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Abstract

Injection of chemicals in the reservoir in order to displace the remaining oil from the pore spaces is among the most widely
accepted techniques. Combination of surfactant and polymer along with nanoparticles (NPs) is gaining the attention of
scholars nowadays. Present work focuses on the application of bio-Ca NPs with the surfactant polymer (SP) slug to improve
its efficiency. Surface tension, interfacial tension, surfactant adsorption and oil recovery were examined for the evaluation
of performance of the NPs-assisted SP injection technique. Addition of 1000 ppm of NPs reduced the CMC of surfactant
by 24%. Synergistic effect between bio-Ca NPs and anionic surfactant molecules observed from the experimental results
of surface tension and IFT values. The surface tension value of distilled water reduces to 34.5 mN from 72.6 mN/m upon
addition of 2500 ppm surfactant. Addition of NPs further reduced the surface tension of the solution by 24%. Introduction
of NPs modified the wetting behavior of oil-wet surface to strongly water-wet surface. Furthermore, addition of NPs also
improved the viscosity of the SP slug by 41% at 108 s~! shear rate. An increase in cumulative oil recovery from ~69 to ~76%
was obtained upon addition of 1000 ppm of bio-Ca NPs in SP slug. Furthermore, 1000 ppm of NPs addition also reduced
the surfactant adsorption by 33% for 1000 ppm of surfactant concentration. It can be inferred from the experimental data that
the bio-Ca NPs has the potential to improve the performance of the chemical injection technique that can be exploited for
additional oil recovery.
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1 Introduction

Oil and gas industry needs new technologies in order to
compete with the rising energy demands. Enhanced oil
recovery (EOR) propounds promising answers to the same.
EOR processes often include the injection of chemicals
which augment the reservoir natural energy for effective
oil displacement. These chemicals alter the physiochemical
properties of the reservoir and its fluids to create favorable
conditions for oil production [1]. With further advancement
in EOR processes, more recovery can be achieved. The intro-
duction of nanoparticles (NPs) in EOR process has proved
to be a turning point in improving the recovery factor by
enhancing its sweep efficiency. The introduction of NPs with
surfactant polymer (SP) flooding [2], a subset of chemi-
cal enhanced oil recovery (CEOR) is being investigated in
present study. Surfactant helps in lowering IFT which leads
to increase the capillary number. Also, surfactant addition
tends to modify the wetting behavior of the rock whereas
polymer addition amplifies injection fluid viscosity, thereby
reducing the mobility ratio and providing better sweep effi-
ciency. The combined effect of surfactant and polymer makes
it one of the most efficient CEOR [3]. However, SP flood-
ing also have few drawbacks of which loss of surfactants
on the rock surface is the major. Because of the adsorption,
efficiency of surfactant to balance IFT reduces. Surfactant
loss can be reduced by introducing some additives with the
surfactant solution such as polymer, alkali or NPs [4].

Introduction of NPs in the petroleum industry for the
enhanced recovery factor is not new. NPs have been known
to alter the various reservoir and injection fluid properties.
NPs can modify the physical properties of reservoir rocks
such as wettability alteration [5-7], changes in properties
of fluids [8], improvement in trapped oil displacement [9],
plugging the pore channels which is caused by the mecha-
nisms of mechanical entrapment and log jamming. As the
pore channels, being in micron-scale are much bigger than
nanoparticles therefore it can easily enter the pore channel
and agglomerate at the entry of the pore throat causing surge
in pressure and flow of trapped oil. Apart from this, nanopar-
ticles have resistance to degradation at high temperature and
salinity, which makes them a suitable ingredient for addition
in surfactant solutions to improve the recovery of oil in harsh
reservoir conditions [10].

Ithas been proved earlier that NPs can enhance the efficacy
of the CEOR [11-15]. Although there are a lot of mecha-
nisms which explain the oil mobilization with NPs injection.
Adsorption of NPs on the surface to minimize IFT [16], pH
alteration [17], disjoining pressure [ 18] and wettability mod-
ification [19] are among the most discussed mechanism that
involves the addition of NPs. Various nanofluid has been used
to improve the oil displacement from the pore spaces. Giraldo
et al, in their research, have used alumina-based nanofluids

@ Springer

for sandstone cores and have concluded that nanofluids can
alter its wettability. This resulted in improved efficacy of
anionic surfactant with low NPs concentration and yielded
higher oil recovery [20]. Rezk et al have performed exper-
iments to understand the effect of silica NPs with sodium
dodecyl sulfate (SDS) surfactant [21]. They found that SiO;
NPs altered the wettability of glass surface and improved the
sweep efficiency by 13%. Hu et al have examined the effect of
rutile TiO, NPs on water (brine) flooding and have inferred
that low NPs concentrations provide better oil mobilization
[22]. Approximately 40% of additional oil recovery was
obtained corresponding to only 20 ppm NPs concentration.
Ju and Fan have reported that the wettability of sandstone
surfaces can be modified from oleophilic to hydrophilic by
adsorption of lipophobic and hydrophilic polysilicon NPs
[23]. Suleimanov and co-workers have discussed the role of
adding NPs with surfactant on the wettability, surface tension
and adsorption of the surfactant. A synergistic impact of the
NPs with the surfactant on various properties was observed
[24]. Bayat et al have used three metal oxide NPs (Al,O3,
TiO; and SiO,) for improving the oil recovery through a lime-
stone sample and found that the adsorption tendency of the
NPs on the limestone surface follows the order SiO, >TiO
>Al,O3 [25]. Moghaddam and co-workers experimentally
examined the impact of eight NPs on oil recovery and have
found an incremental oil recovery of approximately 9% with
CaCOj3 NPs [26].

It can be inferred from the earlier studies that nanoparticles
could improve the production of hydrocarbon, yet the major
obstacle of NPs agglomeration remains consistent. Agglom-
eration of NPs in colloids solution increases the particle size
of NPs suspended in the liquid phase and this eventually
leads to the settling of NPs. Apart from this, commercial
NPs are toxic for plants and environment and are also non-
biodegradable. In order to overcome this problem, present
work uses bio-Ca NPs which are very easily dispersed in the
solution and after ultra-sonication for 10 min forms a stable
suspension solution. Moreover, unlike commercial nanopar-
ticles, bio-Ca NPs are biosynthesized, biodegradable and
non-toxic to plants and environments. Having such advan-
tages, these nanoparticles have an edge over relatively costly,
non-environmentally friendly, toxic and non-biodegradable
conventional nanoparticles. The production of NPs from bio-
logical resources is now widely implemented [27, 28], as
they have shown significant applications in various areas
like developing anti-cancer drugs [9], drug delivery systems
[29] and formation of scaffolds for bone repair and tissue
engineering [30]. The bio-Ca NPs used in present study are
synthesized from bone of cuttlefish, found in Persian Gulf
of the order Sepiida and belong to Cephalopoda class. The
cuttlebone is majorly composed of Calcium Carbonate and
Chitin. The performance of these bio-Ca NPs on the wet-
tability alteration of rock surface was examined and it was
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observed that they have the potential to change the carbon-
ate rock wettability from being oil-wet to water-wet [31].
Apart from that, these NPs have been reported to be of low
cost and environmentally friendly in nature [32]. Because of
these specific properties, the authors have identified bio-Ca
NPs as a potential additive for the conventional SP flood-
ing to enhance its performance. Furthermore, application of
bio nanoparticles in oil and gas industry is not yet investi-
gated deeply. Hence, this study would provide an idea about
the performance evaluation of the oil mobilization potential
using bio-Ca nanoparticles and various mechanisms involved
for the wettability reduction, IFT stabilization and surfactant
adsorption reduction.

The present study involves the measurement of the surface
tension of various concentrations of the NPs solutions. The
synergistic effect of the anionic surfactant and the NPs on
the IFT, surface tension and wettability modification ability
was explored. Further, the efficiency of NPs in decreasing
the amount of surfactant loss at the solid sand crystals was
studied. Finally, the oil displacement efficiency of the NPs
-ssisted SP flooding was examined by carrying out the sand
pack flooding.

2 Experimental Section
2.1 Materials

Sodium dodecyl sulfate (SDS) having purity>99% and
molecular weight of 288.38 g/mol was taken from Molychem
Pvt. Ltd, India. Polyacrylamide (PAM) used for flooding
operation was obtained from SNF Floerger a chemical indus-
try company based in France. The crude oil from Oil and
Natural Gas Corporation (ONGC), Ankaleshwar field, India
was used in flooding operation has a viscosity of 5.5 cP at
temperature of 333 K and acid number of 1.25 mg KOH/g.
The physical property of the crude oil used in the experi-
ment is given in Table 1. Toluene used in flooding operation
has purity>99% was obtained from Rankem Chemicals.
Sodium chloride with molecular formula NaCl and having
purity>99% was taken from Merck chemicals. The sand
pack and sand powder pellet were prepared using normal
beach sand after washing and drying in a hot air oven at
383.15 K in order to remove the moisture. Deionized water
used in the experiment was collected from Elga lab water
purifier had a resistivity of 18.1 MQ.cm. The Cuttlebone,
Sepia Pharaonis, used for bio-Ca NPs, was collected along
the northern bank of the Persian Gulf in Bushehr coastal area.

2.2 Synthesis of Bio-Ca NPs

The bio-Ca NPs were produced after several steps [31]. At
the first step, the cuttlebones collected from Persian Gulf
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Table 1 The physical properties of crude oil
S. No Property Value
1 Pour Point (°C) 22
2 Flash Point (°C) 117
3 Wax Content (%) 20
4 Asphaltene (%) 6.6
5 Acid content (mg/KOH) 1.25
6 Viscosity at 333 K (cp) 55

northern coastal zone were washed to remove sand and clay
using deionized water and dried in an oven (Memmert, Ger-
many) overnight at 105 °C. After that, the cuttlebones were
crushed in a ceramic mortar and sieved through a 25 mesh
to get the residue. In the third step, the initial bio-Ca powder
was placed in a high-energy planetary ball mill (NARYA-
MPM-2%200H, Iran) under the argon atmosphere to avoid
degradations of the particles. The ball-powder mass ratio
was set as 10 and the rotational speed at 340 rpm. In order
to avoid the rise in temperature during milling process, the
machine was stopped for 15 min after each 30 min run. This
milling process was repeated 8 times for producing bio-Ca
NPs, and a brief summary of the whole process was illustrated
inFig. 1. The physical properties of the bio-Ca NPs were pre-
sented in Table 2 [32]. The synthesized bio-Ca nanoparticles
were characterized by FESEM technique using JEOL JSM
7900F (Fig. S1). The elemental analysis of the same using
EDX technique is given in Table S1. Thermal stability of the
nanoparticles was examined by performing the TGA exper-
iments (Fig. S2).

2.3 Surface Tension Measurement

Surface tension of a fluid may be defined as the characteris-
tic of liquid surface to resist external forces. The surface
tension values of various concentrations of test samples
(0-8000 ppm of surfactant) were measured using surface
tensiometer (KYOWA DY-500) with the help Du-Nouy ring
method. The equipment has an accuracy of 0.02 mN/m. The
ring used was having diameter of 14.5 mm and thickness of
0.4 mm and was properly cleaned before testing and three
readings were taken to check the repeatability. Interfacial
tension (IFT) between the crude oil and different test sam-
ples was also measured using the same method. 50 ml of
test sample was taken in a beaker and 20 ml of crude oil
was carefully poured above the sample surface carefully to
make the interface between the immiscible fluids. The CMC
value was obtained by measuring surface tension of varying
concentration of surfactant solution. The concentration cor-
responding to minimum surface tension value gives the CMC
of surfactant.
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Fig. 1 Bio-Ca nanopowder
production process

Table 2 The physical properties
of bio-Ca NPs [32]

*
Washing
~ 3 i
. — Cuttlebone & Doying
Curtlefish
e
Crushing
Planetary ball milling
Bio-Ca nanopowder
Purity (%) Mean particle Specific surface Status  Color True density
diameter (nm) area (m2/ 2) (g/cm3)
>98 40-50 13.7 Solid ~ White to yellow 3.1

2.4 Contact Angle Measurement

The impact of the bio-Ca NPs on the wetting properties of the
rock surface was examined by measuring the contact angle
value with the help of sessile drop method. The assembly con-
sists of a D-CAM Engineering syringe pump, an evacuated
chamber and a camera. Similar methodology has been used
in our previous studies [15, 33]. A sand pellet using the clean
powdered sand particles was prepared using the hydraulic
press load of 25 tons for 10 s. A layer of crude oil was applied
on the pellet and left for 2 days to ensure its oil wetting nature.
The solution sample was dropped on sand pellet surface with
the help of the syringe pump at a flow rate of 0.06 mL/hr. The
pellet was kept in the evacuated chamber. The fluid coming
from the needle forms a sessile drop as it reaches to the sur-
face and an image is captured using the camera. The captured
picture was examined using software ImageJ to get the con-
tact angle [34]. The experiments were conducted at room
temperature and pressure conditions. All the flow lines were
properly cleaned with deionized (DI) water and a picture of
DI water was analyzed after every measurement to ensure no
impurity in the system. Each experiment was repeated thrice
to check the repeatability of the results. The equipment has
an accuracy of 1 degree.
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2.5 Dynamic Light Scattering (DLS)

DLS provides size distribution profile of diminutive particles
suspended in a fluid. As the size of NPs is very critical in the
formulation of the chemical slug to be used for oil recov-
ery process. Hence, DLS studies for bio-Ca NPs suspended
in distilled water were performed using Malvern Zetasizer
Nano-ZS instrument. The average hydrodynamic diameter
and zeta potential of these bio-NPs were measured. The
instrument uses a cuvette in which the sample was taken
(~1.4 mL). A coherent and monochromatic light source
(laser beam of 633 nm wavelength) is passed through the
transparent cuvette hitting the small particles. The scatter-
ing intensity of these particles fluctuates over time which
undergoes through Brownian motion and with the help of
Stokes—Einstein equation the size of particle is calculated.
The cuvette was thoroughly cleaned using methanol and
dried after each measurement and sample was prepared with
caution to prevent dust and a syringe filter (0.2 pwm) was
applied to remove larger impurities. The temperature was
maintained at 30 °C and the equilibrium time of 120 s was
provided to establish an equilibrium temperature throughout.

2.6 Viscosity Measurement

Viscosity is an important rheological property, which is
measured to understand the characteristics and deforma-
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tion of a sample with respect to shear rate and temperature.
The sample viscosities were studied using modular compact
rheometer of Anton Paar (MCR-52). It has a double gap pres-
sure cell geometry with 32.000 mm of cup outer diameter
and 60.000 mm of bob length. The inner diameter of bob
was 32.800 mm and outer diameter was 35.120 mm. The test
was conducted at three temperatures (30, 60 and 90 °C) and
the shear rate was varied from 4.24 to 4240 s~! in order to
understand the viscosity at various shear rates. The test was
conducted without pressurizing the system. All the parts of
the assembly of the rheometer (cup and bob) were properly
cleaned and dried each time with the help of deionized water
both at beginning and end of measurement.

2.7 Flooding Experiments

Impact of bio-Ca NPs on the oil mobilization was stud-
ied by conducting forced imbibition experiments on a sand
pack. The sand pack used for the experiment has a radius
of 1.27 cm, while the length of sand pack was 30 cm. The
schematic diagram of the setup can be seen in Fig. 2. The
setup comprises of an injection syringe pump capable of
delivering 10,000 psi, procured from D-CAM Engineering,
Ahmedabad, four accumulators (500 mL) each containing
crude oil, water, toluene and chemical slugs. The temper-
ature of the setup was set at a constant value of 60 °C to
imitate the reservoir conditions. Injection of fluid was done
at a constant rate (60 mL/hr) during the whole flooding pro-
cess with the help of a syringe pump. Normal beach sand
particles of 40-60 US mesh (250-400 microns) were used
for the experiment. Sand pack preparation was done by ram-
ming down sand particles inside the sand pack holder along
with the gradual addition of known amount of 1 wt% NaCl
solution. At the start of the experiment, water was injected
in the sand pack and the absolute permeability and poros-
ity were determined using Darcy’s law when the steady-state
flow was achieved. After that, crude oil was pushed in the
sand pack, which displaced some water out of the sand col-
umn. By measuring the amount of water displaced from the
sand pack and volume of water used while ramming the sand
particles for sand column preparation, connate water, and
initial oil saturation were determined. The flow lines were
properly rinsed by running toluene through them, then sand
pack was left for 6 days to convert the wetting behavior of
sand particles towards oil-wet [35]. Further, water injection
process was performed to imitate water flooding and obtain
secondary oil recovery. All displacements were conducted
horizontally to minimize the impact of gravity forces. The
pressure drop between the ends of sand column and produced
volumes of oil and water were recorded with respect to dis-
placing fluid volume. After secondary recovery, 50% pore
volume (PV) of chemical slug was pumped inside the sand
column in order to displace the left oil. Further, chase water

was injected through the sand column till no oil drop could
be produced from the sand column. The chemical slug com-
prised of a mixture of 2500 ppm of surfactant and 1000 ppm
of polymer in which NPs concentration was varied from O to
1000 ppm.

2.8 Surfactant Adsorption

Adsorption of the surfactant molecules at the rock sur-
face was evaluated in a similar way as done by previous
researchers [36, 37]. 20 mL of surfactant solutions with vary-
ing concentrations of bio-Ca NPs from 100 to 1000 ppm were
prepared. The samples were tested for the conductivity using
a conductivity meter (Labman Scientific Instruments Multi-
parameter LMMP-30). 2 g of sand particles of 250 pm size
were mixed in the surfactant solution and left undisturbed for
about 24 h. A characteristic curve for each concentration of
bio-Ca NPs mixed with different concentrations of the sur-
factant solution was made. After that, the solution was kept
in a centrifuge (Medifuge, ThermoFisher) at 4500 rpm for
15 min in order to separate the sand from surfactant solution.
Then the conductivity of the samples was checked again. The
corresponding characteristic curve was used in measurement
of the volume of surfactant adsorb on sand surface after the
separation. The concentration of the surfactant before and
after the separation of the sand particles was noted and their
difference was calculated. The reduction in the surfactant
concentration gave an estimate of the surfactant loss due to
its adsorption on sand particles. The mass of sand mixed in
the surfactant solution per unit volume of solution was kept
constant. All measurements were carried out at 30 °C and
14.7 psi. The adsorption of surfactant molecule was deter-
mined by Eq. 1:

{5 =) x 3}
1000

A=

ey

where,

A is loss of surfactant in mg/g.

Sj is initial concentrations of surfactant in ppm.

St is final concentrations of surfactant in ppm.

M; is mass of solution in grams.

M; is mass of adsorbent added in surfactant solution in
grams.

3 Results and Discussion

3.1 Critical Micelle Concentration (CMC)
Measurement

CMC is one of the most crucial parameters while injection of
surfactant during CEOR. CMC can be described as the lim-
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Fig.2 Schematic of the sand

pack flooding apparatus
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iting concentration of the surfactant molecules above which
they start to form micelles. Several methods can be used to
obtain the CMC of the surfactant such as UV spectroscopy,
surface tension, pH and conductivity measurement [37]. In
present work, the CMC value of surfactant was explored by
measuring the conductivity and surface tension values. The
addition of surfactant reduces the surface tension value due
to the adsorption of the surfactant particles at the liquid—air
interface. However, surface tension does not reduce after a
certain concentration of surfactant in the system which is
described as the CMC of the surfactant (Fig. S3a). It can be
explained as the particles of surfactant start to form micelles
above CMC, which does not adsorb at the liquid—air interface
leading to insignificant variation in the values of surface ten-
sion after attaining CMC [38]. The surface tension value of
deionized water used in the experiment was found to be 72.4
mN/m which reduces to value of 34.5 mN/m with the addi-
tion of 2500 ppm of surfactant in the water at a temperature
of 30 °C.

Conductivity method is based on the number of the ions
present in the system that are responsible for the flow elec-
trons through the system. The surfactant upon mixing in the
water dissociates into cation and anion which gives rise to the
conductivity of sample with surfactant concentration in the
water (Fig. S3b). The rate of rise of conductivity changes sig-
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nificantly at a certain concentration thatis defined as the CMC
of the surfactant [36]. This change in the slope arises because
of micellization of free surfactant particles present in the sys-
tem due to which ions present in the system do not increase
leading to lower slope of conductivity versus concentration
plot after CMC. The turning point of the plot was obtained
at 2464 ppm, which is known as CMC of the surfactant at
the temperature of 30 °C. Both the methods (conductivity
as well as surface tension) gave the CMC approximately
2500 ppm, corroborating each other. Also, approximate value
of the CMC (6.8 mmol/L-9.68 mmol/L) of surfactant (SDS)
was obtained in the previous works [39, 40].

3.1.1 Effect of Temperature on CMC of the Surfactant

Subsurface temperature is always higher than the surface
temperature which makes it imperative to explore the impact
of temperature on the micellization behavior of the surfac-
tant. The surfactant’s CMC was revealed to rise at higher
temperature. It increased from 2500 to 2700 ppm as the tem-
perature rose from 30 to 75 °C, respectively (Fig. S4a). This
could be explained by the amplified repulsive force experi-
enced by the likely charged surfactant monomers at higher
temperature due to increase in their kinetic energy. At an ele-
vated temperature, the particles start to collide with the other
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particles leading to higher electrostatic repulsion between the
like-charged particles resulting in delay in the micellization
of the surfactant and hence higher CMC values were obtained
at higher temperatures. Another possible explanation could
be the increase in the adsorption of the surfactant monomers
at the airliquid interface at higher temperature due to higher
entropy of the system [41]. This makes adsorption of particles
more closely at the interface hence, higher CMC values are
observed. These findings corroborate with a previous study
[41, 42].

3.1.2 Effect of Concentration of NPs on CMC
of the Surfactant

Addition of NPs in the surfactant solution was found to
affect the surfactant’s CMC. The value of CMC was reduced
steeply with the addition of NPs in the surfactant solution.
The surfactant’s CMC turned down from 2500 to 2300 ppm,
2000 ppm and 1900 ppm upon addition of 100 ppm, 500 ppm
and 1000 ppm of NPs (Fig. S4b). The fall in the CMC value
can be explained by the increment in solution’s ionic strength
with the addition of NPs in it [43, 44]. The NPs being smaller
in size would have greater surface area as well as higher sur-
face free energy, this would lead to the dissociation of the
ions that would reduce the electrostatic repulsion amongst
the likely charged head group of the surfactant particles [15,
45]. This would encourage formation of micelles in the sur-
factant even at lower concentration leading to the decrease in
the CMC value with NPs addition [46, 47]. Similar trend of
the CMC value with NPs addition was obtained in an earlier
work [15].

3.1.3 Comparison Between the CMC Values Obtained
from Conductivity Method and Surface Tension
Method

The CMC values obtained from both methods were approxi-
mately the same. Since, surface tension measurement method
for CMC determination depends on the concentration of the
surfactant solution made. The minimum value of the sur-
face tension obtained at the surfactant concentration gives
the value of its CMC. The surfactant solution of various con-
centration was of multiple 100 ppm, therefore CMC obtained
using surface tension measurement was always in 100 ppm
multiple whereas for conductivity method, the CMC was
obtained from the intersection point of the two straight line
using curve fitting. Hence, all the CMC values obtained using
conductivity method were distinct. However, both the meth-
ods gave approximately the same CMC values suggested that
both methods can be used to obtain the value of the surfac-
tant’s CMC.

3.2 Surface Tension

The surface tension value was showing a reducing trend
with increasing concentration of surfactant in the solution.
However, surfactants have a tendency to form micelles in
the solution after a particular concentration is identified as
the CMC of the surfactant. Surface tension of the deionized
water was found to be 72.4-72.6 mN/m at 30 °C, which
reduced drastically upon introduction of surfactant. How-
ever, the surface tension values did not change significantly
after the CMC value of the surfactant. This phenomenon can
be explained by the adsorption of the surface-active agent’s
monomers at the air-liquid interface resulted in balancing the
forces acting at the surface [4, 48]. As the surfactant concen-
tration was increased further, the interface got saturated with
the surfactant particles and it began to form micelles which
did not reduce the surface tension [49]. The minimum surface
tension value obtained with the surfactant was 34.5 mN/m at
2500 ppm and 30 °C. A slight increase in surface tension
value at 4000 ppm of solution can be due to the desorption
of surfactant particles from the interface. Previous studies
corroborate the present findings [50, 51]. Unlike surfactant,
NPs are not amphiphile but are completely hydrophilic in
nature and also are positively charged. They do not have a
tendency to get adsorbed at the air-liquid interface. However,
NPs hydration is possible in an aqueous solution making it
even harder to get adsorbed at the interface to reduce the
surface tension [52]. Hence, an increase in the surface ten-
sion value was obtained with the NPs addition in the water
(Fig. 3a). However, the increment in the surface tension value
was not as steep as it was for surfactant solution. The surface
tension value of the deionized water increased from 72.6 to
78.3 mN/m upon the addition of 1000 ppm of NPs in the
water at 30 °C.

3.3 Synergistic effect of NPs concentration
with surfactant solution on the surface tension

The addition of a smaller concentration of NPs with surfac-
tant solution is known to reduce the surface tension. However,
at higher concentration, it migrates the surfactant particles
from the bulk phase [53], because of which NPs addition
with surfactant solution of 2500 ppm was explored only up
to 1000 ppm of NPs. The surface tension of the mixture of
NPs and surfactants was obtained to be more efficient in
reducing the surface tension as compared to that of the surfac-
tant solution only. Surface tension reduced from 34.5 mN/m
to 31.1 and further up to 26.2 upon addition of 100 ppm
and 1000 ppm of NPs with 2500 ppm solution of surfactant
at a temperature of 30 °C (Fig. 3b). This could be justified
by the decrease in electrostatic interaction among the like-
charged particles which are dispersed in water (surfactant
and NPs). Positively charged NPs particles dispersed in the
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higher temperatures [54]. Another possible explanation for
the same could be an increase in particle’s tendency to evap-
orate at higher temperatures resulting in higher adsorption at
the interface [52]. The synergistic effect of the NPs addition
with the surfactant on the surface tension is in agreement
with the previous literature [55-59].

3.4 Interfacial Tension

IFT arises because of the disparity in the forces present
between the interface of the two immiscible fluids [60, 61].
Injection fluid (chase water) and reservoir fluid have a large
difference in their surface acting forces which are balanced
by the injection of a chemical slug that could be a combina-
tion of various additives such as surfactant, polymer, alkali
and nanoparticles. The selection of surfactant type is gener-
ally based on the type of reservoir. The present study focuses
on the sand formation which are negatively charged and
hence the most suitable surfactant type used for negatively
charged reservoir rock is anionic surfactant due to the fact
that Coulombic interaction would lead to the minimum loss
of surfactant. Hence, the surface tension and wettability stud-
ies were done only with the combination of surfactant and
nanoparticles. The addition of surfactant is known to cause a
reduction in the IFT between the water and oil phases [50].
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Fig.4 Synergistic effect of NPs and fixed surfactant solution on the
IFT and capillary number between the crude oil and mixed solution of
surfactant and NPs of varying concentration

The effect of the addition of bio-Ca NPs with the surfactant
solution of a fixed concentration (2500 ppm) on the IFT was
studied at the atmospheric pressure and 30 °C. NPs addition
had a positive impact on the minimization of IFT. The values
reduced from 11.2 mN/m to a minimum value of 2.5 mN/m
upon the addition of 1000 ppm NPs with 2500 ppm surfac-
tant solution (Fig. 4). IFT minimization could be because
of the electrostatic interaction between the head groups of
the surfactant that are negatively charged and the positively
charged NPs particle [52]. This could give rise to the sur-
factant particles getting adsorbed at the liquid interface at a
higher rate due to lesser repulsion between the surfactant par-
ticles leading to reduced IFT values. However, this reduction
was not significant when the concentration of the NPs was
higher. This could be explained by the agglomeration of the
NPs at higher concentrations leading to settling down of the
NPs due to increased size. IFT measurement at 60 °C were
also taken at given in Fig. S5.

Furthermore, reduction in IFT leads to an increase in the
capillary number (ratio of the capillary and viscous forces)
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which is known to have a direct impact on the oil recovery
factor. It is obtained using Eq. 2 where N, is the capillary
number; pwy is the injection fluid viscosity; v is the injec-
tion fluid velocity; oy is the IFT between the injection and
displaced fluid [62]. Lower IFT reduces the capillary pres-
sure performing at the oil drops residing at the smaller pores,
making it simpler to mobilize the oil with injection fluid from
the smaller pores [63]. Lower capillary pressure also means a
higher capillary number. It can be inferred from the capillary
number data (Eq. 2) that a better oil recovery factor could
be achieved corresponding to the chemical slug having the
lowest IFT value.

Neag = UV /00w (2)
3.5 Contact Angle Studies

Wettability analysis of a surface was examined by determin-
ing the values of contact angle. The impact on the surface
wettability of the sand pellet was studied over a wide range
of surfactant concentrations. The contact angle was found
to be inversely proportional to the surfactant concentration
(Fig. 5a). The contact angle value of deionized water on the
oil-wet surface was found to be 126° which minimized up to
30° upon the addition of 4000 ppm of surfactant in it. The
reduction in the value of contact angle could be explained by
the loss of surfactant due to its adsorption on the solid oil-wet
pellet surface [49, 64]. The tail of the surfactant is hydropho-
bic in nature and interacts with the non-polar portion of the
crude oil (carboxylate group) thereby forming a hydrophobic
bond that gives rise to the adsorption of surfactant particles
on the oil-wet solid surface exposing the hydrophilic charged
group making the surface water wet. Modification in wetta-
bility of the surface can lead to the distortion of the oil film
adsorbed at the solid surface [65]. This can form a mobile
oil bank which could contribute to additional oil recovery. It
is interesting to note that the reduction of the contact angle
was drastic when surfactant concentration was added in a
smaller amount. However, when the concentration of surfac-
tant reaches beyond the CMC value, the difference in the
contact angle values was found to be insignificant. This can
be explained by the saturation of the solid surface with the
adsorbed surfactant. The contact angle for each case was
found to reduce after 600 s which can be attributed to the
higher adsorption of the surfactant molecules corresponding
to the higher exposure time. Adsorption is a time-dependent
process and its value was found to be increasing with an
increase in contact time which led to lower contact angles.
The results obtained in the previous studies corroborate the
present findings [59, 66]. Moreover, the experiment was also
performed at 60 °C (Fig. S6).

A similar shift in the contact angle values was obtained
upon the introduction of NPs with the deionized water sug-

gesting the capability of the NPs to modify the wetting
behavior of the oil-wet sand pellet. NPs because of their
smaller size have a large surface free energy and have a
greater tendency to get adsorbed on the surface. With an
increase in the NPs concentration, lower contact angle values
were obtained. This can be explained by the structural dis-
joining pressure which is a function of the NPs concentration
in the solution [32, 67]. Disjoining pressure is the difference
between the pressure at the bulk phase and the pressure at
the wedge film. Higher NPs concentration would result in
the higher accumulation of the NPs at the wedge film result-
ing in exerting greater disjoining pressure and hence lower
contact angle would be obtained [68]. Similar to the surfac-
tant, an increase in contact time resulted in a lower contact
angle.

NPs when combined with anionic surfactant gave bet-
ter results. Lower contact angle values were obtained when
2500 ppm of surfactant solution was mixed with NPs of var-
ious concentrations (Fig. 5b). This can be described by the
decrease in electrostatic repulsion present among the elec-
tronegative charged particles of the surfactant in the bulk
phase upon introduction of the NPs. Since NPs provide coun-
terion which reduces the repulsion between the surfactant
particles leading to higher adsorption of the surfactant and
NPs at the solid surface. The contact angle value decreases
from 31° to 18° when 1000 ppm of NPs was mixed with
2500 ppm of surfactant solution. It can be inferred from
the contact angle of the mixture of NPs and surfactant that
the mixture alters the surface wettability towards strong
water-wet from water wet which is preferential for the oil
displacement from the pores.

The mechanism responsible for the alteration in wetta-
bility towards water-wet from oil-wet using the NPs and
surfactant mixture is explained in Fig. 6. The NPs adsorption
on the surface creates a wedge film which in turn applies the
disjoining pressure on the oil drop [69]. The disjoining pres-
sure if exceeds a certain limit, the crude oil drop is removed
from the surface. At the same time, the concentration of the
surfactant monomers also gets reduced due to its adsorption
on the oil-wet surface because of the hydrophobic interac-
tion creating the surface water wet. The combined effect of
NPs and surfactant efficiently altered the oil-wet nature of the
sand pellet towards strong water-wet which might be proved
critical during the oil displacement process.

3.6 Viscometry Analysis

The fluid when injected in the sand column, having its own
permeability and porosity, follows a tortuous path. Hence,
it becomes imperative to determine the flow behavior of the
injection chemical slug at a wider shear range. The addition of
NPs with the SP slug affects the viscosity of the solution. The
NP type, shape and size have a great impact on the viscosity
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Fig.5 Dynamic contact angle
measurement on the oil-wet
sand pellet: (a) surfactant and
NPs solution individually;

(b) NPs of varying

NP concentration (ppm)
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of the chemical slug [15]. The viscosity of the slug having a
mixture of surfactant (2500 ppm), polymer (1000 ppm) and
NPs with varying concentrations of NPswas examined with
respect to shear rate. The concentration of polymer and sur-
factant was kept constant as the objective of the work was to
explore the impact of NPs. The viscosity of the chemical slug
at 20 s~! shear rate and 30 °C was found to increase from
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77.86 mPa.s to 83.72 mPa.s, 91.33 mPa.s, 103.74 mPa.s, and
118.26 mPa.s upon addition of 100, 250, 500 and 1000 ppm
of NPs with the SP slug (Fig. 7a). The increment in the vis-
cosity could be due to the presence of more solid particles
in the slug that could have caused more friction between the
long polymeric chain resulted in higher viscosity [70, 71].
The other likely elucidation for the same could be the devel-
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opment of a complex structure between the NPs and polymer
at the molecular level that could increase the viscosity values
at higher NPs concentrations. The improvement in the vis-
cosity values with NPs addition can be beneficial for the oil
displacement, as higher injection fluid viscosity reduces the
mobility ratio and could avoid viscous fingering of the fluid
and provide better displacement efficiency [21].

Another interesting thing to observe is the reduction in the
viscosity with the shear rate up to a certain value. The reduc-
tion in the viscosity can be interpreted as the shear-thinning
property present in non-Newtonian fluids. The viscosity of
a slug having 500 ppm NPs in the mixture of surfactant
(2500 ppm) and polymer (1000 ppm) solution was found to be
decreasing from 209.32 mPa.s to 103.74 mPa.s, 21.09 mPa.s
and 3.24 mPa.s with the increase in shear rate from 4.24 to
20 s7!, 108 s~ and 899 s~!, respectively. The important
point to note here is that the viscosity of the slug started to
increase at a further higher shear rate. This can be explained
by the order—disorder theory (ODT) [72]. The particles dis-
persed in the slug began to realign themselves from an
ordered state to a disordered state resulting in higher vis-
cosity values. Another possible explanation for the dilatant
behavior of the chemical slug at a higher shear rate could be
the formation of the hydroclusters (hydrodynamic lubrica-
tion theory) [73]. At a higher shear rate, the forces acting at
the particles arranged in layered fashion exceeds, this destabi-
lizes the particles’ arrangement and results in higher particles
interaction that gives rise to the viscosity at a higher shear
rate. The viscosity of the chemical slug, formed by adding
1000 ppm NPs in the mixture of surfactant (2500 ppm) and
polymer (1000 ppm), increases from 3.69 to 4.65 mPa.s
and 7.03 mPa.s as the shear rate was increased from 899
to 2090s~! and 4240 s~! shear rate, respectively.

The slug (polymer 1000 ppm, surfactant 2500 ppm and
NPs 1000 ppm) viscosity were also examined at various tem-
peratures (30, 60 and 90 °C). A reducing trend in the viscosity
of chemical slug was found at an elevated temperature. When
the temperature of the slug was raised to 60 °C from 30 °C,
its viscosity reduces to 204.58 mPa.s from 240.69 mPa.s and
it reaches a value of 161.26 mPa.s when the temperature was
further elevated to 90 °C (Fig. 7b). This reduction in the
viscosity value can be described by the rupture in the large
complex polymeric chain at higher temperatures leading to
reduced viscosity values [49, 74]. The breakage of weak
entanglement of the polymeric chain can be due to ampli-
fied kinetic energy of the particles at a higher temperature,
as a result of which the viscosity of the chemical slug was
reduced [15]. Previous work corroborates with the present
findings [72].

3.7 Particle Size

The particle size of the NPs added as an additive in the chem-
ical slug greatly affects the performance of the slug. It has
been documented by the researchers that the shape and size of
the NPs affect the forces present at the interface of the immis-
cible fluids as well as it also impacts the wettability alteration
ability of the slug [75]. The average hydrodynamic diame-
ter of the bio-Ca NPs used in the study was obtained to be
62 nm suspended in deionized water (Fig. 8). The pore throat
plugging by NPs aggregation via mechanical trapping or log
jamming can contribute to additional oil recovery by altering
the wettability [18]. NP due to its smaller size has a great
tendency to form an agglomerate. NPs can block the path
of least resistance because of agglomeration of NPs at the
pore throats, forcing the slug to flow through the oil-filled
trapped. This would alter the wettability of the zone and
recover the trapped oil by disjoining pressure mechanism.
Another advantage that can enhance the performance of the
conventional SP flooding via NP addition is the balancing of
the interfacial forces between the oil and injection fluid. NPs
have a great tendency to get adsorbed on the interface of the
fluid because of their large surface energy [21, 75]. Being
smaller in size, NP can intrude through the pore throats that
might contain trapped left-out oil. NPs can adsorb on the
interface of the oil residing at the pore throats and injection
fluid leading to the reduction of the IFT and lowering of the
capillary pressure [15]. This was evident in the IFT measure-
ment where the addition of NP showed a synergistic effect of
the IFT minimization because of less electrostatic repulsion
present between the surfactant monomers due to the coun-
terion produced by the NPs. This could cause the left out to
flow from the pore throats and contribute to the additional oil
recovery. Also, being positively charged, these bio-Ca NPs
could keep the negatively charged surfactant monomers in
the bulk phase, thereby reducing the loss of surfactant on the
surface of rocks due to its adsorption. The positive impact of
the NPs addition with the chemical slug was also observed in
the viscometry analysis. The combined effect of the wettabil-
ity alteration, pore plugging, IFT minimization and improved
viscosity of the slug should have a positive impact on the oil
displacement studies.

3.8 Sand Pack Flooding Results

Oil displacement of the SP slug blended with the bio-Ca NPs
was studied by carrying out the sand pack flooding experi-
ment. The sand column was prepared by ramming the cleaned
and sorted sand particles of 250—400 microns into the sand
column holder. The permeability of the sand column was
evaluated with the help of Darcy’s law. The primary and sec-
ondary recovery process were simulated by injecting water
into the sand pack. Oil recovery of 47-49% was obtained for
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Fig. 8 Particle size and zeta potential of the bio-Ca NPs used for the
experiment

every case during water flooding. SP chemical slug mixed
with the NPs was injected in the sand column after water
flooding to investigate its potential to mobilize the left-out oil
from the reservoir pores. Additional oil recovery of 21.14%
was obtained corresponding to the conventional SP chemi-
cal slug with no NPs mixed with the slug. However, as the
NPs were mixed with the chemical slug, an increase in addi-
tional oil recovery was observed. The additional oil recovery
of 23.86, 25.45, 27.19 and 27.71% was noted corresponding
to 100, 250, 500 and 1000 ppm of NPs added with the mix-
ture of 2500 ppm surfactant and 1000 ppm polymer solution
(Fig. 9a). Higher oil recovery could be attributed to the lower
IFT values (Sect. 3.3) and wettability alteration (Sect. 3.4)
which was evident in the previous section. Injection of the
chemical slug with NPs was found to be efficient to modify
the wetting characteristic of the rock towards strong water-
wet from oil-wet. This could possibly remove the adsorbed
oil layer from the sand surface, which could contribute to
the mobile oil phase giving rise to the total oil recovery fac-
tor. Furthermore, injection of the chemical slug can block
the water channel, diverting the flow towards the oil trapped
zone. This could possibly displace the trapped oil from the
smaller pores contributing to additional oil recovery.

The production phase from a well not only involves oil
recovery but simultaneously water production as well. The
water cut was monitored throughout the flooding experiment.
A characteristic curve obtained with the water cut as a func-
tion of injection volume was presented in Fig. 9b. Water cut
results of all the flooding experiment was found to be similar.
However, it was found that the water cut suddenly decreased
around 2 PV. During the drop of water cut, an increase in the
oil recovery at the production end was evident results. It is
interesting to note that the chemical slug injection was from
1.5 to 2.0 PV whereas the decrease in the value of water cut
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Fig.9 Sand pack flooding experiment: (a) oil recovery results; (b) water
cut results; (c) pressure drop results

was noted around 2PV. This could be possible because the
chemical slug fluid front takes some time to flow towards
the production end from the injection point. Ahead of the
chemical slug, a mobile bank would have formed which upon
production reduced the water cut drastically. Another impor-
tant point to mention here is that the water cut didn’t start
from 0, this could be explained by the presence of the immo-
bile water in the sand pack that would have become mobile
upon water injection.

An equally important parameter worth studying is the
pressure drop which can be described as the pressure differ-
ence across both the ends of the sand column. Pressure drop
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Table 3 Various flooding — -
parameters obtained while oil Run No  Slug composition ® (%) Recovery Factor (%) Saturation (%)
displacement studies Secondary  Tertiary  Total Swi Soi Sor
SP slug + 0 ppm NP 35.51 48.18 21.14 69.32 19.71 8029  30.68
2 SP slug + 100 ppm 35.11 47.02 23.86 70.88 19.56 80.44  29.12
NP
3 SP slug + 250 ppm 36.15 47.53 25.45 7298 20.07 7993 27.02
NP
4 SP slug + 500 ppm 34.85 47.23 27.19 7442 1933  80.67 25.58
NP
5 SP slug + 1000 ppm 34.59 48.34 27.71 76.05 20.22 79.78 23.94
NP

gives an indication about the pumping pressure required dur-
ing the injection of the water, chemical slug or chase water
during the production phase from the reservoir. A pressure
drop of ~ 1.25-1.51 psi was observed during the water flood-
ing. However, it was observed that there was a sudden rise in
the injection pressure at 1.5 PV that could be explained by the
change in the injection fluid. From O to 1.5 PV, the injection
fluid was water having viscosity of ~0.46 mPa.s at a tem-
perature of 60 °C whereas from 1.5 to 2.0 PV, the injection
fluid was a chemical slug having significantly higher viscos-
ity as compared to that of water. This would have caused
an increase in the pressure drop values. It is worth mention-
ing here that the pressure drop values kept increasing till 2.0
PV because the injection fluid was kept injecting till 2.0 PV
(Fig. 9c). After which, injection pressure values started to
reduce gradually. This could also be explained by the change
in injection fluid viscosity. The gradual decrease in the injec-
tion pressure could be attributed to the building of an oil bank
in front of the chemical slug fluid front. Furthermore, a sud-
den fall in the pressure value indicates the breakthrough of
the chase water through the sand column. This suggested that
a channel has been formed inside the sand pack and no fur-
ther oil could be produced from the sand column. Another
important point worth mentioning here is that there is the
larger area under the pressure drop curve corresponding to
the larger oil recovery case. This could be explained by the
formation of a larger oil bank in front of the slug causing
more drag. Hence, higher injection pressure was required to
push the fluid [35]. Various parameters evaluated during the
flooding experiment are tabulated in Table 3.

3.8.1 Permeability Reduction Studies

The injection of a chemical slug inside the formation can
sometimes reduce the formation permeability leading to for-
mation damage. Hence, it is crucial to determine the degree
of permeability reduction after the slug injection. The reduc-
tion in formation original permeability was determined after
the slug was pumped inside the sand pack and water was fur-

ther as a pushing fluid until a steady-state flow was achieved.
Darcy law was then used to determine the formation per-
meability and it was found to be 543 mD corresponding to
the slug composed of 1000 ppm polymer, 2500 surfactant
and 100 ppm nanoparticles. It is worth mentioning that the
increase in the concentration of nanoparticles in the slug fur-
ther leads to the reduction of formation permeability (Table
4). This could be attributed to the adsorption of agglomerated
nanoparticles on the sand particles and smaller pore channels
leading to the blockage of the flow path. Hence, a reduction in
permeability was observed. This was further validated by the
FESEM characterization of the sand particles and the EDX
mapping (Fig. S7), which depicts the adsorption of nanopar-
ticles on the sand surface. This could be the reason for the
abbreviation in formation permeability.

3.9 Adsorption Studies

Losing surfactant on the surface of rock due to adsorp-
tion remains the major issue encountered with the surfactant
injection. Adsorption of the surfactant on the surface of the
rock is not preferable after a certain limit as it decreases
the efficiency of surfactant to reduce IFT and hence, more
amount of surfactant would be required to achieve the same
results. A lot of factors can be responsible for the loss of
surfactant such as hydrogen bonding, ion exchange, polar
interaction, Van der Waal attraction forces, electrostatic
interaction, chemical interaction etc. [76-80]. However, for
anionic surfactant adsorption on negatively charged sand
particles, the electrostatic force of repulsion acting among
the likely charged surfactant monomers remains the pri-
mary reason for its adsorption. The amount of surfactant loss
was evaluated with the comparison of the initial and final
concentrations of surfactant present in the solution. Since
surfactant adsorption is influenced by the amount of surface-
active agent available in the system which increases with
surfactant concentration. Hence, surfactant loss was found
to increase with surfactant concentration as well. Although
a plateau region was found above the CMC value of the
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Table 4 Permeability reduction

studies S.No Nanoparticle’s Original permeability =~ Reduced permeability =~ Percentage reduction
concentration in slug before slug injection after slug injection in permeability (%)
(ppm) (mD) (mD)
1 100 608 543 11
1 250 649 562 13
1 500 523 439 16
1 1000 567 454 20
Fig. 10 Adsorption studies of (a) (b)
the surfactant on the sand 1 10.36 I 1000 ppm
particles: (a) impact of NPs 10 o '64 | iggg ppm
concentration on the adsorption 9.02 40+ - o ppm
reduction; (b) NPs efficiency to 8.62 < N
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surfactant which can be described by micelle formation of
surfactant monomers leading to fix the number of free surfac-
tant particles present in solution [36, 37]. Hence, insignificant
variation in the surfactant adsorption was obtained after the
CMC value. Surfactant loss was found to increase from 2.42
t0 9.54 mg/g and 10.36 mg/g as the surfactant concentration
increases from 500 to 2500 ppm and 4000 ppm, respectively
(Fig. 10a). Previous studies have reported similar findings
[37, 81].

NPs addition for the surfactant adsorption reduction is
not new [82, 83]. As the NPs were mixed with the surfac-
tant solution, a reduction in the surfactant loss was observed.
The surfactant loss was reduced for 4000 ppm of surfactant
solution from 10.36 mg/g to 9.64 mg/g, 9.02 mg/g, 8.62 mg/g
and 8.42 mg/g with the rise in the concentration of NPs in the
system from 0 to 100, 250, 500 and 1000 ppm, respectively.
The reduction in the surfactant loss with NPs addition could
be attributed to the counterion produced by the NPs in the
solution. The positively charged calcium ion produced from
the dissociation of NPs in the aqueous solution interacts with
the negatively charged surfactant head group. This leads to a
decrease in the electrostatic repulsion in the similarly charged
surfactant monomers resulting in lower adsorption values.
This was also perceptible in the measurement of surface ten-
sion where counter ion produced by the NPs resulted in lower
surface tension values. Another possible explanation for the
same could be the interaction between the NP and surfactant
molecules keeps most of the surfactant particles in the liquid
phase, which restrict them to interact with the solid surface
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[15, 82]. This also lowers the surfactant loss. The addition
of NPs could also result in occupying the surface area acces-
sible for the adsorption of the surfactant particles, causing a
reduction in the area left for the surfactant particles to interact
[84]. Competitive adsorption of NPs also reduces the surfac-
tant interaction with the solid surface. This was also noted
during the investigation of contact angle where adsorption of
NPs shifts the wettability from oil-wet to strongly water-wet.
Furthermore, being positively charged, NPs would interact
with the sand surface more strongly as compared to that of
the surfactant molecules. These interactions could lead to a
decrease in the loss of surfactant because of its adsorption on
the sand surfaces.

The tendency of NPs to decrease the surfactant’s adsorp-
tion on the rock surface was seen to be larger corresponding
to a larger concentration of NPs mixed with the surfactant
solution. The adsorption of 1000 ppm surfactant solution
was reduced from 8.9 to 32.9% as the NPs concentration was
raised from 100 to 1000 ppm whereas the same for 2500 ppm
of surfactant solution was found to 8.2% and 24.9%, respec-
tively (Fig. 10b). An increase in NP concentration, increased
the efficiency to reduce the surfactant adsorption. How-
ever, at higher surfactant concentrations lesser reduction in
surfactant loss was observed. Adsorption reduction percent-
age for 500 ppm of NPs addition was found to be 28.7%,
20.1% and 18.7% corresponding to 1000 ppm, 2500 ppm and
4000 ppm of surfactant solution. This could be accredited to
the rise in the ratio of the number of surfactant particles to
the NPs concentration. A larger ratio means a greater num-
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Table 5 Different adsorption isotherm fitted using adsorption data

NPs concentration (ppm) Langmuir Freundlich Temkin

R2 Qo Kad R2 n K¢ R2 B Ki

0 0.9928 27.93296 0.000192 0.9529 1.384083 0.030502 0.9756 4.1936 0.003411
100 0.9921 25.44529 0.000199 0.9497 1.395479 0.029819 0.9722 3.8834 0.003463
250 0.9927 22.72727 0.000211 0.9522 1.404103 0.028787 0.9719 3.6218 0.003468
500 0.9926 22.88303 0.000195 0.9514 1.383892 0.025328 0.9705 3.4868 0.003408
1000 0.9929 21.88184 0.000201 0.9542 1.378931 0.024161 0.9697 3.4209 0.003363

ber of surfactant particles would possibly interact with the
solid surface and hence lower adsorption reduction efficiency
was observed. Adsorption studies at flooding temperature
were also conducted and the results are presented in sup-
porting information (Fig. S8). The adsorption values were
further fitted with the adsorption isotherm model (Lang-
muir, Freundlich and Temkin) [35]. The fitting and adsorption
parameters are tabulated in Table 5.

4 Conclusions

Bio-Ca NPs showed a promising impact on the efficacy of
the SP flooding technique. NPs effectively reduced the CMC
of surfactant from 2500 to 1900 ppm with a mere 1000 ppm
of NP addition. It can be inferred from the 24% reduction
in the CMC value that a less amount of surfactant would
be required for the process. Furthermore, IFT and wettabil-
ity studies suggested that synergy exists between positively
charged NPs and negatively charged surfactant particles.
Strong water wetting characteristics and lower IFT with sur-
factant and NPs combined solution resulted in cumulative oil
recovery of ~76% compared to ~69% with no NPs dispersed
in the system. The addition of 1000 ppm of NPs reduced
the surfactant adsorption by 33% and 25% of 1000 ppm and
2500 ppm surfactant solution, respectively. It can be deduced
from the experimental results that the bio-Ca NPs have the
potential to be used as an additive for the SP flooding tech-
nique to improve its efficiency to recover the residual oil.
However, problem of agglomeration of nanoparticles needs
to be tackled. Moreover, further studies on effect of bio-Ca
nanoparticles on the rheology of the slug along with the
extensive study on economic estimation are required to be
explored, which can be done in future work before assessing
its performance for field scale.
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