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Abstract The effect of synthetic surfactant molecular

structure on the dynamic interfacial tension (DIFT)

behavior in Na2CO3/surfactant/crude oil was investigated.

Three surfactants, a nonionic (iC17(EO)13), an alcohol

propoxy sulfate (C14–15(PO)8SO4), and sodium dodecyl

sulfate (SDS) were considered in this study. Sodium

tripolyphosphate (STPP) was added to ensure complete

compatibility between brine and Na2CO3. In Na2CO3/

iC17(EO)13/oil and Na2CO3/C14–15(PO)8SO4/oil systems, a

strong synergistic effect for lowering the dynamic interfa-

cial tension was observed, in which the dynamic IFT are

initially reduced to ultralow transient minima in the range

1.1 9 10-3–6.6 9 10-3 mNm-1 followed by an increment

to a practically similar equilibrium value of 0.22 mNm-1

independent of Na2CO3 concentration (for iC17(EO)13) and

to decreasing equilibrium values with increasing alkali

concentrations (for C14–15(PO)8SO4). The observed differ-

ence in the equilibrium IFT for the two systems suggest

that in both systems, the mixed interfacial film is efficient

in reducing the dynamic interfacial tension to ultralow

transient minima (*10-3 mNm-1) but the mixed film

soap-iC17(EO)13 is much less efficient than the mixed film

soap-C14–15(PO)8SO4 in resisting soap diffusion from the

interface to the bulk phases. In both systems, the synergism

was attributed, in part, to the intermolecular and

intramolecular ion–dipole interactions between the soap

molecules and the synthetic surfactant as well as to some

shielding effect of the electrostatic repulsion between the

carboxylate groups by the nearby ethylene oxide (13 EO)

and propylene oxide (8 PO) groups in the mixed interfacial

monolayer. SDS surfactant showed a much lower syner-

gism relative to iC17(EO)13 and C14–15(PO)8SO4, probably

due to the absence of ion–dipole interactions and shielding

effect in the mixed interfacial layer at the oil–water

interface.

Keywords Ion–dipole interaction � Surfactant–surfactant

interaction � Ultralow transient IFT � Dynamic IFT �
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Introduction

The occurrence of ultralow transient interfacial tension in

alkali/surfactant/acidic crude oil systems assumes that the

oil contains a mixture of organic carboxylic acids (HA) that

can form in situ surface active species by the reaction with

alkaline [1–4]. Two reaction paths have been considered.

The first path involves the extraction of the organic acid

into the aqueous phase, where it reacts with OH- to form

the active anion A�
w. In the presence of large amount of

Na?, AwNa, is formed. The second reaction path involves

the migration of the organic acid in the oil phase (HAo) to

the interface, where it undergoes dissociative adsorption

(A�
ads) resulting in a decrease of the IFT at the oil–water

interface [5].

The synergistic effect reflected in the reduction of the

interfacial tension (IFT) at the oil–water interface has been

mainly investigated in terms of the system’s physico-

chemical properties such as temperature, alkali concentra-

tion and type, surfactant type and concentration, sodium
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chloride, and crude oil acid number and composition. Thus,

Sun et al. [6] showed that Na2CO3 reacts slowly and partly

with the acid components in crude oil, while the reaction

with NaOH was very fast and complete. In addition, Na2-

CO3 was found to be more effective than NaOH in low-

ering the oil–water interfacial tension. Synergism for

lowering the dynamic interfacial tension (DIFT) between

alkyl naphthalene sulfonates having different alkyl chain

lengths and n-decane model oil and crude oil was found to

be controlled by surfactant concentration, alkyl chain

length, alkali concentration, alkali type, and oleic acid

concentration [7]. Zhang et al. [8] reported that the acid

fractions with lower average molecular weight (Mn\ 500)

have considerable aliphatics in the R side chain and show

stronger interfacial activities and dynamic interfacial ten-

sion behavior with alkali solutions. On the other hand, the

fractions with the higher average molecular weight

(Mn[ 500) have considerable aromaticity in the R side

chain and show lower interfacial activities. Furthermore,

the authors reported the following interesting observations:

(i) the acidic fractions in the oil phase can influence the

partition of added surfactants between the oil phase and the

aqueous phase, which resulted in the change of interfacial

tensions, (ii) the aromatic fractions, which have high

polarity, influenced interfacial tensions more intensively,

and (iii) the synergism for lowering the interfacial tension

in acidic fraction model oil/petroleum sulfonate systems

can be positive or negative according to the character of the

oil phase and aqueous phase. Rudin et al. [9, 10] studied

both equilibrium and dynamic interfacial tension in added

surfactant/alkali/acidic oil systems. They suggested that the

unionized acid species play a key role in affecting the DIFT

and the leading mechanism by which added surfactant aids

in the reduction of the DIFT is formation of a mixed film

with the ionized acid at the oil–water interface. Touhami

et al. [11] investigated the fundamental mechanisms for

lowering the DIFT between acidic oil and surfactant-en-

hanced alkaline solutions. They found that the DIFT

behavior was a function of acid concentration in the oil

phase, alkali concentration, and added surfactant concen-

tration in the aqueous phase. They also reported the exis-

tence of an optimum concentration with respect to both

surfactant and alkali, at which the DIFT was the lowest

(DIFTmin), and this optimum concentration depended on

acid concentration. They suggested that the unionized acid

contributed to the lowering of the DIFT through simulta-

neous adsorption of ionized acid and surfactant at the

interface. In another study, Touhami et al. [12] investigated

the dynamic IFT behavior in NaOH/SDS/model acidic oil

(linoleic acid dissolved in paraffin oil) system using pen-

dant drop measurements. A relationship between the crit-

ical micelle concentration and the DIFT behavior was

proposed, stating that below the CMC the addition of

synthetic surfactant can lead to IFT values significantly

lower than those obtained from a chemical reaction alone,

controversially above the CMC it can play significant role

in damping the IFT behavior arising from a chemical

reaction alone. An interesting study on the effect of sur-

factant concentration, NaOH and salt concentrations on

interfacial tension and electrophoretic mobility was

reported by Chan and Shah [13]. The transient minimum

IFT (DIFTmin) corresponded to the maximum elec-

trophoretic mobility, indicating that maximum adsorption

of the surfactant at the oil/water interface led to the highest

surface charge density, contributing to the lowering of the

interfacial tension to a minimum value.

Thus, the totality of research work reported in the lit-

erature correlates the synergism for lowering dynamic

interfacial tensions in alkaline/surfactant/acidic oil systems

to the physicochemical properties of the system such as

alkaline concentration and type (NaOH, Na2CO3), added

surfactant concentration and type (anionic, nonionic,…),

and crude oil acid number and composition. On the other

hand, the contribution of surfactant–surfactant interactions

between the in situ surfactant and the added (synthetic)

surfactant, that form a mixed interfacial monolayer, to the

overall synergism have rarely been addressed. Such sur-

factant–surfactant interactions in aqueous mixed micelles

have been widely investigated and were found to play a

dominant role in the observed synergism [14–18].

The aim of this work is therefore to investigate the

contribution of surfactant (in situ)–surfactant (synthetic)

interactions to the synergism for lowering the dynamic

interfacial tensions in surfactant/alkali/acidic crude oil

systems. Our hypothesis is that the synergism will be

somehow influenced by the type of added synthetic sur-

factant via intermolecular attractive interactions between

the in situ surfactant and the added synthetic surfactant in

the mixed interfacial monolayer as well as by the interac-

tions between the added surfactant with the two immiscible

phases. Three surfactants having different molecular

structures are considered in this investigation, namely a

nonionic polyoxyethylenated type surfactant (iC17–O–

(CH2CH2O)13–H, iC17(EO)13), one conventional anionic

surfactant (sodium dodecyl sulfate, SDS), and a propoxy-

lated anionic surfactant (C14–15–O–(CH2–CH(CH3)–O)8–

SO3Na, C14–15(PO)8SO4).

In particular, pioneer work on propoxylated anionic

surfactants for EOR revealed that by varying the carbon

chain number of the alcohol hydrophobe and the number of

propoxyl (PO) groups, together with shifting the

hydrophobicity with increasing electrolyte concentration

(i.e., optimum salinity), it should be possible to find the

appropriate water:oil phase behavior for any oil [19–21].

However, unlike ethoxy (EO) groups, increasing the

number of PO groups enhances the hydrophobicity and
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slightly the hydrophilicity. Hence, the propoxyl chain

appears to be mostly in the oil phase with the first 2–3 PO

groups attached to the anionic group on the water side of

the interface [22, 23]. This can explain the ultralow inter-

facial tensions that can be achieved with these surfactants

[24, 25]. Owing to their different molecular structures, the

surfactants used in this investigation will probably display

different intermolecular interactions with the in situ pro-

duced surfactant and with the oil and water phases, and

consequently exhibit different dynamic interfacial tension

behavior in surfactant/alkali/crude oil systems.

Experimental

Materials

Highly branched alkyl ether nonionic surfactant ((iC17–O–

(CH2–CH2–O)13–H, 100 wt% active material) and anionic

alcohol propoxy sulfate (C14–15–O–(CH2–CH(CH3)–O)8–

SO3Na, 85.3 wt%, active material) were used in this study.

These two surfactants were designed and tailored for the

enhanced oil recovery process and kindly supplied by

BASF (nonionic surfactant) and Sasol (anionic surfactant).

Sodium dodecyl sulfate was purchased from Sigma-

Aldrich (99? % purity).

Sodium tripolyphosphate (Na5P3O10, Sigma-Aldrich,

85 % purity) and sodium carbonate (Na2CO3, Qualigens

Fine Chemicals, 99.9 % purity) were used respectively as

chelating and alkaline agents. The following salts were

used to prepare the synthetic brine: NaCl (Fluka Analytical,

assay [99.5 %), MgCl2.6H2O (Kanto Chemical, assay

[99 %), CaCl2.2H2O, (Riedel-deHaën, [99 %), Na2O4S

(Fluka, [99 %), and NaHCO3 (Sigma-Aldrich, assay

[99.5 %).

Dead crude oil was provided by Petroleum Development

Oman (PDO). The viscosity and the density of the crude oil

are 173.5 mPa�s (cp) and 0.924 g/cm3 at 50 �C respec-

tively. The crude’s total acid number (TAN) is 1.224 mg

KOH/g of oil.

Methods

Dynamic interfacial tension measurements were performed

using a spinning drop tensiometer (SVT 20 from Data

Physics) in order to record the evolution of the interfacial

tension more readily in a short period of time. In all

measurements, the crude oil (*1–2 lL) was injected into

1 mL of the aqueous solution in a capillary tube. This tube

was rotated at 2000–3000 rpm after preheating to 50 �C.

The interfacial tension measurements were recorded using

image acquisition and software analysis. Depending on the

experiment type, the aqueous solution can be brine, brine/

alkali solution, brine/surfactant solution, and brine/al-

kali/surfactant solution. In all experiments, sodium

tripolyphosphate (STPP, 0.1 wt%) was added as a chelat-

ing agent to the brine, unless otherwise stated. Surfactants

and Na2CO3 were added to the brine at the desired

concentration.

Na2CO3–STPP compatibility in brine was tested by

mixing the two chemicals at different weight fractions in

glass tubes. The tubes were tightly closed with screw caps

and placed in a temperature-controlled cabinet (50 �C) to

equilibrate. They were visually observed for any precipi-

tation of a gel-like formation. Translucent and stable one

phase systems were considered as compatible.

In this work, all solutions were prepared with synthetic

brine (Table 1) and the measurements were carried out at

50 �C. Such conditions prevail in many Omani petroleum

reservoirs.

Results and Discussion

Brine/Na2CO3/STPP Compatibility

In alkaline chemical flood, the cations Ca2? and Mg2?are

known to easily precipitate their corresponding sparingly

soluble salts CaCO3 (solubility limit in water 0.014 g/L at

25 �C) and MgCO3 (solubility limit in water 0.16–0.4 g/L

at 100 �C) [26]. According to Table 1, Ca2? concentration

(0.54 g/L) is above the solubility limit of CaCO3, making

the use of Na2CO3 as an alkali agent impracticable.

Removing hardness to use softened injection water is

generally done by a precipitation process using lime or

caustic soda. However, chemical precipitation processes

are not capable of producing water having a hardness value

below 15–50 ppm (expressed as CaCO3). Hence, we added

sodium tripolyphosphate (STPP, Na5P3O10) to the

alkali/surfactant solution as an alternative approach in this

Table 1 Synthetic brine

composition
Element (g/L)

Chloride 3.649

Sodium 2.571

Calcium 0.059

Magnesium 0.019

Sulfate 0.497

Bicarbonate 0.186

Total iron 0

Carbonate 0

TDS 6.981

Salinity 6.613

Hardness 0.226

pH 7.9
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study. This salt dissociates in water according to the fol-

lowing Na5P3O10 ? 5Na? ? [O3POP(O2)OPO3]5-. The

highly charged chelating agent, TPP5- binds to Ca2? and

Mg2? tightly and prevents them from interfering with the

alkali (Na2CO3). In Fig. 1, the phase diagram for Na2CO3–

STPP system in brine shows chemical compatibility

between the two compounds over a wide range of con-

centration. For instance, at 0.1 wt% STPP, a clear and

stable one phase system is observed up to around 2.6 wt%

Na2CO3. In fact, 0.1 wt% STPP is equivalent to 2.71 mM

whereas Ca2? and Mg2? concentrations are 1.47 mM and

0.78 mM (Ca2? ? Mg2?: 2.25 mM), respectively, indi-

cating that all divalent cations are chelated.

Another important issue is the effect of STPP on the pH

of the alkaline–surfactant solution. Figure 2 shows such an

effect in de-ionized water and in brine at different STPP

concentrations in a wide range of Na2CO3 concentration

(0.03–2.5 wt%). Clearly, no significant effect of STPP on

the pH is observed, as reflected by the invariance of the pH

with increasing STPP concentration from 0.05 to 0.2 wt%.

In addition, at 0.5 wt% Na2CO3 concentration and above,

the pH of the solution remains practically invariant with

alkaline concentration (pH * 11.0), reflecting the excel-

lent buffering ability of Na2CO3.

Effect of STPP on the IFT Between Oil and Brine

The IFT between oil and brine in the absence and in the

presence of STPP (0.1 wt%) is displayed in Fig. 3. In

deionized water, the interfacial tension decreases from an

initial value of 28.5 mNm-1 to an equilibrium value of

25.5 mNm-1. In brine, both in the presence and absence of

STPP, the IFT decreases from an initial value of about

18 mNm-1 to a similar value at equilibrium (*6 mNm-1).

However, the decrease occurs in a relatively shorter time in

the presence of TPPS. In addition, this relatively low value

of the IFT (in the absence of added surfactant) is probably

due to the combined basic pH of the brine (*7.9) and the

acidity of the crude oil (TAN = 1.224 mg KOH/g) that

results in the formation of in situ naphthenic carboxylate

surfactant.

The effect of STPP (0.1 wt%) on the dynamic interfacial

tension behavior was also investigated in brine/surfactant

systems (Fig. 4). As shown in this Figure, no noticeable

effect of STPP is observed with the nonionic surfactant. In

both cases the IFT decreases from an initial value of 0.55

mNm-1 to an equilibrium of 0.29 mNm-1, suggesting no

significant interaction between STPP and iC17(EO)13.

Similar behavior is practically observed for SDS surfactant,

in which the equilibrium IFT value is around 1.0 mNm-1.
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Fig. 1 Phase diagram for Na2CO3–STPP in brine at 50 �C showing

the concentration range at which compatibility can be achieved
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Fig. 2 Effect of STPP concentration on the pH of Na2CO3 solutions

in brine: 0.05 wt% (filled triangles), 0.1 wt% (filled circles), 0.2 wt%,

(filled diamonds), and in deionized water (filled squares)
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Fig. 3 Dynamic interfacial tension behavior at 50 �C against crude

oil for deionized water (filled squares), synthetic brine (filled

triangles), and synthetic brine (0.1 wt% STPP) (filled diamonds)
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On the other hand, in C14–15(PO)8SO4/oil system, the IFT

decreases from an initial value of 0.36 mNm-1 to an

equilibrium value of 0.16 mNm-1 in the presence of STPP

(0.1 wt%) and from an initial value of 0.13 mNm-1 to a

significantly lower IFT at equilibrium (6.6 9 10-2

mNm-1) in the absence of STPP, suggesting a probable

effect of Na? and Ca2? on the dynamic IFT behavior.

Dynamic IFT in Na2CO3/Oil System

The dynamic IFT behavior in Na2CO3 aqueous solution

(0.1 wt% STPP)/oil systems at different alkaline concen-

trations (0.3–2.5 wt%) is shown in Fig. 5. Similar trends in

the variation of the DIFT are observed, in which the IFT

reaches rapidly a transient minimum (DIFTmin) and then

increases as time proceeds to reach equilibrium (IFTeq).

Both IFT are extracted from Fig. 5 and reported in Table 2.

As shown in this Table, with increasing alkalinity there is a

decrease in IFTmin from 2.86 mNm-1 (0.3 wt% Na2CO3) to

1.4 9 10-1 mNm-1 (2.5 wt% Na2CO3), whereas equilib-

rium IFT decrease from 4.78 to 8.1 9 10-1 mNm-1

respectively. Transient IFT minima between crude oil and

alkali-aqueous phase have been reported earlier in many

studies [11, 12, 27–29]. This observation was attributed to

the migration of organic species to the oil–water interface.

The in situ produced surface-active species by the reaction

of alkaline with acids and esters in oil adsorbed at the O/W

interface reduce the IFT. Initially, the adsorption rate is

higher than the desorption rate and the surface-active

species accumulates at the interface. Ultimately, the sur-

factant concentration at the oil–water interface reaches the

maximum, and the minimum of dynamic IFT is achieved

accordingly. Subsequently, the rate of adsorption is slowed,

whereas the desorption process is accelerated, leading to an

increase in the IFT which eventually reaches an equilib-

rium value when both rates are equal. Furthermore, Fig. 5

shows that the IFT-time profile is shifted to lower IFT

values as the concentration of Na2CO3 is increased.

At this juncture, it is important to realize that in

IFT measurements using the spinning drop technique the

water to oil ratio is extremely high [*1 mL/

(1–2 lL = 1000–500)], suggesting that the equilibrium

pHeq is very close to the initial pHi. Accordingly, we

measured pHi and pHeq for Na2CO3 (0.3 wt%)/oil and

Na2CO3 (1.0 wt%)//oil systems at water to oil ratio of 500.

For Na2CO3 (0.3 wt%)/oil system, pHi = 10.52 and

pHeq = 10.42 (DpH = 0.10) whereas for Na2CO3 (1.0

wt%)/oil pHi = 10.75 and pHeq = 10.66 (DpH = 0.09).

Practically, a very small and similar DpH variation is

observed, reflecting a similar amount of in situ produced

surfactant in both systems. Thus, the decrease in the IFT

with increasing Na2CO3 concentration is probably due to a

salt effect in which the electrostatic repulsion between

carboxylate head groups in the interfacial oil–water layer is

reduced upon increasing salt concentration. In addition,

IFT measurements were carried out in Na2CO3 (0.3 wt%)/

oil and Na2CO3 (0.3 wt%)/NaCl (2.5 wt%)/oil systems.

IFTmin and IFTeq were 1.37 mNm-1 and 2.05 mNm-1 for

Na2CO3 (0.3 wt%)/oil and 0.89 mNm-1 and 1.54 mNm-1

for Na2CO3 (0.3 wt%)/NaCl (2.5 wt%)/oil system,

reflecting a decrease in the IFT with salinity.

Finally, the transient IFT minima observed in the entire

range of Na2CO3 concentration used (0.3–2.5 wt%) fall in

the range 2.86–0.14 mNm-1, well above the ultralow IFT

(\10-2 mNm-1) required in EOR applications. Ultralow

interfacial tensions (*10-3 mNm-1) cannot therefore be

achieved with the alkali alone and the addition of synthetic

surfactant to the alkali solution is necessary.
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Fig. 4 Dynamic interfacial tension behavior in surfactant (0.1 wt%)/

oil systems at 50 �C: SDS (filled squares), iC17(EO)13 (filled stars),

C14–15–(PO)8–SO4Na (filled lower triangles), SDS (0.1 wt% STPP)

(filled upper triangles), iC17(EO)13–H (0.1 wt% STPP) (filled circles),

and C14–15–(PO)8–SO4Na (0.1 wt% STPP) (filled diamonds)
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Fig. 5 The effect of Na2CO3 concentration on the dynamic interfa-

cial tension behavior against crude oil at 50 �C: 0.3 wt% (filled

circles), 0.7 wt% (filled squares), 1.0 wt% (filled lower triangles),

1.5 wt% (filled diamonds), and 2.5 wt% (filled stars)
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Dynamic IFT in Na2CO3/Surfactant/Oil Systems

Na2CO3/iC17(EO)13/Oil System

In this set of experiments, we measured the IFT inNa2CO3/

iC17(EO)13/oil at different alkaline concentrations

(0–1.8 wt%) in the presence of STPP (0.1 wt%). The results

are shown in Fig. 6. In the absence of alkaline, no minimum

transient IFT between crude oil and surfactant solution is

observed as reflected by the continuous decrease of the IFT

from 4.5 9 10-1mNm-1to about 3.1 9 10-1mNm-1, sug-

gesting that the nonionic surfactant alone cannot reduce the

IFT below 10-2 mNm-1. When Na2CO3 (0.8 wt%) is added

to the surfactant solution, the IFT is significantly reduced to

about 4.2 9 10-2 mNm-1 at the beginning followed by an

increment to 2.3 9 10-1 mNm-1 at equilibrium. With fur-

ther increase in alkaline concentration (1.0–1.8 wt%), the

IFT are reduced from about 1.82 9 10-2 mNm-1 at the

beginning to ultralow transient minima in the range

1.1 9 10-3–6.3 9 10-3 mNm-1 followed by an increment

to a practically similar value of 2.2 9 10-1 mNm-1 at

equilibrium (Table 2). These results are clearly reflecting a

strong synergistic effect between the in situ produced sur-

factant and the added surfactant in reducing the IFT more

effectively than surfactant alone, and that the alkaline is

playing a key role in this process. The dynamic interfacial

tension behavior displayed in Fig. 6 is generally attributed to

the rapid diffusion of crude oil surface-active species and the

added surfactants initially dispersed in the aqueous phase

into the oil–water interface forming a mixed surfactant layer

responsible for the transient ultralow IFT. It is believed that

the dynamic IFT reaches a minimum when the adsorbed

surface-active species, including the added surfactant and the

in situ produced surfactant, reach the optimum concentration

and ratio [30–33]. In addition, it can be seen from Table 2

that the ultralow transient IFTmin values decrease from

6.3 9 10-3 to 1.1 9 10-3 mNm-1 upon increasing Na2CO3

concentration from 1.0 to 1.8 wt%. This IFTmin-alkaline

concentration dependence may be attributed to an increase in

in situ produced surfactant as Na2CO3 concentration is

increased, leading to higher adsorption of soap molecules at

the oil–water interface and consequently lower IFTmin.

On the other hand, the equilibrium IFT are independent of

Na2CO3 concentration, as reflected by the convergence of the

Table 2 Ultra low transient

minima and equilibrium IFT at

different Na2CO3

concentrations at 50 �C for

alkali surfactant-free and

alkali/surfactant/oil systems

Na2CO3 (surf-free) iC17(EO)13H

Na2CO3 (wt%) IFTmin IFTeq Na2CO3 (wt%) IFTmin IFTeq

Brine – 6.12 0 – 3.1 9 10-1

0.3 2.86 4.78 0.8 3.9 9 10-2 2.3 9 10-1

0.7 1.76 3.72 1 6.3 9 10-3 2.0 9 10-1

1 1.23 3.05 1.2 3.4 9 10-3 2.1 9 10-1

1.5 3.2 9 10-1 1.05 1.4 1.9 9 10-3 2.2 9 10-1

2.5 1.4 9 10-1 8.1 9 10-1 1.8 1.1 9 10-3 2.1 9 10-1

C14–15(PO)8SO4 SDS

Na2CO3 (wt%) IFTmin IFTeq Na2CO3 (wt%) IFTmin IFTeq

0 – 1.6 9 10-1 0 – 1.08

0.4 3.1 9 10-2 4.9 9 10-2 0.5 1.6 9 10-1 7.5 9 10-1

0.6 1.1 9 10-2 3.8 9 10-2 1 3.5 9 10-2 5.6 9 10-1

0.8 6.6 9 10-3 3.2 9 10-2 1.4 1.1 9 10-2 5.5 9 10-1

1 2.9 9 10-3 1.3 9 10-2 1.6 9.7 9 10-3 5.4 9 10-1

– – – 1.8 1.1 9 10-2 5.6 9 10-1

Time (s)
100 1000 10000

IF
T 

(m
N

/m
)

0.001

0.01

0.1

1

Fig. 6 The effect of Na2CO3 concentration on the dynamic interfa-

cial tension behavior in Na2CO3/iC17(EO)13 (0.1 wt%)/oil at 50 �C:

0 wt% (filled diamonds), 0.8 wt% (filled circles), 1 wt% (filled upper

triangles), 1.2 wt% (filled lower triangles), 1.4 wt% (filled squares),

and 1.8wt% (filled stars)

766 J Surfact Deterg (2015) 18:761–771

123



dynamic IFT to similar values at equilibrium

(*2.2 9 10-1 mNm-1), a value quite close to the equilib-

rium IFT for the surfactant alkali-free system

(2.9 9 10-1 mNm-1). The significance of this observation

is that the increase in the dynamic IFT in Na2CO3–iC17

(EO)13 system is probably attributed to a selective diffusion

of the in situ produced surfactant from the oil–water interface

to the bulk aqueous and oil phases. In other words, the mixed

interfacial soap-iC17(EO)13 is very efficient in reducing the

dynamic IFT to ultralow transient values (*10-3 mNm-1)

but less efficient in resisting the diffusion of soap molecules

from the interface.

It is also worth noting that the lifetime (s) of the ultra-

low transient interfacial tensions around the minima (time

for which the IFT remains in the range 10-2 to

10-3 mNm-1 as required in EOR applications) increases

with increasing alkaline concentration (Table 3). This

observation was reported by Touhami et al. [11] by

studying the dynamic IFT of acidified model oil/alkaline

systems. Zhang et al. [8] reported a similar trend in the

variation of the dynamic IFT and attributed this phe-

nomenon to the influence of the increased Na2CO3 con-

centration on the in situ surfactant’s diffusion. As the

alkaline concentration increases, more Na? are present in

the aqueous phase. The increased ionic strength reduces the

diffusion of the in situ produced surface-active species

from the interface to the bulk phases. In fact, this is con-

sistent with the observations shown in Fig. 6, in which it

can also be observed that the higher the alkaline concen-

tration the more time is needed for the systems to reach the

ultralow transient interfacial tension minima, confirming

that diffusion of the in situ surfactant from the interface to

the aqueous phase is somehow limited by the ionic strength

of the solution [8]. Interestingly, the time needed to reach

equilibrium values is practically independent of the alkali

concentration.

As previously mentioned, the effect of synthetic sur-

factants on the interfacial tension behavior of acidic crude

oil/alkali systems was generally associated with the

physicochemical properties of the alkali/surfactant/oil

system such as the nature and composition of the crude oil,

type and concentration of the synthetic surfactant, and the

type and concentration of the alkaline. However, irre-

spective of the nature of the system’s physicochemical

properties mentioned above, the intermolecular (and

intramolecular) attractive interactions between the in situ

produced surfactant (soap) and the added synthetic sur-

factant iC17(EO)13 that form a mixed interfacial monolayer

at the crude oil–water interface, may consequently con-

tribute to the overall synergism in Na2CO3/iC17(EO)13/oil

system (Fig. 6). Surfactant–surfactant interactions in

aqueous anionic-nonionic mixed micelles have been

extensively investigated in terms of the interaction

parameter bM [14–18]. A negative bM means that the

repulsive interactions between the two different surfactants

in mixed micelles are weaker than the repulsive interac-

tions of the individual surfactants with themselves in single

micelles. At the molecular scale, the mixed soap/iC17

(EO)13 interfacial monolayer between the crude oil and

brine can be considered to be similar to mixed micelle-

water interface. Accordingly, the synergism for lowering

the DIFT in Na2CO13/C17(EO)13/Na2CO3/oil system may

also be attributed, to some extent, to the fact that the

repulsive interactions between the in situ carboxylate sur-

factant and iC17EO13 in the mixed interfacial film is weaker

than the repulsive interactions of the individual surfactants

with themselves in Na2CO3/oil (surfactant-free) and

iC17(EO)13/oil (alkaline-free) systems. In alkaline surfac-

tant-free solutions there will be a significant electrostatic

self-repulsion between the anionic carboxylic groups of the

in situ produced soap, whereas in iC17(EO)13 alkaline-free

solution there will be a weak steric self-repulsion between

the ethylene oxide (EO) groups. On the other hand, in

Na2CO3/iC17(EO)13/oil system, the strong electrostatic

self-repulsion between the polar head groups (–COO-) in

Na2CO3/oil system can be significantly reduced by the

formation of a mixed soap-iC17(EO)13 interfacial film at

the oil–brine interface, as reflected by the synergism in

Fig. 7. This is because in the mixed interfacial monolayer,

the carboxylate groups of the naphthenic soap molecules

are probably located at the brine–oil interface and sur-

rounded by water molecules, whereas the nonionic bulky

polyoxyethylene chain extends further into the aqueous

phase and adopt a somehow coiled conformation sur-

rounding the nearby –COO- groups. Consequently, some

shielding of the carboxylate groups may occur (Sche-

me 1a), resulting in a decrease in –COO-–COO- electro-

static repulsion. Furthermore, the proximity of the ethylene

oxide groups to the carboxylate groups may result in ion–

dipole attractive interactions between –COO- and the

nearby O ? CH2 dipole as illustrated in Scheme 1a. It is

therefore reasonable to assume that these intermolecular

ion–dipole attractive interactions between the two

Table 3 Lifetime for dynamic IFT in the range10-2–10-3 mNm-1

for Na2CO3/surfactant/oil systems at 50 �C

iC17(EO)13 C14–15(PO)8SO4

Na2CO3 (wt%) s/s Na2CO3 (wt%) s/s

0 – 0 –

0.8 – 0.4 –

1 109 0.6 –

1.2 261 0.8 319

1.4 854 1 1802

1.8 1075 – –
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surfactants will contribute to the observed synergism in

Na2CO3/iC17(EO)13/oil system (Fig. 7). Recently, we

reported such ion–dipole interactions in sodium lauryl

ether sulfate (SLES)-Triton X-100 [14] and SLES-Brij35

[15] mixed micelles in aqueous media.

Na2CO3/C14–15(PO)8SO4/Oil System

Figure 8 shows the effect of Na2CO3 concentration

(0.4–1.0 wt%) on the dynamic interfacial tension behavior

in Na2CO3/C14–15(PO)8SO4/oil system. The IFT-time pro-

file is essentially similar to that observed with iC17(EO)13,

namely: (i) no minimum transient IFT between the oil and

surfactant solution is observed in the absence of alkaline as

reflected by the continuous decrease in the IFT from an

initial value of 3.6 9 10-1 mNm-1 to an equilibrium IFT

value around 1.6 9 10-1 mNm-1, (ii) when alkaline

(0.4 wt%) is added to the surfactant solution (0.1 wt%), the

IFT is significantly reduced to about 3.6 9 10-2 mNm-1

and remains practically invariant with time, (iii) increasing

alkaline concentration to 0.6, 0.8, and 1.0 wt% resulted in a

decrease of the IFT from 1.5 9 10-2 mNm-1 at the

beginning to transient ultralow minima in the range

1.1 9 10-2–2.9 9 10-3 mNm-1 followed by an increment

to IFT at equilibrium in the range 1.3 9 10-2–

3.8 9 10-2 mNm-1 (Table 2), (iv) the IFT-time curve

shifts to lower IFT as the alkaline concentration is

increased, and (v) the lifetime of the transient ultralow IFT

(10-2–10-3 mNm-1) increases with increasing Na2CO3

concentration. These results indicate that the repulsive

interactions between the carboxylate and sulfate groups in

Na2CO3/C14–15(PO)8SO4/oil are weaker than the strong

repulsive interactions of the individual surfactants with

themselves in Na2CO3/oil and C14–15(PO)8/oil systems, in

which there will be strong electrostatic self-repulsion

between the carboxylate groups in one hand and between

the sulfate groups in the other hand, respectively. Unlike in

Na2CO3/iC17(EO)13/oil system, only the 2–3 first PO

groups attached to the sulfate group can participate in

either intramolecular attractive ion dipole attractive inter-

actions with the sulfate group or in intermolecular ion–

dipole interaction with carboxylate moieties (Scheme 1b).

It is also worth noting that the shielding effect by PO

groups on carboxylate-sulfate electrostatic repulsion is

probably negligible in Na2CO3/C14–15(PO)8SO4/oil system.

A final interesting observation is the dependence of the

equilibrium IFT on Na2CO3 concentration (Table 3). Par-

ticularly, the equilibrium IFT in the presence of 1.0 wt%

Na2CO3 (IFTeq = 1.3 9 10-2 mNm-1) is one order of

magnitude lower that the corresponding IFT in surfactant–

Scheme 1 Schematic representation for the intermolecular ( )

and intramolecular ( ) ion–dipole interactions and electrostatic

–COO-–SO4
- repulsion ( ) in Na2CO3/iC17(EO)13/oil (a),

Na2CO3/C14–15(PO)8/oil (b), and Na2CO3/SDS/oil (c) systems

Time (s)
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T 
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/m
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1

Fig. 8 Effect of Na2CO3 concentration on the dynamic interfacial

tension behavior in Na2CO3/C14–15–(PO)8–SO4 (0.1 wt%)/oil at

50 �C: 0 wt% (filled circles), 0.4 wt% (filled upper triangles),

0.6 wt% (filled lower triangles), 0.8 wt% (filled diamonds), and

1.0 wt% (filled squares)
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Fig. 7 Dynamic interfacial tension behavior against crude oil at

50 �C in: Na2CO3 (1.0 wt%) surfactant-free system (filled circles),

iC17(EO)13 (0.1 wt%) alkaline-free system (filled squares), and

Na2CO3 (1 wt%)/iC17(EO)13 (0.1 wt%) system (filled lower

triangles)
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alkaline free system (1.4 9 10-1 mNm-1). This indicates

that, contrary to what was observed in Na2CO3/iC17(EO)13/

oil system, the mixed interfacial film in Na2CO3/

C14–15(PO)8/oil is efficient in decreasing the IFT at equi-

librium and in resisting mass transfer of the in situ sur-

factant across the oil–water interface.

Na2CO3/SDS/Oil System

In order to compare and corroborate our interpretations for

the two surfactants investigated above, the same experi-

ments were carried out with sodium dodecyl sulfate (SDS),

a non ethoxylated/propoxylated conventional surfactant.

The effect of Na2CO3 concentration on the dynamic IFT

behavior is shown in Fig. 9. The trend is comparable to that

observed with iC17(EO)13 and C14–15(PO)8SO4 in which

(i) the IFT decreases rapidly to a low transient IFT value,

followed by an increase to an equilibrium IFT value, and

(ii) the IFT-time curve shifts to lower IFT values upon

increasing alkaline concentration. The IFT at equilibrium

are independent of alkaline concentration and converge to a

similar value of about 5.6 9 10-1 mNm-1 in the alkali

concentration range 0.8–1.8 wt%. In terms of ultralow

transient IFT minima, the lowest value obtained at 1.6 wt%

alkaline concentration was around 1.1 9 10-2 mNm-1,

one order of magnitude higher that the ultralow transient

minima obtained with the nonionic ethoxylated (iC17(-

EO)13) and the propoxylated sulfate anionic (C14–15(PO)8-

SO4) surfactants (IFTmin * 10-3 mNm-1). This may be

explained by the relative strong electrostatic repulsion

between the carboxylate and sulfate groups in Na2CO3/

SDS/oil system due to the absence of (i) intermolecular and

intramolecular ion–dipole attractive interactions and (ii)

the shielding effect of the carboxylate groups in Na2CO3/

SDS/oil system, as compared to Na2CO3/iC17(EO)13/oil

and C14–15(PO)8SO4/oil systems.

Synergism and Synthetic Surfactant Molecular

Structure

According to Figs. 7, 8, and 9, maximum synergism in

terms of lowering the dynamic interfacial tension occurs at

1.8, 1.0, and 1.6 wt% Na2CO3 for iC17(EO)13, C14–15-

(PO)8SO4, and SDS respectively. In order to compare the

effect of the synthetic surfactant molecular structure on the

observed synergism, we plot the variation of the dynamic

IFT versus time for the three surfactant solutions at the

corresponding optimum alkaline concentration in Fig. 10.

As seen in this Figure, iC17(EO)13 displays the strongest

synergism for lowering dynamic IFT transient (DIFTmin =

1.1 9 10-3 mNm-1), against 2.9 9 10-3 mNm-1 and

1.1 9 10-2 mNm-1 for C14–15(PO)8SO4 and SDS,

respectively. Hence, in addition to the strong effect of

Na2CO3 on DIFTmin, surfactant–surfactant interactions at

the mixed interfacial film may also contribute to the overall

synergism as reflected by the increase in synergism in the

order iC17(EO)13[C14–15(PO)8SO4[ SDS. The stronger

synergism observed with iC17(EO)13 relative to that

observed with C14–15(PO)8SO4 can be attributed to the

additional intramolecular ion–dipole attractive interaction

between the sulfate group and the nearby propylene oxide

group and to the possible carboxylate-sulfate repulsive

interactions in Na2CO3/C14–15(PO)8SO4/oil system. The

lowest synergism observed in Na2CO3/SDS/oil system is

probably due to the absence of ion–dipole interactions, and

shielding effect of the carboxylate group that occur in
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Fig. 9 Dynamic interfacial tension behavior of 0.1 wt% SDS at

50 �C and different Na2CO3 concentrations: 0.5 wt% (filled circles),

1.0 wt%3 (filled diamonds), 1.4 wt% (filled upper triangles), 1.6 wt%

(filled lower triangles), 1.8 wt% (filled squares), against acidic crude

oil
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Fig. 10 Dynamic interfacial tension behavior at 50 �C for Na2CO3/-

surfactant (0.1 wt%)/oil systems at their corresponding optimum

alkaline concentrations: Na2CO3 (1.6 wt%)/SDS/oil (filled circles),

Na2CO3 (1.8 wt%)/iC17(EO)13/oil (filled squares), and Na2CO3

(1.0 wt%)/C14–15–(PO)8–SO4/oil (filled lower triangles)
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Na2CO3/iC17(EO)13/oil and Na2CO3/C14–15(PO)8SO4/oil

systems.

In addition to surfactant–surfactant interaction in the

mixed interfacial monolayer, the interaction of the syn-

thetic surfactant polar and hydrophobic groups with the

aqueous and the oil phases also may contribute to the

overall observed synergism. The higher these interactions

are, the higher is the reduction in the IFT between the two

immiscible phases. Nonionic polyoxyethylenated type

surfactants are known to derive their polarity from the

polar ethylene oxide groups which interact strongly with

water environment via hydrogen-bonding. This results in a

strong water-iC17(EO)13 interaction. On the other hand,

water interaction with the propylene oxide groups in Na2-

CO3/C14–15(PO)8SO4/oil system is probably weaker due to

the known hydrophobicity character of propylene oxide

groups. Likewise, added surfactant–oil hydrophobic

attraction is expected to follow the order iC17(EO)13)[
C14–15(PO)8SO4[SDS, owing to the increase in alkyl

chain hydrophobicity with an increasing number of carbon

atoms.

An interesting feature is observed for the dynamic

interfacial tension behavior in Na2CO3/iC17(EO)13/oil and

Na2CO3/SDS/oil systems, in which the equilibrium IFT are

independent of Na2CO3 concentration (2.2 9 10-1 mNm-1

and 5.6 9 10-1 mNm-1 for iC17(EO)13 and SDS, respec-

tively). The equilibrium IFT value for Na2CO3/iC17(EO)13/

oil is relatively close to the corresponding value in alkaline-

free system iC17(EO)3/oil system (2.9 9 10-1 mNm-1).

This can be explained by a selective diffusion of the in situ

surfactant from the oil–water interface to the aqueous

phase. Consequently, the mixed interfacial monolayer

becomes gradually richer in synthetic surfactant. In other

words, the mixed interfacial layer is efficient at lowering the

dynamic interfacial tension (*10-3 mNm-1) but less effi-

cient at resisting the diffusion of the carboxylate in situ

surfactant diffusion from the interface to the bulk phases.

On the contrary, the equilibrium IFT in Na2CO3/C14–15-

(PO)8SO4/oil system decrease with increasing alkaline

concentration (Table 2). For instance, at the optimum

alkaline concentration of 1.0 wt%, the equilibrium IFT is

around 1.3 9 10-2 mNm-1, whereas the corresponding

IFTeq in the absence of alkaline is about 1.6 9 10-1

mNm-1. This suggests that the synergistic effect between

the in situ surfactant and Na2CO3/C14–15(PO)8SO4/oil that

form the mixed interfacial film is efficient in (i) decreasing

the transient IFT to ultralow values (10-3 mNm-1), and (ii)

resisting the mass transfer of the in situ produced surfactant

across the crude oil/brine interface.

Finally, it should be mentioned that the increase in IFT

from ultralow transient values (*10-3 mNm-1) to equi-

librium values higher than the required ones in EOR

applications may appear problematic in actual reservoir

flooding. However, Taylor and co-workers [29] reported

that residual oil recovery through alkaline–surfactant

flooding of linear Berea sandstone correlates better with the

minimum transient IFT than with the equilibrium one.

Understanding the factors affecting the occurrence of

minimum transient ultralow IFT is therefore of paramount

importance in actual reservoir alkaline–surfactant flooding.
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