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Abstract Due to the presence of non-sulfonated residual

alkyl ether (AE), sodium alkyl ether sulfonate (SAES) may

exhibit clear point-cloud point solubilization behavior in

brine. Accordingly, the effect of temperature on the com-

patibility of iC17EOxS (x = 7 and 10), nC17EO10S, along

with their analogous nonionic surfactants iC17EOxH (x = 7

and 10) and nC17EO10, in addition to iC9EO14 in brine has

been investigated. Depending on their molecular structures,

these surfactants exhibited concentration-dependent clear

point and cloud point solubilization behavior. The cloud

point was associated with the AE component whereas the

clear point was attributed to the sulfonated one. Interest-

ingly, an increase in the cloud point of the nonionic com-

ponent with respect to the corresponding nonionic AE

(100 % active) was observed. Adding iC9EO14 (100 %

active) to iC17EO7S (xan = 0.0–0.362) resulted in a sig-

nificant decrease in the clear point of iC17EO7S from above

100 �C to below 22 �C with a concomitant increase in

iC17EO7/iC9EO14 mixture cloud point from 68 �C.

(xan = 0) to 72 �C (xan = 0.325). This relatively modest

increase by 4 �C was attributed to the interrelationship of

different competitive mechanisms, namely an increase in

mixed micelle charge with increasing xan, the dehydration

of OE groups via ion (SO3
-)-dipole (O ? CH2) interac-

tions, and possible shielding of SO3
- groups by iC9EO14

nearby extended EO groups. To the best of our knowledge,

this is the first instance where dual anionic-nonionic solu-

bilization behavior of SAES in brine characterized by high

salinity and hardness is being reported.
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Introduction

When a fatty alcohol (ROH) is ethoxylated, the resulting

ether still has a terminal –OH group which can be subse-

quently used to synthesize the corresponding alkyl ether

sulfonate (AES). The conversion of the nonionic molecule

to an anionic one can be varied by adjusting the process

variables (degree of ethoxylation, linear or branched

hydrophobic moiety, type of counterion…). All these

variables make it possible to adapt chemically the surfac-

tant structure, to the petroleum reservoir conditions

(salinity and temperature), rather than the opposite as it is

the case with petroleum sulfonates. Thus, by combining the

properties of the polyoxylenated nonionic surfactant to an

anionic surfactant, chemically and not as a mixture, the so-

called modified nonionic surfactants were introduced into

enhanced oil recovery (EOR) processes, due to their

superior tolerance towards hard water and high salinities

[1–4]. Recently [5–7], we investigated the possibility of

injecting dilute aqueous solutions of a series of alkyl ether

sulfonates (R1(OCH2CH2)xOC(R2)CHCH2SO3Na, where

x = 6, 8; R1 = nonylphenol, iso-tridecyl; R2 = C12/C14)

and CH3(CH2)xCH(SO3Na)(CH2)yO–(CH2CH2O)nH (x ? y

= 15 and n = 2, 5, and 8) in reservoir conditions charac-

terized by high salinity (*200 g/L) and hardness (Ca2?

12.31 g/L, and Mg2? 2.01 g/L). These surfactants were

S. Al-Faraji � M. Aoudia (&)

Department of Chemistry, College of Science, Sultan Qaboos

University, P.O. Box 36, Al-Khodh, Sultanate of Oman

e-mail: aoudia@squ.edu.om

R. S. Al-Maamari

Department of Chemical and Petroleum Engineering,

College of Engineering, Sultan Qaboos University,

P.O. Box 33, Al-Khodh 123, Sultanate of Oman

123

J Surfact Deterg (2015) 18:113–121

DOI 10.1007/s11743-014-1593-2



compatible with brine up to 0.1 wt% and displayed

dynamic interfacial tension behavior, in which ultralow

transient minima were observed in the range 10-4–

10-3 mNm-1, followed by an increase in the IFT to

equilibrium values in the range 10-3–10-1 mNm-1. Eth-

oxylated sulfonates surfactants were also found to be

promising candidates in alkaline-surfactant-polymer (ASP)

formulations for EOR in elevated temperature (90 �C) and

high salinity (57 g/L) [8]. Measurement of solubility in sea

water and phase behavior in mixtures of NaCl and heptane

with a water-to-oil ratio WOR = 2, have been conducted

for a series of alkyl- and alkylbenzene ether sulfonates with

different chain length, branching and degree of ethoxyla-

tion. The results showed good brine-surfactant compati-

bility and favorable phase behavior results [9].

However, the conversion of alkyl ether (AE) nonionic

surfactants to sulfonates generally results in a mixture of

alkyl ether sulfonate (AES) and a non-sulfonated residue

(AE), in which the mixture composition depends on the

degree of sulfonation. Accordingly, we should realize that,

above the critical micelle concentration of the mixture, we

are in fact dealing with AES-AE mixed micelles and not with

AES single micelles. The presence of the nonionic species

may therefore play a major role when considering technical

grade AES for EOR applications. Particularly, the combi-

nation of high temperature with high salinity and hardness in

a given petroleum reservoir may have a drastic effect on both

AES and AE components. For instance, it is well known that

when petroleum sulfonates are dissolved in water, especially

in the presence of electrolytes, the surfactant solution will

appear cloudy or turbid and frequently a gel-like suspension

can be seen in the solution. Some turbid solutions turn clear

upon heating [10, 11]. This transition from turbid-to-clear

occurs over a range of less than one degree centigrade and is

defined as the clear point of the surfactant. Some other sur-

factant solutions may remain turbid even at the boiling point

of water, indicating that their clear point is above 100 �C.

Salager [12] showed that clear point of petroleum sulfonates

can also be reduced to room temperature by adding proper

amounts of alcohols. The turbid-to-clear transition was

shown to depend on (1) the molecular weight of the alcohol:

the heavier the alcohol the less alcohol is required, and (2)

salinity: the higher the salinity the higher the amount of

alcohol that is needed. From filtration experiments, Salager

suggested that the clear point represents the transition at

which the liquid crystals or swollen micelles disperse per-

haps to form micellar structures which are too small to scatter

light. Clear points measurements by Aoudia [11] for a series

of cloudy monoisomeric alkylbenzene sulfonate aqueous

solutions in the presence of electrolyte (NaCl) seems to

support such suggestion. Aoudia showed that plots of the

fluorescence depolarization degree (%P) against tempera-

ture displayed a critical temperature at which the surfactant

solution turns clear and the degree of fluorescence polari-

zation start to decrease sharply. This was attributed to the fact

that, below the clear point, the emitted fluorescence from the

surfactant molecule used as its own probe (intrinsic probe)

include both the ‘‘true fluorescence’’ emitted from the exci-

ted singlet state molecules as well as a certain percent degree

of scattering induced by the solution turbidity due to the

presence of large particles. At the critical temperature, the

surfactant solution turns clear and consequently only true

fluorescence is contributing to the measured fluorescence

depolarization. Nonionic surfactants, on the other hand, are

characterized by their cloud points, temperature at which a

clear surfactant solution turns turbid and eventually sepa-

rates into two phases [13]. The upper phase contains the

totality of surfactant molecules and is generally called the

surfactant-rich phase, whereas the lower clear phase has

mostly water with a surfactant concentration around its

critical micelle concentration.

Both clear (for pure anionic surfactants) and cloud (for

pure nonionic surfactants) points are strongly affected by

surfactant structure and additives. Particularly, numerous

investigations have shown that the cloud points of nonionic

surfactants are drastically increased upon adding small

amount of ionic surfactants [14–21]. For instance, the

addition of SDS or CTAB at concentrations well below

their critical micelle concentrations (1 mM) to 1.0 wt%

TX-114 results in an increase in the cloud point from 25 to

74 �C. The occurrence of the cloud point phenomenon in

anionic surfactants is rather rare [22], whereas some mix-

tures of anionic-cationic surfactants were found to exhibit

clouding upon heating [23–26]. On the other hand, the

clouding phenomenon of alkyl ethoxylated anionic sur-

factants in brine has not been investigated, in spite of its

great significance in EOR.

Our first objective is therefore to investigate the effect of

temperature on the compatibility of a series of sodium alkyl

ether sulfonates (SAES) with synthetic brine having high

salinity (*181,326 ppm), which also have dissolved

therein 11,118 ppm Ca2? and 3,978 ppm Mg2?. Such brine

compositions are representative conditions prevailing in

many technically challenging reservoir candidates for

EOR. Our hypothesis is that in technical grade AES used in

EOR processes, dual nonionic (cloud point)-anionic (clear

point) can be observed in their solubilization behavior in

brine. In addition, AE cloud point is probably influenced by

the presence of the AES component, and conversely the AE

component may also affect the AES clear point. This issue

is of prime importance in EOR by surfactant flooding in

which clouding may affect the efficiency of the process. To

the best of our knowledge, this is the first instance that a

such mutual effect in ethoxylated anionic surfactants is

being addressed. Furthermore, attempts will be made to

enhance surfactant-brine compatibility by decreasing the
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anionic component clear point and increasing the nonionic

component cloud point using mixed anionic-nonionic

mixtures as a suitable alternative to adding alcohols, a

costly and technically limited approach.

Experimental

Materials

A series of sodium alkyl ether sulfonate (SAES, 30 wt%

active material) were used in this study. They have the fol-

lowing molecular structure: iC17–O–(CH2CH2O)7–SO2Na

(iC17EO7S, MW = 650 g/mol and high branching degree),

iC17–O–(CH2CH2O)10–SO2Na (iC17EO10S, MW = 782 g/

mol and high branching degree), and nC17–O–(CH2CH2O)10–

SO3Na (nC17EO10S, MW = 782 g/mol and low branching

degree). The nonionic surfactants (100 wt% active) used in

this work have the following molecular structures: iC17–O–

(CH2CH2O)7–H (iC17EO7, MW = 548 g/mol, HLB * 11,

and high branching degree; iC17–O–(CH2CH2O)10–H

(iC17EO10, MW = 696 g/mol, HLB * 13 and high

branching degree), nC17–O–(CH2CH2O)10–H (nC17EO10,

MW = 696 g/mol HLB * 13 and low branching degree),

and iC9–O–(CH2–CH2O)14–H (iC10EO14, MW = 760 g/

mol, HLB * 16 and mid branching degree). All surfactants

were kindly supplied by BASF (The German Chemical

Company) and used without further purification. The degree

of sulfonation is 85 %, meaning that any ethoxylated anionic

surfactant with an active content of 30 wt% contains

25.5 wt% sulfonated component (AES) and 4.5 wt% non-

ionic surfactant (AE). Synthetic brine (Table 1) was used in

all our experiments as a standard to simulate high salinity and

hardness reservoir conditions.

Methods

For cloud point measurements, surfactant solutions at dif-

ferent concentrations (0.025–1.0 wt%) were prepared in

glass tubes which were sealed, shaken and immersed in a

constant temperature bath set at 22 �C. These solutions

were heated gradually to a temperature of about 95 �C. The

cloud point transition temperatures were determined by

visual observation. After the samples had been heated to

above the clouding temperature, the cloud point was taken

as the temperature at which the last visible sign of cloud-

iness disappears on cooling. At a cooling rate of approxi-

mately 1 �C min-1 the measurements were generally

reproducible within 0.5 �C. Likewise, the clear point

transition temperatures were taken as the temperature at

which an initially turbid surfactant solution turns clear.

Critical micelle concentrations (CMC) were determined

from surface tension measurements using a K9 tensiometer

(Krüss, Germany).

Results and Discussion

Alkyl Ether (AE)/Brine Compatibility

Compatibility of the nonionic surfactants iC17EO7,

nC17EO10, and iC17EO10 with synthetic brine are shown

in Table 2. As seen in this Table, iC17EO7 and nC17EO10

surfactants form turbid solutions in brine (0.025–1.0 wt%)

and eventually separate into two phases, suggesting that

their cloud points are below 22 �C. Although the two

surfactants are characterized by a relatively high HLB (11

and 13), the observation of cloud points below 22 �C even

at very low surfactant concentrations (0.025 wt%) is

probably related to a significant decrease in their solubility

in the presence of large amount of electrolyte. On the other

hand, iC17EO10 forms clear solutions in brine in the entire

range of concentration (0.025–0.05 wt%). Upon heating,

these clear solutions turn turbid. Figure 1 shows the vari-

ation of iC17EO10 cloud point with concentration, sug-

gesting that iC17EO10 cloud point is above 22 �C and

varies between 37 �C (0.025 wt%) and 22.6 �C (1.0 wt%).

Table 1 Chemical and physical

properties of synthetic brine

used in this study

Component Concentration

(g/L)

Na? 50.840

Cl- 113.219

Mg2? 3.978

Ca2? 13.118

SO4
2- 0.171

Rel. density @

15 �C

1.106

Total salinity 181.326

Table 2 Compatibility of nonionic surfactants (100 % active) with

synthetic brine at different concentrations (T = 22 �C)

wt% iC17EO7 nC17EO10 iC17EO10

0.025 T T C

0.05 T T C

0.1 T T C

0.3 T T C

0.5 T T C

0.7 T T C

0.9 T T C

1.0 T T C

T turbid, C clear
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Several trends in the variation of the cloud point with

surfactant structure have been observed. In particular, the

cloud point generally increases with an increase in the

degree of ethoxylation and decreases with increasing alkyl

carbon chain length [27, 28]. Indeed, this is well illustrated

by the observed cloud points below 22 �C for iC17EO7 and

above 22 �C for iC17EO10, two nonionic surfactants

having similar alkyl chain length and structure but different

degree of ethoxylation. On the other hand, iC17EO10 and

nC17EO10 are characterized by similar degree of ethoxy-

lation (10 EO) and similar number of carbon atoms in the

alkyl chain, but differ by their alkyl chain structure, a

highly branching degree in iC17EO10 and a lower

branching degree in nC17EO10. It is well documented that

when the hydrophobic group is branched, the carbon atoms

on the branches appear to have one-half the effect of car-

bon atoms on a straight chain. As a result, the alkyl chain in

iC17EO10 is more hydrophilic than the corresponding one

in nC17EO10 and this may account for the relatively

higher solubility of iC17EO10 in brine. Nonionic surfac-

tants are widely used as co-surfactants in EOR applica-

tions, thereby cloud point data are of considerable practical

interest.

Sodium Alkyl Ether Sulfonate (SAES)/Brine

Compatibility

The effect of temperature on surfactant-brine compatibility

was investigated for the three sodium alkyl ether sulfonates

iC17EO7S (weight fraction 0.15 of iC17EO7 and weight

fraction of 0.85 iC17EO7S in the mixture), iC17EO10S

(weight fraction 0.15 of iC17E10 and weight fraction 0.85

iC17EO10S in the mixture), and nC17EO10S (weight

fraction 0.15 of nC17EO10 and weight fraction 0.85

nC17EO10S in the mixture). For iC17EO7S surfactant, all

solutions were turbid at 22 �C and remain turbid upon

heating up to 95 �C. Ultimately, phase separation occurs

and a gel-like suspension can be observed in the surfactant

solution, suggesting a clear point for iC17EO7S above the

boiling point of water. On the contrary, a different behavior

was observed for iC17EO10S and nC17EO10S. Solutions

made with iC17EO10S were clear and stable at 22 �C in

the entire range of surfactant concentration investigated

(0.025–1.0 wt%). Upon heating, a concentration-dependent

clear-to-turbid transition temperature was observed in the

concentration range 0.1–1.0 wt%, whereas solutions at

0.025 and 0.05 wt% remain clear up to the boiling point of

water (Fig. 1, Inset).

As previously mentioned, the degree of sulfonation in

SAES used in this study (iC17EO7S, iC17EO10S, and

nC17SEO10S) is 85 %, meaning that 15 wt% of the

starting nonionic material (iC17EO7, iC17EO10, and

nC17EO10) is not sulfonated. For instance, iC17EO10S

(30 wt% active) contains 25.5 wt% sulfonated component

(iC17EO10S) and 4.5 wt% nonionic component

(iC17EO10). The variation of the clear-to-turbid transition

temperature with iC17EO10S concentration displayed in

Fig. 1 (Inset) shows that the transition temperature

decreases significantly as the total surfactant concentration

is increased from 0.1 wt% (T = 62.5 �C) to 0.5 wt%

(T = 44 �C). At 0.5 wt% and above, the transition tem-

perature did not vary very significantly. This is a typical

variation for the cloud point for a pure nonionic surfactant

with concentration. In addition, the trend shown in Fig. 1

(Inset) for iC17EO10S is similar to that shown for

iC10EO10 alone (Fig. 1). Hence, the clear-to-turbid tran-

sition can be indeed attributed to the variation of the cloud

point of the anionic component (weight fraction 0.15 of

iC17EO10 in the mixture) in the presence of the anionic

component (weight fraction 0.85 of iC17EO10S in the

mixture). Furthermore, a close look at Fig. 1 reveals that at

1.0 wt% iC17EO10S (weight fraction 0.15 of iC17EO10 in

the mixture), the cloud point is around 42 �C whereas the

cloud point of iC17EO10 alone at 0.15 wt% concentration

is around 24.5 �C. Likewise, at 0.5 wt% iC17EO10S

(weight fraction 0.075 of iC17EO10 in the mixture) the

cloud point is 44 �C whereas the equivalent cloud point of

iC17EO10 alone at the same concentration (0.075 wt%) is

around 28 �C. This is well illustrated in Fig. 2 which dis-

plays the variation of the cloud point with nonionic sur-

factant concentration for iC17EO10 alone (Filled circle)

and for the nonionic component (weight fraction 0.15 of

iC17EO10 in the mixture) in the presence of the anionic
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Fig. 1 Temperature-total surfactant concentration (wt%) phase dia-

gram for iC17EO10 alone in brine (Filled circles). Inset Temperature-

total surfactant concentration (wt%) phase diagram for iC17EO10S

(weight fraction 0.15 of nonionic component iC17EO10 in the

presence of weight fraction 0.85 of anionic component iC17EO10S in

the mixture) in brine (Filled diamonds)
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component (weight percent 0.85 of iC17EO10S in the

mixture) in a concentration range up to 15 wt% (Filled

diamond). Clearly, a similar upward shift

(DT * 17–18 �C) in the cloud point is observed. This

increase is generally observed when conventional anionic

surfactants (SDS, CTAB,..) are added to polyoxyethyle-

nated surfactant [14–21]. The importance of these obser-

vations is that, alkyl ether sulfonates (usually considered as

being essentially anionic surfactants) may also display

cloud point solubilization behavior due to the presence of

the nonionic component. Cloud point occurrence with alkyl

ether anionic surfactants in brine have been so far ignored

in spite of the great significance of this property in sur-

factant formulations for EOR oil field applications, where

clear and stable surfactant formulations at the injection and

reservoir temperature are preferred. For instance, Fig. 1

(Inset) shows that the alkyl ether sulfonate surfactant

iC17EO10S can be used to formulate clear and stable

solutions at high salinity and hardness (Table 1) at tem-

peratures approaching 100 �C at a surfactant concentration

below 0.1 wt% and over a wide range of reservoir tem-

peratures (42–60 �C) over a concentration range of

0.15–1.0 wt%, concentrations usually used in EOR field

applications.

Compared to its isomeric counterpart iC17EO10S,

nC17EO10S shows an interesting and different solubili-

zation behavior in brine. This surfactant form turbid solu-

tions at 22 �C over the entire range of concentrations used.

Upon heating, a turbid-to-clear transition occurs, followed

by a clear-to-turbid one (Fig. 3). The clear-to-turbid

transition temperature is similar to that observed with the

isomer iC17EO10S and can therefore be associated with

the cloud point of the nonionic component nC17EO10

(weight fraction 0.15 in the mixture) in the presence of the

sulfonated moiety nC17EO10S (weight fraction 0.85 in the

mixture). According to Table 2, the cloud point of pure

nC17EO10 alone is below 22 �C in the concentration range

0.025–0.1 wt%, whereas the cloud point of nC17EO10

(weight fraction 0.15) in the presence of nC17EO10S

(weight fraction 0.85) is significantly increased to the range

69.5–76 �C, depending on the total surfactant concentra-

tion. On the other hand, the turbid-to-clear transition tem-

perature can be attributed to the clear point of the anionic

component AES (weight fraction 0.85 of nC17EO10S in

the mixture) in the presence of the nonionic component

(weight fraction 0.15 of nC10EO10 in the mixture). In the

concentration range (0.025–0.5 wt%), clear and cloud

points vary in an opposite manner, whereas at 0.5 wt% and

above, both remain practically invariant with surfactant

concentration. Hence, the temperature-surfactant concen-

tration phase diagram displayed in Fig. 3 is clearly

reflecting a dual anionic-nonionic solubilization behavior

of nC17EO10S in brine, in which an evident interrela-

tionship appears to exist between the two properties.

At this juncture, it is worth turning our attention to the

effect of the surfactant structure on its solubilization

behavior in brine. As seen in Fig. 3, nC10EO10S clear

point vary from 43 to 49 �C (0.025–1 wt%), whereas clear

points for iC17EO7S and iC17EO10S are above the boiling

point of water and below 22 �C, respectively, suggesting a

strong molecular structure-clear point correlation. Shinoda
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et al. [32] reported an increase in the clear point of anionic

surfactants with the increase in their alkyl chain and

attributed this behavior to a decrease in the surfactant

solubility. Since iC17EO7S and iC17EO10S are charac-

terized by similar alkyl chain, the observed difference in

their compatibility behavior with brine can be attributed to

the difference in their degree of ethoxylation. Increasing

the number of ethylene oxide (EO) units in the surfactant

molecular structure results in an increase in hydrogen

bonding of EO groups with water and consequently

enhances the surfactant solubility. On the contrary,

iC17EO10S and nC17EO10S have similar alkyl chain

length as well as similar average degree of ethoxylation,

yet they display different clear point property. This is

probably due to the difference in the degree of branching in

the two isomers, a highly branched chain in iC17EO10S

and a lower one in nC17EO10S, thereby conferring a

higher hydrophilicity character to iC17EO10S.

Having shown that the cloud points of the intrinsic

nonionic component (iC17EO10 and nC17EO10) in

sodium alkyl ether sulfonates (SAES) are significantly

increased in the presence of the corresponding counterpart

anionic component (iC17EO10S and nC17EO10S) with

respect to iC17EO10 and nC17EO10 alone, it is also nec-

essary to assess the effect of an extrinsic nonionic surfac-

tant on the clear point of ethoxylated anionic surfactants in

brine. Essentially most efforts focused on the effect of

ionic surfactants on the cloud point of nonionic surfactants

[13–21], and to the best of our knowledge, no work on the

effect of nonionic surfactant on the clear point of ionic

surfactant has been reported so far. Furthermore, most

studies dealt with conventional anionic-nonionic mixtures

in which the ionic surfactants were used in small amounts

well below their CMC values.

SAES/AE/Brine Compatibility

The effect of an extrinsic nonionic surfactant (iC9EO14,

100 % active) on the clear point of the anionic component

iC17EO7S (weight fraction 0.85 of iC17EO7S in the

mixture) in the presence of nonionic component (weight

fraction 0.15 of iC17EO7 in the mixture) and the con-

comitant effect of the anionic component iC17EO7S on the

cloud point of iC9EO14 were investigated at a total sur-

factant concentration well above the CMC of the surfactant

mixture. CMC values for iC17AE7S, iC9EO14, and

iC9EO14 (weight fraction 0.8)/iC17EO7S (weight fraction

0.2) mixture were determined from the variation of the

surface tension with surfactant concentration and were

found to be 0.019, 0.137, and 0.073 wt%, respectively

(Fig. 4). Accordingly, the effect of temperature on the

compatibility of iC17EO7S(0.15 wt% iC17EO7)/iC9EO14

system was investigated at a total surfactant concentration

of 1.0 wt%, to ensure the presence of anionic-nonionic

mixed micelles. In addition, it is important to note that

iC17EO7S(iC17EO7)/iC9EO14 system is in fact a pseudo-

binary system due to the presence of a small amount of

iC17EO7. One should therefore consider the presence of

three surfactants in solutions, two nonionics (the intrinsic

surfactant iC17EO7 and the extrinsic surfactant iC9EO14)

and one anionic (iC17EO7S). Mole fractions were calcu-

lated accordingly and are reported in Table 3, where xan,

xint, and xext are the molar fractions of the anionic com-

ponent iC17EO7S, the nonionic component iC17EO7, and

iC9EO14, respectively. iC17EO7S(iC17EO7)/iC9EO14

mixtures in the range composition xan = 0.082–0.325 were

clear and stable in the presence of iC9EO14

(xext = 0.897–0.590) at 22 �C. Upon heating, a concen-

tration-dependent clear-to-turbid transition temperature

was observed in the range 68–72 �C (Fig. 5). As previously

mentioned, the clear point of the anionic ethoxylated

component iC17EO7S (weight fraction 0.85 in the pre-

sence of weight fraction 0.15 of the nonionic component

iC17EO10) within the total surfactant concentration range

0.025–1.0 wt% is above the boiling point of water. By

adding iC9EO14 to iC17EO7S(iC17EO7) a tremendous

decrease in the clear point is observed from above 100 �C

to the range 68–72 �C, reflecting a remarkable effect of

iC9EO14 on the iC17EO7S clear point. Interestingly, there

is also a mutual effect of the anionic component iC17EOS

on the cloud point of the extrinsic nonionic surfactant

iC9EO14, as it is generally known. The plot of cloud point

versus xan (Fig. 5) shows a linear increase in iC9EO14(i-

C17EO7) cloud point from 68 �C (iC10EO14 single
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Fig. 4 Variation of the surface tension with total surfactant concen-

tration in brine: iC17EO7S (Filled circles), iC9EO14 (Filled

squares), and iC17EO7S/iC9EO14 mixture at xan = 0.170 (Filled

diamonds)
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micelles) to 72 �C (xan = 0.325). The following correlation

was obtained:

Tcp ¼ 11:18 xan þ 67:91 R2 ¼ 0:998 ð1Þ

where Tcp in centigrade. It is well recognized that addition

of small amounts of ionic surfactants below their CMC

values to nonionic micelles usually results in a significant

increase in the nonionic cloud point. For instance, the

addition of an anionic surfactant (C14-sarcosinite) used

below its CMC to nonionic TX-100 micelles (2 wt%)

resulted in an increase in the cloud point exceeding the

boiling point of water [16]. This significant increase was

ascribed to the incorporation of C14-sarcosinite surfactant

molecules to TX-100 nonionic micelles and the formation

of charged mixed micelles, thereby causing repulsion

between micelles and raising the cloud point. Likewise, the

increase in the cloud point by 4 �C in iC17EO7S(i-

C17EO7)/iC9EO14 system can be attributed to the for-

mation of charged mixed micelles with the nonionic

surfactants, in which the repulsion between micelles is

enhanced. However, this increase at a total surfactant

concentration of 1.0 wt%, well above the CMCs of the

individual surfactants and their mixtures, is extremely

modest compared to that observed with conventional

anionic (SDS, CTAB)-polyoxyethylenated nonionic sys-

tems in which such effect becomes more prominent when

concentrations of anionic surfactant approaching their

CMCs. Li et al. [29] showed that the cloud point of a

1 wt% Tergitol 15-S-7 (mixture of secondary ethoxylated

alcohols with 11–15 carbons on hydrophobic alkyl chain

and an ethylene oxide number of 7) is drastically increased

from around 50 �C in the presence of SDS below its CMC

to above the boiling point of water in the presence of SDS

at its CMC. Thus, the small effect of iC17EO7S on the

cloud point of iC914EO may suggest that electrostatic in-

termicellar repulsion in (iC17EO7S(iC17EO7)/iC9EO14)

system is somehow hindered by other factors.

According to the classical interpretation, the appearance

of clouding is attributed to the dehydration of the poly-

oxyethylene chain that occurs at the cloud point tempera-

ture. This dehydration was suggested to be induced by the

conformation change of the POE chain with temperature

rise [30]. Reduction in the degree of hydration of the EO

groups was also attributed to the presence of the sulfate

moiety, as evidenced by the measured lipophilic character

of the EO groups in a series of alkyl ether groups con-

taining 1–10 EO groups per molecule [31]. Sulfate ion-

oxyethylene group interactions has been reported recently

by Aoudia et al. [32] in self-aggregation of a series of

sodium lauryl ether sulfate (SLES) having 1–3 EO units

and in their mixed micellization with TX-100. The authors

reported a more hydrophobic character of SLES surfactants

(CMC = 0.8 mM) as compared to their homologous non

ethoxylated counterpart SDS (CMC = 8.2 mM). They

suggested that mixing alkyl ether sulfate and polyoxyeth-

ylene-type surfactants may result in an attractive ion–

dipole interaction between SO4
- moiety and the nearby

O ? CH2 dipole in mixed micelles. Such ion–dipole

interactions may result in a dehydration of the EO groups

as well as in a change in mixed micelle charge, thereby

reducing to some extent micelle–micelle repulsion. Fur-

thermore, owing to its molecular structure, the sulfonate

group in iC17EO7S is attached to a polyoxyethylene (POE)

chain having seven EO units, so that the location of SO3
-

is not at the micelle-water interface but within a certain

distance from the interface determined by the anionic

intrinsic POE chain. On the other hand, the relatively

longer POE in iC9EO14 (14 EO units) extends further into

the bulk aqueous phase, so that some shielding of the

sulfonate groups may occur, thereby reducing to some

extent intermicellar coulombic repulsion (Scheme 1) [33,

34]. Thus, there exist three concomitant effects that can be

attributed to the variation of the cloud point with xan,

namely: (1) an increase in mixed micelle charge with

increasing xan (this factor promotes cloud point elevation),

(2) a dehydration of EO groups via interactions with the

Table 3 Compatibility of iC17EO7S(iC17EO7)/iC9EO14 surfactant

mixtures in synthetic brine at different molar fraction compositions

xan xint xext RT CP/oC \EO[ \Cn[

0.0 0.0 1.0 C 68 14 9

0.082 0.020 0.897 C 69 13.9 9.3

0.170 0.040 0.790 C 70 13.7 9.4

0.245 0.061 0.692 C 71 13.4 9.6

0.325 0.078 0.590 C 72 13.1 10.0

CP cloud point
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Fig. 5 Variation of the cloud point of the nonionic component

(iC17EO7S) in iC17EO7S(iC17EO7)/iC9EO14 mixtures in synthetic
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sulfonate groups (this factor promotes cloud point depres-

sion), and (3) the possible shielding of SO3
- groups by

nearby extended POE chain of iC9EO14 (this factor pro-

motes cloud point depression). The interrelationship of the

three mechanisms may result in the small increase in the

cloud point (4 �C) shown in Fig. 5. Furthermore, within the

molar fraction anionic range xan = 0.082–0.325, mixed

micelles are probably predominately composed of

iC17EO10 and iC9EO14 (xint ? xext = 0.917–0.668) in

which every single anionic component surfactant molecule

iC10EO7S in the mixed micelle is surrounded by some

nonionic surfactant molecules iC17EO7 and iC9EO14

(Scheme 1). In these nonionic rich mixed micelles,

shielding effect of SO3
- by the nonionic POE chain (14

EO) may be expected to play a relatively greater role than

intermolecular ion–dipole interactions. It is also worth

noting that the addition of the alkyl ether sulfonate sur-

factant iC17EO10S (weight fraction 0.15 of iC17EO7 in

the presence of weight fraction 0.85 of iC17EO7S in the

mixture) to C14EO14 will inevitably result in a iC14EO14/

iC17EO7 nonionic mixture. Accordingly, as xan increases,

the molar fraction of iC17EO (xint) increases at the expense

of the molar fraction of iC10EO14 (xext). Assuming that

iC10EO14/iC17EO7 mixture can be described as an

equivalent single nonionic surfactant having a average

degree of ethoxylation and hydrophobic alkyl chain length

given by

hEOi ¼ 14 fext þ 7 fint and hCni ¼ 9 fext þ 17 fint ð2Þ

where fint and fext are the calculated molar fractions of

iC7EO7 and iC9EO14 in solution by excluding the anionic

component contribution to the total number of moles in the

solution. Values of hEOi and hCni are reported in Table 3.

From this Table, it can be seen that upon adding iC17EO7-

S(iC17EO) to iC9EO14, the equivalent ethylene oxide

number decreases by 1 unit whereas the equivalent alkyl

chain length increase also by about 1 carbon atom. In order to

increase the cloud point within a series of homologous

nonionic surfactants, the hydrophile-lipophile balance

(HLB) must be increased. This is achieved either by

increasing the number of ethylene oxide units per molecule

or, by reducing the number of carbon atoms in the hydro-

phobic chain. Consequently, the outcome of adding

iC17EO7S(iC17EO7) to iC9EO14 is probably reflected by

an overall decrease in the HLB in (iC17EO7)/(iC9EO14)

mixture, thereby promoting cloud point depression.

Finally, the significance of our observations is two-fold:

(1) alkyl ether sulfonates (AES) display dual anionic-

nonionic solubilization behavior in brine due to the residual

nonsulfonated alkyl ether (AE) component and (2) adding a

nonionic polyoxyethylenated surfactant to AES may result

in a concomitant significant decrease in the AES clear point

and an increase in the cloud point of the added nonionic

surfactant. Thus, in the case that a higher cloud point and a

lower clear point are preferred, such as in surfactant

flushing operations, a combination of mixed anionic-non-

ionic surfactant mixtures might be used to prevent clouding

and/or gel formations.
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