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A B S T R A C T

In this study, the use of coal fly ash nanoparticles as a stabilizer to generate stable foam was explored. First, the
fly ash nanoparticles will undergo two-step chemical treatment to synthesize a smaller nanoparticle of higher
purity. The fabricated nanoparticle’s size was 50 nm and the composition was 99% zeolites and 1% sodium
compounds were characterized using Field-Emission Scanning Electron Microscope (FESEM), Energy-Dispersive
X-ray Spectroscopy (EDX) and X-ray Photoelectron Spectrometer (XPS). Static foam stability test was done to
screen the type and concentration of nanoparticle that has the potential for a foam stabilizer for further core
displacement tests. The highest half-life of foam was by fabricated nanoparticles (FN) with a concentration of
80:20 at 875 s. The core displacement test was done to determine the effectiveness of fly ash nanoparticles on oil
recovery. The oil recovery results showed that foam with the presence of FN nanoparticles produced a higher oil
recovery than those without nanoparticles. The mobiliy reduction factor (MRF) value of foam with nanoparticles
was two times higher than foam without nanoparticles. A sensitivity analysis is done to determine whether the
factor governing oil recovery and MRF is the foam stability or surfactant adsorption. The oil recovered by foam
injection increased by 30.69% when the surfactant adsorption was reduced by 75%, however, the oil recovery
was only half of this value when the foam half-life was tripled. This may indicate that surfactant adsorption is
still a major influence to be monitored on increasing oil recovery while focusing on foam stability.

1. Introduction

Gas Injection is one of the widely applied EOR injection methods
other than water injection [1–4] because the sweep efficiency of water
injection across the porous media is much lower than gas injection [5].
However, due to the inefficiency of gas injection in reservoir conditions,
this method is not often promising due to the low density and viscosity
characteristics of gas compared to water and crude oil [6]. These
characteristics lead to gas injection suffering from the effect of viscous
fingering and gravity segregation leading to early gas breakthrough and
low oil recovery. Additionally, reservoir heterogeneity further con-
tributes to poor volumetric sweep efficiency [7]. To alleviate the
drawbacks of gas injection, foam injection is proposed to improve the
oil recovery as it can reduce the viscous fingering and gravity segre-
gation. The objective of foam application is to increase the displacing
fluid viscosity and density for the fluid to achieve a more favorable
mobility ratio during gas flooding. In other words, the foam serves as a
mobility control agent in gas flooding [8,9]. Foam helps to reduce the

high mobility of gas phase in the porous media [10,11]. This is because
in the form of foam, the gases are trapped in the foam and thus, the
more stable foam further reduces the gas mobility in the porous media
[12,13].

This concept of foam injection was first introduced in 1958 by Boud
and Holbrook [14]. Foam is produced when gas enters the layers of
liquids that expands to enclose or trap the gas with a film of the liquid
membrane [15]. The foam forms a hexagonal structure of gas cells
whose cell walls consist of lamellae with approximately plane parallel
sides. When three or more gas bubbles meet, the lamellae are curved by
forming the plateau border [16]. There are three types of mechanisms
which lead to foam generation in the porous media which are snap-off,
lamella-division and leave behind [17]. The snap-off mechanism nor-
mally occurs at the pore throat area when the gas is flowing through the
pore throat to the pore body. If the capillary pressure at the front is
lower than the capillary pressure at the throat, this difference in ca-
pillary pressure will allow the gas bubbles to snap off [18,19]. In order
for the snap off mechanism to work, the ratio of pore throat to the pore
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body must be 1 to 2.67 ratio [20]. The second mechanism for foam
formation is the lamellae division. This kind of mechanism can only
occur if the pre-generated foam starts to accumulate gas in the foam
and forms a larger bubble size than the pore body [21]. Therefore,
during the migration of gas through the pores, if the large bubble en-
counters a branched point and with enough capillary pressure, a divi-
sion of lamellae can occur [22]. A leave-behind mechanism only occurs
when there are two or more gas fronts approaching a pore body. The
two fronts will converge together to form a large parallel number of
lamellae [23,24].

Maintaining foams stability in the porous media under the condition
of high temperature and high salinity conditions, however, prove to be
quite a challenging task due to two main reasons. The first reason is that
the foam strength tends to decrease with an increase of temperature.
This is due to the reduction of liquid phase viscosity at higher tem-
peratures which resulted in the liquid drainage process and the in-
creasing rate of gas diffusion in foam lamellae [25,26]. The second
reason is the limitations faced by surfactants in high temperature and
high salinity conditions. This is because surfactants are known to pre-
cipitate in an aqueous media with high salinity condition due to their
reaction with multivalent ions [27,28]. Moreover, some of the surfac-
tants do not have high thermal stability and can undergo a relatively
fast thermal degradation process at high-temperature condition [29].
Further to these limitations, foam stabilized by surfactants tend to have
a shorter half-life in the presence of oil [30].

In recent years, nanoparticles are widely researched for oil and gas
applications such as EOR, hydraulic fracturing fluids, drilling mud and
wettability alteration [31–34]. In EOR applications, nanoparticles are
useful in improving foam stability because the adsorbed nanoparticles
help to reduce the direct contact between the fluids, therefore reducing
the effect of liquid drainage, gas diffusion, and bubbles coarsening [35].
Moreover, when compared to surfactants, nanoparticles are less likely
to suffer from the adsorption by reservoir rocks [36].

In spite of the advantages of nanoparticles, the application of na-
noparticles for foam stabilization on a commercial scale will require
another inexpensive alternative source that can be produced in large
quantity for field-scale application [37]. Coal fly ash, a by-product of
burning coal, can serve as a source for the low-cost large-scale pro-
duction of nanoparticles [38–40]. The main factor for coal fly ash to
meet is the nanoparticle’s size. The importance of nanoparticle's size
has been reported where the foam stability increases with the reduction
of the nanoparticle's size [41]. This is because smaller nanoparticles are
expected to move better in the small lamellae space between both fluids
than larger-sized nanoparticles [42]. Furthermore, nanoparticle’s size
also affects the apparent viscosity of the foam [43]. The foam apparent
viscosity and foam stability increases with decreasing nanoparticle’s
size because smaller nanoparticles migrate easier to the gas-liquid in-
terface of the foam than its larger counterpart. Their movement and
presence there are effective for the reduction in liquid drainage due to
the high particle detachment energy presented by the nanoparticles at
the interface [44]. The findings of Singh et al, the size of the fly ash
particles between 18 µm and 90 µm, which is too large to be injected
into the porous media, has resulted in low oil recovery [45]. The second
factor is the optimal concentration of nanoparticles. Higher con-
centration of the nanoparticles can help reduce liquid drainage from the
foam films [46]. This is because as the presence of nanoparticles at the
liquid-gas interface increases with concentration, they form aggregate
particles instead of a monolayer bridging particle. However, when the
concentration of the nanoparticles reach its optimum point for max-
imum foam stability, the excess nanoparticles will agglomerate and
form a larger particle network at the lamellae or at the gas-liquid in-
terface which interferes with the formation of bubbles [47]. This is only
when the concentration of nanoparticles is above the optimum con-
centration required, which will also affect and causes the liquid drai-
nage to increase under the gravitational force of larger and heavier
agglomerated nanoparticles [48]. This results in the liquid to start

separating from the gas bubbles leading to bubbles coalescence. Coa-
lescence happens due to bubbles film thinning as nanoparticles, fol-
lowing the liquid drainage, migrate faster from the gas-liquid interface
back to a liquid phase. Therefore, optimum nanoparticles concentration
is required for maximum foam stability [49].

The aim of this work is divided into three parts. The first part is
using a chemical treatment to fabricate nanoparticles from coal fly ash
using both alkaline and acidic treatment instead of the conventional
mechanical treatment that involves three stages: high temperature
burning, wet grinding, and multiple stages of centrifugation, in order to
produce a nanometer fly ash nanoparticles [45]. The second part is to
investigate the effectiveness of fabricated nanoparticles on oil recovery
comparing to foam without nanoparticles using static foam stability and
core displacement experiments in the presence of oil. In Singh et al
experiment, the foam stability of thermally treated fly ash (TTFA) na-
noparticles with anionic surfactant has higher foam stability than foam
without nanoparticles. However, when TTFA nanoparticles was mixed
with non-ionic surfactant, the foam stability was found to be lower than
that without nanoparticles. Therefore, it is important to perform static
foam stability test to determine the effectiveness of nanoparticles as a
foam stabilizer [45]. Furthermore, previous works have shown that the
foam stability behavior may be different in and out of porous media
[50,51]. The third part is to investigate the main mechanism of fabri-
cated nanoparticles on oil recovery with foam stability.

2. Materials and methodology

2.1. Materials

Table 1 shows the chemicals and materials supplied by its respective
vendors. The concentration of surfactant MFOMAX supplied by Pet-
ronas Research Sdn Bhd was 20 wt%. The surfactant is being patented
hence no detailed content is provided but MFOMAX surfactant is a
zwitterionic surfactant with some polymeric content in its structure
[52]. The crude oil used for the experiment is taken from Baronia field
located in Malaysia having a density of 0.8169 g/cm3 at 25 °C. Berea
sandstone cores were used for conducting core flooding experiments in
this study. The obtained Berea sandstone core samples were cylindrical
in size with a diameter of 1.5 in. and a length of 6.0 in..

2.2. Preparation of fly ash nanoparticles

Firstly, the coal fly ash will be clean using acid leaching at 373.15 K
with continuous stirring before undergoes the two-step chemical
treatment using sulfuric acid at concentration of 10 wt%. This was done
to remove any metallic impurities attached on the fly ash before the
extraction of nanoparticles from fly ash. The fly ash was filtered using
the Whatmann filter paper and the residue was washed with distilled
water until the pH values reached seven.

Then, the leached fly ash was mixed with 2.5 M of sodium hydro-
xide, followed by heating at a temperature of 373.15 K for five hours.
The filtrate was then mixed with 2 wt% of MFOMAX surfactant and
filtered again using the Whatman filter paper. The filtrate then

Table 1
Chemicals and Materials Used.

Materials/Chemicals Supplied By

Fly Ash Manjung TNB power plant
Sodium Chloride Merck Millipore
Calcium Chloride R&M
Sodium Hydroxide Sigma Aldrich, USA
Sulphuric Acid Sigma Aldrich, USA
Ethanol Thermoscientific
Whatman Filter Paper Thermoscientific
MFOMAX surfactant Petronas Research Sdn Bhd
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undergoes a titration process using 2.0 M of sulphuric acid with con-
tinuous stirring at the temperature of 373.15 K, until a white gel ap-
peared which can be seen in Fig. 1 [53]. The formed gel was then aged
for 24 h to get the uniform-size zeolite. The white gel was then removed
and washed with distilled water and ethanol solution until the pH value
was seven. The white gel was then filtered using Whatman filter paper
and undergoes calcination at the temperature of 673.15 K for two
hours.

2.3. Preparation of solution

After the extraction of nanoparticles from coal fly ash using che-
mical treatment the nanoparticles were mixed with MFOMAX solution
of 0.5 wt% concentration. The MFOMAX solution also contains a sali-
nity of 3.3 wt% salts consist of 95% NaCl and 5% CaCl2. The nano-
particles with the MFOMAX solution will undergo mixing for 12 h using
the magnetic stirrer. Followed by one to three hours of sonication using
ultrasonic cleaner TPC-120, TELSONIC to stabilize nanoparticles in
solution at room condition [54]. The nanoparticles used as an additive
for foam injection is as described in Table 2.

2.4. Characterization of nanoparticles

The morphology of the fabricated nanoparticles and coal fly ash will
be observed by Field-Emission Scanning Electron Microscope (FESEM)
and the compositional elements of the fabricated nanoparticles and fly
ash will be identified using Energy-Dispersive X-ray Spectroscopy
(EDX). Furthermore, the chemical analysis of the fabricated nano-
particles and coal fly ash will be carried out using X-ray Photoelectron
Spectrometer (XPS).

2.4.1. Static foam stability experiment
The foam stability experiment will be conducted using FoamScan®

equipment from Teclis, France. A 60 ml of solution with a concentration
of 10 wt% of baronia oil and different type of nanoparticles and con-
centration was injected into the machine. The operating condition for
the experiment is set at 363.15 K for the temperature and 43.51 psi for
the pressure. The injection rate was fixed at 50 cc/min. Nitrogen gas
was injected at the bottom of the Foamscan® equipment through a
fritted disk until the foam volume reached 150 ml. The half-life of the
foam will be recorded when the foam volume falls below 75 ml.
Although the morphology of the foam flowing in the porous media is

different from bulk foam, bulk foam stability tests are conducted as a
basic screening tool to compare and evaluate foaming tendency of
different chemical formulations [55,56]. Table 3 shows the three dif-
ferent concentration of MFOMAX surfactant and nanoparticles used in
this research.

2.5. Core displacement experiment

The core displacement experiment was tested using HPHT Core
Flooding System equipment from Sanchez Technologies, France. The
operating parameters for temperature and pressure were fixed at
363.15 K and 1800 psi respectively. Before the experiment, the porosity
of the core sample was measured using a desiccator equipment. The
core is submerged into the brine solution in the desiccator equipment
for one to two days under a vacuum condition. The porosity is calcu-
lated using Eq. (1) where ∅ is porosity, Wafter is weight of the core after
submerging in the brine, Wbeforeis weight of the core before submerging
in the brine and ρbrine is the density of the brine solution.

∅ =
−W W

ρ
after before

brine (1)

During the core displacement experiment, the brine solution was
injected into the core using three different flow rates of (0.2 cc/min,
0.5 cc/min, 1.0 cc/min) to calculate the absolute brine permeability.
When the injection was at a steady state condition, the differential of
inlet pressure and outlet pressure was measured, and the absolute brine
permeability was calculated using equation (2) where q is the injection
flow rate, A is area of the core, µ is viscosity of the brine solution, PΔ is
differential pressure of inlet pressure and outlet pressure, L is length of
the core and k is water permeability [57,58].

=
qμ
A

k P
L

Δ
(2)

Baronia crude oil was then injected at a flow rate of 0.2 cc/min until
no more water was produced and the initial oil saturation and the ir-
reducible water saturation were calculated. Brine solution was injected
thereafter, as primary recovery followed by nitrogen gas injection as
secondary recovery. Finally, a cycle of MFOMAX solution was injected
followed by nitrogen gas injection as EOR injection. All the injected
solutions were injected at a flow rate of 0.2 ml/min.

2.6. History matching and sensitivity analysis

Schlumberger Eclipse 100 software was used for foam history
matching from core displacement experiment. The foam model used in
this work is a Local-equilibrium model, also known as “implicit texture
(IT) model” [59], which does not able to clearly capture the dynamic
behaviour of foam but assumes that foam creation and coalescence has
reached equilibrium. This assumption is considered valid at the time-
scale of a field scale applications. This model considers a non-

Fig. 1. Schematic Illustration of Fly Ash Chemical Treatment.

Table 2
Nanoparticles Labelling.

Nanoparticles Description Label

Coal Fly Ash Coal fly ash produced from Manjung TNB, Malaysia FA
Fabricated Nanoparticles Nanoparticles produced from fly ash using chemical treatment FN
MFOMAX solution without nanoparticles MFOMAX solution without adding any nanoparticles Base

Table 3
Concentration Ratio between MFOMAX surfactant and Nanoparticles.

Concentration Ratio 90:10 Ratio 80:20 Ratio 70:30

MFOMAX 90 80 70
Nanoparticles 10 20 30
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dimensional mobility reduction factor, FM, which is applied either to
the gas phase relative permeability (krg) or its viscosity (ug), the gas
viscosity with foam is noted ug

f as shown in equation (3) [60].

=u
u

FMg
f g

(3)

The IT model relates the value of FM to several functions such as
Fsurf that depends on surfactant concentration, Fdry depending on water
saturation, Foil depending on oil saturation, and Fcap depending on the
capillary number, fmmob is the reference mobility factor as shown in Eq.
(4) [61].

=
+ + + + +

FM
f F F F F

1
1 mmob surf dry oil cap (4)

After history matching, sensitivity analysis will be done to provide a
better understanding and interpretation of foam EOR. So that this result
would be able to evaluate foam injection from a scale-up lab experi-
ment to the field.

3. Result and discussion

3.1. Characterization of nanoparticles

Table 4 shows the size of the fly ash nanoparticles and fabricated
nanoparticles measured by using FESEM. The size of the FA is 1 to 14
µm. After a synthesis with chemical treatment, the size of the FN was
reduced to 40 to 60 nm shown. Fig. 2 shows the FESEM image of FA
nanoparticles in the size of 1–14 µm [62] and Fig. 3 shows the FESEM of
FN nanoparticles after chemical treatment which is in 40–60 nm.

The size reduction into the nano-material specification has proven
that the two-step chemical treatment is applicable for the commercial
and economic production of nanoparticles from fly ash. Unlike the ul-
trasound grinding or ball milling process, these two steps chemical
treatment were able to reduce the synthesising process to less than a
day [37]. Meanwhile, ultrasound grinding requires a two-step grinding
process and an estimated 24 h to produce nanoparticles at a size of
200 nm [63].

Table 5 shows the composition of coal fly ash produced from
Manjung TNB coal plant, Malaysia using EDX analysis. From the EDX
analysis, the main composition of the fly ash was silicon oxide 43.26%,
followed by aluminium oxide which was 20.59% and iron oxide
11.11%. The remainder of the composition was calcium carbonate and
other materials in the fly ash of 3.76% and 8.79% percentage respec-
tively. Table 6 shows the composition of fabricated nanoparticles after
chemical treatment using EDX spectra. The EDX spectra confirms the
presence of silicon oxide, aluminium oxide and sodium compounds in
the fabricated nanoparticles. Meanwhile the elements present in the fly
ash such as iron oxide, calcium carbonate and other materials were
observed to be absent in the fabricated nanoparticles. The composition
of the fabricated nanoparticles was 40% of silicon oxide, 59% of alu-
minium oxide and 1% sodium compounds. The presence of sodium
compounds could be the remains of unreacted sodium silicate. This
indicates the extraction of pure zeolite from fly ash.

Fig. 4 shows the chemical elements on the surface of the nano-
particles by XPS analysis. In Fig. 4, the black line represents the fly ash
sample and the red line represents the FN nanoparticles. For fly ash
sample, it has seven major peaks at the binding energies of 78.7, 106,
286.2, 352.3, 532.9, 7122.4 and 1072.3 eV. These peaks belong to the possible elements of aluminium, silicon, carbon, calcium, oxygen, iron

and sodium elements. This indicates the presence of aluminium oxide
(aluminium and oxygen elements), silicon oxide (silicon and oxygen
elements), calcium carbonate (calcium, carbon and oxygen elements),
iron oxide (iron and oxygen elements) and sodium compounds in the
composition of fly ash. For fabricated nanoparticles, there were five
major peaks at the binding energies of 74.4, 105, 532.9 and 1072 eV.
These indicate the presence of elements from aluminium, silicon,

Table 4
Size of nanoparticles.

Type of Nanoparticles Size

Fly Ash 1–14 µm
Fabricated Nanoparticles 40–60 nm

Fig. 2. FESEM image of FA nanoparticles [62].

Fig. 3. FESEM image of FN nanoparticles.

Table 5
Composition of Coal Fly Ash.

Composition Percentage

Silicon Oxide 43.26%
Aluminium Oxide 20.59%
Iron Oxide 11.11%
Calcium Carbonate 3.76%
Others 8.79%

Table 6
Composition of Fabricated Nanoparticles.

Composition Percentage

Silicon Oxide 40%
Aluminium Oxide 59%
Sodium Compounds 1%
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sulphur, oxygen and sodium. In fabricated nanoparticles, the presence
of aluminium, silicon and oxygen elements, indicates the presence of
aluminium oxide and silicon oxide. Sulphur and sodium were the dis-
solved ions from the solution. The fabricated nanoparticles spectra also
showed the absence of iron oxide and calcium carbonate after using the
two-steps chemical treatment. The iron oxide (Fe O )2 3 has reacted with
the sulphuric acid (H SO )2 4 and filtered out as iron(III) sulphate
(Fe2(SO4)3) solid during washing with 10 wt% of sulphuric acid as
shown in Eq. (3).

+ → +Fe O H SO Fe SO H O3 ( ) 32 3 2 4 2 4 3 2 (3)

Meanwhile for calcium carbonate (CaCO )3 , the compound was re-
moved during alkaline treatment (NaOH) using sodium hydroxide to
form calcium hydroxide (CaOH). Since calcium hydroxide is relatively
insoluble in water and therefore, was filtered out as a residue using
Whatmann filter paper as shown in Eq. (4)

+ → + +CaCO NaOH CaOH H O CO3 2 2 (4)

The figure inset indicates the peak of Si 2p (refers to the Si 2p orbital
of Si -1s2,2s2,2p6,3s2,3p2) obtained from fabricated nanoparticles
[64].

3.2. Foam stability

There are two important parameters used to characterize foam
which are foam stability and foamability. Foam stability or foam decay
is the time taken for the foam volume to reach half of its initial foam
volume. Fig. 5 shows the half-life of MFOMAX surfactant without na-
noparticles (Base) is 400 s. Meanwhile for the fly ash sample, the half-
life for the concentration of 90:10, 80:20 and 70:30 are 638 s, 738 s,
and 494 s respectively. The fabricated nanoparticles (FN) half-life for
the concentration of 90:10, 80:20 and 70:30 were 751 s, 875 s and
702 s. Therefore, from Fig. 5, we can conclude that surfactant with
nanoparticles is able to improve foam stability regardless of the type

and concentration of nanoparticles. This is because the irreversible
adsorption of the nanoparticles at the gas-liquid interface improves the
foam stability by reducing the direct contact between the fluids, thus
reducing the effect of liquid drainage, bubble coalescence and bubbles
coarsening [64–66].

In Fig. 5, the concentration of 80:20 for fly ash sample has higher
half-life compared to the concentration of 90:10 and 70:30. This was
also observed in FN sample. This could be because the optimum con-
centration for the MFOMAX surfactant to FA or FN nanoparticles is
80:20. Normally, when the concentration of nanoparticles increases,
the foam stability also increases [67] due to the increase of nano-
particles in the gas-liquid interface which helps to form an aggregate
particle layer to reduce liquid drainage. However, when the con-
centration of nanoparticles reaches its optimum limit which is 80:20 in
this experiment, the excess nanoparticles agglomerate and formed
bigger particles instead. Therefore, this will reduce the number of na-
noparticles in the gas-liquid interface due to its size being too large to
enter the interface and leads to an increase in liquid drainage due to the
increased gravitational effect on large agglomerated nanoparticles [68].
Additionally, Fig. 5 shows FN has higher foam stability than the fly ash.
This is because of the larger size of the fly ash particle. The larger the
size of nanoparticles, the higher the tendency for them to aggregate and
causes liquid drainage. The increase in gravitational force also causes
the film thinning and bubble coalescence [69].

3.3. Foamability

Foamability is measured using the time required for the foam vo-
lume to reach 150 ml. Therefore, the shorter the time required to reach
150 ml, the higher the foamability. Fig. 6 shows the foamability of
MFOMAX surfactant (Base), fly ash sample and fabricated nanoparticles
(FN) in MFOMAX surfactant, in three different concentrations. The
foamability of the base case is at 80 s. The foamability for fly ash for the
ratio of 90:10, 80:20 and 70:30 were 82 s, 81 s and 86 s. Therefore,
based on the results, it shows that the fly ash sample required slightly
more time to form foam especially at the 70:30 ratio. For fabricated
nanoparticles, the foamability for the concentration of 90:10, 80:20 and
70:30 were 78 s, 75 s and 89 s respectively. Again, the concentration
ratio of 70:30 shows longer time required for the foam to reach 150 ml
foam volume compared to the other two concentrations. The findings in
Fig. 6 indicates that foaming ability intends to increase when the con-
centration of nanoparticles increases until it reaches the optimum
concentration which was 80:20. As the concentration increases to
70:30, the foamability decreases as higher time was required for the
foam to generate to the required volume. Therefore, we can conclude
that the presence of nanoparticles does affect foamability [70] de-
pending on the type and concentration of nanoparticles, thus required
optimization in its application. Fig. 5 shows FN has the highest foam
stability followed by fly ash sample and base case as the lowest foam
stability. Meanwhile in Fig. 6 FN has the highest foamability followed
by base case and fly ash as the lowest in foaming ability. The fact that
fly ash has lower foamability compared to the base case but in foam
stability experiment the position is reversed; while FN produces the
highest foamability and foam stability in both experiments, indicate

Fig. 4. XPS analyses of the fly ash and fabricated nanoparticles.

Fig. 5. Foam Stability of Nanoparticles with Different Concentration. Fig. 6. Foamability of Nanoparticles with Different Concentration.
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that different nanoparticles may affect foamability and foam stability
differently and that no specific trend should be reported without further
studies. A similar observation has been reported by Bee Chea at. al.
whereby, different types of nanoparticle produced different foamability
trend as compared to their foam stability trend. In their works, alu-
minum oxide has the highest foamability followed by silicon oxide and
surfactant without nanoparticles at temperature of 363.15 K. Mean-
while in foam stability experiment, aluminum oxide has the highest
foam stability followed by surfactant without nanoparticles and silicon
oxide as having the lowest foam stability [71]. In addition to that, the
similar result was observed by Guo et al, with the presence of nano-fly
ash and without nano-fly ash, the foamability for both nanoparticles
were the same at 4.5 min [72]. However, liquids with nano-fly ash has
higher foam stability than liquids without nano-fly ash hence, we can
deduce that in general nanoparticles that has higher foaming ability, do
not necessarily produce a more stable foam.

Although there is no clear relationship between the effect of nano-
particles on foamability and foam stability in this study, there is still a
clear relationship on the effect of their concentrations. Appended in
Fig. 7, for both types of fly ash samples the concentration of 80:20 has
the highest foamability and foam stability while the lowest is at the
concentration of 70:30. The foamability is unaffected with the presence
of nanoparticles at 90:10. The effect can be seen only at the higher
concentration unlike stability. Thus, we can conclude that generally the
foamability and foam stability increases as the concentration of nano-
particles increases until it reaches optimum concentration [73–75].

3.4. Oil recovery

Based on the bulk foam stability screening test, fabricated nano-
particle with a concentration of 80:20 which has the highest foam
stability was chosen for the core displacement experiment. Table 7
shows the results of oil recovery on water injection, gas injection, and
SAG injection using MFOMAX with and without FN nanoparticles. In
the application of SAG injection, the oil recovery for the base case is
4.96%. Meanwhile, the oil recovery for FN nanoparticles in SAG in-
jection is 5.22%.

The increment of oil recovery by FN nanoparticles is acceptable to
prove the technique’s ability to recover residual oil. The objective of
foam injection as an EOR method is to further reduce the residual oil
saturation, which is normally a very small volume in the porous media.
The similar result observed in the work of Singh et. al. for the

comparison of residual oil recovery by foam with and without nano-
particles where an increase of 1.3% of residual oil reported. This is a
reliable indication for an 8 to 10 PV of nitrogen foam injection into a
Berea core with a size of 0.6-inch diameter and 6.0-inch length [76].
Additionally, for a homogeneous core of less than one inch in diameter,
there was no scope to improve the volumetric sweep efficiency. Risal
et al shows a similar oil recovery increment using the glass-bead pack
core displacement experiment. The result of oil recovery for foam
without silica nanoparticles, foam with silica nanoparticles and foam
with modified silica (surface hydrolyzed to 60% Si-OH, purity >
96.3%) were 0.63%, 0.67% and 0.73% respectively. [77].

Although nanoparticles retention is not measured in this core dis-
placement experiment, we believe that nanoparticles retention may not
be an important phenomena as based on the previous works of Singh
et al, where 99.57% of the nanoparticles used for injection were re-
covered with the remaining of less than 1% retained in the porous
media [76]. Murphy et al reported that the nanoparticles recovery from
injection were 95% and 96% for two different type of coated silica
nanoparticles [78]. Therefore, we believe that foam stability, and may
be surfactant adsorption, were the influencing factor on the oil recovery
observed rather than nanoparticles retention in this experiment.

3.5. Mobility reduction factor (MRF) for base case

The performance of foam is important to evaluate the effectiveness
of nanoparticles during foam flooding application. The performance of
foam can be measured through mobility reduction factor (MRF) which
is defined as the pressure drop across the core with foam flow divided
by the pressure drop across the core without foam. The MRF value is
higher than one indicates the presence of foam in the core and a much
higher MRF value indicates a much stronger foam which able to sta-
bilize the gas front and delaying the gas breakthrough. Fig. 8 shows the
MRF value of the MFOMAX foam without nanoparticles (Base Case),
and the MRF value was higher than one throughout the FAWAG in-
jection. This indicates that there was the presence of foam throughout
the injection and across the core

3.6. Mobility reduction factor (MRF) for FN nanoparticles

Fig. 9 shows the mobility reduction factor (MRF) of FN nano-
particles with MFOMAX surfactant. The MRF value increases initially
during the SAG injection. However, after injecting more than 10 ml, the
MRF value drop below one which indicates no foam in the core during
the 10 ml of total injection. MRF value starts to increase again at the
14 ml of total injection. This indicates the foam decaying and foam
regenerating process during surfactant alternating gas (SAG) injection.
Further injection, from 15 ml of total injection onwards to the end of
SAG injection also showed a similar trend where MRF increases higher
than the value of 4 and decreases to less than one. The instability of the
MRF values indicates the instability of the foam to provide more re-
sistance to nitrogen gas to flow in the porous media. This is because the
foam was weakened by the oil droplets flowing into the foam lamellae
[79]. The higher the concentration of the oil droplets flowing in the
foam lamellae, the higher the chance for the foam to collapse. After the
total volume of injection of 189 ml, the MRF value were much lower
compared with the previous pore volume. This was because the foam
quality decreases at this stage. The higher the MRF value, indicates
higher apparent viscosity [80] which translates into a higher foam
apparent viscosity, a higher foam quality [81]. With a higher foam
quality, a higher volume of gas was trapped in the foam. Therefore, a
higher MRF value in foam with FN nanoparticles indicates that a higher
volume of gas trapped in the foam than in the base case.

3.7. Gas breakthrough

Fig. 10 shows the total gas collected when surfactant alternating gas

Fig. 7. Comparison of Foam Stability with Foamability.

Table 7
Oil Recovery Comparison of Base Case and FN Case.

Core 1 2
Sample Code Base FN
The ratio of surfactant/Nanoparticles 100:0 80:20
Nanoparticles concentration (wt%) 0 0.125
Water Injection Oil Recovery (%) 34.38 31.42
Gas Injection Oil Recovery (%) 18.62 17.70
Water and Gas Injection Total Oil Recovery (%) 53.0 49.12
SAG Injection Oil Recovery (%) 4.96 5.22
Water, Gas and SAG Injection Final Oil Recovery (%) 57.96 54.34
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(SAG) injecting into the core. At 15.7 ml of SAG injection, the total gas
collected increases to 950 ml from 148.2 ml. This indicates the first gas
breakthrough for the base case. However, the MFOMAX foam without
nanoparticles (Base Case) shows a straight line after the gas break-
through. This indicates foams were regenerating from the SAG injec-
tion. The graph shows a steady straight line throughout the injection
which indicates that the base case has good foam stability within that
duration. Thus, it can conclude that MFORMAX surfactant has good
foam stability in high temperature and high-pressure condition as this
experiment was carried out at 363.15 K temperature and 1800 psi
pressure stated earlier. For fabricated nanoparticles (FN), it has a
slower first gas breakthrough than the base case which is at 18.8 ml.
However, from 18.8 ml onwards, the gas collected keep increasing at a
steady state until it reaches 144.6 of total gas collected. These ob-
servations highlight 2 important findings: firstly, the FN does not form a
more stable foam as compared to the surfactant alone in porous media
although the result in bulk foam test indicated otherwise. Secondly,
although the base case which was surfactant alone, showed a higher
foam stability in the core displacement experiment, the oil recovery
from surfactant foam was lower from the foam with FN nanoparticles in
Table 7. These indicates that there are other factors in the reservoir that
can affect oil recovery other than just improving the stability of foam
thus controlling the gas mobility as explained in the next paragraph.
These other factors could be attributed to capillary pressure and wett-
ability of the rock.

The fact that foam with FN nanoparticles was unstable could also

mean the foam was actually carrying higher oil saturation in the foam
than the base case. When the foam is carrying higher oil saturation, the
foam tends to be unstable with the increasing oil saturation sipping in
into lamellas. The foam will completely collapse when the saturation of
oil in the foam reaching beyond critical foaming oil saturation [82].
This justified our findings that the oil recovered by the foam with FN
nanoparticles, which foam was more unstable, was higher than the base
case. This also indicate that in improving the stability of foam, so that it
could sweep out more oil, the technique should focus on increasing the
critical foaming oil saturation capability of the foams. This and other
factors such as capillary pressure, wettability of the rock, and capillary
number could be mutually contributing to higher oil recovery [83].

3.8. History matching

Based on the result of the core displacement experiment, fabricated
nanoparticles with MFOMAX surfactant (Experimental) was chosen for
history matching and sensitivity analysis because it recovered more oil
than MFOMAX surfactant without nanoparticles. In Table 8, the total
oil collected from water injection, gas injection and foam injection are
31.42%, 17.70% and 5.22% respectively. While in the simulation run,
the total oil recovery for water injection, gas injection and foam in-
jection are expected to be 33.65%, 15.70% and 5.14%. The percentage
difference between experimental and simulation results for water in-
jection is 2.23%, 2.00% and 0.08%. In simulation history matching for
water injection, the oil recovery percentage is 2.23% higher than the

Fig. 8. MRF value of Base Case (MFOMAX surfactant without nanoparticles).

Fig. 9. MRF value of Fabricated Nanoparticles (FN) Case.
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experimental result. This may be due to the empty space in the core that
does not contain water or oil in the pore as shown in table 9. The empty
pore or better known as pore space are in-effective pores in the core.
The empty pore may have a channel that has only narrow single con-
nection to the other interconnected pore space or just an isolated pore
with no connectivity [84]. Therefore, the percentage error in the si-
mulation would be higher than normal due to the assumption made in
the simulation whereby the 7.1 cc empty space in the core was pre-
dicted to be occupied by water instead and this may result in a higher
boost of oil recovery than the original oil collected from the experiment
[85]. The percentage of oil recovery difference for gas injection and
foam injection for simulation history match is about 2.00% and 0.08%
respectively. Both injections show that the oil recovery percentage is
slightly lower than the original experiment.

These are the various assumptions made in simulation compared to
experiment:

1. The porous media is assumed in three phases

2. The flow in all the injections are considered in steady state
3. Surfactant alternating gas injection is assumed as co-injection of

foam into the porous media
4. The simulator does not model foam generation in the porous media
5. Gas, oil and water are presented in the beginning of the simulation,

purpose to enable the foam model in the simulation
6. The reservoir has isotropic and uniform permeability and porosity
7. The injection is assumed to be in a cylindrical geometry for a rec-

tangular shaped grid block, and uniform properties in the grid block.
8. The presence of C1 to C4 hydrocarbons are present in the simulation

model meanwhile in the experiment, C1 to C4 hydrocarbon is absent
in the Baronia oil content for experiment

Table 10 shows the comparison between oil recovery in experiments
and history matching simulation run. The oil recovery by an experi-
mental run for water injection, gas injection and foam injection were
4.8701 cc, 2.7435 cc and 0.8091 cc respectively whereas for simulation
run was 4.428 cc for water injection, 2.068 cc for gas injection and
0.684 cc for foam injection. In all different injection scenario, the actual
oil recovery predicted by simulation run was lower than the experi-
mental run. This may be due to the presence of gas in the pore volume
being produced along with the oil in the simulation. The presence of gas
in the pore volumes was needed for the simulation model to enable
injection of foam and gas in the model. Water injection shows the
lowest percentage error compared to other injections which was 9.08%
when compared with the experimental run. Gas injection in the simu-
lation shows the highest percentage error compared to the experiment
which is 24.62%. Foam injection shows a slightly lower percentage
error compared to gas injection and a higher percentage error com-
pared to water injection which is 15.46%. Overall, the final oil recovery
of the simulation has an error of 14.75% when compared with the ex-
perimental run. These observations were due to reservoir hetero-
geneity, capillary pressure and relative permeability between simula-
tion and experiment, and experiment flow measurement errors [86].
According to Saleri et al, hydrocarbon cumulative production ac-
curacies in the simulation would tend to be in range of 10% to 40%.
Availability of reservoir and production history information can push

Fig. 10. Graph of Total Gas Injected vs Total Gas Collected.

Table 8
Oil Recovery Comparison between Experimental and Simulation Run.

Oil Recovery Percentage (%) Experimental Simulation

Total Oil recovery by Water injection 31.42% 33.65%
Total Oil recovery by Gas injection 17.70% 15.70%
Total Oil by Foam injection 5.22% 5.14%
Final Oil Recovery (Water + Gas + Foam Injection) 54.34% 54.49%

Table 9
Pore Volume of the Core in Experiment.

Total Pore Volume of Core 38.28 cc
Total Pore Volume of Water in Core 15.68 cc
Total Pore Volume of Oil in Core 15.50 cc
Total Occupied Space in Core (Total Pore

Volume of Water + Oil in Core)
15.68 cc + 15.50 cc = 31.18 cc

Total Empty Space in Core (Total Pore
Volume – Total Occupied Space in Core)

38.28 cc − 31.18 cc = 7.1 cc

Table 10
Oil Production Rate of Experiment Run and Simulation Run.

Oil Recovery Experiment Simulation

Water Injection 4.8701 cc 4.428 cc
Gas Injection 2.7435 cc 2.068 cc
Gas and Water Injection 7.6136 cc 6.496 cc
Foam Injection 0.8091 cc 0.684 cc
Final Oil Recovery (Water + Gas + Foam Injection) 8.4227 cc 7.179 cc
Percentage Difference, cc (%) [Comparison of Experiment and Simulation] Water Injection 0.4421 cc (9.08%)

Gas Injection 0.6755 cc (24.62%)
Foam Injection 0.1251 cc (15.46%)
Final Oil Recovery 1.2427 cc (14.75%)
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the forecasts to the lower end of the spectrum. However, accuracies
below 10% are more likely to be artifacts of compensating errors or luck
than precise engineering or geology [87].

3.9. Sensitivity analysis of surfactant adsorption

Sensitivity analysis is done using the history matching foam injec-
tion simulation model and Eq. (2) to determine major influence of foam
in oil recovery According to Eq. (2). FM or Foam Mobility is depending
on surfactant concentration (Fsurf ), water saturation (F )dry , oil saturation
(Foil), capillary number (Fcap) and mobility reference factor ( f )mmob .
However, in this simulation water saturation, capillary number and
reference factor have been defaulted. Since the Berea core is a hor-
izontal homogenous permeability core, one of the foam functions which
is “plugging the high permeability” was neglected. Therefore, the half-
life of foam on water saturation was not taken. In this simulation model,
the capillary number was calculated using the concentration of foam
against surface tension, and since the experiment was unable to mea-
sure this value, the data was put constant according to the Eclipse 100
software. The effect of surfactant concentration was model based on
adsorption of the core and the maximum concentration of the surfactant
was 0.5 wt% which was the concentration of surfactant injected. For oil
saturation, the static foam stability data was used to model the foam.
This is because the core displacement equipment could not measure
dynamic foam stability. Therefore, this could be the main contributor to
the large error of 15.46% of oil recovery between experiment and si-
mulation run.

Sensitivity analysis will be done to provide a better understanding
and interpretation of foam EOR so that future research can focus on
reducing surfactant adsorption or increasing foam stability for the ap-
plication of this synthesized surfactant, for better oil recovery. Fig. 11
shows the oil recovery of surfactants and their different adsorption
rates. HS is referred to foam history matching model based on core
displacement experiment using surfactant with fabricated nanoparticles
in Table 10. HS with −25% is the history match foam model with
surfactant adsorption by the reservoir rock was reduced by 25% fol-
lowed by HS with −50% and −75%, when the adsorption was reduced
by 50% and 75% respectively. The oil recovery for foam injection in HS
was 0.684 cc from Table 10. HS with −25%, −50%, and −75%, have
shown 0.72 cc, 0.79 cc, and 0.89 cc of oil recovery respectively. Al-
though the volume of oil recovered for three different adsorption rate
was still less than 1.00 cc, in terms of percentage difference, it was high
between the varying adsorption rates: 5.84%, 15.75% and 30.69% for
the HS with−25%,−50% and−75% respectively. Therefore, it can be
concluded that when the surfactant adsorbed onto the rock decreases,
the oil recovery will increase.

3.10. Sensitivity analysis for half-life of foam

Fig. 12 indicates the oil recovery by the different foam stability in

the presence of oil. The value for oil saturation (Foil) was changed to
10 h, 15 h, 20 h and 24 h of foam half-life model. HS is referred to foam
history matching model based on core displacement experiment using
surfactant with fabricated nanoparticles. The graph shows an increasing
trend of oil recovery starting from HS, foam half-life of 10 h up to 24 h
as expected. The oil recovered from HS was 0.684 cc. Meanwhile, for
HS with foam half-life of 10 h, and continuous additional of about 5 h in
half-life were 0.70 cc, 0.74 cc, 0.77 cc and 0.78 cc respectively. Other
than increase in volume, the oil recovery percentage difference when
compared to HS for the half-life of 10 h, 15 h, 20 h and 24 h is 2.34%,
8.19%, 12.57% and 14.04% respectively. According to the sensitivity
analysis of half-life of foam, although the foam was extended longer to
24 h, the increment of oil recovery predicted was almost 15% from HS
oil recovery. Meanwhile, in section 4.9 the increment of oil recovery for
surfactant adsorption was 30.69% when the surfactant adsorption was
reduced by 75%. However, the oil recovery was only half of this value
when the foam half-life was 24 h. This is because to achieve the max-
imum oil recovery by adjusting the foam half-life, an optimum half-life
has to be met. Should the foam half-life be extended beyond this op-
timum limit, the oil recovery improvement will reach a plateau [88].
Furthermore, we believe that when the foam half-life reaches the 20 h,
the foam half-life is at the optimum limit. This is because the oil re-
covery improvement has reached a plateau level when the foam half-
life increases from 20 h to 24 h. This can be seen by comparing the oil
recovery between the foam half-life of HS with 10 h, 10 h with 15 h,
15 h with 20 h and 20 h with 24 h were 0.016 cc, 0.04 cc, 0.03 cc and
0.01 cc respectively. The oil recovery improvement of the foam half-life
of 20 h increases up to 24 h has lowest oil recovery improvement. As a
conclusion, the optimum half-life would be required to generate the
maximum oil recovery and, in this case, 20 h of foam half-life is the
optimum limit.

4. Conclusion

The utilization of two-step chemical treatment has successfully
produced nanoparticles with a size less than 100 nm. The size of the
fabricated nanoparticles was 40 nm to 60 nm and the composition of FN
nanoparticles were mainly silicon oxide and aluminium oxide with 1%
sodium compounds. Static foam stability experiment at reservoir con-
ditions was performed to investigate the effect of nanoparticles as an
additive in foam stability and foamability. It was also a screening tool to
select the best type of nanoparticles and concentration ratio for sur-
factant/nanoparticles formulation for further application in porous
media i.e. the core flooding experiments. The results from the static
foam experiments showed that the nanoparticles have the potential of
an additive to increase foam stability with the MFOMAX surfactant. Of
all the mixture ratio tested, the highest performance for foam stability
and foamability was fabricated nanoparticles at a ratio of 80:20. At the
80:20 concentration, the foam was stronger and remain stable forFig. 11. Oil Recovery for Different Levels of Surfactant Adsorption Rate.

Fig. 12. Oil Recovery Comparison with Different Stability of Foam Half-Life.
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generally twice the time achieved with MFOMAX surfactant alone. The
foamability of 80:20 concentration was highest among others.
Therefore, from the bulk foam stability experiment, we can conclude
that the foamability and foam stability increases as the concentration of
nanoparticles increases until it reaches an optimum concentration. In
the core displacement experiments conducted at reservoir conditions of
363.15 K and 1800 psi, the residual oil recovery was higher with the
presence of FN nanoparticles as compared to surfactant foam without it
with an increment of 0.26%. In the use of FN nanoparticles as an ad-
ditive, the MRF value was increased upon SAG injection with an
average value of 4 as compared to the base case of 2. The higher MRF
value indicates a higher foam apparent viscosity which translates into a
higher foam quality. A higher foam quality indicates a higher gas vo-
lume stored in the foam. On the other hand, the MRF value of base case
is more stable compared to the MRF value with FN nanoparticles be-
cause the instability of MRF values with FN nanoparticles because foam
with FN nanoparticles is believed to be carried higher oil saturation
than base case. The MRF value of base case shown in Fig. 8 has less
fluctuation at a average value of 1.3. Meanwhile, MRF value of FN
shown in Fig. 9 has more fluctuation lines from less than 1 and increase
up to 15. This highlights the importance to realise that the foam sta-
bility does not necessarily brings about a higher oil recovery. The in-
stability of the MRF values indicates the instability of the foam due to
the foam being weakened by the oil droplets flowing into the foam
lamellae. The higher the concentration of the oil droplets in the foam
lamellae, the higher the chance for the foam stability to decrease or
foam collapse. Furthermore, the foam with FN nanoparticles has higher
MRF value of above 15 than base case which has MRF value of 12. The
core displacement also showed a faster gas breakthrough by foam
without nanoparticles compared to foam with FN nanoparticles. How-
ever, foam of the base case has a steadier increase of volume of gas and
a smaller number of times for gas breakthrough compared to foam with
FN nanoparticles. This indicates that foam with FN nanoparticles is
actually carrying higher oil saturation in the foam lamellae than base
case because foam tends to be unstable with the increasing of oil sa-
turation. The simulation history matching, and sensitivity analysis were
performed to investigate the major influence on oil recovery by the
foam. History matching was done to validate the reservoir simulation
model and to adjust the model until it closely reproduces the behaviour
of the core displacement experiment. Overall, the history matching
process of the simulation model has a 14.87% oil production with the
highest oil production percentage error coming from gas injection and
foam injection. This because of the presence of gas in the porous media
beginning of the simulation and the purpose gas is present in the be-
ginning was part of the simulator requirement for foam injection model,
and the presence of C1 to C4 in the hydrocarbon to produce natural gas
in the simulator meanwhile in the experiment, the hydrocarbon of C1 to
C4 are absence. In the sensitivity analysis, two major influence of foam
on oil recovery were investigated which were surfactant adsorption and
foam half-life. Owing to the fact that the increment of oil recovery by
reducing the surfactant adsorption of 75% was 30.69% and oil recovery
from foam stability with a half-life of 24 h was only 14.04% increment,
we can conclude that in the application of MFOMAX surfactant for
fabricated nanoparticles foam. surfactant adsorption reduction may
become a main factor to focus on besides increasing the stability of
foam.
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