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Abstract

The objective is to study the effectiveness of using nano-sized rice husk ash (nano-RHA) as an additive to stabilize normal gas
generated surfactant foam used in enhanced oil recovery. To decrease the size of the RHA into nano range, planetary ball mill
was used in both dry grinding and wet grinding. Different surfactants including anionic and non-ionic were used to study the
polydispersity index of the dispersion and the hydrodynamic diameter using dynamic light scattering in dilute suspension. Besides,
the nano-RHA was characterized using FESEM, EDX, XRD and the change in specific area after grinding process was studied using
BET. The foamability of different surfactants were then studied using minor concenfration of nano-RHA. Next, the concentration of
the nano-RHA was varied from 0.1wi% to 0.9wit% in normal gas bulk foam stability test using the suitable surfactant, the texture of
foam was observed as well. Moreover, the effect of oil on bulk foam was also studied. Finally, the result was compared using pure
silica nanoparticles as the foam addictive at the same variation of concentrations. Dispersion stability tests showed that both
anionic and non-ionic surfactants can be used to disperse nano-RHA in water. Furthermore, in the presence of 0.9wi% of nano-
RHA concentiration, the bulk foam stability test results revealed that the sodium dodecyl sulfate bulk foam half-life increased by
17.9% without the presence of oil, and gave an increment of 20.7% half-life in the presence of oil. Therefore, the study showed a
potential of utilizihng nano-RHA in stabilizing bulk foam.

Keywords: Foam stability, surfactant, EOR, nano-rice husk ash, ball-milling

Abstrak

Projek ini mengkaiji efisiensi abu sekam padi nano (nano-RHA) sebagai bahan pengstabilan busa surfaktan yang diaplikasikan
dalam teknik perolehan minyak tertingkat (EOR). Untuk menghasilkan partikel dalam nano saiz, proses pengilangan bola dibuat
dalam keadaan kering dan basah. Pelbagai surfaktan termasuk ionik dan anionik digunakan untuk mengukur index penyebaran
larutan dan diameter hidrodinamik partikel diukur menggunakan cahaya dinamik berselerak dalam larutan cecair surfaktan.
Nano partikel tersebut juga dicirikan dengan FESEM, EDX, XRD dan perubahan area khusus partikel selepas pengilangan juga
diukur dengan BET. Kebusaan jenis surfaktan yang berlainan dikaji menggunakan kepekatan nano-RHA yang kecil. Selepas itu,
kepekatan nano-RHA diuji dari 0.1wt% hingga 0.9wt% dalam busa surfaktan gas normal yang bersesuaian, malahan tekstur busa
juga diperhatikan. Tambahan pula, kesan minyak terhadap kestabilan busa juga dikaji. Akhirnya, prestasi kestabilan busa yang
ditambah nano-RHA diperbandingkan dengan busa yang ditfambah nano-silika. Ujian kestabilan berselerak menunjukkan
bahawa kedua-dua surfaktan ionik dan anionik sesuai digunakan unfuk melarutkan nano-RHA dalam air. Selain itu, kestabilan
busa surfaktan sodium dodecyl sulfate tanpa minyak meningkat sebanyak 17.9% manakala meningkat sebanyak 20.7% dalam
keadaan berminyak apabila ditambah dengan 0.9%wt nano-RHA. Kesimpulannya, kajian ini menunjukkan potensi nano-RHA
sebagai penstabil busa surfaktan.

Kata kunci: Kestabilan busa, surfaktan, EOR, abu sekam padi nano, pengilangan bola
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1.0 INTRODUCTION

The total volume of conventional oil discovered in
year 2016 plunged to the lowest annual yield in the
six decades, for a merely 9 billion barrel oil equivalent
(bnBOE). Besides, it also marked the sixth consecutive
year of decline [1]. Despite the recent global crude
oil price crisis started in year 2015, there were only six
times since year 2000 in which the industry has
delivered more than 30 bnBOE in a single year. The
recent oil discovery performance becomes the
concern and the industry is conceding the necessity
to address the declining exploration in technical and
economic performances. Hence, it is crucial for the
industry to recover considerably more oil from the
current producing assets when the challenge in
making consequential new discoveries continues to
rise. It is estimated that even a 5% increase in the
average global recovery is comparable to the new
reserves of all the future exploration activities [2].
Meanwhile, enhanced oil recovery (EOR) has been
identified as the key effort to further improve oil
recovery from the remaining 60% or more of the oll
after the secondary recovery process. Currently, EOR
conftributes about 3% of the worldwide production
[3].

Miscible gas flooding increases from 118 projects
in 2004 to 174 projects in 2014, becoming the most
widely implemented EOR technique in worldwide [4].
Gas flooding provides a higher microscopic sweep
efficiency compared to water-flooding. However,
the efficiency is affected by viscous instability,
reservoir heterogeneity and gravity segregation [5]. A
need for mobility control in gas flooding has led to
the use of foam for sweep improvement and profile
modification. Foam is a two-phase fluid system in
which the gas phase is discontfinuous, separated by
thin liquid fim known as lamellas [6]. Unlike gas
flooding which is influenced by viscous fingering and
gravity override, foam has great specific gravity-
independent properties. With the controlled mobility
using foam, the gas can be channelled from high-
permeability areas to the low-permeability areas.
Thus, enabling the injected gas to reach the poorly
swept sections of the reservoir. Also, foams performs
better in controling the fingering problem as
compared to WAG [7]. The key parameter to define
a good quality of foam is the foam stability [8]. In
other words, foam needs to possess a better lifefime
depending on its purpose of applications, usually if is
desired to be stable over the distance of
propagation through the well.

In foam flooding, surfactants are generally used
to generate and stabilize the foam lamellas by
adsorbing themselves to the fluid interface.
Foamability and the foam stability are enhanced
with increasing surfactant concentration [9]. To
produce the stable foams, the concentration used
should be at least maintained at the surfactant
critical micelle concentration (CMC). Surfactant
foam, however, is unstable when in contact with oll
[10]. Moreover, surfactant-stabilized foam is also

thermodynamically inferior [11] and prone to
destabilization in harsh conditions such as high salinity
[12] and high reservoir temperature. Consequently,
greater amount of surfactants as compared to
laboratory scale is required to produce surfactant-
stabilized foam for mobility control [13]. Meanwhile,
the use of solid particles in nano-size provides solution
fo the problems discussed above.

Khajehpour et al. (2016) reported nanoparticles-
stabilised-foam is more stable than surfactant-
stabilised-foam [14]. Compared to surfactant
molecules, due to the higher adsorptfion energy of
the nanoparticles, they are able to adsorb irreversibly
at the fluid interface [15]. Besides, they are able fo
stabilize foam even under extreme temperature and
high salinity conditions [16]. Hydrophobicity is known
to be the key property of nanoparticles because it
has significant effects on their reaction behaviours
[17]. Generally, nanoparticles surface is coated to
alternate the surface chemistry and it will influence
the effects of the nanoparticle core. Polyethylene
glycol (PEG)-coated hydrophilic silica nanoparticles
generated stable supercritical CO2 water foam in
glass beads [18]. On the other hand, Worthen et al.
(2013) reported partially hydrophobic nanoparticles
performed more effectively than the PEG-coated
ones as foam stabilizers [19]. It is commonly surface-
active or modified nanoparticles were better foam
stabilizers than surfactants. However, nanoparticles
available at commercial are usually non-surface
active with exireme hydrophobicity [20]. Surface
modification of nanoparticles using surfactants has
shown potfential method to stabilize foams. The
synergy between nanoparticles and surfactants has
been studied over years. Both Zhang ef al. (2008) and
Cui et al. (2010) reported the stabilization of aqueous
foams using a mixture of non-surface active
nanoparticles and surfactants [21], [22]. Furthermore,
Binks et al. (2015) even generated ulfrastable foam
with more than one-year time foam half-life using
CaCOs nanoparticles and sodium stearoyl lactylate
(SSL) at high concentration [23]. Using fly ash
nanoparticles, Singh et al. (2015) reported the
synergy with anionic surfactant which enhanced
foam stability in porous media [24]. Besides, Wong
(2017) achieved remarkable stable sodium dodecyl
sulfate (SDS) bulk foams with the addition of fly ash
nanoparticles [25].

Rice husk (RH), an agricultural waste is vastly
available in rice producing countries such as China,
India and Indonesia. Incineration of RH from the RH
biomass power plant produces rice husk ash (RHA) as
waste product. According to World Rice Statistics
(2014), the total RHA world production increased
from 28 Mt in 2010 to 29.6 Mt in 2014. India alone
accounted for 20.6% (6.1 Mt) of RHA in 2014, second
highest after China 27.9% (8.3 Mt). Inappropriate way
of disposal will undoubtedly cause long ferm
environmental issues due to the low bulk density of
RHA [26]. Positively, RHA is used in coatings, cement
industry, insulator and electronics [27]. The laboratory
synthesis of SiO2 nanoparticles (SiO2-NP) from RHA
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was also studied by Thuadaji and Nuntiya (2008) [28].
However, strong acid leaching pre-freatment of RH, is
significantly hazardous to environment and human
life, and results in an increase of the SiO2-NP process
cost.

The feasibility of using RHA-nanoparticles (RHA-NP)
in EOR application, precisely in stabilizing surfactant
foams should be studied. Therefore, this paper
establishes a novel method to use RHA-NP as an
additive to stabilize surfactant foams. Without using
any chemical pre-freatment, the size range of RHA
was decreased by planetary ball mill grinding. The
importance of this study will contribute another effort
of ufilizing the sustainable use of waste materials,
besides providing an idea of the possibility fo
substitute  hydrophilic  SiO2-NP  (without  surface
modification) with RHA-NP since SiO2 nanoparticles
are commonly used in EOR application and they are
considered one of the best nanoparticles (with
dichlorodimethyl silane surface coating) to stabilize
foam [29].

The three main objectives in this study are as
followed:

a. To establish a novel study of the stability
performance of rice husk ash nanoparticles
(RHA-NP) in surfactant air foam.

b. To compare the performances of surfactant air
foam stabilized by RHA-NP and hydrophilic SiO2
nanoparticles (SiO2-NP).

c. To study the stability performance of RHA-NP
surfactant air foam in the presence of oil, and
without oil.

2.0 METHODOLOGY
2.1 Materials
Rice Husk Ash (RHA)

RHA was obtained from a rice mill (Kilang Beras
Bagan Serai Sdn. Bhd., Perak, Malaysia). The as-
received RHA (AR-RHA) was physically black in colour
with some grey particles (Figure 1, left). It was due to
incomplete  carbon  combustion during the
incineration of RH [30]. The AR-RHA was sieved
(AS200; Retsch, Germany) and the average size
obtained was at a range between 88um to 105um. It
was then freated under 700°C for 4 hours using an
electric  furnace (Thermolyne 30400 Laboratory
Furnace; Barnstead, United States). This step was
toreduce the carbonaceous materials present in the
samples, thus increasing the relative amount of silicon
dioxide content [30]. The thermal-treated RHA (TT-
RHA) was observed to be grey in colour with
abundant white particles (Figure 1, right). Next, the
TT-RHA was then milled in order to reduce its particle
size (the grinding process will be further discussed in
the following section). Upon getting the desired size
range, it was then characterized by morphology
study using FESEM along with its elemental

composition analysis by EDX (SU8000; Hitachi; Japan).
Figure 2 displays the discrete and irregular shape of
the RHA in nanosize. The nanoparticles tend to
agglomerate. Figure 3 is the EDX analysis result of the
sample. Oxygen (39.6 wt. %) and silicon (30.4 wt. %)
are the two main elements in the RHA after ball
milling, hence maintaining the main natural
elementary composition. Besides, the phase analysis
(Figure 4) was studied using XRD (SmartLab; Rigaku,
Japan). It gives a curve which shows three pecks, the
first peak represents zeolite, whereas the second and
third peaks belong to SiO2. Table 1 recorded the
corresponding phases and their percentage. Heating
under 700°C produced mainly an amorphous phase
as shown by the XRD curve with a broad hump.

2.2 Preparation of Rice Husk Ash Nanoparticle (RHA-
NP)

The size of the foam additives has to be small enough
to avoid them from plugging the pores of the rocks in
the formation, in which typically around few microns.
TT-RHA was too large to be feasibly used as foam
additive. Therefore, it was submitted to ball miling
process in order to produce the highest degree of
fineness. It was performed by a two-stage grinding
process using a planetary ball mill machine (PM100;
Retsch, Germany). The method of ball miling was
adopted from the guide by Retsch Germany. The
grinding process involved in both dry and wet
medium. First, dry grinding was performed to get a
homogenous size of TT-RHA. The 250 mL tungsten
carbide (WC) grinding jar was loaded with 66.7% by
volume of WC mill balls (approx. 150 mL, measured
using a measuring cylinder), of which 3 mm in
diameter; and 33.3% by volume of TT-RHA (approx. 83
mL). It was grinded for one hour at a speed of 450
rom. Dry grinding was intended fo achieve a more
homogenous particle size and fo reduce the size
above the average distribution. The second stage
grinding was performed in wet medium to achieve
nano range. To prevent the agglomeration of the
particles, ethanol was added as a dispersing agent.
Ethanol was added until it covered the ash and the
balls mixture. The ash and the mill ball volume ratio
was kept constant. Wet grinding was run for four
hours at a speed of 450 rom. The samples were then
collected and dried in an oven under 90°C for at
least 15 hours. Eventually, the size of the TT-RHA after
wet grinding was determined by hydrodynamic light
scattering using particle size analyzer (Zetasizer Nano
ZS; Malvern Instrument, United Kingdom). The result
gave dnso reading of 140 nm. BET surface area
analysis (3Flex; Micromeritics, United States) gave
readings of 12.4506 m2/g before grinding and 23.7660
m2/g after grinding.
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Figure 4 XRD analysis of RHA-NP

Table 1 XRD result showing the phases detected in RHA-NP

Phase name Content (%)
Silicon dioxide (SiO2) 99.82
Zeolite (Na2AlSizO10 2H20) 0.17
Others 0.01

2.3 Hydrophobicity Test

In order to study the characteristic of the
hydrophobicity of RHA-NP, the contact angle
measurement method was conducted. RHA-NP was
dispersed in deionized water (DI water). Few drops of

Figure 2 FESEM image of RHA-NP (in Tum) the concentrated RHA-NP dispersion was allowed to
dry under room temperature on a sterile glass slide.
3 [9] I Spectrum 2 Then, a drop of DI water was placed on the surface
3 Wik o of the dried RHA-NP dispersion. The shape of the
11 B S water droplet was captured and Imagel) software
4 Fe 144 05 was used to analyze the contact angle.
103 C 70 03
. O 2.4 Dispersion Stability Test
% ] K 12 01
- :":"a" g; gf The test was conducted to identify suitable
] P03 01 dispersant for RHA-NP. Several anionic surfactants
3] Mg 03 00 and a non-ionic surfactant were fested. Table 2
] o shows the types of the surfactants used:
E Table 2 Types of surfactants used in dispersion stability test
I B B L L B L L L B B Type Name (Label)
1] 5 10 15 keV

, . . Sodium Dodecyl Sulfate (SDS)
Figure 3 EDX analysis result of RHA-NP showing the ash ]
comprised mainly of silicon and oxygen Sodium Dodecylbenzenesulfonate

(SDBS)
Alpha Olefin Sulfonate (AQOS)

Anionic

Non-ionic Triton X-100 (Octyl phenol ethoxylate)
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0.5 wi% of RHA-NP was diluted in 0.2 wi% of
surfactant solution. Mixture was stired by a magnetic
stimer for an hour, followed by an hour of
ultrasonication to promote dispersion stability.
Samples were taken from the middle of the vials after
letting three hours of seftling time. Next, the samples
were characterized by dynamic light scattering using
particle size analyzer, Zetasizer Nano SP. Poly-
dispersity index was also taken to measure the
degree of homogeneity in respective surfactants.

2.5 Foamability Test

Compatible surfactants (0.2 wi%) from the dispersion
stability test were then mixed with 0.5 wi% of RHA-NP.
The foamabiliy of these surfactants in the presence of
RHA-NP were studied by measuring the height of the
foam produced. 4 mL of the mixture was shaken
vigorously 10 fimes in a centrifugal fube. The height of
the foam for each mixture was taken at the initial
fime.

2.6 Foam Stability Test

Suitable surfactant selected from the dispersion
stability test and foamability test was chosen as the
dispersing agent in this foam stability fest. Foam
stability test was conducted using dynamic foam
analyzer (Krdss DFA100; KrUss, Germany). The
concentration of the brine solution was kept constant
at 2 wi% to simulate the formation water salinity [25]
whereas the concentration of the SDS surfactant was
kept at its critical micelle concentration (CMC)
value. The concentrations of RHA-NP were
manipulated from 0.0 wt.% (without RHA-NP) to 0.9
wt.%. It was intended to determine the trend of the
effect of different RHA-NP concentrations against the
SDS foam stability performance. The mixture was
prepared using DI water as the solvent. The mixture
was stirred using magnetic stirrer for at least 16 hours,
then ultrasonicated for two hours to get better
dispersion stability. The mixture was then injected
carefully into the glass column of the foam analyzer
using a 50 mL syringe without pre-wetting the glass
above the liquid level. This is crucial as pre-wetting
can affect the adhesion characteristics of the foam.
The volume of each mixture injected was kept at 30
mL. Besides, the continuous phase used to generate
the foam in this experiment was normal air. The
normal air flow rate was set at 0.3 L/min for 15
seconds. Thus, giving a foam quality of 71.4%. In fact,
stable foam can be formed through quality of 50% -
85%, while foam formed with less than 50% quality is
considered relatively unstable [31]. The half-life of the
foam was used to define the foam stability, in which
the foam height and the time taken for the foam to
disintegrate to half of its initial height were recorded
using the foam analyzer software.

Using the optimum concentration of RHA-NP, the
experiment was repeated with hydrophilic SiO2-NP
without surface modification (Product # 6808NM,
99.5% pure, 20 nm, non-porous,) obtained from

SkySpring Nanomaterials, Inc. The SiO2-NP was varied
at the same concentrations as the ones previously
used in RHA-NP. This step was done to compare the
performances of both RHA-NP and commercial SiO2-
NP in stabilizing surfactant foam.

The experiment was repeated by adding oil o
study the foam generation in the presence of oil.
Heavy oil, n-hexadecane was wused as a
resemblance of crude oil. The experiment was run
with  RHA-NP in the presence of 10.0 v/v% n-
hexadecane, C-16 (Acros Organics, 99% pure).
Mixture of 0.9 wi% RHA-NP and surfactant solution
was prepared using the same procedure. 27 mL of
this mixture was injected info the glass column,
followed by 3 mL (10 v/v%) of n-hexadecane. The oll
was added carefully onto the liquid surface without
contacting the glass column surface above the
mixture level. The experiment was repeated with
same concentration of SiO2-NP.

Moreover, the foam is also characterized by the
foam structure, taken by the camera of the dynamic
foam analyzer, Kriss DFA100. The materials and
formulations used were summarized as shown in
Table 3.

Table 3 Materials and formulations used in the foam stability
test

Material Function Composition
Deionised water As liquid 80 mL
(DI water) solvent
Sodium chloride As brine 2 wt.%
(NaCl)
Sodium dodecyl As surfactant 0.23 wt.% (CMC
sulfate (SDS) value)
Rice husk ash As foam 0.1 wt.%, 0.3 wt.%,
nanoparticles additives 0.5 wt.%, 0.7 wt.%
(RHA-NP) and 0.9 wt.%
Normal air As foam 0.3 L/min, density
booster of 1.293 kg/m3

3.0 RESULTS AND DISCUSSION
3.1 Hydrophobicity Test

The contact angle obtained from ImageJ software is
14.6°. This implies that the RHA-NP is hydrophilic in
nature. Figure 5 shows the screenshot from ImagelJ
software analyzing the contact angle.
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Figure 5 Screenshof of Imagel software analyzing the
contact angle of RHA-NP

3.2 Dispersion Stability Test

The results were tabulated in Table 4. SDS, SDBS and
Triton X-100 have PDlavg of lower than 0.200, which
implies a good dispersing stability among the
particles in the solution. Higher value of PDlavg
indicates agglomeration. Therefore, that particular
surfactant is no longer suitable to be used to disperse
RHA-NP. Generally from the results, higher PDlavg also
gives higher davg reading. As such can be seen in
AQS, it gives the highest values of both PDlavyg and
davg, thus, it is considered ineffective in dispersing
RHA-NP as compared to the other three surfactants.

Table 4 Results of dispersion stability test

Figure 6 Observations of foaminess of surfactant foams
added with RHA-NP

Table 5 Height of the surfactant foams with RHA-NP

Foam height reading (scale division of

Surfactant the centrifuge tube)
SDS 12.5
SDBS 6.5
AOS 2.5

Triton X-100 5.0

Type Surfactant PDlavg davg (Nnm)

Anionic SDS 0.127 162.5
SDBS 0.132 159.2
AOS 0.220 184.5

Non-ionic Triton X-100 0.116 162.8

3.3 Foamability Test

This test was conducted to study the performance of
RHA-NP on the foaminess of different surfactants
(Figure 6). The higher the foam height, the better is
the foaminess. The height of each foam was
tabulated (Table 5). Results show that SDS had the
best foaminess with the highest foam produced
whereas the foaminess of AOS was the lowest. This
might imply that the foaminess of SDS is not affected
by the addition of the RHA-NP. Furthermore based on
the observation, the bubbles foam generated in SDS
with RHA-NP were denser and smaller in sizes. Thus,
making SDS the best surfactant among the four.
Despite the better result from the previous tests,
according to Esmaeilzadeh et al. (2014), SDS also
works well with nanoparticles when injected as part
of an EOR process [32].

Following the foamability test, SDS was chosen to
proceed with the foam stability test.

3.4 Foam Stability Test

3.4.1 Effect of RHA-NP Concentration on the Foam
Stability Performance

The stability of SDS foam was first tested without the
addition of RHA-NP. It acted as the control of the
experiment. Then, RHA-NP was added and varied
with 5 concentrations from 0.1 wt.% to 0.9 wt.%. RHA-
NP were added into 80 mL of DI water accordingly to
the weight concentration as shown in Table 6.

Figure 7 shows the frend of the stability
performance with the addition of RHA-NP. The
increase in RHA-NP concentration leads to the
increase in the foam half-life. The highest
concentration wused, i.e. 0.9 wt% successfully
enhanced the half-life of the original SDS foam by
18%. It is believed that the hydrophilic nanoparticles
increase the stability of the foam lamellas by
adsorbing themselves on the liquid phase, thus
reducing the drainage time which promotes longer
half-life  [33]. Further studies on varying the
concentrations of RHA-NP should be done in order to
identify the trend beyond 0.9 wt.% and to find the
optimum concentration of RHA-NP in stabilizing SDS
foam.
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Table 6 The concentratfion of RHA-NP and their respective
weight needed

Concentration (wt.%) Weight (g)
0.1 0.08
0.3 0.24
0.5 0.40
0.7 0.56
0.9 0.72

RHA-NP stabilized foam

150
145
140
135

145
140
132
130 o 175 128
125
120
115
110
0.0 0.1 03 0.5 0.7 0.9

Nano-RHA concentration (wt%)

Half-life (minutes)

Figure 7 Stability performance of SDS foam enhanced by
RHA-NP

3.4.2 Comparison between RHA-NP and SiO2-NP in
Foam Stabilizing Performance

The experiment was repeated using SiO2-NP (without
surface modification) with the same concentration
used in RHA-NP. The commercial SiO2-NP gives slightly
better foam stability with the increment percentage
as shown in Table 7.

Table 7 Comparison of RHA-NP and SiO2>-NP performances

Increment
wtz  RHANP G NP(min)  percentage

(min) (%)
0.1 125 128 2.40
0.3 128 130 1.56
0.5 132 134 1.52
0.7 140 142 1.43
0.9 145 154 6.21

With the addition of 0.9 wt.%, SiO2-NP only gives
an increment in the half-life at around 6.21%. Below
0.9 wt.%, the increment is less than 3% for all the
concenftrations tested. Therefore, it generally shows
that RHA-NP is delivering remarkable foam stabilizing
ability as compared to commercial SiO2-NP.

3.4.3 Effect of RHA-NP on Foam Structure

The foams structure and shape distribution were
observed and compared for SDS generated foam,
SDS with 0.9 wt.% RHA-NP af 60s, 3600s, and 8700s.
Figure 8 to Figure 11 show the respective snapshots
obtained from the foam analyzer software.

The bubble size distribution histogram was plofted
beside the image captured. The bubble size of the
foam plays an important role in defining a stable
foam. Stable and strong foam bubbles are generally
spherical in shapes and appear to be denser.
Whereas weak foam bubbles are polygonal in shape
and appear thinner. Thin lamellas are
thermodynamically unstable. The foam generated
with SDS only without additives were comparatively
bigger in size compared to that of RHA-NP added. As
the foams disintegrated, showing the bubbles size
distribution varies from 0-10 000 px. Over time, liquid
drainage became severe, causing the lamellas to
become thinner and the foam become unstable
which eventually collapse.

The smaller the bubbles sizes, the more stable the
foams are. In porous media, smaller bubbles will be
able to pass through the pore without any division
occurring whereas bigger bubbles will undergo
bubble division which eventually causes the lamellas
to coalesce in the process due to liquid drainage
[34]. The conventional sandstones reservoir rocks
pore throats size is reported larger than 2 um [35].
Hence, it is preferable of having bubbles less than 2
pm fo minimize bubble division.

Figure 8 Bubbles structure and size distributions of SDS foam;
at 60s
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Figure 9 Bubbles structure and size distributions of SDS and
0.9 wt.% RHA-NP foam; at 60s, stable foam with small bubble
sizes

10000

2, 4 6. 8,000

Area (px)

2001-3000 S 5001 - 6000
3001-4000 = 6001 - 7000
40015000 8 7001 -8000

ot dt 3001 -9000
20-1000 900110000
1001 - 2000

Figure 10 Bubbles texture and size distributions of SDS and
0.9 wt.% RHA-NP foam; at 3600s, liquid drainage occurring,
foam started to coalesce

10,

Count (4

1 I

2.000 4 6.000 8.

Area (px)

00 B 5001 - 6000
5001 4000 = 8031 7000
4001 -5000 N 7001 - 8000

ot detected 80018000
20-1000 900110000
1001 - 2000

Figure 11 Bubbles texture and size distributions of SDS and
0.9 wt.% RHA-NP foam; at 8700s, fragile foam with severe
liquid drainage

3.4.4 Effect of Particle Sizes
Performance

in Foam Stability

The foam stability was investigated using RHA with
original size as fo compare with RHA-NP af the same
concentration, i.e. 0.9 wt.%.

Effect of size on foam half-life

RHA+SDS 0.9wt% Nano-
RHA+SDS

150
145
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120
115
110
105

Half-life {minute)

Composition

Figure 12 The effect of additives size on the foam stability
performance

Figure 12 shows the comparison of foam stability
without nano-RHA, with 0.9 wt.% RHA and with 0.9
wt.% nano-RHA. Resulfs show that using 0.9 wt.% of
original size RHA slightly decreased the half-life. On
the other hand, the stability of the foam was higher
with RHA-NP as an additives. The result was expected
because according fo Hunter ef al. (2008), the
particle size of the additive is one of the key
parameters in stabilizihg foam [36]. Hydrophilic
nanoparticles stabilizes foam by adsorbing into the
bubble lamellae and forming a barrier between the
gas phases. High adhesion energy between
nanoparticles and the lamellae will retard liquid
drainage and hence delaying the coalescence of
bubbles foam, making the foam more stable over
fime [33].

3.4.5 Effect of Oil on the Bulk Foam Generation

The results (Figure 13) show that foams stabilized by
RHA-NP and SiO2-NP. Both decreases in their half-life.
Bulk foam stability is poor in the presence of oil.
Positively, the trend increases with the addition of
RHA-NP and it managed to increase the half-life of
the SDS foam by 20.7%. On the other hand, SiO2-NP
performed better than RHA-NP by a merely 4.76%.
The characteristics of the defrimental effect of oil on
foam has been mentioned by Zanganeh et al. (2009)
and it is very complicated [37]. It is however, the
effect of oil on foam generation is unknown [38].
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Effect of oil in foam generation
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Figure 13 Effect of oil in bulk foam generation

4.0 CONCLUSION

This work presents the idea of ufilizihng RHA as an
additive to enhance the foam stability used in EOR.
Despite high purity SiO2-NP can be effectively
derived from RH; using RHA without any chemical
processes such as acid leaching can save the costs.
Besides, using sustainable waste material also meant
to prevent pollution of the environment.

In conclusion, this work demonstrates the ability of
RHA-NP to enhance the half-life of surfactant air
foam (SDS) in both presence and absence of oil
even at using minor concentration of 0.9wit%. Besides,
the performance of RHA-NP is comparable to that of
using commercial hydrophilic  SiO2-NP  without
surface modification. Last but not least, the RHA-NP
stabilized foam possesses stable foam texture
qualities. Hence, RHA-NP is a potential alternative of
foam stabilizing additive.
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