Intro to Solutions Sol-1

We are now going to use our knowledge of thermodynamics to
examine solutions...

Consider a solution of two components: 1 and 2
The Gibbs energy is a function of T, P, and the two mole numbers...

dG:(ﬁj dT +(§) dP + oG dn, + € dn,
aT P,n;,n, 6P T,n,n; anl T,P,n, anz T,P,n

At constant T and P... (1)

We can show by Euler’s theorem: G = N, + 1,Nn,

Differentiate: (JG = luldnl + luzdnz + nldlul + nzd:uZ (2)

1] - 13

Divide by n, + n,:

Gibbs-Duhem Equation | &/ \&f
(constant T and P) ;




Short Mathematics Review Sol-2
Equations will we use today:

G=G"+nRT In(g) Eq 22.59

°o = standard (1 bar)

Eq 24.13

_OR- Eq 24.10 or 24.11

Xp0u, +Xgdug =0 Gibbs-Duhem Equation

-Divide everything by n (total number of moles)
www
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Chemical Potential of Liquids Sol-3

We need to know how the Gibbs energy of a liquid varies
with composition in order to discuss properties of liquid
mixtures (like solutions).

Vapor Pressure = PA 3\ Pure Liquidrf ) Solutlonf Partial Pressure = P,

For vapor phase:

1= 15 +RT |n(§€)

For vapor phase:
U, =, +RT In(?)

At equilibrium... At equilibrium...
#a(9) = 1a(1) 1,(9) = 224 (1)

For liquid phase: For solution:

4= i+ RTIn(Z) i = i+ RT Inf2)

Combine these expressions...
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Ideal Solutions Sol-4

3\ (

» Two types of molecules are randomly distributed
 Typically, molecules are similar in size and shape
 Intermolecular forces in pure liquids & mixture are similar

« Examples: benzene & toluene, hexane and heptane

(more precise thermodynamic definition coming)

In ideal solutions, the partial vapor pressure of component
A is simply given by Raoult’s Law:

PA = X PA
/ I vapor pressure of pure A

W W
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mole fraction of A in solution



Total VP of an ideal solution

* P
1y =, +RTIn—=

N

) This serves to define an ideal
solution if true for all values of x,

The total vapor pressure of an ideal solution:

I:)total — I:)A T I:)B

P = X Py + X5 P

total

P = P+ % (B~ P)

total
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Sol-5




Vapor pressure

Vapor pressure/torr

600

400

Deviations from Raoult’'s Law

CS, and dimethoxymethane: Positive
deviation from ideal (Raoult’'s Law) behavior.

" Raoult's law
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xalcohol
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Sol-6

trichloromethane/acetone: Negative

deviation from ideal (Raoult’'s Law) behavior.
400

S
Z 300
) _~ Raoult's law _
§ 200 P, P,
o
2 100}
o
-~
0
0.0 0.2 0.4 0.6 0.8 1.0

Methanol, ethanol, propanol
mixed with water. Which one
IS which? (All show positive
deviations from ideal behavior)

W W
R



Raoult and Henry Sol-7

P, > x,P asx, -1

600
Raoult’s law
O]}}?e[ ac /
L by " /
{U/”?eg/ O aist
400 ne  Ca!
s | |
;: \$ \«%%
2000 S N
Q&& \ Ideal/ &/99
| (Raoult’s Law) \ % |
Henry’s law
0
0.0 0.2 0.4 0.6 0.8 1.0
Xcs,

Henry’s behavior:  Henry’s law constant:
» The Henry’s law constant reflects the intermolecular interactions between
the two components.

= Solutions following both Raoult’'s and Henry’s Laws are called ideal-dilute
: L\
solutions. \&d
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AG

Gsol _

A

mix?

and AH_., for ideal solution  Sol-8
AG GS"'—G -G,

AS

mix?

mix

nA(/UOA"'RTIn( A))+nB(:uB+RTIn( B)) & Gi*:ni,ui*

A, G =n,RTIn(x, )+ngRT In(x;)
AmiXGid < O Make sense?

A it _ [ OAmG" _
miXx @T N

mixH : — AmixGid +TAmixSid —



“The Bends” Sol-9

» |f a deep sea or scuba diver
rises to the ocean surface
too quickly, he or she can
have great pain (mostly at
the joints) and may double
over in pain... they have “the
bends”.

e In terms of what we've
discussed today, brainstorm
some causes of “the bends”.

LR LS
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Temperature-Composition Diagrams  Sol-10
1-propanol and 2-propanol at ambient pressure (i.e., 760 torr)

Q

t/°

98

94 |-

90 -

86 [
Solution

82 | | |

0.0 0.2 0.4 0.6 0.8

X -propanol

How does this
relate to fractional
distillation?

Point a: On solution line ...

760 = x,P, + X,P,

P, 760
Pz* o Pl*

X1

Point b: On vapor line ...

P xR
yl — —
/760 760
Dalton’s Law
|~ XAT Y
.



Distillation and Azeotropes Sol-11

One example of non-ideal solutions: Benzene and Ethanol at 1 atm
80

78.5

Composition of vapor
/ in equilibrium

75

65 — A —
~ Liquid
composition

Boiling point /°C
~l
o

0.0 0.5 1.0

Xethanol

Azeotrope: A mixture for which there is no change in composition upon boiling.

Can you separate these compounds by distillation?
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Really non-ideal. iImmiscible mixtures  Sol-12

1;>Tc>1T,>T1,

Coexistence
/ curve

Deviations greater with increasing T




Temp-composition diagrams for immiscibles  Sol-13

One liquid phase

AT: //\\

O
T | 0] 40_ —
T AN A = Two-phase
L SN

region
Two liquid !
phases | B N
I [ 0 |
0 x, P 1 0.0 0.5 1.0
X2 xphen()l
(a) (b)



Other thoughts on non-ideal solutions  Sol-14

Vapor Pressures can often be represented empirically... for example:

. * ax2+,BX3
P =xP e®"™ 0<x <1

2 3
_ * VX TOX]
P, =X,P,e

P, / torr




Activity Sol-15

I *
For ideal solutions: ﬂ?o = 1;(1)+RT Inx;
For non-ideal solutions: Iu?o' — luf(l) +RT Ina.
. . T Activity
. . I:)J'
Activity defined as: d i = o a — as X; = 1

J

With definitions for vapor pressure of non-ideal solutions on
Sol-15, what is a?

R
XJ vy

L}

a .
J
Activity coefficient (a measure of deviation from ideality): i



Typical non-ideal solution

Chlorobenzene + 1-nitropropane at 75 °C, Pl* =119 torr

X4 0.119(0.289|0.460|0.691|1.00
P,/torr|19.0 |419 |62.4 |86.4 |119
ay
71
1.4
o 10 i
0 | 1.0

xch]orobenzene

Sol-16



Activities must be calculated wrt standard
Sol-17

states
Activity using Raoult’s law as standard state...
sol __ % Pj
J
Activity using Henry’s law as standard state.
sol * I(H,j Pj
up =N+ RTIN—24RTIna; - a; = a; —> X;as x; >0
j H.j
1.0 (752_‘_ 0.5 CS,
N \.\
. z 06 o 0.3 Using Henry’s Law
Using Rauolt’'s Law =~ | | =
s ((‘H_QO}ZCH;" 0.1 (_(‘H‘;()_)Q(TH;
— 1.0 0.0 . 1.0 X XA X]
ACS, , w

0.0 _
Xcs,
(b)

(a)



Gibbs Energy and Activity Coefficients  Sol-18

|deal Solutions...

A G IRT =x, In(x, )+ x5 In(x; )

Non-ideal Solutions...
AG,_ IRT =x Inx, + X, InX, + X Iny, + X, Iny,

(Derivations on pg 994)

W W
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Activity etc with other concentration scales

Table 25.1

A summary of the equations for the activities used for the various concentration scales for

dilute solutions.

Solvent—Raoult’s law standard state

!)
-, A | o
a, = a, —>x;, as x, —> 1
p* | I I
|
a, :
Y, = — P.—> Pix, as x, —>1
X,
I
Solute—Henry’s law standard state
Mole fraction scale
}'J
a, = —= a, — x, as x,— 0
=X A, X - <
H.x
Q.
Vo, = — P,—k, x, as x, — 0
. H.x 2
%
Molality scale
!J
a —— a, - m as m—0
;\. m
H.m
('l-'.r'r
V., = —— P,— k, m as m—0
=m ,,; - of

])
i = . = a,
H.(
da,
Yo = —= P
2 & )

— ¢ as ¢c— 0

—> k¢ 88 ¢—>0

(Raoult’s law)

(Henry’s law)

(Henry’s law)

(Henry's law)

Sol-19

You need to know
how to convert
between mole

fraction, molality
and molarity!




Recall colligative properties?!

AP =P ~P =P

AT, =K, m,
AT, =K.m,
I1=cRT

Sol-20



Boiling point elevation Sol-21

Label gas, liquid and solid lines

Label melting and boiling pt At equilibrium...

t4(9)=4() = (1)+RT Ina,

or

L Ay = 14(9)— 14 (1) =RT Ina,

T

Use Gibbs-Helmholtz equation (see A&G-18) and chemical potential def:

d(AG/T)  AH =
ar  T? Al = By

W W
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Boiling pt elevation con’t Sol-22
Why these integrands?

dl d o ApH
j na, = j o U&= .[Tvap RT 2
AvapH 1 1 AvapH AT
Ina, = S Ina, = ~
R Tvap Tvap R TvapTvap
* \2 * \2
RIT , =M,m,
AT = ( an X2 X m R AT _ R(Tvap )_Ml m2
AvepH Ao H
R(T. M
let... K =—o/ "1 _
; AvapH AT -

Assumptions on this page




Osmotic Pressure Sol-23

Diluted

sucrose )
solution Hydrostatic
- press

water
v -

Rigid semipermeable
membrane

Initial state Equilibrium state

1 (T,P)= 1 (T,P+TTI)+RT Ing,

* * B P+I1 @lu; B P+IT —, B —x
yl(T,P+H)—y1(T,P)_L [ap ]po_jp V,"dP =T1V,
w (T,P+I1)— 1, (T,P)+RTIna, =0 —
Assume the solution is dilute... In a, ~ x, and X, ~ n,/n,

RTi(Z Www
V, B

1=




Osmotic Pressure and Molecular Weight Sol-24

It is found that 2.20 g of polymer dissolved in enough
water to make 300 mL of solution has an osmotic
pressure of 7.45 torr at 20 °C. Determine the
molecular mass of the polymer.

Why do we use osmotic pressure to find molecular
weight and not one of the other colligative properties?



Osmotic Pressure and Cells Sol-25

In the figure, red blood cells are placed into saline solutions.

1. In which case (hypertonic, isotonic, or hypotonic) does the
concentration of the saline solution match that of the blood cells?

2. In which case is the saline solution more concentrated than the

blood cells?
Hypertonic Isotonic Hypotonic
Crenation . . . Hemolysis
H,O
g

LR LS
<}
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Electrolyte Solutions Sol-26

Electrolyte solutions deviate from ideal behavior more strongly and at
lower concentrations than nonelectrolyte solutions. (Why?)

Activities/activity coefficients are essential when working with electrolytes!

Examples of electrolytes... NaCl, MgSO,, MgCl,, Na,SO,

C..A_(s)—""—>V,.C* (ag) +V_A" (aq)

From this reaction... ) )
My =V p, +V u or =V (4 +RTIna)+v (x +RTIna)

Also know... u, =, +RTIna,

Therefore... a,=a;a’ or /

W W
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L}



lonic Activity, Molality, & Activity Coefficients Sol-27

We can define single-ion activity coefficients...

a+:m+7/+ a =my_

Mean ionic activity becomes...

1y Ly
m! V.

Mean ionic molality  Mean ionic activity coefficient

Write out the mean ionic activity for CacCl,...

W W
<}
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Table 25.3: Activity and electrolytes Sol-28

The relations between the activity of a strong electrolyte, its molality, and its mean ionic
activity coefficient for various types of strong electrolytes.

Type

-1

KCl(aq) i, =d 8 =g =my = (m )(m_ )y;=my;

-2

CaCl, (aq) a, = a+a2 = ai — miyi = (M *_)(m_)zy;z = (1}1)(211:)3)@: = 4})1"}/f

1-3

LaCl,(aq) a, = u}u" = ai —— miyf = (m, )(mw)"l)/;1 == (;}1)(_31;1)3}/;l = 271114}/3_

2-1

Na,SO,(aq) a, = &g = ui = (m, )*(m )'}@1 = (2})1)2(1}1))/;‘ = 4}::3}'2

2-2

ZnS0O,(aq) a=a.a_= ai = miyf = (m, )(m_)yi — m:}/j

3-1

Na.Fe(CN) (aq) a,=a'a =a' =m’y!=m )Y m )yl = CBm)y’(m)y! =2Tm'y,
3 6 q + " - = o ¢V1 + < = = o ==

Copyright 2003 USB
pyrig vy
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Colligative Properties of Electrolytes Sol-29

For a strong electrolyte... v = total # of dissociated ions

X2 ~ Vli m = molality

M, = molar mass (in kg/mol)

If you use this definition in derivation of colligative properties ...



Debye-Huckel Theory Sol-30

Debye-Huckel Theory: Assumes ions are point ions (no radii) with
purely Coulombic interactions and activity coefficients depend
only on the ion charges and the solvent properties.

Iny, =—|z.z_|AIY?

N\

3/2 1 >\
A:(zﬂNA)l/z( e ] IC_ZJZ_;‘Z]C]

lonic Strength

For Agueous Solutions...



Validity of Debye-Huckel Theory Sol-31

0.0

—-0.2

&
-0.4
5

—-0.6

0.0

Extended Debye-Huckel: |n V., =



Why are activities so important anyway?! Sol-32

The activity can be thought of as “the real
concentration”... anywhere concentrations are
used, activities should be used instead.

a, = [1ly, ={1}

Some examples:
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