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Abstract

This study investigates the role of single-step silica nanofluids as additives to increase CO, absorption in polymeric solutions
for proposed oilfield applications. Using pressure decay approach, the study investigates the applicability of single-step silica
nanofluids for CO, absorption in a high pressure-high temperature (HPHT) cell. Various parameters like nanoparticle size
(30-120 nm) and concentration (0.1-1 wt%) were investigated to ascertain the absorption performance of the nanofluids
and optimization their application in subsurface applications as carrier fluids for CO,. The solutions under observation
(deionized water and silica nanofluids) were pressurized under the desired pressure and temperature inside a stirring pot
and the decline in pressure was continuously noted. To comprehensively cover the near-reservoir field conditions, the CO,
absorption was investigated in the pressure range of 5-10 MPa and at temperatures of 30-90 °C. While increasing the
nanoparticle concentration (from 0.1 to 1 wt%) increased the CO, absorption (evident by the sharper decline in pressure),
increasing the nanoparticle size reduced the absorption capacity of the nanofluids as a lesser volume of decline in pressure
was noted. Furthermore, increasing the temperature of the experimental investigation caused a major reduction (12-19%)
in the pressure decay. However, it was also observed that higher pressure (> 7.5 MPa) was detrimental for CO, absorption
(due to its supercritical nature). Adding salt (sodium chloride, NaCl) was found to massively lower (up to 33%) while adding
surfactant (sodium dodecyl sulfate, SDS) slightly increased the amount of CO, absorption (in presence of salinity). Based
on the observations of this study, the use of single-step silica nanofluids as CO, carrier fluids is recommended for oilfield
conditions where salinity is less than 4 wt%.
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Introduction

The inclusion of CO, in injection water is also responsible
for accelerating oil production (Sohrabi et al. 2011). This
enhanced oil recovery (EOR) technique, also known as the
carbonated water injection (CWI) has been widely reported
to increase oil recovery and carbon storage in previous
studies (Riazi and Golkari 2016; Seyyedi et al. 2018; Esene
et al. 2019). Usually, CO, has the tendency to preferentially

Communicated by Tito Roberto Cadaval Jr.

>4 Tushar Sharma
tusharsharma.ism @ gmail.com

Enhanced Oil Recovery Laboratory, Department

of Petroleum Engineering and Geoengineering,
Rajiv Gandhi Institute of Petroleum Technology Jais,
Bahadurpur, Mukhetia More, Harbanshganj, Amethi,
Uttar Pradesh 229304, India

solvate in crude oil (As compared to water) on contact,
which reduces the density and viscosity of residual crude
oil (CO,-saturated oil usually swells and becomes much
less viscous), making it easier for mobilization (Emera and
Sarma 2007; Chaturvedi and Sharma 2020). Other factors
influencing oil recovery via CWI is reduction of IFT and
increased sweep efficiency (Honarvar et al. 2017). Compared
to other methods of CO, EOR like water alternating gas
(WAG) injection method which are disadvantaged by the
water shielding effect (in which injected water encapsulates
the residual oil), CWI increases recovery of oil (Riazi and
Golkari 2016). In WAG, the gas injection is performed
after water has been injected which reduces the contact
area between injected CO, and crude oil, thereby lowering
its efficacy. This is usually not the case with CWI as the
injected water is saturated with CO,, increasing its area
of contact with crude oil and mobilizing a greater amount
of oil (Sohrabi et al. 2012). However, of key importance
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in the performance on injected CWI in oil recovery is
the understanding of the transfer of mass of CO, among
the injected water layers occurring mainly via molecular
diffusion with the rate of mass transfer (increments in small
quantities) enabling the increase in crude oil mobilization.
However, one major drawback of CWI is the slow rate of
mass transfer of CO, between oil and water phases, which
reduces the incremental performance of CWI EOR projects,
especially in the short term (Foroozesh et al. 2016). This has
prompted a need to investigate new methods to establish a
viable increase in the rate of mass transfer enhancement for
CWI projects (Do and Pinczewski 1993; Tolesorkhi et al.
2018). Other drawbacks of CWI are the relatively low CO,
carrying capacity of water and the lack of any CO, retention
mechanism, which reduces the applicability of CWI to select
few reservoirs under constrained operating conditions.
(Chaturvedi and Sharma 2020).

The CO, carrying capacity (absorption and retention of
CO,) of water can be improved by adding polymers and
nanoparticles (NPs). (Haghtalab et al. 2015; Zhang et al.
2018; Chaturvedi et al. 2018, 2019, 2020) Polymers like
polyacrylamide (PAM) and nanoparticles (NPs) like SiO,
which are commonly used oil field chemicals emerge as
viable alternatives for field applications of CWI. Peyravi
et al. (2015) investigated the use of Fe;O, CNT, SiO,,
and Al,O; nanofluids prepared using distilled for CO,
absorption in a gas-liquid hollow fiber membrane and found
that the CO, absorption rate in water increased by 43.8%
for 0.15 wt % Fe;0,, 38.0% for 0.1 wt % CNT, 25.9% for
0.05 wt % SiO,, and 3.0% at 0.05 wt % Al,0; addition with
nanofluid (colloidal suspensions of particles in nanometer
range suspended in a base fluid) stability and hydrodynamic
diameter of NPs in water being key factors. Separately,
Rahmatmand et al. (Rahmatmand et al. 2016) investigated
the use of SiO,, Al,0;, CNT, and Fe;O, NPs for enhanced
CO, absorption in water and amine solutions and observed
higher absorption capacity in nanofluids due to higher
gas absorption at NP surface. Darvanjooghi et al. (2018)
investigated the use of 0.005-0.1 wt% silica NPs of varying
sizes (10.6—-62 nm) for CO, absorption in water. Thus, data
on the CO, solubility in water with and without the presence
of chemical additives is adequate for polymeric nanofluid
systems which are now widely used in the oilfields (Sharma
and Sangwai 2017; Kumar and Mandal 2017). However, NPs
have the tendency to agglomerate in the presence of salts
(which are commonly encountered in reservoirs in form of
formation brines) (Al-Anssari et al. 2017; Kumar et al. 2020).
This increases their size and renders them less viable for CWI
application. Hence, a need emerges to synthesize stable silica
nanofluids of controlled size and concentration to improve
the applicability of CWI to challenging reservoirs. For this,
single-step silica nanofluids emerge as viable candidates
due to their superior stability, ease of fabrication, and strong
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resistance to salt-induced agglomeration (Chaturvedi et al.
2020; Chaturvedi and Sharma 2021). However, no study,
investigating the viability of CO, absorption (using the
pressure decay method) in single-step silica nanofluids has
been performed at reservoir field pressure and temperature
conditions. Also, it has also been observed that some part of
the CO, gas injected during EOR is unable to participate in
the oil recovery process due to being trapped in the water/
polymeric nanofluids (similar to the water shielding effect
observed during WAG). Given the constrained economics
of an EOR project, it becomes essential for researchers to
carefully evaluate the amount of CO, needed to maximize
oil recovery after ascertaining the amount of CO, being
wasted in other fluids (reservoir brines, injected water,
nanofluids). For this, various analytical flow models are used
after careful consideration of the rate of CO, dissolution in
the present fluids. There is, however, a severe inadequacy
of data related to the diffusion coefficients for commonly
used polymeric NP solutions in practical reservoir conditions.
Also, given the increasing role played by NPs in the mass
transfer applications, assessment of diffusion coefficients in
NP solutions must be performed.

One simple method to estimate the diffusion coefficient
of a gas is the standard pressure decay method, in which the
gas is pressurized to a high pressure and brought in contact
with a liquid usually in a PVT cell at predefined isochoric and
isothermal conditions (Haghtalab et al. 2015; Haider et al.
2018; Chaturvedi et al. 2018). Mostly, the calculations are
performed at equilibrium or quasi-equilibrium conditions with
selection of boundary conditions and equilibrium pressure
value being important parameters in the determination of
diffusivity coefficients, though some recent studies have also
applied non-equilibrium boundary conditions in pressure
decay tests (Zhang et al. 2000; Rasmussen and Civan 2009;
Behzadfar and Hatzikiriakos 2014). However, a significant
drawback associated with using equilibrium conditions for
calculation is a long time (= 6 h), it takes for equilibrium
conditions to be achieved which may compromise the results
due to gas leakage or errors in the swelling of the liquid. These
errors need to be considered and their effects nullified before
application of equilibrium conditions for the determination of
the diffusion coefficients.

Hence, in this study, the effect of temperature, pressure,
and salinity on diffusion coefficients of 0.1-1 wt% silica NP
solutions (hereafter referred to as silica nanofluids) prepared
in 1000 ppm PAM (silica and PAM are widely used in the oil
industry as enhanced oil recovery agents) has been investigated
and presented at commonly observed reservoir conditions. The
silica nanofluids were synthesized using the Stober sol—gel
method from a commercially available precursor solution. The
effects investigated include the CO, absorption in presence
of NPs of varying size (30-150 nm), in NPs of varying
concentration (0.1-1 wt%), pressure (4—10 MPa), temperature
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(30-90 °C) and salinity (0-8 wt%). The effect of surfactant
treatment on nanofluids and their resultant CO, absorption
was understood by adding surfactant in varying concentration
(0-0.4 wt%). Finally, the results and discussion on the diffusion
and mass interface transfer coefficients for silica nanofluids of
varying concentration (0.1-1 wt%) and under high pressure
(4-10 MPa) have been provided.

Materials and methods
Materials

To synthesize the silica nanoparticles, Merck liquid
tetraethyl orthosilicate (TEOS, purity 99%) was used as a
precursor. Merck liquid ammonia solution (NH,OH, purity
25%), Changshu Hongsheng Fine Chemicals’ ethanol
(EtOH, absolute assay 99.9%), and SNAF Floerger’s
polyacrylamide (PAM, molecular weight=10 million
Dalton) were also used without purification. SDS, an anionic
surfactant with an alkalinity of 5 meq/mL obtained from
Sisco Research Lab Pvt. Ltd. in India, was also used in
the study. DI water purified with the Millipore® Elix-10
purification apparatus was used in all experiments. All of
the aqueous formulations used in this study were prepared
with DI water. After carefully weighing the solutes with a

Pressure
gauge

highly accurate analytical weighing balance, all solutions
were prepared. All chemicals were used exactly as instructed
and have previously been reported in studies.

Preparation of nanofluid

The nanofluid synthesis and characterization has been
reported in detail, in previous studies (Chaturvedi et al.
2021, 2021).

CO, absorption studies

The CO, absorption studies were performed using a custom
designed setup manufactured by D-Cam Engineering, India.
A schematic of the set-up has been provided as Fig. 1. A
cylindric tube measuring 5.1 cm in length and 5 cm in
diameter served as the setup. On one end of the cylinder,
near the inlet, a thermocouple and a pressure gauge (DiGi
Gauge TX-430; range 0—65 bar; accuracy 0.25%) were
mounted. Before use, the entire cell was evacuated with a
vacuum pump using an electrical heating jacket (Swastik
Electrical, India) to maintain a constant temperature. All
of the experiments described in this article were conducted
using a custom-built apparatus that could be disassembled
into the main components of a cylindrical high-pressure
stainless steel cell with maximum pressure and temperature
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Fig. 1 Schematic diagram of the experimental apparatus used for CO, absorption with detailed dimensional parameters on the stirring pot used

in the model
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ratings of 30 MPa and 250 °C, respectively. In order to absorb
CO, in the solutions, the prevalent pressure decay method
was utilized (Haider et al. 2018; Chaturvedi et al. 2021).
The pressure decay method entails keeping the volume and
temperature of the solution constant while injecting high-
pressure gas, which is continuously monitored. Using a
pressure decrease versus time graph, the diffusion coefficients
are computed (as the gas continues to solvate in the fluid).
Previous research has defined the methodology for CO, gas
absorption in detail (Chaturvedi et al. 2018, 2019). However,
for the sake of brevity and reader convenience, only a brief
description of the process is provided here. First, the cell was
meticulously cleaned and vacuumed to remove any remaining
impurities. After measuring the desired volume of nanofluid
with precision, it was introduced into the cell. Afterward, the
cell was vacuumed and resealed. Then, CO, was introduced
gradually into the cell until the desired pressure was reached.
The pressure drop was meticulously recorded using a
pressure transducer, and the temperature was maintained by
enclosing the cell in a temperature control box.

Results and discussion

In this section, initially the discussion on the stability of the
nanofluids would be provided which will be followed by the
discussions on the CO, absorption observed in the nano-
fluids of varying NP size (30—-150 nm) and concentration
(0.1-1 wt%). Then, the effect of pressure (4-10 MPa) and
temperature (30-90 °C) would be investigated on the silica
nanofluids followed by evaluating the role of salinity (NaCl,
0-8 wt%) on CO, absorption. Then, the effect of surfactant
(SDS) addition (0-0.4 wt%) on CO, absorption in presence
of salinity (NaCl, 4 wt%) has been investigated. Finally, the
diffusion coefficients and interface mass transfer of the CO,
in the nanofluids under various high pressure (4-10 MPa)
and NP concentration (0.1-1 wt%) has been discussed.

Stability of single-step silica nanofluids

The nanofluids were measured using the particle size ana-
lyzer to establish the particle size and zeta-potential of
the samples. The observations of these analysis have been
provided in Table 1. The synthesized NPs exhibited a NP
size between 30 and 150 nm, indicating great size con-
trol while the zeta-potential was found to be between — 32
and — 36 mV, indicating superior stability of the nanofluids
(Setia et al. 2013). The NP concentration was determined by
evaporating the nanofluid in an oven at a set temperature of
200 °C. The residual solution was washed carefully with eth-
anol and water to remove any impurities and then measured
using a weighing balance. While past studies have assumed
100% or high conversion of precursor (TEOS) to SiO,, in
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Table 1 Average particle size, zeta-potential, and nomenclature of
single-step silica nanofluids used in this study

Nomenclature  Average particle Concentration Zeta-potential
size (nm) (Wt%) (mV)

S1 35 0.1 —36.3

S2 37 0.5 —36.1

S3 38 1 -36

S4 84 0.1 —34.1

S5 146 0.1 -32.1

this study, less than 40% of the precursor was converted into
SiO, with remaining TEOS not participating in the reaction,
due to the lack of time given to the experiment for adequate
conversion. When the nanofluid solutions were measured
again after 2 weeks, no appreciable change was observed in
the values of the particle size or the zeta-potential, indicat-
ing the superior stability of the single-step silica nanofluids.

Pressure decay studies in water and silica nanofluids

Conventionally, CO, absorption with time increases and it is
calculated with the help of an ideal gas equation (PV =nRT)
for which the values of pressure have been reported in this
work. In several previous studies (Chaturvedi et al. 2018,
2021; Chaturvedi and Sharma 2020; Haghtalab et al. 2015),
CO, absorption has been demonstrated in detail for colloi-
dal and aqueous solutions. These studies have reported CO,
absorption in form of molality. However, a researcher may
want to explore the diffusion and diffusivity of CO, in the
solution. In that case, observing pressure decay as a func-
tion of time enables researchers to optimize the process by
analyzing CO, absorption in form of diffusion coefficient.
Furthermore, the data also allow to analyze mass transfer
processes (viz., grazing effect and Brownian motion) taking
place in the nanofluid. Initially, the pressure decay studies
were carried out in water to ascertain the validity of the
experimental setup and provide a base value for future meas-
urements. The CO, was pressurized and left in the cell for
8 h to ensure that equilibrium conditions were reached. Once
the fall in pressure had stopped and it did not show any
change, the remaining gas in the cell was vented out and the
solution taken out for observation.

The CO, absorbed in the solution S1 was photographed
and the images indicated a high dispersion of CO, bubbles
throughout the body of the nanofluid. Given the predomi-
nately physical nature of CO, absorption in water-based
solutions (Haghtalab et al. 2015), the CO, bubbles remain
suspended inside the body of the fluid while some bub-
bles settled on the base of the vessel or stuck to its sides.
The average size of the CO, bubbles inside the solution
was 43 pm. Left undisturbed, the CO, bubbles gradually



Environmental Science and Pollution Research (2023) 30:31231-31241

31235

agglomerated and escaped into the air in 67 h, indicating
the superior retention of CO, inside silica nanofluids, also
discussed in past study (Chaturvedi et al. 2018).

The value of drop in pressure as a function of time have
been provided for water and the silica nanofluids in Fig. 2.
In water, the pressure fell from 5 to 2.65 MPa, indicating
the solubility of CO, in water. Usually, this solubility is
defined in terms of molality (i.e., no. of moles of CO,
absorbed in a kg. of solvent) which is calculated using the
ideal gas equation (Haghtalab et al. 2015; Chaturvedi et al.
2018). Within water, the following reactions take place.

CO, (8) « CO, ()

Here, [ and g denote liquid and gas phases, respectively.
The final equilibrium is established between dissolved CO,
and H,CO;, also referred as carbonic acid (a weak acid
formed by the interaction of CO, and water).

H,CO, < HCO,_ + H

HCO, < CO,. + H*

However, these processes involving the formation of
carbonic acid are highly kinetically slow, and it has been
shown that a minimal amount of dissolved CO, undergoes
transition to H,CO;,, with the bulk of CO, staying in
solution as solvated molecular CO,. Then, the solutions
S1-S3 (nanofluids with similar particle size but increasing
concentration) were used for CO, absorption. While the
final value of pressure in S1 (0.1 wt% NPs) was 2.41 MPa
(higher than water), increasing silica concentration from 0.1

to 0.5 wt% (i.e., S2) yielded a pressure value of 2.22 MPa
(Fig. 2(a)) while in nanofluid with maximum concentration
(1 wt%), the lowest value of pressure recorded was 2 MPa
(Fig. 2(a)), indicating that higher NP concentration is much
more viable for enhanced CO, absorption. This increase
may be attributed to the Brownian motion of NPs in the
solution which rapidly disintegrate the larger gas bubbles
(which are more prone to phase separation and escape) into
smaller bubbles which more easily entrapped and retained
inside the fluid (Chaturvedi et al. 2018; Rezakazemi et al.
2019).

Then, the CO, absorption was performed in silica
nanofluid solutions S1, S4, and S5 where the NP
concentration remained similar (~0.1 wt%), the size of
NPs in the solution increased from 36 (S1) to 142 nm
(S5). These observations have been provided in Fig. 2(b).
Increasing NP size (from 36 to 84 nm, i.e., in S4), the least
value of pressure drop recorded was 2.56 MPa while in the
silica solution with largest NPs (i.e., S5 with 142 nm NPs),
the lowest value of pressure was 2.59 MPa. Also, in the
previous study, it has been found that compared to NPs of
smaller size for single-step silica nanofluids (Chaturvedi
and Sharma 2021), larger size NPs are more prone to
agglomeration (even in the absence of external factors)
which reduces their incremental effect on CO, absorption
and mass transfer enhancement.

Role of pressure on CO, absorption

The pressure decay tests were then repeated for nanofluid
S1 at varying pressures (5—10 MPa) to establish the role of
pressure on the CO, absorption. These observations have
been provided in Fig. 3. While the lowest value of pressure

Fig. 2 Effect of silica nanofluids 6 6 r
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o 7
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A
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Fig.3 Observations on the effect of confining pressure on the rate of
mass transfer of CO, in 0.1 wt% SiO, (S1) nanofluid (=30 °C)

recorded for S1 at 5 MPa was 2.41 MPa, increasing the con-
fining pressure from 5 to 7.5 MPa, yielded a pressure value of
5.62 MPa, indicating that high pressure was not well suited for
increasing the absorption of CO, in silica nanofluids. Finally,
when the observations were repeated at 10 MPa, the lowest
value of pressure was 8.2 MPa, indicating very low solubil-
ity of CO, in solution. This fall in CO, solubility at higher
pressures may be explained by their tendency to reduce the
micro-convections caused due to the Brownian motion of the
NPs in the system, reducing the CO, absorption capacity sig-
nificantly at high pressures (Krishnamurthy et al. 2006; Nagy
et al. 2007). This causes a reduction in the movement of gas
molecules from the interface of the liquid to its body, causing
a reduction in the mass transfer (Tolesorkhi et al. 2018).

Role of temperature on CO, absorption

Then, the effect of temperature (as most oilfields have a
higher temperature than 60-90 °C) on the CO, absorption
in silica nanofluid S1 was investigated and has been reported
in Fig. 4. The temperatures investigated were 30-90 °C. A
temperature higher than 90 °C was not taken as PAM has the
tendency to majorly degrade at higher temperatures which
would render the nanofluid less viable for high temperatures
(Uranta et al. 2019; Chaturvedi and Sharma 2021). At 60 °C,
the lowest value of pressure recorded was 2.6 MPa while at
90 °C, the lowest value of pressure was 2.97 MPa. Hence,
increasing the temperature reduced the amount of CO,
absorption in the silica nanofluid. The fall in CO, absorption
on increasing temperature is due to the increase in kinetic
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perature conditions (30-90 °C) under confining pressure 5 MPa

energy which causes an increase in motion of gas molecules
and leads to their premature escape (Chaturvedi et al. 2018).
This is especially true for most water-soluble gases.

Role of salinity and surfactant addition on CO,
absorption in silica nanofluids

Salt-induced agglomeration is one of the main constraints
before nanofluid use in oilfield applications. NPs tend to
agglomerate in the presence of salt, forming large clusters
which are detrimental for mass transfer and flow applications
(Al-Anssari et al. 2017). Also, salt has been found to reduce
the CO, absorption of water in previous studies (Chatur-
vedi et al. 2021). The phenomena known as “salting-out”
in which dissolved salt ions occupy the interstitial spaces
between water layers and reduce the CO, absorption capac-
ity of water has been observed in past studies (Carvalho et al.
2015; Messabeb et al. 2017). A similar trend was observed
in the absorption of CO, in water solutions (with varying
salinity between 0 and 8 wt% NaCl) in this study. From the
data presented in Fig. 5(a), it can be observed that induc-
ing 2 wt% NaCl, majorly reduced the CO, absorption by
reducing the pressure drop to just 3.22 MPa (in pure water,
it was 2.65 MPa). Further increasing the salt concentration
also minimized pressure fall to 3.58 MPa (4 wt% NaCl) and
3.64 MPa (8 wt% NaCl), indicting the high loss of solubility
of CO, in the presence of salts.

When these observations were repeated for S1 nanofluid,
2 wt% NaCl yielded a lowest pressure value of 2.73 MPa
while increasing salt content caused the pressure to fall to
2.86 and 3.01 MPa from 5 MPa for 4 wt% and 8 wt% NaCl,
respectively. The presented results may be better explained
by observing the average particle size of NPs in the nanoflu-
ids after adding salt (Table 2). Increasing salt concentration
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Table 2 Effect of salinity on average particle size and zeta-potential
of single-step silica nanofluid S1 obtained after 2 weeks of nanofluid
preparation

Table 3 Effect of surfactant treatment on average particle size and
zeta-potential of single-step silica nanofluid S1 in presence of 4 wt%
NaCl

NaCl concentration (wt%)  Average particle Zeta-potential

SDS concentration Average particle Zeta-potential

size(nm) (mV) (Wt%) size(nm) (mV)
0 35 —36.3 0 312 —-214
2 162 —-26.4 0.1 146 -26.4
4 312 -214 0.2 96 -30.4
8 1564 -2.1 0.3 124 —28.7

caused agglomeration (evident from the increase in particle
size, Table 2) and destabilized the solutions (zeta-potential,
Table 2) which lowered the efficacy of nanofluids for CO,
absorption. Especially in the presence of 8 wt% NaCl, the
silica NP size was in the high 1600 s (nm) which indicated
that NPs had lost their nature and their applicability for mass
transfer applications reduced immensely. These results indi-
cate that salt-induced agglomeration is serious concern for
nanofluids and is detrimental for the use in carbon storage
applications in saline reservoirs.

However, several studies have indicated the viability of
using anionic surfactants to increase the stability of silica
nanofluids in the presence of salt (Al-Anssari et al. 2017;
Kumar et al. 2020). One such commonly used surfactant is
sodium dodecyl sulfate (SDS) which is also used for mul-
tiple oil field applications like foam formation, gas hydrate
investigations, IFT reduction and wettability alteration
(Kumar and Mandal 2016; Thoutam et al. 2019; Mofrad and
Dehaghani 2020). When, used for nanofluid stabilization, the
surfactants form a layer on the NPs, increasing their resist-
ance to salt-induced agglomeration (Chaturvedi and Sharma

2021). Thus, to S1 nanofluid, surfactant SDS was added in
minute quantities (0.1-0.3 wt%) and then salt (4 wt% NaCl)
was added to the solution before CO, absorption. 4 wt%
NaCl was chosen because (1) 8 wt% NaCl severely destabi-
lizes the nanofluid and (2) it is relatively common oil field
salinity (Kumar et al. 2020). Adding surfactants was able to
restore the nanofluid like nature of S1, evident by the control
in particle size and zeta-potential (Table 3). However, the
inclusion of surfactant provided additional steric stability
to dispersed nanoparticles and nanofluid exhibited enough
resistance against agglomeration when salt is introduced
in the system (Al-Ansari et al. 2017, Kumar et al., 2020).
Therefore, when salt was introduced, the particles of smaller
size were evident in surfactant treated nanofluid. However,
the results of CO, absorption were different from the norm
(Fig. 6). While adding 0.1 and 0.2 wt% SDS yielded a lowest
pressure value of 2.73 and 2.82 MPa, respectively, adding
0.3 wt% SDS further lowered CO, absorption by allowing
pressure to fall to only 3 MPa (Fig. 6). This reduction in
CO, absorption in presence of SDS is yet unexplained and
requires a comprehensive study of its own.
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Fig.6 Role of surfactant (SDS) addition on CO, absorption in S1
nanofluid in presence of 4 wt% NaCl (P;=5 MPa, T=30 °C)

Mathematical modeling of D and k

Given the special interest that numerous CO, sequestration
projects have espoused in the recent times, it has become
of special interest that the thermophysical properties of the
fluid systems used for carbon storage be investigated. The
diffusion of gases in multi-component mixtures is one of the
least well studied aspects and is found to be highly depend-
ent on the composition of the solvent, the temperature and
the pressure (Cadogan et al. 2014). Also, of particular inter-
est are the interface mass transfer coefficients which is the
measure of the diffusion rate constants directly dependent
on the rate and area of mass transfer along the change in
concentration as the driving force in the diffusion of a gas
inside a solvent. Hence, in this work, the diffusion (D) and
interface mass transfer (k) of CO, in silica nanofluids was
investigated. Using equations and methodology reported in
previous studies (Tolesorkhi et al. 2018), a commonly used
mathematical optimization software was used to determine
the optimum values of k and D under operating conditions
(pressure 4—-10 MPa and NP concentration 0.1-1 wt%).

The dimensionless gas concentration, distance, and time
are defined as follows:

@ Springer

1
Op(tp) = /CD(XD,CID)dXD
0

Also, the definition of Q(f,) in gas phase is as follows:

(Po—Pm )
QD(tD) = pzo—_zp*

- —

2 z*

The final pressure measurement is used as a reference
point. Py, P, P*, and Py are the initial, instantaneous,
equilibrium, and reference pressures of the gas phase,
respectively. Z,, Z, Z*, and Z; are the initial, immediate,
equilibrium, and reference gas compressibility factors,
respectively. The short-time approximation can compute
parameters properly for brief time periods, but it is invalid
for longer time durations. Moreover, long-time approxima-
tion is correct for long periods but not for short durations.
However, there is a region of overlap in intermediate time
where both propositions are correct. The selection between
small- and large-time approximations is contingent on
dimensionless time, f},.

p = BT
6rné

Next, to calculate k, Stokes—Einstein equation was uti-
lized. Here, D represents diffusion coefficient, k represents
Boltzmann’s constant, 7 represents temperature, 7 stands
for dynamic viscosity of system, £ is correlation length
while R is the universal gas constant. These values have
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Fig.7 Diffusion coefficient of CO, in silica nanofluids of varying
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Fig. 8 Observations on the interface mass transfer (k) of CO, in silica
nanofluids of varying concentration at P;=4-10 MPa and T=30 °C

been provided in Fig. 7 (for D) and Fig. 8 (for k). In Fig. 7,
it can be observed that increasing the NP concentration
and pressure, both had a positive impact on the D, though
the increase was more pronounced for higher pressures
than at higher NP concentrations. From the presented
results, it can be also observed that increasing concentra-
tion of SiO, NPs (from 0.1 to 1 wt%) leads to an incre-
ment in the interface mass transfer coefficients (Fig. 8).
This may be attributed to the increase in no. of silica NPs
on the gas-liquid interface which helps in the absorption

of CO,. A similar effect is observed when the pressure
is increased as pressure is directly linked to adsorption
and consequently the interface mass transfer coefficients
are found to increase on increasing pressure in the silica
nanofluids. The results obtained from this study, indicate
the significant role played by NPs (Brownian motion and
grazing effect) in enhancing the D and k (Tolesorkhi et al.
2018). Furthermore, in previous, studies and data from
this investigation, show that for a nanofluid, an increase in
temperature enhances the diffusivity of CO,. However, it
decreases the adsorption as well. An increase in tempera-
ture also causes reduction in fluid viscosity (Tolesorkhi
et al. 2018). It consequently enhances Brownian motion
of nanoparticles, which would finally improve the mass
transfer rate. The results of this study show that negative
impact of temperature on CO, diffusion is lower than its
positive effect on diffusivity, in line with research find-
ings in literature (Tolesorkhi et al. 2018). In presence of
salinity, both CO, diffusion and diffusivity reduce as the
presence of salt causes salting-out effect (Chaturvedi et al.
2021, Sharma et al. 2022). On the other hand, surfactant
increased CO, diffusion (due to presence of greater num-
ber of void spaces in water lattices).

Conclusion

In this study, the viability of silica nanofluids synthesized
via the single-step Stober sol-gel route for enhanced CO,
absorption at high reservoir pressure and temperature
conditions was investigated. Initially, the synthesis of
silica nanofluids was performed using a precursor, tetra-
ethyl orthosilicate (TEOS) in the presence of ammonium
hydroxide and ethanol. The base fluid used in this study
was 1000 ppm PAM. The concentration of silica NPs (0.1-1
wt%) suspended in the mixture were carefully controlled
by limiting the amount of the precursor (TEOS) between
0.045 and 0.18 M while the NP size (30-120 nm) was con-
trolled by adding varying amounts of ammonium hydroxide
(0.28-0.56 M). The fabricated nanofluids displayed excellent
stability with no appreciable agglomeration observed even
after storage for 2 weeks. The synthesized nanofluids were
then investigated for CO, absorption where it was observed
that while increasing NP concentration was found to increase
CO, absorption (evident by a higher fall in the pressure),
increasing NP size caused a reduction in CO, absorption (by
up to 6-8%). Also, while the increase in pressure was found
to increase CO, absorption, at higher pressures, CO, absorp-
tion fell significantly. When the pressure was increased
from 5 to 10 MPa, the pressure decay reduced, indicating
the non-performance of liquid solutions for CO, absorption
at high pressures. Increasing temperature, slightly reduced
the CO, absorption as CO, is less dispersive in water-based
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solutions at higher temperatures though the effect of increase
in dynamic viscosity of the solution (due to the addition
of silica NPs) ensured that the fall in CO, absorption
remained low (between 6 and 18%). In presence of salinity,
NP agglomeration resulting in the increase in particle size
increase (up to 1600 nm in presence of 8 wt% NaCl) which
rendered the silica nanofluids less viable for CO, absorp-
tion with 8 wt% NaCl addition causing the 0.1 wt% silica
nanofluid solution to behave like simple water. Adding sur-
factant was able to mitigate the salt-induced agglomeration
to a certain extent (evident from the pressure decay plot),
indicating the viability of surfactant addition to nanofluids
in presence of high salinity conditions. Finally, the diffusion
coefficients and the mass transfer coefficients were obtained
for the silica nanofluids using mathematical modeling. As
per the obtained results of our experimental studies, the
CO, diffusion and mass transfer coefficients were found to
increase with confining pressure and nanofluid concentra-
tion. However, the increase was less well pronouncing for
higher pressure. Based on the observations in this study,
single-step silica nanofluids emerge as viable candidates for
use in CO, absorption due to their superior performance
when compared to water and their use in CO, EOR and stor-
age applications is highly recommended.
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