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Abstract 

Understanding and enhancing carbon dioxide (CO₂) solubility and interfacial behavior in saline 

aqueous systems are critical for improving the efficiency of subsurface CO₂ sequestration and related 

applications. In this study, diamine-functionalized silica nanoparticles were synthesized using N-(2-

aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS) and systematically evaluated for their 

ability to enhance CO₂ solubility and reduce CO₂ –brine interfacial tension (IFT) under reservoir-

relevant conditions. CO₂ solubility measurements were conducted in fresh water, formation brine 

(FB), and single-salt solutions with controlled ionic strength over a wide range of temperatures (25–

80 °C) and pressures (up to 300 bar). The results show that the synthesized nanoparticles significantly 

enhance CO₂ solubility in both low- and high-salinity environments, with an optimal nanoparticle 

concentration of 2000 ppm. Despite the strong salting-out effect observed at elevated ionic strength, 

nanoparticle addition consistently mitigated salinity-induced solubility reduction. IFT measurements 

further confirmed that AEAPTMS-functionalized silica nanoparticles effectively reduce CO₂–brine 

IFT across all investigated pressures. The combined solubility and interfacial results demonstrate that 

surface-engineered silica nanoparticles provide a robust and effective strategy for improving CO₂ –

aqueous phase interactions in complex brine systems. This work offers new mechanistic insights into 

nanoparticle-assisted CO₂ behavior and highlights the potential of chemically tailored nanomaterials 

for enhancing CO₂ storage performance in saline reservoirs. 
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1. Introduction 

 

The continuous rise in atmospheric CO₂ concentration is 

one of the most critical drivers of global climate change 

and is largely attributed to the persistent reliance on fossil 

fuels for energy production and industrial activities. Since 

the pre-industrial era, global CO₂ levels have increased 

substantially, exceeding thresholds commonly associated 

with intensified global warming, more frequent extreme 

weather events, and long-term environmental instability. 

Although renewable energy technologies have expanded 

rapidly in recent years, fossil fuels are expected to remain 

a major component of the global energy mix for decades, 

particularly in hard-to-abate sectors such as power 
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generation, cement, steel, and petrochemical industries 

[1–6]. 

Within this context, carbon capture and storage (CCS) 

has emerged as a promising mitigation strategy with the 

potential to significantly reduce CO₂ emissions at their 

source. By capturing CO₂ from large point emitters and 

securely storing it in deep geological formations, CCS 

provides a technically feasible and scalable approach to 

decoupling industrial activity from greenhouse gas 

emissions. As a result, the development and optimization 

of CCS technologies are increasingly recognized as 

essential elements of comprehensive climate mitigation 

strategies aimed at limiting global temperature rise and 

achieving long-term carbon neutrality goals [7–11]. 

Geological storage of CO₂ in deep saline aquifers 

represents a viable approach for mitigating anthropogenic 

emissions and supporting the achievement of net-zero 

climate targets. The effectiveness of CO₂ storage in 

subsurface formations is governed by a combination of 

geochemical reactions and interfacial processes occurring 

within rock–CO₂–brine and CO₂–brine systems. Among 

these processes, the interfacial tension (IFT) between CO₂ 

and brine plays a critical role in controlling capillary 

sealing efficiency and, consequently, the achievable 

storage capacity. Accurate determination of CO₂–brine 

IFT under representative subsurface conditions, including 

pressure, temperature, salinity, and realistic brine 

composition, is therefore essential for reliable assessment 

of storage performance and containment integrity. In this 

work, new CO₂–brine IFT datasets are presented using the 

pendant drop technique over a pressure range of 0–20 

MPa at temperatures of 298, 323, and 343 K. 

Measurements were conducted for three aqueous systems: 

fresh water, a 21.4 wt% NaCl brine, and a 21.4 wt% 

formation brine composed of mixed salts derived from a 

Middle Eastern reservoir.  

A comprehensive analysis of the parameters 

influencing IFT is provided, together with a critical 

discussion of experimental factors affecting IFT 

measurements, including the role of CO₂–water 

equilibrium. For all investigated systems, IFT decreases 

monotonically with increasing pressure until reaching a 

plateau at approximately 12 MPa, beyond which it 

remains nearly constant at a characteristic pressure. In 

contrast, IFT consistently increases with temperature 

across the studied conditions. The minimum IFT value of 

22.8 mN·m⁻¹ was observed at 20 MPa and 298 K, while 

the maximum value of 78.92 mN·m⁻¹ occurred at 0.1 MPa 

and 298 K. In addition, the presence of dissolved salts 

leads to higher IFT values, with divalent cations exerting 

a more pronounced effect than monovalent ions. Under 

identical salinity, pressure, and temperature conditions, 

CO₂/formation brine systems consistently exhibit higher 

IFT values than corresponding CO₂/NaCl brine systems. 

Furthermore, the influence of mixed salts on CO₂ 

saturation and storage capacity was evaluated through 

core-flooding experiments, which revealed CO₂ 

saturations of 38% in NaCl-saturated cores compared to 

22% in formation-brine-saturated cores. Collectively, 

these results provide valuable experimental data and 

mechanistic insights into interfacial phenomena that are 

critical for the reliable design and assessment of 

subsurface CO₂ storage operations [12]. 

Recent studies have demonstrated that interpretable 

white-box models based on multigene genetic 

programming (MGGP) can accurately predict gas mixture 

solubility over wide ranges of pressure, temperature, and 

salinity. These models have achieved R² values of up to 

0.9967 for CO₂ and 0.9914 for N₂, along with low RMSE 

values on the order of 10⁻⁴–10⁻⁵. When coupled with 

explainability tools such as SHAP analysis, MGGP-based 

models provide practical and physically interpretable 

solutions for CCS applications involving impure gas 

streams [13]. 

CO₂–brine–rock interactions play a fundamental role 

in controlling multiphase CO₂ flow and maintaining the 

integrity of subsurface storage formations. Despite their 

importance, the combined effects of brine salinity, rock 

mineralogy, and organic matter on CO₂ wettability at the 

nanoscale are not yet fully understood. To address this 

knowledge gap, molecular dynamics (MD) simulations 

have been employed to investigate key interfacial 

properties, including density distribution profiles and 

radial distribution functions (RDF, g(r)), in CO₂-saturated 

aqueous systems with high and low salinity. The 

simulation results indicate that mineralogical composition 

strongly governs CO₂ wettability behavior.  

Specifically, reduced salinity promotes increased CO₂ 

wettability on siloxane surfaces, whereas aluminol 

surfaces exhibit the opposite trend. In addition, RDF 

analysis highlights the critical role of organic matter 

chemistry, showing that basic functional groups (–N) 

favor CO₂-wet conditions, while acidic groups (–COOH) 

promote water-wet behavior.  

By jointly considering the effects of salinity, 

mineralogy, and organic matter, these findings provide 

valuable nanoscale insight into the mechanisms governing 

CO₂ wettability and offer a conceptual framework for 

mitigating leakage risks in geological CO₂ sequestration 

[14]. 

CO₂–brine–rock interactions exert a strong influence 

on reservoir properties, with distinct impacts observed in 

gas and water zones. Experimental studies conducted 

using core plugs, rock fragments, and formation brine 

from the DF gas field—a large aquifer-supported gas 

reservoir in the South China Sea—have shown that 

dissolved CO₂ forms carbonic acid in brine, which 

promotes mineral dissolution and particle detachment.  

PROOF

https://doi.org/10.57647/j.ijic.2025.1604.19


Cheraghi et al.                                                                                                                              IJIC 16 (2025)- 162504   3/14  

 

2228-5970 [https://doi.org/10.57647/j.ijic.2025.1604.19] 

These processes can lead to permeability reduction, 

thereby impairing CO₂ injectivity and storage 

performance, with more pronounced formation damage 

occurring in gas-bearing zones. In contrast, high-quality 

reservoirs in water zones may experience enhanced 

porosity and permeability due to mineral dissolution, 

which can improve CO₂ storage potential. A combination 

of analytical techniques, including scanning electron 

microscopy (SEM), energy-dispersive spectroscopy 

(EDS), X-ray diffraction (XRD), and flame atomic 

absorption spectroscopy (FAAS), has been used to 

elucidate the mechanisms responsible for these 

petrophysical changes. Collectively, these findings 

indicate that preferential injection of dry CO₂ into 

appropriately selected aquifers can help mitigate adverse 

formation damage, providing practical guidance for the 

design and optimization of CO₂ injection and storage 

strategies in aquifer-supported gas reservoirs [15]. 

Despite extensive research on CO₂ solubility, 

interfacial tension, and CO₂–brine–rock interactions 

under geological storage conditions, existing studies 

largely focus on pressure–temperature effects, simplified 

brine compositions, or predictive modeling approaches. 

Far less attention has been given to active chemical 

strategies capable of directly modifying CO₂–aqueous 

phase interactions in high-salinity reservoir fluids, 

particularly through the use of engineered nanomaterials. 

Moreover, most nanoparticle-based investigations rely on 

physically dispersed or non-functionalized particles, 

offering limited control over molecular-level interactions 

with CO₂ and often exhibiting reduced effectiveness in 

complex formation brines.  

To date, a systematic experimental assessment of 

surface-functionalized nanoparticles designed to enhance 

CO₂ solubility while simultaneously reducing CO₂–brine 

interfacial tension across a wide range of pressures, 

temperatures, salinities, and salt chemistries remains 

notably absent. 

Addressing this gap, the present study introduces 

diamine-functionalized silica nanoparticles synthesized 

using N-(2-aminoethyl)-3-aminopropyltrimethoxysilane 

(AEAPTMS) as a chemically tailored platform to actively 

promote CO₂–aqueous phase affinity under reservoir-

relevant conditions.  

By integrating controlled nanoparticle synthesis with 

comprehensive solubility and interfacial measurements in 

fresh water, single-salt solutions, and realistic formation 

brines, this work provides new mechanistic insight into 

nanoparticle-assisted CO₂ behavior in complex saline 

systems. The findings establish a unified experimental 

framework that links nanoparticle surface chemistry to 

macroscopic CO₂ solubility and interfacial performance, 

offering a practical and scalable pathway for enhancing 

CO₂ storage efficiency in saline reservoirs. 

2. Materials and Methods 

 

2.1. Materials 

 

In this study, FB with a total dissolved solids (TDS) 

content of 83,188 ppm was collected from one of the 

Iranian carbonate oil reservoirs. The ionic composition of 

the FB used in this work is summarized in Table 1. 

Analytical-grade salts, including NaHCO₃, Na₂CO₃, 

NaCl, KCl, Na₂SO₄, CaCl₂, MgCl₂, and MgSO₄, each with 

a purity of 99%, were purchased from local suppliers. 

Fresh water was also used for the preparation of salt 

solutions. The ionic strength of the FB was calculated to 

be approximately 1.55 mol·L⁻¹ (1.55 M). 

 

2.2. Synthesize of AEAPTMS-functionalized silica 

nanoparticles 

 

The AEAPTMS-functionalized silica nanoparticles were 

synthesized through a controlled surface silanization 

approach designed to ensure uniform grafting of diamine 

groups while preserving nanoparticle dispersion. Initially, 

commercially available colloidal silica nanoparticles were 

dried under mild vacuum to remove physically adsorbed 

moisture and to activate surface silanol groups. The dried 

nanoparticles were then redispersed in anhydrous ethanol 

using ultrasonic agitation to obtain a homogeneous 

suspension. Separately, a measured amount of N-(2-

aminoethyl)-3-aminopropyltrimethoxysilane was slowly 

introduced into the silica suspension under continuous 

stirring.  

     A small and controlled amount of deionized water was 

added to promote partial hydrolysis of the methoxy 

groups, enabling covalent bonding between the silane 

molecules and the surface silanol groups of silica. The 

reaction mixture was maintained under reflux at moderate 

temperature while being continuously stirred to allow 

sufficient time for condensation and surface grafting to 

occur.  

     Throughout this step, the reaction environment was 

kept mildly basic to prevent excessive silane self-

polymerization and to favor surface-specific 

functionalization.  

Table 1. Ion composition of the FB used in this study 

Ion Concentration (ppm) 

Ca2+ 1184 

Mg2+ 1944 

Na+ 25392 

HCO3
- 45 

SO4
2- 1200 

Cl- 53423 

TDS 83188 
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Upon completion of the reaction, the functionalized 

nanoparticles were separated by centrifugation and 

thoroughly washed with ethanol to remove any unreacted 

silane or physically adsorbed species.  

The washed nanoparticles were then dried at low 

temperature under vacuum to preserve the integrity of the 

grafted diamine groups. This synthesis route yields 

uniformly functionalized AEAPTMS-silica nanoparticles 

with enhanced surface amine density and improved 

stability in aqueous and saline environments. The mild 

reaction conditions and solvent choice minimize particle 

aggregation and ensure that the resulting nanoparticles are 

suitable for interfacial and wettability studies under 

reservoir-relevant conditions. 

Transmission electron microscopy (TEM) was 

employed to examine the morphology and primary size of 

the silica nanoparticles before and after surface 

functionalization, ensuring that the modification process 

did not alter particle structure or induce aggregation. 

Dynamic light scattering (DLS) was used to measure the 

hydrodynamic size distribution of the nanoparticles in 

aqueous suspension, where changes in particle size after 

functionalization served as an indirect indication of 

successful surface modification. 

 

2.3 CO2 solubility measurement  

 

The solubility of CO₂ in fresh water and FB was measured 

using a high-pressure, high-temperature equilibrium 

system operating under a static–analytic approach, 

following a procedure adapted from previously reported 

methodologies. The experimental setup consisted of a 300 

mL stainless-steel reactor (Parr Instruments) fitted with a 

temperature-regulated jacket, a magnetic stirring unit, a 

high-precision digital pressure sensor (±0.1 bar), and 

dedicated sampling ports for both gas and liquid phases. 

Before each experiment, the cell was thoroughly 

evacuated and purged several times with high-purity CO₂ 

to remove any residual air. 

For each run, approximately 200 mL of the test 

solution was transferred into the reactor, and the 

temperature was stabilized at the target value (25–80 °C) 

using a thermostatically controlled oil bath with an 

accuracy of ±0.1 °C. Ultra-high-purity CO₂ (99.999%) 

was then injected incrementally until the desired pressure 

range (1–300 bar) was achieved. The system was 

continuously stirred at 400 rpm and allowed to equilibrate 

for 24 h. Equilibrium conditions were assumed once both 

pressure and temperature remained unchanged for a 

minimum duration of 30 min. 

Upon reaching equilibrium, a small aliquot of the 

liquid phase was collected through a high-pressure 

sampling valve into a pre-weighed container, rapidly 

depressurized, and subsequently analyzed for total 

inorganic carbon using a Shimadzu TOC-L analyzer. CO₂ 

solubility, expressed in mol·kg⁻¹, was calculated based on 

the measured TIC values and further verified through a 

carbon mass balance between the gas and liquid phases. 

Control experiments without nanoparticles were carried 

out under identical operating conditions to establish 

baseline solubility values at each temperature and 

pressure. Additional tests were performed using different 

concentrations of the synthesized nanoparticles dispersed 

in various solutions, and the corresponding CO₂ solubility 

was determined accordingly. A schematic illustration of 

the experimental apparatus used for CO₂ solubility and pH 

measurements is shown in Fig. 1(a). 

  

 2.4. IFT measurement  

 

The IFT between CO₂ and FB was evaluated in both 

nanoparticle-free systems and in the presence of 2000 

ppm of the synthesized nanoparticles using a high-

pressure, high-temperature IFT-700 instrument as shown 

in Fig. 1(b). During each measurement, a droplet of brine 

was generated at the end of a finely calibrated capillary 

and exposed to the surrounding CO₂ phase inside a 

transparent high-pressure cell. Once the droplet shape 

became stable, the equilibrium IFT was calculated using 

axisymmetric drop shape analysis (ADSA). 

  

 

 

Figure 1. (a) CO2 solubility measurement [16]; (b) IFT measurement 

[17] 

(a) 

(b) PROOF
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Reliable determination of IFT required accurate density 

data for both phases under the applied experimental 

conditions. The density of pure CO₂ at the specified 

pressures and temperature was obtained from the physical 

properties data service thermophysical property database. 

In contrast, the densities of the FB and nanoparticle-

dispersed brine were measured experimentally using the 

HPHT visual cell by relating the injected fluid mass to the 

precisely known cell volume. All IFT measurements were 

carried out at a temperature of 80 °C and pressures of up 

to 300 bar to closely replicate reservoir conditions and to 

maintain consistency with the CO₂ solubility and pH 

measurements performed in this study.  

 

2.5. Preparation of single salts with constant ionic 

strength  

 

To prepare single-salt solutions matching the ionic 

strength of the FB (approximately 1.55 M), the 

appropriate amounts of each salt were dissolved in 

deionized water under constant stirring at room 

temperature until fully dissolved. For monovalent salts 

such as NaCl, KCl, and NaHCO₃, a concentration of 1.55 

M was used to achieve the target ionic strength. For salts 

containing divalent ions, including CaCl₂, MgCl₂, 

Na₂CO₃, and Na₂SO₄, the solutions were prepared at a 

slightly lower concentration of 0.517 M to account for 

their higher charge contribution. MgSO₄, which contains 

two divalent ions, was prepared at a concentration of 

0.388 M. All solutions were stirred until clear and 

homogeneous, ensuring complete dissolution, and were 

stored in clean, sealed containers to prevent evaporation 

or contamination. These standardized single-salt solutions 

were then used for evaluating nanoparticle stability, CO₂ 

solubility, and interfacial properties under conditions that 

mimic the FB environment.  

 

3. Results and Discussions 

 

3.1. Characterization of synthesized AEAPTMS-

functionalized SiO₂ nanoparticles 

 

Fig. 2(a) shows the TEM image of the pristine SiO₂ 

nanoparticles, while Fig. 2(b) presents the TEM image of 

the AEAPTMS-functionalized SiO₂ nanoparticles. As 

observed in these micrographs, surface functionalization 

does not lead to any noticeable change in the primary 

particle size or morphology, indicating that the 

silanization process occurs as a surface modification 

rather than through particle growth or aggregation. In 

contrast, dynamic light scattering (DLS) measurements 

reveal a clear increase in the hydrodynamic diameter of 

the nanoparticles after functionalization. As shown in 

Figs. 2(c) and 2(d), the average hydrodynamic size 

increases from 135 nm for bare SiO₂ nanoparticles to 143 

nm for AEAPTMS-functionalized SiO₂ nanoparticles 

when dispersed in water. This increase is attributed to the 

presence of the grafted AEAPTMS layer on the 

nanoparticle surface, which contributes to an expanded 

hydration shell and enhanced interaction with surrounding 

water molecules. Additionally, the introduction of 

diamine functional groups increases surface polarity and 

electrostatic interactions, leading to a thicker effective 

solvation layer in aqueous media. The combined TEM and 

DLS results confirm successful surface functionalization 

of the silica nanoparticles without inducing particle 

agglomeration. While TEM reflects the unchanged solid 

core size, DLS captures the influence of surface chemistry 

on nanoparticle behavior in suspension. This distinction is 

particularly important for applications involving 

interfacial phenomena and CO₂–brine systems, as the 

hydrodynamic size governs nanoparticle transport, 

stability, and interfacial activity under reservoir-relevant 

conditions [9–11,18–22]. 

 

3.2. CO2 solubility in the absence of nano-particle 

 

Fig. 3 illustrates the variation of CO₂ solubility in fresh 

water as a function of temperature and pressure. The 

results clearly show that temperature has a pronounced 

effect on CO₂ solubility, with lower temperatures favoring 

higher solubility. As the temperature increases from 25 to 

80 °C, CO₂ solubility decreases significantly, reaching its 

maximum value at 25 °C and its minimum at 80 °C. This 

behavior is consistent with the exothermic nature of gas 

dissolution in liquids, where increased thermal energy at 

higher temperatures reduces gas–liquid affinity. In 

addition, CO₂ pressure strongly influences solubility, with 

higher pressures leading to increased dissolution due to 

enhanced gas fugacity.  

  

  

Figure 2. TEM image of (a) SiO2, (b) AEAPTMS-functionalized SiO2, 

and size distributions measured by DLS for (c) SiO2 (135 nm), (d) 

AEAPTMS-functionalized SiO2 (143 nm) 

(a) (b) 

(c) 
(d) 
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Figure 3. CO2 solubility in fresh water at different temperatures in the 

absence of nano particle 

 

Figure 4. CO2 solubility in different brines at 80 °C in the absence of 

nano particle 

 

      At a CO₂ pressure of 300 bar, the measured solubility 

values are 1.93, 1.75, and 1.55 mol·kg⁻¹ at 25, 50, and 80 

°C, respectively, confirming the combined effects of 

pressure enhancement and temperature suppression on 

CO₂ solubility. Fig. 4 presents CO₂ solubility data 

obtained at 80 °C under varying CO₂ pressures for brines 

with different salinities. The results demonstrate a clear 

inverse relationship between brine salinity and CO₂ 

solubility. As salinity increases, CO₂ solubility 

systematically decreases, reflecting the well-known 

salting-out effect, whereby dissolved ions reduce the 

availability of free water molecules for gas dissolution. At 

a CO₂ pressure of 300 bar, CO₂ solubility values decrease 

from 1.54 mol·kg⁻¹ in fresh water to 1.32, 0.92, 0.71, and 

0.58 mol·kg⁻¹ in DFB5000, DFB20000, DFB40000, and 

FB with a TDS of 83,000 ppm, respectively. These results 

highlight the significant impact of ionic strength and 

salinity on CO₂ solubility and underscore the challenging 

conditions encountered in high-salinity reservoir 

environments, providing a critical baseline for evaluating 

the effectiveness of nanoparticle-assisted CO₂ solubility 

enhancement. The observed trends in CO₂ solubility in 

fresh water and brine systems can be explained by the 

combined thermodynamic effects of temperature, 

pressure, and ionic strength. As shown in Fig. 3, 

decreasing temperature results in a pronounced increase 

in CO₂ solubility. This behavior is attributed to the 

exothermic nature of CO₂ dissolution in aqueous media, 

where lower temperatures favor gas–liquid interactions 

and reduce the kinetic energy of dissolved CO₂ molecules, 

thereby enhancing their retention in the liquid phase. At 

higher temperatures, increased molecular motion weakens 

these interactions, leading to a reduction in solubility 

[13,23–25]. Pressure exerts a strong and monotonic 

influence on CO₂ solubility across all investigated 

temperatures. Increasing CO₂ pressure from 1 to 300 bar 

increases the driving force for gas dissolution by elevating 

CO₂ fugacity, which enhances the mass transfer of CO₂ 

into the aqueous phase. The combined effects of high 

pressure and low temperature explain the maximum 

solubility observed at 25 °C and 300 bar. These trends are 

consistent with fundamental gas solubility behavior in 

aqueous systems under high-pressure conditions. The 

results presented in Fig. 4 further demonstrate the 

significant role of brine salinity in controlling CO₂ 

solubility. At a constant temperature of 80 °C, increasing 

salinity leads to a systematic decrease in CO₂ solubility 

across the entire pressure range. This reduction is 

primarily associated with the salting-out effect, whereby 

dissolved ions compete with CO₂ for hydration water 

molecules, effectively reducing the solvent capacity of the 

aqueous phase. Higher ionic strength also increases the 

activity coefficient of dissolved CO₂, making its 

dissolution thermodynamically less favorable [26–28]. 

In highly saline systems such as FB, the presence of both 

monovalent and divalent ions further intensifies this effect 

through strong electrostatic interactions and structured 

hydration shells, which limit the availability of free water 

molecules for CO₂ solvation. As a result, the lowest CO₂ 

solubility values are observed in the FB with a TDS of 

approximately 83,000 ppm. These findings highlight the 

severe limitations imposed by high salinity on CO₂ 

dissolution under reservoir conditions and emphasize the 

necessity of mitigation strategies, such as nanoparticle-

assisted approaches, to overcome salinity-induced 

solubility reduction. Overall, the results from Figs. 3 and 

4 establish a robust baseline for understanding CO₂ 

behavior in aqueous systems and provide critical context 

for evaluating the role of AEAPTMS-functionalized silica 

nanoparticles in enhancing CO₂ solubility under 

challenging reservoir-relevant conditions.  

 

3.3. CO2 solubility in the presence of nano-particles  

 

Fig. 5 presents CO₂ solubility values in fresh water and 

FB at 80 °C and a CO₂ pressure of 300 bar for different 

nanoparticle concentrations. As shown in this figure, CO₂ 

solubility in fresh water is consistently higher than that in 

FB. In addition, increasing the nanoparticle concentration 

from 100 to 5000 ppm markedly enhances CO₂ solubility 

in both fresh water and FB. However, the increase in CO₂ 
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solubility is pronounced when the nanoparticle 

concentration rises from 100 to 2000 ppm, while further 

increases from 2000 to 5000 ppm result in only marginal 

improvements. These results indicate that 2000 ppm 

represents an optimal nanoparticle concentration for 

enhancing CO₂ solubility. At this concentration, CO₂ 

solubility in fresh water and FB reaches 2.07 and 0.89 

mol·kg⁻¹, respectively. Fig. 6 shows CO₂ solubility values 

in fresh water at different temperatures in the presence of 

2000 ppm nanoparticles. As illustrated in this figure, the 

addition of 2000 ppm nanoparticles significantly enhance 

CO₂ solubility in fresh water across all investigated 

conditions. Moreover, increasing CO₂ pressure from 1 to 

300 bar and decreasing temperature from 80 to 25 °C both 

contribute to improved CO₂ solubility. At a CO₂ pressure 

of 300 bar, CO₂ solubility in fresh water in the presence 

of 2000 ppm nanoparticles is 2.77, 2.54, and 2.34 

mol·kg⁻¹ at 25, 50, and 80 °C, respectively. Fig. 7 presents 

CO₂ solubility values in different brines at 80 °C in the 

presence of 2000 ppm nanoparticles. The results 

demonstrate that nanoparticle addition effectively 

enhances CO₂ solubility across all brine systems. 

Furthermore, decreasing brine salinity leads to higher CO₂ 

solubility, regardless of the applied pressure. At a CO₂ 

pressure of 300 bar, CO₂ solubility values of 2.07, 1.53, 

1.08, 0.95, and 0.89 mol·kg⁻¹ are obtained for fresh water, 

DFB5000, DFB20000, DFB40000, and FB, respectively. 

The enhancement of CO₂ solubility observed in Figs. 5–7 

can be primarily attributed to the surface chemistry and 

interfacial activity of the AEAPTMS-functionalized silica 

nanoparticles. The presence of diamine functional groups 

on the nanoparticle surface introduces multiple active 

sites capable of interacting with dissolved CO₂ molecules 

through a combination of weak chemical interactions, 

such as reversible amine–CO₂ associations, and physical 

adsorption. These interactions increase the effective 

affinity of the aqueous phase toward CO₂, thereby 

promoting higher solubility [29–32]. As shown in Fig. 5, 

increasing nanoparticle concentration leads to a 

substantial increase in CO₂ solubility in both fresh water 

and FB. At low nanoparticle concentrations, the addition 

of nanoparticles significantly increases the available 

interfacial area and the number of active surface sites for 

CO₂ interaction, resulting in a sharp rise in solubility. 

However, beyond a certain concentration threshold, the 

system approaches interfacial and bulk saturation, where 

most accessible interfaces and interaction sites are already 

occupied. Consequently, further increases in nanoparticle 

concentration yield diminishing returns, explaining the 

relatively minor improvement in CO₂ solubility observed 

between 2000 and 5000 ppm. This behavior supports the 

identification of 2000 ppm as an optimal nanoparticle 

concentration for efficient CO₂ solubility enhancement. 

The results presented in Fig. 6 demonstrate that the 

beneficial effect of AEAPTMS-functionalized silica 

nanoparticles persists across a wide range of temperatures 

and pressures. While increasing pressure enhances CO₂ 

solubility by increasing gas fugacity and the 

thermodynamic driving force for dissolution, the 

nanoparticles further amplify this effect by stabilizing 

dissolved CO₂ within the aqueous phase. Similarly, 

although higher temperatures generally reduce CO₂ 

solubility due to decreased gas–liquid affinity, the 

presence of nanoparticles partially counteracts this effect 

by providing additional interaction pathways for CO₂ 

molecules. This indicates that the nanoparticles not only 

facilitate CO₂ transfer into the liquid phase but also retard 

its release at elevated temperatures, maintaining enhanced 

solubility under reservoir-relevant conditions [33–36]. 

Fig. 7 highlights the influence of brine salinity on 

nanoparticle-assisted CO₂ solubility. Increasing salinity 

inherently reduces CO₂ solubility due to the salting-out 

effect, in which dissolved ions compete with CO₂ for 

hydration water molecules and increase the activity 

coefficient of dissolved gas. Despite this limitation, the 

addition of AEAPTMS-functionalized silica 

nanoparticles significantly improves CO₂ solubility across 

all salinity levels. This suggests that the nanoparticles 

modify the local aqueous environment by creating micro-

domains with enhanced CO₂ affinity and by partially 

shielding CO₂ molecules from direct ionic interactions. 

The effectiveness of the nanoparticles even in highly 

saline FB demonstrates their strong tolerance to high ionic 

strength and their ability to mitigate salinity-induced 

solubility reduction [37–39]. 

 

Figure 5. CO2 solubility in fresh water and FB with different 

concentrations of nano particle at 80 °C and 300 bar CO2 pressure 

 
Figure 6. CO2 solubility in fresh water at different temperatures in the 

presence of 2000 ppm nano particle 
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Figure 7. CO2 solubility in different brines at 80 °C in the presence of 

2000 ppm nano particle 

 
Figure 8. CO2 solubility in different salt at 80 °C and 300 bar CO2 

pressure in the absence and presence of 2000 ppm nano particle 

 

Overall, the combined results of Figs. 5–7 confirm that 

AEAPTMS-functionalized silica nanoparticles enhance 

CO₂ solubility through synergistic interfacial adsorption, 

increased effective gas–liquid contact area, and amine-

mediated interactions. The persistence of these effects 

across varying temperatures, pressures, and salinities 

underscores the robustness of the nanoparticle design and 

highlights its potential applicability for CO₂ utilization 

and storage in realistic reservoir environments. 

 

3.4. Effect of different types of salts on CO2 solubility 

 

Fig. 8 presents CO₂ solubility values in different salt 

solutions at 80 °C and 300 bar CO₂ pressure, both in the 

absence and presence of 2000 ppm nanoparticles. As 

shown in this figure, different salt types result in distinct 

CO₂ solubility values. In all cases, the addition of 2000 

ppm nanoparticles significantly enhance CO₂ solubility. 

Among the investigated salts, NaHCO₃ exhibits the 

highest CO₂ solubility, reaching 1.74 and 1.34 mol·kg⁻¹ in 

the presence and absence of 2000 ppm nanoparticles, 

respectively. In contrast, MgSO₄ shows the lowest CO₂ 

solubility, with values of 0.95 and 0.64 mol·kg⁻¹ in the 

presence and absence of 2000 ppm nanoparticles, 

respectively. The variation in CO₂ solubility observed 

among different salt solutions in Fig. 8 can be attributed 

to differences in ionic composition, ion valency, and 

specific ion–water–CO₂ interactions. Salts containing 

monovalent ions, such as NaHCO₃, generally exhibit a 

weaker salting-out effect compared to salts with divalent 

ions. Monovalent ions disrupt the hydrogen-bonding 

network of water to a lesser extent, thereby preserving a 

higher capacity for CO₂ hydration and dissolution. The 

superior performance of NaHCO₃ can also be explained 

by the presence of bicarbonate ions, which participate 

directly in the carbonate equilibrium system. Bicarbonate 

ions facilitate the conversion of dissolved CO₂ into 

aqueous carbonate species, effectively shifting the 

equilibrium toward greater overall CO₂ uptake. This 

buffering capacity enhances apparent CO₂ solubility and 

makes NaHCO₃-based solutions particularly favorable for 

CO₂ dissolution under high-pressure conditions 

[24,40,41]. In contrast, MgSO₄ exhibits the lowest CO₂ 

solubility due to the strong salting-out effect associated 

with divalent cations and anions. Mg²⁺ ions possess a high 

charge density and strong hydration shell, which 

significantly reduces the availability of free water 

molecules for CO₂ solvation. Similarly, SO₄²⁻ ions further 

intensify ion–water interactions, collectively leading to a 

pronounced reduction in CO₂ solubility. The consistent 

enhancement in CO₂ solubility observed upon the addition 

of 2000 ppm AEAPTMS-functionalized silica 

nanoparticles across all salt systems highlights the 

robustness of the nanoparticle mechanism. The amine-

functionalized nanoparticle surfaces provide additional 

interaction sites for CO₂ through reversible amine–CO₂ 

interactions and physical adsorption, partially offsetting 

the salting-out effects imposed by dissolved ions. 

Moreover, the nanoparticles likely alter the local 

microenvironment of the aqueous phase, creating regions 

with enhanced CO₂ affinity even in highly saline or 

divalent-ion-rich systems [27,42–44]. Overall, the results 

presented in Fig. 8 demonstrate that both salt type and 

nanoparticle functionalization play critical roles in 

controlling CO₂ solubility. While divalent salts impose 

stronger thermodynamic limitations on CO₂ dissolution, 

the incorporation of AEAPTMS-functionalized silica 

nanoparticles effectively mitigates these effects, 

underscoring their potential for application in complex, 

high-salinity reservoir fluids. 

 

3.5. Effect of nano particle on IFT of CO2 and FB 

 

Table 2 presents the IFT values between CO₂ and FB in 

the absence and presence of 2000 ppm nanoparticles at 80 

°C. In addition, the drop shapes of CO2 in the presence of 

nano particle is also shown in this table. As shown in this 

table, the addition of 2000 ppm nanoparticles results in a 

noticeable reduction in IFT between CO₂ and FB at all 

investigated pressures. In addition, increasing CO₂ 

pressure from 1 to 300 bar leads to a further decrease in 

IFT values. At a CO₂ pressure of 100 bar, the IFT between 

CO₂ and FB decreases from 35.66 mN·m⁻¹ in the absence 

of nanoparticles to 24.21 mN·m⁻¹ in the presence of 2000 

ppm nanoparticles.  
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Table 2. Drop images and IFT values between CO2 and FB in the presence and absence of 2000 ppm nano particles at 80 °C 

P (bar) 

IFT of CO2 and FB in 

the absence of nano 

particles (mN/m) 

IFT of CO2 and FB 

in the presence of 

nano particles 

(mN/m) 

Drop images of CO2 in FB in the presence of nano particles 

1 57.94 40.26 

 

25 47.27 31.71 

 

50 41.60 27.60 

 

100 35.66 24.21 
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P (bar) IFT of CO2 and FB in 

the absence of nano 

particles (mN/m) 

IFT of CO2 and 

FB in the presence 

of nano particles 

(mN/m) 

Drop images of CO2 in FB in the presence of nanoparticles 

150 33.35 19.97 

 

200 29.71 17.58 

 

250 25.05 15.21 

 

300 23.02 10.84 

 
 

These values are further reduced to 23.02 and 10.84 

mN·m⁻¹, respectively, when the CO₂ pressure is increased 

to 300 bar.  

The reduction in IFT observed in Table 2 can be 

attributed to the combined effects of elevated CO₂ 

pressure and the interfacial activity of AEAPTMS-

functionalized silica nanoparticles. Increasing CO₂ 

pressure enhances the density of the CO₂ phase and 

promotes greater mutual affinity between CO₂ and the 

aqueous phase, which inherently lowers the interfacial 

free energy and results in reduced IFT values. The 

presence of AEAPTMS-functionalized silica 

nanoparticles further amplifies this effect by modifying 

the CO₂–brine interface. Due to their amphiphilic nature, 
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the nanoparticles preferentially migrate toward the fluid–

fluid interface, where they adsorb and form a stabilizing 

interfacial layer. The amine functional groups on the 

nanoparticle surface interact favorably with CO₂ 

molecules, while the hydrophilic silica backbone remains 

well-dispersed in the aqueous phase. This dual affinity 

reduces the interfacial free energy and leads to a 

pronounced decrease in IFT [45–47]. 

The stronger IFT reduction observed at higher 

pressures suggests a synergistic interaction between 

pressure-induced CO₂ densification and nanoparticle 

adsorption. At elevated pressures, the increased solubility 

of CO₂ enhances its interaction with the amine-

functionalized surfaces, facilitating more effective 

nanoparticle packing at the interface and further 

suppressing IFT. The substantial IFT reduction achieved 

in the presence of nanoparticles, particularly at high CO₂ 

pressures, is of practical significance for subsurface CO₂ -

related applications. Lower IFT values improve CO₂ 

mobility, enhance capillary-driven displacement 

efficiency, and facilitate improved contact between CO₂ 

and formation fluids. These effects are especially relevant 

for CO₂ sequestration and enhanced oil recovery 

processes in high-pressure carbonate reservoirs, where 

interfacial phenomena play a critical role in governing 

fluid flow and trapping mechanisms [48–50]. Overall, the 

results presented in Table 2 confirm that AEAPTMS-

functionalized silica nanoparticles are highly effective in 

reducing CO₂–brine IFT under reservoir-relevant 

conditions, complementing their positive impact on CO₂ 

solubility and reinforcing their potential for practical field 

applications. 

 

4. Conclusion 

 

This study demonstrates the effectiveness of synthesized 

AEAPTMS-functionalized silica nanoparticles in 

enhancing CO₂ solubility and reducing CO₂–brine IFT 

under conditions representative of subsurface reservoirs. 

The results confirm that CO₂ solubility decreases with 

increasing temperature and brine salinity, while 

increasing pressure enhances dissolution, consistent with 

established thermodynamic behavior. However, the 

introduction of diamine-functionalized nanoparticles 

significantly modifies these trends by increasing CO₂ 

affinity in both fresh water and highly saline FB. 

Nanoparticle concentration was found to play a critical 

role, with a sharp increase in CO₂ solubility observed up 

to 2000 ppm, beyond which further additions resulted in 

only marginal improvements. This behavior indicates an 

optimal nanoparticle loading, balancing performance 

enhancement and material efficiency. The nanoparticles 

also proved effective across a wide range of salt types and 

ionic strengths, partially counteracting the salting-out 

effect, particularly in systems dominated by divalent ions. 

IFT measurements revealed that AEAPTMS-

functionalized silica nanoparticles substantially reduce 

CO₂–brine IFT, an effect that becomes more pronounced 

at higher pressures. This reduction is attributed to 

nanoparticle adsorption at the fluid–fluid interface and 

favorable amine–CO₂ interactions, which together lower 

interfacial free energy. 

The results of this study have direct practical 

implications for subsurface CO₂ storage and related 

applications. The demonstrated ability of AEAPTMS-

functionalized silica nanoparticles to simultaneously 

enhance CO₂ solubility and reduce CO₂–brine interfacial 

tension under high-pressure, high-temperature, and high-

salinity conditions suggests their potential use as 

functional additives in CO₂ injection operations. By 

increasing CO₂ dissolution and improving interfacial 

characteristics, these nanoparticles may contribute to 

improved injectivity, enhanced storage efficiency, and 

more favorable trapping behavior in saline reservoirs. 

From an operational perspective, the identification of an 

optimal nanoparticle concentration provides a practical 

guideline for minimizing material usage while 

maximizing performance. Future work should focus on 

evaluating nanoparticle transport and stability in porous 

media, assessing long-term interactions with reservoir 

rocks, and extending the approach to dynamic flow 

conditions and field-scale scenarios. Such efforts will be 

essential for translating nanoparticle-assisted CO₂ 

management strategies from laboratory studies to 

practical deployment in geological storage projects. 
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