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A dielectric binary mixture formula with an
interaction term
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A new dielectric binary mixture formula that generalizes Beer’'s equation is derived by
imposing an effective medium theory on the simple rule of mixtures modified by the
addition of an interaction term. Dielectric constants of the binary system carbon
tetrachloride/1,2-dichloroethane measured at different frequencies and of carbon
tetrachloride/butan-2-ol at different temperatures are used to test the applicability of the
new mixture formula. Goodness of fit to the experimental data is found. © 7998 Kluwer
Academic Publishers

1. Introduction differenttemperatures and frequencies. The presence of
For binary systems in which the constituents are mis gives a curvature to the otherwise linear relationship
cible, a simple and useful formula for predicting the betweens and V. This curvature can be either posi-
overall properties is the simple mixture rule. We aretive or negative, depending on because,, = —2i
here concerned specifically with the dielectric permit-(subscripts denote partial derivatives), and is a primary
tivity of such systems. For systems with no or lit- feature which provides versatility to Equation 1 for the
tle interaction between the two constituents, the simdescription of binary systems with weakly interacting
ple mixture rule is appropriate. Examples abound inconstituents.
the literature : a typical case is shown in Fig. 1 for Whenthe constituents are interchanged together with
the 1,1,2,2-tetrachloroethane/1,2-dichloroethane sysheir respective concentrations, e« « andV <«
tem [1], where the dielectric constaatis plotted (1 — V), thene in Equation 1 maintains the same form
against the volume fractiow of 1,2-dichloroethane. if X is regarded as a genuine constant. This symmetry
However, for many other systems, the simple mixtureis of course expected of a binary system consisting of
rule can be totally unsatisfactory, as in the cases whermiscible components.
there is a tendency for constituents to form strong com- In this paper we first argue thatannot in general be
plexes [2—4]. In between are systems with weakly in-a true constant, i.e. cannot be independent gfand
teracting constituents [5] which may be appropriatelye. Having established that, we then ask hownow
studied by the incorporation of additional terms into theregarded as a function afanda, may be determined.
simple linear relationship to take care of the interaction We employ as the basis for the present discussion the
A natural and usual way to modify the simple mixture concepts and results developed in our previous work on
rule to code for these systems is to include a singlesymmetric dielectric binary mixtures [7].
interaction term [6] so that the modified rule becomes

2. Theoretical considerations

2.1. A cannot be an arbitrary constant

The conclusion that cannot be a constant follows from
the illustration below. Consider a mixture;Mf x and

« inwhich the volume ratio is (% V4) : V1, and another
mixture My with the ratio (1— V) : V.. According to
Equation 1, their dielectric constast ande, respec-
tively are given by

e=x(1—V)+aV +iV(1-V) 1)

Herex and« are the dielectric constants of the con-
stituents,V is the volume concentration of tlecon-
stituent, e the overall or effective dielectric constant
andAV (1 — V) the interaction term. When the inter-
action is negligible, i.eA = 0, then the simple rule of
mixtures is recovered from Equation A.is assumed
to be a constant for a given binary system, and is aptly e1=X(1 — V1) + aVi + AVi(1 — Vi) 2)
called an interaction parameter since it is associated

with the product of the concentration of the two con-and

stituents in Equation 1. The notion of the constancy

of A has to be evaluated by measurements, of, « at g2 =X(1— Vo) + aVo + AVo(1 - Vy) (3
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11.0 obtain Equation 7, but a more complicated one in its
stead:

g3 = X(l — V) + oV + {A.(X, O()[V]_(l — V]_)(l — V3)

10.5
+ Vo(1 — V2)V3] + A(e1, £2)Va(1 — V3)}  (8)
Heree; ande; are given by Equations 2 and 3.
€ 10.0 The foregoing is practically an application of the ef-
© fective medium concept of [8] to a specific symmetric
UC> dielectric formula. We have in this case established that
o A in Equation 1 must be regarded as a functior ahd
o 95 «a if the effective medium concept is to hold, and that
g A(X, «) is constrained by the consistency requirement
o between Equations 6 and 8, which implies
{]
2 90 Mew ) = (Vi—VoPi(x)  (9)
8.5 2.2. The functional form of A(x, «)

We next come to ask how mayx, @) be determined.
! ! ! L One way is to proceed from Equation 9 and attempt to
00 02 04 06 08 1.0 solveforr(x, «). Analternative approach isto make use
. of results already derived in [7] from a general consid-
Volume fraction eration of consistency required by the effective medium
Figure 1 ¢ versusV for the 1,1,2,2-tetrachloroethane4@:Cls)/1,2-  concept. We shall take the Iatter approach below.
dichloroethane (6H4Cl,) system, measured at 1.8 MHz anc’Z0 data Let &,(0) ande, (1) denote §—\8/)V —o and ((?—\8/)\/ =1

from [1]. The values a¥ = 0 andV = 1 are the dielectric constant of gnd likewise subscripts denote partial derivatives, then
pure 1,1,2,2-tetrachloroethane and 1,2-dichloroethane, respectively. it has been shown in [7] that

We now consider a third mixture, Mthis time of M, ev(0)ex = (1= Ve (10)
and M in the ratio (1— V3): V3. The same equation
will give and

e3=e1(1— Va) +e2Va+ AVa(1—Va)  (4) ev()ea = Ve (11)

wheress is the dielectric constant of MOf course M~ for a symmetric dielectric mixture formula = (X,
is just a mixture ok anda, and careful accounting will @, V). In our case
show that they occur in the ratio 1 V) : V where

e, @, V) =x(1— V) +aV + A(x, a)V(L— V)

V =Vi(1-Vz)+ VWoV3 (5) (12)

This will mean that according to Equation 1 from which the relevant derivatives are to be evaluated,

thus
e3=X(1-V)+aV+A1V(1-V) (6)
ev =a — X+ A(X, @)(1—2V) (13)
In writing down Equation 4, we assumes a constant _

as long as the mixture is still basically onexoénde. av(0) = = x4+ X, o) (14)
Now when Equations 2 and 3 are putinto Equation 4, ev(l)=a — X — A(X, ) (15)
e get o= (L-V)L+ixaV]  (16)
e3=X(1—V)+aV + A[Vi(1l - V1)1 — Va) go = V[1 4+ Ae(X, a)(1 = V)] (17)

V(1 = Vo) Vs + Va(1 = Vs)] () Substituting these into Equations 10 and 11, we get
which is generally not consistent with Equation 6. This
inconsistency implies that cannot strictly be inter-
preted as independent of the dielectric constants of the
mixture constituents. If this is so, then= A(x,«) in ~ and
Equation 1. The inconsistency is removed because

in Equation 4 will now bei(e1, e2) and we will not (0 — X = A, a))ho(X, @) — 20X, ) =0  (19)

(¢ — X4+ A(X, @))Ax(X, @) + 20 (X, ) =0  (18)
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These imply that if\(x, «) is independent of either  for “positive” (Equation 29) as well as “negative”
or o, theni(X, «) = 0, i.e. there will be no interac- (Equation 30) interactions. A positive interaction en-
tion. Equation 18 may be integrated wx by standard hanceg to values higher than those given by the sim-

methods to yield ple mixture rule; the reverse is true for the negative
interaction.
(@ — X — A(X, @))? = 4B(a)A(X, &) (20) Finally, we note that Equation 29 may be obtained
from

where the function A(«) arises as an integration con- i 1 1o
stant. Likewise integrating Equation 19 gives c—e)?=1-V)c—x)"*+V(c—a)’* (31)

(@ — X 4+ A(X, @))? = 4y (X)A(X, @) (21) and Equation 30 from

1/2 1/2 1/2
with 4y (x) being the constant of integration. Subtract- (¢ =€) Z=1-V)x-0"*+ V(-0 (32

ing Equation 20 from Equation 21, we get . .
g=q g g by squaring both sides. These now conform to the gen-

(22) eral expression expected of symmetric formulae [7],

Pla)+a=y()+Xx and may be regarded as generalizations to Beer’s for-

from which it follows that mula [9]:
pl@)=c—a (23) e = (1 - V)x2 4 Vall2 (33)
y(X) =c—X (24) Equations 31 and 32 are “exact” expressions arising

from this theory for the dielectric constant of binary
wherecis a separation constantindependentafde.  Systems whose constituents interact weakly in a way
Using either Equation 23 in Equation 20 or Equation 24that Equation 1 holds or, more realistically, the inter-
in Equation 21, we obtain action is such that the first order interaction is already
a sufficiently good approximation. The significance of
AX, @) =20 —x—a+2/(C—x)(c—a) (25 theconstantis thatitshould characterize such a bi-
nary system, and its value should remain constant for
In order to satisfy the physical requirement thatdifferent measurement frequencies and temperatures.
A(x, X) = 0, i.e. ifa = x thene = x (cf. Equation 12), 10 see how well this theoretical expectation is borne

we have in this case two possible solutions, out in actuality, we shall study some experimental sys-
tems that may be nearly described by Equation 1. For a

e=x(1—V)+aV + {20 CX—a given binary system consisting of constituexn&nde,
measurements of dielectric constant for various com-

-2/(c=x)(c—a)}V(1-V) positions ofx and« in the rangevV = 0toV =1 can

be made. The set of data may be fitted by Equation 1

forc>a.x (26) 5 optainx and by Equation 31 or 32 to obtainSimi-

e=X(1-V)+aV+{2X—x—a lar measurements can be made at different frequencies
and/or different temperatures, ahdndc similarly de-
+2/(x =)@ - )}V(1-V) termined. We shall then examine the “constancy”, or
fora,x > c (27) Mot ofcincomparison ta, as afunction of frequency
and/or temperature.

Now A(X, ) in Equation 25 may be rewritten as

o 12 3. Experimental
M, o) = [ ¢ X] for¢ > a, x In order to test the applicability of the Equations 31

C—a—
~[Va—c— Jx——(:]z fora,x > ¢ and 32 for a binary system measured at different fre-
(28) guencies, measurements of dielectric constant in the
frequency range 5 kHz to 1 MHz were made at room

which may be positive or negative and it can be verifiedemperature (26C) with an HPA194A high frequency

that either one satisfies Equation 9. When put back inté‘;ain/phase analyser for various qompositi_ons ofthe two
Equation 12, we have the possibilities constituents of carbon tetrachloride/1,2-dichloroethane

system. Analytical grade chemicals were used. The
. B — stainless steel liquid sample cell was guarded and the
e=x(1-V)taV+[/oe-a electrode area was@x 10° mn?.

— c—x]2V(1—V) forc>a,x (29)

and 4. Results and discussion
The results for carbon tetrachloride/1,2-dichloroethane
e=x(1-V)+aV — [ o —C system are shown in Fig. 2, in which curves fitted by
Equation 29 are also drawn. The frequency variation of
—/X — c]ZV(l —V) fora,x>c (30) Aandcobtained by the least-squares fit with Equation 1
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olume fraCt|0n Figure 4 ¢ versusV for the carbon tetrachloride (Cglbutan-2-ol
Figure 2 & versusV for the carbon tetrachloride (CQI1,2-dichloro-  (C4H100) system at various temperatures; data from [1]. Curves are
ethane (GH4Cl») measured at 2CC and different frequencies. Curves fitted by Equation 29. The values¥t= 0 andV = 1 are the dielectric

are fitted by Equation 29. The values\it=0 andV =1 are the di- constant of pure carbon tetrachloride and butan-2-ol, respectively.
electric constant of pure carbon tetrachloride and 1,2-dichloroethane,
respectively.

For temperature variation, dielectric constant data are

found from [1] for the carbon tetrachloride/butan-2-ol

c system measured at 26, 35°C, 45°C and 55C. Data
2r o—o o0 and curves fitted by Equation 29 are shown in Fig. 4.
The temperature variation @f and c obtained by the
least-squares fit with Equation 1 and Equation 29, re-
spectively, are plotted in Fig. 5, where by comparison
Or c is also fairly constant.

The constant is actually a coefficient characteriz-
ing the interaction between the two constituents of a
binary system but independent of the contribution of
2r the dielectric constant of each constituent (i.e. inde-
pendent of the values of and «). It shows a more
constant behavior w.r.t. change in frequency and tem-
perature thai. One may legitimately interpret this phe-
-4+ nomenon by use of Equation 28 and say thamerges
from A by getting rid of the effects of temperature and

L N frequency dependencies implicitly associated with

ando.
B+ .\.\-\l__. The significance of the derived Equation 31 or 32 as

compared with the original formula Equation 1 is that
the new equations always satisfy the effective medium

Values of ¢ and A

1 3 4 5' Y 6. B concept which is a plausible requirement for miscible
0 10 10 10 . 5 \ -
binary systems. Since many well-known dielectric bi-

Frequency (Hz) nary mixture formulae, although derived from different

routes, are found to satisfy the effective medium the-
Figure 3 Th(_e frequency variation afanda for the carbon tetrachloride ory [8], we believe the latter is a useful and reasonable
(CCl)/1.2-dichloroethane (fF4Cly) system. theory from which this work follows. Equation 1 should

therefore only be regarded as a convenient mathemat-
and Equation 29, respectively, of the experimental datécal way to describe the experimental data of a binary
are plottedin Fig. 3. Itis noted that ¢ stays fairly constantsystem because of its simplicity in expression; Equa-
when compared with. tions 31 and 32 are the improved expressions.
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[ 5. Conclusion
2L e— o C o ———o We conclude from the foregoing paragraphs that in-
i deed c behaves roughly like a constant, i.e. it varies
0 with temperature and frequency to a much lesser ex-
I tent thani, thus conforming to our expectation. Equa-
tions 31 and 32, the main result of this paper, thus ap-
< 2t pear to describe binary mixtures of weakly interacting
'CCJ - constituents. These equations emerge as a result of im-
s -4} posing the effective medium theory on Equation 1, an
o I equation that modifies the simple rule of mixtures by
Bl the addition of an interaction term.
Y
O -
7))
g 8
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