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Abstract Herein thermally treated empty fruit bunch SiO2 nanoparticles (EFBSNP) was produced

by ultrasound-assisted wet-milling and their effectiveness in enhancing cavitation effect of ultra-

sound to improve heavy oil recovery was evaluated. Empty fruit bunch ash (EFBA) was thermally

treated to enhance its SiO2 content. Surface properties and size distribution of EFBSNP were stud-

ied using transmission electron microscopy and dynamic light scattering. X-ray diffractometer iden-

tified the crystal phase, the active group was ascertain using Fourier-transform infrared

spectroscopy and thermal stability was established by differential scanning calorimetry. Moreover,

the surface chemical composition was determined by X-ray photoelectron spectroscopy. The ability

of empty fruit bunch SiO2 nanofluid (EFBSNF) to absorb ultrasound in heavy oil and the impact of

ultrasound assisted EFBSNF flooding to enhance oil recovery of heavy oil was assessed. The

microstructure analysis revealed EFBSNP of size ranges 17.78–115.38 nm with a purity of 94%.
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Nomenclature

ASTM American society for te

CFNS Copper ferrite nanopar
DLS Dynamic light scatterin
DSC Differential scanning ca

EDXRF Energy dispersion X-ra
EFB Empty fruit bunch
EFBA Empty fruit bunch ash

EFBSNF
Empty fruit bunch sil

EFBSNP Empty fruit bunch sil

EOR Enhanced oil recovery
FTIR Fourier-transform infra
GMS Gatan microscopy suite
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EFBSNF assisted ultrasound decreased interfacial tension to 0.2 mN/m, thus mobilizing the

trapped oil droplet in the pores effectively. Ultrasound assisted EFBSNF flooding increased oil

recovery by 44.33% compared to 26.33% without ultrasound.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
sting and material

ticles
g
lorimetry

y fluorescence

ica nanofluid
ica nanoparticles

red spectroscopy

HRTEM High-resolution transmission electron micro-

scope
ICDD International centre for diffraction data
IFT Interfacial tension

OOIP Original oil in place
O/W Oil-water
TEM Transmission electron microscope

Tg Glass transition
XPS X-ray photoelectron spectroscopy
XRD X-ray diffractometer

XRF X-ray fluorescence
1. Introduction

Rising global energy demand has led the oil and gas industry to

develop unconventional sources of heavy oil to meet energy needs.

Unlike conventional (light) oil, heavy oil is difficult to extract and

transport because it has low mobility due to high viscosity, high carbon

to hydrogen, high asphaltene and resin content (Gbadamosi et al.,

2019a). To date, oil recovery from heavy oil reservoirs has been

achieved by thermal recovery techniques such as combustion, steam-

assisted gravity drainage, steam and hot water injection. However,

the application of these techniques to thin and deep reservoir forma-

tions results in low oil recovery due to the high heat loss to overburden

layers (Saboorian-Jooybari et al., 2016). Moreover, the high energy

requirement for these methods increases the operating cost and envi-

ronmental impact. For instance, about 10% of the water produced

during heavy oil extraction are disposed and it contains varieties of

heavy metal pollutants which may contaminate clean groundwater,

or harm plant and animal life. Also, emission of CO2 for heavy oil

development and processing is about 110 kg per barrel which is three

times higher than the amount required for a barrel of crude oil

(Marrow et al., 2014). Therefore, alternative methods have been

sought to enhance recovery of heavy oil.

Ultrasound is an unconventional method that aims to transfer

energy to affect the physical and chemical properties of heavy oil

(Hamidi et al., 2017). Ultrasound creates cavitation bubbles that gen-

erate high energy and pressure upon collapse to upgrade heavy oil by

breaking down large molecules (Montes et al., 2018). However, the

increased resistance due to the shielding layer of asphaltenes and col-

loids in heavy oil increases the cavitation threshold (Huang et al.,

2018). Therefore, the effect of cavitation by ultrasound should be

greater which is not always the case resulting in a lower cavitation

effect. Nanoparticles are known to enhance the cavitation effect by

generating free radicals for hydrogenation and cracking reactions.

Consequently, they absorb asphaltenes and act as a catalyst to break

down the structure of the heavy oil (Huang et al., 2018). So far, the

focus has been on metal oxide nanoparticles such as iron oxide, mag-

nesium, titanium, zinc oxide and copper oxide (Mateus et al., 2021) but

environmental concerns regarding the use of these metal nanoparticles

and cost of producing them have hindered their industrial application

(Agi et al., 2020a).
The successful application of silica (SiO2) nanoparticles in

enhanced oil recovery (EOR) to improve the rheology of displacing

fluid (Gbadamosi et al., 2019a; Kumar et al., 2022), as nanocomposite

(Kazemzadeh et al., 2018; Ali et al., 2021a), in stabilizing foam

(Rezvani et al., 2020) and improve EOR mechanisms of surfactants

(Asl et al., 2020) has necessitated interest in the production of (SiO2

nanoparticles from renewable sources such as sugarcane straw

(Rovani et al., 2018), rice husks (Agi et al., 2020b), palm kernel shells

(Imosili et al., 2020) (Table 1). The choice of renewable sources as the

basic raw materials to produce SiO2 nanoparticles is owing to their

broad material source, high hydrophobicity, catalytic support, low cost

and environmental friendliness (Kenes et al., 2012; Imoisili et al.,

2020). Chemical treatment has been used to produce SiO2 nanoparti-

cles, but this process requires chemicals that are not environmentally

friendly, the process can be expensive, and the presence of impurities

affects the productivity of SiO2 nanoparticles (Pineda-Vasquez et al.,

2014; Fernandes et al., 2017). Therefore, the synthesis method and

the removal of impurities before reaction, is one of the obstacles in

the production of SiO2 nanoparticles (Fernandes et al., 2017).

Wet milling is a physical synthesis method used to design material

for a specific application. These can be achieved by assigning the pro-

duct with a specific area and porosity during the milling process. The

advantage of this method is that it can minimize waste by producing

nanoparticles that are easy to handle and can improve properties of

the nanoparticle for better flowability (Lee, 2013). However, poor wet-

ting during milling causes component segregation and broad particle

size distribution (Lee, 2013). Ultrasonication treatment is a process

intensification method used for redispersion, facilitating mixing, chem-

ical reaction, surface interaction, heat and mass transfer to produce

particles with small size range (Agi et al., 2019a, 2020a, 2021). Process

intensification of synthesis and treatment methods can enhance the

properties of nanoparticles for industrial applications (Kenes et al.,

2012; Agi et al., 2019a; Agi et al., 2020b). Albeit Agi et al. (2020b) pro-

duced SiO2 nanoparticles from rice husk using a physical method, the

process was not intensified. Similarly, Fernandes et al. (2017) thermally

treated SiO2 to improve the purity, but their study was limited to

microparticles only. Notwithstanding, Montes et al. (2018) reduced

the viscosity of heavy oil by catalytic decomposition of heavy fraction

by ultrasonic cavitation using metal oxide nanoparticles. Their studies

were limited to the functionalization of the nanoparticles and viscosity

http://creativecommons.org/licenses/by/4.0/


Table 1 Summary of published literature on application of SiO2 in EOR.

Author Year Porous Media Application Oil Recovery

Montes et al. (2018) Not Stated SiO2 was used as catalyst to decrease viscosity of heavy oil using

ultrasound

Not Stated

Kazemzadeh et al.

(2018)

Carbonate Sand

pack

Nanocomposite Incremental oil recovery of

14–24%

Gbadamosi et al.

(2019)

Sandstone Core SiO2 nanoparticles was used to improve the rheological properties

of HPAM

63.2% OOIP

Asl et al. (2020) Carbonate Cores SiO2 nanoparticles was used improve EOR mechanisms of

surfactants.

56.9% OOIP

Rezvani et al. (2020) Glass

Micromodel

SiO2 nanoparticles was used to stabilize foam 92% OOIP

Agi et al. (2020) Sandstone Core SiO2 was used to improve the thermal degradation of HPAM 24% Incremental oil recovery

Ali et al. (2021a) Carbonate Core Nanocomposite 46.53% OOIP

Ali et al. (2021b) Carbonate Core Nanocomposite Not Stated

Kumar et al. (2022) SiO2 Plate SiO2 was used to improve the rheological properties of HPAM Not Stated
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reduction. In similitude, Mateus et al. (2021) synthesised magnetic cop-

per ferrite nanoparticles (CFNS) for heavy oil viscosity reduction. The

rheological evaluation showed a viscosity reduction of 18% with

CFNS influenced by the decrease in elastic and viscous moduli of

the heavy oil. Nevertheless, the focus of previous studies has been on

viscosity reduction whereas other EOR mechanisms were not consid-

ered. Likewise, the oil displacement efficiency of the combined method

of nanofluid and ultrasound was not investigated. Therefore,

ultrasound-assisted wet milling method is a novel process intensifica-

tion method. Also, ultrasound-assisted flooding using nanofluids to

improve EOR has not been reported in literature. Furthermore, the

mechanisms of ultrasound assisted nanofluid flooding has not been

explained in any literature.

Herein thermally treated empty fruit bunch SiO2 nanoparticles

(EFBSNP) was produced by ultrasound-assisted wet-milling and their

effectiveness in enhancing cavitation effect of ultrasound to improve

heavy oil recovery was evaluated. Moreover, empty fruit bunch ash

(EFBA) was thermally treated to increase its SiO2 content and the

chemical components were investigated by X-ray fluorescence

(XRF). Similarly, the surface properties and size distribution of

EFBSNP were investigated by transmission electron microscope

(TEM) and dynamic light scattering (DLS). In addition, an X-ray

diffractometer (XRD) was used to identify the crystal phase, whereas

the active group was ascertain using Fourier-transform infrared spec-

troscopy (FTIR) and differential scanning calorimetry (DSC) was used

to determine the thermal stability. Moreover, the surface chemical

composition was determined by X-ray photoelectron spectroscopy

(XPS). The ability of empty fruit bunch silica nanofluid (EFBSNF)

to absorb ultrasound in heavy oil was investigated. Finally, the effect

of ultrasound assisted EFBSNF flooding was evaluated and the possi-

ble oil recovery mechanisms were revealed.

2. Materials and methods

2.1. Materials

Empty fruit bunch (EFB) fibres were obtained from Felda
Palm Oil Mill, Kulai, Johor, Malaysia. Ethanol (biological

grade with a molecular weight of 46.07 g/mol), with a purity
of 99.8% (v/v) was purchased from R &M Chemicals. Sodium
chloride (NaCl, molecular weight 58.44 g/mol) with a purity of

99.8% assay was obtained from QReCTM. Heavy mineral oil
with a viscosity of 240 mPa.s and density (0.92 g/cm3) was
obtained from Merck KGaA, Germany. Unconsolidated sand-

pack was used as the porous media (Table 2).
2.2. Methods

2.2.1. Thermal treatment

EFB was washed with distilled water to remove dirt and sun-

dried to reduce moisture then burned to obtain ash. The dried
EFBA was thermally treated at 1100 �C in a chamber furnace
(Carbolite Gero 300) for 4 h and allowed to cool in the fur-

nace. The thermal treatment was used to remove impurities
and carbonaceous materials present in the EFBA and to
increase the SiO2 content of the EFBA (Fernandes et al.,

2017; Agi et al., 2020b). This temperature range was chosen
because crystallization of SiO2 occurs above 800 �C (Agi
et al., 2020b) and above 1100 �C no significant change

occurred.

2.2.2. Formulation of EFBSNP

About 40 g of the thermally treated EFBA was placed in a

grinding jar made of tungsten carbide, thereafter, round balls
made of tungsten carbide was used to fill the grinding jar up
to 150 mL. The grinding jar (holder) was placed eccentrically

in a Retsch PM 100 planetary ball mill equipment (Fig. 1a).
Dry milling of EFBA was initiated for 20 min (rotating-
reversing motion) at 10 min intervals for 2 h. Subsequently,
10 mL of ethanol was added to the EFBA to act as a control

agent of the process (Wang et al., 2017; Zhang et al., 2018; Agi
et al., 2020b). This time the ball speed (500 rpm) and the grind-
ing jar created an interaction (frictional forces) releasing high

energy to the EFBA for 4 h (Fig. 1b). Consequently, the
exchange of these forces resulted in comminution. The sample
was then washed with ethanol and placed in an ultrasonic bath

(GenesisTM XG-500-6, 40 kHz, 500 W) for 1 h. Thereafter, the
sample was centrifuged and dried in an oven for 24 h. Fig. 2
shows the schematic illustration of the formulation process.

2.2.3. Morphological analysis

The shape and size in micrometre of the EFBA was studied
using Hitachi S-3400N scanning electron microscopy (SEM)

with a back-scattering electron detection. The sample was
placed on a metal tub and sputtered with gold to make it con-
ductive before observation. The image was captured at an
accelerating voltage of 10 kV. The equipment has an inbuilt



Fig. 2 Schematic illustration of EFBSNP formulation process.

Table 2 Properties of porous media used for the heavy oil displacement experiments.

Sand

pack

Fluid Type Length

(cm)

Diameter

(cm)

Pore Volume

(cm
3
)

Bulk Volume

(cm
3
)

Porosity

(%)

Permeability

(D)

P1 Water 25 4 103 236 44 3.7

P2 EFBSNF 25 4 102 236 43 3.3

P3 EFBSNF + Ultrasound 25 4 98 236 42 3.1

P4 EFBSNF (0.05 wt%) 25 4 101 236 43 3.6

P5 EFBSNF (0.1 wt%) 25 4 97 236 41 3.4

P6 EFBSNF (0.2 wt) 25 4 95 236 40 3.0

Fig. 1 Schematic illustration of the working principle of planetary ball mill showing (a) general layout of the disk with the arrows

indicating the counter-rotation of the supporting disc and (b) horizontal cross-section of grinding jar with the arrows indicating the

counter-rotation of the milling beaker.
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HITACHI EMIP-SP electron microscope image integration
software to automatically measured and enhanced the images

of the particles. A high-resolution TEM (HRTEM, JEOL,
JEM-ARM200F) was used to determine size (in nanometre)
and shape of the EFBSNP. The sample was prepared by dis-

persing in water and placed on a graphene-coated substrate.
Detection was achieved at an accelerating voltage of 200 kV.
A Gatan microscopy suite (GMS3) software was used to auto-

matically analyse the TEM images and the particles sizes
determined.

2.2.4. Chemical composition analysis

The elemental composition of EFBA was compared by energy
dispersion X-ray fluorescence (EDXRF, Rigaku NEX CG
Japan). It was operated under helium at 0.6 L/min and the
weight percentages in the form of oxides were determined.

2.2.5. Particle size distribution measurement and stability
determination

The size distribution of EFBA was measured using Malvern

Mastersizer 300 (Malvern Instrument Ltd, Worcestershire,
UK). The instrument utilizes laser diffraction to calculate the
size distribution in volume precent using Mastersizer 300 soft-

ware (v.5.54). The size distribution of EFBSNP, and the zeta
potential of EFBA and EFBSNP were determined using the
apparatus Malvern Zetasizer Nano ZSP, UK. The instrument

utilizes dynamic image analysis to calculate particle size in
number percent. For this purpose, (0.05, 0.1 and 0.2 wt%) of
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EFBA and EFBSNP were dispersed in distilled water with a
refractive index of 1.330 and viscosity of 0.8872 mPa.s. The
solution was sonicated for 30 min to obtain a homogenous

solution and kept for 24 h. Thereafter, the samples were trans-
ferred to omega cuvette for analysis. The measurements were
conducted at a back-scattering angle of 170 �C at 22.5 �C
(room temperature). The zeta potential was determined by
measuring the particle velocity in electrical field. The measure-
ment was performed at 22.5 �C using ZetasizerTM software

(v.7.03).

2.2.6. Crystalline structure

The crystalline structure of EFBA and EFBSNP were deter-

mined using XRD (Rigaku SmartLab, Japan). The device
was operated at 40 kV, 30 mA with a Cu-Kb irradiation.
The scanning angle of diffraction (2h) ranged from 3 to 100�
at a scanning speed of 8.2551 deg/min. This scanning range
was chosen based on literature (Onaja et al., 2017; Jie et al.,
2019).

2.2.7. Chemical structure

The functional groups of EFBA and EFBSNP were detected
by FTIR (Frontier, PerkinElmer). The samples were mixed

with potassium bromide and compressed under high pressure
to form a pellet. The pellet was used for FTIR measurement
at room temperature in the range of 650–4000 cm�1.

2.2.8. Thermal properties

The thermal stability properties of EFBA and EFBSNP were
investigated using Mettler-Toledo DSC 1. The ice machine
refrigeration system and STARe software were used for the

analysis. The temperature of the heat flow was calibrated using
indium and zinc as standards. The measurement was done at
30–500 �C (this temperature range above 0 �C was chosen to

depict high temperature reservoir condition), at a heating rate
of 10 �C/min with nitrogen as the purge gas. The melting point
was determined as the beginning of the peak and the midpoint

of the heat capacity as the glass transition temperature (ASTM
E2161-08).

2.2.9. Surface chemical composition

The surface chemical composition of EFBA and EFBSNP
were determined by XPS (Axis-Ultra DLD Shimadzu). The
instrument was equipped with monochromatic Al Ka as the

exciting source. The spectra were calibrated using standard
binding energy value of carbon (284.6 eV) as reference.
Fig. 3 Schematic illustration of ultrasound assisted
2.2.10. EFBSNF and brine preparation

To produce EFBSNF, different concentrations of EFBSNP

(0.05–0.2 wt%) were dispersed in deionized water and stirred
using a magnetic for 1 h. This concentration was chosen based
on literature (Maghzi et al., 2013; Gbadamosi et al., 2019b;

Agi et al., 2020b). Subsequently, the solution was ultrasoni-
cated for 30 min to form a stable and homogenous solution.
The brine solution was prepared by dispersing 2.2 wt% of

NaCl in deionized water and the mixture was stirred for 1 h.

2.2.11. Ultrasonic absorption efficiency of EFBSNF

In this study, 100 mL of deionized water was ultrasonicated

and the temperature was measured every 30 s. using a ther-
mometer. Then, different concentrations of EFBSNF (0.05–
0.2 wt%) and 0.2 wt% of EFBA were ultrasonicated and the

temperature was determined. Also, different concentrations
of EFBSNF (0.05–0.2 wt%) and EFBA (0.2 wt) were dispersed
in 100 mL of heavy oil sample as described elsewhere (Montes
et al., 2018). The sample was ultrasonicated and the tempera-

ture determined every 30 s for 2 min 30 s.

2.2.12. Heavy-oil viscosity reduction ability of EFBSNF

The viscosity of the heavy oil sample was determined with time
using digital viscometer Anton Par SVM 3000. Then, the vis-
cosity of the sonicated heavy oil with (0.05–0.2 wt%) and with-
out EFBSNF was determined at 30 s interval of ultrasound.

EFBSNF was used as a catalyst to produce free radicals for
hydrogenation and cracking of the heavy oil. For this purpose,
2.5 mL of the heavy oil sample was injected into a hose pipe

using a syringe. The hose delivered the oil sample to the mea-
surement chamber where the viscosity was measured and
recorded. After each test, the equipment was cleaned with

toluene to remove impurities and sample debris.

2.2.13. Oil displacement experiments

The experimental setup for the oil displacement experiments

consists of a cylindrical sand pack made with a polyvinyl chlo-
ride containing sandstone of size range 125–250 mm. The sand
pack was used as a porous medium to investigate the oil dis-

placement ability of EFBSNF under ultrasound (Table 2).
The joints of the sand pack were sealed with adhesives to pre-
vent any leakage during the experimental process. Sieves
placed at both ends of the cylinders prevented fines migration.

Thereafter, the properties of the porous media were deter-
mined (Table 2). Then the sand pack was placed in a holder
and immersed in the ultrasonic bath to achieve maximum

ultrasonic exposure (Fig. 3). The ultrasonic generator (Gene-
EFBSNF flooding in a simulated porous media.
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sisTM XG-500–6, 500 W) delivered high frequency (40 kHz)
waves through the water-bath with the immersion transducer.
This frequency was chosen based on the application as high

frequency increases the number of free radicals (electron trans-
fer) (Thompson and Doraiswamy, 1999). Subsequently, 2.2 wt
% NaCl (brine) was introduced into the sand pack with aid of

a syringe pump (NE-1000) until it was completely flooded (sat-
urated). Heavy oil was introduced at 2.0 mL/h until connate
water saturation was achieved. Thereafter, the water satura-

tion and oil saturation were determined. The sand pack was
then flooded with water until breakthrough occurred. In this
study EFBSNF flooding and ultrasound assisted EFBSNF
were considered as EOR process. Hence to extract the

bypassed oil, 0.5 PV of 0.05–0.2 wt% EFBSNF was injected
and then ultrasound wave was used for 15 min to assist
EFBSNF flooding. Ultrasound was applied under uncon-

trolled temperature and the temperature of the system increase
to 65 �C. To extract any left-over oil 0.5 PV of chase water was
injected into the system. The experiments were repeated twice

and the average reported.

3. Results and discussion

3.1. Thermally treated EFBA

The chemical composition of EFBA before and after thermal
treatment was determined by XRF (Table 3). The EFBA
before treatment showed 60% SiO2 and trace-elements such

as magnesium oxide (MgO), aluminium oxide (Al2O3), phos-
phorus pentoxide (P2O5), potassium oxide (K2O), calcium
oxide (CaO), titanium oxide (TiO2), and iron (iii) oxide
(Fe2O3). Thermal treatment was used to improve the SiO2 con-

tent to serve as an alternative source of SiO2. The XRF results
(Table 3) show a significant decrease in the concentration of
the trace element with increasing temperature and a corre-

sponding increase in SiO2 content. This is because when phase
transition occurs (when temperature exceed 573 �C), SiO2 crys-
tal lattice structure changes. Heating will cause the impurities

to be mobile and diffuse from the inclusion to the crystal lat-
tice under thermodynamic driving force. However, diffusion
during the phase transition is accelerated by thermodynamic
forces because SiO2 has a loose structure, therefore some of

the impurities enter the SiO2 crystal lattice thereby increasing
the SiO2 phase (Jani and Hogland, 2017; Li et al., 2020). This
Table 3 XRF analysis of untreated and treated EFBA.

Component EFBA (%) Treated EFBSNP (1100 �C) (%)

SiO2 60.3 ± 0.127 94.46 ± 0.002

Na2O ND ND

MgO 3.04 ± 0.108 ND

Al2O3 4.03 ± 0.0259 ND

P2O5 2.38 ± 0.0083 ND

K2O 10.9 ± 0.0330 1.48 ± 0.0201

CaO 8.22 ± 0.0286 1.33 ± 0.001

TiO2 0.347 ± 0.004 ND

MnO 0.165 ± 0.0024 ND

Fe2O3 10.6 ± 0.0174 2.73 ± 0.001

ND: Not detected.
result is consistent with previous study of Kenes et al. (2012),
they reported that higher temperature causes thermal decom-
position of organic substance in rice husk and hence the

SiO2 content increases.

3.2. Morphology results

The SEM image of untreated EFBA (Fig. 4a) shows spherical,
angular and irregular shapes. The treated EFBA showed a
decrease in spherical shape with temperature (Fig. 4b), which

can be attributed to the collapse of some micro and mesopores
at high temperature (Liu et al., 2013). The particle size also
increased with temperature (Fig. 4b). At high temperature,

crystal growth is enhanced, which promotes the emergence
of a more compact structure. Similar result was reported by
Chen et al. (2012) when they stated that particle structure
becomes more packed when the temperature exceeds 600 �C.
The result agrees with previous studies by Fernandes et al.
(2017) who found that high temperature decreases the specific
surface area values and thus increases the diameter of the par-

ticles. TEM was used to confirm the shape and size of
EFBSNP (Fig. 5). The size of EFBSNP ranges from
17.78�115.38 nm. The larger particles have a platy and irreg-

ular shape (Fig. 5a), while the smaller particles have a spherical
shape (Fig. 5b). The irregular shape could be due to cavitation
during wet milling. During shearing of ethanol during the wet
milling, the wetted particles forms nucleus resulting in nucle-

ation of individual particles coated with a layer of liquid,
low pressure produces liquid bubbles (Fig. 2), the subsequent
growth and collapse of these bubbles produces cavitation effect

which improves the particle size reduction efficiency of the ball
mill (Sen, 2017; Agi et al., 2020b). Subsequent ultrasonic treat-
ment of EFBSNP changed the shape of the particles from

irregular and angular to spherical (Ahmad et al., 2020). This
confirms that the change in size and shape during the thermal
treatment of EFBA had no effect on the resultant EFBSNP

after wet milling but rather it increased the surface stability
(Reynolds et al., 2016).

3.3. Mechanisms of EFBSNP synthesis via ultrasonic-assisted
wet milling

During the process of dry milling, a mild compacting force was
propagated to produce a mixture of fine micro particles. The

alcohol inhibited the aggregation of the samples during wet
grinding. Therefore, the alcohol adsorbed the particles by
shielding the attractive force while promoting steric stabiliza-

tion. Nevertheless, the adsorption of alcohol prevented
agglomeration through the mechanism of electrostatic stabi-
lization (Loh et al., 2015). Then the mechanical energy of the

mill (impact of mill ball) exerts a tension on the particles,
which leads to nucleation (first step in the formation of a
new phase). A high rotational speed of the ball mill
(500 rpm) increases the collision between the particles or

between the particle and the wall and increases the energy
transfer to the particles leading to coalescence (Fig. 2). In addi-
tion, the revolution of the ball mill might have increased the

temperature forcing the internal liquid and air out and forming
liquid film on the surface. This process accelerates the size
increase and growth of the particles (Wang et al., 2017). The

final stage in the mechanism of wet milling is the breakage



Fig. 4 SEM images of EFBA showing shapes and sizes (a) untreated having spherical, angular and spherical shapes with small particle

sizes and (b) treated at 1100 �C having larger particle sizes.

Fig. 5 TEM images of EFBSNP showing sizes and shape (a) platy and irregular shapes due to cavitation during wet milling and (b)

spherical shape and small size particles due to ultrasonication.
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and attrition, which is initiated by the shear force of the ball
mill. This occurs when the applied kinetic energy exceeds the

energy the granules can resist (Agi et al., 2020b). After wet
milling, some EFBSNP was assumed to remain in the aggre-
gates (Fig. 5a). Therefore, ultrasonic treatment was used to

dissociate the EFBSNP in the aggregates to form radicals
which may have induced the degradation/detexturation and
sono-erosion of EFBSNP altering the morphology (Fig. 5b).

3.4. Size distribution and surface charge of EFBSNP

The size distribution of EFBSNP reduced to nanosize by wet
milling and ultrasonic treatment compared to the micron size

of the untreated (supplementary information Fig. S1-2). EFBA
(Figure S1) showed a broad size distribution consistent with
the different sizes and shapes of the SEM result (Fig. 4). In

contrast, EFBSNP (Figure S2) exhibited a narrow size distri-
bution, which could be attributed to the effect of ultrasonic
homogenization that controlled the particle size, resulting in
a narrow size distribution (Gokce et al., 2014). Zeta potential

was used to determine the stability of EFBSNP in solution. As
a reference, zeta potential values within ±10 mV, ±10–
20 mV, ±20–30 mV and ±30 mV suggest very unstable, rea-

sonably stable, moderately stable, and highly stable nanoflu-
ids, respectively (Chakraborty and Panigrahi, 2020). Fig. S3-
4 show the zeta potential and surface charge of EFBA and

EFBSNP. The surface chemistry imparts stability to the col-
loids, which greatly influence the flow behaviour of nanosus-
pension. Therefore, the zeta potential can affect the stability
of solutions. This is because the electrostatic repulsion between

particles is greater at high zeta potential. Figure S4 shows that
the zeta potential of EFBSNP can be affected by thermal treat-
ment. This is because above 600 �C, the ratio of inaccessible

silanol group to associated silanol increases, which may have
increased the surface charge of EFBSNP (Tettey and Lee,
2013). Consequently, EFBSNP zeta potential at different con-
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centration lies between �36.7 and 38 mV which is higher com-
pared to EFBA at different concentration (�26.1 to 28.8 mV)
(Figures S3 and 4). This implies that pH has a direct effect on

zeta potential since the electrostatic forces were retained by the
pH during wet grinding. In the preparation of nanoparticles
during wet milling, pH is a vital parameter (Sakthivel et al.,

2007). Kaya and Yukselen (2005) recommended a pH of 7.2
for quartz materials. Therefore, the pH of 7.3 for the alcohol
used might have limited deposition of EFBSNP and main-

tained the electrostatic and steric stabilization of the crystals
in EFBSNP to produce a very stable nanoparticle through
wet milling. Nevertheless, the constant pH of the medium
implies that the ultrasound had no significant effect on the zeta

potential (Jafari et al., 2014). Also, the particle size distribu-
tion, zeta potential of EFBA and EFBSNP at different concen-
tration showed significant similarity this implies that the

change in concentration had no significant impact on the size
distribution and zeta potential.

3.5. Crystalline structure of EFBSNP

The XRD results of EFBA show the presence of amorphous
and crystalline phases (Fig. 6a). Two crystal phases of SiO2

(quartz and tridymite) were identified. Quartz was identified
as the major crystalline phase with at sharp peak of 2h at
26.57� and at 20.8�, 50.08� and 59.8�. These peaks correspond
to the reflection from 011, 110, 112 and 121. Also, tridymite

crystalline phase of 2h at 21.8�, 28.3�, 31.1� and 36.4� corre-
sponds to 101, 111, 102 and 200 crystal planes of alpha-
SiO2. These results matched with the standard given in the

international centre of diffraction data (ICDD) 01-077-1060.
This implies that the crystal plane of the SiO2 is hexagonal
with a lattice parameter of a-axis (4.9 Å), b-axis (4.9 Å) and

c-axis (5.4 Å). This indicates that the EFBA has both quartz
and tridymite peaks. Similar result was reported by previous
studies of Fernandes et al. (2017); Borouni et al. (2018) and

Imoisili et al. (2020). Subsequently, the thermal treatment
affected the crystalline phase of the EFBSNP (Fig. 6a). This
is because high temperature assists the formation of the crys-
talline phase due to the energy added to the system

(Fernandes et al., 2017). For example, crystallization of quartz
occurred between 573 and 1055 �C, while tridymite crystallized
at 867 �C (Fernandes et al., 2017; Borouni et al., 2018). Con-

sequently, the crystallization rate increased from 10% (EFBA)
to 46.78% (EFBSNP). This could be due to a diffusion-
induced mechanism during the wet milling that may have influ-

enced the kinetic transformation to a more crystalline phase
(Agi et al., 2020c) Also, the ultrasonic treatment could have
decomposed the molecular chains of EFBSNP by shearing
and exposed the hydroxyl group. This enhanced the interac-

tion between the EFBSNP and the alcohol molecules, leading
to the destruction of the molecules in solution and recrystal-
lization of the EFBSNP (Lin et al., 2020). Nevertheless, a

residual amorphous phase remains after the temperature treat-
ment (Drisko et al., 2015).

3.6. Chemical compound and structure

The functional group and chemical compound of the EFBA
and EFBSNP were determined by FTIR (Fig. 6b). The

EFBSNP demonstrated some structural differences compared
to the EFBA. Considerable number of adsorption bands dis-
appeared while some decreased. The band at 650–1368 cm�1

is a standard feature of SiO2. The band at 776 cm�1 was

ascribed to (-Si-O-Si) symmetric whereas the band at
1032.31 cm�1 to Si-OH stretching vibrational bond, which
are the main peaks of SiO2. The peak at 1742.32 cm�1 was

attributed to the H-O-H of adsorbed water, which is because
of –OH adsorption band (Jafari et al., 2014). Small band
occurring at 3749 cm�1 was assigned to sequence in silanol

group (Si-O-H) and hydrogen bonding of water to SiO2. With
increasing thermal treatment, the peak at 3749 cm�1 fades, the
disappearance of the peak at higher temperature indicates the
evolution of CO2 at higher temperature (Fernandes et al.,

2017). The gradual decrease in peak height at 1032.31 cm�1

with increasing temperature is due to the removal of phys-
iosorbed water (Tettey and Lee, 2013). Initially, the amount

of inaccessible silanol group increased but with increase in
temperature, the isolated silanol group undergoes a condensa-
tion reaction to form siloxane bonds and water vapour as a by-

product (Tettey and Lee, 2013). Consequently, the silanol peak
reduced at temperatures above 700 �C. After thermal treat-
ment up to 1200 �C, the silanol group may be present to some

extent (Tettey and Lee, 2013). Nevertheless, –OH intensity at
1742.32 cm�1 shows an increase (EFBSNP) compared to
EFBA. This could be attributed to the ultrasonic treatment
as more free –OH groups are released with the decrease in size

(Gu et al., 2020). The non-appearance of any other adsorption
band indicates that it is pure SiO2. Consequently, the position
of the characteristic peaks is consistent which means that the

synthesis method did not change the chemical composition.

3.7. Thermal properties results

The improvement of thermal properties of nanoparticles can
prove uniform dispersion and their ability to interact with
other materials (Borouni et al., 2018). Fig. 6c shows the ther-

mal stability of EFBA and EFBSNP. The thermograms show
distinct endothermic peaks. The first endothermic peak
between 86.96 and 104.77 �C (Fig. 6c) was attributed to the
evaporation of absorbed alcohol/water (Wang et al. 2010;

Hossain et al., 2019). The second endothermic peak between
239.09 and 293.46 �C corresponds to the rupture of hydrogen
bond, which was represented as Si-OH (Wang et al. 2010;

Hossain et al., 2019). Consequently, the endothermic peaks
of EFBSNP decrease compared to EFBA (Table 3), which
could be due to the introduction of a more reactive surface

as a result of the synthesis method (Singh et al., 2007). High
temperature during thermal treatment supports the formation
of crystalline phase due to the energy supplied to the system.
Besides, during the wet milling, the ball mill strongly influences

the kinetic transformation of amorphous phase to crystalline
phase in a reaction and diffusion induced mechanisms
(Borouni et al., 2018). Also, ultrasonic treatment might have

decomposed the molecular chains of the EFBSNP by shearing,
exposing the hydroxyl group, which enhanced the interaction
between the EFBSNP and alcohol molecules leading to

destruction of the molecules in solution and recrystallization
of the EFBSNP. This suggests that EFBSNP acted as an addi-
tional nucleation site and agent by lowering the surface free

energy barriers towards nucleation thus inducing crystalliza-
tion. Similar result was reported by previous study of Han



Fig. 6 (a) XRD results of EFBA and EFBSNP showing crystalline and amorphous phases (b) comparison of the FTIR spectra of EFBA

and EFBSNP and (c) DSC thermograms of EFBA and EFBSNP showing different endothermic peaks.
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et al. (2018) they stated that grafting of hydroxyl group on
SiO2 nanoparticles can improve its compatibility as a nucleat-

ing agent and improves its stability. This is consistent with the
shift of the first endothermic peak of EFBSNP to higher tem-
peratures compared to EFBA, implying that the ultrasonic

treatment accelerated crystallization. Therefore, the higher rel-



Table 4 Summary of the thermal properties of EFBA and EFBSNP.

Samples Glass Transition Temperature Endotherm Peak I Endotherm Peak II

Onset (�C) Peak (�C) Cryst (%) Onset (�C) Peak (�C) Endset (�C) Onset (�C) Peak (�C) Endset (�C)

EFBA 86.96 87.72 10 153.07 153.91 158.09 278.59 286.65 293.46

EFBSNP 104.11 104.77 46.78 236.79 221.43 212.48 280.61 281.32 283.23

10 A. Agi et al.
ative crystallinity of EFBSNP compared to EFBA (Table 4)
confirmed that EFBSNP acted as a nucleation site (Amigo
et al., 2019). Subsequently, the glass transition temperature

(Tg) of EFBSNP increased compared to EFBA. The increase
in Tg indicates that a strong physical bond was formed
between EFBSNP, hindering their movement at high tempera-

tures (Hong et al., 2007). This implies that the mobility of
EFBSNP subsequently decreased and became ordered
(Soleimani and Mohammadi, 2018).

3.8. Surface chemical composition of EFBA and EFBSNP

XPS analysis was carried out to confirm the existence of silicon
(Si) and oxygen (O) elements in EFBA and EFBSNP. Fig. 7

shows the survey and high-resolution spectra of Si (2p) and
O (1s) indicating the presence of Si and O component of
SiO2 in EFBA and EFBSNP. It was observed that the surface

composition of EFBSNP was similar to the bulk (EFBA) com-
position (Fig. 7a-b). Nevertheless, the major difference was
observed in the peak occurring around 99 eV for EFBA
(Fig. 7c) corresponding to the Si 2p orbit assigned to bulk Si

and at 100 eV for EFBSNP (Fig. 7d) which was ascribed to
SiO2. The chemical shift to higher energies was due to the thick
SiO2 layer (Hou et al., 2017). This is because after wet milling,

high concentration of SiO2 was observed on the surface. Also,
due to size reduction, the surface of Si was exposed and likely
to form a SiO2 layer as result of the reaction with ethanol dur-

ing wet milling (Hou et al., 2017). This concurs with previous
study of Krishnarao and Godkhindi (1992) they reported that
the change in spectra could be because of the bonding of SiO2

to organic material present in the EFBA. Fig. 7e and f shows
the O 1s spectra for EFBA and EFBSNP. The peaks at 538
and 537 eV correspond to Si4+ core level in EFBA and
EFBSNP, respectively. The shift in the O 1s peak to lower

energies might be due to the reaction of Si with ethanol during
wet milling resulting in the formation of Si-O-CH2CH3 on the
surface of the EFBSNP (Hou et al., 2017).

3.9. Ultrasonic absorption performance of EFBSNP

The ability of EFBSNP to absorb ultrasonic waves was inves-

tigated. Figs. 8 and 9 show the performance at different con-
centration of EFBSNF in different fluids. The temperature
of both medium (water and oil) increased with ultrasonication

time (Figs. 8 and 9). This is because high energy output of
ultrasonic energy increases the frictional limit, which led to
an increase in the temperature of the samples. However, the
addition of EFBSNP increased the temperature compared to

water and oil alone. This is because energy is transferred to
the medium (oil and water), during the ultrasonic process,
resulting in cavitation within the medium. Cavitation energies

help to disintegrate agglomerated particles through the reac-
tion force of the bubble implosion. The shear effect created
by the implosion increases the heat transfer and thus the tem-
perature increases (Adio et al., 2016). In addition, the ultra-
sonic treatment increased the Brownian motion of the

EFBSNP, which increased the probability of contact between
the particles. The collision of the EFBSNP converted the
potential energy of the particles into kinetic energy generating

heat that increased the temperature of the system. Likewise,
the high temperature increase is caused by attenuation of ultra-
sound energy however, the addition of EFBSNP changed the
coefficient of the medium thereby increasing the rate of heat-

ing. This agrees with prior work of Sviridov et al. (2019) they
reported that mesoporous silicon-based nanoparticles
enhanced cavitation effect of ultrasound which led to addi-

tional heating of the surrounding and initiation of sonochem-
ical reaction. Nevertheless, the higher temperature in deionized
water compared to heavy oil is due to cavitation. Cavitation

forms more easily in lighter fluids than in viscous fluids
(Hamidi et al., 2014; Agi et al., 2019a). This is because the for-
mation of cavitation in a liquid requires that the negative pres-
sure in the rarefaction region be above the natural cohesive

force acting in the liquid (Hamidi et al., 2014). Therefore, cav-
itation is less intense in viscous fluids where the forces are pro-
nounced (Agi et al., 2019a). Furthermore, the higher

temperature in EFBSNF could be due to the high surface
charge of EFBSNP (Fig. 5d), which were immediately avail-
able for thermal interactions, leading to microconvection and

increased heat transfer (Das et al., 2006). Therefore, it can
be concluded that the temperature increase is dependent on
ultrasonic cavitation and the increase in Brownian motion

due to mechanical vibration. Absorption performance of
EFBSNP increased with concentration, this is because of the
high number of EFBSNP active site and sufficient surface
available for absorption. However, above 0. 1 wt% the absorp-

tion rate diminished, this might be attributed to gradual satu-
rated of the active site at higher concentration and lack of
access to the active site. Similar result was reported by previous

study by Montes et al. (2018) they observed a slight increase of
only 2% at higher concentration. This signifies that the opti-
mum concentration has been exceeded. Also, the effect of par-

ticle size on absorption of ultrasound in different fluids was
investigated (Figs. 8 and 9). The EFBSNF showed higher
absorption capacity compared to the EFBA in micron size.
This could be attributed to the increase in surface area as the

particle size decreased. Consequently, more particles were in
solution for absorption of ultrasound. It might also be because
of the increase in solubility with decreasing particles size

(Sandri et al., 2013).

3.10. Effectiveness of EFBSNP in heavy oil viscosity reduction

The effects of different concentration of EFBSNF and ultra-
sound on the viscocity of heavy oil is shown in Fig. 10. The vis-
cosity of the samples decreased with increasing ultrasonic



Fig. 7 XPS spectra for EFBA and EFBSNP: (a) survey of EFBA (b) survey of EFBSNP (c) high-resolution spectrum of peak Si 2p for

EFBA (d) high-resolution spectrum of Si 2p peak for EFBSNP (e) high-resolution spectrum of O 1s peak for EFBA and (f) high-

resolution spectrum of O 1s peak for EFBSNP.
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exposure time. This could be due to the fact that as the ultra-
sonic exposure time increases, a higher number of bubbles are
involved in the cavitation process (Montes et al., 2018). Cavi-

tation triggers a chemical reaction that breaks down high
molecular weight compunds associated with the viscosity of
heavy oil. Therefore, the cavitation effect generates high tem-

perature, high pressure and micro jets that change the internal
structure of the oil sample (Montes et al., 2018; Olaya-Escobar
et al., 2020). Consequently, several macromolecules in the oil
samples were broken-down into smaller fragments and

carbon-carbon (C-C) bond of the heavy oil breaks to two free
radicals compunds (R* and R’*) with lower molecular weight
(Eq. (1)), reducing the viscosity. Also, both hydrogen and

hydroxyl radicals are produced during the homolytic dissasso-
ciation of water molecules (Eq. (2)). Consequently, hydroxyl
radical reacts with alkane (abstraction reaction) to form a

new alkyl radical (Eq. (3)) (Lin and Yen, 1993).
RR
0 ! R�R

0� ð1Þ

H2O ! H� þOH� ð2Þ

RHþOH� ! H2Oþ R� ð3Þ

H2 ! 2H� ð4Þ
Therefore, hydrogen radical may come from water or dis-

solved hydrogen by ultrasound (Eq. (4)). However, when ultra-
sound alone was applied, the effect of droplet coalescence was

minimal and fewer hydrogen free radicals were produced dur-
ing the cracking reaction (Montes et al., 2018). Hence, when
few hydrogen free radical are produced, the large molecule free

radical will experience acumulation to bigger structure imped-
ing viscosity reduction and heavy oil modification (Wan et al.,
2019). However, with the addition of EFBSNF, functional
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hydrogen radical were generated through cavitational impact
to end the movement of the macromolecules free radicals. In
this way, alkyl radical was terminated by reaction with hydro-

gen radical (Equation (5)). In similitude, the hydrogen radical
reacted with hydroxly or hydrogen radical to form water or
hydrogen molecule (Eqs. (6) and (7)). The viscosity of the

heavy oil decreased further with increase in concentration of
EFBSNP, which might be attributed to the availability of the
dissociated hydrogen to freely interact with the macromolecu-

lar free radical thereby, preventing growth of the heavy oil,
inhibit condensation reaction, promote hydrogenation reac-
tion, improve the quality of the heavy oil and further reduce
viscosity.

R� þH� ! RH ð5Þ

H� þOH� ! H2O ð6Þ

H� þH� ! H2 ð7Þ
3.10.1. Possible mechanisms for EFBSNF assisted ultrsound in
viscosity reduction

Under EFBSNF ultrasound assisted cavitation reaction, the
mechansims of thermal scission and generation of free radical
mechanisms may occur simultaneously. Thermal scission

mechanism causes heavy oil molecules to break into lighter
fraction of gas oil. Whereas generation of free radical mecha-
nism provides a source for the hydrogenation of heavy oil (Lin
and Yen, 1993). Therefore, the mechansims of viscsoity reduc-

tion of heavy can be divided into three process:
(i) Generation: In the generation stage, the C-C bond of

heavy oil macromolecules are broken down to form free radi-

cals through the high temperature and pressure of ultrasound
cavitation (Equations (1) and (2)).

(i) (ii) Propagation: During the propagation reaction,
hydrogen transfer reaction occurs whereby the free rad-
icals takes hydrogen from other hydrocarbon molecules

to form new free radicals (Eq. (3)). Also, these free rad-
ical might undergo decompostion, addition or isomer-
ization to form stable molecules which might impede
the viscsoity reduction by ultrasound alone.

(ii) Termination: The further decrease in viscsoity by
EFBSNF addition is through the termination reaction
of the stable molecules (Eqs. (5) and (6)).

3.11. Effect of temperature rise on interfacial tension (IFT)

The temperature rise can affect the fluid properties such as IFT
and viscosity. The IFT between EFBSNF (0. 1 wt%) and
heavy oil was calculated using Firoozabadi and Ramey’s

Equation (8) (Firoozabadi and Ramey, 1988; Agi et al., 2018).

r1=4 ¼ a1Dqb1

T0:3125
r

ð8Þ

Dq ¼ qw � qho ð9Þ

Dq ¼ qnf � qho ð10Þ
r ¼ 1� Dqð Þ þ 1:76

T0:3125
r

� �4
ð11Þ

whereas r is IFT (mN/m), Tr is critical temperature (�C), a1
and b1 are constants (mN/m), qw qnf and qho are density of

water, nanofluid (0.1 wt%) and heavy oil (g/cm3), respectively.
Generally, high IFT and viscous forces prevail at low temper-

ature, and IFT decreases with increasing temperature (Fig. 11).
Fig. 11 shows that IFT decreased to 0.2 mN/m compared to
0.9 mN/m with only ultrasound, this might be attributed to

aqauthermolysis mechansim. Thermal energy from ultrasound
can crack some of the compunds in the heavy oil however,
cracking of larger molecules is minimal. In the presence of

EFBSNF the interfacial area increases thereby improving the
cracking of heavy oil as most cracking reaction takes place
at oil-water (O/W) interface during aquathermolysis (Wang
et al., 2014). This concur with prior work of Li et al. (2021),

they reported that ultrasonic wave is capable of changing the
oil components through aquathermolyis, heating effect and
the intermolecular forces become weak due to the incresaing

molecular distance thus lowering the IFT. Furthermore, the
kinetic energy of EFBSNF increased with temperature, there-
fore, more particles migrate to the interface and the number of

surface active agents at the interface increased. As the temper-
ature increased, the vapour pressure of the medium and nuclei
increased, resulting in cavitation (Agi et al.,2020a). At high

ultrasound, coalescence occurs due to collisions of dispersed
EFBSNF, acoustic flow and Bjerkenes forces (attractive forces
between the oscillating droplet and heat due to ultrasound). As
a result, stresses occur at the interface due to expansion and

compression, which overcome the interacting forces holding
the large droplet, causing it to break, into smaller droplets
and reducing the IFT.

3.11.1. Possible mechanisms for EFBSNF assisted ultrasound in
IFT reduction

Fig. 12 depicts the schematic illustration of the possible mech-

anisms that aided IFT reduction during the EFBSNF assisted
ultrasound process. Fig. 12 shows that cavitation helps in the
separation of phases exposed to ultrasound. Since the

EFBSNP tends to drift towards the O/W interface, the high
temperature reduces the rigidity at the interface, making it
easier for the droplet to coalesce upon collision. Ultrasound

facilitated the adsorption of EFBSNP droplets at the interface
forming an interfacial film. Ultrasonication might have stimu-
lated the interfacial film making it more hydrophobic enabling
the EFBSNF to adsorb faster at the O/W interface to form a

layer (Fig. 12b) which increased the potential between the
EFBSNP and imparted a repulsive force between them. Com-
pression and expansion bring stress to O/W interface during

ultrasound application, overcoming the linked forces that hold
large droplets together and breaking them into smaller ones
(Agi et al., 2020c). Hence, O/W boundary was replaced by

EFBSNF consequently, a hydrophilic/water and hydropho-
bic/oil interfaces was formed. The repulsive force was induced
by the hydroxyl group of EFBSNP which bonded together
with water while the hydrophobic component reacts with oil

causing inter-molecular O/W integrated force to reduce thus,
decreasing IFT (Sukmarani and Ledyastuti, 2019; Agi et al.,
2020a; 2021). In similitude, Sukmarani and Ledyastuti (2019)

stated that hydroxyl group can easily bind to water thereby
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decreasing IFT. Consequently, rapid adsorption of EFBSNP

at hydrophobic interfacial film was enabled, which induced
steric and electrostatic interactions that synergistically reduced
the IFT (Agi et al., 2020b). As a result, the entropy of the

whole suspension increases due to the increase in the freedom
of EFBSNP, leading to a decrease in Gibbs free energy (Eq.
(12)). The decline in Gibbs free energy reduces the free energy

at the surface thus, decreasing the IFT (Eq. (13)) (Agi et al.,
2020a).

DG ¼ DH� TDS ð12Þ
DG ¼ c@AðconstantT&PÞ ð13Þ

whereas DG is difference in Gibbs free energy (Kj mol�1), DS is
difference in entropy (J.K�1), DH is difference in enthalpy

(KJ), P is pressure (Pa), T is temperature (K) and c is free
energy at O/W interface (N/m). A decrease in IFT reduces
Fig. 12 Schematic illustration of IFT reduction between O/W by

EFBSNF (a) IFT of O/W due to unbalanced forces (b) oil and

EFBSNF with ultrasound (c) adsorption of EFBSNP at O/W

interface (d) decrease in is free energy at O/W interface and (e)

decrease in IFT.
the capillary pressure generated by the trapped oil droplets
in the pores, effectively mobilizing the oil.

3.12. Nanofluid oil displacement without ultrasound

Six different sand packs were used for the initial series of tests
(Table 2) to investigate the efficiency of EFBSNF in heavy oil

recovery at different concentration (Fig. 13). About 24.5%
original oil in place (OOIP) was recovered by waterflooding.
This indicates the inefficiency of waterflooding in recovering

heavy oil, which can be attributed to viscous fingering and
early water breakthrough. Therefore, EFBSNF flooding was
investigated to recover the bypassed oil. As a result, the oil

recovery increased by 20.5%, 26.33% and 28.5% with
0.05 wt%, 0.1 wt% and 0.2 wt% EFBSNF, respectively
(Fig. 13). This increase can be attributed to the improvement
in the flow properties of the porous medium as the EFBSNP

plugged the channels created by the waterflooding
(Cheraghian and Tardasti, 2012; Cheraghian et al., 2020). This
resulted in uniform sweep efficiency and hence increased oil

recovery (Cheraghian, 2016; Nezhad and Cheraghian, 2016).
In addition, flooding with EFBSNF caused a change in the vis-
cous force distribution that had occurred during the initial

waterflooding (viscosity difference). These changes resulted
in a more stable displacement front due to the reduction in vis-
cosity. Similar result was reported by previous work of

Cheraghian et al. (2017) they stated that SiO2 nanoparticles
can modify the flow of displacing fluid due to the change in vis-
cosity. The results are consistent with the efficiency of viscosity
reduction by EFBSNF (Fig. 10). Oil recovery increased with

concentration of EFBSNF due the increase in viscosity of
the nanofluids which mobilize the bypassed oil. However, at
higher concentration, the increase in oil recovery was minimal

which might be due to pore blocking.

3.13. Ultrasound assisted nanofluid flooding

The optimum concentration of 0.1 wt% EFBSNF was used for
the ultrasound experiment. Ultrasound-assisted EFBSNF
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flooding was used as a tertiary oil recovery method and the
results obtained were compared with the first set of experi-
ments without ultrasound. Fig. 14 shows that ultrasound

assisted EFBSNF flooding recovered 44.3% OOIP, increasing
oil recovery by 18% compared to oil recovery without ultra-
sound. This is due to the fact that ultrasound caused rapid
movement of trapped oil, which was initially bypassed by

waterflooding and EFBSNF flooding (Agi et al., 2019c). This
movement caused the high molecules of the heavy oil to break
up, thereby increasing their mobility (Agi et al.,2018). Simi-

larly, it could be due to the attractive forces between the oscil-
lating oil droplets (Bjerknes forces), leading to coalescence of
smaller oil droplets into a single stream with higher mobility

thereby, flowing out of the porous medium (Agi et al. 2018).
In addition, ultrasound interacts with the intermolecular forces
that set it in motion (Brownian forces), and the ultrasonic
vibration of EFBSNF causes stresses that led to an increase
in pressure and temperature. This is consistent with the pres-

sure drop profile (Fig. 15), as ultrasound assisted EFBSNF
flooding showed a higher pressure drop compared to EFBSNF
flooding without ultrasound. This high pressure drop indicates
a more stable displacement and lower viscosity pushing the oil

ahead of the EFBSNF (Hamidi et al., 2017). Nevertheless, the
pressure dropped back to lower values after reaching a peak
(Fig. 15). This is due to the cavitation effect, where a high-

pressure surge is generated in the system during the implosion
of the bubbles. However, after the bubble implosion the pres-
sure drops as shown in Fig. 15 (Mohammadian et al., 2013).

Furthermore, the temperature rise might have increased the
surface activity and hydrophobicity at the interface, reducing
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Fig. 16 Schematic illustration of heavy oil recovery process using EFBSNF and Ultrasound (a) viscous fingering during water flooding

(b) piston like font during EFBSNF flooding assisted with ultrasound (c) precipitation and deposition of heavy oil molecules during water

flooding resulting in ununiform sweep efficiency (d) EFBSNP and ultrasound breakdown large molecules of heavy oil and reduced

viscosity of heavy oil and (e) heavy oil molecules deposition.
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the IFT, thereby, resulting in increased oil recovery. As a
result, the aqueous phase flows (peristaltic motion) rather than
adhering to the porous media (Agi et al., 2019b).

3.13.1. Possible mechanisms for EFBSNF assisted ultrasound oil
recovery

The possible heavy oil recovery mechanisms were proposed

based on heavy oil displacement experimental results. Fig. 16
depicts the schematic illustration of the possible oil recovery
mechanisms during EFBSNF assisted flooding. For effective
heavy oil recovery, deformation is required for trapped oil to
move through the pore throat. The deformation was aided

by the reduction of the O/W IFT. The degree of residual oil
mobilization in porous media is determined by the mobility
ratio (Eq. (14)). Fig. 16a shows that flooding with water could

not mobilize the trapped oil and the mobility ratio (M) is
greater than 1. This means that the mobility of water is higher
than that of the heavy oil (M > 1), an adverse event known as
viscous fingering (Fig. 16c). This can be attributed to the high



Table 5 Energy and cost estimation of the EFBSNF assisted

ultrasound oil recovery.

Material and process Energy utilized (kwh) Cost (US$/kg)

EFB – –

Ethanol – 2.2/gallon

Heating 1.5 0.0795

Size Reduction 5.25 0.0278

Drying 12.5 0.662

Ultrasonication 605 32

Miscellaneous – 10

Total 624.25 44.96
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viscosity of the heavy oil hence a mobility ratio of less than 1

cannot be achieved resulting in early breakthrough and poor
recovery during water flooding (Fig. 16c). This poor recovery
might be due to precipitation and deposition of the heavy oil
molecules (Fig. 16c). The precipitation and deposition of heavy

oil molecules might be due to the changes in crude oil pressure
during the waterflooding (Yakasai et al., 2021). However,
Fig. 16b shows that the EFBSNF-assisted ultrasound had a

piston like dispalcement shape indicating that the M � 1. This
confirms the ability of EFBSNF flooding assisted ultrasound
to simultaneously increase the viscosity of the injection fluid

and also minimise the heavy oil viscosity. However, the reduc-
tion is higher with ultrasound due to the stronger effect of
aquathermolysis catalysed in the presence of EFBSNF

(Fig. 16d), resulting in uniform, efficient and increased oil
recovery (Farooqui et al., 2015). During the EFBSNF flood-
ing, the EFBSNF acted as inhibitor to prevent the heavy oil
from precipitation by adsorbing the molecules. The break-

down of these heavy oil molecules resulted in the reduction
in viscosity of the heavy oil thereby preventing aggregation,
precipitation and deposition of the heavy oil molecules on

the rock surface. In combination with ultrasound the reaction
of the EFBSNF increased by creating more active surface for
contact with the heavy oil molecules, which is consistent with

viscosity results (Fig. 10).

Mobility ratio Mð Þ ¼ Krd

Kro

� lo

ld

ð14Þ

whereas Krd is relative permeability of displacing fluid, Kro is
relative permeability of displaced fluid, lo and ld are viscosity
of displaced fluid and displacing fluid, respectively.

3.14. Economic feasibility

The energy and cost of the process was estimated using Eqs.
(15) and (16).

E ¼ Pt ð15Þ

Cost ¼ E cost1kwhð Þ ð16Þ
whereas E is electrical energy (kwh), P is power of electrical
appliances (kwh), t is time of electricity consumption (h).
Table 5 shows the energy utilization and cost of EFBSNF

assisted ultrasound oil recovery process. The energy utilization
and cost estimation of producing EFBSNP was less than the
chemical treatment method (US$63.03–92.98) (Nayak et al.,

2019). This cost may reduce further if EFBSNP is produced
in commercial scale. The upscaling of ultrasound equipment
is easy and cost effective this has enabled the sonochemical

treatment of oil wells in Western Siberia and Samara Region
(Abramov et al., 2015; 2017). The treatment method decreased
sonication time from an hour and above to 30 min, increased
the duration of the effect and increased production (Abramov

et al., 2015; 2017; Mullakaev et al., 2017). However, acids, oxi-
dants, enzymes and chelates were the chemical used for treat-
ment. The use of some of these chemicals is in contrasts with

ultrasound methods as environmentally friendly approach.
EFBSNP is cost effect and environmentally friendly hence it
can be used as substitute to the current EOR chemicals. The

energy utilization and cost estimation indicted that this sono-
chemical method is cost effective and financially feasible.

4. Limitations and recommendation

The experiment was performed with an unconsolidated sand-
stone porous media with high porosity and permeability.

Hence, future research work with reservoir sandstone core
with medium to low permeability and porosity is
recommended.

5. Conclusions

In this work, thermally treated EFBSNP was produced by ultrasound-

assisted wet-milling and their effectiveness in enhancing cavitation

effect of ultrasound to improve heavy oil recovery was evaluated.

From the findings of this research, the resulting important inferences

were identified. The treatment method showed a significant decrease

in the concentration of the trace element with increasing temperature

and a corresponding increase in SiO2 content. Similarly, the non-

appearance of any other adsorption band in the FTIR spectra indi-

cates that it is pure SiO2, and the position of the characteristic’s peaks

is consistent, confirming that the synthesis method did not change the

chemical composition. The change in size and shape during the thermal

treatment of EFBA had no effect on the resultant EFBSNP after wet

milling but rather it increased the surface stability resulting to the for-

mation of crystalline phases of quartz and tridymite. The combined

effect of EFBSNF and ultrasound reduced the viscosity of the heavy

oil through the mechanism of thermal scission and generation of free

radical. The EFBSNF assisted-ultrasound lowered the IFT to an extre-

mely low value (0.2 mN/m), which effectively mobilized the trapped oil

droplets in the pores through the mechanism of aquathermolysis.

Ultrasound-assisted EFBSNF flooding increased oil recovery by

44.33% compared to oil recovery without ultrasound which increased

by 26.33% through the mechanism of Bjerknes forces and peristaltic

motion.
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