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a  b  s  t  r  a  c  t

Silica (SiO2) nanoparticles were synthesized from rice husk (RH) via wet milling method

and evaluated for enhanced oil recovery (EOR) applications. Physical properties of RH-

SiO2 nanoparticles (RH-SNP) with its size distribution were explored through field emission

scanning electron microscopy (FESEM) and dynamic light scattering (DLS). Stability, func-

tional groups and purity of RH-SNP were determined by zeta potential, Fourier-transform

infrared (FTIR) spectroscopy and X-ray diffraction (XRD), respectively. Effect of RH-SNP on

the  precipitation and thermal degradation of oilfield polyacrylamide (HPAM) was studied

using  Brookfield RST rheometer. Interfacial tension (IFT) properties of RH-SiO2 polymeric

nanofluid (RH-SPNF) at interface of oil and water (O/W) were investigated using Easy-Dyne

KRUSS tensiometer. Subsequently, oil displacement efficiency of RH-SPNF was determined

and compared with oilfield HPAM at reservoir conditions using Fars EOR high-pressure high-

temperature (HPHT) core flooding equipment. The wet milling method was effective in

producing RH-SNP of size ranges 43.9–59.5 nm with a purity of 98% through the mechanism

of  nucleation, Brownian motion and coalescence. Rheological results show that RH-SNP
inhibited the precipitation and thermal degradation of oilfield HPAM. IFT of RH-SPNF showed

a  monotonic tendency as temperature increased. HPAM and RH-SPNF flooding showed an

incremental oil recovery of approximately 10% and 24%, respectively. Emulsion generated

using RH-SPNF shows higher stability and resistance to coalescence. Finally, mobility ratio
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of water flooding approaches unity faster, compared to HPAM and RH-SPNF. Overall, the low

energy utilization, use of low-cost and benign raw material make RH-SNP and the extraction

method an appropriate substitute to commercially available SiO2 nanoparticles.

©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
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.  Introduction

ncreased energy consumption in juxtaposition to dwindling
il reserves has continued to pose a huge problem to oil

ndustry. Oil production from active reservoirs continues to
ecline, coupled with lack of new abundant reserves. Litera-
ure shows that two-third of the original-oil-in-place (OOIP) is
till trapped in the reservoir after initial recovery and water
ooding [1,2]. Hence, enhanced oil recovery (EOR) could play a
ital role in meeting the increased energy demand. EOR pro-
esses are used to improve the productivity of the existing
elds with the aim of recovering the trapped oil in reservoirs

3].
Hitherto, numerous EOR methods such as gas, thermal and

hemical (alkali, surfactants and polymers) have been devel-
ped and evaluated to overcome the low oil recovery efficiency.
hemical EOR (CEOR) technique is deemed highly favourable
ue to its better efficiency and reasonable capital cost. EOR
hemicals such as alkali and surfactants can reduce interfacial
ension (IFT) by altering rock/fluid interface in the reservoir.
esides, they can also alter wettability between oil-rock-brine

nterface [1]. On the other hand, polymer flooding is widely
pplied to increase viscosity of the injectant and consequently
mprove the mobility of the reservoir fluids. Hence, viscous
ngering is minimised and/or eradicated, conformance con-
rol is enhanced and higher sweep efficiency is achieved. Field
esults have shown that the use of polymer flooding can
ecover additional 5-30% OOIP [4,5].

Hydrolysed polyacrylamide (HPAM) is the most widely used
olymer in oilfields because of inexpensive handling cost, rel-
tively resistant to bacterial attack, high solubility in water
nd disproportionate permeability reduction characteristics
6]. However, with variation in crude oil properties and harsh
nvironmental conditions of the reservoir, HPAM does not
erform appropriately. Therefore, various studies are being
arried out to improve the limitations of HPAM against high
emperature and high salinity reservoir conditions.

Recently, researchers have reported the use of nanofluid
n CEOR process. Nanofluid, which is the synergy of base
uid with nanoparticles, has the advantages of being more
olerant to high salinity, high temperature, longer stability,
ess plugging and retention in reservoir. The recent trend in
anotechnology has focused on incorporating polymers with
anoparticles to produce fluids with distinct characteristics
f the formulated polymeric nanofluids. Various studies have
eported the use of silica (SiO2) [7–9], titanium dioxide [10],
raphene oxide [11], and aluminium oxide [12,13] nanopar-

icles to improve the rheology, and viscoelastic properties of
PAM. They reported that the presence of nanoparticles sig-
ificantly improved the properties of HPAM at harsh reservoir
onditions.
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Lately, bio-based materials are attracting interest in diverse
fields because of their availability, low cost, and benign nature
[14,15]. A research of new bio-based materials with potential
application in energy storage device has proven that cellulose
derivate can be easily incorporated in various polymeric mate-
rials [16–18]. Their chemical bonding can greatly enhance and
accelerate energy transition and boost the use of abundant
elements for large scale production [19–21]. However, SiO2

nanoparticles are the most widely used in EOR application.
This is because about 99.8% of SiO2 nanoparticles are silicon
dioxide, which is the main component of sandstone, making
it the most abundant naturally occurring compound on earth.
Furthermore, SiO2 nanoparticles can be easily produced and
their chemical behaviour can be easily controlled by surface
modification for specific application such as EOR.

Despite the extensive investigation from previous research
on SiO2 nanoparticles for EOR application, there are still some
challenges in the field owing to cost and huge environmen-
tal problems [22,23]. Mining of SiO2 sand involves topsoil
removal and excavation of sand. Hence, the mined SiO2 is
often associated with impurities such as feldspar and clay,
which need further purification. The purification of SiO2 sand
leaves deleterious contaminants such as boron, arsenic and
fluorine which affect their industrial applicability [24]. As
such, SiO2 nanoparticles from renewable materials have been
sought after to replace the existing ones [25,26]. Hence, this
study extends the frontier of research by synthesizing SiO2

nanoparticles from rice husk (RH) using wet milling method
and thereafter evaluating it for their EOR applications. RH is
an abundantly available and renewable agriculture by-product
from the first stage of rice milling.

In this study, SiO2 nanoparticles were synthesized from
RH. The physical properties of RH-SiO2 nanoparticles (RH-
SNP), including their size distribution, were investigated. The
stability, functional groups and purity of the RH-SNP were
determined. Furthermore, the effect of RH-SNP on the pre-
cipitation and thermal degradation of oilfield HPAM was
studied. Additionally, the IFT properties of the RH-SiO2 poly-
meric nanofluid (RH-SPNF) at the interface of oil-water (O/W)
were investigated. Subsequently, oil displacement efficiency
of RH-SPNF was determined and compared with oilfield HPAM
at reservoir conditions. Finally, the energy utilization and
expenditure of the process and materials were examined in
comparison to traditional methods.

2.  Materials  and  methods
2.1.  Materials

RH was obtained from Kilang Beras Rice Mill, Bagan Serai,
Perak, Malaysia. HPAM with degree of hydrolysis 25 mol%,
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Table 1 – Properties of sandstone core

Diameter Length Bulk  volume
3

Pore volume
3

Porosity Permeability

(cm) (cm) (cm )

3.7 9.8 100.37 

molecular weight of 20 × 106 Dalton was obtained from SNF
Floerger, Paris. Sodium chloride (NaCl) with 99% purity and
molecular weight 58.44 g/mol was obtained from Merck group.
Molecular biology grade ethanol with purity of 96% was pur-
chased from Fisher BioReagents. An intermediate crude oil
from an oilfield in Sarawak, Malaysia (density of 0.82 g/mL
@25 ◦C, API of 37.7 and viscosity of 10 mPa s @25 ◦C) was used
for the experiments. Three mid-permeability sandstone cores
from the same outcrop were utilized for core flooding test.
The physical properties of the sandstone cores are shown in
Table 1. The X-ray diffraction (XRD) of the core (Figure S1,
supporting information) reveals that the samples are mainly
quartz (98.9%) and illite (1.1%).

2.2.  Methods

2.2.1.  Synthesis  of  RH-SNP
RH was sieved and treated using an electric furnace (Ther-
molyne 30400 Laboratory Furnace: Barnstead, USA) at 700 ◦C
for 4 h. This is to decrease the amount of carbonaceous mate-
rial present in the RH and to increase SiO2 content. A two-stage
ball milling process was used to reduce the particles to nano
size. A planetary ball mill machine DECO-PBM-V-2L-A; DECO,
China containing a 250 mL  tungsten carbide grinding jar was
loaded with 150 mL  of tungsten carbide balls and 85 mL  of
RH. It was milled for 2 h at 400 rpm; this was done to achieve
homogenous particles size. The sample was then dispersed in
ethanol to prevent agglomeration of the particles. Wet milling
was performed for 5 h at 400 rpm to achieve nano sizes. The
sample was collected and dried in an oven at 80 ◦C for 17 h.
The energy and cost were estimated:

E = Pt (1)

cost = E (cost 1kwh) (2)

where E is electrical energy (kwh), P is power of electrical appli-
ance (kw), t is time of electricity consumption (h).

2.2.2.  RH-SPNF  preparation
RH-SPNF was made by a two-stage technique. 0.1 wt.% (critical
nanoparticle concentration) [12,27], of RH-SNP was dispersed
in deionized water (DIW) and sonicated for 35 min. to form
a homogenous dispersion. HPAM of 0.1 wt.% (critical concen-
tration of HPAM solution) [12], was added to the nanofluids
dispersion and agitated for 23 h on a stirrer. To investigate the
impact of salinity on RH-SPNF, NaCl with different concen-
trations (0.9–2.2 wt.%) was added to the polymeric nanofluid
suspension and stirred for 24 h. The salinity range depicts a
Malay Basin oil reservoir salinity [28].
2.2.3.  Morphology  and  surface  structure
Field emission scanning electron microscopy (FESEM) with
energy dispersive X-Ray (EDX) (Ultra, Zeiss, Germany) was
(cm ) (%) (mD)

17.00 16.9 201

used to determine the surface structure of RH, RH-SNP and
elemental composition of the RH-SNP. The FESEM test was
conducted with a magnification of 30.0 KX through an aperture
size of 30.0 �m and zoomed to 500 nm.  Prior to image  acquisi-
tion, the samples were coated with gold particles in order to
enhance the visibility of the image.

2.2.4.  Particle  size  analysis  and  surface  charge
Light scattering instrument (Anton Paar LitesizerTM 500) with
a particle size range of 1 nm to 10 �m for particle analysis was
used to examine the size distribution and surface charge of
the RH-SNP. The RH-SNP was dissolved in distilled water (DW)
(0.1%) and moved to omega  cuvette for analysis. The analysis
was carried out at a back-scattering angle of 170o at 25 ◦C. The
refractive index of water was 1.3303 and the viscosity of water
was 0.8903 mPa s.

2.2.5.  XRD  analysis
XRD of RH-SNP was evaluated using SmartLab; Rigaku, Japan,
with a radiation of 40 kV and 30 mA.  XRD spectra were spot-
ted at two-theta scanning range of 5–100o at 8.2551 o/min. The
relative crystallinity (RC) was quantitatively calculated using
the method of Nara and Komiya [29]:

RC (%) = AC

Aa + Ac
(3)

where Ac is crystalline area and Aa is amorphous area on the
X-ray diffractogram.

2.2.6.  Fourier-transform  infrared  spectroscopy  (FTIR)
analysis
FTIR analysis was used to confirm the RH-SNP. Shimadzu IR
Tracer-100 was used to determine the FTIR spectra of the RH-
SNP. Dry RH-SNP was added to potassium bromide (KBr) before
it was placed in a sample bearer. FTIR was achieved at a range
of 600–4000 cm-1.

2.2.7.  Rheological  analysis
The rheology of RH-SPNF and HPAM was determined using
Brookfield RST rheometer. The rheometer is composed of tem-
perature control connected to water bath for high temperature
conditions. All the measurements were carried out at 1–1000
s-1 (shear rate) at a temperature range of 26–80 ◦C. For repeata-
bility, the experiments were conducted in triplicate and the
average values were reported.

2.2.8.  IFT  determination
The IFT between RH-SPNF and oil was determined with Easy
Dyne tensiometer (K20) by Kruss GmbH, Germany. The ten-
siometer has a water-bath connected to control temperature

of the tensiometer. IFT of RH-SPNF (0.2 wt%) as a function of
NaCl concentration (2.2 wt%) and temperature (26 –80 ◦C) was
determined. All the experiments were repeated once, and the
average values were reported.
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.2.9.  Core  flooding  test
he oil displacement test was investigated using a high-
ressure high-temperature (HPHT) apparatus manufactured
y Fars EOR technologies (Figure S2). It consists of a furnace for
emperature regulation, four accumulators for injecting fluid
nd a compartment for holding the core. It has a tempera-
ure limit of 150 ◦C and pressure capacity of 6000 psi. Three
dentical mid-permeability core samples from the same loca-
ion were utilized for displacement test (Table 1). Core samples
ere washed with toluene in a Soxhlet distillation extractor

olumn before and after each use. The cores were subse-
uently dried for 24 h at 95 ◦C in an oven. Oil displacement
ests were executed to determine the oil recovery efficiency
f RH-SPNF and HPAM. To simulate the reservoir condition
f a typical Sarawak oilfield, the equipment was pressured
o 3000 psi (with a back pressure of 100 psi) and oven tem-
erature raised to 120 ◦C. After vacuuming, the system was
aturated with 2.2 wt%  of synthetic brine and flooded with oil
ntil connate water was achieved. ISCO pump was utilized

n pumping injectants from accumulators to the equipment.
rude oil was introduced into the core at 0.5 mL/min and
ged for 24 h to achieve stability. Consequently, water was
njected at a constant flow rate until breakthrough occurred.
hen, 0.5 PV consisting of 0.2 wt.% of RH-SPNF and HPAM was

njected to recover the bypassed oil. Chase water (0.5 PV) was
ater injected to recover any remaining oil. All the experiments
ere conducted in duplicate and the average values reported.

.  Results  and  Discussion

.1.  Morphology  and  surface  structure

he RH was incinerated (Figure S3a) and thermally treated
Figure S3b) to remove excess salt and organic matter. Heating

H above 400 ◦C eliminates element which might be in the RH,
hereby purifying the silicon content and making it more  sol-
ble [30]. The alcohol added to the dry RH during the milling
rocess (Figure S4a) acted in place of surfactant as micelle

Fig. 1 – FESEM image of (a) RH before syn
;9(6):13054–13066 13057

maker [31]. This helped to control the size of RH-SNP (Figure
S4b) from agglomeration and modified the surface during wet
milling.

The FESEM of the RH (Fig. 1a) reveals a heterogenous mate-
rial with a rough and irregular shape with mean diameter of
3 �m.  The roughness of RH was due to release of organic mat-
ter during thermal heating. The sizes of the RH reduced to
nanosize ranges of 43.9–59 nm (Fig. 2b) after synthesis. The
micellar environment generated by the alcohol during synthe-
sis was effective in controlling the sizes as all the RH-SNP were
less than 100 nm.  However, the sizes were not uniform, which
was coherent with earlier work Rovani et al. [30] where they
reported nonuniform silica nanoparticles from sugar cane.
The large particle sizes in Fig. 1b could be due to Oswaldo
ripening, as smaller nanoparticles are dissolved and rede-
posited onto larger particles, thus allowing for the formation
of monodisperse particles [32]. The EDX (Fig. 2) shows the
major elements silicon (Si), carbon (C) and oxygen (O). Minor
elements iron, chromium,  potassium, nickel, calcium, man-
ganese, magnesium and phosphorous were also present. The
presence of Si and O confirms the existence of SiO2, whereas
the presence of C shows the biological origin of the sample.
The higher energy peak intensity of Si might be because of
energy peak overlap due to cross excitation of X-ray signal
coming from different particles [33,34].

3.2.  Mechanisms  of  nanoparticles  formation  by  wet
milling

The addition of alcohol to the dry RH acts as a liquid binder and
stabilizing agent. Thereafter, it spreads on the surface of the
agitated RH powder bed and wetted the particles as depicted
in Figure S5. The alcohol penetrated the RH powder bed by
capillary action. The wetted particles formed a nucleus result-
ing in nucleation of individual particles coated with a layer of

liquid or a closely packed, partially or fully saturated nuclei
granules. Thereafter, the RH particles began to collide with
each other, the mill ball and the walls of the mill in a Brow-
nian motion leading to densification. Densification forced the

thesis, (b) RH-SNP after synthesis.
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Fig. 2 – EDX of RH-SNP showing the major and minor elements.

Fig. 3 – Particles size of RH-SNP showing monomodal
Fig. 4 – Zeta potential of RH-SNP solution at ambient
distribution.

liquid to migrate to the surface resulting to coalescence and
growth of the RH particles (Figure S5). As the RH particles con-
tinue to collide with each other, mill ball and walls of the mill,
consolidation and binding occurs, leading to deformation of
the RH particles and rapid growth [35]. The collision continued
until the collision force exceeds the critical value the granule
can hold and due to the high shear forces exhibited in the ball
mill. Thereafter, the RH particle collapse and breaks releasing
nano size particles of RH-SiO2 as seen in Figure S5.

3.3.  Particle  size  analysis  and  surface  charge  of
RH-SNP

RH-SNP size distribution (Fig. 3) shows a monomodal distribu-
tion with size ranges of 50-70 nm.  The particle size distribution
is consistent with FESEM result (Fig. 1b). However, it shows
larger RH-SNP sizes compared to the FESEM result. This is
because the hydrodynamic size measured by the DLS is the
size of the hypothetical hard sphere that diffuses similarly to

the particles being measured [31]. Hence, the diameter calcu-
lated is only indicative of the apparent size of the dynamic
hydrated/solvated particles. It does not signify the actual size
of monodispersed RH-SNP. Therefore, the reported hydrody-
temperature

namic diameter cannot be used as approximation of size
but rather for comparison [31]. The small sizes of the parti-
cles demonstrate the ability of the particles to deform which
impeded agglomeration. This shows the ability of the particles
to act as viscosifier and stabilizing agent. The result agrees
with earlier work of Yildirim et al. [36], in which they stated
that small particles size is known to improve the rheology of
emulsion.

The stability of RH-SPNF is extremely essential for its appli-
cability in oil field reservoirs. Therefore, the determination
of electrophoretic behaviour through zeta potential was con-
ducted to determine the dispersal behaviour of RH-SNP. High
zeta potential indicates that RH-SNP is electrically stable. Fig. 4
shows the zeta potential of RH-SNP. The zeta potential of -
21.2 mV  shows that RH-SNP was relatively stable. The stability
was  due to small size of the RH-SNP, which is consistent with
the particles size distribution result (Fig. 3). Small particles are
separated at low velocities due to gravitational forces which
can decrease the movement  of droplets, impede sedimen-

tation and other instabilities [36]. The negative value of the
zeta potential was due to increased dissociation of the silanol
group on the surface of the SiO2 particles. The good electron
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Table 2 – XRD RH-SNP phases.

Phase name Content (%)

Silicon dioxide (SiO2) 97.83
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Zeolite 2.16
Others 0.01

harge on the surface showed strong repellent forces among
he particles. Thus, it demonstrates that repulsive forces were
dequate to inhibit attraction between RH-SNP triggered by
rownian motion, through the mechanism of electrostatic
epulsion, which prevented aggregation resulting in stabiliza-
ion.

.4.  Crystallization  structure  result

he XRD result (Fig. 5) shows the presence of a broad peak at 2�

etween 15 to 35o, and a sharp peak at 2� = 22o, which confirms
he presence of amorphous SiO2 and crystalline SiO2, respec-
ively. The thermal treatment of RH generated a mixture of
morphous and crystalline SiO2. The crystalline SiO2 is evi-
ent by the sharp peak observed, which reveals the formation
f tridymite structure [37]. The intensity peak at 44.5o indi-
ates that a fraction of the amorphous phase was converted
nto crystalline phase of graphite structure [38]. This was due
o leaching of the zeolite out of the amorphous phase, which
grees with prior work of Bansal et al. [39]. They reported
eaching of biomolecules and protein out of the amorphous
H. Table 2 shows that RH-SNP contains about 97.83% of SiO2.
his indicates that RH has great potentials as an alternative
ource of SiO2, and further confirms the purity and effective-
ess of the method applied herein. The RC of RH-SNP was 26%.
his could be due to the thermal heating of the RH. The result

s consistent with previous study of Har et al. [40] where they
eported a crystallinity of 22.18 – 32.58% at different tempera-
ures. Similar result was reported in earlier work by Wang et al.
41] where they stated that RH-SNP are initially amorphous but
he extended pyrolysis of the heated nanoparticles at 800 ◦C
nhanced the crystallinity. Also, the increased crystallinity
ight be because of diffusion induced mechanism of RH-SNP

rystallization. This is consistent with previous finding that
all milling strongly influences the kinetics of transforma-
ion of amorphous phase to crystalline phase [42]. With the
ncrease in crystallinity, the RH-SNP can be processed to desir-
ble shapes and possesses sufficient structural integrity which
ncreases their industrial accessibility [21,41].

.5.  Chemical  structure  and  surface  properties  result

o evaluate the chemical bonding of RH-SNP, the major chemi-
al groups of RH-SNP were identified by FTIR (Fig. 6). The broad
eak at 3200-3600 cm-1 corresponds to the stretching vibration
f silanol hydroxyl group (Si O H). The peaks at 2974 cm-1

nd 2843 cm-1 show C H group, indicating the organic sur-
ace and SiO2 obtained in amorphous state [43]. The band at
649 cm-1 shows the deformation of water molecules absorbed

-1 -1
n the SiO2 surface. The peaks at 1454 cm and 1381 cm
ere due to the OH group, whereas the peak at 1273 cm-1 is
ttributed to the vibration mode of the SiO2 network. The peak
t 1085 cm-1 indicates the asymmetric stretching vibration of
;9(6):13054–13066 13059

Si O Si [44]. The broad shoulder between 1045–877 cm-1 can
be attributed to the vibration of tetrahedral SiO4 coordina-
tion unit [45]. This shows that the chemical structure of SiO2

was not affected by the synthesis method. The FTIR spec-
trum did not show the presence of other organic and inorganic
materials, which confirms the high purity of the RH-SNP. This
is because the alkaline earth cations (Fig. 2) created a non-
bridging oxygen, thus enabling the re-organization of the SiO2

network [46]. This agree with earlier study by Borouni et al.
[42] where they stated that no other reaction has taken place
in the mixture during ball milling thereby, only indication of
crystalline SiO2 is seen in the FTIR result. The result is con-
sistent with the EDX (Fig. 2) and XRD (Table 2) results, which
show a purity of 97.83%.

3.6.  Impact  of  RH-SNP  on  rheology  of  HPAM  solution

The effect of RH-SNP on rheology of HPAM was studied. Fig. 7
depicts the flow behaviour of RH-SPNF in comparison with
HPAM at the same concentration (0.2 wt%). The concentra-
tion represents the critical concentration for nanoparticles
and HPAM [12]. The viscosity of RH-SPNF was higher than
HPAM solution at all shear rates. RH-SPNF and HPAM solu-
tion displayed pseudoplastic behaviour, which might be due
to strong electrostatic hydrogen linkage between silanol group
of RH-SNP (Fig. 6) and the HPAM amino group [12,13]. Also,
the adsorption interaction between RH-SNP, which acted as
crosslinkers, might be responsible for the trend. This is coher-
ent with previous study of Corredor-Rojas et al. [47] where
they reported that increased viscosity with addition of mod-
ified SiO2 nanoparticles can be attributed to the crosslinking
between the nanoparticles and the polymer chains through
hydrogen bond or hydrophobic interaction. Although the
bridges between RH-SNP molecules were not broken-down,
they deteriorated gradually in shear field resulting in shear-
thinning. RH-SPNF showed higher viscosity compared to
HPAM at all shear rate. This was because of electroviscous
negative charge on the surface of RH-SNP (Fig. 4) and the
formation of stronger particle-particle hydrogen bonds com-
pared to that formed by HPAM. The result is coherent with
previous work of Shafiei-Sabet et al. [48], who  reported that
the rheological properties of cellulose nanocrystals vary due
to their surface charge and ionic strength.

3.7.  Impact  of  RH-SNP  on  precipitation  of  HPAM
solution

Reservoir brine poses a serious problem on flow behaviour of
injected HPAM. Therefore, the effect of RH-SNP on the salinity
resistance of HPAM was investigated. The result (Fig. 8) shows
that the viscosity of RH-SPNF and HPAM reduced as concen-
tration of NaCl increased. This might be because of screening
effect of Na+, which reduced the repulsive energy and the
hydrodynamic volumes of RH-SPNF and HPAM subsequently
reducing viscosity [49,50]. Both RH-SPNF and HPAM still
retained their pseudoplastic and shear-thinning behaviour as

salinity increases. However, RH-SPNF showed higher viscos-
ity compared to HPAM at the same concentration. This could
be attributed to the interaction between the electrolyte and
RH-SNP, which induced a bridging flocculation of RH-SNP and
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Fig. 5 – XRD of RH-SNP thermally treated at 700 ◦C.

0.1 w
Fig. 6 – FTIR spectra for 

HPAM resulting to increased viscosity [51]. As cations of brine
neutralize negative charge of HPAM, the adsorption interac-
tion of RH-SNP on HPAM surface shielded the RH-SPNF from
effect of electrolyte [12]. With RH-SPNF, there was interac-
tion between oxygen atom on RH-SNP surface (Fig. 2) and
Na+ cations (ion-dipole) (Figure S6a). Hence, the nanoparticle
shielded the HPAM molecules from precipitating. Additionally,
the strong hydrogen bond created by the crosslinking of the
RH-SNP and HPAM makes it resistant to degradation (Figure
S6b). This agree with earlier study by Wu-Hua et al. [52] who
stated that with the addition SiO2 (with negative charge), the
effect of cations on the HPAM polymer chain is weakened. This
is because of the adsorption of cations between the HPAM and
SiO2 thus, the hydrodynamic volume of HPAM molecules and
viscosity of the solution are increased and the salt resistance

is improved. Whereas, the low viscosity of HPAM was because
the Na+ cations of the electrolyte and oxygen atom on anionic
polyelectrolyte surface attacked the amide and carboxylate
ions on HPAM molecules (Figure S6b), thereby diminishing
t% RH-SNP dispersion.

the electrostatic repulsion within the polymer chain result-
ing in precipitation, loose of viscosity and degradation [13].
Similar result was reported by prior work of Wu-Hua et al.
[52] where they stated that the repulsive force between HPAM
chain makes the polymer form a loose structure in liquid
phase and the reaction between the Na+ from the brine and
C O from HPAM molecular chain led to reduction of viscos-
ity. The reproducibility of the experimental results is shown
by the error bar which indicates that the uncertainty is rather
infinitesimal.

3.8.  Impact  of  RH-SNP  on  thermal  degradation  of
HPAM

Thermal degradation of a material is very important when

determining the energy needed to overpower the activation
energy of flow as material moves from one equilibrium to
another. Fig. 9 shows the effect of temperature (26–80 ◦C)
on the viscosity of RH-SPNF compared to HPAM solution at
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Fig. 7 – Effect of RH-SPNF on rheology of HPAM suspension.

Fig. 8 – Effect of RH-SPNF on viscosity of HPAM solution as
a function of salinity concentration.

Fig. 9 – Effect of RH-SPNF on the viscosity of HPAM at
d
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Fig. 10 – IFT of RH-SPNF in the presence of brine (2.2 wt%)
ifferent temperature.

he same concentration (0.2 wt%), with standard error bar
lmost the same. This signifies that the mean computed
alue estimated the true mean value of the experimental
esults. The results show that the viscosities of RH-SPNF were
ependent on temperature. The viscosities of RH-SPNF and
PAM declined as temperature increased. This is adduced

o increased mobility of HPAM particles as temperature
ncreased, resulting in decline of intermolecular communica-
ion. It might have resulted in coiling, which led to decrease

n viscosity. Also, at elevated temperature, hydrogen bond
mongst the HPAM molecules becomes weak; this result to

 fragile link between the molecular structure and decline in
at different temperature.

viscosity of HPAM [51]. However, in the case of RH-SPNF, as
temperature increases, there was dihydroxylation of hydrogen
bond on the silanol group that weakened the structure of RH-
SPNF. This induces a hydrophobic nature and resulted in the
decrease in viscosity [13]. Nevertheless, RH-SPNF still retained
a higher viscosity compared to HPAM. This is because the
increase in surface area of the RH-SNP resulted in an increase
in its functionality which aids adsorption interaction with the
polymer molecule. Hence, stronger hydrogen bond is formed
between the nanoparticle and the polymer moieties which
lessen the thermal impact on the suspension and increased
the viscosity of the colloidal system [49,53]. This is consistent
with previous study of Corredor-Rojas et al. [47] who  reported
that polymeric chain can be attached to more  than one parti-
cle at a time, leading to the formation of a three-dimensional
network of flocs.

3.9.  Impact  of  RHA-SPNF  on  IFT

IFT between trapped oil and displacing fluid plays a signif-
icant role in oil recovery. Reducing IFT allows deformation
of the O/W interface, which leads to improved oil recov-
ery. Nanofluids have been reported to reduce IFT, but the
interfacial properties strongly hinged on the quantity of
surface-active agent which moves to the interface of O/W.
Also, the movement  of these surface-active agents from sus-
pension to interface hinges on the medium temperature.
Therefore, the impact of temperature (26–80 ◦C) on surface-
active agents (from RH-SNP) at the interface of oil and brine
(2.2 wt%) was studied. Fig. 10 shows the IFT of RH-SPNF com-
pared to brine as a function of temperature. The result shows
that there was a significant decrease in IFT in the presence
of RH-SPNF compared to brine alone. It could be credited to
the electrostatic interaction of RH-SPNF and brine in the bulk,
which increases the dispersion of RH-SPNF to the interface
of O/W [54]. The interactions between RH-SPNF in the pres-
ence of brine were found to be lower than those of brine alone
(Fig. 10). This singularly confirms the formation of surface-
active agent from electrostatic attraction between RH-SPNF
and brine which could have significantly reduced O/W IFT

compared to brine alone.

As the temperature of RH-SPNF increases, the liquid
molecules have a higher kinetic energy. Hence, there was a
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Fig. 11 – Cumulative oil recovery versus pore volume of Fig. 12 – Pressure drop versus pore volume of injected EOR
fluids.

Fig. 13 – Mobility ratio versus pore volume of injected

oil and consequently early breakthrough in the water flood-
injected fluids.

rapid migration of RH-SPNF from the bulk to the O/W inter-
face (Figure S7). This can be attributed to thermophoresis of
the RH-SPNF, which is consistent with previous studies of
Mahian et al. [55] and Agi et al. [56] where they reported that
in nanofluid thermophoresis migrate particles from a region
with higher temperature (hot zone) to region with lower tem-
perature (cold zone). This led to a significant adsorption of
RH-SNP at the interface, resulting in a charged electric dou-
ble layer (EDL) which decreased the coating at the interface
[57]. This weakens the cohesive energy and expands the inter-
molecular energies at the interface thereby reducing IFT of
RH-SPNF. The standard error of the IFT and temperature were
determined for two tests. The error bars were used to deter-
mine the positive and negative standard error from the mean
of IFT and temperature. It was observed from the error bar
(Fig. 10) that the results show good parallelism, indicating that
the experimental results are reliable and reproducible.

3.10.  Oil  displacement  results

To determine the stability, effective treatment methods and
the potentials of RH-SPNF for EOR, series of core flood-
ing experiments were performed to mimic  water flooding
and polymeric nanofluid flooding of a Sarawak oil field. The
cumulative oil recovery recorded for each of the secondary
and tertiary recovery modes are presented in Fig. 11. Water
flooding recovered 48% OOIP, which signifies that sufficient
quantity of oil was bypassed. Tertiary recovery was initiated
and oil recovery increased by 10% and 24% with HPAM and
RH-SPNF, respectively. The relative standard error of the oil
displacement experiment is determined as 0.25%. This implies
that the uncertainty of the experiment is infinitesimal and
confirms the repeatability of the experiments. The presence
of polymer blocked the permeable channels created during
water flooding and recovered additional oil by mechanism of
disproportionate permeability reduction [58]. Hence, the vis-
cous fingers generated during the waterflooding process was
minimised and/or eradicated. RH-SPNF had a higher recovery
performance due to the shielding effect of the nanoparticles
on the polymer performance, which inhibited degradation of

its molecules at high temperature and salinity conditions. The
improved rheological performance of RH-SPNF facilitated the
mobilization of the initially bypassed oil and ensured better
fluids.

conformance control. Additionally, the higher recovery of RH-
SPNF could be attributable to reduction in IFT at O/W interface
due to surface activity of the RH-SNP, which might have caused
an enhancement in pore scale displacement efficiency. The
core flooding result further confirms the enhanced proper-
ties of RH-SPNF at high salinity (2.2 wt%) and HPHT (3000 psi,
120 ◦C) reservoir conditions.

The pressure drop profile shows a good relationship with
recovery result (Fig. 12). When waterflood commenced, there
was a rise in pressure drop, followed by a decline until it
became constant. The reason for the declining trend was due
to the high mobility of water compared to oil, which was
evident as breakthrough time saw the pressure drop remain
constant. A favourable type of displacement will occur if:

krw �w

kro�o
= M ≤ 1 (4)

where M is mobility ratio, �o is viscosity of oil (mPa  s), �w

is viscosity of water (mPa  s), kro and krw are end point rela-
tive permeabilities of oil and water respectively, (mD). Mobility
ratio was determined using the method of Bamidele et al.
[59]. It was observed that the mobility ratio of water flood-
ing approaches unity faster than that of HPAM and RH-SPNF,
respectively (Fig. 13). This might have resulted in bypassing of
ing, which is consistent with pressure drop profile (Fig. 12).
The delay in approaching unity for HPAM and RH-SPNF signi-
fies that the oil viscosity variation was less than their water
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Fig. 14 – Microscopic image of emulsion generated during (a) HPAM flooding showing large drop sizes, (b) RH-SPNF flooding
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Table 3 – Energy and cost estimation for RH-SNP
synthesis per kilogram (kg).

Materials and
Process

Energy
(kwh)

Cost
(US$)/kg

RH - –
Ethanol - 6.6/litre
Heating 1.5 0.0825
Size reduction 5.25 0.0289
Drying 12.5 0.701
Miscellaneous - 10
Total 19.25 18.1549
howing small size droplets.

iscosity variation, thereby resulting in a favourable mobility.
OR also saw an increase in pressure drop profile. The rise
uring tertiary recovery was due to their improved viscosity
ompared to water [58].

Increase in pressure drop as RH-SPNF was introduced
emonstrates that the polymeric nanofluids lowered the cap-

llary forces holding the oil in pore spaces [60]. The pressure
rops remained very high even at elevated temperature, which
onfirms that RH-SPNF was still stable and oil displacement
fficiency was still very active at 120 ◦C, which resulted to
ncreased oil recovery. As the nanofluids imbibe into the sand-
tone core to expel trapped oil, the pressure profile began to
uild leading to the formation of O/W emulsion. This agrees
ith earlier work of Pei et al. [61] where they stated that
/W emulsion enhanced the sweep efficiency by blocking the
hannel created by water and lowered the oil mobility. The
mulsion generated was examined with an Amscope micro-
cope (Fig. 14). Emulsions generated by HPAM (Fig. 14a) showed
arge drops sizes with high-level of coalescence compared
o RH-SPNF emulsion (Fig. 14b), which has small diameter
roplets, which signifies stability of the emulsion over a long
eriod [62]. This agrees with the recovery results as this sin-
ular phenomenon might be one of the reasons for the higher
ecovery of RH-SPNF compared to HPAM. The result also con-
rmed the ability of RH-SPNF to withstand high temperature
ompared to HPAM, which is consistent with the thermal
egradation results (Fig. 9).

.  Energy  and  cost  estimation

he energy estimation of RH-SNP (Table 3) was a thousand

imes less than SiO2 or fumed quartz extracted from sand
hich utilizes the electric arc method (1400 kwh) and one
undred times less than TRACI method (217 kwh) available in
ABi software data base [63]. Also, SiO2 extraction from sand
Note: Market value of SiO2 nanoparticle = US$185/kg
(https://www.us-nano.com/inc/sdetail/408)

utilizes non-renewable natural resources, which can affect
the biodiversity and subsequently have huge environmental
impact on the mined area in a long run. This environmen-
tal impact can be avoided if RH is used as a raw material.
RH was obtained free of charge as a waste product. The cost
estimation of this study (Table 3) suggests that the prepa-
ration method of RH-SNP was cost-effective compared to
facial route method (US$36.2) [64] and chemical treatment
method (US$63.03–92.98) [65]. The cost may reduce further
if RH-SNP is produced at industrial scale. Therefore, the low
energy utilization, use of low-cost raw material, low invest-
ment and operation cost make RH-SNP and the extraction
method an appropriate substitute to commercially available
SiO2 nanoparticles.

5.  Conclusions
This study was conducted to produce environmentally
friendly and cost-effective SiO2 nanoparticles and test their
applicability as a novel fluid for EOR. The properties of RH-SNP
with its size distribution were studied by FESEM and DLS. The

https://www.us-nano.com/inc/sdetail/408
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influence of the process variables was studied. FTIR was used
to determine the functional groups of RH-SNP, whereas EDX
and XRD separated and identified the purity of the RH-SNP
components. The effect of RH-SNP on the thermal degradation
of HPAM and EOR mechanisms was related to the oil displace-
ment ability of the RH-SPNF. Based on the results of this study,
the following conclusions were reached.

1 The wet milling technique was effective in producing RH-
SNP of size ranges 43.9–59.5 nm through the mechanism of
nucleation, growth, capillary effect, Brownian motion and
coalescence. EDX and XRD confirm the presence of SiO2 and
purity of RH-SNP, respectively.

2  The particles size distribution shows monomodal distribu-
tion and the zeta potentials reveal that RH-SNP solution was
stable.  This shows that RH-SNP could be used as a viscosifier
and stabilizer.

3 The RH-SNP inhibited the precipitation and thermal degra-
dation of oilfield HPAM due to their shielding effect.

4 The impact of electrostatic attraction was foremost than
the effect of electrostatic repulsion in decreasing IFT. The
IFT of RH-SPNF showed a monotonic trend with increase in
temperature.

5 About 24% incremental oil recovery was achieved with the
use of RH-SPNF. The microscopic image  of the emulsion
generated shows stability of the emulsion over a long period
and confirmed the ability of RH-SPNF to withstand high
temperature degradation compared to HPAM.

6 Therefore, the low energy utilization, use of low-cost raw
material, low investment and operation cost make RH-SNP
and the extraction method an appropriate substitute to
commercially available SiO2 nanoparticles.
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