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Phase diagrams of multicomponent systems
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Phase diagrams of multicomponent systems
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L ecture 6
Electrolytic solutions and Electrochemistry

Electrodsg

i
I

Salt bridge\lec}ode
ﬁ_l Pt

H,O(l
,O(l) H,0()
I H" (aq) I
Mn?* (aq) Fe’" (aq)
MO, (ag) | | Fe® (aq)

74 d
Electrode compartments

This is partly arecap from Thermodynamics

( https://dullenslab.com/wp-content/uploads/2022/12/Lecture6_thermo.pdf?action=purge )
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Chemical reaction equilibria: general

N,(9)+3H,(9) © 2NH,(g)

\ g

—

0« ZNHs(g)_ Nz(g)_3H2(g)

\ g

u, = u’ +RTIn

a;

0= Z:viCi

A.G =Zvi,ui® +ZviRT In a,

T l |\ J
o o Y
Enpray minimum~_ _— =AG =RT InQ
Equilibrium: ‘
TP Ié \ ArG _ O
O Reaction progresesqion & ‘ Q = H ai I

r

A,G® =-RT InQ,,

eq

=—RT In(H ai‘"j =-RT InK

Kis only dependent on T and g,




Chemical reaction equilibria: general

AG®=-RTInK

(e,

perfect gas mixtures

reaction components

T reaction stmchLmetr

G~ = A,G® = Zvu. ZvA GG‘_{Z“r_ei

a.

pure liguids |3, =

pure solids

P
o
1

d

S

~y
"~/

1

formatlon

solutions —

Neutral components(Lecture 3) = A . G

Electrolytes (ions): Electrochemistry

—
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Chemical reaction equilibria: dissolution

Agueous dissolution of paracetamol

C,H,NO,(s) «» C,H,NO,(aq)

¥

0 <> C,H,NO,(aq) - C,H,NO,(s)| 4= 0

Vi
Reaction quotient |Q = H a, »
i

1 -1
Q — aC8H9N02(aQ) . aC8H9N02(S)

Thermodynamic equilibrium constant

KEQeqz[

anHgNOZ(aq)

aCngNoz(S)

j ~ (anHgNOz(aq) )eq
€q

I.e. solid in equilibrium with saturated solution ‘=’ solubility



Chemical reaction equilibria: dissolution

Neutral solutions (Lecture 3) = A _. G
C,H,NO,(s) «» C,H,NO,(aq)

a
B | @cgHgNO, (ag) N( )
» K= Qeq _L ] ~ aC8H9N02(aq) eq
eq

aC8H9N02(s)

m) > viud =26 =-RT INK = —RT In(ac,un0,a)

€q

A ®
- In(a ) _ BissHcyHgNo, ()
CSHQNOZ (aq) eq o RT




Chemical reaction equilibria: dissolution

Neutral solutions (Lecture 3) = A _. G
C,H,NO,(s) «» C,H,NO,(aq)

A ®
diss Hc,HyNO, (5)

RT

In(aC8H9N02(aq) )eq -

Cf. Exercise 16 (where we dropped superscript *):

lLl; (S) B ,Ll; (I) ~ _ AfusH B | AfusSB
RT RT R

>

In x; =
|

Assuming ideal solution, so d; = Xg

Assuming Afus H Band AfUSSB are independent of T



Activity (liguid) mixtures of neutral components

Q=11a"| Actvitya, |y =u4 +RTha,

Standard state * { P=P

(still T dependent) Vapour pressure pure liquid I

P(g)

*

P

Ideal solutions (Raoult) |a” = x" =

Real solutions p(g)
al) = yOxO =

y; . activity coefficient i i P*




Activity (liguid) mixtures of neutral components

Q= H a;’ Activity 8;

Standard state *
(still T dependent)

ldeal solutions (Raoult)

1

u=u +RT Ina

P=P

Vapour pressure pure liguid 1

Real solutions

y; . activity coefficient

a® = xO =

P(g)

*

P

al =

P(g)
(|)X(|)

| P

*

M

=u +RTIha =4 +RT Inx, +RT Iny,

— ﬂiideal + RT In) 7/i




Activity (liguid) mixtures of neutral components

Regular solution example:

(L-L separation exercise 17)

0.5
X

1

|

3

G" = nRT X, X,

0

I
05 —wx |
xA

u=u +RTIna =4 +RTInx, +RT Iny, = 4,

ideal

+RT Iny,

11




Activity (liguid) mixtures of neutral components

Regular solution example:|G® = nRT px, X

(L-L separation exercise 17)

15

3 p
0 T 2T 7
-0.1
%: \\ 2 // N / 27
G-0.2 Pt & /

S
N

0.5

0.4 /37/—1
-0.5 3 , 0

0 05 1 0 0.5 1
X X

0 05 —wx |
xA

u =4 +RTIna, =u +RTInx. +RT Iny, = 1" + RT Iny,

P(g) (See also Exercise A6d
a,(') P— = X(I)Q/(I) = X(I) eEXP ﬂ 1-— X(I)) Additional exercises )

: 12

|




Chemical reaction equilibria: general

Activity as an effective concentration

w=u +RTIna
Molarity |. _ #mol solute | 0 =08 e
(mol/L) " volume V solution 7o |[C =1moliL
- #mol solute i b,
Molality |, - = a, =y® == | |b® = 1mol/kg
(mol/kg) mass m solvent b
Mole ‘. #mol solute | S =7/.(X)X.
fraction () | total #molinsolution n|L- ~~
|P=P° ¢’ =1mol/L
Standard state © _ i
(still T dependent) ai® _ 1\and pure » 1 [b® =1mol/kg

13

X, =1




Chemical reaction equilibria: electrolytes
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Chemical reaction equilibria: electrochemistry

Electrochemical cells: basic example

J

Cu®"(aq) + 2e- — Cu(s)

(Reduction halfreaction)
Ele(qod Salt bridge lectrode 1
+ —
Pt | m/j lﬁ H (aq) +e —>EH2(g)
' I (Reduction halfreaction)
H,0() o) i 2+
: 2H"(aq) + Cu(s) »> H,(g)+Cu“" (aq)
H"(aq)
I (Total cell reaction)
Ha(g-Abar) | | Cucl.(aq) (Note: the equation is overall charge neutral)

7
Electrode compartments

In which direction will the reaction run spontaneously?
— Where is the equilibrium? 15




Chemical reaction equilibria: electrochemistry

Voltage E represents a
‘driving force’ like A,G

Electrodsg Salt bridge lectrode

N |

quilibrium state

H,O(l ini
20(1) H,0() _ Energy minimm—,
r— I AG=0 T,P
ol cucl, (aq) 0 Reaction progriassion ¢ 1

d
Electrode compartments é
€q
Ideal volt meter has an infinitely
large internal resistance

>measures E with zero current
16




Chemical reaction equilibria: electrochemistry

Voltage E represents a
‘driving force’ like A.G

Electrodg Salt bridge lectrode

/ _ ©®
o ﬁ'w AG=AG®+RTInQ
' } l ArGG):zViAme,i@
i

H,O(I) o)
2 Equilibrium:
H"(aq) o
ArG =—RT InK
H,(g.lbar) | | CuCl,(aq)

7
Electrode compartments

Relation between E and A, G

17



Chemical reaction equilibria: electrochemistry

Voltage E represents a
‘driving force’ like A.G

Electrodg Salt bridge lectrode

Ny A.G=A,G°+RTInQ
' } l ArGQ:ZviAme’iG)
H,O(l)
I | =0 Equilibrium:
H" (aq) I o
A G®=—RT InK
H,(g.lbar) | | CuCl,(aq)

7
Electrode compartments

Relation between E and A, G
A.G=-vFE

18



Chemical reaction equilibria: electrochemistry

A G=—-vFE

r

AG=AG°+RTInQ

Equilibrium:

A G® =-RT InK

—
—

Equilibrium:
RT
‘|E® =+—InK
v

Standard Gibbs free enerqy of formation

_ArG
vF

E =

E = EG’—EInQ
v

© o)
viATG, 7':,{5 Exercise 22

Number of electrons transferred/ Faraday constant

in chemical equation

(charge of 1 mole of electrons) 19




Chemical reaction equilibria: electrochemistry

RT
AG=AG®°+RTInQ = |E=E°-—InQ

AG = —vFE 4al
Nernst equation
reaction
T AG<0] |[E>0 Electrod Salt bridge lectrode

-

— AN
AG>0| [E<0

T,P —

quilibrium state

Energy minim

AG=0

0 Reaction progri&ssion & 1 — 5l [£5 H.0(0) H,0()
é-’eq | H* (aq) I
(equilibrium) | (g 1bar) CuCl, (aq)

4
Electrode compartments 2Q



Chemical reaction equilibria: electrochemistry

RT Vi
Nernst equation |E = E° ——Fln Q| with Q= H d,
V [

Nernst also holds for half reactions:
Cu®*(aq) +2e- — Cu(s)

— E@ . RT In aCU(S)
cu?t/cu Cu?*/Ccu E a

Cu®" (aq)

Note: reduction half

.
2H"(aq) +2e- - H,(9) reaction
— E@ _ ?T In aHZ(g)
2H+/H2(9) 2H+/H2(g) 2F a2
H™ (aq) 21




Chemical reaction equilibria: electrochemistry

Nernst also holds for half reactions

2H" (aq) +2e- -> H,(g)

Cu’*(aq) +2e- — Cu(s)

2H" (aq) + Cu(s) — H,(g)+Cu” (aq)

22



Chemical reaction equilibria: electrochemistry

Nernst also holds for half reactions

2H" (aq) + Cu(s) — H,(g)+Cu” (aq)

E — E® — RT In aHz(g)
2H* /H,(9) 2H" IH, (g) IE a2
H™ (aq)
o _ RT |n aCu(s)
cu®/cu  —cu*/cu
2k aCu”(aq)
RT a a
® ® H,(9) Cu(s)
E et el = E2H+/H2 B ECu2+/Cu B 1= {In 32 —In }
N / H™ (aq) Cu® (aq)
\ / N

Reduction half reactions as in the tables




Chemical reaction equilibria: electrochemistry

Nernst also holds for half reactions

2H" (aq) + Cu(s) — H,(g)+Cu” (aq)

®
Etotalcell - E2|-|+/|-|2 T ooy F 2 a
H* (aq) Cu®*(aq)

o RT {In W@ o Bewy ]
a

RT aHz(g)aCu * (aq)

‘ Etotalcell _ E2|_|+/|_|2 ECu”/Cu E In a2 a
H* (aq) ~ Cu(s)

RT

In

a"'2(9)aCuz+(aq)

L

a

2
H™ (aq)

Acys) ® 1

24



Chemical reaction equilibria: electrochemistry

Electrochemical cells: another example

MnO ; (aq) +8H" (aq) + 5Fe** (aq) — Mn*" (aq) + 4H,0(l) + 5Fe”* (aq)

4 5
E — E@ _ . _E®3+ —T|_ a aH OaFe
4 F MnO4 H

total cell MnO,/Mn% A —Fe¥ /Fe?
\ ' J \_Y_)

Standard electrochemical potdgntials of
redox coupleq are in tablep as
reduction half reaction$

v =5 (electrons)

- sigh as we need a reduction and an oxidation half reaction
25




Chemical reaction equilibria: ions In solution

Mg mal ") I

A=kl mol ) " A G=f(k] mol ")

S0 K mmal )t

AG® =Y vA,G,,  =-FE®

= AfG®

. EAer(:H* =0allT

m,H

Standard
thermodynamic

data

(@ 298K)

(Ed.11: Table 2C.7)

26

Ljed €y w1 K mal
Fluorime
) 3B.00 0 i] 20078
Figh 19,00 +78,99 +61.91 158.75
Fiag) 15.00 33L.63 178,79 13.8
HF{g) 20001 2711 -273.2 173.78
Gold
Auis) 196.97 0 ] AT.AD 25.42
Auig) 196.97 +366.1 +326.3 180,540 20.79
Helium
Helg) 4.003 ] i] 126.15 20,786
Hydrogen (see also deuterium)
Hlg) 2006 0 i] 1 30,684 28.824
Higl L% $311707 FI0T I8 (IENd] TR
H*{aq) 100 0 0 0 0
H*{g) 1008 +1536.20
H,Ois) 18015 3799
H,O(l) 18015 — 78583 —237.13 69.91 75.291
H,Dig) 18015 -241.82 —228,57 188,83 33,58
HyO4(1) 34015 187.78 120,35 109.6 &9.1
loalline
L5} 253.81 0 0 116.135 54.44
L:(g) 253.81 #6244 +19.33 260,69 36, )
I{g) 12690 +106.84 +70.25 18079 20.786
I"(ag) 126540 =55.19 =51.57 +111.3 =142.3
Hiig) 12791 +16.48 +1.70 206.5% 29158
] i] 25.10
35.85 +416,3 +370.7 180,49 2568
55,85 -3, 1| 75,90 |37.7
55.85 48.5 4.7 315.9
Fe,O,(s) (magnetite] 231.4 =11184 =1015.4 46,4 14343
Fe O, (2) (haematite) 159,69 —§24.2 —T4r2 B7.40 103.85
FeSis, a) BT.9] =100.0 =100.4 6,29 50,54
(s} 11998 —178.2 —166,9 52.93 6217
Krypton
Krig) B3.B0 0 0 164,08 LT8G
Lead
s 207.19 ] i] [ 2644
Phig) 207.19 +161.9 175.37 20,79
Pb**(ag) 207.19 24.43 +10.5
FhO(s, yellow) 223,19 =187.89 ] 45.77
PhO(s, red) 223.1% -218.99 =188.93 Bb.5 45.81
P, (s} 23919 -277 4 —217.33 6B.6 6464



Standard
electrochemical

potentials E®
of redox
couples

(@ 298K)
alphabetical
order
(Ed.11:
Table 6D.1b)

for all T(aq)

Reduction half-reaction E=*Y
Apt4e <AL +0.20
A e = Ag +1.98
Aplir+¢ =+ Ag+ Br +0,0713
.kg:'.l-rc -.’;L'_+:’ZI +0,22
Ay, + 2™ = 2Ag + Crid] +0,45
ApF+e" = Ag+F +0.78
Agl+e = Ag+l =0.15
AP+ 36 = Al =1.66
Au*+e¢” = Au +1.6%
Au** + 3¢ = Au +1.40
Ba® +2¢” — Ba +2.91
Be®® + 2" — Be -1.85
Bi*" + 3¢ —Bi +0.20
Br, 4+ 2¢™ — 2Br +1.0%
Bry” + H, O + 2¢™ = Br- + 20H +0.76
Ca*+2e" = Ca 187
CA{OH),+ 26 = Cd + 20H ~0,51
Cd* +2e” = Cd — 0,40
Ce'* + 36 = Ce —2.48
Ce't g = Ce™ +1.61
Cly + 2¢ = 201 +1.26
G + H_.l;'r-r ¢ =5 CI"+ 20H +0.8%
CIO; +2H* + 2¢” = CIO; + H,0 +1,23
CIOJ + Hy0+ 26" — CIO; + 20H +0,26
Co™ +2¢ = Co —0.28
Co'* +¢ = Co™ +1.81
Cr*+2¢ = Cr =0.91
Cry05" + 14H" + 6e™ = 200" + 7H,0 +1.33
Ot + 3¢ = Cr ~0,74
Crt e = O —0,41
Ci"4e s =292
Cu'#+e —=Cu +0.52
Cu®* 42 = Cu +0.34
Cu** 4+ ¢ = Cu* #0016
Fy+2¢™ =+ 2F +2.87
Fel* + 3¢ = Fe ~0,44
Fe'* + 3¢ — Fe —0.04
Fe'* +¢ — Fe™ +0.77
[Fe{CM) "+~ — |FelCN, )} 40,36
2H* + 2¢" =+ H, 0, by definition |
2H,O+ 2e” = H, + 20H =083
2HBrO+ 2H* + 2¢” = Bir, + 2H,0 +1.60
IHCIO + 2H* + 2¢” = Cl, + 2H,0 +1.63
HL, O, + 2HY + 2¢” — 2H,0 +1.78
H XeO, + 2H* + 2¢” — XeO, + 3H,0 430
Hgi* + 3¢ = 2Hg +0.7%
HegyCly + 2¢ =+ 2Hg + 2C1 +0.27
Hg™* + 26~ = Hg +0,86
IHg™ + 2¢” — Hgi' +0.92
Hg.500, + 2¢” — 2Hpg + 507 +0.62

Reduction half-reaction

I, +2¢” — 21
I+ 2e”— 3]
In*+e¢" = In
In** + ¢ = In*
[!1"'1'1\' = In"

In'* + 3 — In

In** ¢ = In™

Kf+e =K

La** + 3 = La

Li® +¢" =k Li

Mg™ +2¢" = Mg

Mn* +2¢” = Mn

Mn™ + ¢ = Mn®

MO, + 4H* 4 26 — Mn®™ + 2H,0
MO, + 8H* + 5¢ = Mn*™* +4H,0
MO + ¢ = MnQy;

.\.1||.[3I': + 2H0 + 2¢™ = Mni), + 40H
Ma*+e" = Na

MNi®* + 26" — Ni
NIOOH + H,0+ ¢ — Ni{OH), + OH
MO; + 2H + ¢~ = NO, + H,O
WO, + 4H" + 3¢™ = NO + 2H,O
NOS + HyO + 2™ = NO3 + 20H
0y + 2H, 0+ 4™ — 40H

Oy +4H + 46 = 2H,0

Oy 46— 0

0y + Hy O+ 2¢” — HOS + OH

Oy + 3H" + 2e” = 0, + HyO

O+ Hy+ 27 = 0, + 20H
Ph* + 2¢” = Ph

PbY* 4 267 — PR

PbSO), + 26" — Pb+ 507

P 42 =Pt

Pu** +¢ = Pu™

Ra** +2¢" = Ra

Bh*+e" = Rh

S5+ 26 5%

5,04 4 2¢” — 250]

LA e B

S0 + 2¢” = Sn

sn' + 2¢” = Sp*

.\'.-r"'r.'.’a,' = S

Ti** +2¢ = Ti

™ +¢ — Ti**

Ti* + ¢ = Ti**

T e =TI

U 43" = U

Ut e s U™

Vi 26

VH g W

In" &2 =7n

E*IV

+0.54
+0.53
014
=40
=044
—-0.34
=049
=293
-2.52
=305
-13
—1.18
+1.51
+1.23
+1.51
+1{1,56
+iL60



Chemical reaction equilibria: electrochemistry

Standard hydrogen electrode

AG?.  =0forallT

H™ (aq)

E® =Q0forallT

2H* [H,

28



Chemical reaction equilibria: electrochemistry

Standard hydrogen electrode: |P

Hz(g)
® _
AGH( 0 =Q0forall T

= P®and a,. =1

E® =Q0forall T

2H* IH,

2H" (aq) +2e" —> H,(9)

_ E@ _ RT aHz(g) Y RT In aHz(g)&_ O
2H+/H2(g) 2H+/H2(g) 2F a2 2F 2

mm) pH =-"loga_, :—1°Iog[

I_II

_ 10 Iog 7/(C)

29



Chemical reaction equilibria: general

Activity as an effective concentration

w=u +RTIna

Molarity |, _ #mol solute | AN C I e
P . i =7 =
(mol/L) volume V solution c® 1mol/L
i #mol solute i b
Molality b, = _ a, =7® =L | [5° = 1molikg
(mol/kg) mass m solvent b
# mol solute | n.
MOIe Xi — . - I al :7/I(X) XI
fraction () total # mol in solution  n

b po®
Standard state © P=P

(still T dependent) ai® _ 1\and pure » -

Ci® =1mol/L | even for

b® =1mol/kg [ 'ONS'

X, =1

30




Chemical reaction equilibria: electrolytes

Activity coefficients in electrolytic solutions

31



Activity coefficients solutes electrolytic solutions

® o
© ¢
© ©

example

M X, <> pM* +gX*

G,(M X,)=p=pu, +qu.

example

chemical potential of
the dissolved salt

FeCl, (s) <> Fe’ (aq) + 2C1 (aq) | mmmp 4 21 =52

Fe,(SO,),(s)«> 2Fe* (aq)+3S03 (aq ) == - 7+ = 43

== If solubility is s, s, (Mol/kg) thenb_ .. =2sand b

_p:]_
q=2
z-=-1
_p:2
q=3
I-=-2
= 3S

SO



Activity coefficients solutes electrolytic solutions

© o
© o
o i ©
o
°
o &
© ()

M X, <> pM* +gX*

G,(M X,)=p=pu, +qu.

chemical potential of
the dissolved salt

ideal

po=p, +RTIny | |u=u

A L RT Iny.

(4, =4 +RTIna, = g +RTInx, +RT Iny, = 14" + RT Iny,)

33




Activity coefficients solutes electrolytic solutions

o ° o
) 2 o °
) e K
o ° °
o © °

M X, <> pM* +gX*

chemical potential of

Gm (M qu) = H= p/u+ + qlu— the dissolved salt

p, =1 +RT Iny,

u =y +RTIhy

(4, =4 +RTIna, = g +RTInx, +RT Iny, = 14" + RT Iny,)

It is impossible to determine (measure) ;4 and (4 Individually

)

ideal

1= pu,

ideal

ideal

+ 0L

34




Activity coefficients solutes electrolytic solutions

©

M X, <> pM* +gX*

)
© ¢
© ©

chemical potential of

O Gm (M qu) = H= p/u+ T Q4 |the dissolved salt
o

©

o © ° | =pu"+RTIny | |p=p""+RTIhy

It is impossible to determine (measure) ;4 and (4 Individually

ideal

) luideal _ pIuJirdeaI +q,U

Real solution: | ¢ = P, +qu_ = ' + pRT Iny, + qRT Iny.

== = u" +RT Inyy* N




Activity coefficients solutes electrolytic solutions

M X, <> pM* +gX*

o)

¢

e © : :
chemical potential of

Co¥ o Gm (M qu) = H= p/u+ + Q4L_|the dissolved salt
© (%)

©

. o © ideal

w, = +RTIny, | |u =" +RT Iny

ideal ideal ideal ‘ ideal
H=H

36



Activity coefficients solutes electrolytic solutions

S K go M X, <> pM* +gX*
¥ 1 chemical potential of
° Se © Gm (M qu) = H= p/u+ + q,Ll_ the dissolved salt
o W ° _ _
o © ° | =pu"+RTIny | |p=p""+RTIhy
ideal _ pluJirdeaI n qluideal — _ ideal +RT Inyf}/?
: ideal
average chemical u RT
potential perion |4 = = + In (7/4?7/?)
(I labels any of the ions) P+( P+( P+Q

(The solution has to be charge neutral)

37




Activity coefficients solutes electrolytic solutions

goo 2‘; M X, < pM™ +gX™
& " chemical potential o
° Ss © Gm (M qu) = H= p/u+ T q,Ll_ tr?e disscl)ll\oleél sct':lltl f
o ° ) ideal ideal
o © ° |u=u "+RTIny | |u=u""+RThy
ideal _ p Jlrdeal _|_q ideal — e ideal +RT |n}/f7/q
: ideal
average chemical u Y7 RT
potential perion |4 = = + In (VfV?)
P+q p+q P+
Mean activity coefficient \
r.=('y) " s=pra| [m=a" +RTINy,| =




Mean activity coefficient: Debye-Huckel

ideal

pi =4 +RTIny,

o ° o
© 2 o °
© ' X
o = °
o © °

(ions 1 of a dissolved salt)

Mean activity coefficient

v, =) s=p+q

(M, X, < pM* +gX*)

Because of the sensitivity of y; of the ions we will use molality b,

Molality
(mol/kg)

b, =

# mol solute 1

N, (b) b,

mass m solvent

— a =7v. — ®E
S Ja=r | b =1molikg

39



Mean activity coeff

iIcient: Debye-Huckel

© © v ideal
© o o w.o = +RT Iny,
© © © - (ions 1 of a dissolved salt)
o ot © Mean activity coefficient
© O Is
© 7o=(rPr) " s=p+a
o © °
Debye-Huckel: |log y, =—z,z |AI"?
(limiting law)
' hl —EZ 2 B AP pb® 1"
lonic strength |1 = 24 p° "4z N, In(10)| 2°R°T?

(sum over all ions in solution)

A =0.509 for H,O @ 298 K
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Activity coefficients solutes electrolytic solutions
Debye-Huckel:

ideal

log 7, :—‘Z Z_‘AI Y2 w. = +RT Iny,

lonic strength Mean activity coefficient

:iZzizs_ci» 715(7/f7?)1/8;55p+q

Example |FeCl,(s)+ FeCl,(s)+ <> Fe**(aq) + Fe>* (aq) + 5CI (aq)

1 : 1 b 2+ b 3+ b -
— IZEZZiZk?_é):E{ZEe“ Fe _|_22+ Fe +22L:|

b, b . b
) | | Z 4Fe g Fe g C
Zi: 2{ b® b® b® } “

Sum over all ions in the solution




Activity coefficients solutes electrolytic solutions
Debye-Huckel:

ideal

log 7, :—‘Z Z_‘AI Y2 w. = +RT Iny,

lonic strength Mean activity coefficient
1 , b, =(pq)“5.3= +
I:—Z:Zi—® Y. =\ULr-o) s S=PH(
2 = b
Example |FeCl,(s)+ FeCl,(s)+ <> Fe* (aq) + Fe** (aq) + 5Cl (aq)
1 b 1| b.. b.. b
m) (| =) 77 L ="14-F 49 F 41 C
p 2% e 2{ b° " b°®  b°

relative molality bé) _ b(mol/kg)
b®  1(mol/kg)
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Activity coefficients solutes electrolytic solutions
Debye-Huckel:

ideal

log 7, :—‘Z Z_‘AI Y2 w. = +RT Iny,

lonic strength Mean activity coefficient

|:%sz;’—g 7. =) s=p+q

Example |FeCl,(s)+ FeCl,(s)+ <> Fe**(aq) + Fe>* (aq) + 5CI (aq)

i b 2+ b 3+ b _
= ':Ezsz—é:%{“ o ”i}

log 7% = —2- UAVI = 2AVI | logy™ =—3AV1 | 4




Activity coefficients solutes electrolytic solutions
Debye-Huckel:

ideal

log 7, :—‘Z Z_‘AI Y2 w. = +RT Iny,

lonic strength Mean activity coefficient

|:%sz;’—g 7. =) s=p+q

Example |FeCl,(s)+ FeCl,(s)+ <> Fe**(aq) + Fe>* (aq) + 5CI (aq)

b- 1 b 2+ b 3+ b -
m) (| =) 77 L ="14-F 49 F 41 C
22 ' b° 2{ b® b®  b°

Exercise 23-25

|Og j/iFeCIZ = —‘21‘A\/T = —2A\/T |Og 7/J_rFeC|3 = —3A\/T 44




Activity coefficients solutes electrolytic solutions

log y, =—z,z |AI""?

extended Debye-Hiickel:

Extended
N Jaw

' AN Limiting.
AR law .,
, \
(2,2)" N

L g 3 12\ 16 _0'08\0 4 8 12 16 45
100/ 6 mmol/kg 100/




Activity coefficients solutes electrolytic solutions

log y, =—z,z |AI""?

extended Debye-Hiickel:

1/2
| Az,z |l
09 7, =-— 7z +Cl
1+ Bl
0(
Extended
_ : “Nlaw
0.2 2 |deal soltion Limiting.
, " law
/uildeal — ﬂi + RT In Xi
(2.2)
0 4 8 12\ 16 _0'080 4 8 12 16 46

100/ 6 mmol/kg 100/



Activity coefficients solutes electrolytic solutions

log y, =—z,z |AI"*

m) (logy, <0=y, <1

lLli — luiideal + RT In 7/i

mﬂa
0 4 8 12\ 16 47

100772 6 mmol/kg



Activity coefficients solutes electrolytic solutions

log y. =z, 2.

AI 1/2 lu_ideal _ lLl* 4 R-I- In Xi

\ )

I
Ideal mixing entropy term

) (logy, <0=y, <1

=

u, =, +RT Inx. + RT Iny,

\ )
|

Lowers (; even more
due to the electrostatic
attraction and repulsion

\ 16 48
6 mmol/kg



Chemical reaction equilibria: dissolution

Agueous dissolution of (sparingly soluble) salts

Ca,(PO,),(s) <> 3Ca’" (aq) + 2PO? (aq)

(Note: the equation is overall charge neutral)

r

AG® =—RT I Q,

=—RT In K

bé%b

2

PO (aq)

(b°)°

bCa (aOI)bPO (aq)

—

2

U—Ia ] Qa2 (aq) 2P0 (a) A/b )’
€q

2, (8)

1

(b°)°

Solubility S of the salt:

(as a molality)

S(mol Ca,(PO,), (aq)J

kg H,O(l)

b

Ca’*

(aq) bPOi(aq)

3 2

assume ideal solution: 7, =1

-

—

= «-

(3s)°(2s)°

(b°)°

=

SZ(K

108

1/5
j b®(mol/kg)| 4o




Chemical reaction equilibria: dissolution

Agueous dissolution of (sparingly soluble) salts

Ca,(PO,),(s) <> 3Ca’" (aq) + 2PO? (aq)

(Note: the equation is overall charge neutral)

AG® =-RT InQ,,

r

=—RT InK

InK = —

A G°
RT

S =

1/5

108

(mol/kg)

AG® => viAG =3AG_.. +2AG

S
POZ ,m

~A,G

C

Caz(PO,),(s)m

A G® =3-(-553.58) +2-(-1018.7) — (—3884.7) =186.6

A ®
) (K =exp| - A
RT

):1.99-1033

=

s=1.13-10"'

No exp. value

kJ/mol

@ 298 K

mol/kg
@ 298 K
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Chemical reaction equilibria: dissolution

Agueous dissolution of (sparingly soluble) salts

Another | AgCI(s) <> Ag*(aq) + Cl (aq)

example

(Note: the equation is overall charge neutral)

AG® =-RT IhQ,, =—-RT InK

r

H a, .a. . a, .a. . b
K = a-Vi _ Ag" CI ~ Ag® CI _ f Ag® o cl
( i | ) 1 7/— b®)2

g SAgClE)

=

Solubility S of the salt; g| Mol AQCI(s) | ) _
(as a molality) kg H,0(l) Ag'(aq)  “CI"(aq)

—

2 1/2

# Kz(i;s)z # S =

b®(m0|/kg) 51

Y+




Chemical reaction equilibria: dissolution

Agueous dissolution of (sparingly soluble) salts

AQCI (s) <> Ag " (ag) + CI  (aq)

(Note: the equation is overall charge neutral)

assume: y, =1

A G

r

®=-RTInQ,

=—RT InK

) K

InK = —

o] ]

V., 1/2
s = K" (molk
- ( g)

ArG® = ZViAfGi(?m = AfG,i)g+’m "‘Ang-,m _AnggCI(s),m

kJ/mol

AG® =77.11+(-131.23) - (-109.8) =55.68 | g 295 k

A G°
= exp| —
RT

]:1.74-1010

=

_5 mol/kg

52

Exercise 24




Chemical reaction equilibria: dissolution

Agueous dissolution of (sparingly soluble) salts

-Increase In solubility due to ionic strenqgth

Add a well-soluble salt to the sparingly soluble salt solution

# | T= y, { solubility s T| | Exercise 24

-Common ion effect

Add a well-soluble salt with an ion ] common to the original salt

m)| | T= y, I, butb; T= solubility s

(Le Chatelier’s principle) Exercise 25
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Mean activity coefficient: Debye-Huckel

Only In case you are interested in the background of the
Debye-Huckel theory (not necessary for the exam)

https://learninglink.oup.com/access/pcheml2e-
student-resources#tag a-deeper-look

55
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Mean activity coefficient: Debye-Huckel

1) Work to charge all ions starting from an ideal solution with all (uncharged) ions
already in their ideal solution positions is :

W, = - = pRT Iny, +0RT Iny_=sRT Iy,

®) o s
o .° o 7. =00 )" s=p+g
© ®)
o % ©
W
O Iny, =—2
o O © " T RT
() ©
o
© o © Choose a central ion I with

charge (; in the solution
56



Mean activity coefficient: Debye-Huckel

2) lonic atmosphere (all other charges qj) will screen the charge of the central ion :

0,0=1 =2 o2 tap - L \
| dre v "M dzer Xp_ ~
© © "
© Oo © Poisson: VZQD(F):—'O((?)
- (®)
© ©
o q; Vf@(r)zéi(rzijcp(r)
-~ oF © o redr dr J
© o

() 2 _ ggbi(r)
s © m—k o (1)

57




Mean activity coefficient: Debye-Huckel

2) lonic atmosphere (all other charges qj) will screen the charge of the central ion :

0,0=1 =2 o2 tap - L \
| Arce ¥ N 4zer » ry

p(r)

Poisson: V2c25(r):—
E
vfds(r):izi( 21jcp(r)
re dr dr y

:> (2= ggbi(r)
S py(r)

58




Mean activity coefficient: Debye-Huckel

3) Use Boltzmann distribution to determine ion distribution in the bulk solution:

| zzet1 [ )
Energy of ion |: Ej = zjedii — —exp| ——
© . © Arre 1 i rD_
O O c
© O Boltzmann: —J:exp [_Z_egpi /kT]
o i © j j >
©o'
¥e ¥ @ z.ed,
O exp[—zjeqﬁi/kT]zl—
o © kT
" =c.zeN,=c.z.F
- o © Pej = 4i2i®Na =550 |

F . (r
:> Charge density ion_i: IOe,j (r) ~ —I:C+’OOZE + C—,ooZE:I |( )

RT?




Mean activity coefficient: Debye-Huckel

3) Use ion distribution to find Debye screening length:

2
pe.j (r) ~ _[C+,wz+ +C

o ° o
Po,
© 2 o) °
© oo o
o ¢ °
o © °

|:> Debye screening length

S - Mass density solvent

lonic strength

Poisson

22- FZ@i(r)
YT RT

C; zbj/)s

, b,

_Z Z b_®

2 e®;(r)

r2=—
pj(r)

|

ERT

1/2
2pSF2Ib®] w0




Mean activity coefficient: Debye-Huckel

3) Use ion distribution to find Debye screening length:

1 F 2¢i (r)

2
Pe.i(I) = —[cmz+ +C_,Z°

RT

P, -Mass density solvent [C; = bjps
| , b,
lonic strength —Z Z —
b@
. 2 £®,(r)
Poisson Iy =—

P (r)

1/2
) ERT
Debye screening length D —
—> 2, F2Ib° g




Mean activity coefficient: Debye-Huckel

4) Determine work to charge central ion in presence of the ionic atmosphere potential:

N
Z.e | expl—r/r 1
D () =D(r)—D,(r) =— { p[ D]__}
Are r r
e O © dWe =D, (0)dg
O o
o = ¢atm(0): d
© » " Arery y
Oo
¥ "
©
o

22
Z F
o o * :> We,i: I
87 N,ery |62




Mean activity coefficient: Debye-Huckel

v

© ¢

o % ©
Oo

©

o &

© o

5) Collect all results and include charging of all ions in w, :

W ..

Zi2F2

\

e,l =
87 N,ery

1/2
. ERT
> | 2p,F2Ib®

Inyi:

PW, , + QW

SRT

J

log y, =—z,z |AI"?

- =

1

IZEZZ

2 b

ib@

A p—
47N , In(10)

F3 pb@
2¢°RT®

:|1/2

63
A = 0.509 for H,O @ 298 K




