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The surface tensions of binary salt mixtures made up from NaCl
nd MgCl2 in aqueous solution were measured as a function of
oncentration and temperature. By analyzing the results, the ther-
odynamic quantities of surface formation such as entropy (Ds),
elmholtz free energy (D f ), and energy of surface formation (Du)
ere evaluated. The D f of the mixtures positively deviates from

he straight line connecting those of NaCl and MgCl2 aqueous
olutions. On the other hand, Ds shows negative deviation from
he linear relation. © 1999 Academic Press
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odium chloride; magnesium chloride.

INTRODUCTION

The surface tension-versus-concentration relations of a
us solutions of simple salts have been measured by
esearchers in order to elucidate the structure of the su
egion. The early investigations were reviewed by Randel
nd the following works were reviewed briefly in the introd

ion section of Weissenborn and Pugh’s recent work (2).
ably the ion free layer model has been figured and has
sed to explore properties of the surface region of aqueou
olution (3–5). Johansson and Erikkson (3) explained the
ailed profile of the surface zone based on the two G
ividing surfaces, for which the excess number of mole
ater and salts are, respectively, set equal to zero. Fu
tudies have been made to elucidate properties and stru
f the ion free layer defined by the two dividing surfaces (4
lthough it is probably true that the top layer of an aqueous
olution is composed of only water molecules, several au
re reluctant about using the model to explore properties o
urface region of aqueous salt solution (2, 6). It stand
eason from a thermodynamic point of view that the sur
egion is a solution composed by water, air, and salt. If
dsorbs at the air–water surface and interacts with su
ater molecules, we expect that thermodynamic quantitie

1 To whom correspondence should be addressed.
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urface formations of mixed aqueous salt solution would re
he interaction between two different salts in the surface
ion.
The temperature effect on the variation of surface tensio

queous salt solutions has not attracted much investigatio
ar. For mixtures of inorganic salts, it is very hard to fi
iterature that considers the temperature effect on surface
ion. In part I of this series (7), we demonstrated the sig
ance of the temperature effect on surface tension whic
bles the evaluation of thermodynamic quantities suc
ntropy and energy of surface formation. By estimation of s
quantity defined as a change of thermodynamic qua

ssociated with the formation of the surface (8, 9), it is pos
o obtain information of the surface region by means of w
he interactions between components may be discussed.
resent study, we intend to evaluate the thermodynamic q

ities of surface formation of binary salt mixtures made up f
aCl and MgCl2 in aqueous solution by measuring the surf

ension as a function of temperature and concentration.

MATERIALS AND METHOD

NaCl was of standard regent of 99.98% (Manakku C
gCl2 was of high grade at.99.99% (Aldrich). Water wa
oubly distilled from a dilute alkaline permanganate solut
urface tension was measured by means of the drop vo
ethod described previously (10).

RESULTS AND DISCUSSION

Surface tension (g) of the mixed solutions was measured
he concentration range of 0 to 1 mol kg21 and temperature (T)
ange of 15 to 35°C at 2.5°C intervals. The thermodyna
ormulation for the adsorbed films of binary surfactant m
ures was given by Motomura (8). This formulation can
pplicable to the aqueous solution of salt mixtures. For
urpose of analysis of the binary mixture of NaCl and Mg2,
hich have a common anion but have cations with diffe
alence, it is convenient to write the equations and therm
0021-9797/99 $30.00
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404 MATUBAYASI ET AL.
amic quantities applicable to this specific case. We may
or the total molality of salts (m̂) and the mole fraction o
gCl2 (X̂2) the following expressions,

m̂ 5 mNa1 1 mMg21 1 mCl2 5 2m1 1 3m2 [1]

nd

X̂2 5
3m2

m̂
, [2]

here m1 and m2 are the molality of NaCl and MgCl2,
espectively. For the adsorbed film of salts, the total ex
umber of moles of salts (Ĝ H) and the corresponding mo

raction of MgCl2 (X̂2
H) are given as

Ĝ H 5 GNa1
H 1 GMg1

H 1 GCl2
H [3]

nd

X̂2
H5

3G2
H

Ĝ H
, [4]

n which GNa1
H , GMg21

H , GCl2
H , andG2

H are the excess number
oles of Na1, Mg21, Cl2, and MgCl2 at the surface, re

pectively. SincêG H shows negative values for the aque

FIG. 1. Surface tension-versus-total molality relations of the mixture oX̂2

0.60 atconstant temperatures.
te

ss

s

alt solution, it must be noted that the physical significanc
he X̂2

H differs essentially from that for the adsorbed film
urfactant mixtures. The variation ofg as a function ofT,
ressure (p), m̂, andX̂2 is then given by (8).

dg 5 2DsdT1 Dndp

2
RT

m̂
Ĝ HF1 1 X̂1

H
 ln f1

 ln m̂
1 X̂2

H
 ln f2

 ln m̂Gdm̂

1 RT̂G HF ~X̂2 2 X2
H!~3X̂1 1 4X̂2 2 2!

X̂1X̂2~3X̂1 1 4X̂2!

2 X1
H

 ln f1

X̂2
2 X2

H
 ln f2

X̂2
GdX̂2, [5]

hereR is the gas constant,Ds and Dn are the entropy an
olume of surface formation, andf1 and f2 are mean activit
oefficients of NaCl and MgCl2, respectively.
As an example of the variation ofg of salt mixtures, th

-versus-m̂ relations at fixedT andg-versus-T relationships a
xed m̂ of the mixture ofX̂2 5 0.60 areshown in Figs. 1 an
, respectively. Within the observed ranges ofm̂ and T, the
-versus-m̂ relationships are almost linear, similar to th
bserved for single salt solutions, and the slope of the li
egression line obtained by least squares increases wi
reasingT. The g-versus-T relationships of the mixture als

FIG. 2. Surface tension-versus-temperature relations of the mixtureX̂2

0.60 atfixed concentrations: (a)m̂ 5 0.00 mol kg21; (b) 0.50; (c) 1.00; (d
.50; (e) 1.89; (f) 2.50.
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405SURFACE FORMATION OF AQUEOUS ELECTROLYTE SOLUTIONS, II
how a linear relation as for those observed for a single
olution. The results observed for mixed salt solutions
ifferent X̂2 also show similar behavior. Figure 3 shows
-versus-X̂2 relations at a givenm̂. Since the numerical valu
f g is the same as the Helmfoltz free energy of sur

ormation (Df ) (9), this figure also shows the variation ofDf
ith X̂2 at eachm̂. The difference inDf between NaCl an
gCl2 becomes appreciable at higherm̂. The larger increase
f caused by the addition of MgCl2 is attributable to the large
umber of charges on MgCl2. For the mixtures, the deviatio

rom the linear variation ofDf are clearly seen.
According to the thermodynamic formulation, the incre

n g due to the addition of salts causes negative adsorpti
alt. The calculation of the negative adsorption of the mix
epends upon Eq. [5] and requires knowledge of the ac
oefficients of salts andX̂2

H. However, the calculation ofX̂2
H

lso requires knowledge of activity coefficients of salts and
alue of X̂2

H. So we estimatedX̂2
H values in the following

anner. First, we applied Eq. [5] tom̂-versus-X̂2 curves a
onstantT, p, and g, assuming that the contribution of t
ctivity coefficients can be negligible, and evaluated the
orary X̂2

H values. We then evaluated the contribution of
ctivity coefficients using theseX̂2

H values and recalculate
pproximateX̂2

H values using Eq. [5]. The numerical values
he activity coefficients of the mixtures were taken from
ork of Wu et al. (11). Figure 4 shows the contribution of t
ctivity coefficient on the evaluatedX̂2

H values. It is seen th
he magnitude is insignificant compared with the differe

FIG. 3. Surface tension-versus-composition relations of the mixtur
onstant concentrations: (a)m̂ 5 0.2 mol kg21; (b) 0.6; (c) 1.0; (d) 1.4; (e) 1.8
lt
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etween the values ofX̂2
H andX̂2 values. Using theseX̂2

H values
nd activity coefficients of salts in the mixtures, we t
valuatedĜ H of the mixtures from the slope ofg-versus-m̂
urves. The evaluated̂G H have negative values and the m
itude of the negative adsorption increases with increasesm̂.

n order to exhibit the effect of mixing on negative adsorp

FIG. 5. Total negative adsorption-versus-composition relations at con
otal concentrations: (a)m̂ 5 0.2 mol kg21; (b) 0.6; (c) 1.0; (d) 1.4; (e) 1.8

at

IG. 4. Composition of MgCl2 defined by the negative adsorption of sa



w
F th
m ion
A his
o h
o

t
s in
m es
s th
t he
s ta
f t b
d err
o s
t
l th
e f
a fro
t

i n

n e
s the
m

e to
t n of
f po-
s tively

es o
t
0

ures
a re 0.0,
0

ures
a re 0.0,
0

406 MATUBAYASI ET AL.
e graphed thêG H-versus-X̂2 relation at fixedm̂ as shown in
ig. 5. The curves are convex upward, indicating that
ixing of NaCl and MgCl2 enhances the negative adsorpt
lthough the deviation from the linear relation is small, t
bservation indicates that Na1 and Mg21 interact with eac
ther in the surface.
Figure 6 and 7 showDs-versus-m̂ and Ds-versus-X̂2 rela-

ions derived from the slopes of theg-versus-T relations. It is
een thatDs of the mixture decreases steadily with increas

ˆ similar in shape to that of MgCl2 and the variation becom
teady in the higher concentration region. It seems likely
heDs values of NaCl, MgCl2, and mixtures meet at almost t
ame value, as the concentration becomes higher. The de
orm of these curves at higher concentrations could no
etermined because of the relatively large experimental
f 0.002; however, it is obvious thatDs is smaller for mixture

han for the pure salt solutions when compared at fixedm̂ at a
ower concentration region (Fig. 7). Figure 8 compares
nergy of the surface formation (Du) of mixtures with that o
pure salt solution. The numerical values are calculated

he relation (9),

Du 5 TDs 1 g, [6]

n which we assumed that the volume of surface formatio

FIG. 6. Entropy of surface formation-versus-total concentration curv
he mixtures at constant composition: (E) X̂2 5 0.00; (‚) 0.33; (h) 0.60; ({)
.82; (F) 1.00.
e
.

g

at

iled
e
or

e

m

is

egligible (12). The variations ofDu with concentration ar
light; however, the deviations from the linear relation of
ixtures are obvious.
The variation of surface tension of mixtures is insensitiv

he change of composition of salts to allow a determinatio
unctional dependence of thermodynamic quantity on com
ition, but the tendency presented here is at least qualita

f

FIG. 7. Entropy of surface formation-versus-composition of the mixt
t constant total concentrations. The total concentration of the curves a
.5, 1.0, 1.5 mol kg21 from top to bottom.

FIG. 8. Entropy of surface formation-versus-composition of the mixt
t constant total concentrations. The total concentration of the curves a
.5, 1.0, 1.5 mol kg21 from top to bottom.
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407SURFACE FORMATION OF AQUEOUS ELECTROLYTE SOLUTIONS, II
bvious. Surface tension, i.e.,Df, of the mixtures positivel
eviates from the straight line connecting those of NaCl
gCl2 aqueous solutions. This deviation corresponds to

ndings of the hump on thêGH-versus-X̂2 relation (Fig. 5)
hese results show the extremely complicated nature o
ixed salt solution system, when we consider this beha
ith the distinct salt free layer model (3). Weissenborn
ugh (2) cast doubt on whether the ion free layer m
xplains the figure of the surface region. They suggested

he concentration gradient of dissolved gas near the m
copic bubble surface has some influence on surface tens
e consider the surface region as a continuous two-di
ional isotropic solution (9), their suggestion is easily acc
ble. We have shown that the adsorption of surfactants fro
hase at the oil–water interface depends on the interactio

he adsorbed film and the affinity between surfactants
ater molecules. The adsorption of salts would occur in
ame manner of surfactants. MgCl2 characterized by strong
ydration ability is adsorbed less at air–water surface
aCl. The deviation of theDf-versus-X̂ curve from the linea

elation indicates that there are small interactions between1

nd Mg21 in the surface region.
Recalling the definition of the thermodynamic quantity

urface formation, theDs for the NaCl and MgCl2 mixture can
e presented as

s 5 Gw
I ~sw

I 2 sw
w! 1 Ga

I ~sa
I 2 sa

A! 1 O
i

G i
I~si

I 2 si
W!,

i 5 Na1, Mg21, Cl2, [6]

hereGw
I , Ga

I , Gi
I, and (sw

I 2 sw
w), (sa

I 2 sa
A), (si

I 2 si
W) are the

umber of moles in the surface region per unit area and
artial molar entropy change of adsorption of water, air,

ons, respectively. If we assume thatGi
I s are negligibly sma

nd air is hardly soluble with water as the salt free layer mo
he contribution of (sw

I 2 sw
w) will determine the variation o

s. However, only the first term is insufficient to explain
inimum observed onDs-versus-X̂2 curves. It seems likel

hat the dent would be due to the interaction between Na1 and
g21 in the surface region. Similar arguments would be

or the Du-versus-X̂2 relation (Fig. 8). The dent observed
he Du-versus-X̂2 relation suggests that we should be c
erned about specific interactions between Na1 and Mg21 in
he surface region.
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CONCLUSIONS

In part I of this series (7), we examined the effect of ca
harge on the thermodynamic quantities of surface form
nd showed that these quantities are helpful for understa

he effect of inorganic salts on water. In accordance with
xperimental results of part I, we have examined here
hange in these quantities for a mixed aqueous solutio
aCl and MgCl2. For the mixturesDs and Du show smalle
alues than those for a pure aqueous solution when com
t fixedm̂, while Df of the mixtures positively deviates fro

he straight line connecting those of NaCl and MgCl2. This
bservation indicates that electrical effects may take p
etween Na1 and Mg21. Though thermodynamic quantiti
resented here do not provide a detailed structure of the su
egion, we believe that an ion free layer model or the thick
f the ion free layer is insignificant to explain our experime
esults.
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