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ORIGINAL CONTRIBUTION 7

Binding constants of calcium

and /or magnesium electrolytes
and aggregation numbers

in oil-in-water type microemulsions
formed by an amphoteric surfactant

Abstract The effects of anti-sym-
metric electrolytes (CaCl,, Ca(SCN),,
MgCl,, and/or Mg(SCN),) and pH
on the phase behavior, the {-potential,
the hydrodynamic diameter and the
surface charge density of an oil-in-
water type (O/W-type) micro-
emulsion formed in solutions of an
amphoteric surfactant (N% N°-
dimethyl-N*-lauroyllysine, DMLL)/
n-octane/1-pentanol /brine have been
examined. The formation of the micro-
emulsion in the presence of CaCl,
and/or Ca(SCN), is of Winsor-type
with an increase in the concentration
of 1-pentanol. Particularly, micro-
emulsion is not formed by the addition
of Ca(SCN), in a pH region less than
2.6. The {-potential and the surface
charge density of the microemulsion
in the presence of CaCl, decrease with
an increase in pH and show slightly
positive values in the isoelectric
regton (pH 5-7), while, in the presence
of Ca(SCN),, the {-potential and the
surface charge density show negative
values in the same region at which the
net charge of DMLL molecules
becomes almost zero. The hydro-
dynamic diameters in the presence of
CaCl, show a maximum value
around pH 2.5, whereas, in the
presence of Ca(SCN),, the minimum
value 1s around pH 5.5. Similar
tendencies are recognized in results
for the {-potential, the hydrodynamic

diameter and the surface charge
density of the O/ W-type micro-
emulsion in the presence of MgCl,
and Mg(SCN),. A new formula to
estimate the binding constants (K) of
Ca**, Mg?*, Cl™, and SCN~ to the
hydrophilic groups in DMLL
molecules and the adsorption density
of DMLL molecules on the oil/water
interface (N) in the presence of anti-
symmetric electrolytes has been
derived. K for Ca**, Mg?*, Cl~, and
SCN™ was found to be K¢, =
0.12M ™", Ky =014 M ! Koy =
0.0084 + 0.0016 M ™', and Kycy =
0.70 + 0.06 M ™1, respectively. N for
DMLL molecules in the presence of
CaCl,, Ca(SCN),, MgCl, and/or
Mg(SCN), was found to be

0.50 nm ™2, 0.38 nm ™2, 0.44 nm ™2,
and 0.47 nm ™2, respectively; and the
surfactant (DMLL) numbers per
O/W-type microemulsion droplet
change from a few hundreds to a few
thousands with changing pH. The
larger the hydrodynamic diameter of
the O/W-type microemulsion, the
greater the number of DMLL
molecules adsorbed on the O/ W-type
microemulsion surfaces.

Key words {-potential - surface
charge density — binding constant —
aggregation number — oil-in-water
type microemulsion
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Introduction

Microemulsions are generally defined as clear and thermo-
dynamically stable dispersions [1-7] of two immiscible
liquids containing an appropriate amount of surfactant
(and/or surfactant with cosurfactants) [8]. They differ
markedly from both macro- and mini-emulsions, which
depend upon intense agitation for their formation [4]. The
dispersed phase consists of small droplets with diameters
in the range of 10-100 nm [4].

The applications of microemulsion systems are of in-
dustrial and practical importance for enhanced oil recov-
ery [9] and for preparation of ultramicroparticles [10-11].
In this regard, many scientists have studied the phase
behavior [12] and preparation of microemulsion systems
[13-16]. However, few studies have been made on the
surface state and aggregation numbers of microemulsions.

In our previous paper [17], we have reported on the
influence of pH on the {-potential of the microemulsion
formed by the amphoteric surfactant (N* N*-dimethyl-N®-
lauroyllysine, DMLL) in the presence of NaCl. This
ampbhoteric surfactant shows nonionic surfactant-like be-
havior in the isoelectric region (pH 5-7) where the net
charge derived from the head groups of DMLL molecules
becomes almost zero. However, the surface charge densi-
ties of the microemulsion become negative in the isoelectric
region because of the preferential adsorption of C1™ com-
pared to Na™. Furthermore, estimation of the range of the
binding constants of Na* and Cl~ and the aggregation
numbers of the oil-in-water (O/W) type microemulsions
were made possible from the {-potential and particle size
of the microemulsion droplets.

We also reported the effect of symmetric electrolytes
on the {-potential of nonionic surfactant microemulsions
[18]. It was suggested that the {-potentials and the surface
charge densities of the O/W-type microemulsion show
negative values only in the presence of SCN™.

In this paper, we report on the effect of CaCl,, Ca{SCN),,
MgCl,, and/or Mg(SCN), on the formation of the O/W-type
microemulsions with the amphoteric surfactant (DMLL),
and on the preferential adsorption of Ca?*, Mg**, C1~, and
SCN~ to hydrophilic moieties of DMLL molecules. We
also discuss the binding constants of Ca**, Mg?*, Cl~, and
SCN™ to hydrophilic moieties of DMLL molecules and the
aggregation numbers of the O/W-type microemulsions
based on the results of the {-potential measurement.

Experimental section
Materials

N* N*dimethyl-N°-lauroyllysine (DMLL) was supplied
by Central Research Laboratories of Ajinomoto Co. Inc,,

Tokyo, Japan. The synthesis has been described in our
previous paper [19]. Pure n-octane, and hydrochloric acid
(HCI) purchased from Wako Pure Chemical Industries,
were reagent grade and were used without further purifica-
tion. 1-pentanol, used as a cosurfactant, which is oriented
at the oil/water interface and contributes to the decrease
of the interfacial tension, purchased from Tokyo Chemical
Industries and used without further purification. Calcium
chloride (CaCl,), magnesium chloride (MgCl,), and
calcium thiocyanate (Ca(SCN),)} purchased from Wako
Pure Chemical Industries, were reagent grade and were
used without further purification. Magnesium thiocyanate
(Mg(SCN),) was synthesized as follows. 2mol of
NH,SCN and 1 mol of Mg(OH), (Kanto Chemical Co.,
Inc.) were added to water and the mixture was stirred.
After removal of ammonia at 90 ~100°C, the crystal
(Mg(SCN),) was then separated by filtration. Obtained
Mg(SCN), was purified by recrystallization and dried for
24 h at 30°C under reduced pressure. Degassed doubly
distilled water was used in preparing all solutions.

Preparation of microemulsions

11.2mM of DMLL aqueous solutions were prepared by
dissolving DMLL in water whose pH was adjusted to
various values by 0.1 M HCI solution. The microemul-
sions formed by DMLL was prepared by mixing 10 g of
those aqueous solutions, 10 g oil, 0.1 M electrolytes, and
various amount of I-pentanol in Teflon-capped glassed
tubes. A series of the glass tubes was well shaken and
allowed to attain equilibrium in the thermostat for at least
several hours.

pH measurement

The pH values were measured with a digital pH meter
(M-130, Corning Co.) at 25°C. The pH values of the
O/W-type (lower microemulsion phases) or of the excess
water (brine) phases were measured. They were considered
to be equal to the pH values of water in the middle-phase
microemulsions and in upper-phase microemulsions as
would be expected from equilibrium considerations.

Measurement of electrophoretic mobilities
and calculation of {-potentials

Electrophoretic mobilities (U) of the O/W-type micro-
emulsions were measured in aqueous media of different
pH with the System 3000 particle electrophoresis appa-
ratus (Pen Kem, Inc., New York), equipped with a 5 mW
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He—Ne laser (4 = 632.8 nm). The electrophoretic mobili-
ties were measured at 25°C.

The {-potential ({) is calculated numerically from the
mobility (U) using Henry’s equation [20]:

U 1
=17, 1
T ee Tk .
with
6000N, Coe? 12
— [ AR 2
Myt < tot kT > 2

where 7 is the viscosity of the medium, ¢ is permittivity of
vacuum, and ¢, is the relative permittivity of the medium,
respectively. f(xa) is the Henry’s coefficient which depends
on the radius of the particle, and »,_, is Debye—Hlckel
parameter in the presence of the anti-symmetric (2—1)
electrolyte. Ny 1s Avogadro’s number, e is the elementary
electric charge, C, is the concentration of electrolytes,
k is the Boltzmann constant, and T is the absolute
temperature.

According to the numerical value of xa, f(xa) can be
expressed by the following equations [20-22]. Symbol
x stands for xa:

(1]

x* x®
(; - 96> exp () El(x)} : 3
where
«© ~1
E,(x)= J eXpi Var . @)
HDO0<xa<l:
Ei(x)=—Inx+ C+ Cix + C,x?
+ C3x3 + C4X4 + C5x5 , (5)

Co = — 057721566 , C; = 099999193 ,

I}

C, = —0.24991055 , C; = 0.05519968 ,

Cyq = — 0.00976004 , Cs =0.00107857 .
i) 1< xa <20

xt+ AP 4+ A+ Asx 4+ 4, 1

E =
1(%) x* 4+ Byx® 4+ Byx? + Byx + By xexp(x)’

Ay = 8.5733287401 , A, = 95733223454 ,

A; = 18.0590169730, Ay, = 256329561486 ,

By = 8.6347608925 , B, = 21.0996530827 ,

By =0.2677737343 , B, = 3.9584969228 .

2] 20 < xa:
3 25 220 2100 21840 246960
f(x):l—;+;§—7+ R B
3024000 39916800
I + M (7

Measurement of hydrodynamic diameters

Dynamic laser light scattering (DLLS) [23] experiments
are performed to determine the mutual diffusion coeffi-
cient of the O/W-type microemulsion using a 4700-type
submicron particle analyzer (Malvern Instrument, UK).
The light source is an argon laser (Coherent Co., Innova
90) with a wavelength of 488 nm and a power of 5 W or
less. Samples are contained in 8-mm-diameter high-pre-
cision Burchard cells, placed in a temperature-controlled
vessel at a constant temperature, and then the time-depen-
dent correlation function of the scattered light intensity is
measured at a scattering angle of 90°. Data are analyzed by
a Malvern 7032 correlator and the correlation functions
analyzed by the method of the cumulants [24] give a z-
average diffusion coefficient. The hydrodynamic diameters
of the O/W-type microemulsions should be calculated
from diffusion coefficients considering particle~particle in-
teractions. Cheung et al. [25] and Qutubuddin [26] have
made {-potential measurements in microemulsions and
used {-potential to correct diffusion coefficients.

Results

Figure 1 represents the relationship between pH of the
aqueous solution and the pH of the prepared O/W-type
microemulsion (excess water phase). The pH values of the
O/W-type microemulsion and excess water phase increase
markedly when the pH of the aqueous solution is 3.
Figures 2(a) and (b) show the concentration range of
the cosurfactant (I1-pentanol) for the formation of multi-
phase microemulsions at various pH values in the presence
of (a) 0.1 M CaCl, and (b) 0.1 M Ca(SCN),, respectively.
In these figures, open and solid circles represent the con-
centrations at which phase transition occurs. As can be
seen in these figures, with an increase in the concentration
of the cosurfactant, the microemulsion moves from the
lower phase, ic., O/W-type microemulsion (Winsor-type
[ [27]), through the middle phase (Winsor-type III [27]),



688 Colloid & Polymer Science, Vol. 274, No. 7 (1996)
© Steinkopff Verlag 1996

_§_ 10

0T e 5
I ® MgCl,

s O CaSCN, | g mun
g 6 | ® Masen, .

3

: ¥

£ 4 u

.E g)

E o

g 2r ot

E P

s 0 L I 1 ¥
200 1 2 3 4 5

pH of the aqueous solution

Fig. 1 Relationship between pH of the aqueous solution and the pH
of the O/W-type microemulsion (excess water phase)

Fig. 2A Concentration range of cosurfactant of the multiphase
microemulsion as a function of pH in the presence of 0.1 M CaCl, at
25°C. B Concentration range of cosurfactant of the multiphase
microemulsion as a function of pH in the presence of 0.1 M
Ca(SCN), at 25°C
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to the upper phase (W/O-type microemulsion; Winsor-
type I1 [27]). In the presence of CaCl,, the microemulsion
forms in the region between pH 1 and 8 and a similar
tendency was observed for the system including NaCl
[17], and/or MgCl,. The effect of CaCl, on the phase
behavior is almost the same as that of NaCl. On the other
hand, the O/W-type microemulsion in the presence of

Ca(SCN), forms in the region between pH 2.6 and pH 8,

and the region for the O/W-type microemulsion forma-
tion becomes narrower as compared to that in the pres-
ence of CaCl,.

Figure 3 exhibits the pH dependence of the {-potential
of the O/ W-type microemulsions in the presence of CaCl,,
MgCl,, Ca(SCN),, or Mg(SCN),. The values of the (-
potential in the presence of CaCl, decrease with increasing
pH, and then become almost constant at 1 ~ 2mV in the
range of pH 5-8. This suggests the preferential adsorption
of Ca?™ as compared to Cl, taking into accounted that
{-potential of an O/ W-type microemulsion in the presence
of NaCl became slightly negative (~-—3mV) in the
isoelectric region due to the preferential adsorption of C1™
compared to Na™. A similar tendency is recognized in
results for the system in the presence of MgCl,. While, in
the presence of Ca(SCN), or Mg(SCN),, the {-potential
shows negative value (~ — 5 mV). This may be attributed
to the preferential adsorption of SCN™ to the hydrophilic
moieties of the DMLL molecules compared to Ca** or
Mg2*,

Figure 4 shows the hydrodynamic diameter of the
O/W-type microemulsions as a function of pH in the
presence of CaCl,, MgCl,, Ca(SCN),, or Mg(SCN),. As
can be seen in Fig. 4, the hydrodynamic diameter of the

Fig. 3 {-potential of the O/W-type microemulsion as a function of
pH in the presence of CaCl,, Ca(SCN),, MgCl,, or Mg(SCN); at
25°C. The salinity of the systems is 0.1 M
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100 and
. o] 5
£ 0 CaCl = F exp <§_¢£> + l} / ) (10)
5 80§ ® MgCl, 3 kT 3
< O Ca(SCN);
§ = Mg(SCN), These formulas express the relationship between surface
"g 60 potential (y,) and surface charge density (¢, -} when an
= anti-symmetric electrolyte 1s used in the aqueous phase.
S Figure 5 shows the effect of pH on the surface charge
z Ar densities obtained from Egs. (8)—(10) assuming that the
_g {-potential is equal to the surface potential. Surface charge
E’ 20 densities in the presence of CaCl, become slightly positive
C o x s values, whereas, in the presence of Ca(SCN),, they show
1 2 3 4 5 6 7 8 slightly negative values in the isoelectric region (pH 5-7),
respectively. Similar tendencies are obtained in results for
pH the systems in the presence MgCl, and/or Mg(SCN),.

Fig. 4 Hydrodynamic diameter of the O/ W-type microemulsion as
a function of pH in the presence of CaCl,, Ca(SCN),, MgCl,, or
Mg(SCN), at 25°C. The salinity of the systems is 0.1 M

microemulsion with CaCl, gives a maximum value around
pH 2.5, whereas, in the presence of Ca(SCN),, it shows
a minimum value around pH 5.5. Similar tendencies are
observed when magnesium salts are used. DMLL molecu-
les exist in two different forms around pH 3 or pH 8, ie,
cationic-type and amphoteric-type, or amphoteric-type
and anionic-type [17]. These different types of the DMLL
molecules may generate the attractive force (ion-dipole
interaction) between them. Since the attractive force de-
creases the hydrophilic interactions according to Winsor’s
theory [27], the amount of n-octane in the O/W-type
microemulsion droplets, ie., the droplet size, increases.

Discussion
Surface charge density (o) can be calculated from the

values of surface potentials and particle radii on the basis
of the following equations [28].

§60iz 1 kT 4
L =01 14— [(3—=p)g—
0s-1 . pq{ +%2_1a(pq)2 L3 —p)g — 3]

4 g‘ﬂ B 1/2
+(%z—1a)2(pq)2 [61n< 2 )Hn(l p)J} ®

where

p=1-exp( —S22) 0)

In the range of pH 5-7, the net charge derived from the
head groups of the DMLL molecule becomes almost zero.
However, the surface charge densities of DMLI, micro-
emulsion in the presence of NaCl [17] become slightly
negative in this isoelectric region (pH 5-7), ie., C1™ ad-
sorbs preferentially onto the hydrophilic group of the
DMLL molecule compared to Na™. In the presence of
CaCl, (and/or Ca(SCN),), it is suggested that the adsorp-
tion amount of Ca**(SCN ~) onto the hydrophilic groups
is larger than that of C1™(Ca”™). Similar tendencies are
recognized in results for the systems including MgCl,
and/or Mg(SCN),. We have tried to conduct a theoretical
and quantitative analysis of the relationship between the
surface charge densities of the DMLL microemulsion with
DMLL and pH. The surface charge density is considered
to depend upon not only the degree of the adsorption of

Fig. 5 Surface charge density of the O/W type microemulsion as
a function of pH in the presence of CaCl,, Ca(SCN),, MgCl,, or
Mg(SCN), at 25°C. The salinity of the systems is 0.1 M
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the ions (hydrogen ions, anions or cations), i.e., binding
constant (K), but also the adsorption densities of DMLL
molecules on the oil/water interface (N). We have tried
to derive a new equation on the surface charge densities
in the presence of the 2-1 electrolytes by developing
the former equation on the surface charge densities in
the presence of the 1-1 electrolyte in our previous paper
[17]. '
We assume both uniform adsorption of DMLL mol-
ecules on the surface of the O/W-type microemulsion, and

k (ANlmax)!

S:

(ANZ max)!

—In
A4 |:(AN1H)' (ANI cation)!(ANl max ANIH - ANl cation)!

NIH: Nl cations NZH and NZ anions reSPeCtiVGIY- HisH and
H1scation ar€ the electrochemical potentials of H™ and cat-
tons adsorbed onto the binding sites 1 (carboxyl groups;
—COO "), respectively. paey and foganion are the electro-
chemical potentials of H* and anions adsorbed onto the
binding sites 2 (dimethylammonium groups; -N(CHj), or
(-HN™"(CH3),)), respectively. Nig, Nicatons Noy and
N5 anion are the numbers of cations or anions adsorbed on
the sites 1 or 2 per unit area, respectively. S is the config-
urational entropy change per unit area:

(ANZH + ANZanion)!

X
(ANZH + ANZ anion)!{ANZmax - (AN2H + ANZ anion)}!

k
= Z [11’1 (ANl max)! —In (ANIH) '(ANI cation)!

!
+ i [0 (AN may)! — IN(AN5) AN apion)! — 1N (AN, oy — ANzy — AN3anion)! ]

Langmuir-type adsorption of hydrogen ions, anions_ or
cations onto the head groups of DMLL molecules. Fur-
thermore, H™ and Ca®** (Mg?™) binds competitively at
the carboxyl groups (-COO "} having a negative charge
and H* also binds to the dimethylammonium groups
(-N(CH3),), and then CI~ or SCN~ will bind at these
groups in the positive form (-HN*(CHjs),).

Derivation of a new equation for the surface charge
densities of DMLL microemulsion in the presence
of 2—1 electrolytes

The increase in the Helmholtz free energy per unit area of
the surface of the O/W-type microemulsion (F) due to
anion or cation adsorption (binding) to the hydrophilic
groups of DMLL can be described as follows.

F= J Yo(o)do' + wisulN1n + UiscationN 1 cation T H2suN2n

TS (11)

+ /’L%SanionNZanion -
with
o= (—e)N + eNiy + 2eNqcation T €Non (12)

e} o
where ,uisHa ,uiscalimn HasH> and H2sanion A€ the constant
terms of HisH> Hiscations H2sH and Hasanions lndependent of

ANZH'ANZ anion! :|

—In (ANI max ANlH - ANI cation)!]

(13)

where Ny max and N, ., are the numbers of sites 1 and 2 per
unit area, respectively. They are equal to the number of
DMLL molecules per unit area (N ). A is the surface area of
the O/W-type microemulsion droplet. Using the Stirling
formula (Inx! = xIlnx — x), Eq. (13) is approximated as
bellow.

S = — [(AN{ max)(I0 AN 1pax) — (AN{g)(In AN 5)

k
A
— (AN cation) In (AN cation)

~ (AN{max — ANty — AN1 cation)

X IN (AN oy — AN1sx — AN cation)
(AN ) I (AN ) — (AN210) 10 (AN )
— (AN3 anion) In (AN, anion)

— (AN max — ANzg — AN 2nion)

x In (ANZmax - ANZH - ANZanion)] . (]4)
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The electrochemical potentials of ions at the surface of o5y = twn » (24)
microemulsions are, respectively, given by
M28anion = H2sH + Hw anion - (25)
oF ) .
s =\ 35— Corresponding to Eqgs. (22)—(25), we obtain
aZ\rlH T
N
do d J ¢ oS 1"
= v (a')dc/)um -7 .
<6N1H> (00_ ° o aNlH (Nl max NlH - Nl cation)nH exXp _‘kwTO
NlH
= ey + uisy + kT In , (15) 1 SO
lpo Hisu Nlmax - NIH - Nlcation = —CXp —M ) (26)
) kT
_ OoF )
HiScation = é\Nl cation/ T Nl cation
2evr,
1 cati (Nl max NlH - Nl cation)ncation EXp | — kT
=2 F cation kT1 - P 16
ew0+uls ' N anmax __NIH_Nlcation ( ) 1 5 °
Hiscation — HW cation
oF = eXp (— T > ; 27
HosH =\ 277 — 0
ONoy /)y
N Nou
_ 0 2H ey
n elpo * HasH + kT ln Nlmax - ‘NZH - NZanion ’ (17) (NZmax o NZH - NZanion)nH exp <~ﬁ>
aF 1 o o
L= HasH — HUwu
U2 anion <8N2 anion)T — n_o exp ( _T> R (28)
NZ anion N
= fuo anion + kT ln . (18) 2 anion
2 NZ max ~ N2H - NZ anion el,bo
. ) B R NZHnanion exp (“)
Here, the electrochemical potentials of cation and anion in kT
the water phase are, respectively, given by R R R
1 Hasanion — Hwanion — HasH 29
- = oexp| - - . (29)
pwa = fiwu + kT lnn_ ) (19)
0 The left-hand sides of Egs. (26)-(29) correspond to the
. Neation binding constants of anion and cation, which are defined
Hw cation = HW cation T kT In —— s (20) by
Mo
° Manion ! = i €X —_ILL?SH _"M%VH (30)
HWanion = Hwanion + kT In ——=, 2) x .~ n P kT ’
[ al 0
Where Uwy, Uweations aNd flwanion are the electrochemical 1 = " exp w,UZSH — Uwh (31)
potentials of H™, cation, and anion in the water phase, K.,» 7o kT ’
respectively. pon, Uycations and fwanion 4re the constant . .
terms of fyn, Hweations @0d Uwanion, idependent of ny, Keation = i exp <“/’t15cation - #wCanon> ’ (32)
Heation» ANd Magion, tespectively. ny, Aeation, aNd Mapio, are the Ro kT
numbers of H*, cation, and anion in the unit volume of 1 o e e
water phase, respectively. ng is the number of water mol- K, .. = — exp <_'u 2Sanion — MWanion — H 25H> , (33)
ecules in the unit volume. Mo kT

At the chemical equilibrium between the interface and
the bulk of the water phase, we have
Hisn = UwH »

(22)
(23)

U1Scation = HW cation >

where K,; and K, are the dissociation constants of head
groups of DMLL molecules, respectively. K., and
Kanion are the binding constants of cations (Ca?* or Mg?™)
and anions (CI™ or SCN7) to the hydrophilic groups in
DMLL molecules, respectively.
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Equations (30)—(33) become

! Ny €X el//O
) _eh
K, HEPA T

Ny = Nimax » 34
" 1+ Ny €Xp ~—e—% + K ationMeation CXP —26% 1 o
Kal H kT cation’*cation kT
2
Kcation Mecation EXP <_ ;w())
N cation = d N (35)
1 cation 1 . . eXp( elﬂ0> N K . < 26!70()) 1 max »
T cation Meation €X -
. H T t t p T
1 e
e ()
NZH = NZmax s (36)
1+ ! Ny €XP —e—l/jo 1 + K,nionManion SXP %
Kaz kT ionftanion kT
with
3 Nanion
10 NACO = HNeation — . (37)

2

Consequently, substitution of Eqs. (33)—(37) into Eq. (12) gives a new equation with K and N values for the surface
charge densities of DMLL microemulsion in the presence of 2—1 electrolytes.

2
KcationCO (249 <_ ewo) —1

o kT eN + ! N
2-1= en .
_ 2eys _ e e
1 4 10~ PH+PKar _Wo\ | ko _ Lo SR g . 0
+ exp < T + K aionCo €XP T 1+10 exp T + 2K 1ionCo €Xp W

The first term on the right-hand side of Eq. (38) indi-
cates the charge densities arising from the carboxyl
group (~COO™) and the adsorption of cation (Ca*™ or
Mg? ") onto the carboxyl group (-COO ™) in the DMLL
molecule.

The second term indicates the charge densities arising
from the dimethylammonium group (-HN™*(CHs3),)
and the adsorption of anion (C1~ or SCN7) onto the
~HN"(CH;), in the DMLL molecule.

Determination of K and N, and estimation

of the aggregation number of the DMLL O/W-type
microemulsion in the presence of an anti-symmetric
electrolyte

We have determined the values of K¢,, Ky, Ko, Ksen
and N in the presence of CaCl,, MgCl,, Ca(SCN),, or
Mg(SCN), by the least squares methods and obtained the
best fit by using the following values. The results are
shown in Figs. 6 and 7. In these figures, the plots represent
the experimental data of the surface charge density by Egs.

(38)

Fig. 6 Simulational curves by Eq. (38) of the surface charge density
of the O/W-type microemulsion in the presence of CaCl, and/or
Ca(SCN); as a function of pH at 25°C. K¢, K¢1, Ksen, and N in the
presence of 0.1 M CaCl, and/or Ca(SCN), are determined by the
least squares method to be 0.12M~% 0010M ', 076 M™%,
0.50 nm 2, and 0.38 nm ™2, respectively
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(8)—(10) and the curves express the simulational curves of  Nygc, =044 nm ™2 . 47
the surface charge density by Eq. (38). In the case of CaCl,,

In the case of Mg(SCN),,
Ke,=012M71, (39)

Kyg=014M71, (48)
Ko =0010M™1, (40)

Ksen =064 M~ 1| (49)
Neacy, = 0.50 nm ™2 . (41)

Nygseny, = 047 nm ™2 . (50)
In the case of Ca(SCN),,

Ko < Kea = Kyg < Ksen - (51)
Ke,=012M71, (42) )

The reasons why the {-potential and the surface charge
Keen =076 M1, (43) density in the presence of CaCl, and/or MgCl,,

(Ca(SCN), and/or Mg(SCN),) become positive (negative)
Neaseny, = 038 nm ™2 . (44) in the isoelectric region can be explained by the order of

the intrinsic binding constants (Eq. (51)).
In the case of MgCl,, As can be seen in Figs. 2(a) and (b), the difference in the

effect of CaCl, and Ca(SCN), on the phase behavior is
Ky =014 M™%, (45) remarkable in a region with a pH less than 3.5. In this pH

region, most of the DMLL molecules exist in the cation
Ko =0068M™F, (46) form as can be shown in Eq. (52).

cation-type amphoteric-type
RCHCOOH pk,, =22 RCHCOO™ pK,=98
| = | =
HN"(CHs), HN"(CH3),

H* H*

Fig. 7 Simulational curves by Eq. (38) of the surface charge density
of the O/W type microemulsion in the presence of MgCl, and/or
Mg(SCN); as a function of pH at 25 °C. Ky, K1, Ksen, and N in the
presence of 0.1 M MgCl, and/or Mg(SCN), are determined by the
least squares method to be 0.14 M™% 0.0068 M~ 0.64 M1,
0.44 nm~2, and 0.47 nm ™2, respectively

40
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o 30 N i the presence of MgC1,=0.44 nm™
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N ¥ Mg(5CN);
2 = Ky=0.14 M7, Kgen=0.64 MY,
=] Mg’ SCN’
z Nin the presence of Mg(SCN),=0.47 nm>
3
=]
Eo 10
[
=
S
@ \'\—.——
39 - [ 1)
% 0
= = L. |
wn
. 1 1 L L
10
2 4 6 8
pH

anionic-type
RCHCOO™

R = C,,;H,;CONH(CH,), . (52)

N(CH3),

Cationic-type DMLL molecules which are adsorbed pre-
ferentially by the anion (Cl™ and/or SCN ™) as compared
to the cation (Ca**) show nonionic surfactant-like
behavior and result in a decrease in the hydrophilicity.
The number of the DMLL molecules adsorbed by SCN~
with nonionic surfactant-like behavior might be larger
than those adsorbed by Cl7, because the binding con-
stant of SCN~ is larger than that of Cl~. Therefore,
in the presence of Ca(SCN),, middle phase micro-
emulsion forms in the region of pH 2.6-3.5 as shown in
Fig. 2(b).

We can evaluate the number of the surfactant molecu-
les per unit microemulsion, i.c., the aggregation numbers,
from the value of N and the hydrodynamic diameter.
The aggregation numbers (N;) are given by the following
equation.

N, = 4na®N . (53)
The aggregation numbers of DMLL microemulsion in the
presence of CaCl, or Ca(SCN), are shown as a function of
the hydrodynamic diameter in Fig. 8. The aggregation
number changes from a few hundreds to a few thousands,
and we can evaluate more precise values if we specify the
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3
20x10
--=- Nin the presence of Ca(SCN}, = 0.38 (nm?)
~~~~~~~~~~~~~~ N in the presence of MgCl, = 0.44 (nm?)
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Fig. 8 Relationship between aggregation number of the O/W-type
microemulsion and hydrodynamic diameter in the presence of
CaCl,, Ca(SCN),, MgCl,, or Mg(SCN), at 25 °C. The salinity of the
systems is 0.1 M

hydrodynamic diameter of the microemulsion. For
example, when the hydrodynamic diameter is about 50 nm
at pH 7, N in the presence of CaCl,, MgCl,, Ca(SCN),
and/or Mg(SCN), are 0.50, 0.44, 0.38, 0.47 nm 2, respec-
tively. Therefore, the aggregation numbers in the presence
of CaCl,, MgCl,, Ca(SCN), and/or Mg(SCN), per unit

particle become 3925, 3454, 2983, 3690, respectively at
25°C.

Conclusion

The formation of the O/W-type microemulsion in the
presence of CaCl, and/or Ca(SCN), is different in an
acidic region less than 3.5 when 8% 1-pentanol is used as
a cosurfactant. In the isoelectric region (pH5-7), the results
given by the measurements of (-potential and surface
charge density suggest that Ca®*, Mg?*, Cl1~ and SCN~
adsorb preferentially onto the hydrophilic groups of
DMLL molecules. The new equation on the surface charge
density in the presence of an anti-symmetric electrolyte is
developed by modifying the equation in the presence of the
symmetric electrolyte which has been derived in our pre-
vious paper [ 17]. By using the new equation of the surface
charge density in the presence of the anti-symmetric elec-
trolyte, the values and the order of the intrinsic binding
constant (K) of Ca?*, Mg?**, Cl7, and SCN~ to the
hydrophilic groups of DMLL molecules are shown to
be Ke,=012M71, Ky, =014M™!, K¢ = 0.0084 +
00016 M~ ! and Kgn=0704006M"1 K¢ <
K, = Ky < Ksen respectively. The range of the aggre-
gation numbers {the numbers of the surfactant mole-
cules per unit microemulsion) in the presence of CaCl,,
MgCl,, Ca(SCN), and/or Mg(SCN), varies from
102 to 10* orders with an increase of hydrodynamic
diameter.
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