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Abstract Upon dilution by the petroleum reservoir

connate water, the anionic commercial surfactant blend

often used in enhanced oil recovery by low tension,

becomes more lipophilic at the interface because of

so-called selective partitioning. Hence, the optimum

formulation is not maintained when the injected slug

moves through the reservoir. An opposite variation is

found for ethoxylated nonionic surfactant systems. As a

consequence of these antagonistic influences, the opti-

mum formulation shift produced by dilution may be

eliminated by using an appropriate mixture of anionic and

nonionic commercial surfactants, so that the two effects

exactly cancel out.
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Abbreviations

SAD Surfactant affinity difference defined in Eqs.

(1) and (2)

HLD Hydrophilic-lipophilic deviation defined in

Eqs. (1) and (2)

ACN Alkane carbon number

PSMW425 Petroleum sulfonate sodium salt with an

average molecular weight of 425

PSHL Petroleum sulfonate sodium salt with a

molecular weight range of 440 to 470

C12OXS Dodecyl orthoxylene sulfonate sodium salt

NP6EO Commercial ethoxylated nonylphenol with

an average of 6 ethylene oxide groups

EON Average number of ethylene oxide groups

per molecule

List of symbols

S Salinity of aqueous phase (in wt% NaCl)

r Characteristic parameter of an anionic

surfactant

b Characteristic parameter of a nonionic

surfactant

f(A) and /(A) Functions representing the effect of the

type and concentration of alcohol

T Temperature (� C)

k, b, aT, cT Constants (see Refs. 4, 6, 10, 12)

Introduction

Enhanced oil recovery again appears to be attractive now

and for the years to come, since it seems to be the best way

to ensure the energy supply for liquid fuels in the short

term, provided that the crude oil price stabilizes in the 60–

80 $/Bbl range or above it, a very probable eventuality.

In the mid 1970s, a huge research and development

effort made by major oil companies and western govern-

ments showed the feasibility of the so-called surfactant

flooding techniques to attain an ultimate recovery in the

swept zone higher than 50–60% of the original oil in place,

i.e., about twice the current ultimate recovery by conven-

tional methods [1]. The principle of the method is to

achieve a so-called optimum formulation in which the

interfacial tension becomes quite low, i.e., less than

0.01 mN/m, so that capillary forces which trap the oil

globules essentially vanish [2, 3].
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Such an occurrence was shown to be associated with a

three-phase behavior in which a bicontinuous microemul-

sion is in equilibrium with excess oil and water phases [4].

Half a century ago, Winsor established that this situation

takes place when the interaction of the surfactant adsorbed

at interface with the water phase, exactly balances its

interaction with the oil phase. He suggested using the ratio

R of both interactions as a yardstick to find the actual

formulation conditions to attain such a so-called optimum

formulation; he listed the variables likely to alter the R

ratio and discussed how to handle them; however, the R

theory, though very pedagogical and enlightening, could be

used only in a qualitative way [5].

In the mid 1970s, extensive experimental studies

showed that this optimum condition could be numerically

expressed as an empirical relationship between formulation

variables [6, 7], which was shown later to express a zero

surfactant affinity difference (SAD), i.e. the equality of the

standard chemical potential of a surfactant molecule in

both water and oil phases [8–10].

The zero SAD condition has been further studied for

other applications and is now written as a dimensionless

expression of the hydrophilic-lipophilic deviation (HLD)

that could be expressed as follows in simple systems [11].

For anionic surfactants such as alkylaryl sulfonates,

alkyl sulfates or soaps

SAD=RT ¼ HLD

¼ ln S� kACN þ r� fðAÞ � aTðT � TrefÞ ¼ 0

ð1Þ

and for polyethoxylated nonionic surfactants

SAD=RT ¼ HLD

¼ b S� kACNþ b� /ðAÞ þ cTðT � TrefÞ ¼ 0

ð2Þ

where S is the salinity of the aqueous phase in wt% NaCl;

ACN is the alkane carbon number, a characteristics of the

oil phase when it is an n-alkane, which is substituted by the

equivalent ACN or EACN when it is not; r is a charac-

teristic parameter of the surfactant and determines its rel-

ative affinity of the oil and water phase, but with a much

better accuracy than the HLB number; r increases with the

alkyl tail length, i.e. when the surfactant becomes more

lipophilic, which results in an increase in HLD [12]. b is

the equivalent characteristic parameter for an ethoxylated

alcohol or phenol surfactant which may be written as a—

EON, in which the effects of the head group (EON is the

ethylene oxide number, i.e. the average number of ethylene

oxide groups per molecule) and tail (a also increases lin-

early with the tail length) are separated. The f(A) and /(A)

are similar functions that depend on the alcohol co-sur-

factant type and concentration. For a lipophilic alcohol

their value is negative and increases almost linearly with

the alcohol concentration.

For a given surfactant (r or b), oil (ACN or EACN) and

temperature, there is a value of salinity S for which

HLD = 0, which is referred to as optimum salinity for

minimum tension or three-phase behavior [13].

T is the temperature and Tref a reference value usually

25 �C. k, b, aT and cT are constants that depend on the

system nature. It is worth noting that in Eqs. (1) and (2), the

sign before the temperature effect is different for the two

types of surfactants, hence indicating antagonistic effects

of the temperature for a surfactant blend, which may be

combined to cancel out each other. This feature has

allowed to design ionic-nonionic mixed systems whose

formulation is insensitive to temperature [14]. Such a

principle of combining two antagonisms will be used to

attain insensitivity to dilution in what follows.

It is worth remarking that the HLD is a generalized

formulation concept which unifies and fully quantifies the

early yardsticks proposed to estimate the interaction of the

surfactant with oil and water phases, such as the HLB, PIT

and Winsor Ratio, whose historical background may be

found elsewhere [15]. As discussed in a recent paper [16],

the HLD is related to physical concepts such as the sur-

factant packing parameter and the spontaneous curvature of

the interface. At HLD = 0 the spontaneous curvature is

zero and the affinity of the surfactant for the aqueous phase

exactly equilibrates its affinity for the oil phase. When HLD

\0 (respectively HLD[0) the dominant surfactant affinity

is for the aqueous (respectively oil) phase. From the

physical chemistry point of view, HLD represents the

standard free energy of transfer of a surfactant molecule

from aqueous phase to oil [11].

Experimental Section

PS MW425 is a petroleum sulfonate sodium salt sold

commercially by Witco Chemicals as TRS 10–80, with an

average molecular weight of 425, and an activity of 60%.

PSHL is another petroleum sulfonate sodium salt blend

sold commercially by Witco Chemicals as Petronate HL

with a molecular weight range 440–470, 65% active.

C12OXS is a dodecylorthoxylene sulfonate sodium salt

from Exxon Chemicals; NP6EO is a commercial ethoxy-

lated nonyl phenol, 100% active sold by Stepan as Makon

6. Alkanes and sodium chloride are reagent grade products.

Isoparaffin is an Isopar M brand sold by Exxon.

All systems were equilibrated at 30 �C for 48 h in a

capped vial, before the samples of oil and water were

withdrawn to measure the tension. The interfacial tension is

measured at 30� ± 2 �C with a spinning drop tensiometer,

model TGG-M3 made by CITEC-ULA.
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Results and Discussion

Formulation Scan

A formulation scan is a series of surfactant-oil–water sys-

tems with all formulation variables constant but one, the

so-called one-dimensional formulation variable. The cor-

responding experimental technique has been used for the

last 30 years and is well documented in the literature [2, 4,

6–10]. Figure 1 indicates various formulation scans,

exhibiting the variation of interfacial tension with different

scanned variables, e.g. the alkane carbon number (ACN),

the salinity of the aqueous phase (S), the hydrophilicity of

the surfactant as its average ethylene oxide number (EON)

and the isopentanol concentration which produces a similar

effect through the f(A) function. The abscissa scale indi-

cates both the actual scanned variable value, and the HLD

calculated according to Eqs. (1–2). It is worth noting that

HLD increases from right to left or conversely, depending

on the sign preceding the actual formulation variable in

Eqs. (1–2).

The plots in Fig. 1 indicate that when an HLD scale is

used, a very general variation pattern is attained, that

allows one to compare cases, particularly by the value of

the minimum tension and its variation close to optimum.

It is seen that in all cases a very slight departure from

HLD = 0 results in a considerable increase in the tension.

In practice, it implies that any slight formulation departure

from the optimum would result in a severe degradation of

the oil recovery performance, and this is a main issue as far

as enhanced oil recovery processes are concerned.

It is difficult in practice to attain an optimum formula-

tion in the reservoir, and even more challenging to main-

tain it when the injected fluid (generally a water solution)

flows through the reservoir, because of several phenomena,

which are not easy to avoid or prevent [17].

The first problem is that the salinity of the injected fluid

varies when it flows through the reservoir. This is due to

the mixing with the reservoir fluids, or the desorption of

ions from rocks and clays. These phenomena result in a

change in electrolyte content that produces a formulation

shift away from the optimum. This may be avoided

somewhat by injecting a pre-flush slug, which stabilizes the

salinity before the surfactant slug arrives.

The second problem has to do with the adsorption of the

surfactant on the rock surface, which results not only in a

loss, but also in a change in the surfactant mixture com-

position because some species are more likely to adsorb

than others. This alters the surfactant parameter value in

Eqs. (1–2). This may be somewhat reduced by a pre-flush

containing a cheap sacrificial agent, e.g., a lignin deriva-

tive, that saturates the adsorption sites, or by adding some

chemical which inhibits the surfactant adsorption by elec-

trostatic repulsion, e.g., some alkaline substance.

The problem to which which no solution has yet been

found, is the fractionation between phases of surfactant

mixtures, which results in a variation of the interfacial

formulation as the slug advances. For compelling cost

issues the surfactant has to be inexpensive, hence it is not

pure, but rather a blend of very different species, e.g., a

petroleum sulfonate. When such a mixture equilibrates in a

surfactant-oil–water system, the different species adsorb at

the interface and migrate into the oil and water according

to the partition coefficient that is characteristic of each

species [18–23].

The selective partitioning of the mixture different spe-

cies has been reported in detail in the literature [24, 25],

and is only briefly explained in what follows. The basic

phenomenon is the equilibrium between the water and oil

phase and the interface (or the middle phase microemulsion

if any) for all surfactant species in the system, and the fact

that this equilibrium is different for each species. If one of

the species, e.g., a low ethoxylation nonionic, is rather

lipophilic, it tends to partition into the oil phase, and thus

contributes less (than a more hydrophilic species) to the

interfacial surfactant mixture. This surfactant mixture at

the interface is, in fact, the one that determines the actual

system formulation. In the presence of different species in
Fig. 1 Interfacial tension variation along different formulation scans

(with actual variable scale and equivalent HLD scale)
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the system, the composition of the interfacially adsorbed

mixture thus depends on these equilibria.

The point is that partitioning between the phase and the

interface depends on the concentration of each species and

on the water/oil ratio, because the total number of mole-

cules of each species and the phase volumes enter the

definition of concentrations that appear in the partition

coefficient [24]. This variation of the partitioning with the

surfactant concentration is easily corroborated by the fact

that the slope of the tie lines in the two-phase region of a

surfactant-oil–water ternary diagram is not constant [26,

27]. When the partitioning of a species changes, its inter-

facial adsorption changes, hence resulting in a variation of

the surfactant mixture at the interface, i.e. a shift in their r
or b characteristic parameter in Eqs. (1) and (2). Conse-

quently, as the injected fluid moves through the porous

media and contacts the connate water, it is diluted, and

when it contacts oil, the water-to-oil ratio is altered, with a

resulting change in partitioning and in interfacial formu-

lation [28].

In practice, it means that when the surfactant solution is

diluted, there is a shift of the formulation at which the

minimum interfacial tension takes places. It has been

actually reported that the lower the surfactant concentra-

tion, the stronger the effect [29, 30]. This is unfortunate

since the current trend is to look for surfactants that pro-

duce a low tension at very low concentration.

The present paper reports a potential way to counter-

balance this effect by mixing two surfactant systems whose

shifts are antagonistic, and thus might cancel each other

out.

Optimum Formulation Shift with Anionic Surfactant

Mixture—Petroleum Sulfonate Case

Commercial petroleum sulfonates contains alkylaryl sul-

fonates with a wide molecular weight range, e.g. 400–

500 Da, a variety of structures, particularly as far as the

alkyl group(s) number, length and branching are con-

cerned, with sometimes disulfonate species. These sur-

factants, as most ionic surfactants, have a high critical

micelle concentration (CMC) in the water phase and a

low one in the oil phase [31]. As a consequence, in the

optimum formulation three-phase behavior case, the

concentration of the surfactant is very limited (i.e. neg-

ligible) in the oil phase, thus most of the surfactant is

located in the water phase and at the interface, or in the

middle phase when there is enough surfactant. As the

total concentration is decreased, the selective partitioning

increases, a higher proportion of the species migrate to

the water phase, these are the most hydrophilic ones, thus

leaving a less hydrophilic mixture at the interface or in

the middle phase.

The optimum formulation is generally detected at high

surfactant formulation by the occurrence of three-phase

behavior, whereas it is pinpointed by the minimum inter-

facial tension in low concentration systems, i.e., those

which are below the so-called critical microemulsion

concentration, which is typically a few times larger than

the CMC [32].

Figure 2 indicates the aspect of the interfacial tension

curve versus formulation (as the brine salinity) for a

commercial petroleum sulfonate surfactant (PSHL) which

is actually a blend of high and low molecular weight

products, with species spread over a wide range, mainly in

the 440–470 interval. In this and the following figures only

the data point corresponding to the minimum tension and

its two-side data point are indicated to avoid the overlap-

ping of the experimental results. In any case the position of

the minimum tension, is extremely well defined. As

reported a long time ago [1–8], the tension exhibits a very

deep minimum at the optimum formulation, which is

essentially the same when the surfactant concentration is

above the CMC (about 0.02 wt % at this salinity). When

the concentration is about or lower than the CMC, there is

still an interfacial tension minimum, but it is displaced to

the left (lower optimum salinity) as the concentration

decreases. Moreover, the tension minimum tends to

increase, as expected when the concentration becomes

lower than the CMC.

This shift has been found to be characteristic of petro-

leum sulfonate complex blends, and sometimes even for

ordinary laundry grade dodecylbenzene sulfonate, whose

molecular weight dispersity is much less. On the other

hand, it was found that there is no shift in optimum for-

mulation versus concentration for isomerically pure sulfo-

nate surfactants, for which the minimum tension increases

as concentration decreases while remaining at an unchan-

ged formulation [6, 8]. The meaning of the shift with

concentration may be easily interpreted by using the HLD

equation at the reference temperature, and in absence of

alcohol, i.e.

Fig. 2 Concentration-induced shift for a petroleum sulfonate-heptane

brine at 30 �C without alcohol
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HLD ¼ ln S� kACNþ r ¼ 0 ð3Þ

As surfactant concentration decreases and selective

partitioning increases, the tension minimum moves to the

left, i.e. the optimum S decreases to compensate for the

increase in the interfacial surfactant mixture parameter r in

order to keep HLD = 0 at an optimum formulation. In an

ACN scan an increase in the preferred ACN has been

reported, which, according to Eq. (3) is another way to

compensate for an increase in r in order to keep HLD = 0

[6]. A consequence of this effect is that a variation of the total

concentration of such a surfactant blend is able to alter

formulation, and if the proper range is selected, a formulation

scan can result from a change in concentration, as it was

reported 30 years ago [2].

Optimum Formulation Shift with Nonionic Surfactant

Mixture—Polyethoxylated Nonylphenol Case

Commercial polyethoxylated nonionic surfactants are pro-

duced by the random polycondensation of ethylene oxide

on an alcohol or a phenol, and the result is often a Poisson

type distribution of the number of ethylene oxide groups

(EON), which is wider or narrower depending on the used

catalyst [33, 34].

In practice, for a balanced nonylphenol with an average

ethylene oxide number (EON) of 5–6, the actual mixture of

oligomer species ranges from EON = 0 to 10. There is

typically a large proportion (e.g. 30%) of species (EON

B3), which are essentially insoluble in water, and strongly

tend to migrate in oil. On the other hand nonionic surfac-

tants are known to exhibit a very low CMC in water, which

means that the amount of surfactant in the excess water in a

three-phase optimum system is essentially negligible.

Consequently, the surfactant species partition between the

oil phase (where the most lipophilic low EON oligomers

migrate) and the interface or microemulsion (where the

remaining oligomers are found) [35].).

As surfactant concentration decreases and selective

partitioning increases, a higher proportion of hydrophobic

oligomers migrate in the oil phase, and thus the remaining

mixture at interface becomes more hydrophilic [24, 25].

This is also easily interpreted with the HLD expression

for nonionic surfactants:

HLD ¼ b S� kACN þ b ¼ 0 ð4Þ

As the surfactant concentration decreases and

partitioning increases, the tension minimum moves to the

right as shown in Fig. 3, i.e., the optimum salinity increases

to compensate for the decrease in b in order to keep

HLD = 0 at the optimum formulation. Since b is equal to

a—EON and because a is essentially the same for all

oligomers, this b reduction is due to the increase in

interfacial average EON. It is worth noting than in the

present case the shift does not take place just at very low

concentration (as in the previous case) but also at relatively

higher ones, much higher than the CMC. Such a shift in

interfacial EON has been reported for this type of

surfactant even at high surfactant concentration, e.g., up

to 3 wt % [7].

Eliminating the Optimum Formulation Shift by

Blending Two Mixtures with Antagonistic Shifts,

e.g. a Petroleum Sulfonate and a Polyethoxylated

Alkylphenol

It has been known for a long time that surfactant mixing

provides a property averaging effect, particularly interme-

diate formulation [36]. However, mixtures do not always

follow a linear rule and the departure from it could become

considerable when very different substances are mixed [36,

37]. On the other hand, mixtures may be used to eliminate

an effect. This is for instance the case for the antagonistic

influences of temperature on ionic and polyethoxylated

nonionic surfactants, which may cancel out each other

when the proper anionic-nonionic blend is found [36, 38].

The same is intended in what follows with the effect of

partitioning, by blending different proportions of the two

previous mixtures. When the anionic (respectively non-

ionic) surfactant effect dominates the optimum salinity

shift with concentration reduction is to the left (respec-

tively right) as seen in Figs. 2 and 3. The basic premise on

what follows is that for some appropriate anionic-nonionic

mixture, the two influences are likely to cancel out. The

experiments shown in Figs. 2 and 3 are thus repeated for

mixtures containing different (wt%) proportions of anionic

and nonionic blends. The dilution effect is studied over a

total concentration range from 0.05 to 0.005 wt%, in which

the right shift exhibited by the nonionic product (see

Fig. 3) is higher than the left shift shown by the anionic

blend (see Fig. 2). Consequently, it is expected that in this

dilution range, a mixture containing more anionic product

Fig. 3 Concentration induced shift for a commercial ethoxylated

nonylphenol surfactant
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than nonionic would be required to attain the exact trade-

off of opposite contributions.

An approximate calculation may be carried out to esti-

mate the proper anionic-nonionic proportion if the two

opposite variations of HLD are expressed exactly in the

same units. In Eqs. (3) and (4) the only term that has

exactly the same meaning is ACN. Hence, the comparison

should be made in ACN units, which means that the

expressions must be divided by k, a constant that depends

on the surfactant type. In the present case the values of k

are essentially the same, i.e. 0.16 for petroleum sulfonates

and 0.15 for ethoxylated nonylphenols. When the surfac-

tant concentration decreases from 0.01 to 0.001 wt %, the

corresponding variation of optimum salinity from surfac-

tant are from 4.2 wt% NaCl to 3% for the petroleum sul-

fonate and from 3.8 to 8% for ethoxylated nonylphenol.

Since the constant b is 0.13 for NaCl, these variations of

HLD in equivalent ACN units are calculated to be 0.15 ln

(3/4) = -0.04 and 0.16 9 0.13 (3.5–8.5) = 0.11, respec-

tively. Hence, the effect of the nonionic blend is approxi-

mately three times larger. This means that the balanced

antagonism is expected to be attained for three times more

anionic than nonionic species in the mixture if the mixing

rule is linear.

The best compensation of the opposite effects is actually

found to occur for a mixture containing 80% of petroleum

sulfonate and 20% of polyethoxyated nonionic, which is

consistent with the previous guess. Figure 4 data show that

for this mixture there is essentially no variation of the

optimum (salinity) formulation with a variation of the total

surfactant concentration from 0.05 to 0.005 wt%.

It is worth noting that although this evidence confirms

the premise of the method, there are still several factors to

control in practice, which would require further systematic

studies to be quantified. It is known that the selective

partitioning, hence the formulation shift with concentra-

tion, increases with the spread of the distribution of the

species that make up each mixture [25, 28]. Moreover, it

can be seen in Figs. 2 and 3 that the shift also depends on

the concentration range, being less important as the total

concentration increases. This is related with the fact that

the selective partitioning and resulting interfacial formu-

lation change tend to increase as the concentration

decreases, as explained elsewhere [28]. Finally, and as seen

in Figs. 2, 3, and 4, the value of the minimum interfacial

tension, which is determinant for the performance of the

process, always tends to increase as the concentration

decreases, but in a different way for the base surfactants

and their mixtures.

On the other hand, Fig. 4 shows that the optimum

salinity at which the tension minimum occurs is the same at

0.5 wt% NaCl for all tested concentrations, but that it is

much lower than the optimum salinity corresponding to the

previously shown anionic and nonionic systems (S = 3–4

wt% NaCl) at a similar surfactant concentration (about 0.01

wt%).

This decrease in optimum salinity indicates that the

anionic-nonionic mixture is considerably less hydrophilic

than each of its components alone. This is likely to be due

to the shielding effect the polyethylene oxide chain exerts

on the sulfonate group (see inset drawing in Fig. 4), which

results in a reduced interaction with water, hence a lower

optimum salinity, and other property changes. This means

that, in practice, the use of an anionic-nonionic blend

would require a more hydrophilic formulation to compen-

sate for this decrease in hydrophilic interaction. It also

means that this spontaneous change in salinity may be

taken advantage of in order to apply the so-called salinity

gradient process [39].

Insensitivity to Dilution over a Concentration Range

The presented experimental evidence sustains the premise

that a proper mixture of two surfactant blends exhibiting

opposite interfacial formulation shifts and could achieve

optimum formulation insensitivity over the total surfactant

concentration range.

This is a first step toward resolving the challenge of

maintaining the optimum formulation in an enhanced oil

recovery process when the surfactant slug is diluted as it

moves through the reservoir.

Nevertheless, the scarcity of data available in the liter-

ature and our preliminary evidence indicate that the HLD

change with dilution is not necessarily linear nor exhibits

the same relative variation with dilution over a wide range.

As expected from the partitioning phenomenology, it

seems that it depends on each mixture type and on the

range of concentration. Consequently, a fine-tuning

adjustment of each of the mixed blends might be necessary

to improve the antagonism and maximize the range over

Fig. 4 Anionic–nonionic mixture, whose optimum formulation is

insensitive to dilution in the total surfactant concentration range

0.005–0.05 wt%
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which the exact compensation applies. Other effects such

as the water/oil ratio influence on partitioning will also

have to be scrutinized.
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