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Salt precipitation in saline aquifers adversely affects carbon dioxide (CO>) injectivity, posing
significant operational challenges for geological carbon storage projects. This study investigates
the potential of Tween-80 as a chemical pre-treatment to mitigate salt precipitation during
supercritical CO; (scCO») injection into sandstone saturated with 200000 parts per million (ppm)
sodium chloride brine. Before the core flooding experiments, the turbidity and critical micelle
concentration (CMC) of Tween-80 in the high-salinity brine were measured as 0.56
nephelometric turbidity unit (NTU) and 12.6 ppm, respectively. Core flood tests on a Berea
sandstone core with an initial brine permeability of 311 millidarcy (mD), porosity 23.57% were
run at 1650 psi and 50°C, after Tween-80 was pre-injected at 0.5 ml/min. The pre-injection of
surfactant produced a clear short-term improvement where permeability rose to 393 mD,
indicating improved flow capacity during treatment. However, the final brine permeability
reduced to 136 mD after CO; injection, and salt precipitation was observed, indicating that the
single high-concentration pre-flush was insufficient to prevent CO,-driven salt precipitation
under the experimental sequence and condition. These findings demonstrate that Tween-80 can
transiently enhance injectivity, but effective mitigation of salt plugging in extreme-salinity
conditions will likely require optimized dosing strategies or alternative treatment approaches.

Keywords: Saline aquifers, salt precipitation, CO; injectivity, nonionic surfactants, chemical
pre-treatment

Received: July 2025, Accepted: January 2026

Storing CO> in geological formations, particularly in
deep saline aquifers, has been shown to be an effective
way to lower greenhouse gas emissions caused by
human activities [1]. However, their high salinity
levels pose significant challenges during CO; injection.
One of the most critical challenges during CO» injection
is the precipitation of salts [2]. This effect often occurs
near the wellbore, where the hygroscopic nature of
injected CO, causes localized water loss through
evaporation. The salts accumulate and restrict fluid
flow by reducing both porosity and permeability,
ultimately leading to a decline in injectivity and
compromising the performance of CO, storage
operations [3]. This challenge has been observed in
several real-world carbon capture and storage (CCS)
projects, such as the Snehvit field [4], the Aquistore
Project, and the recently opened QUEST CCS site
[5], where salt precipitation near the injection zone
has led to significant reductions in permeability
and injectivity. Furthermore, several core flooding

experiments have shown that even small changes
in porosity from halite precipitation can lead to
significant permeability declines. In Berea sandstones,
for example, permeability reductions of roughly 60 %
[2], 30-86 % [3], 75 % [6], and about 50 % [7] have all
been reported from their laboratory experiments.

Addressing salt precipitation is therefore
essential for ensuring the long-term effectiveness
and reliability of CO; storage in saline aquifers.
Conventional approaches, such as freshwater injections
and low salinity water injections, tend to offer
only short-term relief, as injectivity typically
decreases once CO; injection resumes [5, 8].
Also, acidizing with acetic and hydrochloric acid
has been investigated with improvements ranging
from 162% to 275% depending on the initial salt
concentration [9, 10]. However, reprecipitation of
salt was observed upon the reintroduction of
scCOgy, and it is highly corrosive to materials,
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which initiate complex geochemical reactions that
affect the geomechanical stability of the reservoir
formation, leading to further risks to long-term storage
integrity [11, 12].

Due to the reprecipitation of salts upon the
reintroduction of scCO; in the above methods,
attention is increasingly shifting toward pretreatment
approaches, which would stop salt from forming in the
first place. He, et al. [13] demonstrated at the pore
scale that salt precipitation during CO; injection is
strongly controlled by local water availability and
thermal conditions. In 2D micromodel experiments
with 20 wt% NaCl brine, freshwater pre-flushing
improved injectivity only when boundary brine was
negligible, with an injectivity ratio (IR) of 1.5, while
trapped or continuously supplied brine promoted
wet salt barrier formation and severe injectivity loss
(IR = 0.03). Humidified CO, injection showed similar
sensitivity: low-temperature saturated CO, entering
a hotter system accelerated salt blockage, whereas
high-temperature saturated CO> that cooled upon
injection condensed water, dissolved incipient
salts, and preserved injectivity (IR = 0.86—0.94).
Although mechanistically insightful, these findings
are limited by short-term, 2D, atmospheric-pressure
conditions and simplified NaCl brine. Similarly,
Papi, Jahanbakhsh and Maroto-Valer [14] used 2D
compositional simulations to show that dry CO,
injection drives intense near-wellbore evaporation,
causing porosity losses of up to 4% and permeability
reductions of 14%, while mineral reactions are
negligible. Injecting CO, with dissolved water (0.2—
0.63 mol%) markedly reduced or nearly eliminated
salt precipitation, confirming that CO, humidification
can suppress evaporation-driven salt clogging.
However, the benefit diminishes at typical pipeline
water contents, and the purely numerical, homogeneous
modeling framework highlights the need for
experimental and field-scale validation. Although
both methods demonstrated potential in delaying or
minimizing salt crystallization, their effectiveness was
largely influenced by reservoir-specific parameters.
These approaches tend to be temporary and can cause
corrosion, fines migration, clay swelling, hydrate
formation, and increased costs.

While pre-injection conditioning and control
of reservoir conditions have been tried, chemical
pretreatment strategies to prevent salt formation
during CO; injection remain underexplored. Nonionic
surfactants represent a promising class of additives for
this purpose. Their amphiphilic nature enables strong
adsorption on rock surfaces, potential wettability
modification, and reduced brine evaporation, which
could collectively mitigate halite formation. Despite
their extensive use in enhanced oil recovery, their
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application in CO; storage environments has received
limited attention [15-17]. This study, therefore,
investigated the pretreatment of Tween 80 in inhibiting
salt precipitation under high-salinity and reservoir-
representative conditions. Through core flooding
experiments combined with physicochemical and
mineralogical analyses, we assessed how surfactant
treatment influences permeability preservation and
pore-scale processes during CO;, injection. By
addressing this gap, the present work contributes
to developing practical reduction strategies for
enhancing CO; injectivity in saline aquifers.

METHODOLOGY
Materials

Berea sandstone core with a diameter of 3.812 cm and
length of 7.445 cm, with a mass of 175.331 g, was
used in the experiments with gas permeability and
porosity of 418.872 mD and 23.57%, respectively.
Sodium chloride (NaCl) brine of 200,000 ppm was
prepared to represent very high-salinity formation
water, where NaCl was purchased from Chemiz
with a molecular weight of 58.44 g/mol with CAS
No. 7647-14-5. Similarly, Tween 80 was purchased
from R&M Chemicals with CAS No0.9005-65-6 and
hydrophilic—-lipophilic balance (HLB) of 15, served as
the nonionic surfactant additive, chosen for its ability
to promote passivation at the CO-saline aquifer
interface and to adsorb onto mineral and crystal
surfaces, thereby reducing nucleation sites and limiting
fines migration. Experiments used commercial CO,
(=99.5% purity). For supercritical CO, flooding,
injections were performed at 1,650 psi and 50°C;
these conditions were held constant across all core-
flood experiments.

Methods

The CMC of the nonionic surfactant was initially
determined by surface tension measurement using a
drop shape analyzer. After surfactant stability was
assessed using a static bottle test in which Tween 80
of 1500 ppm was dissolved in 200,000 ppm NaCl
brine and held at 50 °C for 24 h, while the solutions
were observed for turbidity and precipitation using a
turbidimeter. After the surfactant was found to be
stable at the specified concentration, core-flooding
experiments were conducted on a Formation Damage
System (FDS), clearly depicted in Figure 1; Hastelloy
tubing and core holders were used to provide
resistance to CO»-induced corrosion. Inlet, outlet, and
confining pressures were recorded with individual
pressure transducers, and produced fluids were
collected for subsequent effluent analysis. The general
experimental flowchart is clearly shown in Figure 2.
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Figure 1. Schematic drawing of the core flooding apparatus[18].

Before testing, cleaned core samples were
vacuum-saturated with 200,000 ppm NaCl brine by
placing them in a vacuum desiccator at 800 psi for
approximately 4 hours and then allowing them to
soak overnight to ensure full saturation. Each
core was mounted in the core holder and was .
subjected to a confining pressure of 2,500 psi with a
backpressure of 1,650 psi maintained throughout the
experimental runs.

The experimental sequence was carried out
as follows:

e A 200,000 ppm NaCl brine was prepared, and .
the initial brine permeability was measured
by injecting brine for approximately 3 hours at

Berea sandstones (

Surface tension, gas permeability and
CMC determination, porosity ), Tween 80,
and Turbidity NaCl, CO2

Chemical Rock and fluid
Tween 80 | — em‘K':a samp[es
stability X
preparation

0.5 ml/min; permeability was calculated using
Darcy’s law.

Tween 80 was injected at 1,500 ppm and 0.5
ml/min for 24 hours.

About 3-5 PV of carbonated brine (brine: CO»,
80:20 v/v) was injected at 0.5 ml/min to simulate
convective mixing between CO; and brine.

The saturated core was flooded with supercritical
CO; at 2 ml/min to displace the aqueous phase,
and differential pressure across the core was
continuously recorded.

Final permeability and injectivity were reassessed
by injecting brine; stabilization was defined as a
steady pressure drop.

Tween 80 Pre
injection(50 °C, Visual
1650 psi) inspection

Core flooding Effluent

Experiments analysis

Figure 2. Flowchart of the experiment method.
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Figure 3. Surface tension profile of Tween as a function of concentration in 200,000 ppm NaCl, showing a
distinct breakpoint around 12.6 ppm corresponding to the CMC.

RESULTS AND DISCUSSION
Surfactant Stability and CMC in 200,000 ppm Brine

The CMC of Tween-80 in 200,000 ppm NaCl brine
was obtained from the surface tension-concentration
curve using a two-segment linear regression breakpoint
method and was determined as approximately 12.6
ppm at a surface tension of 55.3 mN/m which is
clearly shown in Figure 3. Above this concentration,
the surface tension decrease became markedly less
sensitive to concentration, indicating micelle formation
and near-saturation of the interface. This value was
found to be generally below the CMC of Tween 80
found in literature when CMC is determined by
distilled water [19, 20]. This reduction is attributed
to the salting-out effect, where strong ion-water
interaction at high ionic strength reduces surfactant

solubility and promotes earlier micellization. Thus,
the elevated salinity favors micelle formation at
much lower surfactant concentrations, consistent with
reported trends for nonionic surfactants under high-
salinity conditions [21]. The surfactant concentration
at 1500 ppm is well above the measured CMC, and
Tween-80 is expected to be present predominantly as
micelles in bulk solution while still adsorbing at the
rock surface to form an interfacial film.

Consequently, turbidity measurements performed
at 24 h showed that Tween-80 at 1500 ppm remained
optically clear in the 200,000 ppm NacCl brine, with a
turbidity value of 0.56 NTU, clearly shown in Figure
4. The absence of cloudiness over the test interval
indicates colloidal stability and no macroscopic phase
separation or precipitation of the surfactant under the
chosen conditions.
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Figure 4. Turbidity observation of Tween 80(1500 ppm) in 200000 ppm brine after 24h, showing no visible
precipitation or cloudiness, confirming surfactant stability.

Core Flood Sequence, Permeability, and Differential
Pressure Response

The influence of salt precipitation inhibition was
investigated in one Berea sandstone core sample, with
permeability and differential pressure clearly shown
in Table. The core sample was initially saturated
with 200000 ppm brine by pretreatment with Tween-
80 after initial permeability measurement by brine
flooding with a value of 311 mD. During the Tween-
80 flood the differential pressure reduced, and the
inferred permeability rose to 393 mD (+26% of the
initial permeability), by producing an interfacial film
that (a) increases surface hydrophilicity, (b) provides
steric hindrance to particle adhesion, and (c¢) can
reduce capillary resistance together these effects
explain the observed increase in permeability
immediately after surfactant flooding [22, 23]. After

the carbonated water and scCO; injection, the final
brine injection increased the dP and the final
permeability dropped to 135.464 mD (44% of the
initial permeability), the scCO, exposure created
conditions that promote salt precipitation (local
evaporation/film thinning, CO»-induced vaporization of
water in mesoscopic films, and local supersaturation),
and the magnitude of salt crystallization overwhelmed
the protective film, producing dense halite deposition
that reduced permeability to roughly half the original
[24]. It is also possible that surfactant action mobilized
fines or redistributed salts transiently; these mobilized
materials may have re-deposited during CO, exposure
in locations that caused more effective blockage than
before treatment. Thus, the surfactant provided a
transient benefit but did not prevent the long-term,
CO,-driven precipitation process under the extreme
salinity and experimental sequence used in Figure 5.

Table 1. Differential pressure(dP) and permeability after brine and surfactant injection.

. . Nonionic Final Permeability/dP
Initial brine . .
surfactant brine reduction
dP 0.231 0.183 0.532
P bili 26%
ermeability 3174 19 393+ 10 136 £5

(mD)
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Figure 5. Inlet section views comparing the core after(left) and before(right) flooding.

Figure 6. Effluent appearance during the core-flood sequence: initial brine (right), Tween-80 stage (middle), and
final brine after scCO; (left).

Effluent Analysis

During the experiment, the effluent changed colour
through the injection sequence: clear during the initial
200,000 ppm brine injection, slightly cloudy during
the Tween-80 stage, and cloudier in the final effluent
after the final brine injection, as shown in Figure 6.
These visual changes indicate evolving chemistry in
the pore fluid rather than simple turbidity. Several
processes can explain the progression. First, the
Tween-80 solution itself and its micelles can impart a
pale tint when present in the effluent, especially at
high concentrations used: partial desorption and carry-
over of surfactant from the core will therefore shift
effluent colour from clear to faint yellow [25, 26].
Second, CO; interactions lower pH in the aqueous
phase and can mobilize rock-bound minerals and
fines. Acidified porewater and the changing redox
conditions favour the release of iron and other
transition metals or of soluble organic fragments from
the rock matrix, leading to yellowing of the effluent
[27, 28]. Finally, the deeper yellow observed in the
final stage is consistent with increased ionic and
dissolved species in the effluent following dissolution-
reprecipitation cycles [29].

CONCLUSION

Tween-80 was stable at 200000 ppm NaCl, and its
CMC in the brine was about 12.6 ppm. The pre-
injection of the surfactant allowed for adsorption and
micelle formation. The surfactant flood produced a
clear short-term benefit, where permeability rose by
26% which shows improved flow capacity during
treatment. However, after carbonated water/scCO;
flooding, the core was plugged by salt precipitation,
and the final permeability declined to 136 mD,
indicating that the pre-injection did not prevent
scCO,-driven salt precipitation. The evolution of the
effluent color from clear to deep yellow was consistent
with surfactant carry-over followed by increased
dissolved/colloidal load after scCO; introduction.
These results suggest that while high-concentration
Tween-80 can boost early injectivity, it is insufficient
by itself to eliminate CO»-induced salt clogging in
very high systems.
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