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The Onset of Liquid-Liquid Instability

Our common experience tells us that oil and water do not mix, even though both are
liquids.  For such a system the liquid component fugacities are given by:
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Setting the fugacities equal in each phase, and canceling Pi
sat,

ββαα γγ iiii xx =
where superscripts α and β identify the liquid phase
Since activity coefficients in relatively incompressible liquids are insensitive to pressure,
temperature and composition are usually the only significant factors in LLE.  This means
that we do not perform bubble or dew point calculations unless there is also a vapor
phase present, only flash.  Since the activity coefficients are strong functions of
composition, these flash calculations can be more difficult than those for VLE, because
linear extrapolations are less accurate.  Nevertheless, the solution theory is exactly
identical and the computational method is just like any flash algorithm.  The upper phase,
α, is analogous to the vapor phase so,
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Minimization of the Gibbs free energy by Splitting the Liquid Phase

Consider the free energies that would be predicted by the Margules 1-parameter
equation.  As the energy of mixing increases with increasing A12, we eventually reach a
point where the free energy would be less if we followed a straight line from two
separate points on the mixture Gibbs energy curve.  The straight line corresponds to the
situation when separate containers of liquids are considered to comprise the “mixture.”
If we wish to find the liquid-liquid critical point, then we must seek x1 where the
concavity is equal to zero but the concavity at all other x1 is greater than zero. This must
represent a minimum in the concavity as well as a point where it equals zero.
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Example.  Miscibility predictions from UNIFAC(LLE)

Use UNIFAC(LLE) to estimate compo-
sitions of the coexisting phases in a mixture
of water+MEK at 298K.  MEK is com-
posed of 1 CH3+ 1CH2+1 CH3CO group.
Water is available as a group by itself.
Solution:  Inspecting the figure shows that the
upper phase is near xw

α ~ 0.5 and the lower phase
is near xw

β ~ 0.95.
To be more quantitative, we can set up two

equations (
ββαα γγ 1111 xx =  and 

ββαα γγ 2222 xx = )

and two unknowns (
βα
11  and xx ).
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Note:  for binary, x1K1 + (1-x1)K2 = 1  ⇒ xw
β = (1- Km)/( Kw – Km )

xm
β →0 ⇒ Km → 46/1.0 ; xw

α→0  ⇒Kw = 1/24 = 0.0425       ⇒ xw
β = 0.979; xw

α = 0.042;
xm

β →0.021 ⇒ Km → 32 ; xw
α= 0.0416 ⇒Kw = 0.0859          ⇒ xw

β = 0.972;  xw
α = 0.083;

….50 iterations …
xm

β →0.042⇒ Km → 15.47 ; xw
α→ 0.354 ⇒Kw = 0.369     ⇒ xw

α= 0.354; xw
β = 0.958

Note:  If the activity coefficients were closer to unity then xiγi would be monotonic and
impossible to give LLE.  This must be true for all i as a necessary condition for
immiscibility.
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Example.  Miscibility predictions from UNIFAC(VLE)

Noting that the HP48G uses UNIFAC
(VLE) to estimate the activity coefficients,
estimate the compositions of the coexisting
phases in a mixture of water+MEK at 298K
from UNIFAC(VLE).  MEK is composed
of 1 CH3+ 1CH2+1 CH3CO group.
Solution:  Inspecting the figure shows that the
upper phase is near xw

α ~ 0.5 and the lower phase
is near xw

β ~ 0.95.
To be more quantitative, we can set up two

equations (
ββαα γγ 1111 xx =  and 

ββαα γγ 2222 xx = )

and two unknowns (
βα
11  and xx ).
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Note:  for binary, x1K1 + (1-x1)K2 = 1  ⇒ xw
β = (1- Km)/( Kw – Km )

xm
β →0 ⇒ Km → 32/1.0 ; xw

α→0  ⇒Kw = 1/9.56 = 0.1046  ⇒ xw
β = 0.972; xw

α = 0.102;
xm

β →0.028⇒ Km → 18.9 ; xw
α= 0.102 ⇒Kw = 0.196          ⇒ xw

β = 0.957;  xw
α = 0.187;

….25 iterations …
xm

β →0.065⇒ Km → 6.79 ; xw
α→ 0.561 ⇒Kw = 0.600     ⇒ xw

α= 0.561; xw
β = 0.935

Note:  If the activity coefficients were closer to unity then xiγi would be monotonic and
impossible to give LLE.  This must be true for all i as a necessary condition for
immiscibility.
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Example.  Simple vapor-liquid-liquid equilibrium (VLLE) calculations

At 25°C, a binary system containing components 1 and 2 is in a state of three-phase
VLLE.  Analysis of the two equilibrium liquid phases (α and β) yields the following
compositions:  x2

α = 0.05;       x1
β  = 0.01

vapor pressures for the two pure components at 25°C are:  P1
sat = 0.7bar;   P2

 sat = 0.1 bar
Making reasonable assumptions (state them explicitly and give your justification),
determine good estimates for:
a) the activity coefficients γ1 and γ2 (pure components at 25°C and 1 bar standard states.)
b) the equilibrium pressure
c) the equilibrium vapor composition.
Solution:
yiP = xi γi Pi

 sat

Assume  γ2
α = 1,  γ2

β = 1 because these are practically pure.
  y1P =  γ1 x1 P1

sat  = 0.95(0.7);  y2P =  γ2 x2 P2
sat  = 0.99(0.1)

  P =  Σ yiP = 0.774 bar  ⇒ y1 = 0.95(0.7)/0.774 = 0.8704 ⇒ y2 = 0.1296
   γ2

α = y2P/[0.05(0.1)] = 19.8;   γ1
β = y1P/[0.01(0.7)] = 95
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Steam Distillation – VLLE with “Immiscible” components

Consider a steam distillation with the vapor leaving the top of the fractionating column
and entering the condenser at 0.1 MPa with the following analysis:

 y Tc Pc ω
n-C8 0.20 568.8 2.486 0.396
C12 fraction 0.40 660.0 2.000 0.540
H2O 0.40 (use steam tables)
Assuming no pressure drop in the condenser, calculate the bubble point temperature.
Solution:
This is the maximum temperature which gives complete condensation.  The
hydrocarbons and the water are essentially immiscible so the liquid mole fractions sum to
2.0 not 1.0.

 x K(353) y K(368) y
n-C8 0.333 0.254 0.084 0.415 0.138
C12 fraction 0.667 0.015 0.010 0.028 0.019
H2O 1.0 0.474 0.474 0.846 0.846

0.568 1.0027
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So the bubble temperature with water present is ~95°C.  What would it be with no water?
 x K(400) y K(440) y

n-C8 0.333 1.049 0.084 2.727 0.908
C12 fraction 0.667 0.092 0.010 0.319 0.213

0.568 1.121
Then T~ 400 + (1-.568)/(1.121-.568)*40 = 431 K.  Thus we reduced the bubble temperature
by 36°C.
The presence of water in the vapor phase effectively reduces the partial pressure of the
oil components that is required to boil the hydrocarbon.  This is analogous to applying a
vacuum, but cheaper.  Just add water!
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Example.  The Problem with Polymer Blending

Suppose 1g each of two different polymers (polymer A and polymer B) is heated to
127°C and mixed as a liquid.  Estimate the activity coefficients of A and B at this
composition using Scatchard-Hildebrand theory combined with the Flory-Huggins
combinatorial term.  If you suspect a phase split,
      MW         V         δ(cal/cc)½
A   10,000   1,540,000   9.2
B   12,000   1,680,000   9.3
Solution:
xA = (1/10,000)/(1/10,000+1/12,000) = 0.5455;    xB = 0.4545
ΦA = .5455(1.54)/[0.5455(1.54)+0.4545(1.68)] = .5238;   ΦB  = 0.4762

)/1.987(400(0.4762)9.2)-1.54E6(9.3 + 455)0.5238/0.5-(1 + 0.5455)ln(0.5238/=ln 22
Aγ

     = -.0008 + 4.395   ⇒  γA = 81
)/1.987(400(0.5238)9.2)-1.68E6(9.3 + 545)0.4762/0.4-(1 + 0.4545)ln(0.4762/=ln 22

Bγ
 = +.0008 + 5.800  ⇒  γB   = 330

These high γ‘s lead us to suspect LLE.  As an initial guess, assume immiscibility.
( ) ( ) ( ) )]400(9871[)000.1(293965411lnln 22 ./.-.E. + /V-V + /VV= BABAA = 19.4

( ) ( ) ( ) )]400(9871[)000.1(293966811lnln 22 ./.-.E. + /V-V + /VV= ABABB
β

= 21.2
Noting the activity coefficients in the pure phases must be unity,
xA

α = 1/γA
α = 10-8.4; xB

β = 1/γB
β = 10-9.2 ;  The components are essentially immiscible.


