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Liquid-vapor equilibria for non-ideal binary mixtures

For a pure substance, MSE between f and g requires
pe(T, p) = p11g(T,p) = p = psar(T) or T' = Tia(p)
For a binary mixture

pae(T, p, yie) = tag(T, s Yag) b= vie(T,p) D= Pouwble(Tsy1t) T = Toupble(D, Yaf)
or or
,u2f<T7 p, ylf) — ,UJ2g<T7p7 ylg) Yig = y1g<Ta p) p= pdew<T7 ylg) T = Tdew(pa ylg)

Saturated
Critical point liquid surface Critical point

Pressure p

Pressurep \

Mole fraction ¥,

Figure from p.470 of Gyftopoulos, Beretta, Thermodynamics. Foundations and Applications, Dover, 2005
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Henry’s law for dilute non-ideal solutions

In the limit yof < 1, the liquid phase is a dilute solution, and the solvent 1 always behaves
as in an ideal solution, i.e.,

d
pie(T, pyyie) = pae(T,p) + RT Inyyy = dpaglry, = RT%
1

If the vapor behaves as a GD mix of ideal gases, Raoult’s law applies for component 1, i.e.,
f
pif = Hig =  YigP = ylfpsit,ll(T)

If the solution is ideal, then also component 2 satisfies a Raoult’s law

f
Mof = Hag = Yag P = Yor psit,22<T>
But, even if it is not ideal, the Gibbs-Duhem relations must hold. For the liquid phase,

f f d f d f
—sedT+vrdp—yrrdpr—yordppor =0 = dposlry = —y—ldM1f|T,p S o N L - el
Yot Yor Yif Yor

so also the dependence of pof must be logarithmic in yo¢. Indeed, integrating yields
tor = Aoe(T, p) + RT In yof [for ideal solution behavior, of course, Aot(T, p) = pigos(T', p)]

and then, the MSE condition pof = p9e for component 2 yields
Azf(T, p) + RT In yor = ,LL22g(T7 Piit,m(T)) + RT In fgpr)
psat,22

= Y2g P = Yof H2f(T7 p)

where Hog(T), p) is called Henry’s volatility constant

)\2f(T7 p) — Mzzg(T7 piit,22 (T))
RT
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Henry’s law for dilute non-ideal solutions

Diver’s decompression sickness (”the bends”): As pressure increases with depth, according to Henry’s
law, the solubility of N2 in the bloodstream also increases. When the diver ascends to the surface, the
pressure decreases, and the excess dissolved N2 needs time to be released through the lungs. However,
if the diver ascends too rapidly from a dive, bubbles of N2 gas may form in the bloodstream, leading to
decompression sickness (DCS). These bubbles can accumulate in major joints such as knees or elbows,
causing severe pain and discomfort, which is why DCS is commonly referred to as ”the bends.”

Other applications: to characterize the transfer of trace species be-
tween the atmosphere and oceans, liquid cloud droplets, aerosol par-

Y
ticles, and other bodies of water. To determine the vaporization of Henry’s constants

contaminants from rivers or wastewater treatment ponds. (in atm) for acqueous
50 solutions at 298 K of
T=45°C o y,,p

o yyP SFe 227 x 10° -
. - He 140 x 10>
P2l N,  85x10° £
30 e T S H, 70 x 103§
< | ——— CO  56x108 O
" N RSP e O, 42 x 10 E
>0 L CH, 39x10® 3
Ar 39 x 103 <

O3 55x10° <@

CO, 16x10° §8

P9 o1 o0z 03 04 o5 06 07 08 o9 10 Cl 0.9 x 10° g §

Yie
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Modeling non-ideal SES behavior of mixtures:

careful in taking derivatives!

G =G(T,pn) Zmu@Tp, =ng(T.py)  9(T.py) Zyzusz, y)

Olny; 45 1 dYi Olny;  widy; yi 1
= =Y = J——Zﬁ(%—yj)

on; n, n on; ! on; n; n

Hi = (gi)T,p,né N <%T:Z;'Q)T,p,nﬁ; =47 n(;;qu')Tapan +nz <ay])prl g?rﬁ

) srans (), S,

For example, consider ¢'/(T, p,y) = i yipt = Zizlyiuu(T ,p) + RTY . yiIny;
and notice that the derivative (9g'¢/ (9yi)T,p,y; = i + RT(1 + Iny;) # M;d

pr

but using it in Eq.(1) yields the correct expression i = y;; + RT Iny;.

T

(1)

1=1

) ) 19, 0
For a binary mixture, g = g(7T,p, y1) p =g+ (1 — y1)< ) ) 2 = g — Y1 (_g )
Tp Oy1/ Tp

oy
so the MSE conditions between two phases, pu; = pi and py = py, imply

o ) —9+<y1—y1>(§51)
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Non-ideal SES behavior of mixtures:

consequences of the Stability conditions for a binary mixtures

g= ¢4+ g%, = g(T,p,y,) one parameter Margules, binary mixture
g =y 9u(T,p) + (1 —y1) g2o(T, p) + RT [yr Inyy + (1 — 1) In(1 — 1)]

pi = g1 (T,p) + RT Iny, st = goo(T,p) + RT In(1 — 1)

g =ATp)y (T—y)  wfa=AT )1 -y)* i =ATp) Y

2

Stability requires (d*G)r, > 0 therefore (d°G)rpn = n (d°9)rpn = n(ﬁ)m(dyl)2 > 0

<8gid

(5

Oy?

agex
I )T,p =911 — g+ RT[1+Iny; — 1 —In(1 — )] ( )T’p = RT (1 —2y,)A(T, p)

Iy

1 1 RT

2 id 2 _ex
o) G =) ~mamgy (o), — 2T AT

1

— = RT (—— — 2A(T, >0 V = A(T,p) <2
59%)T,p (yl<1_yl) ( p)) o ( p)

The mixture is stable at all compositions if A(T,p) < 2, whereas for A(T,p) > 2

(‘92
(@

1 1—4/1-2/A 1++/1—-2/A
) <0 for y? —y; + — < 0, i.e., in the range / < i 5 /
Tp

2A 2 <~

In the spinodal range the mixture is unstable and separates into two phases with different

compositions. Stability also requires the MSE conditions between the two phases " and ”:

py = iy
Ho = Hy

91 (T,p) + RT Iny + A(T,p) (1 — y1)* = ¢/, (T, p) + RT Iny} + A(T,p) (1 — y{)?
g5o(T,p) + RT'In(1 — ;) + A(T,p) (v;)* = g5e(T,p) + RT In(1 — ) + A(T, p) (v})?
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Non-ideal SES behavior of mixtures:

A <2 (complete miscibility)

A = 2 (critical value)

the two liquids are completely miscible
but at y; = 1/2 it is at the edge of

2

5’_yf)T,p

A=1.5

the two liquids are completely miscible of instability, since ( =0

-g_d/RT
g_ex/RT

— (g id+g_=x)/RT

—— CTITICE

g/ RT vs y; assuming the Margules 1-paramete-1:dmodel with g11/RT = 0.4, goo/RT = 0.2
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Non-ideal SES behavior of mixtures:

A > 2 (partial miscibility, miscibility gap)

For a binary mixture,

g=9(T,p, 1)

=g+ (1 —wy) (%)T’p

dg
M2 =g — U1 <8_)
Y1/ Tp
so the MSE conditions
between two phases ' and ”,
py = py and py = iy
imply
dg\' [ 9g\”
(Gy)rn = Gyr)

and
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g/RT vs y; assuming the Margules 1-parameter model

N B

(L

_..g_d/RT

g_ex/RT

(g _id+g_ex)/RT
d— spinodal’
B —ir— spinodal"

@— binodal'

—g— hincdal”

— — —-tangent

0.6
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Solubility gaps and limit curves arise in liquid-liquid (and solid-solid) mixtures that are only partially miscible below

(or above) an upper (lower) critical temperature: SpinOdal decompOSitiOn

Coexistence curve

35 Stable

equilibrium states

Spinodal curve -

N
(%))
T

' Unstable 1

[
I equilibrium states
'

1

!

0 0.2 0.4 0.6 0.8 1

Fig. 1 from P. Poesio, A.M. Lezzi, G.P. Beretta, Evidence of convective

heat transfer enhancement induced by spinodal decomposition, GIF bv Y o :
onatan Oren from Wikipedia
Physical Review E 75, 066306 (2007). y

Spinodal decomposition is the spontaneous process whereby an unstable partially miscible liquid
mixture relaxes toward a lower free energy (stable) equilibrium state. During this process, an initially
homogeneous liquid solution of a given composition spontaneously changes from an unstable single-
phase to a two-phase stable state consisting of two separated liquid phases, of different compositions,
in mutual equilibrium. This is possible only if the overall Gibbs free energy of the two separated
phases is lower than that of the initial single-phase mixture.
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Solubility gaps and limit curves arise in liquid-liquid (and solid-solid) mixtures that are only partially miscible.

They can produce metastable liquid-liquid dispersions: ”the Ouzo Effect”

1 .
Ouzo effect
- binodal VS
£ 0.81 ) o
= spinodal decomposition
w
S 0.6
S
=]
Eoaf gL .
_'uE: Stable
Quzo
= 0.2; region
44— spinodal
0 0.2 0.4 0.6 0.8 1
Weight fraction organic oil
5 1 I
c DVB:ETOH ;1:1000 1 '
208 ! 11:100 1
w5 U.071%Stable Ouzo ! h I
"é 15 Unstable Ouzg ] '
S 0.61 One Phase !
L o
g .
i 0.4
b= -
£ 1 [ AOSEENS .
'S 0.2
g :
0

105 104 103 102 101 100
Weight Fraction DVB
Figs. 1 and 2 adapted from S.A. Vitale and J.L. Katz. "Liquid droplet Abstract and Fig. 2 from M.A. Vratsanos et al. "Ouzo effect examined at

dispersions formed by homogeneous liquid- liquid nucleation:“The  the nanoscale via direct observation of droplet nucleation and
Ouzo Effect”." Langmuir 19, 4105 (2003). morphology." ACS Central Science 9, 457 (2023).
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Systems with chemical reactions

energy and entropy balances
notation and stoichiometry
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Energy and entropy balances for closed and open

systems with chemical reactions

‘/;an7"'7niR7'°'7nTR
TR,pR“u‘R
Ur =) ;nir 4i(IR, PR, YR)

SR = ZiniR Si (TR7 PR, yR)

initial state “R”

Sirr
Z:Zluz-Ai = O
>
2\
Ql{;<_7 Tk W_>

‘/;’nlp,. e 177 =R 179 =
TP7pP7M’P
UP — ZiniP ui(TPapP7yP)

SP = ZiniP Si(TP7pP7yP)

nip = MR T V; €

final state “P”

Up —Un=,Q0 ~W™  Sp—Sp= sz’f S
MR, - - - s TRy - - - » TR steady state reactor NAPy - -+ s TGP, - -, TP
TR7pRnu'R Z:zlyiAi =0 TPapPal“l’P
HR — ZiniR hi(TRapR7yR) € Sirr HP — Zinip hi(TP7pP7yP)
Sr = >_;7ir 5i(Tk, PR, YR) nip = Nig + V4 € Sp = .7 5i(Te, pp, yp)
inlet bulk-flow state “R” 7\ outlet bulk-flow state “P”
le_) Tk W_>

0=Hg— Hp +3.,Q5 —
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Notation and stoichiometry:

proportionality relations, reaction coordinates

chemical symbols
Ay =H,, Ay =05, A3 = H50
stoichiometric coefficients
V1 =—2, vp=—1, v3=2
rewrite the mechanism as
Ay + 1A + 13453 =0

o > . viAi =0
chemical reaction mechanism proportionality relations
2Hy, + Oy = 2H,O or —2H,; — Oy + 2H,0 =0 Anq _ Ans _ Ans A
composition:  np,, N0o,, NH,0 2 vy V3
changes in composition:  Ang,, Ango,, Anp,o An; = v; Ae Vi
proportionality relations nip = MR + V; €
Ang, _ Ang, _ Any,o _ A where € = ep — €
—2 —1 2 n; = v;é Vi
€ = reaction coordinate Nip = Mg + Vs €
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Properties of reaction

The balance equations require these differences: Up — Ug, Sp — Sk, Hp — Hg, Sp — Sg. For example,
Up — Ur = )_;nip wi(Te, pp, yir) — >_;nir Ui(TR, Pr, ¥ir) = add and subtract w;;(1, po)
= Zinip [ui(TP,ppa yir) — i (7T, po)] _ZiniR [ui(TRapRa yir) — wii(T Po)] + Zl (nip — nir) wi (T, po)
. / - / w_/

~"

Au;niX|TP,pP+ Au?lix‘TR,pR+ \ e -~ 7
+uii(Te, pp) — wi(T', po) +uii (TR, pr) — wi(T', po) ey . viui(T,po) = e Au’(T)

Hp — Hg = 3 .7p hi(Te, pp, yip) — ;0 hi(Tw, pr, vir) = add and subtract hy;(T, p,)
= > p [hi(Te, e, yip) — hii(T, po)| —> imuir [hi(Tr, PR, Yir) — has(T, po)] + > (e — ur) hii (T, po)
. ~ . %’_/

AR |1 pp+ AR 1 pr + N Vi€ y
+h;i(Tp,pp) — hii(T, po) +hi(Tr, pr) — hii(T, po) €. hii (T, po) = é AR°(T)
So, we defined the properties of reaction
at 1" and standard pressure at STP: T, = 298.15 K using the Hess relation
P, = 1 atm: and p, = 1 atm: and the properties of
Au(T) = > .viuu(T, po) Au® =Y v ui(Ty, po) formation at STP:
As°(T) = > v su(T, po) As® =" 8ii(Ty, Do) Au® =" v Aug;
AhO<T) Z Vi ”(T pO) Ah® = ZZ‘Vz‘ zz( o;po) As® = Ziyi AS(f)|i
Ag°(T) = Zz’”@ 9i(T', po) Ag® = ZZ‘Vi 9ii (15, Po) = Zi’/i AhZ|;
Ag°(T) = Ah°(T) — T As°(T) Ag° = Ah° — T, As° Ag°® = .1 AgPls
Av(T) = > vivi(T, po) Av® =) v (T, po) Av® =3 v Avgl;
AR(T) = Au®(T) + po Av°(T) AR? = Au® + p, Av°
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Enthalpy of formation of H and H-H bond energy

H, =2H :
S
' NS e

Ahgly =
H-H bond 218 kJ /moly
energy = | YV ~ i
216 kJ /moly T'=1T,=29815K
432kJ /moly, v
Y Asfly =
I'=0K “49.4 J /mol, K S
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van der Waals forces vs covalent bonds

van der Waals forces have a significant impact on the physical properties of sub-
stances, such as boiling points, melting points, and solubility. But they are very
weak compared to ionic or covalent bonds.

¢ — 459 kJ/mol V(r)in ki/mol vs rin pm (10?m)
— 21/60 _ e —0.112 kJ/mol potential energy for an H-O
i ' bond in a water molecule
=0.74A = 74pm ro =965 —
200 — potential energy of van der
=3.29A =329 pm Waals forces between H20

100

molecules * 1000

150

=50 500
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Image Credits

Slide 3:

Image showing liquid-vapor equilibria for non-ideal binary mixtures from the book Thermodynamics: Foundations and Applications © Dover
Publications. All rights reserved. This content is excluded from our Creative Commons license. For more information, see
https://ocw.mit.edu/help/fag-fair-use.

Slide 10:

* Phase diagram of a partially miscible binary mixture with upper critical solution temperature © American Physical Society. All rights
reserved. This contentis excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

e Gif animation showing evolution under the Cahn-Hilliard equation is in the public domain.
Slide 11:

* Right triangle three-component phase diagram at constant temperature and pressure © American Chemical Society. All rights reserved.
This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use.

* Right triangle phase diagram showing the region (indicated by heavy shading) in which the ouzo effect occurs for the DVB-ethanol-water
system at room temperature © American Chemical Society. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see https://ocw.mit.edu/help/fag-fair-use.

* Photo of mixing water with Ouzo courtesy of ACS Publications. License CC BY.

* Multimodal microscopy of preformed trans-anethole droplets courtesy of ACS Publications. License CC BY.
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