, governed by the distribution and balance of
hydrophilic and hydrophobic regions (AlOmier et al., 2024).
In fully hydrophobic chips, high injection pressures result in
low displacement efficiency and significant gas retention. In
fully hydrophilic chips, injection pressures are lower and flow
through larger pore channels is significant, but some regions
remain upswept. In Mix-Med and Mix-High systems (with a
higher proportion of hydrophilic regions), breakthrough times
and pressures are significantly reduced. The fluid front is more
continuous and displacement efficiency is higher, outperform-
ing fully hydrophobic chips and approaching the efficiency of
fully hydrophilic systems. However, in Mix-Low systems (with
low proportion of hydrophilic regions), the sparse distribution
of hydrophilic domains limits flow paths, reducing displace-
ment efficiency. Nevertheless, research on the drying effect
following CO, injection under mixed wettability conditions
remains scarce. Most existing studies focus on uniform wetta-
bility conditions (He et al., 2019b; Zhang et al., 2024; Yan et al.,
2025) and do not fully address local crystallization differences
and drying processes resulting from uneven wettability distri-
bution on pore surface. Understanding these localized drying
effects is essential for accurately predicting salt precipitation
behavior and its impact on reservoir permeability after CO,
injection.
4.4.4 Injection strategies for mitigating salt precipitation
Salt precipitation can be mitigated through various strategies,
including pre-injection of freshwater or low-salinity brine, se-
lecting high-quality reservoirs, employing high injection rates,
implementing alternating gas-liquid injection, and applying
acid treatments (Smith et al., 2022; Zhang et al., 2025; Rath-
naweera et al., 2016; Darkwah-Owusu et al., 2024). Among
these, alternating gas-liquid injection is a widely employed en-
gineering strategy. Moreover, fluctuations in injection rates and
intermittent well shut-ins, which are inevitable during actual
CO, storage operations, can be considered a passive form of
gas-liquid alternating injection. Seo et al. demonstrated through
microfluidic experiments that sequential water-CO, injection
effectively mitigates the drying effect (Seo et al., 2019). Their
results revealed that sequential injection significantly reduced
salt precipitation and produced a more dispersed crystal distri-
bution. In contrast, conventional CO, injection resulted in more
concentrated deposition at the evaporation front. This strategy
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not only mitigated the drying effect and reduced salt deposition
but also enhanced the gas-liquid interfacial area by generating
micro-CO, bubbles. This facilitated CO, dissolution in brine
and improved sequestration efficiency (Li et al., 2023). Further-
more, measurements of residual water saturation and evapora-
tion rates under this strategy showed that brine evaporation rates
were reduced to one-fifteenth of those under conventional dry
CO; injection. Additionally, He et al. proposed a variable-rate
injection strategy that avoided excessive brine reflux at the inlet
by switching from a low to a high CO, injection rate (He et al.,
2024). This strategy helped reduce localized salt aggregation.

5 Discussion

5.1 Advantages of microfluidic visualization
techniques

Common visualization techniques for studying multiphase
flow include CT scanning, MRI, and others. Compared to these
traditional methods, microfluidic visualization techniques offer
distinct advantages. Mascini et al. employed CT scanning to
investigate multiphase flow in porous media, providing three-
dimensional (3D) fluid distribution and structural information
within pore spaces (Mascini et al., 2021). However, the limited
spatial resolution of CT imaging challenges the capture micro-
scale fluid dynamics. Additionally, CT imaging suffers from
insufficient temporal resolution, a single scan can take several
minutes (Zwanenburg et al., 2021), preventing real-time obser-
vation of rapid capillary instabilities. This limitation hinders
precise characterization of fluid-front evolution and interfacial
dynamics. In their study of the dry-out effect, Akindipe et al
were constrained by time resolution, necessitating a reduction
in the injection rate to an extremely low value (0.0005 cm?®/min)
prior to each image acquisition (Akindipe et al., 2022). This
approach minimized fluid movement during scanning, enabling
more stable imaging but compromising the observation of real-
time flow dynamics. Similarly, MRI faces challenges in captur-
ing fast transient multiphase flows, particularly in high-velocity
regimes or environments with short relaxation times, making
accurate tracking of fluid-front migration difficult (Elsayed
et al., 2022). These limitations restrict the ability of these tech-
niques to capture realistic transient flow processes.

In contrast, microfluidic visualization enables real-time,
high-frame-rate recording of experimental processes, with res-
olution depending on the camera system. Sun et al. utilized mi-
crofluidic visualization to investigate fluid flow through porous
media (e.g., Haines jump), successfully capturing invasion, in-
terfacial motion and phase distribution at the microscopic scale
(Sun and Santamarina, 2019). Owing to its high spatial and tem-
poral resolution, microfluidic visualization is well-suited for
studying salt precipitation and interfacial dynamics, providing
the precision necessary to resolve pore-scale fluid interactions
and interfacial behavior. A key advantage of microfluidic sys-
tems is their customizable chip designs, which can be tailored to
replicate specific pore structures or flow pathways for diverse
research applications. For example, Wang et al. fabricated a
synthetic CaCOj3 reservoir micromodel whose surface was en-
tirely covered with calcite, enabling investigations of mineral-
fluid interactions (Wang et al., 2017). Wei et al. developed a
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multicomponent porous structure within a glass microchannel,
enabling pore-scale visualization of calcite dissolution (Wei
et al., 2024). Massimiani et al. employed image-based etching
techniques, utilizing 3D thin-section images of Houston rocks
to fabricate realistic core-etched microfluidic chips (Massimi-
ani et al., 2023). This approach bridges the gap between study
of synthetic and natural porous media.

Compared to traditional imaging techniques such as CT
and MRI, microfluidic visualization systems provide a cost-
effective alternative, typically requiring only a camera, a sy-
ringe pump, and a microfluidic chip (Wu et al., 2024; Lake
et al., 2017; Jahanbakhsh et al., 2020). Furthermore, microflu-
idic setups are compact, easily designed, and straightforward to
operate. They enable precise regulation of fluid flow and pres-
sure using simple equipment (e.g., syringe pumps), eliminating
the need for complex sample preparation or large-scale imaging
systems.

Overall, despite limitations in replicating fully 3D structures,
adapting to extreme environmental conditions, and extrapo-
lating macroscopic data, operational simplicity, microfluidic
visualization systems remain an indispensable tool for investi-
gating complex multiphase flow dynamics due to their low cost,
operational simplicity, and rapid feedback capabilities.

5.2 Challenges in microfluidic experimental
methods for studying dry-out phenomena

Most current microfluidic studies of salt precipitation are
confined to single-depth, two-dimensional (2D) chips. In 2D
chips, the pore structure is compressed into a planar configu-
ration. This geometry restricts fluid flow pathways, interfacial
contact between the brine and solid phase, and crystal nucle-
ation and growth to a single plane. This simplified geome-
try fails to capture the complex connectivity and gravitation-
al effects characteristic of real reservoirs, where fluid migra-
tion and salt deposition occur within a multi-scale, vertically
interconnected pore-throat network. Furthermore, visualizing
the dynamic evolution of pore structures, which is driven by
stratigraphic stress or localized fluid-solid interactions, remains
challenging in planar systems and leads to discrepancies be-
tween experimental observations and actual reservoir condi-
tions. Consequently, accurately replicating the intricate 3D pro-
cesses governing salt precipitation in natural porous networks
remains a significant challenge. Advancements in microfluidic
technology are addressing these limitations. Lei et al. developed
chips with varied depth layouts, effectively overcoming the
constraints of traditional 2D chips, which inadequately simu-
late the diverse pore-size distributions of natural 3D porous
media. These advanced chips have demonstrated significant
advantages for studying multiphase displacement and interfa-
cial stability (Lei et al., 2024). Moreover, zeta potential mea-
surements are well-established in core-flooding experiments for
evaluating how brine composition affects surface potential and
local wettability (Abbasi et al., 2022). However, this approach
has not been fully integrated into microfluidic investigations
of salt precipitation. Combining multi-depth chips with zeta
potential modulation to examine crystallization kinetics during
displacement could provide comprehensive insights into pre-
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cipitation mechanisms and yield new strategies for controlling
precipitation in engineering applications, whether by inhibiting
or promoting deposition in specific regions.

Microfluidic technology enables the systematic investigation
of factors influencing salt precipitation by controlling boundary
conditions, such as brine availability (Wang et al., 2024a), in-
jection rate (He et al., 2024), and salinity (Yan et al., 2025). Al-
though significant progress has been made in understanding the
driving mechanisms, interfacial stability, and key factors of salt
precipitation, most experiments are conducted under idealized
conditions. In these studies, temperature, pressure, and fluid
composition are tightly controlled, and chip designs are simpli-
fied (homogeneous/heterogeneous patterns or rock slices) (Li
et al., 2024c¢). In contrast, natural subsurface formations exhibit
far greater complexity. The presence of heterogeneous or frac-
tured 3D rock networks (Zhou et al., 2022), multiphase fluid
interactions (Cai et al., 2024), and depth-dependent variables
such as temperature, pressure gradients, and geomechanical
stresses (Bohnsack et al., 2021) significantly complicates the
salt precipitation process and makes it challenging to replicate
under laboratory conditions.

Microfluidic visualization is a valuable tool for investigating
salt precipitation processes. However, quantifying the kinetic
of nucleation and growth at the pore scale remains challenging,
and real-time observation of salt precipitation across specific re-
gions of complex porous media networks has not been achieved.
Furthermore, the prolonged evaporation times required for salt
precipitation necessitate continuous manual monitoring, further
complicating experimental procedures. Nonuniform evapora-
tion rates, induced by variations in pore-scale gas flow velocity,
govern the formation and evolution of different precipitation
morphologies (e.g., polycrystalline clusters and bulk crystals)
through their control on solute diffusion rates and liquid-film
transport mechanisms. However, a comprehensive mechanistic
understanding of these interactions remains lacking. Further-
more, different crystallization patterns affect permeability dif-
ferently, potentially leading to biased assessments of precipi-
tation risks and pore evolution in reservoirs (Jannesarahmadi
et al., 2024). This complexity challenges the accurate integra-
tion of multiple coupling effects into predictive models, thereby
compromising the reliability of forecasts for the safety and
efficacy of geological storage.

5.3 Discussion of future development

The relationship between salinity and salt precipitation is not
purely linear but results from complex interactions among mul-
tiple factors. High salinity enhances salt precipitation while im-
peding fluid movement and altering overall evaporation dynam-
ics. Future research should focus on unraveling these interde-
pendent mechanisms through multi-factor coupled experimen-
tal designs to quantitatively assess salt crystal growth kinetics
under diverse conditions. Integrating multi-depth microfluidic
chips with X-ray and CT imaging will enable 3D visualization
of salt precipitation, offering deeper insights into the interplay
between evaporation dynamics and fluid transport. Experimen-
tally derived precipitation kinetics can be incorporated into
multiphase flow models, facilitating the transition of pore-scale
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observations to field-scale predictions. These advancements
will significantly improve the understanding of precipitation
behavior in geological sequestration environments.

Studies on crystallization within nanoscale pores in materials
science have provided valuable mechanistic insights (Roosta
et al., 2024; Scherer, 1999). For example, Galloway et al.
demonstrated that calcium sulfate crystallization within 200
nm, 25-100 nm, and 10 nm pores formed oriented gypsum,
bassanite, and anhydrite, respectively (Galloway et al., 2023).
Nanoscale pores confinement influence crystallization dynam-
ics, including nucleation rate, crystal phase, size, morpholo-
gy, and orientation (Xing et al., 2022). However, comprehen-
sive experimental and numerical evidence remains limited for
micron-scale pores, which dominate geological sequestration
environments. Future research on pore-scale variations in dry-
out effect is crucial to improve the understanding of salt precip-
itation mechanisms in CO, geological storage and to establish
a more robust scientific framework for reservoir safety assess-
ment and management.

Achieving precise control over injection sequences and flow
rate remains a significant technical challenge in mitigating
salt precipitation through alternating gas-liquid injection. Rapid
fluid switching may induce local flow instabilities, which can
compromise experimental accuracy and reproducibility. Addi-
tionally, acidic water formed by CO, dissolution can dissolve
reservoir minerals, increasing porosity. This poses a challenge
for adjusting experimental materials to accurately replicate
these dissolution effects during fluid displacement. Further-
more, brine replenishment can dissolve previously deposited
salt, leading to a dynamic equilibrium between precipitation
and dissolution. Understanding how this equilibrium influences
porous media injectivity has significant engineering implica-
tions, particularly since alternating gas-liquid injection is an
unavoidable aspect of actual CO; injection processes.

Analysis of formation water crystallization dynamics indi-
cates that precipitated salt particles can undergo settling, cap-
ture, or bridge plugging within pore throats, representing key
transport behavior of crystalline solid. At low flow velocities,
salt particles settle under gravity, whereas at higher velocities,
they may be captured in pore throats or form bridge plugs
(Wang, 2016). However, these phenomena have not been di-
rectly observed in microfluidic experiments, likely due to two
key factors: 1) Scale limitations: Microfluidic systems operate
at small scales with low fluid velocities and shear forces, which
are often insufficient to induce significant particle transport.
2) Neglect of gravity: Most microfluidic experiments neglect
gravitational effects, making it difficult to observe particle
settling under low-flow conditions. These limitations highlight
significant discrepancies between microfluidic experimental
conditions and natural crystallization environments. Therefore,
optimizing experimental designs to better replicate natural en-
vironments and enable the observation of particle settling, cap-
ture, and bridge-plugging behaviors remains a major research
challenge.

6 Conclusion

This review systematically examines the application of mi-
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cro visualization techniques for studying the dry-out effect
in porous media, summarizing current research progress and
key findings. It provides an in-depth analysis of the formation
mechanisms and key factors governing interfacial stability and
dry-out effects, emphasizing the coupled interactions among
fluid properties, flow conditions, and pore structure character-
istics during displacement and salt precipitation processes. This
review aims to provide insights and references for future studies
on salt precipitation mechanisms and the optimization of geo-
logical storage strategies. It also offers valuable perspectives
for salt precipitation research in porous media across various
scientific and engineering disciplines.

The key conclusions are as follows:

a. Micro visualization experiments enable real-time monitor-
ing of pore-scale fluid dynamics, offering superior temporal and
spatial resolution over traditional imaging techniques like CT
and MRI. These techniques enable direct observation of gas-
liquid interface evolution and salt crystal growth, providing an
indispensable platform for investigating interactions between
pore structure, wettability, and salt precipitation.

b. Salt precipitation is primarily induced by water evapora-
tion during displacement and is strongly influenced by pore ge-
ometry, flow rate, and wettability. High salinity environments
exacerbate the risk of salt precipitation-induced plugging. Fur-
thermore, variations in injection rates, gas-liquid alternating
strategies, and brine replenishment patterns critically govern the
distribution and extent of salt precipitation, thereby differential-
ly affecting permeability and injectivity.

c. In heterogeneous and mixed-wettability porous media,
pore structure governs the distribution of preferential flow paths
and residual water, whereas wettability influences fluid trans-
port through liquid films. These coupled effects promote local-
ized salt crystal accumulation, which can cause pore plugging
and contribute to fracture self-healing. The spatial distribution
of wettability regions and pore size variations influence both
evaporation dynamics and crystal morphology, highlighting the
need for more targeted engineering control strategies.

d. Dynamic visualization of salt precipitation under in-situ
conditions remains limited, and the integration of pore-scale
observations into multi-scale modeling frameworks is still in-
sufficient. Future work should therefore strengthen in-situ visu-
alization capabilities to better resolve mass-transfer processes,
liquid-film transport and the dynamic evolution of pore struc-
tures during salt precipitation. In parallel, improving multi-
scale modeling integration is essential for linking pore-scale
mechanisms to reservoir-scale predictions, thereby enhancing
the assessment of CO, injectivity, storage safety and long-term
performance.
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