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The interest in using benign surfactants has been steadily increasing in the
context of enhanced oil recovery (EOR). Palm kernel alkanolamide surfactant
(PKA), a nonionic surfactant synthesized from palm kernel oil, was
preliminarily assessed for EOR from sandstone reservoir rocks. The
performance factors determined were surfactant loss due to adsorption on silica
surface and crude oil solubilization for oil solubilizing efficiency. The
performance of PKA was compared to two commercial ionic surfactants, SDS
(anionic surfactant) and CTAB (cationic surfactant). The results show that PKA
was less absorbed on silica than CTAB or SDS. The adsorption kinetics was
well fit with a pseudo-second order model for all three surfactants. The
adsorption equilibrium data for CTAB and PKA were fitted with a Langmuir
isotherm, while a Freundlich isotherm fit well for SDS, indicating multilayer
SDS adsorption on silica surfaces. The adsorption of PKA was not significantly
affected by added NaCl or increased temperature. In addition, the solubilization
equilibrium constant (Ks) had the rank order PKA>CTAB>SDS, and
proportionally increased with added NaCl. PKA performance was also
compared to two commercial nonionic surfactants, Tergitol 15-S-9 and Tergitol
TMN-6, and the results indicate that PKA was the least adsorbed, and had the
highest K among the tested nonionic surfactants.

1. INTRODUCTION

However, there are some limitations to

Nowadays, enhanced oil recovery (EOR) by
surfactant flooding is continuously developed and
widely used. The surfactant molecules used in EOR
have amphipathic structures. The head part of the
surfactant molecule is polar and hydrophilic, whereas
its tail is non-polar and hydrophobic. When adding
surfactants to the system, they tend to adsorb at
crude/water or crude/rock interfaces, lowering
interfacial tension, and this can release and mobilize
crude oil from the pores of reservoir rocks. These
phenomena can increase the amount of crude oil
production significantly, by up to 60% (Belhaj et al.,
2019; Emadi et al., 2017). In addition, surfactants can
form micelles by pointing hydrophobic tails inwards
and hydrophilic heads outwards. This phenomenon
creates a hydrophobic region for crude oil partitioning
and can make crude oil appear water soluble (Rosen,
1989).

surfactant flooding techniques, such as the high cost of
surfactants, surfactant loss during operation due to
adsorption by reservoir rocks, and their toxicity to the
environment, leading to high production costs and
toxicity, especially in a sea environment (Bera et al.,
2017). Thus, many studies have suggested that
surfactants synthesized from natural resources could
avoid the negative environmental impacts from
surfactant loss during surfactant flooding, and still
provide high recovery rate (Arabloo et al., 2015;
Barati-Harooni et al., 2016; Iglauer et al., 2010).
Natural surfactants are typically synthesized
from plants, seeds, or vegetable oil, depending on
availability by locality. This facilitates agricultural
waste minimization and can effectively generate
value- added products. For example, Arabloo et al.
(2015) studied adsorption of a saponin surfactant
synthesized from Glycyrrhiza Glabra onto sandstone.
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The results show that Glycyrrhiza Glabra saponin
decreased interfacial tension between oil and water
from 31.6 mN/m to 6.5 mN/m and could be utilized in
EOR. Barati-Harooni et al. (2016) studied adsorption
of a nonionic surfactant synthesized from seeds of
Trigoonella foenum-graceum (TFG) on sandstone
minerals in EOR. The adsorption of TFG was lower
than of other natural nonionic surfactants in controlled
conditions. In addition, the price of TFG is lower than
those of surfactants commonly used in the crude oil
industry. Furthermore, TFG is available in the country
of that study and is not harmful to the environment.
Iglauer et al. (2010) studied new surfactant classes for
their tertiary oil recovery potential. This study
examined the adsorption of di-tridecyl sulfosuccinic
acid ester, coconut diethanolamide, alkyl
polyglycoside, and alkylpropoxy sulfate sodium salts
on kaolin clay, with a view to surfactant loss. The
results show that coconut diethanolamide was the least
absorbed and increased tertiary oil recovery by up to
75%. The study suggested coconut diethanolamide as
a new alternative surfactant with high tertiary oil
recovery potential.

Therefore, this current work studied the
potential of alkanolamide nonionic surfactant (palm
kernel alkanolamide, PKA) synthesized from palm
kernel oil for EOR. PKA is a natural nonionic
surfactant with structure similar to
diethanolamide, which has been proven an effective
surfactant for EOR (Iglauer et al., 2010). Typically,
the alkanolamine synthesized from palm kernel oil is
used as an additive in personal care products and has
no significant effects on the environment (Wetchakul,
2013). Besides, the study of alkanolamine as EOR
surfactant could support palm oil industry, especially
in the Southeast Asian countries that are the main palm
oil producers (Mukherjee and Sovacool, 2014).

Thus, the performance of PKA in EOR was
studied and compared with four commercial
surfactants. The selected surfactants are of anionic
type, namely sodium dodecyl sulfate (SDS), of
cationic type namely cetyltrimethylammonium
bromide (CTAB), and of nonionic type, namely
secondary alcohol ethoxylate (Tergitol 15-S-9) and a
branched secondary alcohol ethoxylate (Tergitol TMN
6). All these surfactants are widely applied as good
candidate surfactants in EOR studies. The experiment
was divided into two parts, which are surfactant loss
due to adsorption on reservoir rock surfaces, and crude
oil solubilization ability of the surfactants. For
surfactant adsorption, silica was applied as the model

coconut

adsorbent representing reservoir rock. The studied
factors interacting with surfactant adsorption were
salinity and temperature. The surfactant adsorption
behaviors were fit by models for both kinetics of
adsorption and for equilibrium adsorption isotherm. In
the crude oil solubilization study, all the surfactants
were tested for crude oil solubilization performance in
controlled conditions and compared. The influence of
salinity on crude oil solubilization is discussed.

2. METHODOLOGY
2.1 Materials

The anionic surfactant, sodium dodecyl sulfate
(SDS, 98% purity) was purchased from Sigma-
Aldrich. The -cationic surfactant cetyltrimethy-
lammonium bromide (CTAB, 98% purity) was
purchased from Ajax Finechem. Regarding the three
nonionic surfactants, PKA (80% content) was
supplied by Thai Flavour and Fragrance Co., Ltd.; and
Tergitol 15-S-9 (90% content), and Tergitol TMN-6
(90% content) were both purchased from Sigma-
Aldrich. The properties of the surfactants are
summarized in Table 1. Additionally, silica (98%
purity, particle size 18 um) was purchased from Ajax
Finechem. Crude oil was supplied by the Petroleum
Authority of Thailand. Sodium chloride (NaCl)
purchased from Ajax Finechem was used for brine
solution preparation.

2.2 The study of surfactant adsorption on silica
surface

2.2.1 Adsorption kinetics

The experiment was conducted by adding a 4-g
quantity of silica in 50-mL of distilled water. These
samples were combined individually with CTAB,
PKA, and SDS. The initial surfactant concentrations
were controlled above the CMC values of all
surfactants to 15.6 mmol/L, in order to ensure full
coverage of surfactant on silica surfaces. The sample
bottles were shaken in an incubator with a shaking
rate of 170 rpm at 30°C. The liquid samples of
surfactant solution were collected for free surfactant
concentration measurement using UV-vis spectro-
photometry for CTAB (A=195 nm) (Atia and Radwan,
1997; Park et al., 2015) or chemical oxygen demand
(COD) (Bera et al., 2013) measurement method for
PKA and SDS. The blank solution was prepared using
4-g of silica in 50-mL of distilled water to avoid
interference of silica on surfactant concentration
measurement. The equilibrium times were recorded
from observing constant surfactant concentrations in



Traiwiriyawong P and Kungsanant S / Environment and Natural Resources Journal 2020; 18(4): 333-344 335

the supernatant liquid. The experimental results were
used to fit models for adsorption kinetics.

The effects of NaCl and temperature on the
adsorption of surfactants on silica were tested in 0.1

Table 1. Properties of the selected surfactants

mol/L NaCl solution and 50°C. The bank solution was
prepared without adding a surfactant. The experiment
was similar as in prior literature (Bera et al,, 2013).

Surfactant (Trade name) Chemical formula MW (g/mol) CMC (mmol/L)
Anionic surfactant
SDS#? Ci2H25NaO4S 288 8.2
Cationic surfactant
CTAB® Ci9H42BrN 364 0.82
Nonionic surfactants
PKA® C13H270N(CH2CH20H)2 309 0.23
Tergitol 15-S-94 Ci2-14H25-200(CH2CH20)0H 596 0.09
Tergitol TMN-6¢ C12H260(C2H40)s 540 1.48

Remark: Letters a, b, ¢, and d indicate literature data from NCBI (2005), NCBI (2004), Wetchakul (2013), and Parnthong et al. (2018), respectively.

2.2.2 Adsorption isotherm

A 4-g silica sample was added in 50-mL of
surfactant solution. The initial concentration of CTAB
was controlled in the range 0f 0.274-15.6 mmol/L. The
sample bottles were shaken with a shaking rate of 170
rpm at 30°C. As the system reaches equilibrium, liquid
samples of surfactant solution were collected and
centrifuged. The supernatant liquid was analyzed for
surfactant concentration in the bulk solution (Ahmadi
and Shadizadeh, 2015; Arabloo et al., 2015; Barati-
Harooni et al.,, 2016). The experiments were
performed for PKA and SDS using similar procedures
as above using PKA and SDS solutions at
concentrations in the ranges 0.162-15.6 mmol/L and
1.734-15.6 mmol/L, respectively. The relationship of
bulk surfactant concentration to the initial surfactant
concentration was fit with Langmuir and Freundlich
adsorption isotherm models.

2.3 Crude oil solubilization study

A 25-mL sample of crude oil and 25-mL of
surfactant solution with a concentration of 1 CMC
were mixed in 100-mL sample bottle. In addition,
several similar sample bottles but without surfactant
were prepared as controls. The sample bottles were
shaken in an incubator shaker with a shaking rate of
170 rpm at 50°C. Then, the liquid phase was sampled
every 2 h and analyzed for crude oil concentration
using the COD technique (Siddiqui et al., 2014). The
effects of salinity on crude oil solubilization were
evaluated using distilled water and 0.1 mol/L NaCl
solution (Spildo et al., 2014). No silica was added to
the sample bottles to avoid surfactant loss from

adsorption. The crude oil concentration was assessed
using COD technique. Samples prepared without
adding a surfactant were conducted and determined
for unsolubilized crude oil concentration. A blank
solution of surfactant was also prepared for baseline
data. The equilibrium time for both systems was
observed within 24 h.

2.4 Comparing surfactant adsorption and crude oil
solubilization behaviors of PKA with selected
commercial nonionic surfactants

The surfactant adsorption and crude oil
solubilization of PKA were compared with Tergitol
15-S-9 and Tergitol TMN-6. The experimental
procedures were as in section 2.2 above, except that
the initial concentration was controlled to 1 CMC for
each individual surfactant. Since the CMCs of tested
nonionic surfactants were quite low, and present in
similar range. The concentration of a nonionic
surfactant was analyzed by the COD method. For
crude oil solubilization, the experimental procedures
are similar to those in section 2.3, except that the initial
concentration of surfactants was controlled to 1 CMC
in 0.1 mol/L NaCl solution, in all cases. The sample
bottles were shaken for 24 h.

The experiments were randomized and
performed in triplicate, and the standard deviation was
less than 5%. The error bars of results are shown in the
figures.

2.5 Data analysis
The amount of surfactant adsorption (q, mol/g
adsorbent) was calculated as shown in Equation (1):
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Here, C; (mol/g) and C. (mol/g), respectively,
are the initial concentration and the free surfactant
concentration in bulk aqueous solution, V (mL) is the
volume of the surfactant solution, and msiiica (g) 1S mass
of silica (Bera et al., 2013).

Then, the surfactant adsorption was fit with
pseudo-first order and pseudo-second order models,
presented in Equations (2) and (3), respectively:
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Here, g (mol/L) and q; (mol/L) are the amounts
of adsorbed surfactants on silica at equilibrium, and
that at time t (h'!), respectively. ki (h'!) is the rate
constant of pseudo-first order. k» (g/mol/h) is the rate
constant of pseudo-second order (Ahmadi and
Shadizadeh, 2015).

The adsorption of surfactant at equilibrium was
modeled with the Langmuir and Freundlich adsorption
isotherms, according to Equations (4) and (5),
respectively:
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+= 4
4. Krq, aq @

logq, =log K¢ + i logC, %)

Here, g (mol/L) is the amount of adsorbed
surfactant on silica at equilibrium; gm (mol/L) is
maximum adsorption of surfactant; C. (mol/g) is free
surfactant concentration in bulk aqueous solution at
equilibrium; K; (L/mol) is Langmuir constant
indicating the strength of the adsorption force; Kr
(mol/g) is Freundlich constant related to adsorption
capacity; and n is Freundlich exponent accounting for
adsorption intensity (Bera et al., 2013).

The surfactants present in a reservoir can lower
the interfacial tension of crude oil/water or crude
oil/rock, mobilizing the oil from reservoir rocks. Then
crude oil tends to partition into surfactant micelles due
to hydrophobic attraction forces. The micelles are
subsequently mobilized from source rock by water
flooding. Therefore, this experiment observes the
crude oil solubility with each surfactant using the
solubilization equilibrium constant (K;) that can be
calculated from Equations (6) and (7).

Csol
CmtCsol

Xo= 6)

I<s == @)

Here, X, is the mole fraction of crude oil in
micelles, Csoi (mol/L) is the solubilized crude oil
concentration, Cn (mol/L) is the surfactant
concentration in micellar form, K, (mL/g) is
solubilization equilibrium constant, and Cy (mol/L) is
the unsolubilized crude oil concentration (Rosen,
1989).

3. RESULTS AND DISCUSSION
3.1 Surfactant adsorption

3.1.1 Adsorption equilibrium time

The amount of an individual surfactant
adsorbed on silica was determined as a function of
time, and is shown in Figure 1. As time progresses the
amount of adsorbed surfactant on silica rapidly
increases, and then tends to become constant within
12 h for PKA, 15 h for SDS, and 20 h for CTAB,
respectively. The maximum adsorption quantity was
observed as 27.48 pmol/g for CTAB, 25.08 umol/g for
SDS, and 15.20 umol/g for PKA.

40
—o— CTAB
—e—PKA
301 * SDS

Amount adsorbed (pmol/g)

0 5 10 15 20 25
t(h)

Figure 1. Adsorption kinetics of surfactants on silica in water at
30°C.

It can be seen that CTAB is adsorbed on silica
more than SDS or PKA. Typically, the bare surface
charge of silica is negative (Lee et al., 2007). The head
group of CTAB exhibits a positive charge and is
adsorbed on silica surface by ion pairing (Paria and
Khilar, 2004). On the other hand, SDS has negatively-
charged head group with repulsion from the silica
surface. The adsorption of SDS on silica might be
induced by weak ionic interactions. However, the SDS
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adsorption is slightly below that of CTAB and higher
than of PKA. Possibly SDS could form a second layer
by tail-tail hydrophobic interactions. Similar results
for anionic adsorption have been reported by Park et
al. (2015). They observed that high adsorption of
anionic surfactant could be brought by the alkyl-alkyl
hydrophobic  interactions at high surfactant
concentrations. Additionally, PKA was less adsorbed
on silica than CTAB and SDS. PKA has no charge on
its head group and tends to adsorb on silica by van der
Waals forces between the hydrophilic head group and

the silica site, having the weakest adsorption on silica
surface (Paria and Khilar, 2004). The order of
adsorption by surfactant type is consistent with prior
reports (Rabiu et al., 2016; Bera et al., 2017).

3.1.2 Kinetics of surfactant adsorption

The adsorption data for each surfactant were
fitted with pseudo-first order and pseudo-second order
models, and the kinetic parameters of adsorption are
shown in Table 2.

Table 2. Kinetic parameters of selected surfactants adsorption in water at 30°C

Surfactant Pseudo-first order Pseudo-second order

ki (hh) ge (umol/g) R? k2 (g/pmol/h) ge (umol/g) R?
CTAB 0.194 32.6 0.981 0.004 353 0.997
PKA 0.162 10.9 0.961 0.021 15.5 0.999
SDS 0.238 23.7 0.971 0.035 28.2 0.994

The coefficient of determination R? indicates
that the pseudo-second order model is preferable for
modeling the adsorption of CTAB, PKA and SDS. The
predicted amount of adsorbed surfactant (q.) reveals
that CTAB adsorption is the highest, followed by SDS
and PKA in this order. This rank order of surfactant
adsorption matches well the adsorption equilibrium
profiles shown in Figure 1. Besides, the ko, values
indicating the adsorption speed reveal that the
adsorption rate of SDS is higher than those of PKA or

CTAB. The adsorption rate increases inversely with
the surfactant molecular weight (Table 1); SDS has the
lowest molecular weight and a comparatively high rate
constant (Liu, 2008).

3.1.3 Adsorption isotherm

The equilibrium data of adsorbed surfactant and
free surfactant concentration were fitted with
Langmuir or Freundlich isotherm models and the
identified parameters are listed in Table 3.

Table 3. Identified parameters in Langmuir and Freundlich equilibrium isotherm models for the selected surfactants

Surfactant Langmuir Freundlich

Qmax (Lmol/g) Kt (L/umol) R? Kr (umol/g) n R?
CTAB 30.4 7.98E-04 0.9984 0.291 1.938 0.9085
PKA 17.6 5.72E-04 0.9879 0.140 1.892 0.8875
SDS 76.9 5.77E-05 0.9163 0.014 1.198 0.9961

The R? values reveal that the adsorption
isotherms of CTAB and PKA are well fitted with
Langmuir isotherm, indicating monolayer coverage on
silica. The maximum amount of the adsorbed
surfactant (qmax) demonstrates that CTAB is more
adsorbed on silica than PKA is. The data are consistent
with the q. values predicted from the pseudo-second
order models earlier. In addition, Ki indicates the
energy of adsorption or the strength of adsorption
forces between silica sites and surfactants. A greater
KLy represents stronger interactions between the silica
sites and adsorbed surfactant molecules (Markandeya

et al., 2017). This is consistent with the fact that the
interactions by van der Waals forces observed for
PKA-silica adsorption are weaker than that those by
ion-pairing in oppositely-charged CTAB-silica
adsorption (Atkin et al., 2003; Eriksson et al., 2002;
Somasundaran et al., 1964). Moreover, the R? value
indicates that the adsorption of SDS should be fitted
with the Freundlich isotherm, indicating multilayer
adsorption of SDS on silica and that possibly the silica
surface is heterogeneous (Mi et al., 2016). This is
consistent with the fact that multilayer adsorption has
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been established in prior literature, especially at high
SDS concentrations (Park et al., 2015).

3.1.4 Effect of NaCl on surfactant adsorption

The influence of salinity on surfactant
adsorption behaviors was examined in 0.1 mol/L NaCl
solution. The results were compared with those in
water system and are illustrated in Figure 2. Adding
NaCl to the system causes competitive adsorption of
positively-charged sodium (Na*) and CTAB on silica,
and also increases the electrical repulsion for CTAB.
This decreases the CTAB adsorption (Rabiu et al.,

2016). On the other hand, the increase in the positive
charge from Na* ions on silica surfaces could reduce
the negatively-charged repulsion arising between SDS
and silica, contributing to SDS adsorption on silica
surfaces (Bera et al., 2013). Moreover, NaCl has no
effect on PKA because it contains no charge and
adsorbs on silica with hydrophobic attraction forces.
The results match well other reports indicating that
nonionic surfactants are relatively stable in electrolyte
or high salinity solutions (Bera et al., 2013; Belhaj et
al., 2020; Rabiu et al., 2016).
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Figure 2 .Surfactant adsorption profiles on silica in 0.1 mol/L NaCl solution and water at 30°C for (a) CTAB, (b) PKA, and (c) SDS.

3.1.5 Effect of temperature on surfactant
adsorption

The influences of temperature on adsorption
behaviors of the surfactants in reservoir rocks are
demonstrated in Figure 3. It was found that the
adsorption of all surfactants decreased with
temperature. The dominant impacts were observed for

CTAB and SDS, while a minor effect was noted on the
absorption of PKA. As the temperature increases, the
kinetic energy of surfactant molecules increases, and
this possibly facilitates surfactant diffusion from the
surfaces, leading to lesser surfactant adsorption on
silica (Wisniewska, 2012).
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Figure 3. Effect of temperature on surfactant adsorption profiles for (a) CTAB, (b) PKA, and (c) SDS.
Additionally, the change of surfactant values for individual surfactant’s equilibrium

adsorption with temperature could be described by
thermodynamics, including the changes in enthalpy
(AH®, KlJ/mol), entropy (AS°, KJ/mol/K), and
standard Gibbs free energy (AG®, KJ/mol) (Bera et al.,
2013). The AH® refers to the amount of heat that
passes in or out of the system at constant pressure. The
AS° indicates the disorder of the system, and the
feasibility of the adsorption is clarified by AG®°. The
correlation of parameters was determined according to
the Van’t hoff equation in Equation (8).
HO | As?

A
In KL: - _RT R

®

Here, R (8.314 J/K/mol) is the gas constant, T
(K) is the temperature, and K¢ (L/mol) is the Langmuir
constant at controlled temperature (Juang et al., 2006).
The data for Ki estimates from Langmuir isotherm
were for 30°C and 50°C. Table 4 is a summary of K¢,

adsorption at these temperatures.

Table 4. The K. values for individual surfactant’s equilibrium
adsorption at two tested temperatures.

Temperature (°C) Ky (L/mol)

CTAB PKA SDS
30 797.98 572.39 57.70
50 323.00 191.00 32.90

Then, the data were plotted for 1/T versus In Ky,
so that the intercept and slope of correlation represent
the values of AS° and AH®, respectively. Then, AG® for
each temperature was determined using Equation (9).
All these thermodynamic parameters are reported in
Table 5.

AGP® = AH® — TAS® 9)
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Table S. Thermodynamic parameters of surfactant adsorption on silica surface.

Surfactant Temperature (°C) Thermodynamic parameter
AG® (KJ/mol) AH° (KJ/mol) AS° (KJ/mol/K)

CTAB 30 -16.83 -36.80 -0.07

50 -15.52
PKA 30 -16.00 -44.65 -0.09

50 -14.10
SDS 30 -10.22 -22.85 -0.04

50 -9.32

A negative AG® indicates that the surfactant
adsorption on silica surface occurs simultaneously.
The AS° is negative, and this demonstrates that
surfactant molecules tend to uniformly adsorb on the
water/silica interfaces rather than stay disorganized in
water above the surface. Furthermore, the negative
AHP® reveals that the adsorption process for all these
surfactants is exothermic. Thus, the adsorption of
surfactant decreases with increasing temperature. The
calculated thermodynamic parameters agree well with
the aforementioned experimental results and are
consistent with prior studies (Ijagbemi et al., 2009;
Juang et al., 2006; Wisniewska, 2012).

3.2 The study of oil solubilization

The amount of crude oil partitioned into the
surfactant solution at 1 CMC, 50°C, and 0 mol/L NaCl
is shown in Figure 4. It can be seen that the largest
amount of crude oil dissolved in surfactant solution
was observed for SDS, followed by PKA, and CTAB
in this order. SDS has the highest CMC and the largest
amount of monomer in the bulk solution. This
phenomenon means it has the most surfactant
molecules available for adsorption at crude oil and
surfactant solution interfaces, and facilitates the

reduction of interfacial tension between crude oil and
surfactant solution, treating the most crude oil
(Tehrani-Bagha and Holmberg, 2013). The results
agree well with the fact that anionic surfactants have
commonly been suggested as effective for reducing
interfacial tension between seawater and crude oil
(Negin et al., 2017; Belhaj et al., 2020). In addition, it
can be seen that PKA slightly outperformed CTAB.
Moreover, from Figure 4, it should be noted that
adding NaCl could increase crude oil partitioning in
the PKA, CTAB and SDS systems. Typically, adding
salt reduces electrical repulsion of ionic heads, or
steric repulsion of nonionic heads, resulting in closer
packing at air-water interfaces and facilitating low
interfacial tension enabling crude oil partitioning to
increase (Karnanda et al., 2013; Rostami et al., 2019).
Moreover, adding electrolyte in solution could reduce
the repulsion forces between the similarly charged
head groups, and consequently decrease the CMC
(data shown in Table 6), increasing surfactant
aggregation numbers and micelle volume. This
facilitates the extent of micelle formation and
solubilization of crude oil into micelles (Rosen, 1989;
Dutkiewicz and Jakubowska, 2002; Qazi et al., 2017).

1

Hi
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g 00.1 mol/L NaCl
£ 0.8
E
g
S~ 0.6 1
S 9
= E
g =
= 04 A
=}
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=}
=
=
% 0.2 -1

0 :
PKA

CTAB SDS

Figure 4. The effect of salinity on crude oil partitioning into the surfactant solution at 1 CMC and 50°C.
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Table 6. The K values for crude oil solubilization in selected surfactant solutions at 0.1 mol/L NaCl and 50°C.

Surfactant CMC (mmol/L) Ks (mL/mg)
without salt 0.1 mol/L NaCl 0.1 mol/L NaCl

PKA 0.23 0.19 10.33

CTAB 1 0.27 7.94

SDS 8.2 2.6 6.90

At controlled salinity, the results in Table 6
reveal that K has the rank order PKA>CTAB>SDS.
This trend is reversed from the order of CMC for these
surfactants. Theoretically, a nonionic surfactant has
greater solubilizing performance than cationic or
anionic surfactants, due to its lower CMC.
Additionally, the greater solubilization of cationic
over anionic might be due to looser packing of
surfactant aggregation in micelles (Rosen, 1989).
Thus, PKA has the lowest CMC and the highest K
indicating the highest crude oil accessibility to the
micellar core.

3.3 Comparison of PKA performance with
commercial nonionic surfactants adsorption on
silica and crude oil solubilization

The behaviors of PKA adsorption on silica
surface and crude oil solubilization were compared
with the secondary alcohol ethoxylates Tergitol 15-S-
9 and Tergitol TMN-6. Both are widely considered
good candidate nonionic surfactants in EOR studies
(Bera et al., 2017; Shaw, 1984; Worthen et al., 2012).
These surfactants are remarkably stable in high
salinity or elevated temperature and show good oil
recovery performance (Sharma and Mohanty, 2013;
Mohan, 2009; Mandal et al., 2012). The results of

surfactant adsorption and crude oil solubilization are
shown in Figures 5 and 6, respectively. Figure 5
reveals that Tergitol 15-S-9 is adsorbed on silica better
than Tergitol TMN-6 or PKA. The van der Waals
interactions dominate in the adsorption of a nonionic
surfactant on silica surfaces, and these forces increase
with molecular mass of the surfactant (Paria and
Khilar, 2004). Tergitol 15-S-9 has the highest
molecular weight (see Table 1), resulting in the highest
adsorption among these three surfactants.
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Figure 5. Amounts of nonionic surfactants adsorbed on silica at 1
CMC and 30°C.
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Figure 6. Amount of crude oil partitioning into nonionic surfactant solution and the Ks values in 0.1 mol/L NaCl solution at 1 CMC, 50°C.
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Moreover, Figure 6 reveals that crude oil
partitioning into surfactant solutions had the rank
order Tergitol TMN-6>PKA>Tergitol 15-S-9. This is
consistent with the rank order of CMC. As Tergitol
TMN-6 has the highest CMC, its amount as monomer
in bulk solution is greater than those of PKA or
Tergitol 15-S-9. This leads to the most surfactant
molecules available at crude oil/ surfactant solution
interfaces, giving the highest crude oil partitioning in
the surfactant solution (Rosen, 1989).

Additionally, the results in Figure 6 show that
K had the rank order PKA>Tergitol 15-S-9>Tergitol
TMN-6. Theoretically, this trend is consistent with
micelle size. From the data listed in Table 1, Tergitol
TMN-6 has a higher CMC than Tergitol 15-S-9,
indicating smaller micellar size. Additionally, Tergitol
15-S-9 has similar hydrocarbon chain length as PKA,
but its hydrophilic moiety is larger (Parnthong et al.,
2018; Wetchakul, 2013). This causes greater repulsion
between Tergitol 15-S-9 head groups and decreases
aggregation number as well as size of micelles. As a
result, less crude oil could be encapsulated in Tergitol
15-S-9 micelles than with PKA surfactant. Thus, it
could be possible that the size of micelles for selected
surfactants had the rank order PKA>Tergitol 15-S-
9>Tergitol TMN-6. PKA possibly has the largest
micelles and illustrates the most crude oil
solubilization among the three nonionic surfactants
(Rosen, 1989).

From the results above on surfactant adsorption
and crude oil solubilization, it can be seen that PKA
shows good potential for use in EOR when compared
with these commercial surfactants. Typically, the
natural surfactant loss due to adsorption in reservoir
rocks has been reported as 3-15 mg/g (Seethepalli et
al., 2014; Ahmadi et al.,, 2012; Ahmadi and
Shadizadeh, 2015). In this work, the adsorption of
PKA at initial concentration of 1 CMC was found to
be around 4.4 mg/g, which is within the common
range. Additionally, PKA shows good crude oil
solubilization performance similar to the commercial
surfactants tested. Thus, PKA 1is an interesting
nonionic surfactant in terms of its potential for EOR,
and is a promising natural product.

4. CONCLUSION

Based on our studies, palm kernel derivative
surfactant PKA shows the lowest adsorption on silica
among the tested surfactants, suggesting low
surfactant losses in reservoirs. Additionally, the
adsorption of PKA on silica is insignificantly affected

by added salt or increased temperature. The adsorption
kinetics of PKA follows pseudo-second order kinetics
and Langmuir adsorption isotherm, indicating
chemical adsorption and monolayer formation on
silica surfaces. The thermodynamic parameters reveal
that the surfactant adsorption on silica surface occurs
simultaneously and uniformly on the water/silica
interfaces. The adsorption process for PKA, SDS, and
CTAB is exothermic. Moreover, PKA shows high
performance in crude oil solubilization in comparison
to the tested commercial ionic and mnonionic
surfactants.
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