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Abstract
This research explores nanomaterials’ potential in CO2 capture and storage, emphasizing their role in CO2 diffusion and inter-
facial tension. We aimed to develop eco-friendly nanomaterials and evaluate their impact on CO2 sequestration, considering
factors like pressure, temperature, salinity, and nanoparticle concentration. The research involved experimental measurements
of CO2 diffusion in brine solutions and brine-based nanofluids containing green silica NPs and SiO2/Xanthan nanocompos-
ites. CO2 diffusion coefficients were determined through practical pressure decay measurements using the Sheikha method.
These measurements were conducted within a Fluid EVAL (PVT) cell, allowing CO2 interaction with each solution. The
results of the study revealed significant improvements in the carbon dioxide (CO2) diffusion coefficients and reductions in
interfacial tension when utilizing water/silica nanofluids containing 0.5 wt.% and 0.1 wt.% concentrations, in comparison with
a brine solution without nanoparticles (NPs) and with a high salt concentration (20 wt.%NaCl). The CO2 diffusion coefficient
increased from 2.15E-09 to 4.01E-09 m2/s. An even more significant enhancement was observed with 0.1 wt.% SiO2 NPs,
where the CO2 diffusion coefficient reached 4.87E-09 m2/s. In addition, CO2 interfacial tension reduced from 44.3517 to
1.0388 mN/m and 0.9098 mN/m, respectively. The general trend of the measured carbon dioxide diffusion coefficient aligned
with increased pressure and temperature. Additionally, when considering the transition to a supercritical state, the findings
highlighted consistent behavior, independent of variations in pressure and temperature. Conversely, the interfacial tension
between CO2 and nanofluids decreased in response to heightened pressure and temperature. Moreover, an increase in salinity
led to a rise in interfacial tension. In conclusion, heightened CO2 diffusion and reduced interfacial tension improve CO2

sequestration, enhancing CO2 transport, absorption, and storage efficiency for successful long-term CO2 storage.

Keywords CO2 sequestration · Nanoparticles · CO2 diffusion coefficient · CO2/nanofluid IFT · Governing mechanism

1 Introduction

Global warming and ecological calamities are now caused
mainly by anthropogenic greenhouse gas (GHG) emissions
[1–3]. Rapid climate change has been cautioned, empha-
sizing ecosystem dangers and the severe repercussions for
human life. According to scientific studies, there is a proven
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connection between the rise in atmospheric CO2 and cli-
mate change. In addition, industrial facilities account for the
great majority of CO2 emissions into the atmosphere; the
remainder is attributable to automobile emissions and other
associated activities [4, 5]. This source is the biggest, with
30% of all CO2 emissions from power plant flue gas [6, 7].
Various alternative strategies have been used to reduce CO2

emissions in the atmosphere, including CO2-free wind and
solar energy, geothermal energy, hydrogen generation, and
CO2 geological storage [7, 8].

Carbon dioxide sequestration in geological formations is
one effective method to minimize greenhouse gases in the
atmosphere [9–12]. This method allows for the disposal of
CO2 by injecting it into deep saline aquifers and depleting
oil and gas reserves. Alternatively, it might apply enhanced
oil recovery (EOR) techniques to oil reservoirs. Moreover,
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CO2 can be injected at the top of a saline aquifer’s forma-
tion to progressively construct an artificial gas cap above the
aquifer [13]. The geological storage technique is crucial in
sequestering millions of tons of CO2 emissions worldwide.
With global CO2 emissions estimated at 36.8 billion tons in
2020 and an increase to 37.5 billion tons by 2022, the need
to mitigate the effects of climate change has become even
more pressing. To combat climate warming effectively, cap-
turing and securely storing substantial CO2 emissions within
geological formations is imperative. [8].

Immobilizing CO2 in deep underground rocks is a ben-
efit of CO2 sequestration, which also helps to create a
greener environment. For years, scientists have recognized
that sequestering CO2 in saline aquifers can help mitigate
the risks associated with human-caused global warming and
reduce global CO2 emissions. A deep saline sequestration
operation’s long-term sustainability depends heavily on the
amount of CO2 sequestered and the risk of leakage. However,
the low solubility of injected CO2 in brine remains a problem
in contemporary practice, making conventional versions of
the process ineffective, expensive, and risky. However, mil-
lions of tons of CO2 are deposited underground every year
and, if released into the atmosphere, would increase global
warming and lead to irreversible climate change. The inter-
actions between CO2, brine, and reservoir rock when CO2

is injected into deep saline aquifers (i.e., at 1071 Psi and
31 °C) have been extensively studied over the past several
decades [14]. Based on the research, initially, the injected
CO2 migrates laterally toward the wellbore. Subsequently,
the CO2 gas disperses radially and undergoes dissolution
upon reaching the sealing caprock. This dissolution occurs
due to the contrasting buoyancies of the CO2 gas and the
in situ interstitial brine, and it precedes interactions with
the minerals in the reservoir rock. Due to its tremendous
potential, the sequestration of CO2 using different nanofluids
has been offered as a practical solution in the environmen-
tal domains. According to Mackay and Gschwend [15],
the advanced, original technology of injecting CO2 with
nanofluid in suspension (nano-CO2) can improve the storage
and sequestration of CO2 in deep saline aquifers. A nanofluid
fluid comprises suspended nanoparticles with sizes between
1 and 100 nm (nm) [16]. To create a novel fluid formulation
with enhanced thermal, mechanical, or optical properties, the
NPs are often distributed in a basefluid likewater, oil, or ethy-
lene glycol [17] NPs are now being extensively explored for
various subsurface formation applications, notably for CO2

sequestration.
Measuring carbon dioxide (CO2) diffusion coefficients is

crucial in various fields, including environmental science,
chemical engineering, and carbon capture and storage (CCS)
research. Accurate determination of CO2 diffusion coeffi-
cients is essential for understanding gas transport in porous
media, designing effective CCS strategies, and assessing the

behavior of CO2 in geological formations [18]. Direct and
indirect techniques have been reported in the literature to
determine the diffusion coefficient of a gas–liquid binary
system. Direct techniques [19]. For example, the capillary
cell, Taylor–Aris dispersion, and diaphragm cell are essen-
tial for studying gas concentration in liquid samples collected
across a range of times. Induced intrusion brought on by sam-
pling and the measuring accuracy of gas concentration is the
key issues with direct techniques. Certain indirect techniques
were created to alleviate the issues with direct concentration
measurements, assessing the changeable features of diffusing
gas, such as volume or pressure [20–22]. These techniques
include dissolved gas volume and gas pressure decay. The
indirect techniques compute the diffusion coefficient and
use it to compare the observed characteristic (such as pres-
sure or volume) with a mathematical model to determine
the dissolved gas composition in the liquid [23]. Because of
its ease of use, accuracy, and simplicity, the pressure decay
approach has proven to be one of the most popular ways
to measure the diffusion coefficient [24–27] empirically.
Direct methods are directly based on Fick’s laws and indirect
methods. The direct methods consist of steady-state and non-
steady-state techniques. Non-steady-state methodologies are
founded onFick’s second law for concentration-dependent or
concentration-independent diffusivities. Typically, the con-
centration distribution in a sample is measured, and the
diffusion coefficient is derived from a comparison with the
appropriate solution of Fick’s second law under the exper-
imental conditions. Thin layer methods, diffusion couple
methods with and without profile measurement, and in- and
out-diffusion are examples of non-steady methods. Not all
indirect methods are explicitly based on Fick’s laws.

There is a serious lack of data and fundamental knowledge
regarding the CO2 diffusion coefficient and CO2/nanofluid
interfacial tension, which is a crucial parameter determining
the risk of leakage, assessing the long-term storage capacity,
and determining containment security in the context of CO2

sequestration (CS), on which we here concentrate. The mass
transfer coefficient is increased by adding a small number
of solidNPs in the base fluid [28]. According to some studies,
the primarymechanism for enhancing the CO2 diffusion pro-
cess is the Brownian motion of suspended NPs, comparable
to the improvement of heat transmission in nanofluid [29].
Brownian nanoparticle motion and the increase in mass dif-
fusion were examined by Krisnamurthy et al. [30]. They
found that compared to deionized water, an Al2O3 nanofluid
exhibited a higher mass diffusion for the fluorescein dye
[30]. Tolesorkhi et al. [31] detected the diffusion of CO2

into the water and SiO2 nanofluids at varying nanoparti-
cle concentrations, temperatures, and pressures. They found
that adding NPs at lower concentrations (0.1 to 0.5 wt.%)
increases Brownian motion, which improves the mass trans-
fer of CO2 [31]. Other researchers claimed that the Shuttle
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effect causes the enhancement of mass transfer. The Shut-
tle effect is a phenomenon that occurs when nanoparticles
(NPs) are dispersed throughout a liquid medium. It serves an
important function in enhancing mass transfer, which is the
movement of molecules between phases. In the context of
CO2 sequestration and nanofluids, the Shuttle effect consists
of NPs absorbing gas molecules at the gas–liquid interface
and recirculating in the liquid [32]. The recirculation of NPs
transporting gas molecules back into the liquid phase results
in a mass transfer mechanism that is highly efficient and
continuous. This indicates that the captured gas molecules
are transported effectively into the liquid phase, resulting in
increased dissolution and diffusion rates. Thus, the Shuttle
effect increases the overall mass transfer of gases, such as
CO2, into the nanofluid. A summary of the effect of different
nanoparticles on CO2 diffusion coefficient at different condi-
tions of concentration, pressure, and temperatures is shown in
Table 1 [33]. It has been demonstrated that NPs significantly
affect the CO2 interfacial tension (IFT) in nanofluids, which
helps accelerateCO2 sequestration processes.CO2/nanofluid
measurements were made under carbon storage conditions
by Al-Anssari et al. [34]. They developed new ideas for CO2

sequestration projects using nanofluids.
This paper conducted several experiments to investigate

the impact of green nanomaterials as brine-based NFs on
the application of CO2 sequestration. As a result, this inves-
tigation was conducted under the specified circumstances,
and experimental measurements of CO2 gas diffusion and
CO2/nanofluid IFT under various pressure, temperature, con-
centration, and salinity conditions were made. The pressure
decay technique in a Fluid EVAL (PVT) cell and the pendant
drop method, respectively, were used to examine the effects
of SiO2 and SiO2/Xanthan brine-based NFs on CO2 mass
diffusion and CO2/nanofluid IFT. Additionally, this work
established a probable link between diffusion and IFT and
the CO2 sequestration process for the first time.

2 Materials andMethodology

Silicon oxide (SiO2) green nanoparticles and SiO2/Xanthan
nanocomposites were synthesized in the laboratory, with
detailed preparation and synthesis procedures provided in
Sect. 2.1. Commercially sourced gas bottles containing 99%
pure CO2 and N2, along with 2.5 L of toluene and 1 kg of
NaCl salt, were utilized. Deionizedwater of laboratory-grade
quality was obtained and employed without further treat-
ment. All chemicals and gases were used in their as-received
state.

2.1 Synthesis of SiO2 and SiO2/Xanthan NCs

Figure 1 schematically depicts the precise steps of the exper-
imental process for creating SiO2/Xanthan NCs. The plant
extract was initially made by combining 20 gm of dried pow-
dered green leaves with 200 ml of distilled water and stirring
for 30 min at a refluxing temperature of 80 °C and 500 rpm.
Up to the appearance of black residue, the stirringwas contin-
ued. The resulting aqueous extract was subsequently filtered
and kept at 4 °C. A conical flask containing 250ml. 200ml of
green leaves extract and2gof sodiummetasilicate (Na2SiO3)
were combined in a 250 ml beaker while stirring at 600 rpm
at 80 °C. The stirring was kept up until a light black residue
was seen to develop. The precipitatewas then separated using
filtration after being heated in a furnace to 600 °C andwashed
with hot distillate water to burn and remove all the plant mat-
ter and contaminants. After that, 4 gm of xanthan gum was
combined with the clean, cool precipitate using a mortar and
pestle, and the mixture was refluxed for 5 h at 80 °C. Last,
XRD, FSEM, FTIR, and TGA were used to characterize the
produced NC.

2.2 Preparation and Characterization of Nanofluid

For measuring their impacts on CO2 diffusion coefficient in
nano-brine-CO2 systems and IFT reduction, nanofluid with
varied concentrations (500, 1000, and 2500 ppm) of SiO2

NPs andSiO2/XanthanNCsweredeveloped and synthesized.
The preset weight of the NaCl brine was combined with the
prescribed weight of both SiO2 NPs and SiO2/Xanthan NCs
at various concentrations. Then, the mixture was homog-
enized using an ultrasonic homogenizer (from Hielscher
Company, UP200 model, frequency 20 kHz) for an hour
(every 25minwith 5-min rest to prevent overheating).Here, it
is essential to emphasize that magnetic stirring is ineffective
for creating homogenous nano-suspensions. To carry out this
technique, a micro-tip with a diameter of 9.5 mm and energy
of 9000 Joules was employed [41].

2.3 Diffusion Coefficient Measurement

In this study,weutilized the versatile FluidEVALsystempro-
vided by Vinci Company for our experimental testing. This
testing equipment includes a PVT (Pressure–Volume–Tem-
perature) cell with complete transparency for visual moni-
toring, an oven for temperature control, and all the essential
experimental pipelines. The core component of our experi-
mental setup is the Fluid EVAL PVT cell, as illustrated in
Fig. 2. This PVT cell has a comprehensive data acquisition
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Fig. 1 Schematic of preparing SiO2 NPs and SiO2/Xanthan NCs

Fig. 2 Schematic of CO2 diffusion PVT cells (Fluid EVAL)

and processing system, high-pressure valves, interconnected
pipelines, a reference pressure transmitter, a reference tem-
perature sensor, and a reliable temperature control system to
maintain constant and controlled experimental conditions.

The direct conductivity method is the foundation of the
heating system technology. The cell is an HP/HT cylinder

with a maximum capacity of 600 ccs, an internal motorized
piston, a 43.7 mm internal diameter, and an outer diameter of
400 mm that enables volume modification. The PVT cylin-
der operates at 392 °F (200 °C) and 15,000 psi maximum
temperature and pressure, respectively.
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Fig. 3 Schematic of one-dimensional CO2 diffusion in NF

2.4 Diffusion Coefficient Analytical Calculation

Sheikha et al. [42] obtained an analytical forward solution
for that part of a pressure decay experiment predominantly
affected by diffusion. Isolation of the corresponding data
points using a graphical technique allows the determina-
tion of the diffusion coefficient. The analytical solution
is obtained by simplifying assumptions, including a non-
reactive system, isothermal conditions, constant gas com-
pressibility factor, equilibrium at the gas–fluid interface, and
applicability of Henry’s law (Fig. 3).

An infinite-acting model for the estimation of diffusion
coefficient can be developed for early timeswhen the diffused
gas behaves as if it were diffusing into an infinite cell:

C � 0; z → ∞, t > 0 (1)

[C � concentration of gas in brine (kg/m3), z� depth (m),
t � time (s)].

Fick’s second law of diffusion can model the diffusion of
gas into the brine:

D
∂2C

∂z2
� ∂C

∂t
(2)

For the gas-free brine samples used in pressure decay
experiments, the initial condition is:

C � 0; z → ∞, t > 0 (3)

The concentration of the gas in the nanofluid can be
expressed in terms of pressure by using Henry’s law as fol-
lows:

P � khC (4)

[P � pressure (Pa), Kh � Henry’s constant (Pa m3/kg)].
Assuming an equilibrium condition between the gas and

nanofluid at a certain pressure, we can express the interface
boundary condition as follows:

D A∂C
∂z

∣
∣
∣
z�0

� VMkh
ZRT

dC

dt
; z � 0, t > 0 (5)

D � diffusion coefficient (m2/s), A � cross-sectional area
of the pressure cell (m2),V � volume of gas (m3),M �molar
mass of gas (kg/kmol), Z � gas compressibility factor, R �
universal gas constant, T � temperature (°C or K).

The mathematical formulation, given by Eqs. (1), (2), (3),
and (5), was solved, and the analytical solution in terms of
the gas phase (cell) pressure is:

P(t) � Pi · exP
(

ZRT
√
D

LMkh

√
t

)2

erfc

(

ZRT
√
D

LMKh

√
t

)

(6)

Sheikha et al. [35] proposed a simplified equation, as
shown in (7), for the interpretation of pressure decay data
[36].

d
[

erfc−1
{
P(t)
Pt

}]

d
(√

t
) �

√
DZRT

khLM
(7)

A graph depicting the complementary erfc−1
{

P
Pi

}

. versus√
t (Fig. 4) can be utilized to derive the diffusion coefficient

plot, which begins with a nonlinear segment, followed by a
linear segment. To determine the gas diffusion coefficient in
the liquid, you can utilize the slope of the linear segment, as
shown in Eq. (8).

D �
(

SLOPE · LMkh
ZRT

)2

(8)

2.5 CO2/Nanofluid IFT Measurement

The pendant drop technique [34] was employed to quantify
CO2/nanofluid γ . The pressure cell was initially heated to
the required temperature, and then, CO2 gas was continually
pumped through the cell for 15 min at atmospheric pressure.
After closing the output valve, more CO2 was pumped into
the cell using a very accurate syringe pump to increase the
pressure to the desired level. The nanofluid was delivered
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Fig. 4 The experiment’s erfc-1
P(t)/Pi profile as a function of
root time squared

Fig. 5 Schematic diagram for measuring interfacial tension (modified after [34])

into the cell using a dispensing needle and a second, high-
precision syringe pump when the pressure had settled. At
the end of the dispensing needle, a drop of nanofluid was
created by the second pump at a flow rate that was rather
modest (0.4 ml/min), and it progressively grew in volume

until it finally dropped to the ground owing to gravity [34].
The whole procedure was monitored and recorded using a
high-resolution video camera. Images from the movie files
at the precise moment before the droplet went down were
taken for measurements (as shown in Fig. 5).
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3 Results and Dissection

3.1 Characterization of Greenly Synthesized
Nanomaterials

We typically used FTIR to investigate themineralogical com-
position of the NPs and nanocomposite, aiming to determine
the accuracy of the NPS. Additionally, we employed Fast
Emission Scanning Electron Microscope (FE-SEM) tech-
nology to characterize the various sizes and forms of NPS or
NCs. Furthermore, a thermogravimetric analysis calculation,
known as a TGA, was carried out to investigate the prepared
NPs’ thermal stability and nanocomposite at temperatures
ranging from 25 to 300 °C. The interaction of SiO2 NPs with
Xanthan was studied using FTIR spectroscopy. As shown in
Fig. 6, the peak at 471.52 cm−1, which corresponds to the
symmetric stretching vibrations of the Si–O–Si bonds, can
be used to identify silica formation. Peaks at 643.98 cm−1

are caused by SiO4 tetrahedron vibration [43, 44]. The band
of about 808 cm-1 corresponds to Si–O bending vibration,
in which oxygen moves perpendicular to the Si–Si lines in
the Si–O–Si plane. The absorption at 945 cm−1 is caused by
Si–OH bending vibration [44]. The band at 1108.3 cm−1

corresponds to an asymmetric stretching vibration of the
Si–O–Si band. The bridging oxygen atom travels parallel to
the Si–Si lines in the opposite direction as its Si neighbors.
Stretching vibrations of the COO– group are responsible for
the two peaks at 1418.05 cm−1 and 1573 cm−1. Another two
peaks at 2911 and 3427 cm−1 correspond to CH and Si–OH
stretching vibrations, respectively. The disappearance of the
signal at 1734 cm−1 suggests that XG produced the silica
particles.

The FE-SEM micrograph and particle size distribution of
the SiO2 NPs and SiO2/Xanthan NCs produced are shown in
Fig. 7a. The surface morphology of SiO2 is regular, smooth
spherical. The NPs are 30–70 nm in diameter. The tiny parti-
cles’ increased concentration ofOHgroups causes a decrease
in the rate of the condensation and hydrolysis reactions,
which prevents the formation of the bigger particles. So,
by changing the quantity of ethanol, it is possible to regu-
late the powder’s particle size and particle size distribution
[44]. Additionally, the FE-SEM shown in Fig. 7b illustrates
the morphology of the produced NCs. In reality, internal
pores are present, and Xanthan’s production of silica par-
ticles caused the surface roughness to grow. According to
SEM data, the homogeneous green NCs have some agglom-
eration and a semi-spherical shape.

X-ray diffraction (XRD) was employed to determine the
mineralogical composition of SiO2 NPs and SiO2/Xanthan
NCs, while thermogravimetric analysis (TGA) was used to
study their thermal properties. Figures 8 and 9 display a
customaryX-ray diffraction (XRD) pattern and thermogravi-
metric analysis (TGA) spectrum for nano-silica.

Figure 8 displays an XRD spectrum that shows distinct
peaks representing the crystalline planes of both xanthan and
SiO2 NPs. These peaks indicate the crystallinity and purity of
thesematerials. Notably, theXRDpattern does not reveal any
extra diffraction peaks from metallic impurities. This find-
ing strongly suggests that the synthesized sample has a high
level of phase purity and is devoid of noteworthy metallic
impurities.

Thermogravimetric analysis (TGA) was employed to
assess the thermal characteristics of nano-structured silica
(SiO2). The TGA results, presented in Fig. 9 for SiO2 NPs
andSiO2/Xanthan nanocomposites, reveal aweight loss peak
between the initial temperature and 170 °C, constituting only
20% of the total weight loss. TGA indicates that the structure
of SiO2 NPs remains unchanged throughout this temper-
ature range. Subsequently, at 300 °C, the nano-structured
silica experiences a weight shift of around 60%, diminish-
ing to 25% at 600 °C. The most substantial weight loss
observed in the TGAanalysis of SiO2 NPs and SiO2/Xanthan
nanocomposites primarily occurs in the third region (600 °C),
accounting for approximately 76.36% and 73.3%, respec-
tively.

3.2 Diffusion Coefficient

3.2.1 Validation Results

This study compared the experimental results obtained and
the data reported by Jafari Raad et al. [13] for CO2/brine
(200 gm/l NaCl) at 853 psi and 40 °C. The reported diffu-
sion coefficient by Jafari Raad et al. [13] was 2.59 × 10−9

m2/s, while the diffusion coefficient of CO2 into brine under
the same conditions was measured to be 2.15 × 10−9 m2/s.
This result demonstrates good agreement with the previously
reported value.

In this study, we conducted experiments to explore how
NPs affect the diffusion of CO2 in a brine solution. Our anal-
ysis of the results involved the calculation of the diffusion
coefficient based on the slope of the P–T curve obtained
in later stages. We investigated several parameters, includ-
ing NP concentration, brine concentration, temperature, and
pressure, to determine how they influence the pressure decay
curves. We will discuss the impact of each of these parame-
ters in detail below.

3.2.2 Impact of Silica NPs on CO2 Diffusion Coefficient

As per the findings presented in Fig. 10a, we compared
the pressure reduction over time for NaCl brine solutions
with and without SiO2 nanofluid. The results indicated that
the diffusion coefficient of CO2 significantly increased from
2.1497E-09m2/s (in the absence of NPs) to 4.8681E-09m2/s
at a concentration of 0.1 wt.% of SiO2 NPs. We made these
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Fig. 6 FTIR of synthesized silica nanoparticle and SiO2/Xanthan NCs

Fig. 7 Depicts FE-SEM
micrographs showing the size
distribution of; a SiO2 NPs and
b SiO2/Xanthan NCs
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Fig. 8 XRD pattern of the
synthesized SiO2 NPs and
SiO2/Xanthan NCs

Fig. 9 Thermal gravimetric
analysis (TGA) pattern of the
synthesized SiO2 NPs and
SiO2/Xanthan NCs

observations under controlled conditions of 853 psi and 40 °C
(as given in Table 2).

We examined the potential impact on the diffusion of
CO2 by using 0.1 wt.% of SiO2/nanofluids, where we sus-
pended SiO2 NPs in a NaCl brine base fluid. The relationship
between enhancements in CO2 diffusion and the application
of nanofluidswas amultifaceted and dynamic field of investi-
gation characterized by numerous variables that impacted the
overall phenomenon. The following points were taken into
consideration: The optimal dispersion of NPs in a nanofluid
is a critical factor in enhancing diffusion. We are attain-
ing homogeneous dispersion and inhibiting the settling or
clustering of SiO2 particles and had been crucial to optimize
the enhancements in potential diffusion. The addition of SiO2

NPs in the nanofluid resulted in a synergistic impact with the
underlying fluid, resulting in improvements in diffusion. NPs
have the ability to modify the thermophysical properties of

fluids, which may include augmenting thermal conductivity
or altering surface tension. The alterations have the poten-
tial to impact the diffusion of CO2 in an indirect manner.
Silicon dioxide NPs exhibit a greater surface area, afford-
ing more adsorption sites for carbon dioxide molecules. This
phenomenon can potentially impact their diffusion charac-
teristics. The potential enhancement of CO2 diffusion may
be attributed to the increased surface area in this context.
The shape and porosity of NPs can influence the diffusion
enhancement. SiO2 NPswith precisely defined structures and
regulated morphologies had the potential to establish con-
duits and interlinked apertures that expedite the process of
CO2 diffusion. Enhancing the NPs’ morphology can poten-
tially improve the diffusion coefficient of CO2.

It is imperative to acknowledge that the association
between the attributes of nanofluids and the enhancements
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Fig. 10 Effect of SiO2 NPs on CO2 diffusion in 20 wt.% NaCl brine with 0.1 wt.% silica-brine nanofluid (40 °C and 853 psi); aMeasured pressure
decay data as a function of time, and b erfc−1 (P/Pi) versus tˆ0.5

in CO2 diffusion may be subject to the influence of addi-
tional variables, including but not limited to temperature,
pressure, and the particularities of the experimental config-
uration. Moreover, the interplay between NPs and carbon
dioxide exhibits intricate characteristics, and the underlying
mechanisms dictating the improvements in diffusion may
differ based on the nanoparticle composition, surface charac-
teristics, and the type of interaction between carbon dioxide
and NPs.

3.2.3 Impact of Nanomaterials on CO2 Diffusion Coefficient
Under Different Conditions of SiO2 Concentration,
Pressure, and Temperature

The experimental study described in Sect. 2.3 monitored
the diffusion process of CO2 into NaCl brine (200gm/L of
deionized water) and nanofluids. Multiple tests were con-
ducted, as listed in Table 2, with different concentrations of
SiO2 NPs (0.05, 0.1, and 0.25 wt.%) at various temperatures
and pressures. The aim was to investigate the influence of
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Table 2 Calculated CO2
diffusion coefficients at different
SiO2 NPs concentrations,
pressure, and temperature
conditions

Exp. # Pressure
(psi)

Temperature
°C

Partial
pressure
(Psi)

Z factor Diff.
coefficients
m2/s × 10–9

SiO2 NPs
composition

1 725 30 604 0.704 5.563 0.1 wt.%
SiO2 NPs

2 853 40 615 0.687 4.861 0.1 wt.%
SiO2 NPs

3 950 50 723 0.693 0.944 0.1 wt.%
SiO2 NPs

4 725 30 630 0.704 3.157 0.05 wt.%
SiO2 NPs

5 853 40 707 0.687 4.009 0.05 wt.%
SiO2 NPs

6 950 50 766 0.693 4.241 0.05 wt.%
SiO2 NPs

7 725 30 655 0.704 2.318 0.25 wt.%
SiO2 NPs

8 853 40 738 0.687 2.796 0.25 wt.%
SiO2 NPs

9 950 50 858 0.694 0.519 0.25 wt.%
SiO2 NPs

10 725 40 603 0.747 0.971 0.1 wt.%
SiO2 NPs

11 853 30 757 0.622 2.022 0.1 wt.%
SiO2 NPs

12 853 50 656 0.733 2.643 0.1 wt.%
SiO2 NPs

13 950 40 664 0.634 2.516 0.1 wt.%
SiO2 NPs

14 853 40 627 0.687 2.149 0 wt.% SiO2
NPs

nanofluid concentration on the diffusion coefficient. Pressure
decay measurements were obtained by analyzing the shift-
ing curves of pressure fluctuationwith time and the tˆ0.5 with
erfc-1(P/Pi) curve for each concentration. Figures 11 and 12
illustrate the impact of varying SiO2 nanoparticle concen-
trations on the diffusion coefficients of CO2 under different
pressure and temperature conditions. Figure 11a, b shows
a decrease in the gradient of the curves, indicating that the
concentration of CO2 gas in the liquid phase starts weak and
increases throughout the experiment. Consequently, there is a
relatively higher initial pressure drop during the early stages
of the investigation due to the rapid diffusion of gas into the
liquid.

Figure 12 provides compelling evidence of the signifi-
cant influence of nano-silica concentration on the diffusion
coefficient of CO2. The results indicate that increasing the
concentration from 0.05 to 0.1 wt.% yields an optimal con-
centration at 30 °C and 40 °C and pressures of 725 and 853
psi, respectively. However, when the nanofluid concentra-
tion exceeds 0.1 wt.%, the CO2 diffusion decreases due to

an increase in nanofluid viscosity and a decrease in Brown-
ian motion. This change is reflected in a steeper slope of the
curves, indicating amore pronounced impact on the diffusion
coefficient of CO2 in the nanofluid.

NPs primarily enhance mass transfer through the grazing
effect and Brownian motion. According to the grazing effect
theory [45], the presence of NPs at the gas–liquid interface
leads to the adsorption and subsequent desorption of gas
molecules in the liquid phase, thereby increasing the mass
transfer rate. As the concentration of nanofluids increases,
moreNPs are available at the fluid boundary layer, enhancing
the grazing effect. On the other hand, the Brownian motion
hypothesis suggests thatNPs’ randommotion inducesmicro-
convections in the liquid, creating a disturbance field that
can enhance the effective mass diffusion of absorbed com-
ponents.

Figure 12 illustrates that the addition of 0.1 wt.% SiO2

NPs saturates the surface of the bubbles with additional par-
ticles, diminishing the grazing phenomenon. Moreover, an
increase in nanofluid viscosity results in the dissipation of
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Fig. 11 The impact of varying SiO2 NPs concentration on CO2 diffusion under different pressure and temperature conditions: a measured pressure
decay data as a function of time and b tˆ0.5 versus erfc−1 (p/pi)
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Fig. 12 CO2 diffusion coefficient at different conditions and SiO2 NPs concentrations

nanoparticle-driven micro-convections, reducing Brownian
motion and CO2 diffusion. Recent studies have shown that
incorporating NPs into the base fluid can affect diffusion,
which depends on various factors such as viscosity, surface
tension, intermolecular forces, and physical characteristics of
the particles. An increase in fluid viscosity hampers micro-
convection, consequently reducing the diffusion of CO2 in
nanofluids.

To examine the impact of nanofluid pressure on the
diffusion of CO2, we conducted a study under specific exper-
imental conditions. These conditions included a temperature
of 40 °C, a concentration of 0.1 weight percent of SiO2 NPs,
and pressure levels of 725 psi, 853 psi, and 950 psi. We per-
formed the tests using a nanofluid composed of a base fluid
of 200g/l NaCl brine. Figures 13 and 14 depicts the pressure
versus time curve, tˆ0.5 with erfc-1(pi/p), and the diffusion
coefficients obtained from the experiments.

Figure 13 shows the pressure decay curves for the
CO2/nanofluid system at various initial pressures. When the
initial pressure is raised from 725 to 853 psi, there is a notice-
able increase in the initial slope of the curves for nanofluids
containing 0.1wt.%SiO2 NPs. However, at 950 psi, the slope
starts to decrease. This indicates that as the pressure rises, we
can expect a gradual increase in the diffusion coefficient of
CO2. Figure 14 demonstrates that the diffusion coefficient
of CO2 in the nanofluid consistently rises as the pressure
increases. Elevated pressure serves as a driving force for gas
molecules, facilitating faster diffusion and counteracting the
viscosity increase in CO2, which would otherwise impede
diffusion. Consequently, the impact of pressure on the dif-
fusion coefficient is relatively small. Furthermore, higher

pressure leads to reduced equilibrium attainment time or dif-
fusion duration. However, as pressure increases further, the
viscosity of the gas increases, resulting in a decrease in the
diffusion coefficient of CO2. Therefore, once a specific pres-
sure threshold is reached, the influence of pressure on the
diffusion coefficient diminishes.

It is important to note that the specific effect of nanofluid
pressure on CO2 diffusion coefficient is highly dependent on
various factors, such as the properties of the nanofluid, the
characteristics of the NPs, and the experimental conditions.
Additionally, the relationship between pressure and CO2 dif-
fusion coefficient may not be linear, and it can vary based on
the specific nanofluid composition and system characteris-
tics.

Three separate experiments were conducted at 30, 40, and
50 °C to investigate the impact of temperature. The exper-
imental conditions included a pressure of 853 psi and a
concentration of 0.1 wt.% of SiO2 NPs. The results of these
experiments, depicting the decrease in CO2 pressure over
time as a function of temperature, are shown in Figs. 15 and
16.

Figure 15 demonstrates the pressure decay of CO2 for the
0.1 wt.% silica nanofluid at 853 psi at different temperatures.
The slope of the curve increases as the liquid temperature
rises from 30 to 40 °C. As shown in Fig. 16, an increase
in temperature enhances the diffusion of CO2 in nanoflu-
ids. This can be attributed to higher temperatures resulting in
increased kinetic energy of gas molecules, leading to a faster
rate of gas entry into the nanofluid. Conversely, as tempera-
ture increases, the viscosity of the liquid decreases, affecting
the rate at which gas molecules can enter the liquid phase.
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Fig. 13 Pressure decay curve of CO2/nanofluid at different pressures under the same concentration and temperature

Fig. 14 Effect of pressure on
CO2 diffusion coefficient (at 0.1
wt.% of SiO2 NPs and 40 °C)

Therefore, increased kinetic energy and decreased viscosity
can explain water’s increased CO2 diffusion coefficient with
rising temperature.

Moreover, when the liquid temperature increases from 40
to 50 °C, it can increase the viscosity of CO2 gas. Higher
temperatures can cause gas molecules to move more rapidly,
increasing their collisions with other gas molecules and
potentially leading to a denser arrangement and higher vis-
cosity. Additionally, elevated temperatures can inhibit the
diffusion process by reducing the solubility of CO2 in the
nanofluid. As the temperature rises, the solubility of gases

generally decreases, including CO2. This reduction in solu-
bility can limit the availability of CO2 molecules in the fluid,
thereby hindering their diffusion.

It is important to note that various factors, such as the
composition and properties of the nanofluid and the specific
interactions between CO2 and the fluid, can influence the
effects of temperature on viscosity and solubility. Therefore,
the exact behaviors may vary depending on the specific sys-
tem and conditions.

123



8614 Arabian Journal for Science and Engineering (2024) 49:8599–8627

Fig. 15 Pressure decay curve of CO2/nanofluid at different temperatures when the concentration and pressure are constant

Fig. 16 Effect of temperature on CO2 diffusion (at 0.1 wt.% of SiO2 NPs and 853 Psi)

3.2.4 Effect of Brine Salinity on CO2 Diffusion Coefficient

This study conducted three experiments using different NaCl
salt concentrations (5 wt.%, 10 wt.%, and 20 wt.%) in a 0.1
wt.% SiO2 nanofluid to examine their impact on the diffu-
sion coefficient. We conducted the experiments at a pressure
of 853 psi and a temperature of 40 °C. Through the analy-
sis of the collected data, we determined a series of diffusion
coefficients. In Fig. 17a, the observed trend indicates a more
significant decline in pressure in the early time. The higher
salinity reduces the solubility of CO2 compared to lower con-
centrations. The steeper slope of the pressure decay curves in
the 5 wt.% NaCl brine experiment indicates a faster pressure
drop than the 20 wt.% NaCl brine experiment. This steeper

slope signifies that the CO2 diffusion is higher in low salinity
conditions than in briny formation.

According to Fig. 17b and Table 3, it is evident that an
increase in total dissolved solids (TDS) leads to a decrease
in the diffusion coefficient of CO2. This decrease can be
attributed to the fact that higher salinity reduces the solu-
bility of CO2 and increases the viscosity of the saltwater,
both of which impede CO2 diffusion. Consequently, select-
ing a layer with lower salinity is preferable when choosing
the brine placement. The presence of dissolved salts in the
brine can interact with CO2 molecules, hindering their move-
ment through the medium. This interaction can result in the
formation of ion pairs between CO2 and the salts, reducing
the mobility of CO2 molecules and lowering the diffusion
coefficient.
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Fig. 17 a, b Effect of brine salinity on CO2 diffusion coefficient

Table 3 Calculated CO2 diffusion at different NaCl salt concentrations

Exp # Pressure (psi) Temperature °C Partial pressure (Psi) Z factor Diff. coefficients × 10−9 Note

1 725 40 603 0.748 0.971 0.1 wt.% SiO2 NPs + 20
wt.% of NaCl

2 725 40 542 0.748 2.072 0.1 wt.% SiO2 NPs + 10
wt.% of NaCl

3 725 40 560 0.748 2.945 0.1 wt.% SiO2 NPs + 5
wt.% of NaCl

123



8616 Arabian Journal for Science and Engineering (2024) 49:8599–8627

3.2.5 Effect of Pressure and Temperature on CO2 Diffusion
Coefficient at Supercritical Conditions

The experimental results for pressure decay runs are depicted
in Fig. 18a, b. These tests were carried out at constant temper-
atures and nanofluid concentrations of 35 °C and 0.1 wt.%
SiO2 NPs/10 wt.% NaCl salt, with 1100 psi and 1134 psi
pressures. As the pressure increases from 1100 to 1134 psi,
the slope of the curve becomes steeper. This observation sug-
gests that the diffusion coefficient (D) increases with rising
pressure. This curve can be explained by increasing pres-
sure pushing the gas molecules, compelling them to enter
the nanofluid faster.

Figure 18a displays the CO2 pressure decline over time
and temperature variations for a 0.1 wt.% SiO2 nanofluid.
An increase in liquid temperature from 32 to 35 °C leads
to a steeper slope in the pressure decline curve. However,
the changes in the diffusion coefficient with increasing tem-
perature and pressure are relatively smaller, as observed
in Fig. 18b. This indicates that the effect of temperature
becomes less significant at higher pressures, particularly
around the critical pressure ofCO2.Consequently, the system
becomes less sensitive to temperature, and high temperatures
render the system more independent of pressure.

3.2.6 Impact of SiO2/Xanthan Nanocomposite on CO2
Diffusion Coefficient

Xanthan gum, a high molecular weight polysaccharide, is
commonly employed as a thickening and stabilizing agent
in various applications such as food, medication, and oil
drilling. However, it does not directly influence the diffusion
coefficient of CO2. The diffusion coefficient of CO2 refers
to the rate at which CO2 can diffuse through different medi-
ums like air, water, or other fluids. While xanthan gum, as
a thickening and stabilizer, can alter the characteristics of a
fluid, its impact on the diffusion coefficient is not specific to
CO2 alone. In this section, we will explore the effects of xan-
than gum in combination with a 2:1 mixture of SiO2 NPs and
aqueous xanthan nanocomposite on the diffusion of CO2.

This research conducted several experiments to measure
pressure–time data at specific temperatures, nanocompos-
ite concentrations, and CO2/nanofluid system pressures. The
pressure decay method and Eq. (6) were utilized to investi-
gate the diffusion coefficient. The study considered various
factors that could affect the diffusion coefficient, including
temperature, injection pressure, and nanocomposite concen-
tration. In this section, eight diffusion experiments were
performed and analyzed using the procedure described in
Sect. 2.4. Table 4 provides each experiment’s initial and
final pressures and CO2 diffusion values. The pressure decay
resulting from CO2 diffusion in the bulk nanofluid is illus-
trated over time in Figs. 19 and 20 with the normalized

pressure (pressure-to-initial pressure ratio) presented to facil-
itate comparison.

Figure 18a and b illustrates the impact of temperature (30
°C and 40 °C) and nanocomposite (NCs) concentration (0.05
wt.% and 0.1 wt.% of SiO2/Xanthan NCs) on the CO2 diffu-
sion coefficient. Figure 19a shows that at a given temperature
and pressure, the slope of the curve decreases as the concen-
tration of NCs increases. This can be attributed to adding
xanthan gum, which increases the nanofluid viscosity. The
higher viscosity makes it more challenging for CO2 to dif-
fuse through the nanofluid, reducing the diffusion coefficient.
A significant proportion of xanthan molecules in the NCs
obstruct the diffusional pathway of CO2 as shown in Fig. 19b.

Furthermore, a temperature-dependent change in the dif-
fusion coefficient is observed. For 0.05 wt.% NCs concen-
tration at 853 psi, the CO2 diffusion coefficient decreases
when the temperature rises from 30 to 40 °C; conversely, for
0.1 wt.% NCs concentration, the curve indicates an increase
in the CO2 diffusion value with a rise in temperature from
30 to 40 °C. The inclusion of SiO2 NPs enhances the graz-
ing action of the nanocomposite by adsorbing CO2 onto the
NPs, thereby increasing the microinjection of molecules.
The findings suggest that temperature and nanocomposite
concentration significantly influence the CO2 diffusion coef-
ficient. The addition of xanthan gumand the presence of SiO2

NPs in the nanocomposite contribute to changes in the dif-
fusion behavior of CO2.

Figure 20 shows the impact of pressure on the CO2 diffu-
sion into nanofluid solutions with 0.05 and 0.1 wt.% of NCs,
respectively. The slope of the curve rises with pressure, from
725 to 853 psi, for all combinations of temperature and con-
centration, as illustrated in Fig. 20. Increasing the slop also
results in increased CO2 diffusion.

3.3 IFT Measurements

Several studies have documented the interfacial tension of
CO2–water systems [46–48]. However, there needs to be
more information available on CO2/nanofluid systems [34,
49]. The present study aimed to measure the γ values of
the CO2/nanofluid system, specifically for SiO2 NPs and
SiO2/Xanthan nanocomposites, as a function of various
parameters such as NP concentration, pressure, temperature,
and salinity. The objective was to establish a comprehen-
sive database and gain insights into the interaction properties
of CO2/nanofluid systems. The subsequent sections of this
paper will delve into a discussion of the results and their
potential impact on projects related to CO2 sequestration.

3.3.1 Effect of SiO2 NPs Concentration on CO2/Nanofluid IFT

Adding SiO2 NPs into a CO2 nanofluid can potentially
impact the interfacial tension (IFT) between the CO2 and
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Fig. 18 a, b Effect of pressure and temperature changes on the CO2 diffusion at supercritical CO2

Table 4 CO2 diffusion
coefficient for SiO2/Xanthan
nanocomposite

Exp# Pressure
(psi)

Temperature
°C

Partial pressure (Psi) Z factor Diff. coefficients m2/s
× 10−9

1 725 30 636 0.704 1.904

2 725 40 634 0.748 1.074

3 853 30 617 0.622 3.731

4 853 40 737 0.688 2.343

5 725 30 691 0.704 0.359

6 725 40 639 0.748 0.273

7 853 30 770 0.622 0.413

8 853 40 755 0.688 1.301
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Fig. 19 a and b Effect of temperature and SiO2/Xanthan NCs concentration on the CO2 diffusion

the nanofluid. The interfacial tension (IFT) is commonly
evaluated concerning the nanoparticle concentration, and the
findings indicate a notable decline in γ as the NP concentra-
tions increase, as illustrated in Fig. 21 and Table 5.

An increase in the NP load from 0.05 to 0.1 wt.% resulted
in a reduction of γ from 1.05 mN/m to 0.855 at 725 Psi (at

30 °C) and from 1.038 to 0.912 mN/m at 853 Psi (at 40 °C).
We also observed that raising the NP concentration from 0.1
to 0.25 wt.% decreased interfacial tension (IFT) from 0.943
to 0.879 mN/m at a pressure of 950 Psi and a temperature
of 50 °C. However, we did not observe any further reduction
in γ when increasing the NP concentration for SiO2 NPs at
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Fig. 20 Effect of pressure, temperature, and NC concentration on the CO2 diffusion

Fig. 21 Impact of SiO2 NPs concentration on CO2/nanofluid IFT

725 Psi and 853 Psi (at 30 °C and 40 °C), respectively, when
the concentration was ≥ 0.05 wt.%. Our observations show
that including SiO2 NPs can decrease the interfacial tension
(IFT) between CO2 and the nanofluid. This phenomenon can
be attributed to the shuttle effect mechanism, where the NPs
accumulate at the interface, reducing the interfacial area.

The concentration of NPs of SiO2 commonly influ-
ences the extent of reduction in IFT. Typically, elevated
concentrations of NPs result in a more significant reduc-
tion in interfacial tension (IFT). Nevertheless, when present
in exceedingly high concentrations, the NPs may initiate

aggregation and generate larger structures, potentially aug-
menting the interfacial tension.

3.3.2 Effect of Pressure and Temperature on CO2/Nanofluid
IFT Measurements

The effect of pressure and temperature on CO2/nanofluid
interfacial tension (IFT) measurements can depend on
several factors, including the composition and properties
of the nanofluid and the pressure and temperature range
being considered. Consequently, this research measured
CO2/nanofluid IFT at pressure ranges 725, 853, and 950 psi
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Table 5 Calculated IFT of
carbon dioxide-(SiO2) nanofluid
by pendant drop methods

Exp# Nanomaterials
type

Concentration
(wt.%)

Pressure Psi Temperature °C Average IFT
value mN/m

1 Brine-CO2 0 853 40 44.3517

2 SiO2–CO2 0.1 950 40 0.9016

3 SiO2–CO2 0.25 725 30 0.8735

5 SiO2–CO2 0.05 853 40 1.0388

6 SiO2–CO2 0.25 853 40 1.0858

7 SiO2–CO2 0.05 725 30 1.0534

8 SiO2–CO2 0.25 950 50 0.8795

9 SiO2–CO2 0.1 725 30 0.8556

10 SiO2–CO2 0.1 853 40 0.9098

11 SiO2–CO2 0.1 853 50 0.8096

12 SiO2–CO2 0.1 853 30 0.9122

13 SiO2–CO2 0.05 950 50 0.9088

14 SiO2–CO2 0.1 950 50 0.9436

15 SiO2–CO2 0.1 725 40 1.1247

and temperatures 30, 40, and 50 °C at constant concentration
0.1wt % of SiO2 NPs.

At constant temperature (40 °C), we found that with
increasing pressure from 725 to 950 psi, IFT decreased from
1.124 to 0.901 mN/m for CO2/ nanofluid solutions, as shown
in Fig. 22.

This observation is consistent with the literature data. Pre-
vious studies have emphasized that pressure increased the
anisotropic time-averaged van der Waals attraction for water
molecules toward the carbon dioxide interface [24]. Thus,
the interfacial tension values were lower at high pressure.

In general, the interfacial tension between CO2 and a
nanofluid will decrease as the pressure is increased. This is
due to the fact that at higher pressures, the CO2 and nanofluid
phases become more compressed, which can lead to a reduc-
tion in the interfacial area and a corresponding decrease in
interfacial tension.

However, the degree of IFT reduction with increas-
ing pressure can depend on the specific properties of the
nanofluid. For example, some studies have found that increas-
ing the pressure can have a greater effect on IFT in nanofluids
with smaller particle sizes or higher nanoparticle concentra-
tions. In addition, the temperature can also affect the pressure
sensitivity of IFT measurements, with some nanofluids
exhibiting greater pressure sensitivity at higher temperatures.

The IFT demonstrated a significant decrease with increas-
ing temperature from 30 to 50 °C at constant pressure 853
Psi as demonstrated in Fig. 23. In terms of temperature, the
effect on IFT measurements in CO2/nanofluid systems can
vary. Increasing the temperature decreases the IFT, especially
if the nanofluid exhibits temperature-dependent surface prop-
erties. This reduction in IFT as temperature increases from

30 to 50 °C attributed to the increased thermal energy, which
facilitates the mobility and rearrangement of molecules at
the interface, leading to amore favorable interaction between
CO2 and the nanofluid.

3.3.3 Impact of SiO2 NPs on CO2/Nanofluid IFT
at Supercritical Condition

The interfacial tension (IFT) between carbon dioxide (CO2)
and a nanofluid can be affected by variations in pressure and
temperature, particularly in the context of supercritical con-
ditions. Supercritical carbon dioxide (CO2) denotes a phase
where CO2 exists at temperatures and pressures surpassing
its critical point, manifesting characteristics resembling a gas
and a liquid.

Introducing SiO2 NPs into a CO2/nanofluid can poten-
tially result in diverse effects on the interfacial tension
(IFT) between CO2 and the nanofluid under supercritical
conditions. This study evaluated interfacial tension (IFT)
frequently by considering the influence of pressure and tem-
perature. The results suggest a decrease in the value of γ

at a concentration of 0.1 wt.% of SiO2 NPs as the pressure
was increased. The results are depicted in Fig. 24. To pro-
vide an example, the increase in pressure from 1100 to 1250
psi led to a decrease in the value of γ from 0.059948718 to
0.056321 mN/m (at a temperature of 32 °C and a concentra-
tion of 0.1 wt.% of SiO2 NPs). Similarly, at a temperature of
35 °C and a concentration of 0.1 wt.% of SiO2 NPs, the value
of γ decreased from 0.054416667 to 0.053542 mN/m. The
incorporation of SiO2 NPs has resulted in reduced interfacial
tension (IFT) between carbon dioxide and the nanofluid.
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Fig. 22 Impact of pressure on
IFT at constant temperature
(40 °C)

Fig. 23 Impact of temperature on
IFT at constant pressure (at 853
psi)

Fig. 24 Impact of SiO2 NPs on
CO2/nanofluid IFT at
supercritical conditions
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Fig. 25 Effect of pressure,
temperature, and SiO2/Xanthan
NCs on the IFT measurements

Higher pressure reduced the interfacial tension (IFT)
between carbon dioxide (CO2) and the nanofluid. At elevated
pressures, the density of supercritical CO2 exhibits an aug-
mentation, leading to an increasedmolecular packing density
at the interface. The enhanced packing density decreases the
interfacial tension (IFT) between carbon dioxide (CO2) and
the nanofluid. The extent of the pressure impact may dif-
fer based on the distinct characteristics of the nanofluid,
encompassing the composition, concentration, and dimen-
sions of NPs within it. The influence of temperature on the
interfacial tension (IFT) of CO2/nanofluid systems under
supercritical conditions is also noteworthy. In general, it can
beobserved that there is a decrease in interfacial tension (IFT)
as the temperature rises from 32 to 35 °C. Elevated tempera-
tures augment the thermal energy within the system, thereby
leading to heightened molecular motion and a decrease in
the attractive forces between carbon dioxide (CO2) and the
nanofluid. Consequently, the IFT experiences a decrease.

The inclusion ofNPswithin the nanofluid has the potential
to induce additional modifications to the interfacial tension
(IFT) characteristics. The NPs can adsorb at the interface
between CO2 and nanofluid, forming a protective layer that
effectively reduces the interfacial tension (IFT). The effec-
tiveness of adsorption and subsequent reduction in interfacial
tension can be influenced by nanoparticle size, concentration,
and surface properties.

It is crucial to acknowledge that the influence of pres-
sure and temperature on the interfacial tension (IFT) of
CO2/nanofluids under supercritical conditions can differ
based on the nanofluid’s composition and properties and the
specific pressure and temperature parameters. Experimental
investigations and thermodynamic modeling are frequently
utilized to examine and forecast the behaviors of these sys-
tems.

3.3.4 Impact of SiO2/Xanthan NCs on CO2/Nanofluid IFT
Measurements

Incorporating SiO2/Xanthan nanocomposites into a
CO2/nanofluid can potentially impact the interfacial
tension (IFT) between the CO2 and the nanofluid. Here,
interfacial tension (IFT) was often evaluated as a function
of nanocomposite concentration, pressure, and temperature.
The findings indicate that the value of γ declined as the
concentration of NCs increased compared to CO2-brine. The
outcomes are presented in Fig. 25 and Table 6. As an illus-
tration, the augmentation of NCs load from 0.05 to 0.1 wt.%
resulted in a decline of γ from 4.157353 mN/m to 0.760282
at 725 Psi (at 30 °C), and from 1.2525 to 0.627349 mN/m
at 853 Psi (at 40 °C). It has been discovered that adding
SiO2/Xanthan nanocomposites can decrease interfacial
tension (IFT) between carbon dioxide and the nanofluid.

The phenomenon above can be attributed to the shut-
tle effect mechanism, whereby the NPs have the propensity
to amass at the interface, leading to a consequential reduc-
tion in the interfacial area. Furthermore, increased pressure
reduces interfacial tension (IFT) between carbon dioxide
(CO2) and a nanofluid. The phenomenon mentioned above
can be attributed to the increase in pressure, which causes the
compression of CO2 and nanofluid phases. This compression
can result in a decline in interfacial area and a corresponding
reduction in interfacial tension.

The extent of reduction in interfacial tension (IFT) is
commonly influenced by silicon dioxide (SiO2) nanoparti-
cle concentration. Typically, elevated concentrations of NPs
result in a more significant reduction of interfacial tension
(IFT). Nevertheless, NPs aggregate and coalesce into larger
structures when present in exceedingly high concentrations,
potentially augmenting the interfacial tension. However, the
interfacial tension (IFT) between carbon dioxide (CO2) and
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Table 6 Calculated IFT of
carbon dioxide-(SiO2/Xanthan
NCs) nanofluid by pendant drop
methods

Exp# nanomaterials
type

Concentration
wt.%

Pressure Psi Temperature °C Average IFT
value mN/m

1 NCs-CO2 0.05 wt.% NCs 725 30 4.249333333

2 NCs-CO2 0.05 wt.% NCs 725 40 4.157352941

3 NCs-CO2 0.05 wt.% NCs 853 40 1.1625

4 NCs-CO2 0.05 wt.% NCs 853 30 1.341111111

5 NCs-CO2 0.1 wt.% NCs 853 40 0.627349398

6 NCs-CO2 0.1 wt.% NCs 853 30 0.75027972

7 NCs-CO2 0.1wt.% +
10wt.% NaCl

725 40 1.7125

8 NCs-CO2 0.1 wt.% + 5
wt.% NaCl

725 40 1.035178571

9 NCs-CO2 0.1 wt.% + 20
wt.% NaCl

725 40 4.564074074

10 NCs-CO2 0.1 wt.% NCs 725 30 0.72028169

11 NCs-CO2 0.1 wt.% NCs 725 40 0.759111111

a nanofluid exhibited a noteworthy augmentation as the tem-
perature escalated from 30 to 40 °C, while maintaining a
constant pressure of 725 Psi, as illustrated in Fig. 25.

Both silicon dioxide NPs (SiO2 NPs) and silicon diox-
ide/xanthan nanocomposites (SiO2/ xanthan NCs) exhibited
a significant reduction in interfacial tension (IFT) when com-
pared to CO2-brine, as presented in Table 6. Furthermore, it
can be observed that the degree of IFT alteration in SiO2

NPs is more pronounced when compared to SiO2/Xanthan
nanocomposite systems under conditions of increasing con-
centration, pressure, and temperature. Recent studies have
indicated that elevating pressure can exert amore pronounced
impact on interfacial tension (IFT) in nanofluids character-
ized by reduced particle sizes or augmented nanoparticle
densities. Furthermore, it has been observed that the pres-
sure sensitivity of interfacial tension (IFT) measurements
can be influenced by temperature, whereby certain nanoflu-
ids demonstrate heightened pressure sensitivity at elevated
temperatures.

In terms of temperature, the effect on IFT measure-
ments in CO2/nanofluid systems can vary. Increasing the
temperature from 30 to 40 °C for all pressure conditions
and SiO2/Xanthan nanocomposite concentration decreases
the IFT. This reduction in IFT can be attributed to the
increased thermal energy, which facilitates the mobility and
rearrangement ofmolecules at the interface, leading to amore
favorable interaction between CO2 and the nanofluid.

3.3.5 Effect of Salt Concentration on CO2/Nanofluid IFT
Measurements

The effect of NaCl salt concentration on CO2/nanofluid (i.e.,
SiO2/Xanthan NCs) interfacial tension (IFT) measurements

can depend on several factors, including the concentration
and type of NPs in the nanofluid, the pressure, the temper-
ature, and the interaction between the salt and the NPs. In
this study, we want to investigate the effect of NaCl salt con-
centration on CO2/nanofluid IFT, as the NaCl concentration
increased from 5 to 20 wt.% significantly increased the inter-
facial tension between CO2 and a nanofluid from 1.0352
to 4.564 mN/m because it is difficult to achieve effective
CO2/nanofluid mixing and promote the formation of CO2

bubbles. The degree of this effect may be influenced by the
NaCl concentration, as depicted in Fig. 26.

One mechanism by which NaCl salt increases IFT is
through the formation of an ion-pairing effect at the inter-
face between CO2 and the nanofluid. Increasing IFT can
lead to the adsorption of Na + and Cl- ions at the interface
and the formation of a salt layer. Overall, the effect of NaCl
salt concentration on CO2/nanofluid IFT measurements is
complex and can depend on various factors. Understanding
this relationship is important for designing and optimizing
CO2/nanofluid processes for CO2 sequestration in brine for-
mation.

4 Correlation Between the CO2/Nanofluid
IFT with Diffusion Coefficient
in the Context of CO2 Sequestration

The correlation between the interfacial tension (IFT) of car-
bon dioxide (CO2) and a nanofluid was established based on
the diffusion coefficient of CO2 within the nanofluid. The dif-
fusion coefficient signifies the rate at which CO2 molecules
move or diffuse through the nanofluid. This diffusion rate
was subject to modification by various factors, including the
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Fig. 26 CO2/nanofluid (0.01 wt.
% NCs) IFT value as a function
of the NaCl salt concentration at
pressure 853 Psi and temperature
40 °C

Fig. 27 Correlation between the
CO2/nanofluid IFT with
diffusion coefficient at different
NPs concentration

concentration, pressure, temperature, as well as the size and
shape of nanoparticles (NPs) present in the nanofluid.

In many instances during our experiments, there was an
observed inverse relationship between the CO2 diffusion
coefficient and IFT, as demonstrated in Figs. 27 and 28. In
Fig. 27, when the nanofluid contained 0.1 wt. % SiO2 NPs
compared to that without NPS, the IFT decreased from 44.35
to 0.91 Nm/m. Simultaneously, the CO2 diffusion coefficient
increased from 2.149 × 10−9 to 4.86 × 10−9 m2/s.

Additionally, in Fig. 28, at a constant NPs concentration,
increasing pressure or temperature led to a decrease in IFT,
while the diffusion coefficient consistently increased, indi-
cating more efficient CO2 transport through the nanofluid.

The possible correlation between CO2 diffusion and IFT
can be attributed to the shuttle effect. In this effect, the NPs

within the nanofluid act as shuttles that both facilitate andhin-
der CO2 transportation across the interface separating CO2

and the nanofluid. This phenomenon results in decreased
IFT and an enhancement in CO2 dissolution within the
nanofluid. An increase in the diffusion coefficient of CO2 in
the nanofluid reduces the IFTbetweenCO2 and thenanofluid.
The rationale behind this is that an increased diffusion facili-
tates the movement of CO2 molecules through the nanofluid,
thereby enhancing the shuttle effect and reducing the inter-
facial tension.

These findings provide valuable insights into the behavior
of CO2 within nanofluids and have implications for optimiz-
ing carbon capture and storage processes, with the potential
to contribute to more efficient and sustainable strategies for
addressing greenhouse gas emissions and climate change.
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Fig. 28 Correlation between the
CO2/nanofluid IFT with diffusion
coefficient, a pressure changes,
b temperature difference

5 Conclusion

The use of green nanomaterials in CO2 sequestration has
gained interest due to their potential to reduce the envi-
ronmental impact of the sequestration process. This study
first investigated the effect of green SiO2 NPs (NPs) and
SiO2/Xanthan NCs on the CO2/nanofluid system’s diffusion
coefficient. This was done using the pressure decay “Sheikha
method,” which was then applied in a high-precision Fluid
EVAL PVT cell under saline CO2 sequestration conditions
(high pressure and high temperature). This is followed by
experimental methods to determine the interfacial tension
(IFT) of CO2/nanofluid using the Pendant drop method. The

measured data for the CO2-brine/nanofluid system were
consistent regarding the effect of concentration, pressure,
temperature, phase alteration, and salinity. The present study
draws the following conclusions:

(i) The experimental findings reveal that the most favor-
able CO2 diffusion coefficient was achieved within
the tested ranges of nanoparticle (NPS) concentration,
pressure, and temperature, specifically at 0.1 wt.%
concentration, 850 Psi pressure, and a temperature of
40 °C. These conditions represent the optimal com-
bination for the observed CO2 diffusion coefficient in
our study.
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(ii) The experimental results show that the CO2 diffusion
coefficient increases with nanofluid concentration and
pressure rises. At the same time, the CO2/nanofluid
IFT decreases with both nanoparticle concentration
and pressure increase.

(iii) Generally, an increase in temperature at constant pres-
sure led to a decrease in the interfacial tension (IFT)
between CO2 and the nanofluid, while it resulted in an
increase in the CO2 diffusion coefficient.

(iv) The diffusion coefficient became independent of
changes in pressure or temperature when temperature
or pressure exceeded a critical point (about Tc and
Pc of CO2).

(v) The obtained results showed SiO2 NPS and
SiO2/Xanthan NCs enhanced the CO2 diffusion coef-
ficient in nanofluids due to their large surface area
and high adsorption capacity for CO2. It has also been
shown to reduce the nano-CO2 IFT by forming a stable
interfacial layer, which can enhance the dissolution of
CO2 in the nanofluid.

(vi) SiO2 NPs exhibitBrownianmotiondue to thermalfluc-
tuations, which enhances the diffusion of CO2 in the
nanofluid.

(vii) SiO2 NPs induced the shuttle effect, which involves
the transfer of CO2 molecules from one nanoparticle
to another. This can enhance the IFT of CO2/nanofluid
and improve the CO2 diffusion.

Using NPs in CO2/nanofluids can improve CO2 diffu-
sion coefficients and reduce interfacial tension with brine
formations by combining Brownian motion, adsorption,
nanoparticle size and concentration, and the Shuttle effect.
These mechanisms can lead to more efficient CO2 seques-
tration in brine formations.
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