Surface Segregation and Surface Tension of Liquid Mixtures

T. UTIGARD and J. M. TOGURI

A model has been developed in which surfaces are treated as separate phases with a thickness cor-
responding to a monolayer. It is argued that the surface tension of liquids is a measure of the excess
surface chemical potential of the surface atoms relative to the bulk atoms. Equations for the calculation
of the surface composition and surface tension of liquid mixtures are developed. Using only the surface
tension and molar volume data of the pure components, excellent correspondence between calculated
and experimental surface tension values was obtained. The method was also tested on liquid systems
showing immiscibility. The surface coverage calculated from the present model is compared with that
calculated using Gibbs adsorption equation. The surface coverage of the solute species increases with
increasing solute concentration. However, depending on the surface properties of the system, the
excess surface coverage may pass through a maximum value and then decrease with increasing solute

concentration.

I. THERMODYNAMICS OF LIQUID SURFACES

SURFACE energy is the reversible work required to extend
a surface by a unit area at constant temperature, pressure,
and composition. Consequently, surface energy is the Gibbs
energy per unit surface area. In creating a surface, atoms or
molecules must be transferred from minimum potential en-
ergy positions in the interior of the bulk phase to an interface
with an asymmetrical potential energy field. Since the sur-
face species are in a state of higher Gibbs energy than those
in the bulk, the tendency of the system is to reduce the
number of atoms in the surface, i.e., to minimize the surface
area. This tendency results in the so-called surface tension
or surface energy.

The Gibbs energy of a one component, two phase system is:

G =nu +vyA (1]

where A is the surface area, 7y is the surface tension, »n is the
number of mols, and w is the chemical potential. At equi-
librium the Gibbs energy has its lowest value. Guggenheim'
treated a planar interface as a surface phase between two
bulk phases. From thermodynamic considerations, he devel-
oped the following expression for the Gibbs energy of the
surface phase for a two component system:

G = nppg + npup + YA [2]

where n, and np are the number of mols of components A
and B in the surface phase, respectively.

In the following model the liquid/gas interface is treated
as a separate phase, in a manner similar to Guggenheim.' By
assuming that it consists of a single monolayer to which ail
the surface properties are ascribed, the Gibbs energy of a
one component, two-phase system becomes:

G=np +vA =nu + ny/T
= (nt - ns)”’ + ns(”’ + ‘Y/F) [3]

where n, is the total number of molecules, n, is the number
of molecules in the monolayer, and I' is the surface coverage
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(' = n,/A) calculated from the following equation:
' = N,V "%(mol/m?) = 1.18V 2?10 %(mol/m?)
(4]

where N, is the Avogadro number and V is the molar vol-
ume of the pure component. At constant temperature, pres-
sure, and composition, the apparent chemical potential of
the surface molecules becomes:

us=8G/én, = u + y/T" and
pe=p,—p=vy/T (51

The difference in chemical potential between two phases
is the reversible work of transferring a molecule from one
phase to another. From the present definition of a surface
phase, the net transfer of a molecule to the surface phase
leads to an increase in the surface area and the difference in
the chemical potential is given by Eq. [5]. It is concluded
that the surface tension is a measure of the excess Gibbs
energy of the surface molecules relative to the bulk mole-
cules. A corrollary of this definition of surface energy is
that when the Gibbs energy of an interface between two
phases is zero, they are completely miscible and no interface
is discernible.

It must be noted that treating the surface as a separate
phase consisting of a single monolayer is thermodynami-
cally questionable. It will, however, be shown that this
model is useful in explaining the behavior of the surface
tension of liquid mixtures.

II. BULK-SURFACE EXCHANGE REACTION

Using the surface chemical potential of each of the species
in the mixture, the surface composition of any alloy A, B,
can be calculated from the equilibrium constant of the fol-
lowing equation:

A(s) + B(b) = A(b) + B(s) [6]

where (s) and (b) represent surface and bulk species, re-
spectively. By applying the surface excess chemical poten-
tial (Eq. [5]) to this exchange reaction, the equilibrium
constant becomes:
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K = exp(—(us — pi)/RT)

AApAB(s
exp(va/Ts = va/Ts)/RT = 220

7]
Aastse)

The surface activity of species A and B is assumed to be

(1 — 6)and 0, respectively, when the fractional surface cov-

erage of species B is 6. The following expression is obtained

for the surface coverage of element B:

8 = 1/(1 + aaw/Kasy) [8]

where a,;) and agg,) are the activities of A and B, respec-
tively. For an ideal solution the activity can be replaced
by the mol fraction. The average molar surface chemical
potential becomes:

e = (1 — G)Mf{v + Ouy = (1 — G)YA/FA + OYB/FB
(91

The molar surface area of the alloy will vary with composi-
tion according to:

1[/T = 6/T, + (1 — 6)/T, [10]

The surface tension of the alloy is calculated from the aver-
age surface chemical potential and the molar surface area as
shown in Eq. [11].

y = [(1 — 8)ya/Tu + Oy /Te1/((1 — 8)/Ts + 6/1]
[11]

For a multi-component system, Eq. {11] can be extended
as follows:

vy = 2(8,y:;/T)/2(0,/T) [12]

III. SURFACE TENSION OF BINARY MIXTURES

The surface tension of liquid mixtures is generally not
expected to be an additive quantity as given by the relation

Y = Xa¥a t XgYs [13]

where x, and x5 are the mol fractions and vy, and vy, are the
surface tension of the pure components, respectively. The
commonly observed negative deviation from this relation is
explained by the surface enrichment of the component of
lower surface tension.

According to Guggenheim,' the surface tension of an
ideal solution of two components can be calculated from the
following equation:

exp(—ya/RT) = x,exp(—vy.a/RT)
+ xpexp(—vyza/RT)  [14]

where a is the surface area per mol which is assumed to be
equal for the two components. It has been found, however,
that the surface tension of many mixtures deviates more neg-
atively than that predicted by Eq. [14]. Another limitation
is that this method can not be used to predict the surface
tension of liquid mixtures which are not completely mis-
cible. In both Guggenheim’s and the present model, only
data for the pure components are necessary to perform the
calculations. The first step in the present model is to calcu-
late the surface coverage (Eq. [8]) and then the surface
tension (Eq. [11]).
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Eberhart® assumed the surface tension to be a linear func-
tion of the surface mol fractions. He obtained the following
expression for the surface tension of mixtures:

Y = (SXA"YA + xB'YB)/(SxA + x5) (15]

where S is a surface enrichment factor determined by fitting
the surface tension-composition curve to this equation. This
method is therefore an interpolation formula and can not be
used to predict the surface tension of mixtures when data are
not available.

The present method was applied to the same four systems
(H2—D2, Cu—Ni, RbNO;-KNO3, and CGH()'Cngg) used by
Eberhart” to test his equation. The physical properties used
are given in Table 1. For these calculations, it was assumed
that the activity of the species in the mixture is equal to the
respective mo! fraction. The experimental and calculated
surface tension values for these four systems are shown in
Figure 1. A good fit is observed between the experimental
and calculated surface tension values for the H,-D».* Cu-Ni,*
and RbNO;-KNO; systems. However, the experimental
surface tensions® of CoH,-CgH x mixtures deviate negatively
(a maximum of 6 pct) from the predicted values. This may
be due to the large difference in the geometry of C.Hs
and CiH 4.

To test the model further, the calculated surface tension
values are compared with the experimental for the following
six systems: Cu-Sn, Cu-Sb, Pb-Bi, Ag-Ge, Ag-Sb, and
Fe-Sn. These results are shown in Figure 2 for the Cu-Sn
and Cu-Sb’ systems, in Figure 3 for the Pb-Bi system,® in
Figure 4 for the Ag-Ge and Ag-Sb systems,”” and in
Figure 5 for the Fe-Sn system. " Satisfactory fit is observed.
The largest discrepancy occurs for the Ag-Sb system with the
calculated values being lower than the experimental values
by 10 pct. However, scatter in the experimental surface ten-
sion data is not uncommon. For example, the reported sur-
face tension of copper varies from 1018 to 1390 mN/m."

For the Fe-Sn system (Figure 5), the surface tension
calculated by the present model is lower than that predicted
by Guggenheim’s equation. This is the case for most sys-
tems. Based on the present model, the surface tension of a
mixture will never be smaller than the smallest of the sur-
face tension of the pure components. For systems such as
Fe-Cr, where both components have approximately the same
value, a straight line will be obtained. This is confirmed
experimentally.'®

IV. SURFACE TENSION FOR LIQUID
SYSTEMS WITH IMMISCIBILITY

Considering the mercury-water system, Gibbs'* reasoned
that on a clean mercury surface, water will be adsorbed as
the mercury becomes saturated with water, and may reach
such a thickness that the interior of the water layer behaves
as if it were a bulk liquid water. If this is the case, the surface
tension of the saturated mercury should be the sum of the
surface tension of water and the interfacial tension between
mercury and water, i.e.,

YHgSat H,00 = YH0 T YHg/H,0 [16]

The surface tension of water saturated with Hg is not
expected to be very different from that of pure water. Thus,
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Table 1. Physical Properties of Liguids Used to Test the Proposed
Surface Tension Model. Series A: Mixtures with Complete Miscibility

Mixture V (cm®/mol) v (mN/m)

A B Temp. (K) A B A B Ref.
D, H, 20.4 23.7 28.2 3.45 1.93 3
Ni Cu 1823 7.54 8.36 1730 1260 4
KNO; RbNO; 623 48.9 53.8 1.1 105.0 5
CeHs CsHys 303 153.9 114.2 17.8 27.5 6
Cu Sn 1373 7.94 18.5 1337 488 7
Cu Sb 1373 7.94 19.5 1337 349 7
Pb Bi 75 20.7 19.9 436 371 8
Ag Ge 1273 11.6 13.0 915 585 7,9
Ag Sb 1273 11.6 19.3 903 344 9
Fe Sn 1823 7.92 19.8 1929 460 10
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Fig. 1—Calculated and experimental surface tensions of deuterium-hydrogen (a).’ nickel-copper (b).* potassium nitrate-rubidium

nitrate ().’ and benzene-isooctane (d)® mixtures.

to calculate the surface tension of Hg saturated with water,
it is necessary to estimate the interfacial tension between Hg
and Hzo

The interfacial tension is the result of the attraction of the
molecules at the interface to the bulk of the two phases. This
pulling force depends on intermolecular forces within the
bulk liquid and on the interaction between the two phases.
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Berthelot " proposed the following relation for the attractive
constant a,5 between like molecules:

Qup = (aAAaBB)UZ (17]

Girifalco and Good™ set up a corresponding relation
involving the energies of adhesion and cohesion of two
phases, and obtained Eq. [18].
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Fig. 2—Calculated and cxperimental surface tensions of copper-tin and
copper-antimony alloys.”
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Fig. 3— Calculated and experimental surface tensions of lead-bismuth
alloys at 753 K.*

Yas = ¥Ya + ¥s — 2¢(yavs)'"” (18]

¢ is a constant which depends on and represents the inter-
action between the two liquids. If ¢ = 0, there is no inter-
action between the two phases and the interfacial tension is
the sum of the surface tensions. The larger ¢ is, the larger
the interaction between the two phases. For liquids of high
mutual solubility, the interaction parameter is generally™
close to unity due to the strong interaction between the two
phases and due to similar bonding types.

The surface tension of a liquid where the surface layer
consists only of the solute species (B ) is given by combining
Egs. [16] and [18].

Yasa ) = Ya T 2yg — 2¢>(‘YA‘)’B)“2 [19]

This dependency is illustrated in Figure 6 for different values
of Good’s interaction parameter. Assuming that a solute B
has a lower surface tension than A and that it has a limited
solubility in A, the lowest possible surface tension of
liquid A with additions of B is one-half the value of pure A.
This occurs when the surface tension of pure B is one-fourth
that of pure A and when the interaction parameter is unity.
Experimentally, this has been observed for additions of dif-
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Fig. 4— Calculated and experimental surface tensions of silver-
germanium’’ and silver-antimony” alloys.
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Fig. 5—Calculated surface tensions of iron-tin alloys on the basis of
(1) Guggenheim and (2) present model based on the experimental data of
Nogi et al .

ferent elements to aluminum® and iron.’ It is interesting
to note that this also occurs for the surface and grain bound-
ary energies of solid Cu-Sb alloys,"” indicating that this
treatment may be applied to solids as well.
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Fig. 6— Surface tension of a liquid saturated with an immiscible solute, as
a function of Good’s parameter and the surface tensions of the pure liquids.

If the solubility of species B in A is very low, it can be
assumed that the activity of solvent A is unity and that the
activity of solute B increases linearly from zero in pure A to
unity at saturation. However, when activity data are known
they can be used directly in Eq. (8] to calculate the surface
coverage. Because the surface tension of A with a complete
surface layer of B is equal to s, 5 and not to that of pure
B, Eq. [11] is rewritten in the following form:

;= (1 = 8)va /Ty + GYA(SaK.B)/FB [20]

(1 —0)/Ts+ 6/T;

To test this equation, the following systems were in-
vestigated: Al-Pb, Al-Bi, Zn-Pb, Zn-Bi, Fe-FeO, Cu-Cu,S,
and solid mixtures of Sb in Cu. The physical properties used
for these calculations are given in Table II. As shown in
Figure 7 for the Al-Pb, Al-Bi, and Zn-Pb metallic systems,
the present model predicts slightly higher values than those
experimentally'® obtained. For the Zn-Bi system, the experi-
mental data from two different investigations’®" deviate
considerably. The model calculations are lower than those
obtained by Okajima and Sakao'® while they are higher than
those reported by Goumiri et al."®

The surface tension of Fe and Cu depends strongly on the
oxygen and sulfur content™*"* The same procedure as used
for the metallic binaries was adopted. The experimental®
and calculated surface tensions of iron and copper are shown
as a function of mass pct oxygen and log (mass pct oxygen)
in Figure 8. The only assumptions made in the calculation
are that the interaction parameters between Fe and FeO and
between Cu and Cu,S are unity. The data used for the pure
species are given in Table II.

The calculated surface tensions of solid copper with addi-
tions of Sb compare excellently with the experimental data!’
as shown in Figure 9. The fractional surface coverage of Sb
is also calculated. To perform these calculations, the same
assumptions as applied to liquid mixtures were used. Good’s
interaction parameter between the Cu-rich phase and the
Sb-rich phase was assumed to be unity. The surface tension
and density of Sb used in the calculation were the values for
pure liquid Sb (see Table II).
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V. SURFACE COVERAGE

Surface active elements concentrate on the surface of the
liquid solvent and lower the surface tension. To calculate the
excess surface concentration of these elements, Gibbs
adsorption equation is often used.

RTFXS = md')//d 11’) Asolute [21]

By plotting the surface tension as a function of the loga-
rithm of the activity of the surface active element, the excess
surface concentration is given by the slope of the curve.
At the point where the slope becomes independent of the
activity, it is commonly assumed that a complete mono-
layer of the surface active element is formed.** Several
investigators®>*~*" have found that the slope decreases be-
yond the point of maximum slope. No simple interpretation
has been given for this behavior, but it has been suggested
that it might be due to the formation of multi-molecular
layers. However, it is unlikely that the surface tension con-
tinues to decrease at the same rate with increasing activity
of the surface active element, after a complete monolayer
has been formed.

Considering a mixture A, B,, the excess fractional cov-
erage of solute B becomes:

where y is the mol fraction of B in the bulk phase. This is
illustrated in Figure 10 for the Fe-Sn system. The surface
concentration of Sn increases continuously with increasing
content of Sn. However, the excess surface coverage goes
through a maximum at about 20 mol pct Sn and then de-
creases and becomes zero at pure Sn.?

The surface coverage for the Fe-O, Cu-S, and Co-O sys-
tems using Gibbs adsorption equation (Eq. [21]) was calcu-
lated from the shape of the surface tension curves obtained
from the present model. These values are compared in
Table III with the literature values and with those calculated
from the molar volumes on which the present calculations
were based. The surface coverages obtained by using these
three different methods do not differ very much when taking
into consideration the experimental errors.” Using the
present model, it was assumed that the respective surface
layers consisted of FeO, Cu,S, and CoO. It was further
assumed that these surface layers had the same properties as
if they were bulk liquids.

VI. CONCLUSIONS

Surfaces were treated as separate phases with a thickness
corresponding to a monolayer. It was argued that the surface
tension of liquids is a measure of the excess surface chem-
ical potential of the surface atoms relative to the bulk atoms.
From the surface tension and the molar volumes of pure
liquids, surface chemical potentials were calculated. The
surface composition of liquid mixtures was calculated based
on the following exchange reaction:

A(s) + B(b) = A(b) + B(s)

The surface coverage of solute species increases with
increasing solute concentration. A complete monolayer may
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Table II. Physical Properties of Liquids Used to Test the Proposed Surface Tension Model. Series B: Mixtures with Immiscibility
_ Mixture V_(cm’/mol) __y (@N/m) Sol
A B Temp. (K) A B A B Mol Pct Ref.
Al Pb 1173 11.6 20.9 836 399 1.2 18
Al Bi 973 11.4 21.9 860 348 0.8 18
Zn Pb 760 9.96 19.7 775 440 1.0 i8
Zn Bi 760 9.96 21.3 775 363 2.5 18
Zn Bi 823 10.1 21.5 815 300 3.0 19
Zn Bi 903 10.2 21.8 800 280 miscible 19
Fe FeO 1823 7.92 16.4 1800 570 0.21 mass pct 20
Cu Cu,S 1473 8.65 30.4 1120 380 2.2 mass pct 21
Cu Sb 1173 7.14 19.3 1770 351 1.6 mass pct 17
Al-Pb 1173 K Al-Bi 973 K
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Fig. 7—Calculated and experimental'®"

form only at solute saturation. However, depending on the
surface properties of the system, the excess fractional
surface coverage may have a maximum value within the
binary system.

Equations for the calculation of the surface tension of lig-
uid mixture were developed. The surface tension of a liquid
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surface tensions of aluminum-lead, aluminum-bismuth, zinc-lead, and zinc-bismuth alloys.

with the surface layer covered by a solute was found to be
equal to the interfacial tension between the two phases plus
the surface tension of the pure solute. Applying Girifalco
and Good’s equation to these systems, expressions for the
surface tension of mixtures with limited miscibility were
developed.
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Table III. Excess Surface Coverage for the Fe-O, Cu-S, and
Co-O Systems. Excess Surface Coverage (10° - mol - m™?)

Gibbs Adsorption Equation

Mol. Vol. Calc. Curve Exp. Curve

Fe-O 1.83 1.64 2.0 (20)

Cu-S 1.21 1.41 1.56 (21)

Co-O 1.83 1.58 1.7 (25)
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