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SURFACTANTS & DETERGENTS [

Relationship of Structure to Properties of Surfactants. 15 Isomeric
Sulfated Polyoxyethylenated Guerbet Alcohols!

D.S. Murphy, Z.H. Zhu, X.Y. Yuan, and M.J. Rosen*

Surfactant Research Institute, Brooklyn College, City University of New York, Brooklyn, New York 11210

The properties at 25°C in aqueous 0.1M NaCl at the
aqueous solution/air, aqueous solution/hexadecane,
and aqueous solution/hydrophobic solid interfaces of
two isomeric Guerbet alcohol-derived surfactants
CeryCH(CGH13)CH2(OCZH4)5SO4N3, one in which the
octyl and hexyl groups are both linear (L isomer), the
other in which they are both highly branched (B iso-
mer), have been investigated and compared in some
cases with commercial sodium linear dodecylbenzene-
sulfonate (LAS). The emc value increases, the pC,,
value decreases, and the AG°,4 value becomes less neg-
ative in the order: L isomer - B isomer - LAS. The min-
imum area/molecule at the aqueous solution/air in-
terface increases in the order: LAS << L isomer < B
isomer,

The Lisomer is slightly more hydrophobic than the B
isomer, and both are considerably more surface-active
than LAS. The greater steric inhibition to micelliza-
tion in the B isomer results in the lowest minimum
surface tension. Both isomers have similar minimum
interfacial tension values against hexadecane. Unusu-
ally small minimum area/molecule values for the two
isomers at the aqueous solution/hydrophobic solid in-
terface may indicate multilayer adsorption there. Both
isomers are more efficient at reducing the contact an-
gle than LAS. Mixtures of the B isomer with the corres-
ponding unsulfated Guerbet alcohol show only weak
interaction between the two. No synergism in surface
(orinterfacial) tension reduction efficiency or micelle
formation exists at either the aqueous solution/air or
aqueous solution interface but the mixture does show
synergism in surface (or interfacial) tension reduc-
tion effectiveness, yielding a surface tension value of
28.2 dynes/cm, and an interfacial tension value of 0.1
dyne/cm against hexadecane. Draves wetting times
increase in the order: B isomer < LAS < L isomer, and
Ross-Miles initial foam heights decrease in the order
B isomer =~ LAS > L isomer.

Surfactants based on Guerbet alcohols, R CH(R!)CH,OH,
where R! has two carbon atoms less than R, are of both
scientific and practical interest. Scientifically, they repre-
sent a class of surfactants where the hydrophobic group
is branched at a fixed position, thus permitting the effect
of this branching on physicochemical properties to be
determined unambiguously. Practically, the Guerbet al-
cohols can readily be obtained from both natural and
synthetic alcohols (1). Because of this interest, an investi-
gation into the surface and interfacial properties of these
surfactants at various interfaces was undertaken.

*To whom correspondence should be addressed.
!Presented in part at the American Qil Chemists’ Society meeting in
Cincinnati, May, 1989.

The results reported here are for the sodium salts of
two isomeric sulfated polyoxyethylenated C,¢ Guerbet
alcohols, one in which R and R! are both linear, the other
in which they are both highly branched. In addition, some
of their surface and interfacial properties are compared
with those of a commercial sodium linear dodecylben-
zenesulfonate(LAS).

EXPERIMENTAL

Materials. CBHI7CH(C6H13)CH2(002H4)5SO4N3 with line-
ar octyl and hexyl groups (C;LGEOsS) and a homogene-
ous polyoxyethylene chain was obtained from Exxon Re-
search and Engineering Corp., Annandale, NJ. Two-phase
titration with Hyamine 1622, using mixed indicator (2)
showed a purity of 95.0%. Elemental analysis: found
C=55.30, H=9.83, S=5.24, Na=4.38; calculated C =55.29,
H=9.46, S=5.68, Na=4.07. The isomeric compound with
highly branched octyl and hexyl groups (C,;BGEO;S) and
a homogeneous polyoxyethylene chain was also obtained
from Exxon Research and Engineering Corp. Two phase
titration showed a purity of 91.3%. Elemental analysis:
found C=54.98, H=9.84, S=5.75, Na=4.39; calculated
C=55.29, H=9.46, S=5.68, Na=4.07. The commercial sodi-
um linear dodecylbenzenesulfonate (ILAS) was C-550 LAS
(Vista Chemical Co., Ponca City, OK).

Before being used for surface tension, interfacial ten-
sion, or contact angle measurements, aqueous solutions
of the surfactants (in water that had been first deionized
and then distilled twice, the last time from alkaline per-
manganate solution through a three ft-high Vigreaux col-
umn with quartz condenser and receiver) were further
purified by repeated passage (3) through minicolumns of
octadecylsilanized silica gel to remove any traces of im-
purities more surface-active than the parent compound.
The concentration of surfactant in the effluent from these
columns was determined by two-phase mixed indicator
titration with Hyamine 1622,

Sodium chloride used to increase the ionic strength of
solutions was analytical grade material, which was then
baked for several hours in a porcelain casserole at red
heat to remove traces of organic compounds.

Surface tension measurements. Measurements were
made by the Wilhelmy plate technique, with a sandblast-
ed platinum plate of a ca. 5-cm perimeter. Instruments
were calibrated against quartz-condensed water (specific
conductivity 1.1 X 106 Q-lem! at 25°C) each day that
measurements were made. Sets of measurements were
taken at 15-min intervals until no significant change
occurred.

Interfacial tension measurements. Measurements
were made by the spinning drop technique using a model
500 spinning drop interfacial tensiometer (University of
Texas). Readings were taken a 0.5-hr intervals until three
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consecutive readings coincided. All readings were done at
25.0°C. The density of water was taken as 1.000 g/cm3 and
that of n-hexadecane as 0.773 g/cm3,

Contact angle measurements. Advancing contact an-
gles were measured with a contact angle goniometer
(Model 100-00, Rame-Hart, Inc.). Four drops, each about
12 uL, were applied to the solid surface, which was then
placed in a thermostated environmental chamber (Model
100-07, Rame-Hart, Inc.) saturated with solution vapor to
retard droplet evaporation. Angles were measured on
both sides of each of the four drops. All measurements
were made at least 30 min, and sometimes 1 hr after
application of the drops. The temperature was 25+0.2°C.
The advancing contact angle reproducibility was within
0.5-1.6% depending upon the substrate and the
surfactant.

Partition coefficient (Cy/Cy,) of C;;BGEO;S. Fifty ml of
2.70 X 10*M C;(,EO5S in aqueous 0.1M NaCl were over-
layed with 25ml of hexadecane and allowed to partition
to equilibrinm. The concentration of C;cEO5S in the aque-
ous phase was then determined by two phase titration
with Hyamine, using mixed indicator. The partition coef-
ficient was 0.037,.

RESULTS AND DISCUSSION

Individual surfactants. Figure 1 shows surface tension
(vLv) vs log molar concentration (C) plots for C,;BGEQ;S,
CsLGEO;sS, and LAS in 0.1M NaCl aqueous solution at
25.0°C. Figure 2 shows interfacial tension (vy..) vs log C,,
curves in 0.1M NaCl aqueous solution/hexadecane sys-
tems (v, is the aqueous solution/hexadecane interfacial
tension and C,, is the molar concentration of the surfac-
tant in the aqueous phase after partition). Figures 3 and
4 show adhesion tension .y Cos 8 (6= contact angle) vs
initial log C curves on Parafilm and Teflon, respectively.
Some interfacial properties of the compounds are list-
ed in Table 1. Critical micelle concentrations (CMC) were
taken as the concentrations at the point of intersection of

TABLE 1

Interfacial Properties of C;(BGEOQ;S, C,(LGEO;S and LAS in
Aqueous 0.1M NaCl at 25°C

Property C,sBGEO;S C;,LGEOsS LAS
0.1M NaCl (ag)/air
CMC (M X 103) 3.3, 1.1 16
IMpax(mol/CM2 X 1010) 2.8 3.0, 3.6,
Apin(am2 X 100) 594 54., 46,
PCso (pCs0) 5.85,(5.26) 6.15,(5.65) 4.8
CMC/Cyy (CMC/Csyy) 25.,,(6.0) 18.,,(4.9) 11
‘Y(-m(‘(mN/m) 2 D 2 304
Hepe(mN/m) 424 42, 41,4
-AGe,4(KJ/mol) 68.4 69., 50.,
0.1M NaCl (aq)/Hexadecane
CMC (M X 105 3.8y 1.0;
[Mpax(mol/KM2 X 1010) 3.24 3.2;
Anin(A2) 50,5 51,
pCs 5.5¢ 6.0¢
CMC/Csq 11,4 114
Yeme (mN/m) 2'0 25
Heme(maN/m) 50.4 49,4
~-AGe,4(KJ/mol) 674 71,
0.1IM NaCl (aq)/Parafilm
IMax(mol/CM2 X 1010) 35 5.7 4.54
Anin(A2) 47. 29. 36.4
pC20 5.34 5,02 4"66
[Tyax(mN/m) 46., 454 44,
0.1M NaCl (aq)/Teflon
I pax(mol/CM2 X 1010) 3.5 5.1 4.2
Ann(A2) 48. 32. 38,4
pCZ(, 513 499 446
I (mN/m) 39, 40.; 39.,

the two linear portions of the vy yvslog C (or v vslog Cy)
plots.

Maximum surface (or interfacial) excess concentra-
tion, I', .« in mol cm-2, and minimum areas per surfactant
molecule,’ A . in nm2, at the aqueous solution/air (or
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FIG. 1. Surface tension vs log molar concentration of ©, LAS: [, C;BGEO;S; and A,

C,LGEO;S at 25°C in aqueous 0.1M NaCl.
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FI1G. 2. Tension at the aqueous 0.1M NaCl/hexadecane interface
vs log molar concentration in the aqueous phase of -,
CisBGEO;S and O, C,(,LGEO;S at 25°C.
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FIG. 3. Adhesion tension on Parafilm vs log initial molar concen-
tration of X, LAS; A, C;,BGEQ;S; and ©, C;(LGEO;S at 25°C in
aqueous 0.1M NaCl.
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FIG. 4. Adhesion tension on Teflon vs log initial molar concen-
tration of X, LAS; A, C;¢BGEOQ;S; and ©, C1(LGEO;S at 25°C
in aqueous 0.1IM NaClL

aqueous solution/hexadecane) interface were obtained
from the maximum slopes (Sy,x) of the y;yvslog C (oryyL
vs log C,) plots at 25°C by use of the Gibbs adsorption
equation

-dy = 2.303 RT d log C, (1]

from which
Fiax = Smax/ 2.303 RT (2]
Amin = 1014/NDax (3]

where R = 8.314 J mol-!K-! and N is Avogadro’s number.

Values of ', at the aqueous solution/solid interfaces
were obtained from the maximum slopes of vy Cos 0 vs
log C curves. From Young’s equation

Yiv C0s 8 = ygv- Ysr [4]

where ygy and yg are the tensions at the solid/vapor and
solid/liquid interfaces, respectively. Since both Teflon
and Parafilm are low-energy solids, it can be assumed
that vygy is constant with change in the concentration of
the surfactant in the aqueous phase. Therefore, from
equations [1] and [4]

~-dyg, = d(yvCosf) = 2303 RTI"d log C (5]
From equation [5]
Fmax — 1 d'yLvCOS 0 [6]
2.303 RT dlog C

A,,n values are then obtained by equation [3].
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The pCy value, the negative log of the molar concen-
tration of surfactant required to produce a 20 mN/m
reduction in surface or interfacial tension or a 20 mN/
m surface pressure II(= 40 - v, where 99 is the surface
or interfacial tension in the absence of the surfactant),
is a measure of the surface or interfacial tension re-
duction efficiency of the surfactant. From equation
[3], the solid/liquid interfacial tension in the absence
of the surfactant, 7Y, is given by the expression

Y%L = ¥sv - ¥’ry Cos 6° (7]

where 9 g, vy, and 8° are the values in the absence of
the surfactant. From equations [4] and [7]

Yost, - yer = MO, = Yosv - Ysv
- VOLV Cos 60 + YLV Cos 6 [8]

Since the solid/vapor interfacial tension for Teflon and
Parafilm surfaces can be assumed to be constant, the
pCy value can be taken from the y; y Cos 6 vs log C plot
at the point where vy Cos 8 = 49, Cos §° + 20. Since
surface tension and contact angle measurements of
the 0.1M aqueous solution used at 25°C yield v°,- Cos
6° values of -24.4 and -23.1 mN/m for Parafilm and
Teflon, respectively, the corresponding v, Cosf values
for obtaining pC,, are -4.4 and -3.1mN/m.

The CMC/Cyq ratio is a convenient way of measuring
the relative effects of some structural or microenviron-
mental factor on micellization and adsorption. An in-
crease in the CMC/C, ratio as a result of the introduc-
tion of some factor indicates that micellization is
inhibited more than adsorption, or that adsorption is
facilitated more than micellization; a decrease in the
CMC/Cy ratio indicates that adsorption is inhibited
more than micellization, or that micellization is facili-
tated more than adsorption.

The surface or interfacial tension of the surfactant
system at the CMC is v.ne Heme (5 Y0 - Yeme) IS the
surface or interfacial pressure at the CMC. From equa-
tion [8], Hyay [ = - ¥0Ly Cos 6% + (y1y Cos0)nax | values at
the solid/liquid interface were calculated from the
expression

Hmax =244+ (’YLV Cos B)max [9]

for Parafilm and

Hmax =231+ ('YLV Cos o)max [93,]

for Teflon

Standard free energies of adsorption were calculat-
ed from the relationship (4)

AG%q4, = RT{In(C, /@) +In £ +In(C}/w) +In f,]
-6.023 X 10-1 IT - A, [10]

for these surfactants in swamping amount of
common-ion containing electrolyte. Here, the stan-
dard state for the surface (or interfacial) phase is a
hypothetical monolayer of the surfactant at its closest
packing (A = A,;,), but at a surface pressure of zero. R
=0.00834 KJ/mol, Tis in °K, C,- is the molar concentra-
tion of surfactant, f_is its activity coefficient, C; is the
molar concentration of the counter-ion, f, is its activity
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coefficient, w is the molar concentration of water (55.3
at 25°C), A, is in nm2, I1 in mN/m is at any value
where A = A, and AGY,4 is in KJ/mol. The activity
coefficients f and f, can be approximated using the
extended Debye-Hukhel equation (5):

log f=-B(I)¥2/[1 +0.33 a (1)1/2] [11]
where I is the total ionic strength of the solution, B is
0.509 at 25.0°C, and « is taken as 0.3 for the Na* ions
and 0.6 for the surfactant ion.

Properties for the aqueous solution/air systems. The
properties of the three investigated materials at the
aqueous solution/air interface all indicate that the
carbon equivalency of the hydrophobic group (and
hence the hydrophobic character) of C,sLGEO;S (the
“L isomer”) is greater than that of C,;BGEO5S (the “B
isomer”) and that both have a much greater carbon
equivalency than LAS. This is consistent with previous
data showing that the insertion of oxyethylene groups
between the hydrophobic group and an tonic hydro-
philic group results in increased hydrophobic charac-
ter in the molecule (6) and that branched hydrophobic
groups have lower carbon equivalencies than isomeric
straight chain groups (7). Thus, the cmc value in-
creases, the pC,, value decreases, and the AG?,, value
becomes less negative in the order: L isomer - B isomer
- LAS.

As the degree of branching in the hydrophobic tail
increases, micellization is inhibited relative to adsorp-
tion, due to the more rigid packing requirement in the
case of the micelle than at the planar interface, where
there is more conformational freedom. Thus the cmc/
Cy (or cmce/Cyp) ratio increases in the order: LAS <L
isomer < B isomer. The greater steric inhibition of mi-
cellization by the highly branched B isomer also ac-
counts for its slightly lower vy.q,.(higher I1.,.) value
than for the L isomer or for LAS.

The maximum surface excess concentration, I'y,,,
and the corresponding minimum area per molecule,
Apnin at the aqueous/air interface reflect both the
greater branching of the B isomer relative to the L
isomer and the larger cross-sectional area of a mole-
cule containing a polyoxyethylene group. Thus A,
increases in the order: LAS << L isomer < B isomer.

The free energies of adsorption of the B and L iso-
mers are almost equal. The larger number of -CHy
groups in the hydrophobic group of the B isomer, with
their larger contribution (8,9) than the -CH, group to
the -AGY,, value, apparently compensates for the
larger carbon equivalency of the L isomer.

Properties for the aqueous solution/hexadecane sys-
tems. When air is replaced by hexadecane for surfac-
tants that do not partition significantly into the hex-
adecane, there is only a small change in the interfacial
properties, in agreement with the findings of Rehfeld
(10) and Murphy and Rosen (11). For these ionic sur-
factants in a swamping amount of NaCl in the aqueous
phase, head group repulsions are reduced and the
presence of hexadecane results in compression of the
interfacial film, as measured by A, relative to that at
the L/A interface. This is probably the result of the
interaction of the hydrophobic tails with hexadecane
molecules. Both isomers reduce the interfacial tension
to relatively low values as measured by <., The
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FIG. 5. Surface tension vs log molar concentration of ®, C;(BGEO;S; X, C;,BGEO;0H;
and their mixture, G-, at oyone=0.159 at 25°C in aqueous 0.1M NaCl.

increase in the value of I1 . relative to the L/ A case is due
to the larger pC,, and CMC/ ¢y, values, as found previous-
Iy (11).

Properties for the aqueous solution/low-enerqgy solid
systems. When air is replaced by Teflon or Parafilm, the
interfacial properties of these surfactants are considera-
bly affected. The area per molecule values are greatly re-
duced compared to the corresponding L/A values, and
may indicate multilayer adsorption at the aqueous solu-
tion/solid interfaces. This effect is more pronounced for
the L isomer on both of the solids investigated. AGY,4
values are based on monolayer adsorption and therefore
have not been included.

Both the B and L isomers are much more efficient at
reducing contact angle on both solids than LAS. In order
toreach a contact angle 0f46° on Parafilm, 1 X 10-3M LAS
isneeded,butonly4.7X10-*M B and 3.1 X 10-M L isomer.
In order to reach a contact angle of 56° on Teflon, 9 X 10- 4
M LAS is needed, but only 6 X 10-M Bisomer and 5X10-3
M L isomer.

Binary surfactant mixtures. Figure 5 shows the sur-
face tension vs log molar concentration plots for
C6BGEO;S, CsBGEO5;0H, and their mixture in 0.1M NaCl
aqueous solution at 25°C, Figure 6 shows interfacial ten-
sion vs log total concentration plots for C,;;BEO;S,
CisBEO;OH, a mixture of them, and C;(LEO;S,
C16LEO;0H, and a mixture of them.

Table 2 lists interaction and synergism parameters for
the mixtures investigated. Following previous publica-
tions (12,13), values of B°, the interaction parameter for
the two surfactants at the aqueous/air interface, were
calculated by use of equations [12] and [13].

Xlz In ((chlg/X Clo)
(1-X)% In [(1-X)) Cp2/(1-X,)Cy°]

{12}

Equation [12] is first solved iteratively for X;, where X, is
the mole fraction of surfactant 1 in the total surfactant at
the aqueous solution/air interface; « is the mole fraction

ZOT

yLL(mNm")

1

-54

L L

L A
-50 -~-46 -42 -38
Log Cy

FIG. 6. Tension at the aqueous 0.1M NaCl/hexadecane interface
vs log total molar concentration in the system at 25°C for Q,
C1sLGEO;S; A, C;BGEO;S; ©-, C;sLGEO;S/C,,LGEO;OH mix-
ture, agyee=0.013g; 4, C;BGEO;S/C(BGEO;OH mixture,
urate=0-0124; ¥, C;sBGEO;0H; and [, C,;,LGEO;OH.

of surfactant 1 in the total surfactant in the aqueous so-
lution; and C,°,C;° and C;s are the solution phase molar
concentration of surfactants 1 and 2 and their mixture,
respectively, required to produce a given surface tension
value. Then X, is substituted into equation [13]

In (,C2/X,C1°)
(1-X,)?

p - [13]
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TABLE 2

Molecular Interaction and Synergism Parameters for Binary
Surfactant Mixtures at 25°C

Parameter C1¢BGEO;S + C,LGEO;S +
C,;BGEO;0H C4sLGEO;0H
0.1M NaCi (aq.}/air
mole fraction of anionic 0.84
Be ~1.1
|In 010/02°| 16
M +0.4
|In(CMC,/CMC,) 19
Be - M ~1.5
C,°CMCye 0.33
fIn |
Cy°CMC,°
Agyigare © 0.91
Mixture vn,. (dynes/cm) 28.,
Lowest individual v,
(dynes/cmm) 29.,
0.1M NaCl (aq.)/Hexadecane
Mole fraction of anionic in
the entire system 0.0124 0.0134
Mole fraction of anionic in
aq. phase (after
partitioning of nonionic) 0.8 0.9;
BoLL -2.2 -1.2
oy,
|In | 2.9 41
Coyy
M -15 -02
CMC,, 3.0 4.3
In —|
CMC;,
Be - pM -0.7 210
Cey ,CMCy, 0.1 0.2
{In
Coy (CMC,
o Esulfate 3.65 X 10-2 98 X103
Mixture y; .. (dynes/cm) 0.10 0.13
Lowest individual ;e 1.3 14
(dynes/cm)

in order to obtain B¢, the molecular interaction parame-
ter between surfactants 1 and 2 at the aqueous solution/
air interface. Negative 87 values indicate attractive inter-
action, positive values indicate repulsive interaction.

For determining BM, the interaction parameter for
mixed micelles of the two surfactants, equation [12] is
solved for XM the mole faction of surfactant 1 in the total
surfactant in the mixed micelle, using the corresponding
critical micelle concentrations instead of C,°, C,° and C,..
This is inserted in equation [13] to calculategM.

For measuring Bo;;, the molecular interaction parame-
ter at the liquid/liquid interface, equation [14] is first
iteratively solved for X, ;, where X ; is the mole fraction of
surfactant

X DAn(F,Cyap ) /Fye €0 X, )

, [14)
(1-X; D2 In[Fy Cipp(1 - @)/Fpe(Coz, (1 - X, )]

1 in the total surfactant at the aqueous solution/hydro-
carbon interface; Fi= (¢ + 1)/(K ¢ + 1) is the fraction of
surfactant 1 in the aqueous phase of the surfactant mix-
ture; Fo = (¢ + 1)/(Ky¢ + 1) the fraction of surfactant 2 in
the aqueous phase of the surfactant mixture; F,°= (¢,° +
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1)/(K,°¢;° + 1) the fraction of surfactant 1 in the aqueous
phase of the system containing only surfactant 1; and
Fo'=(¢py° + 1)/ (K ¢,° + 1) the fraction of surfactant 2 in
the aqueous phase of the system containing only surfac-
tant 2. The nonaqueous/aqueous phase volume ratio is ¢
and K the nonaqueous/aqueous molar partition coeffi-
cient of each surfactant. C°),,, C°;; and C,,, are the con-
centrations, based upon the total volume of the system,
required to produce the same interfacial value. Once X ;
is known, it is substituted in equation [15]

In (Cyp.a; Fi/F°Coy Xy 1)
(1-X;;)2

BouL = [15]

in order to obtain B¢, the molecular interaction parame-
ter between surfactants 1 and 2 at the aqueous solution/
hydrocarbon interface.

When «, approaches zero or one, the partition coeffi-
cient values may be eliminated from equations [14] and
[15] since in the limit a;— 1, ;Cy2,—C° 1, k; — k,°, and F°/
F,—~ 1, and in the limit ¢; — 0, F;°/F;-a;— 0 and the effect
of F,°/F, on X, jand f°,, becomes negligible. Similar rela-
tionships hold for a,. Since these conditions are met in the
systems investigated here, equations [14] and [15] with-
out F°, F,, F, or Fy,° were used to calculate X,; and
B°LC°, (£ and C,5, are the concentrations, based upon
the total volume of the system, required to produce the
same interfacial tension value.

Equations analogous to equations [14] and {15] with-
out F, F,,F\° and F,° hold for the calculation of gM;;, the
mixed micellar molecular interaction parameter between
surfactants 1 and 2 in aqueous solution/ hydrocarbon
systems.

The mole fraction at the point of maximum synergism
in surface tension reduction effectiveness is given by the
relationship (14):

a;"E = [((CMC*/CMC,”) - (X;7 /(1 -X;")) X
exp ¥ (1 - 2X,)/{1 + [((CMC,°/CMCy%)  [16]
X (X,'/1-X17)) exp ¥ (1 - 2X,)}}
where X, is the mole fraction of surfactant 1 at the sur-

face at the point of maximum and is calculated iteratively
from equation [16]

Voeme 1 -S1 (B7 - B (1 - X,7)*
‘yocmc‘_’, 'S‘Z (]30 - 6“) (Xl‘)2

=1, [17]

where e 12nd Yoo 2 are the surface tension values at
their CMC's of individual surfactants 1 and 2, respectively;
and S, and S, are the slopes of the - In C plots of the
individual surfactants 1 and 2, respectively.

Since for the aqueous solution/hydrocarbon systems
investigated, o tends toward zero, partition coefficients
are not needed to calculate ¢, E. Equations analogous to
[16] and [17], but based on concentrations in the entire
system and upon interfacial tensions are used to calcu-
late @, E for the liquid/liquid systems.

Agueous solution/air system. The CBGEO;S -
CcsBGEO;0H mixture showed only weak interaction be-
tween the two surfactants, both in mixed monolayer (3°
- 1.1) and in mixed micelle (8¥=+ 04) formation. The
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rather weak interactions between the surfactants are
probably due to the highly branched alkyl chains prevent-
ing the close approach of the two surfactants. Such weak
interactions are also seen in mixtures of sodium di- (2-
ethylhexyl) sulfosuccinate (15) another highly branched
surfactant, with the nonionic surfactant, C,,H,5(EO);OH
(8,7 - 0.9; B, - 1.2). Since the condition for synergism in
surface tension reduction efficiency (16) is| 84 >| In (C,*/
C5°) | and the condition for synergism in mixed micelle
formation is| M| >{In (CMC,;/CMC,)|, the data in Table 2
indicate that these conditions are not met and these two
types of synergism are not observed in mixtures of these
two materials.

However, synergism in surface tension reduction effec-
tiveness (14) is shown by this mixture since the condition
for synergism, in this respect,

B - p4>In __SrMO
CyoCMC0

is attained. As a result, the mixture depresses the surface
tension to a value (28.; dynes/cm) lower than that attain-
able by either component by itself. The o"E, 1. value is
calculated to be 0.91.

Agqueous solution/hydrocarbon systems. Both the
C,6BGEQO;S - C;,BGEO;0H and C,;LGEO;S - C;,LGEO;OH
mixtures show synergism in interfacial tension reduction
effectiveness, while showing no synergism in interfacial
tensjon reduction efficiency or mixed micelle formation.
Because of the synergism in interfacial tension reduction
effectiveness, both these mixtures reduce the interfacial
tension to less than 0.2 dynes/cm. The a £y, value for
the C;sBGEO;S - C,({BGEO;OH mixture is calculated to be
3.6; X 10-2) and the value for the C LGEO;S -
C;,LGEO50H mixture is calculated to be 9.8 X 10-3. The
reason these o"E sulfate values are so much smaller than

TABLE 3

Draves Wetting Times (sec), 0.1M NaCl

for the L/A system is that in equation [15], when CMC°, ,
« <<CMC°2.tCXI"E“O. CIGBGEO{)OH and ClsLGEO5OH arevery
oil soluble, which makes CMC’1e1«CMCconor, and
therefore o' E, . to be very small for the L/L systems.

The value for the mole fraction of anionic in the aque-
ous phase after partitioning of the nonionic listed in Table
2 is obtained by assuming that the presence of hexade-
cane does not appreciably affect the CMC in the aqueous
phase, and using the difference between the CMC in the
aqueous solution/air system and the CMC for the total
system in the aqueous solution/hexadecane case to cal-
culate approximate partition coefficient values: Cig
BGEO;0HK (=C,/C,) =7 X 103,C;(LGEO;OH, K~ 2 X 10%.

Draves wetting. Draves wetting times are listed in Table
3. At all concentrations investigated, the order of wetting
time at a fixed surfactant concentration was B isomer
< LAS < L isomer. The B isomer, which is the most highly
branched material and also reaches the lowest surface
tension, is the best wetting agent.

Data on the C,;sBGEO;S - C;(BGEO;0H mixture indi-
cate that, in contrast to the situation in surface and inter-
facial tension lowering where the performance of
C,sBGEO;S was improved by the addition of
C;sBGEO;0H, such improvement does not extend to
wetting.

Ross-Miles foaming. Ross-Miles Foaming data are listed
in Table 4. Effectiveness in foaming is measured by the
initial foam height. From the data, C;BGEO;S and LAS
are about equally effective, while C;;LGEO;S is signifi-
cantly less effective.

Foam stability can be measured by dividing the foam
height at five minutes by the initial height. The stabilities
of all three pure compounds at the concentrations inves-
tigated are comparable, with LAS and C;,LGEOsS pro-
ducing a slightly more stable foam than C,BGEO;S. The
addition of C,BGEO;0H to C;(BGEO;S decreases both
the foaming effectiveness and foam stability of the latter.

Concentration C,6BGEO;S CsLGEO;S LAS C,,BGEO;S + C;,LGEO;0H
% w/w) 24 5°C 27°C 27C Ononionic=0-1,29°C
0.10 6.9 12,4 8.0 8.6
0.05 14, 25.4 17, —
0.025 39,4 61 58.5 —
TABLE 4
Ross-Miles Foaming, 60°C, 0.1M NaCl
Concentration CsBG(EO);S C,LGEO;S LAS C1sBG(EO),S +
(% w/w) C,,BGEO;OH
anonionic=0-1
Initial Initial Initial Initial
foam foam foam foam
height 5 min height 5 min height 5 min height 5 min
(mm) Stability (mm) Stability (mm) Stability ~ (mm) Stability
0.25 200 0.93 174 0.97 200 0.95 190¢ 0.83¢
0.10 199 0.93 165 0.96 — — 157 0.89
0.025 170-180 =0.90 147 0.97 191 0.98 — -

aSolution cloudy.
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