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Abstract
Previous studies have shown insufficient dispersion and thermal stability of nanofluids for high-temperature carbon capture and
storage applications. Compared to the other NPs, TiO2 nanofluids exhibit superior stability due to their high zeta potential. In
previous studies, TiO2 nanofluids have shown superior performance in heat transfer and cooling applications along with
importing the stability of other nanofluids like SiO2 in form of nanocomposites. Therefore, in this study, a nanofluid formulation
consisting of titania nanofluid in a base solution of ethylene glycol (EG) with different co-stabilizers such as surfactants was
synthesized for better dispersion stability, enhanced electrical, and rheological properties especially for the use in high-
temperature industrial applications which include carbon capture and storage along with enhanced oil recovery. The formulated
nanofluid was investigated for stability using dynamic light scattering (DLS) study and electrical conductivity. Additionally, the
formulated nanofluid was also examined for thermal stability at high temperatures using an electrical conductivity study followed
by rheological measurements at 30 and 90 °C. At a high temperature, the shear-thinning behavior of EG was found highly
affected by shear rate; however, this deformation was controlled using TiO2 nanoparticles (NPs). Furthermore, the role of
surfactant was also investigated on dispersion stability, electrical conductivity followed by viscosity results, and it was found
that the nanofluid is superior in presence of anionic surfactant sodium dodecyl sulfate (SDS) as compared to nonionic surfactant
Triton X-100 (TX-100). The inclusion of ionic surfactant provides a charged layer of micelles surrounding the core of a NP and it
produced additional surface potential. Consequently, it increases the repulsive force between two adjacent NPs and renders a
greater stability to nanofluid while nonionic surfactant allowed monomers to adsorb on the surface of NP via hydrophobic
interaction and enhances the short-range interparticle repulsion, to stabilize nanofluid. This makes titania nanofluid suitable for
widespread high-temperature applications where conventional nanofluids face limitations. Finally, the application of the synthe-
sized titania nanofluids was explored for the capture and transport of CO2 where the inclusion of the anionic surfactant was found
to increase the CO2 capturing ability of titania nanofluids by 140–220% (over the conventional nanofluid) while also showing
superior retention at both investigated temperatures. Thus, the study promotes the role of novel surfactant-treated titania
nanofluids for carbon removal and storage and recommends their applications involving carbonated fluid injection (CFI) to
carbon utilization in oilfield applications.
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Introduction

The increase in atmospheric carbon, which has been emitted
due to growing industrialization and rising economic growth,
has caused runaway climate change, global warming, and
threatens human survival (Leung et al. 2014; Asadi-
Sangachini et al. 2019; Al Mesfer 2020). Hence, carbon cap-
ture and storage has attracted considerable research interest in
the recent past, with the government and policymakers also
recognizing the important role of carbon capture in meeting
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climate change guidelines (Schrag 2007). The main impetus
in the development of carbon capture technology has focused
on the development of new methods for CO2 removal from
the exhaust of thermal coal-fired power plants, which are
among of the highest emitters of CO2 from a single-point source
(Jain et al. 2013; Azzolina et al. 2016; Pilorgé et al. 2020). Recent
research activity has thus focused on the development of high-
efficiency and less energy-intensive processes for reducing the
carbon footprint of power plants to achieve net-zero carbon emis-
sions (Jiang et al. 2019). This can be achieved by capturing the
CO2 from the flue gas released by the burning of hydrocarbons
and this process is known as post-combustion capture of CO2.
Thus, the development of chemicals with improved absorption
kinetics, stability, and thermodynamics for post-combustion cap-
ture of CO2 has attracted considerable research interest and
funding (Liu et al. 2019). Commonly used chemicals for CO2

capture are monoethanolamine (MEA), methyl diethanolamine
(MDEA), triethylenetetramine (TETA), ionic liquids, and deep
eutectic solvents (DES) which have been found to have high
CO2 absorption loading and low energy consumption (Haider
et al. 2018; Borhani and Wang 2019; Krishnan et al. 2020).
However, their application is impacted by oxidative (which occurs
in the presence of O2) and thermal degradation (Vega et al. 2014).
The loss of efficiency resulting from the thermal degradation of
conventional absorbents is highly challenging. Furthermore, ongo-
ing research work is focused on exploring solvents which not only
exhibit superior CO2 capturing but are also injectable in subsurface
reservoirs, thereby ensuring effective carbon geo storage (Leung
et al. 2014). Thus, there is a need to explore new chemicals for the
effective removal of carbon at high temperatures without
compromising CO2 capturing ability.

Recent developments in the domain of colloidal solutions
have demonstrated their extensive applicability in several indus-
trial applications including oilfield operations due to their intrin-
sic properties such as stability, viscosity contrast, and electrical
nature (Saidur et al. 2011). Nanofluids have shown potential
applications in heat transfer (Al-Waeli et al. 2019), cooling
(Tiwari et al. 2013), refrigeration (Ding et al. 2009), biomedical
(Lam et al. 2014), and other carbon storage applications such as
drilling and well completion (Rafati et al. 2018), cementing
(Thakkar et al. 2019), and fossil fuel mobilization applications
(Wei et al. 2016; Yuan and Wang 2018). In previous studies,
nanofluids have demonstrated superior CO2 loading for carbon
capture applications (Peyravi et al. 2015; Zhang et al. 2018;
Rezakazemi et al. 2019). However, the nanofluid characteristics
and stability play an important role in any of their practical ap-
plications (Ahmed et al. 2018). Therefore, a detailed study of
their rheological properties and stability parameters becomes im-
perative. Similar to other chemical absorbents, it is a well-
highlighted fact that nanofluids and their formulations exhibit
degradation with temperature. At high temperatures, nanofluids
lose their stability and viscoelastic properties rendering them
inefficient. Thus, stabilizing the fluid system is extremely crucial

for high-temperature applications. Huminic and Huminic (2012)
reviewed the application of nanofluids in heat exchangers and
concluded that the thermo-physical properties and flow inside the
exchanger mainly depend upon the efficiency of nanofluids. In
addition to this, the nanofluids used in industrial applications are
not always stationary; thus, the analysis of rheological properties
becomes important to determine their dynamic nature and effi-
cacy for practical applications.

In a previous study, Chaturvedi and Sharma (2020) compared
the CO2 absorption and oil mobilization potential of SiO2, ZnO,
and TiO2 nanofluids prepared in a base fluid of 1000 ppm PAM
who found that while CO2 underwent physical absorption in both
SiO2 and TiO2 nanofluids, it underwent chemical trapping
(chemisorption) in ZnO nanofluids which was also observed in a
separate study (Haghtalab et al. 2015). Separately, theCO2 absorp-
tion performance in a tray column of SiO2 and Al2O3 enhanced
MeOH-based absorbents was compared and SiO2 was found to
performbetter in this role (Torres Pineda et al. 2012). Similarly, the
application of Al2O3, SiO2, Fe3O4, and CNT nanofluids (base
fluid: distilled water) was investigated for CO2 removal using a
gas-liquid. Various nanofluid formulations exhibit different disper-
sion and rheological properties at varying temperatures, thus laying
greater importance on their screening process for different appli-
cations. For example, TiO2-based nanofluid exhibits higher stabil-
ity than SiO2 nanofluid as was reported in our previous study
(Kumar and Sharma 2018, 2020). Additionally, the concentration
of nanoparticles (NPs) is also a limiting factor and may vary from
application to application. Thus, TiO2 has proven to be the most
promising NPs which has high dispersion stability and rheological
properties but its application in the oilfield is limited by an upper
limit of 0.1 wt% due to subsurface pore-trapping and blockage
concerns (Esfandyari Bayat et al. 2014). On the other hand, a
higher concentration of TiO2 is recommended for heat transfer
or cooling applications (Demir et al. 2011). The conventional
oilfield polymers like polyacrylamide (PAM), hydrolyzed poly-
acrylamide (HPAM), polyvinyl alcohol (PVA), and natural poly-
mers like xanthan gum have been used in the preparation of
nanofluids due to their superior rheological and particle stabilizing
behavior for various thermal, mass transfer, and flow applications
(William et al. 2014; Chaturvedi et al. 2020). Peyghambarzadeh
et al. (2011) explored water-ethylene glycol (EG)–based
nanofluids for coolant applications in car radiators and reported
that the heat transfer properties have a high dependency on NPs
concentration. Previous studies have explored the use of various
nanofluids for the physical absorption of CO2. Zare et al. (2019)
studied the effect of water-based nanofluid of TiO2 and found
around a 60% increase in adsorption efficiency in water-based
nanofluid (when compared to distilled water). In a separate study,
Jiang et al. (2014) also confirmed the higher order of adsorption
capacity of CO2 using TiO2 NPs which they attributed to the
higher adsorption capacity of TiO2 when compared to other NPs
such as MgO, Al2O3, and SiO2. A similar effect was also con-
firmed by Wang et al. (2016) that TiO2 nanofluids of
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monoethanolamine (MEA) showed maximum CO2 absorption
among other NPs such as SiO2 and Al2O3. Separately, nanofluids
have also been used to transport CO2 as feedstock for methane
recovery from natural gas hydrate reservoirs (Nashed et al. 2018).
In addition to this, the selection of EG-based titania nanofluid was
done due to the inherent properties of both EG and TiO2. The first
advantage of taking EG as a base fluid is its applicability over a
wide temperature range, and similar observations have been re-
ported by several researchers in numerous industrial applications
(Sekrani and Poncet 2018). Moreover, the use of TiO2 is safer due
to less negative effects found on exposure in previous studies as
compared to other nanomaterials and it can be easily obtained due
to its large industrial-scale production (Grassian et al. 2007). On
the other hand, the titaniaNPs stability is higher as compared to the
other NPs and also holds high thermal efficiency which makes it
feasible for high-temperature industrial application with EG.
Compared to a water-based nanofluid, ethylene glycol was used
as the suspension fluid of the nanofluid because the stated objec-
tive of preparing the nanofluid was its used for CO2 absorption at
high temperature. While water has a boiling point of 100 °C,
ethylene glycol has a boiling point of 197 °C. In general, the
uniform distribution of NPs exhibit higher dispersion stability,
which help to maintain sustainable rheological properties and, as
a result, can curtail the effect of temperature (Peyghambarzadeh
et al. 2011). However, electrical conductivity studies and rheolog-
ical analysis for EG-based titania nanofluid at elevated tempera-
tures are not widely available in the literature. Therefore, a proper
experimental study depicting the temperature effect on nanofluid
stability, concentration, and rheological behaviour can be of great
interest for several industrial applications including oilfield. In ad-
dition to this, the novelty of the current work lies in the surfactant
role on NP stability and surfactant-treated nanofluids to be pro-
posed for CO2 capture from flue gases at the higher temperature.

Following a comprehensive literature study (Table 1), it was ob-
served that there is a distinct lack of literature available for CO2

absorption using nanofluids at high temperatures (i.e., 75–90 °C).
Hence, the CO2 absorption was explored at a high temperature
which is more commonly encountered in the flue stacks of coal-
fired power plants. In nanofluids, surfactants are generally utilized
to enhance the dispersion stability of NPs within the nanofluid.
The inclusion of SDS as anionic surfactant provides an additional
charged layer around the individual NPs and produce a uniform
distribution ofNPs via strong electrostatic repulsion in between the
particles renders greater stability to nanofluid, while TX-100 as a
nonionic surfactant allowed monomers to get adsorbed on the
surface of NP via hydrophobic interaction and enhances the
short-range interparticle repulsion, to stabilize nanofluid. In addi-
tion, the CO2 capturing ability would be higher after the inclusion
of surfactant (Chaturvedi et al. 2021). Therefore, this study con-
firms two major attributes over the issues of conventional
nanofluid used for CO2 capture which are (1) inclusion of surfac-
tant reduces the agglomeration of NPs and provides uniform dis-
tribution of NP within the nanofluids and (2) the uniformly dis-
tributed NPs enhance the CO2 capturing ability via showing max-
imum interaction with CO2 molecules.

Thus, in this study, we have focused on stability analysis
and rheological properties of EG-based TiO2 (0.05–1.0 wt%)
nanofluid. However, it is very clear that the NPs form agglom-
erates which deteriorate their rheological behavior. Thus, an-
ionic sodium dodecyl sulfate (SDS) and nonionic Triton X-
100 (TX-100) are utilized as co-stabilizer to enhance the dis-
persion stability of nanofluid which may have a favorable
impact on the rheological properties of nanofluid. Finally,
the CO2 absorption potential of the various nanofluids was
explored using the pressure decay method. The formulated
nanofluid may show higher potential for several industrial

Table 2 Compositional details of
formulated fluids/nanofluids and
nomenclature

Base fluid TiO2 (wt%) Surfactant Nomenclature Remark

Ethylene glycol (EG) -- -- EG EG

0.05 ET-0.05 ET
0.10 ET-0.1

0.50 ET-0.5

1.00 ET-1.0

-- SDS (0.15 wt%) EGS EGS

0.05 ETS-0.05 ETS
0.10 ETS-0.1

0.50 ETS-0.5

1.00 ETS-1.0

-- TX-100 (0.02 wt%) EGT EGT

0.05 ETT-0.05 ETT
0.10 ETT-0.1

0.50 ETT-0.5

1.00 ETT-1.0
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applications including carbon capture and storage where con-
ventional fluids face limitations at elevated temperature.

Materials and methods

Materials and equipment used in this study

For this study, ethylene glycol (EG), of molecular weight
62.07 g/mol, was obtained from the MERCK group, India,
and used as received. The hydrophilic and rutile TiO2 NPs
(purity 99.00%, size ~ 20 nm, specific surface area ~ 50 m2/
g) were used as obtained from Sisco Research Laboratories
(SRL)Pvt. Ltd, India. Surfactants, sodium dodecyl sulfate
(SDS) (anionic, purity > 99.5%) was used as received from
Sisco Research Lab Pvt. Ltd. India. Nonionic surfactant triton
X-100 of density 1.06 g/ml (purity ~ 99.00%; molecular
weight ~ 646.87 g/mol) was used as received from Thomas
Baker, India. The detailed composition of the prepared

nanofluids and their nomenclature used throughout the study
are given in Table 2.

Preparation of nanofluid

In this study, the TiO2 nanofluid was synthesized in a base
fluid of EG and proposed for high-temperature industrial ap-
plications including oilfield. The nanofluid was prepared in
the base solution of EG by the inclusion of TiO2NPs in a
varying concentration ranging from 0.05 to 1.0 wt%. Both
the base fluid and TiO2 NPs in required wt% were mixed
properly using a Mixer (USHA, India) of varying speed
(5000–15,000 rpm) was used to synthesize the titania
nanofluid. After that, a laboratory-grade magnetic stirrer was
used to mix the surfactant in the formulated nanofluid (see
Table 2). After that, anionic surfactant SDS at critical micelle
concentration (CMC ~ 0.15 wt%) was mixed properly using a
magnetic stirrer for half an hour and formed a bulk group of
nanofluid ETS. Similarly, nonionic surfactant (CMC ~ 0.02
wt%) was also mixed in the nanofluid and form a group ETT.

Fig. 2 Zeta potential result of
nanofluid stabilized by anionic
(SDS) and nonionic (TX-100)
surfactant at ambient condition

Fig. 1 Size distribution details of
titania nanofluid with and without
surfactant SDS and TX-100
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The CMC values of both the surfactant were determined using
the stalagmometric method and confirmed using the electrical
conductivity method as it was adopted in our previous study
(Kumar et al. 2020; Chaturvedi and Sharma 2021). Generally,
at CMC, surfactant forms micelles in the nanofluid which
ensures uniform distribution of NPs within the
nanofluid. The method adopted to prepare the titania
nanofluid is similar to one of our previous studies
(Kumar and Sharma 2018, 2020). Finally, nanofluids
after preparations were sonicated for 1 h using a digital
ultrasonic cleaner (LMUC2A, Labman India) of fre-
quency 40 ± 3 kHz at an ultrasonic voltage 50 W were

used to sonicate nanofluids at a desirable frequency to
ensure uniform distribution of NPs within the nanofluid.
The compositional detail and nomenclature of all the
formulated nanofluids used in this study are provided
in Table 2.

Characterization of TiO2 nanofluid

The formulated nanofluids were characterized for size and
zeta potential using Zetasizer (NanoZS, Malvern® France)
working on the principle of dynamic light scattering (DLS)
to analyze the colloidal stability. The measurements of zeta
potential and average particle size were investigated at
ambient conditions. The cuvette/cell was properly cleaned
in each experiment and dried using a hot air dryer to
avoid contamination within the samples. The refractive
index (RI) and adsorption index (AI) of the used material
were 1.336 and 0.700, respectively. Field emission scan-
ning electron microscopy (FESEM) was used to analyze
the surface morphology of formulated EG-based
nanofluid. An instrument called Nova NanoSEM was uti-
lized for this purpose. The formulated nanofluid samples
were collected on a 1 cm2 microscopic glass slide and
dried in an oven at 100 °C for 3 days to remove the liquid
content from the formulated nanofluid. The microscopic
glass slide containing dried nanofluid samples were gold
coated before FESEM analysis. The electrical conductiv-
ity of nanofluid is necessary for various industrial appli-
cations. The electrical conductivity ensures the uniform
dispersion of NPs within the nanofluid wherein any

Fig. 4 Electrical conductivity of
ethylene glycol, formulated
nanofluids, and role of surfactant
on electrical conductivity at
ambient condition

Fig. 3 Appearance of TiO2 nanofluid under field emission scanning
electron microscopy (FESEM) showing agglomeration and clusters of
large size
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physical changes in the nanofluid may disturb the
nanofluid electrical conductivity at elevated temperatures.
Thus, NPs’ physical stability was determined using an
electrical conductivity meter (Model: HI98129, Hanna
Instruments® USA) at varying temperatures (30–90 °C).
Finally, viscosity analysis as a part of the rheological
study for nanofluid samples was performed using an
HPHT rheometer (MCR-52, Anton Paar, Austria). The
rheometer parts consisting of bob and the cup were prop-
erly cleaned during each measurement. A varying shear
rate was applied ranging from 1 to 1000 s−1. The viscosity
measurements were performed at ambient temperature and
high temperature (30–90 °C) to see the thermal degrada-
tion of nanofluids.

CO2 absorption study in nanofluids

The CO2 absorption study in the nanofluids was per-
formed using a high pressure-high temperature stirring

pot with pressure and temperature transducers. The CO2

capturing apparatus used in this study is similar to one
of our previous studies (Chaturvedi et al. 2018). The
internal volume of the stirring pot was 100 ml and it
was mounted on a stainless steel stand. An impeller
suspended at the end of a shaft driven by the electric
motor was used to provide the required agitation to the
nanofluid during CO2 absorption. The method for CO2

absorption was the pressure decay method (Tolesorkhi
et al. 2018). Initially, a nanofluid of desired volume
(35–50 ml) is put inside the stirring pot and following
that, it is vacuumed to remove any residual gases. Then,
CO2 (or any other gas) is introduced into the stirring
pot at the required pressure, and the drop in its pressure
is continuously recorded. Finally, after some time, no
further fall in pressure would take place, which denotes
that no further CO2 absorption is now possible. For this
study, high purity (99.95%) CO2 and (99%) N2 gas
were used.

Fig. 5 Result showing electrical conductivity with varying temperature (30–90 °C): a EG, EG-titania nanofluids, b with anionic surfactant SDS, c
nonionic surfactant TX-100
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Results and discussion

Stability of nanofluid

Size distribution and zeta potential measurement are an im-
portant method to explore nanofluid stability, in which the
size of the NPs within the formulated nanofluids can be ana-
lyzed and further the zeta potential of the NPs suspension can
be measured (Haddad et al. 2014; Jiang et al. 2016). The size
of TiO2 NPs used in this study was ~ 20 nm; however, the size
distribution results showed a significant increase in size that
indicates the agglomeration tendency of TiO2 NPs due to at-
tractive forces between the homogeneous NPs within the
nanofluid. The average particle size for ET nanofluid was
determined 280, 310, 350, and 409 nm for ET-0.05, ET-0.1,
ET-0.5, and ET-1.0, respectively, and shown in Figs. 1 and 2.
Now, from this study, it is clear that NPs tend to agglomerate
and form large clusters (see Fig. 3 of FESEM) that are not
recommended for industrial applications due to several rea-
sons such as flow line blockage and sedimentation in the flow
line. In oilfield operations, this agglomeration may hamper the
oil recovery by blocking of pores in porous media and limit
the efficacy of nanofluid in subsurface applications. However,
it was observed that this agglomeration of NPs can be con-
trolled using other stabilizing agents such as surfactants (Al-
Anssari et al. 2017). Subsequently, size reduction was ob-
served after the inclusion of SDS and TX-100 surfactants in
the nanofluid. In general, the surfactant forms micelles on the
surface of NPs which helped to maintain uniform distribution
within the nanofluid. The obtained average of the size was
217, 238, 249, and 279 nm for ETS-0.05, ETS-0.1, ETS-0.5,
and ETS-1.0, respectively after the addition of anionic surfac-
tant SDS. Similarly, the size was determined 229, 253, 272,
and 298 nm for ETT-0.05, ETT-0.1, ETT-0.5, and ETT-1.0,
respectively after the addition of TX-100. The reason for the
reduction in the size of NPs within the nanofluid is attributed
to the inclusion of surfactants along with polymers. Generally,
polymer-based nanofluid provides resistance to the NPs to
agglomeration and sedimentation by maintaining viscosity
contrast in the nanofluid network as compared to conventional
water-based nanofluid (Kumar and Sharma, 2018). However,
surfactants improve the surface charge of the NPs and the
overall repulsive forces acting between the similar charged
NPs increase that can be measured by zeta potential measure-
ment of DLS study (Al-Anssari et al. 2017). Also, it was
observed that the size of NPs increases with an increase in
the NP concentration due to the increased population of
TiO2 NPs which leads to their more random movement and
collisions within the nanofluid, causing further agglomeration
and sedimentation (Nashed et al. 2018).

The zeta potential measurement generally states the stabil-
ity of nanofluid; if the measured value obtained is higher than
± 30 mV, the nanofluid is said to be stable (Setia et al. 2013).

In this study, the zeta potential results showed higher values
and it was determined − 39, − 39.2, − 40, and − 41mV for ET-
0.05, ET-0.1, ET-0.5, and ET-1.0, respectively and are shown
in Fig. 2. In addition to this, the zeta potential values increase
with the inclusion of surfactants in the nanofluid. Thus, the
zeta potential was obtained − 51, − 52.2, − 53, and − 53.4 mV
for ETS-0.05, ETS-0.1, ETS-0.5, and ETS-1.0, respectively
after the addition of anionic surfactant SDS. The anionic sur-
factant generally forms micelles via adsorption onNP surfaces
and increases the net surface charge of NPs which are in sus-
pension (Kumar et al. 2020). The increase in surface charge
enhances the interparticle distance within the nanofluid thusly
increases the repulsive forces between the NPs within the
nanofluid and makes the nanofluid stable via uniform disper-
sion. Similarly, the zeta potential was determined − 49, − 49.2,
− 49.5, and 50.1 mV for ETT-0.05, ETT-0.1, ETT-0.5, and
ETT-1.0, respectively after addition of TX-100. The surfac-
tant TX-100 holds a neutral charge; it helped to enhance the
surface potential of nanofluid via lying of micelles on the NPs
surface which forms a protective layer and reduces the attrac-
tive forces acting between the NPs in nanofluid; thus, the
uniform distribution of NPs remains maintained via reduced
agglomeration. Now, this study confirms that nanofluid sta-
bility can be improved via the inclusion of surfactant which

Table 3 Electrical conductivity results at 80–90 °C

Temperature (°C) Electrical conductivity (μS/cm)

EG ET-0.05 ET-0.1 ET-0.5 ET-1

80 4.8 45 52 64 78

82 4.8 45 52 64 78

84 4.8 45 52 64 78

86 5.1 46 52 64 78

88 5.1 46 52 64 78

90 5.22 47 52 64 78

Temperature (°C) Electrical conductivity (μS/cm)

EGS ETS-0.05 ETS-0.1 ETS-0.5 ETS-1.0

80 9 55 65 74 84

82 9 55 65 74 84

84 9 55 65 74 84

86 9 55 65 75 85

88 9 55 65 75 85

90 9 55 65 75 85

Temperature (°C) Electrical conductivity (μS/cm)

EGT ETT-0.05 ETT-0.1 ETT-0.5 ETT-1

80 8.8 54 65 73 83

82 8.8 54 65 73 83

84 8.8 54 65 73 83

86 8.8 54 65 73 83

88 9 54 65 74 84

90 9 54 65 74 84
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not only improves the zeta potential but also reduces the ag-
glomeration of NPs and provide support to maintain uniform
distribution of NPs within the nanofluid and make nanofluid
stable. In addition, zeta potential results of DLS study clearly
shows the zeta potential value of formulated nanofluids is
greater than ± 30 mV which is in the range of stable category
(Setia et al. 2013) which provided good credibility for stable
rheological properties, which are key to nanofluids holding
high efficacy in flow applications.

FESEM analysis

The morphology of titania NPs within EG-based
nanofluid (ET-0.5) was imagined using FESEM and is
shown in Fig. 3. The image of dried TiO2 nanofluid
shown in Fig. 3 was captured at an acceleration voltage
of 10 kV. The individual size TiO2 NPs used in this
study was 20 nm; it is clear that NPs agglomerate

during nanofluid preparation. Therefore, large-sized
clusters can be seen in Fig. 3, consistent with the size
distribution results of DLS analysis in the “Stability of
nanofluid” section. In addition, from the FESEM study,
it can be observed that nanofluid exhibited agglomera-
tion which led to the formation of large clusters which
were several magnitudes in size larger than the sole NPs
(of reported size ≈ 20 nm) (Fig. 3).

Electrical conductivity measurements

The electrical conductivity of nanofluid is a good representation
of dispersion stability of a colloidal suspension, and any physical
change in colloidal suspension can be directly measured through
electrical conductivity (Chereches and Minea 2019; Minea
2019). Generally, high electrical conductivity indicates the uni-
formity of NPs within the nanofluid which communicates the
charges easily and shows good transportation of charges while

Fig. 6 Viscosity results showing shear-thinning behavior of nanofluids with varying shear rate (1–1000 s−1) at ambient conditions: a EG, EG-titania
nanofluids, b nanofluids with anionic surfactant SDS, c nanofluids with nonionic surfactant TX-100
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low electrical conductivity is a representation of less population
of NPs within the nanofluid or agglomeration of NPs within the
nanofluid. Therefore, the change in the physical structure of
nanofluid can be easily identified using electrical conductivity
measurements. The electrical conductivity measurements for for-
mulated nanofluids were carried out up to 2 wt% at room tem-
perature and high temperature. The electrical conductivity was
measured 3.7 μS/cm for EG solution while it increased to 35
μS/cm for ET-0.05 nanofluid as shown in Fig. 4. The reason
for the sudden increase in electrical conductivity is attributed to
the inclusion of titania nanofluid. In addition to this, a further
increase in electrical conductivity was observed with an increase
in TiO2 NPs concentration in the solution. Generally, a uniform
population of NPs ensures better charge dispersion and thus, the
electrical conductivity showed higher values for ET-0.1, ET-0.5,
and ET-1.0 nanofluid and was measured as 43, 57, 66 μS/cm,
respectively (Fig. 4). The increased values of electrical conduc-
tivity are a good sign of the uniform distribution of NPs and
higher surface potential. Furthermore, improvement in electrical

conductivity was measured after the inclusion of surfactant and
the values reached 5.2, 47, 578, 67, and 78μS/cm for EGS, ETS-
0.05, ETS-0.1, ETS-0.5, and ETS-1.0 nanofluid, respectively
and 4.5, 42, 55, 64, and 75 μS/cm for EGT, ETT-0.05, ETT-
0.1, ETT-0.5, and ETT-1.0 nanofluids, respectively (Fig. 4). The
reason for higher electrical conductivity is credited to the surfac-
tant micelles which can generally increase the surface charge of
NPs as it was measured as zeta potential in DLS results (Fig. 2).
In addition, the obtained results were performed up to 2 wt% of
TiO2 and found very few changes in zeta potential value.

Moreover, it was seen that temperature also has a signifi-
cant effect on nanofluid stability. With an increase in temper-
ature further increase in electrical conductivity was observed
(Fig. 5). Figure 5a represents electrical conductivity results for
ET nanofluids (without surfactants). In addition to this, the
change in electrical conductivity is less at higher concentra-
tions of nanofluid and the electrical conductivity values be-
come stable at a higher temperature (80–90 °C) also shown in
Table 3. A similar effect was also observed after the

Fig. 7 Variation in viscosity with varying shear rate for nanofluids (a) without surfactant (b) with SDS (c) TX-100; at higher temperature 90 °C
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addition of surfactant SDS and TX-100 surfactant in the
nanofluid (Fig. 5b and c). Therefore, these particles ac-
quire a random motion within the nanofluid and show
improvement in electrical conductivity. These results de-
pict that the TiO2 nanofluid is very stable over a wide
range of temperatures. Also, the inclusion of the surfac-
tant maintains the uniform distribution of NPs within
the nanofluid by improving the surface potential of
NPs in the nanofluid. Thus, it can be said that this
nanofluid exhibits characteristics for potential industrial
applications. These results also highlight the fact that
the role of surfactant as a stabilizer is very important
along with NPs.

Viscosity results of EG-TiO2 nanofluid

Nanofluid stability can be also supported by viscosity analysis
as a part of the rheological investigation, which is an effective
method to understand the nanofluid flow behavior for several
industrial applications (Kamibayashi et al. 2006; Wei et al.
2016; Vázquez-Quesada et al. 2016). Therefore, the viscosity
measurements were performed at varying shear rates 1–1000
s−1 and are shown in Fig. 6. The viscosity of the EG solution
was determined 0.019 Pa s at a shear rate of 1 s−1 which is
similar to the reported value by Sun and Teja (2003).
Furthermore, a reduction in viscosity values was found with
an increase in shear rate which showed shear-thinning behav-
ior of non-Newtonian fluid (Fig. 6a). Moreover, the viscosity
values increased after addition of TiO2 NPs and reached to
0.225, 0.323, 0.611, and 0.826 Pa s for ET-0.05, ET-0.1, ET-

0.5, and ET-1.0, respectively. All the formulations depicted
viscosity reduction with the shear rate which is typical shear-
thinning behavior for a nanofluid (Fig. 6a). However, after the
inclusion of the surfactant in the nanofluid, a slight reduction
in viscosity values was obtained at 1 s−1 shear rate due to
interfacial tension reduction between the rheometer part
(bob) and surfactant added nanofluid. Generally, resistance
to flow is defined as viscosity, and after the addition of sur-
factant SDS, the resistance measured by the instrument is
slightly lower than the measured in nanofluid without surfac-
tant (Fig. 6b and c). The viscosity values were measured
0.018, 0.224, 0.318, 0.607, and 0.806 Pa s for EGS, ETS-
0.05, ETS-0.1, ETS-0.5, and ETS-1.0, respectively. A similar
effect was also observed in the case of TX-100 nanofluids and
these values were found 0.018, 0.223, 0.321, 0.613, and
0.821 Pa s for EGT, ETT-0.05, ETT-0.1, ETT-0.5, and
ETT-1.0, respectively.

Furthermore, the effect of high temperature (90 °C) on
viscosity was also performed and results are shown in Fig.
7. An increase in temperature has a severe effect on the vis-
cosity of EG, and the viscosity for EG was obtained at
0.0026 Pa s while it was found higher for ET-0.05 (0.172 Pa
s) nanofluid (Fig. 7a). Similarly, the viscosities were obtained
0.247, 0.554, and 0.72 Pa s for ET-0.1, ET-0.5, and ET-1.0
nanofluid. Generally, EG-based nanofluid viscosity reduces
with an increase in temperature due to thermal degradation
(Islam and Shabani 2019). From the results, it is very clear
that the inclusion of TiO2 NPs can not only enhance the vis-
cosity of base fluid but it can also provide a sustainable vis-
cosity profile at high temperatures. And, this thermal property

Fig. 8 Visual and microscopic
appearance of TiO2 nanofluid
(with and without surfactant
treated) before and after CO2

capture
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of TiO2 makes the nanofluid suitable for several industrial
applications where the previously high temperature was a lim-
iting factor. Moreover, the inclusion of surfactant provides
uniform distribution of NPs within the nanofluid which has
a significant impact on rheological properties at high temper-
atures. The viscosity values were observed 0.0035, 0.22,
0.307, 0.597, and 0.79 Pa s for EGS, ETS-0.05, ETS-
0.1, ETS-0.5, and ETS-1.0 nanofluid, respectively (Fig.
7b). Similarly, the values observed were 0.0033, 0.21,
0.29, 0.57, and 0.78 Pa s for EGT, ETT-0.05, ETT-0.1,
ETT-0.5, and ETT-1.0 nanofluid, respectively (Fig. 7c).
Now, it is very clear from the results that uniform dis-
tribution of NPs can be maintained using surfactant
which can further provide thermal stability to the TiO2

nanofluid for high-temperature applications where the
conventional fluid is not applicable.

CO2 capturing potential of titania nanofluids

Finally, the CO2 capturing the potential of the titania
nanofluids was evaluated under varying confining pressure
and temperature and visual images are shown in Fig. 8 at
ambient conditions. The CO2 capturing in EG and EG-based
titania nanofluid (0.5 wt%) is proved which illustrate the en-
hanced capturing capability in case of titania nanofluid.
Furthermore, a microscopic study of CO2 captured nanofluid
is taken which shows the captured bubbles within the
nanofluid. Two nanofluid concentrations (0.1 and 1 wt%)
were explored in this study. Given the usual composition of
flue gas emitted from a power plant are 8–10 vol.% H2O, 3–5
vol.% O2, 12–14 vol.% CO2, and 72–77 vol.% N2; in this
study, a synthetic flue gas comprising of 20 vol.% CO2 and
80 vol.% N2 was formulated by mixing the gases for

Fig. 9 CO2 molality in different
titania nanofluids at varying
confining pressures (6–24 bar).
The experiments were performed
at a 30 °C, b 60 °C, and c 90 °C
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absorption study (Kang and Lee 2000). Using flue gas instead of
pure CO2 also has the advantage of reducing the cost to purify
CO2 and in absence of any industrial applications which would
extract monetary benefit from its separation, injecting CO2 (or flue
gas)-saturated nanofluid to the subsurface would be highly viable
for its effective sequestration. Thus, the CO2 loading potential of
the nanofluids was explored at varying temperatures (30 and 90
°C) and confining pressure (6–24 bar) using the well-established
pressure decay method (Haghtalab et al. 2015; Haider et al. 2018;
Chaturvedi and Sharma 2020). The agitation was provided by the
impeller rotating at a speed of 600. The CO2 absorption of the
nanofluids has been reported in form of CO2molality which is the
measure of no. of moles of CO2 absorbed inside a kilogram of the
solvent. These observations have been presented in Fig. 9. Initially,
the titania nanofluids (without any surfactant) were evaluated in
the stirring pot. They exhibited a molality of 0.46 mol/kg of sol-
vent and 0.4mol/kg of solvent at a confining pressure of 6 bar and
temperature of 30 °C for NP concentrations 0.1 and 1 wt%, re-
spectively (Fig. 9a). The fall in gas loading at higher concentrations
can be attributed to the agglomeration in nanofluids (check Fig. 1)
which reduces NP surface area and thus their ability to participate
in gas capture. Similarly, in nanofluids with lower particle size
(thus higher surface area), more gas loading was observed, even
at lower pressures, with maximum CO2 loading observed in ETS

0.1 nanofluid (0.638 mol/kg of solvent, 6 bar, 30 °C) (Fig. 9a).
Increasing pressure increased CO2 absorption in all solutions with
maximumCO2 loading (1.63mol/kg of solvent) observed in ETS-
0.1 at 24 bars (Fig. 9a). The positive influence of pressure has
already been documented in past literature and increasing the con-
fining pressure brings more CO2 (or flue gas) in contact with the
nanofluid interface, which ultimately increases gas entrapment
(Haghtalab et al. 2015; Chaturvedi et al. 2018). Increasing the
temperature caused a decrease (≈ 30%, Fig. 9b, c) in the values
of gas loading at lower pressure ranges which can be attributed to
the increased kinetic movement of gas molecules at high temper-
ature that causes instability in gas bubbles and destabilize them
before their entrapment. However, on increasing pressure, the
destabilizing role of temperature on CO2 is negated and at higher
pressures (> 18 bar), only a 16–20% fall in CO2 loading was
observed. Thus, for the high-temperature capture of CO2 from
the thermal power plant exhaust, higher pressure should be
recommended.

Finally, the role of agitation speed (RPM of the impeller)
was studied on the gas absorption of the titania nanofluids.
The RPM was varied for 300–1800 for SDS-treated
nanofluids (ETS-0.1 and ETS-1.0) and these observations
have been reported in Fig. 10. At a lower agitation rate (≈
300), the CO2 molality was inferior as less agitation leads to

Fig. 10 CO2 molality in SDS-
treated titania nanofluids at vary-
ing agitation rates (300–1800
rpm). The investigations were
performed at 30 °C and 24 bar
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a drop in gas bubbles entering the nanofluid for entrapment.
Similar values of gas molality were observed for both, RPM
600 and 1200, indicating that gas molality is influenced by
moderate RPM values as the agitation is adequate to ensure
that most of the gas bubbles can enter the solution to be phys-
ically entrapped in the interstitial space between the liquid
layers. However, at higher RPM values, low gas absorption
is observed because higher RPM causes too much instability
in the system (similar to the increase in gas kinetic energy on
increasing temperature); thus, lower values of gas absorption
are observed (Chaturvedi et al. 2018; Chaturvedi et al. 2020)
This proves that the design of nanofluid-CO2 gas absorption
systems requires careful design and optimization. The obser-
vations indicate that titania nanofluids with SDS treatment can
be effective in the role of carbon capture and storage. This
work is fully dedicated to the thermal and physical stability
of surfactant-treated nanofluids for CO2 capture followed by
understanding the rheological characterization of nanofluids
after and before CO2 capture. This work also highlights the
potential application of CO2 captured fluid in oil recovery
projects and simultaneous CO2 storage in subsurface applica-
tions which may be beneficial for reducing carbon footprint
from the environments.

Conclusions

In this study, TiO2 nanofluid was prepared in the base solution
of ethylene glycol (EG) with and without surfactant, and re-
sults were analyzed using dynamic light scattering (DLS)
study, electrical conductivity, and viscosity measurement at
30 and 90 °C. The TiO2 nanofluid showed high dispersion
stability and lesser agglomeration as reported in the literature,
and the size was measured 280 nm for ET-0.05 (0.05 wt% of
TiO2), while it increased to 409 nm (ET-1.0) with an increase
in the concentration of TiO2 NPs in a nanofluid. However, the
agglomeration of NPs can be controlled via the inclusion of
surfactant; thus, anionic surfactant (SDS) and nonionic surfac-
tant (TX-100) were added in the nanofluid which resulted in
the reduction of NP agglomeration and the size reached 217
and 229 nm for ETS-0.05 and ETT-0.05 and 249 and 298 nm
for ETS-1.0 and ETT-1.0, respectively. The reason for the
reduced size of NPs clusters is credited to the inclusion of
anionic surfactants, which forms micelles in the nanofluid
and gets adsorbed on the interface of NPs, resulting in en-
hanced surface potential of NPs. Similar to that, nonionic sur-
factant increases the zeta potential via surface laying mecha-
nism which help to curtail the attractive forces and increases
the zeta potential. Thus, the zeta potential values increased
after the inclusion of surfactants in the nanofluid (DLS study)
from − 40 to − 53 mV (SDS added titania nanofluid ETS-1.0)
and − 49.5 mV for (Tx-100 added titania nanofluid ETS-1.0).
Furthermore, nanofluid stability was examined at high

temperatures using electrical conductivity and the results
showed that the higher dispersion stability of nanofluids can
be obtained using an anionic and nonionic surfactant.
Furthermore, viscosity measurement of EG was found ineffi-
cient at higher temperatures as compared to the viscosity re-
sults at ambient conditions, which can be further improved
using the addition of TiO2. Additionally, the inclusion of sur-
factant has shown promising results at higher temperatures
due to the uniform distribution of NPs within the nanofluid
which govern the matter at the nano-scale level and helped the
nanofluid to maintain the rheological stability for potential use
in high-temperature industrial applications. Finally, the SDS-
treated titania nanofluids showed strong CO2 capturing ability
with CO2 loading found to be positively influenced by in-
creasing pressure and rate of agitation at 30 °C (0.4 mol/kg
of solvent at 6 bar to 1.63 mol/kg of solvent at 24 bar) while
increasing the temperature reduced CO2 loading. Thus, this
study suggests that the optimized condition for CO2 capture is
high pressure and low temperature (pressure > 18 bar and
temperature less than ambient). Based on the observations of
this study, the application of anionic surfactant-treated titania
nanofluids is recommended for CO2 capture and storage ap-
plications and also can be useful for oil recovery applications.
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