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ABSTRACT: The combination of chemical enhanced oil recovery (CEOR) and low salinity water (LSW) flooding is one of the
most attractive enhanced oil recovery (EOR) methods. While several studies on CEOR have been performed to date, there still
exists a lack of mechanistic understanding on the synergism between surfactant, alkali and LSW. This synergism, in terms of fluid−
fluid interactions, is experimentally investigated in this study, and mechanistic understanding is gained through fluid analysis
techniques. Two surfactants, one cationic and one anionic, namely an alkyltrimethylammonium bromide (C19TAB) and sodium
dodecylbenzenesulfonate (SDBS), were tested, together with NaOH used as the alkali, diluted formation brine used as the LSW, and
the crude oil was collected from an Iranian carbonate oil reservoir. Fluids were analyzed using pendant drop method for interfacial
tension (IFT) measurement, and Fourier transform infrared spectroscopy for determination of aqueous and oleic phase chemical
interaction. The optimum concentration of LSW for IFT reduction was investigated to be 1000 ppm. Additionally, both surfactants
reduced IFT significantly, from 28.86 mN/m to well below 0.80 mN/m, but in the presence of optimal alkali concentration the IFT
dropped further to below 0.30 mN/m. IFT reduction by alkali was linked to the production of three different types of in situ anionic
surfactants, while in the case of anionic and cationic surfactants, saponification reactions and the formation of the C19TAOH alcohol,
respectively, were linked to IFT reduction. The critical micelle concentration and optimal alkali concentration when using cationic
C19TAB were significantly lower than with the anionic surfactant; respectively: 335 vs 5000 ppm, and 500 vs 5000 ppm. However, it
was found that SDBS was more compatible with NaOH than C19TAB, due to occurrence of alkali deposition with the latter beyond
the optimal point.

1. INTRODUCTION

Increasing demand for crude oil and their limited resources have
forced petroleum production companies to use enhanced oil
recovery (EOR) methods. Chemically enhanced oil recovery
(CEOR) is one of the most effective EOR methods in
beneficially altering reservoir rock and fluid properties, enabling
increased crude oil production. One of the most commonly
adopted CEOR processes is surfactant flooding, which has been
shown to improve oil recovery significantly.1−8 Oil recovery
extent is a function of rock and fluid properties, such as pore
structure, capillary pressure, interfacial tension (IFT), rock
wettability, mobility ratio, and reservoir heterogeneity. Thus,
during surfactant flooding, IFT reduction, micro-emulsion
formation, and wettability alteration are mechanisms that result

in greater oil recovery extent compared to conventional water
flooding.8−15

Over the last two decades, CnTAB- and sulfonate-based
surfactants have received significant attention in EOR studies.
Austad and Milter16 and Standnes and Austad17−19 worked on
the effects of several such cationic surfactants, including C8TAB,
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C10TAB, C12TAB, and C16TAB, and reported that wettability
alteration of surfactant flooding from oil-wetting to water-
wetting conditions can improve oil recovery significantly, from
5% when using pure brine to approximately 70% after surfactant
flooding. Kumar et al.,20 investigated the interfacial interaction
of four different types of cationic surfactants, including C10TAB,
C15TAB, C16TAB, and C19TAB, as well as their effects on
wettability alteration of oil-wetting reservoirs. They reported
critical micelle concentration (CMC) of C10TAB, C15TAB,
C16TAB, and C19TAB to be 120, 14, 0.9, and 1mM, respectively.
Also, the IFT between crude oil and C10TAB, C15TAB, C16TAB,
and C19TAB, at their respective CMC concentrations, were
found to be 7, 0.23, 7.6, and 0.5 mN/m, respectively.20

Injection of surfactants at high concentrations enhances the
overall displacement efficiency, by forming micelles; however,
economical constrains exist at high concentrations. Standnes
and Austad21,22 and Strand et al.23 utilized both novel and
commercial cationic surfactants, including C10NH2, arquad, and
dodigen, to recover 50−90% of the original oil; however, the
required concentration of the novel surfactant was relatively
high (nearly 1 wt %), whichmade it unattractive to be used.21−23

In order to overcome this limitation, alkali co-surfactants can be
added to dilute surfactant solutions, thus making the CEOR
process more efficient from economical point of view.24−27

Alkali co-surfactants are more compatible with crudes with high
acid numbers, since a surfactant is formed in situ by the reaction
of the alkali and certain acidic components of crude oil.28−30

Dehghan et al.,31 using two sulfonate-based surfactants and two
commercial sulfate-based surfactants in conjunction with
sodium metaborate as the alkaline co-surfactant, concluded
that in situ soap generation during alkaline-surfactant (AS)
flooding facilitates micro-emulsion generation in the solution. In
addition, surfactant adsorption onto rock surfaces is reduced
significantly in the presence of alkali.26,27,29,32

The role of AS flooding on oil recovery has been linked by
Chen et al.33 and Liu et al.34 to IFT reduction, wherein greater
IFT reduction has been reported for AS flooding compared to
alkali- or surfactant-enhanced flooding alone. Zhang et al.35

pointed that oil recovery enhancement by AS flooding increased
with increasing NaOH concentration up to a threshold value of
0.5 wt % (this value was much lower for AS flooding compared
to alkali-only flooding), beyond which further increasing the
concentration had minimal effect on oil recovery.
Nowadays, with the decline in world oil prices, the trend

towards more cost-effective methods of CEOR, such as smart
water flooding or low salinity water flooding (LSWF), has
increased. Although these methods are more cost-effective than
other CEOR methods, they recover only 4% additional oil over
the recovery from high-salinity injection.36 Combination of
LSW with 1000 ppm (1 wt %) alkali/surfactant reportedly can
increase the oil recovery by 7−17% of original oil in place
(OOIP).36 In addition, minor formation damage and more IFT
reduction have been observed based on the literature in various
experiments.24,36−39 Comparison of the recovery from LSW-
surfactant and LSW-alkali indicates that higher oil recovery can
be attained with surfactant than with alkali.36 Higher efficiency
with surfactant can be attributed to the lower achievable IFT
with surfactant than with alkali. Pal et al. stated that salt addition
to the surfactant solution plays a synergistic role in further
decreasing IFT to ultra-low magnitudes.40 As previously noted,
alkali is used as a co-surfactant in AS processes to improve the
impact of surfactant for EOR purposes. Therefore, surfactants
can be used as the main chemical agent and alkali plays the role

of an additive in LSW-AS system. The results that obtained from
literature emphasize the benefits of hybrid methods for the
improvement of oil recovery.
Although several studies have been conducted so far on AS

flooding, some contradictory results still exist. Some researchers
claim positive interaction of alkali and surfactant and some
others claim otherwise.29−31,41,42 In addition, different inter-
actions may occur between injected chemicals, low salinity water
(LSW), another approach used for oil recovery enhancement,43

and crude oils, due the nature of each crude oil. These are
research questions that need to be explored experimentally.
Thus, the current study was designed and performed to provide
a better understanding of the synergisms and mechanisms
involved during surfactant/alkali/LSW flooding, in view of
enhanced oil recovery, with a focus on fluid−fluid interactions.
To this end, crude oil was collected from one of the Iranian
carbonate oil reservoirs. Fluid−fluid (i.e., oil-water) interactions
were investigated in detail using two different surfactants an
alkyltrimethylammonium bromide (C19TAB) and sodium
dodecylbenzenesulfonate (SDBS), with NaOH as the alkali,
and LSW as the aqueous medium. The fluid−fluid interactions
were characterized by Fourier-transform infrared (FT-IR)
spectroscopy, electrical conductivity (EC) and pH analysis,
and pendant drop IFT measurement.

2. MATERIALS AND METHODS
2.1. Chemicals. Two types of surfactants were used: an

anionic surfactant (SDBS) with the chemical formula of
C12H25C6H4SO3Na (Sigma-Aldrich), and one cationic surfac-
tant (C19TAB) with the chemical formula of C19H42BrN
(Merck). Reagent grade NaOH (Sigma-Aldrich) was used as
the alkali.

2.2. Fluids.Crude oil with API of 31.56 and 2.8 (mg KOH/g
oil) acid number, and formation brine (FB) with total dissolved
solids (TDS) of 97,645 ppm (mg/L), were both collected from
one of the Iranian carbonate oil reservoirs. Table 1 presents the

saturate, aromatic, resin, and asphaltene (SARA) analysis of this
crude oil and Table 2 presents its compositional analysis. Tables
3 and 4 presents the compositional analysis of the collected FB
and the prepared LSW, and Table 4 present physical properties
of the FB. To prepare LSW, the FB was diluted by deionized
water (DIW) to a salinity of 1000 (dFB1000), 2000 (dFB2000),
3000 (dFB3000) and 5000 (dFB5000) ppm. These concen-
trations of LSW were selected due to the recommendation of
Mcguire et al.,44 that is, less than 5000 ppm. Moreover, using
diluted FB is the best operational method for preparing LSW, as
dFB will not have the potential problems of incompatibility
between the injected low-salinity water and FB.

2.3. Experimental Procedure. Four different laboratory
tests were conducted to assess liquid-liquid interactions:
compatibility and stability bottle test, pendant drop IFT
measurement, electrical conductivity (EC) and Fourier-trans-
form infrared (FT-IR) spectroscopy analysis. Bottle test was
used for evaluating the compatibility and stability of chemical
slug with saline water under high temperature condition as a
function of time. IFT and ECmeasurements were used for CMC
determination, while Fourier-transform infrared spectroscopy

Table 1. SARA Analysis of the Crude Oil Used in This Study

saturates (wt %) aromatic (wt %) resin (wt %) asphaltene (wt %)

53.35 32.28 9.78 4.59
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(FT-IR) analysis was used to determine the chemical
mechanisms involved.
The compatibility of the surfactant/alkaline-surfactant

solutions in four brines (dFB1000, dFB2000, and dFB3000,
and dFB5000) were examined by conducting bottle tests at
reservoir temperature (80 °C). No deposits or lumps were
observed after 1 month.
Pendant drop method, commonly known as axisymmetric

drop shape analysis (ADSA), is commonly used for determining
the IFT at reservoir conditions.45,46 The IFT400 apparatus,
illustrated in Figure 1, was used for determining the IFT

between different solutions and the crude oil. The maximum
operating temperature and pressure of the apparatus were 204
°C (400 °F) and 414 bar (6000 psi), respectively. The IFT400
setup consists of a 50 cm3 stainless steel chamber, a vacuum
pump, gas tank, fluid tank, heating oven, a digital camera, a
positive displacement pump, and a quartz window. The captured
images were analyzed using an image processing code compiled

in LabVIEW, which was provided by the manufacturer of the
IFT400 apparatus (Fars Enhanced Oil Recovery Technology
Company, Iran).
Solutions containing surfactants alone, or surfactants together

with NaOH, were prepared using LSW. Initially, the IFT of
surfactant-LSW solutions (C19TAB or SDBS, with concen-
trations of 0 to 10 000 ppm) in contact with crude oil, at 80 °C
(reservoir temperature), was determined, and the CMC of each
surfactant solution in the presence of crude oil was estimated
from the plot of IFT versus surfactant concentration.29,47 The
CMC is referred to as the concentration of the solution in which
the first micelle is formed; that is, micelles accumulate only when
the surfactant concentration is higher than the CMC value.
Next, LSW solutions with constant surfactant concentration
(the CMC value previously determined, namely 335 ppm for
C19TAB and 5000 ppm for SDBS), and varying concentrations
of NaOH (100−10 000 ppm), were prepared; the IFT of these
solutions in contact with crude oil, at 80 °C (reservoir
temperature), was measured for finding the optimum concen-
tration of alkali. Each IFT test was repeated three times, and the
uncertainty 0.001 mN/m. Moreover, the reported value of IFT
is equilibrium IFT, and the IFT value closest to the average of
three IFT values is selected as the reported value of IFT.
The EC values of different solutions were measured using a

digital multimeter (model PCT-407), with uncertainty of 0.01
μs.cm−1. The solutions used for EC measurements were the
same as the aqueous solutions used in IFT tests.
Finally, for FT-IR testing, a mixture of aqueous and oleic

phase was extracted from the aqueous/oleic interface using a
spinal needle. These two-phase mixtures were prepared using
volumetric ratio of 50:50 of crude oil and aqueous phase in a
bottle that was shaken for 10 minutes, then it was rested at 80 °C
(reservoir temperature) for 24 h. FT-IR analysis of the extracted
mixture was recorded between 400 and 4000 cm−1 using KBr
pellet techniques on a Perkin Elmer RX1 infrared (IR)
spectrophotometer. The spectra were interpreted using IRPal
V2.0 FT-IR spectra analysis software (Dr. Wolf van Heeswijk).
Samples of raw and contacted crude oil analyzed in this form
were: crude oil; crude oil + NaOH (1000 ppm); crude oil +
C19TAB (335 ppm); crude oil + C19TAB (335 ppm) + NaOH
(500 ppm); crude oil + SDBS (5000 ppm); and crude oil +
SDBS (5000 ppm) + NaOH (5000 ppm). These solutions were
selected according the optimum chemical concentrations
resulting from IFT tests.

3. RESULTS AND DISCUSSION

3.1. IFT Measurements. The IFT measurements in this
study were divided into three parts. In the first part, the IFT
between waters (DIW, dFB1000, dFB2000, dFB3000, and
dFB5000) and crude oil were determined, to determine a
baseline for comparison of enhancement effects and find the
optimum concentration of LSW (diluted FB). In the second
part, the IFT between different LSW-surfactant solutions and
crude oil was determined, and the CMC value of each surfactant
was estimated accordingly. These experiments were meant to
inform the surfactant concentrations to use in the next part. In
the third part, the IFT between LSW-surfactant-alkali solutions

Table 2. Compositional Analysis of Crude Oil Used in This Study

Component C1 C2 C3 i-C4 n-C4 i-C5 n-C5 C6 C7+ H2S CO2

Mole % 47.66 11.32 6.48 1.08 2.89 1.21 1.49 2.38 25.49 0 0

Table 3. Composition of Formation Brine and Low Salinity
Waters Used in This Study

Ion FB (ppm) dFB1000 dFB2000 dFB3000 dFB5000

Ca2+ 3,800 39 78 117 195
Mg2+ 1,944 20 40 60 100
Na+ 38,406 393 786 1,179 1,965
HCO3

− 45 1 2 3 5
SO4

2− 1,200 12 24 36 60
Cl− 52,250 535 1,070 1,605 2,675
TDS 97,645 1000 2000 3000 5000

Table 4. Physical Properties of Formation Brine Used in This
Study

Properties Value

Electrical conductivity (μs/cm) 184,100
Total hardness (mg/L) 17,500
Density at 20 C (g/cm3) 1.1005
Turbidity (NTU) 0.40
Total alkalinity 325
Sodium absorption ratio (SAR) 240.22
Soluble sodium (%) 89.93
pH 7.01

Figure 1. Schematic diagram of IFT400 for IFT measurement.
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(with constant surfactant concentration and variable alkali
concentration) and crude oil was determined.
In the first part, Figure 2 shows the trend of IFT reduction for

different concentrations of diluted FB as LSW. The IFT tests

showed that in case of DIW the IFT was 32.91 mN/m, and it
decreased to 28.86 mN/m when 1000 ppm LSW (dFB1000)
was used instead, while IFT increased after increasing the
concentration from 1000 to 5000 ppm. In this case the IFT
values of 28.86 to 31.22 were achieved, respectively. Therefore,
the optimum concentration of dFB is 1000 ppm for this type of
crude oil and FB system as pointed with red color in Figure 2.
Dabiri andHonarvar48 investigated the optimal concentration of
surfactant for IFT reduction during LSW flooding. They used
the same crude oil as in the present study and concluded that the
optimum salinity for diluted FB is 1000 ppm, which serves to
confirm that the methodology used here yields similar results to
previous studies. This value is also in agreement with the optimal
range (1000−2000 ppm) as suggested by Austad et al.49

LSW consist of different monovalent and divalent ions that
plays a significant role in pH value. On the other side, pH of
saline waters has a great impact in the saponificationmechanism.
Some strong alkali cations present in LSW, such as Na+ and K+,
react with carboxylic acids (COOH−) of crude oil, and generate
soap molecules (sodium soap or potassium soap).50−52 Soap

molecule is a kind of anionic surfactant that can reduce the IFT.
Although LSW has alkali ions, it has some strong acidic ion such
as: SO4

2−. Furthermore, the presence of Ca2+ and Mg2+ divalent
cations in the solution prevents soap making, by reducing the
participation of alkali monovalent cations in the reaction.
Overall, the ratio of these ions concentration governs the pH
value and the saponification mechanism. The pH values for
dFB1000, dFB2000, dFB3000 and dFB5000 were 8.36, 8.05,
7.71 and 7.43, respectively. This explains why the effect of alkali
cations and saponification mechanism in dFB1000 was greater
than with the other diluted FB’s. According to Figure 2, the IFT
value for dFB1000 is the lowest among the LSWs. It can be
concluded that saponification mechanism has a direct impact on
the IFT reduction between LSW and crude oil.
For better interpreting the saponification mechanism, some

IFT tests were performed at different concentrations of NaOH,
from 100 to 10000 ppm in dFB1000, as shown in Table S1
(SS22−SS26). The IFT value reduces from 28.86 to 0.64mN/m
by adding 1000 ppm NaOH to dFB1000, while the pH value
increased from 8.36 to 12.46. Hence, the pH is enhanced and
saponification mechanism is more intensified by the presence of
free OH−. Also, the IFT increases slightly with further increase
in alkali concentration (more than 1000 ppm). This occurs
because the pH value does not change significantly, with
primarily an increase in ionic strength of the solution.53 Hence,
further in situ formation of soap is reduced, and growth of ionic
strength leads to increase of the soap solubility in oleic phase,
which results in the desorption of surfactant from the oil-water
interface into the oleic phase.54

In the second part, the effect of surfactant concentration on
IFT for solutions prepared in LSWwas determined by increasing
the concentration of C19TAB and SDBS from 0 to 10 000 ppm.
Figure 3 clearly presents the trend of changes in the IFT of these
solutions with crude oil. As was expected, increasing the
concentration of surfactants resulted in a significant decrease in
the IFT. However, after reaching the CMC value of each
surfactant, the IFT value nearly stabilized. In case of C19TAB,
the IFT decreased from 28.86 mN/m to 0.53 mN/m by
increasing the concentration from 0 to 335 ppm. Further
increasing the C19TAB concentration to 10 000 ppm had minor
effect on IFT, resulting in a value of 0.41 mN/m. On the other

Figure 2. IFT changes of diluted FB at different salinities.

Figure 3. IFT changes of C19TAB (CTAB) and SDBS solutions (LSW + different C19TAB concentrations and LSW + different SDBS concentrations)
with crude oil, and their CMC values.
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hand, the CMC value of SDBS was significantly higher
compared to C19TAB. The IFT decreased from 28.86 to 0.82
mN/m by increasing the concentration of SDBS from 0 to 5000
ppm. From there, further increasing the concentration to 10 000
ppm resulted in an IFT of 0.73 mN/m.
The IFT results showed that the CMC value of C19TAB is

much lower than that of the SDBS. The CMC value is directly
related to hydrophile-lipophile balance (HLB) value, where the
lower the HLB, the lower the CMC value. The HLB value of
C19TAB surfactant is about 10, whereas this value is about 22 for
SDBS surfactant.55,56 In addition, according to Kumar et al.,57

when cationic surfactants such as C19TAB are used, the length of
surfactant is proportional to the number of carbon atoms in the
non-polar part (tail) of the surfactant. Longer tails then create
stronger interaction between the non-polar molecules of oil and
surfactant;20 thus, IFT between oil and water phase and also the
CMC are reduced more significantly.
The IFT results were further supported by analyzing the

digital images of pendant drops. Figure 4 presents the digital
images of pendant drops of different solutions prepared by
C19TAB surfactant. Figure 4a presents the oil drop in the
presence of LSW without any C19TAB, and Figure 4b,c,d
present the oil drops in solutions prepared by 100, 335, and 5000
ppm C19TAB, respectively. The IFT values in these figures are
28.86, 5.98, 0.53, and 0.49 mN/m, respectively. As shown in this
figure, the volume of the drop is reduced by increasing the
concentration of C19TAB. The largest drop is produced when
LSWwater phase is used (28.0415× 10−3 cm3), and the smallest
drop is achieved when 5000 ppm C19TAB is used (0.4278 ×
10−3 cc). According to Berry et al.,58 a smaller drop is produced
by decreasing the IFT between oil and water phase. This trend
continues until CMC value is reached and further increase in the
surfactant concentration has minimal effect on the drop size, as
clearly shown in Figure 4. Figure 5 also presents the drop size
analysis of the solutions prepared by SDBS surfactant in LSW.
The same trend as above-mentioned was observed for crude oil
drops in contact with SDBS solution (LSW + SDBS). The drop

size was reduced significantly by increasing the SDBS
concentration from 0 to 5000 ppm in Figure 5c, while further
increasing the SDBS concentration to 10 000 ppm as shown in
Figure 5d had no further significant effect on the drop size.
These results again confirm good agreement with the IFT data,
and thus confirm the interpretations of the experimental
findings.

3.1.1. IFT of LSW-Surfactant-Alkali Solutions and Crude
Oil. Different solutions were prepared by the addition of each
surfactant at their respective CMC value combined with
different concentration of NaOH (100−10 000 ppm). The
IFT of each solution was measured accordingly, and are
tabulated in Table 5 and shown in Figure 6. Notably the IFT

values showed different behaviors as a function of NaOH
addition in the presence of different surfactants. In both cases,
the IFT decreased to a minimum value, and then proceeded to
rebound, but in the case of cationic C19TAB the minimum value
was reached much earlier, and the rebound was much more
accentuated, compared to the solution with anionic SDBS. The

Figure 4.Digital images of pendant drop; (a): LSW and oil drop without C19TAB; (b): solution of 100 ppmC19TAB and oil drop; (c): solution of 335
ppm C19TAB and oil drop; (d) solution of 5000 ppm C19TAB and oil drop.

Figure 5. Digital images of pendant drop; (a): LSW and oil drop without SDBS; (b): solution of 100 ppm SDBS and oil drop; (c): solution of 5000
ppm SDBS and oil drop; (d): solution of 10000 ppm SDBS and oil drop.

Table 5. IFT Values Based on Different Concentrations of
Alkali and Surfactants

Test No. Surfactant NaOH (ppm) IFT (mN/m)

1 335 ppm C19TAB 0 0.53
2 335 ppm C19TAB 100 0.35
3 335 ppm C19TAB 500 0.23
4 335 ppm C19TAB 1000 0.43
5 335 ppm C19TAB 5000 0.97
6 335 ppm C19TAB 10 000 1.05
8 5000 ppm SDBS 0 0.82
9 5000 ppm SDBS 100 0.71
10 5000 ppm SDBS 500 0.48
11 5000 ppm SDBS 1000 0.34
12 5000 ppm SDBS 5000 0.22
13 5000 ppm SDBS 10 000 0.24
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lowest points along each line (0.23 mN/m for C19TAB, and 0.22
mN/m for SDBS) correspond to the optimal NaOH
concentration in each case.
Figures 7 and 8 present the drop size analysis of solutions

prepared with different concentration of NaOH at CMC
concentration of C19TAB (335 ppm), and SDBS (5000 ppm),
respectively. In both cases, the volume of each drop changes with
the same trend as IFT, decreasing towards the optimum NaOH
concentration, and then increasing again. Table S1 (in the
Supporting Information) presents the IFT values for different
brine, alkaline, surfactant and alkaline/surfactant solutions that
were used in this study.
3.2. EC Measurements of LSW-Surfactant Solutions.

Conductometry is one of the most widely used electrochemical
techniques for measuring the CMC, and is herein used to
confirm the CMC values estimated from the IFT versus
surfactant concentration plots. The advantages of the EC
method are experimental simplicity and affordable instrumenta-
tion, and the measurement principle relies on the compositional
change of the solution as a result of micelle formation, which in
turn changes the conductivity of the solution. The CMC of
SDBS and C19TAB solutions were determined using conven-
tional conductivity measurement method and the results are
shown in Figure 9. The EC results showed that EC value is
increased with increasing the concentration of each surfactant;
however, at one specific point the slope changes slightly. This
point corresponds to the CMC point.59 As shown in Figure 9,
the critical points are located at 335 ppm for C19TAB and 5000
ppm for SDBS. The CMC measurement by EC is in good
agreement with the IFT results, while both methods having
identical CMC points identified.
Increasing the concentration of surfactants resulted in a

significant decrease in the IFT, up to the CMC value, beyond

which the IFT values were stabilized. In case of C19TAB, the IFT
decreased to 0.53 mN/m at 335 ppm, and 0.41 mN/m at 10 000
ppm, respectively. In the case of SDBS, the CMC value was
significantly higher, where at 5000 ppm producing an IFT of
0.82 mN/m and at 10 000 ppm the IFT reduced slightly further
to 0.73 mN/m, respectively. The EC measurements are in good
agreement with the IFT measurement with respect to the
surfactant concentrations that correspond to the CMC; that is
335 ppm for C19TAB and 5000 ppm for SBDS.
The chemical reaction between the alkali and acidic

components of the crude oil results in petroleum soap and
emulsion formation. Consequently, the IFT between the
aqueous and oleic phases is reduced, which results in a reduced
capillary pressure. The acid number of crude oil, as well as its
composition, are the two key factors behind these reactions.
When the alkali aqueous and the oleic phases are in contact,
hydroxyl ionsmigrate into the interface, as do organic acids, then
react with each other to produce a kind of surface active agent,
referred to as petroleum soap.29,60,61 The impact of alkali
solution on the organic acids present in the crude oil is expressed
by the following reaction, where HA indicates the petroleum
acid and A− is an anionic surfactant:

HA OH A H O2+ ↔ +− −

The ratio of ionized to un-ionized acid, and the rate of
adsorption and desorption of ionized species at the interface are
important factors affecting the IFT. The accumulation and
adsorption of ionized species at the interface decreases the IFT.
However, the large concentration gradient causes desorption of
the active species, consequently increasing the IFT. In addition,
when the ratio of ionized acid to un-ionized acid equals 1, the
minimum IFT is achieved. The main reason for the reversing
phenomena observed in Figure 6 is the salting-out effect of the
equilibrium shifting, which decreases the concentration of the
ionized acid after CMC is achieved.34,41,55 In addition, the
formation of micelles and compression of the electric double
layer at high ionic strength at higher concentrations of alkali
could be another reason for this phenomenon.62

According to the results presented in the Table 5 and Figure 6,
the IFT reversal for C19TAB surfactant is sharp while gradual for
SDBS surfactant. Oleic soap is a water-soluble anionic
surfactant, which is produced in situ by the reaction of the
alkali agent with saponifiable components of the crude oil, such
as carboxylic acids. This is the main role of alkali in lowering the
IFT of solutions; however, their compatibility is of great
importance. The compatibility of NaOH and surfactants is
based on changes in IFT values with increasing NaOH
concentration. According to the experimental findings in this
study, it appears that SDBS and NaOH are very compatible
while C19TAB and NaOH are not very compatible. C19TAB is a

Figure 6. IFT between different LSW-surfactant-alkali solutions,
prepared with varying NaOH and constant C19TAB (335 ppm) or
SDBS (5000 ppm) at their CMC values, and crude oil.

Figure 7.Digital images of pendant drops; solutions of (a) 335 ppm C19TAB and 0 ppm NaOH, (b) 335 ppm C19TAB and 100 ppm NaOH, (c) 335
ppm C19TAB and 500 ppm NaOH, and (d) 335 ppm C19TAB and 10 000 ppm NaOH, in contact with oil drops.
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cationic surfactant with positive charges, while soap is anionic
with negative charges. Increasing alkaline concentration
increases the number of soap molecules per volume; thus, the
molecules of C19TAB surfactant are attached to the molecules of
soap more closely, which leads to the formation of

intermolecular attraction between these molecules. However,
at higher concentrations of alkali, deposition of alkali occurs,
which consequently results in C19TAB surfactant and alkali loss.
On the other hand, SDBS surfactant and soap have the same
charges. Thus, at high concentrations of alkali, no interaction

Figure 8. Digital images of pendant drops; solutions of (a) 5000 ppm SDBS and 0 ppm NaOH, (b) 5000 ppm SDBS and 100 ppm NaOH, (c) 5000
ppm SDBS and 5000 ppm NaOH, and (d) 5000 ppm SDBS and 10 000 ppm NaOH, in contact with oil drops.

Figure 9. EC values of solutions with different concentrations of SDBS and C19TAB; EC values at the surfactant concentrations that correspond to the
CMC values are highlighted in red.

Figure 10. FT-IR spectra of raw crude oil, and crude oil contacted with LSW + NaOH and LSW solutions.
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occurs between SDBS and soap molecules, and only ionic layers
are compressed. Hence, ionization of the acid molecules is
prevented, and consequently further soap production stops,
which results in stability of IFT over wide range of
concentrations.63−65

3.3. FT-IR Analyses of Solution-Contacted Crude Oils.
According to Samanta et al.,41 the FT-IR spectrum of alkali-
contacted crude oil displays approximately the same peaks as
those of the original crude oil, hence no affirmative conclusion
regarding the mechanisms involved could be provided. In the
current study, crude oils that were contacted with LSW, LSW +
alkali and LSW + alkali + surfactant were characterized by FT-
IR. This study first considered the mechanistic effects of LSW
and alkali on crude oil and then investigated the mechanisms of
surfactant-contacting solutions on crude oil, with a view of
identifying synergistic effects that can benefit enhanced oil
recovery. Discussion of the FT-IR spectra obtained for raw crude
oil, and crude oil contacted with LSW and LSW + NaOH
solutions are presented in Section 3.3.1, as these form the basis
of discussion and are better known. In the next Sections 3.3.2
and 3.3.3, the FT-IR spectra obtained for crude oil contacted
with LSW-surfactant and LSW + NaOH + surfactant solutions
are presented, wherein new insight on the synergic effects is
gained. In addition, Table S2 presents the functional groups
identified in the FT-IR spectra of crude oil, alkali, surfactant and
LSW solutions.
3.3.1. FT-IR Spectroscopy of Raw Crude Oil, and Crude Oil

Contacted with LSW and LSW + Alkali Solutions. Figure 10
presents the FT-IR spectra of raw crude oil, and crude oil
contacted with LSW and LSW + NaOH solutions. In addition,
Table S2 (in the Supporting Information) shows the prominent
functional groups present in these samples (as well as other
samples latter discussed). As shown in Figure 10, specific groups
of chemical bonding give rise to bands at or near the same
frequency, notwithstanding of the structure of the rest of the
molecule. The main functional groups identified on the IR
spectra of the raw crude oil contain C−H stretching of the
saturate (2858 cm−1; alkanes: RCH2CH3), −CH2− methylene
bridge (2927 cm−1), C−C in ring of aromatics (1459 cm−1), and
C−H symmetric deformation of the saturate (1377 cm−1). The
peak at 729 cm−1 illustrates the presence of long chain alkyl
groups ((CH2)n, with n > 4) in saturates. Peaks in the
wavenumber range of 1800−1600 cm−1 are attributable to
carbonyl groups, such as carboxylic acids (1640 cm−1). Hence,
the absorption at 1640 cm−1 is the reason for the presence of
CO stretching bond of carboxylic acids or esters. In addition,
two strong peaks observed at about 3423 and 2940 cm−1 are
characteristic group frequencies for hydroxyl O−H bonds
resulting from aromatic (phenolic functional groups) and
dimeric (carboxylic acids) vibration, respectively. Peaks
attributable to the bending vibration of C−H in methylene
and methyl were observed at 1459 and 1377 cm−1, respectively.
These strong bands were observed mainly due to saturate
fraction of HCO. Twoweak peaks at 2364 and 2346 cm−1, which
are located in the region between 2440 and 2280 cm−1, are due
to absorption of P−H (phosphine) bonds. In addition, a sharp
peak at 1196 cm−1 can be assigned to the presence of strong C−
O stretch esters.41,66−68

The presence of sulfate ester and phosphate ester in the LSW
+NaOH contacted crude oil, with three peaks at 806, 1053, and
1200 cm−1 that are attributable to S-OR, P-OR and PO,
respectively,69 are seen in Figure 10. These peaks are not strong,
because the concentrations of sulfate ester and phosphate ester

are low in the solution. The weak peaks of SO bond in sulfate
ester are expected to be located in the region between 1350 and
1450 cm−1, whereas two medium peaks are found at 1377 and
1459 cm−1. Therefore, peaks attributable to SO bond are not
visible. This may be explained by both sulfate and phosphate
esters being converted to sulfate and phosphate surfactants
according to the hydrolysis and saponificationmechanisms, with
the elevated oil reservoir temperature being a factor that
exacerbates this chemical reaction.
The O−H bond in water is extremely polar, therefore there

are partial negative and positive charges (δ- and δ+) on the
oxygen and hydrogen, respectively. The O−H stretching range
of pure water absorption in infrared spectra is between 3100 and
4400 cm−1.7070 In this study, some new peaks appeared by
contacting LSW and LSW +NaOH solutions with the crude oil,
including 3857, 3892, 3677, and 3658 cm−1, which are
attributable to O−H bond in water.71 According to Figure 10,
two new strong peaks observed at about 3502 and 3366 cm−1 are
characteristic group frequencies for hydroxyl O−H bonded
resulting from alcohol and carboxylic acid adsorption,
respectively. These peaks indicate the formation of alcohols
and extra carboxylic acids, which resulted from hydrolysis of
esters in water. Esters are neutral compounds, unlike the acids
(carboxylic acids) from which they are formed. A typical
reaction is hydrolysis, wherein the alkoxy (OR′) group of an
ester is replaced by O−H; this reaction is known as “splitting
with water”. The hydrolysis of esters is catalyzed by either an
acid or a base (such as NaOH solution). Acidic hydrolysis is
simply the reverse of esterification, wherein an ester is heated
with a large amount of water containing a strong-acid or -base
catalyst. When an ester molecule hydrolyses with H+ ion of
water, it splits into an alcohol and a carboxylic acid
molecules,50−52,72−75 as shown in Figure 11.

Another observation from Figure 10 was that some new peaks
appeared for carboxylic acids, which was due to the addition of
NaOH to the solution. These peaks appeared at 3172 3166,
3140, 3002 cm−1 (strong O−H bond) and 1053 cm−1 (strong
C−O stretch). These peaks resulted from the base hydrolysis of
esters, wherein carboxylic esters hydrolyzed to the parent
carboxylic acid and an alcohol. This reaction is called
saponification, because it is the basis of soap formation from
glycerol triesters in fats or crude oil. This three-step process
leads to acyl-oxygen cleavage,50,51,73−75 as shown in Figure 12.
The sodium salt of the soap will be formed in this case, which

is an anionic carboxyl surfactant (RCOO−M+). FT-IR spectrum
of the LSW + NaOH + crude oil (Figure 10) suggests the
hydrolysis of esters and reaction between alkali agents and the
presence of carboxylic acid groups leading to formation of
surfactants in situ, which decreases the IFT between oil and
water.41 Figure 13 illustrates this mechanism.
Figure 14 shows the hydrolysis of a sulfate ester molecule with

anH+ ion of water molecule, which generates one alkyl hydrogen
sulfate and an alcohol molecule. In the next stage, one Na+ ion
from NaOH reacts with an alkyl hydrogen sulfate molecule to

Figure 11.Hydrolysis of ester molecule to generate carboxylic acid and
alcohol.
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produce sodium alkyl sulfate surfactant (CnH2n+1OSO2ONa)
with H2O. For instance, sodium lauryl sulfate is a member of
these surfactant groups, referred to as sodium dodecyl sulfate
(SDS). According to Figure 15, dialkyl hydrogen phosphate

results from hydrolysis of phosphate ester in water. After this
stage, one dialkyl hydrogen phosphate molecule reacts with a
Na+ ion of alkaline to generate a molecule of sodium dialkyl
phosphate surfactant ((CnH2n+1)2HPO4). It should to be
mentioned that both of these surfactants are anionic types.60

Furthermore, the concentration of carboxyl surfactants is much
more than that of sulfate and phosphate surfactants due to the
strong peaks of C−O (1200 cm−1) and CO (1651 cm−1) in
Figure 1540 In conclusion, alkali can react with three different
types of esters present in the crude oil, including ester, sulfate
ester and phosphate ester, to generate several anionic surfactants
in situ,76−79 as is deemed to have occurred in the current study
and to have contributed to the observed results.

3.3.2. FT-IR Spectroscopy of Crude Oil Contacted with LSW
+ SDBS and LSW+ Alkali+ SDBS Solutions. Figure 16 presents
the FT-IR spectra of crude oil contacted with LSW + SDBS and
LSW + SDBS + NaOH. The addition of SDBS to the aqueous
solution resulted in the formation of several new bonds. Three
strong peaks at 3012, 765, and 745 cm−1 are due to C−H
stretching in aromatic benzene chain. Furthermore, the peak at
1459 cm−1 indicates the C−C ring bond in aromatic structures,
which represents the benzene chain of the SDBS molecules.
Also, the strong band at 1322 cm−1 usually corresponds to the
presence sulfonate (SO) group stretching vibration, suggest-
ing that this compound must be sodium dodecylbenzenesulfo-
nate (SDBS).80,81

The IFT reduction mechanism with anionic SDBS surfactant
addition is illustrated in Figure 17. Hydrolysis of the ester is
intensified by adding alkali to the SDBS solution. Appearance of
the peak at 1169 cm−1 in the FT-IR analysis of NaOH + SDBS
contacted crude oil indicates that the bulk of the esters are in the
solution. Thus, production of the alcohol and carboxylic acid will
also increase. As a consequence, some new peaks appear due to
added NaOH, including 3634, 3596, 3571, 3488, and 3373
cm−1.3636 These peaks are attributable to strong O−H bond in
FT-IR analysis. As stated before, saponification process will be
carried out subsequently by Na+ ions. Therefore, the
accumulation of SDBS and soap molecules in the interface
between oil and water decreases the IFT more than the SDBS
surfactant alone.

3.3.3. FT-IR Spectroscopy of Crude Oil Contacted with LSW
+ C19TAB and LSW + Alkali + C19TAB Solutions.To analyze the
interactions between cationic surfactant and crude oil in the
presence and absence of alkali (NaOH), two systems containing
C19TAB were analyzed by FT-IR, as shown in Figure 18. The
bonds at the υ symmetric (CH3) and υ asymmetric (CH3)
frequencies are observed at 2930 and 2990 cm−1, respectively. It
should be mentioned that the CnTAB cationic surfactant head

Figure 12. Saponification mechanism in crude oil induced by NaOH,
based on mechanism from ref 50.

Figure 13. IFT reduction mechanism by NaOH at interface of oil and
water.

Figure 14. Hydrolysis of sulfate ester molecule and saponification by
NaOH to generate sodium alkyl sulfate surfactant.

Figure 15. Hydrolysis of phosphate ester molecule and saponification
by NaOH to generate sodium dialkyl phosphate surfactant.
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group [N(CH3)3]
+, attributable to (CH3) stretching vibration

bands, appears at approximately the same values, at 2925 and
2985 cm−1. Symmetric and asymmetric (CH3N) bending
vibration bands of the head [N(CH3)3] methyl group are
indistinguishable, as they appeared at 1460 cm−1 (between 1500
and 1400 cm−1). The peak value at 1180 cm−1 is indicative of
CN+ stretching vibration, which is in good agreement with the
data in the literature.20 As a result of the presence of asymmetric
stretching of nitrogen-oxygen linkage, the N-O peak is detected
at 1520 cm−1. The ammonium ion shows a broad peak at 2544
cm−1, which is attributed to the stretching vibration of the N−H
bond. The most important peak in this system appears at the
wavenumber of 935 cm−1, indicating the presence of a pivotal
bond between the nitrogen atom of the ammonium ion and the
OH− ion of water. In fact, after hydrolysis of C19TAB in water,
the Br− ion releases from the cationic surfactant molecule and is
replaced by OH−, which results in an alcohol molecule
(C19TAOH) formation.80 The effect of C19TAB in IFT
reduction is thus expressed by the following reaction: C19TAB
+ OH− → C19TAOH + Br−.

Figure 16. FT-IR spectra of crude oil contacted with LSW + SDBS, LSW + SDBS + NaOH and LSW + NaOH solutions.

Figure 17. IFT reduction mechanism by SDBS at interface of oleic and
aqueous phases.

Figure 18. FT-IR spectra of crude oil contacted with LSW + C19TAB, LSW + C19TAB+NaOH and LSW + NaOH solutions.
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The C19TAOHmolecules accumulate at interface of oleic and
aqueous phases, which creates a strong connection between the
two phases. As strong as this connection becomes, the IFT
reduction will be more significant. Figure 19 shows the
mechanism of IFT reduction by the cationic C19TAB surfactant.
The FT-IR peak value at 2936 cm−1 corresponds to increasing
the carboxylic acid production, and indicates that the hydrolysis
of ester is intensified by adding NaOH to the C19TAB solution;
thus soap is formed in the system. As explained previously, soap
is a kind of anionic surfactant. Furthermore, according to
literature,70,82,83 most anionic and cationic surfactants are not
compatible.

4. CONCLUSIONS

Although significant research has been carried out on the effects
of alkali and surfactants to reduce the interfacial tension between
oleic and aqueous phases, there has been a lack of mechanistic
understanding to define the chemical reactions between the
crude oil and chemical slug in detail. Previous studies have
focused on the reaction between carboxylic acids and alkali for
the formation of carboxylate surfactants, which are known as
soap. Moreover, hydrolysis of ester produces carboxylic acid,
while crude oil also contains sulfate and phosphate esters, and
the consequences of alkali reaction on their hydrolysis have not
yet been investigated in the case of alkaline flooding.
This study has investigated the effectiveness of surfactant and

alkali interactions at the liquid-liquid interface (oleic and water
phases) for improving oil recovery at low salt concentration (i.e.,
with use of low salinity water for reservoir flooding). Changes in
IFT, pH, EC, and FT-IR spectrum were evaluated exper-
imentally. The results of this study showed that not only
carboxylate surfactants are formed, but also another two anionic
surfactants, including sodium alkyl sulfate and sodium dialkyl
phosphate, are produced. In addition, the results indicate that
the alkali (NaOH) is compatible with anionic surfactants due to
the similar nature of surfactants produced from alkali reactions
with crude oil and anionic surfactants. In fact, all of carboxylate,
sulfate, phosphate and sulfonate surfactants are anionic, with
similar polar head group charge. Furthermore, cationic
surfactants in concentrations close to the CMC, along with
alkali, might play a synergetic role in IFT reduction. Further
increase in cationic surfactant concentration has the opposite
effect, leading to sedimentation at high concentrations. On the
other hand, due to salting-out effect, the solubility of polar
organic species increases in the aqueous phase at low salt

concentration, and LSW assists in reducing the IFT more
significantly.
The following points summarize the main findings of the

investigation carried out:

1. The IFT measurement showed that CMC values of
C19TAB and SDBS surfactants are 335 and 5000 ppm,
respectively.

2. It was found that SDBS was more compatible with NaOH
than C19TAB; however, the IFT values were reduced to
the minimum values at a lower concentration with
C19TAB compared to SDBS. At constant CMC values
of C19TAB and SDBS, theminimum IFTs of 0.23 and 0.22
mN/m were achieved at 500 and 5000 ppm of NaOH,
respectively.

3. The IFT values at constant CMC values of surfactants
showed two different behaviors with increasing NaOH
concentration. First, IFT decreased to a certain point,
then it started increasing with further increasing the
NaOH concentration for C19TAB solutions. However,
IFT reduced up to a specific concentration of NaOH, then
it became almost constant with increasing the NaOH
concentration in SDBS solution. This optimum value of
NaOH concentration was found to be 500 and 5000 ppm
for C19TAB and SDBS, respectively.

4. The use of NaOH enhances the hydrolysis of the esters
(ester, sulfate ester and phosphate ester) and produces
three different types of in situ anionic surfactants,
including carboxyl surfactant (RCOO−M+), sodium
alkyl sulfate surfactant (CnH2n+1OSO2ONa) and sodium
dialkyl phosphate surfactant ((CnH2n+1)2HPO4).

5. The pH value of oil-water system increases significantly
with addition of a small amount of NaOH, which helps for
IFT reduction between oleic and injected aqueous phases.
Also, NaOH has a great potential for creating a synergy
with anionic surfactants for reducing the IFT strongly in
comparison with using anionic surfactants singly.

6. Using alkali and anionic surfactant is more effective than
using alkali and cationic surfactant, because alkali
increases pH value significantly and anionic surfactants
work better in basic environment, while cationic
surfactants have greater effectiveness in acidic conditions.

Figure 19. IFT reduction mechanism by C19TAB at interface of oleic and aqueous phases.
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