Summary Lecture 1 (qlosserv see App B, SG)

- First law: conservation of energy

dU =dW +dQ
AU =de =W +0Q
jﬁduzo

U Is a state function

Reversible process

- Mechanical work W = _j Pextdv —j PdV
- Perfect gas PV = nRT | Equation of state
o . 3 3
- Perfect atomicgas |U = —nRT = =PV
2 2

dWw = 1)



Summary Lecture 2 (second Iaw and entropv)

Second law:
for any spontaneous process

dS

tot

4535, 20]|as = 927 [
T urroundings

S is a state function, so independent of path

Alternative form: Clausius inequality:

—

dQ™ =TdS | Reversible process

dQ <TdS | -

dQ"™ <TdS| Irreversible process




Summary Lecture 2 (alternative enerqy functions)

—

Internal energy U
Enthalpy H=U+PV
- f H
Helmholtz free energy A=U -TS State functions
Gibbs free energy G=H-TS
" [dU =TdS —Pdv | =) |dU|, =TdS
(alternative) dH =TdS +VdP mmm) |OH ; =TdS
reversible — T ]
processes dA = -SdT - PdV ‘ dA TV =
_[dG =-SdT +VdP ‘ dG .
Heat capacities C, = (8_Uj C, = G_H
oT ), 0 ; ;




Lecture 3. Chemical reaction equilibria




Lecture 3. Chemical reaction equilibria

Dissociation reaction of a weak acid:

CH,COOH +H,0+—CH_,COO (aq)+H,0"(aq)

Chemical equilibrium reaction

Where is the equilibrium state?




Chemical reaction equilibria

Dissociation reaction of a weak acid:

CH,COOH +H,0+—CH_,COO (aq)+H,0"(aq)

Chemical equilibrium reaction

Where is the equilibrium state?

i Dependson P, T,V and n

Depends on equation of state of the system

—




Chemical reaction equilibria

Dissociation reaction of a weak acid:

CH,COOH +H,0+—CH_,COO (aq)+H,0"(aq)

Chemical equilibrium reaction

Where is the equilibrium state?

i Dependson P, T,V and n

~<

Equation of state of an ionic solution:

Depends on equation of state of the system

—

probably very difficult




Chemical reaction equilibria

More simple system: equilibrium between perfect gases

2H,(g) +0,(g9) «—> 2H,0(9)

‘ equation of state |PV = nRT | (perfect gas)

However: we have a mixture of 3 different perfect gases!




Chemi

cal reaction equilibria

More simple system: equilibrium between perfect gases

2H,(g) +0,(g) «—> 2H,0(9)

‘ equation of state [PV = nRT

(perfect gas)

However: we have a mixture of 3 different perfect gases!

~<

" In equilibrium T,V are the same for all 3 components

(although V will change during progression of the reaction)

_ Let us choose P,

T to be constant




Chemical reaction equilibria

2H,(9) +0,(9) « 2H,0(9)

! Pext Pext
% ;
X o®
. v
:.-.: T T :"%«’ T Q:.

2 e Y vg v
& cad Sox.
| | X
0 0.5 Reaction progression ¢ 1
Completely Somewhere Completely
left in the middle right




Chemical reaction equilibria

2H,(9) +0,(9) <> 2H,0(g)

P

e

o

Equilibrium

/-—'—‘—-\
\-..____________._/

o

ext

 l

%
° *
: * % v
‘ ‘.“ T T f‘.‘. 'y .:’ T ‘:.
: 2 “% va vg v
P 2 CAN (R
| | X
0 0.5 Reaction proFression ¢ 1
Completely Somewhere fe Completely
: : q :
left in the middle right




Chemical reaction equilibria
2H,(9) +0,(9) <> 2H,0(g)

P.. Equilibrium P,
.:‘e 4 .' % v
® - T T :‘.?' T .}.:’ .:'

2 ..:b “% /ﬂ' k Vg v
& f2f Frlad] g
| | X
0 0.5 Reaction proFression ¢ 1
Completely Somewhere fe Completely

: : 9 :
left in the middle 5 _p right




Chemical reaction equilibria

2H,(9) +0,(9) <> 2H,0(g)

P Equilibrium P
X o® Y
T iy TN [lage
. “
$ -’b Y /o & vae v
£ ad ad St
| | X
0 0.5 Reaction proFression ¢ 1
Completely Somewhere feq Completely
left in the middle 5 _p right

What drives the reaction to the equilibrium state? .




Chemical reaction equilibria P

2H, (9 +0,(9) <> 2H,0(g) T
What drives the reaction to the equilibrium state? y
T||*%Y%
/1'0.'.
equilibrium state ‘ P=P /A_i

ext

Equilibrium &

14



Chemical reaction equilibria P

2H,(9) +0,(9) «> 2H,0(9) T

What drives the reaction to the equilibrium state?

T ||o%Y%
/1'0.%
equilibrium state ‘ P=P_ /Li
We chose P and T to be constant Equilibrium é:eq

‘ The Gibbs free energy is the most convenient choice:

G=H-TS | mmm) |dG = -SdT +VdP | mmm |dG| =0

T,P

But the second law gives even more information

15



Chemical reaction equilibria P

2H,(9) +0,(9) <> 2H,0(9) T
What drives the reaction to the equilibrium state? y
T||*%Y%
dG = —SdT +VdP | s [dG| =0 ey
P =P /.—i

Equilibrium &

Always, so also in non-equilibrium:

G=H-TS |mm)|dG =dH —d(TS)=dH —TdS - SdT

-7

second law: for a spontaneous process |dQ" < TdS

16



ntermezzo: dG In non-equilibrium

Always, so also in non-equilibrium:

G=H-TS |mm)|dG =dH —d(TS)=dH —TdS - SdT

H=U + PV ‘ at constant pressure:

dH| 2dU| +d(PV), =dU| +PdV| +VdP|, h
= dU|, +PdV |, =dQ|, -PdV|, +Pdv| =dQ|,
dP =0
second law: for a spontaneous process |dQ" < TdS

= | In non-equilibrium: ||[d H ‘P <TdS | (SG: eq. 46)

17



ntermezzo: dG In non-equilibrium

Always, so also in non-equilibrium:

G=H-TS ‘

dG =dH —d(TS)=dH —TdS - SdT

In non-equilibrium: | [d H ‘P <TdS

In non-equilibrium: dG‘P <—-SdT | (SG:eq.58)

=) | In non-equilibrium: dG‘ <0| (SG:eq.59)

P, T

18



Chemical reaction equilibria

What drives the reaction to the equilibrium state?

2H,(9) +0,(9) <> 2H,0(g)

T ||o%Y%

P=

equilibrium state ‘

o at

ext

In equilibrium: dG pT = 0

In non-equilibrium: | |dG|,_ <0

Equilibrium &

19



Chemical reaction equilibria

What drives the reaction to the equilibrium stat

2H,(9) +0,(9) <> 2H,0(g)

\ &b

o\(\

il

P

ext

4

A 5

/
P =Py ::i

Equilibrium &

In equilibrium: dG pT = 0

In non-equilibrium: | |dG|,_ <0

20




Chemical reaction equilibria P

2H,(9) +0,(9) <> 2H,0(9) T
What drives the reaction to the equilibrium state? y
T|*%Y
/1'0.%
T / P=P /Li

Equilibrium &

Equilibrium state

dG| . =0 T,P

P.T

0 Reaction progrkssion ¢ 1

éeq

21



Chemical reaction equilibria P

2H,(g) +0,(g) <> 2H,0(g) Cl
» ¥
[ st

/
p_p [ afs

ext

Equilibrium state

Equilibrium &

T,P

dG| - =0

P.T

0 Reaction progr%ssion ¢ 1

éeq

so the second law (entropy) drives
the reaction to the equilibrium state

22




Chemical reaction equilibria P

2H,(9) +0,(9) «> 2H,0(9) T

/
p_p [ afs

ext

Equilibrium state

Equilibrium &

T,P

0 Reaction progre}ssion |

é:eq

‘ We have overlooked, however, one detail:

n—>ny ,No Ny g

1
2

23



Chemical reaction equilibria

2H,(9) +0,(g9) <> 2H,0(9)

Some new definitions:

 Partial pressure P; in a mixture of
perfect (or real) gases:

P =xP

N S
]

* Mole fraction X; of component I :

_
i_n_an
j

24




Chemical reaction equilibria

2H,(9) +0,(9) <> 2H,0(g)

Q
© Partial pressure —
T 5 R =xP
5! -
o E Mole fraction v
! )
_ {Energy_ minitTore=; « — n._ n IR
dG|,_ =0 | TP PN
=d %
0 Reaction progr+ssion ¢ 1 j
& 0<¢ <1 state
€
_ Mo, _ No, _ . B
Xo, = = = Xo, (&)| with |n, =n;(S)
N Ny +Ng +Ny




Chemical reaction equilibria

2H,(9) +0,(9) <> 2H,0(

9)

¢

Q
© Partial pressure
T & R =xP
S!
© 5! Mole fraction
O
_ |Energy minfmme=; « - n, N
o |TP T
o n an
0 Reaction progr+ssion ¢ 1 )
. Ng, =N, (S)
‘ We have additional variables — |n, =n, (S)
N0 =Ny ($)

2




Chemical reaction equilibria

2H,(9) +0,(9) <> 2H,0(g)

Q

© Partial pressure

5 R =xP

=}

5! Mole fraction

O
Enegy_ml_n_l____m: « - n _ N

dG|,_ =0 ! T,P !
|P,T : n Z nJ

0 Reaction progr+ssion ¢ 1 j

=

éeq

dG

SAT +VdP + p,, dny + uo dng + a1y oAy 6




Chemical reaction equilibria

2H,(9) +0,(9) <> 2H,0(g)

Q
© Partial pressure —
T 5 R =xP
5! :
© 5! Mole fraction
O
_ |Energy minfmme=; « - n, N
dG|. =0 | TP P
|P,T : N Z nJ
0 Reaction progr+ssion ¢ 1 j

éeq
mm) (4G = -SdT +VdP + > pdn,

L : The chemical potential of component | in the mixture .



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

\ J )
| |

reactants products

¥, : stoichiometric constant of component | _in the reaction equation

29



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

\ J }
| |

reactants products

‘ ~(v.C +v,D+--)+(V,A +v,B+---) 0

)|
| |
products reactants

30



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

\

}

|
reactants

|
products

‘ ~(v.C +v,D+--)+(V,A +v,B+---) 0

=

)|
| |
products reactants

(v.C +vyD+--)=(V,A +vB+--) e 0

\ J | }
| |

products reactants

31



Chemical reaction equilibria: in general

(Vo.C +vyD+-- )= (VoA +vB+--) > 0
)

)|
| |
products reactants

example |2H,(g) +O,(g) <> 2H,0(9)

rewritten: [2H,0(g)—-2H,(g) -O,(g)«< 0

\ J | }
| |

product reactants
\ \
|

Vio =2|[vy, =—2|vo, =-1

32



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

\ J }
| |

reactants products

‘ (v.Cv D+ )+(-V,A —v,B+--) 0

\ ] | }
| |

products reactants

—

Products: |v. >0

‘ZV‘I<_)0<

Reactants: [v. <0

~——

33



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

‘Z‘/il <0

—

~——

Products:

Reactants:

v. >0

v. <0

34



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

—

Products: |v. >0

‘ > vl 0|
mm) 4G = -SdT +VdP + > pdn,

L : The chemical potential of component i

Reactants: |1v. <0

35



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

—

Products: |v. >0

!
:
;

Reactants: |1v. <0

~——

dG =—SdT +VdP + ) x,dn,

Equilibrium state

T,P

O Reaction progr&*ssion ¢ 1

é:eq

g, =0

36



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

—

Products: |v. >0

!
:
;

Reactants: |1v. <0

~——

dG =—SdT +VdP + ) x,dn,

Equilibrium state

So, where is the minimum of GG

at the chosen T,P ?

T,P
O Reaction progre*ssion ¢ 1

é:eq

37



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

—

Products: |v. >0

!
:
;

Reactants: |1v. <0

~——

dG =—SdT +VdP + ) x,dn,

Equilibrium state

So, where is the minimum of GG

at the chosen T,P ?

T,P

O Reaction progre*ssion ¢ 1 ‘
é:eq

dG|, , =Y sdn, =0

38



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

Equilibrium: ‘ dG‘T’P = Z:,uidni =0

Equilibrium state

T,P
O Reaction progr&*ssion ¢ 1

é:eq

39



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

Equilibrium: ‘ dG‘T’P = Z:,uidni =0

—

Products: |v. >0

dn. =v.d&| —

Reactants: |(v. <0

—

Equilibrium state

T,P
O Reaction progr&*ssion ¢ 1

é:eq

40



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

Equilibrium: ‘ dG‘T’P = Z:,uidni =0

—

Products: |v. >0

dn. =v.d&| —

Reactants: |(v. <0

—

Equilibrium state

mm) (0G| , =D wuydé=0

T,P

O Reaction progr&*ssion ¢ 1

é:eq

g, =0

41



Chemical reaction equilibria: in general

VA +vgB+--- v .C +v D+

Equilibrium: ‘ dG‘T’P = Z uv.dé=0

Equilibrium state

mm) (AG= (%)T’P = 2 MV,

The reaction Gibbs free energy

T,P

O Reaction progre*ssion ¢ 1

é:eq

g, =0

42



Chemical reaction equilibria: in general

4

oG
VA +vB+---ov.C+v D+ [AG E(—j =Z,uivi
T,P

Equilibrium state

0 Reaction progr%ssion c 1

éeq

43



Chemical reaction equilibria: in general

oG
VA +vB+---ov.C+yv D+ [AG=| — =Z:,uivi
0s T.P |

|
|
T 2 A/G  reaction
- ! —I1—
wn i
|
E: AG <0 —
O S
=1
=1 AG>0|  —
__|Energy minimum T ~
|
i AG=0 )
|
|

equilibrium

0 Reaction progr%ssion c 1

éeq

44



Chemical reaction equilibria: in general

4

0G
VA +vB+---ov.C+v D+ [AG E(—] =Z:,uivi
T,P

AG=0 TP

equilibrium
0 Reaction progr%ssion c 1 '
p; =7

éeq

|
|
T 2 A/G  reaction
- ! —I1—
wn i
|
E: AG <0 —
O S
=1
=1 AG>0|  —
__|Energy minimum T ~
|
i AG=0 )
|
|

45



Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

perfect gases - The components are mutually independent

mm) (G-,

dG =—-SdT +VdP + > sdn,

—_

—_—

L LB

on; )., on,

= | = Gm,i
T,P ani T,P

NB: Only for a mixture of perfect gases

46



Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

Perfect

rases - The components are mutually independent

=06

m,I

partial pressure

nent

‘ ;=G =G, (T, P,)i for each compo

P
wl, =G (P, =| 4” + [dG,,,(P)
P@

L AT L

> ||

¥
lui® T J.Vm,l
po

dP

AT

P® =1bar dG,; =-S,,,dT +V,,,dP

47




Chemical reaction equilibria: perfect gases

v AA(Q) +vgB(g)+--

<~ v.C(g9) +v,D(g)+--

Perfect

gases

‘ :Ui‘T :Gm,i(Pi)‘T :{

48

‘ The components are mutually independent | = Gmi
= n = — P =
® ®
:ui‘T :Gm,i(Pi)‘T = M T jvmldp 2 | Hi +RT J._
_ © AT | © AT
PV_=RT




Chemical reaction equilibria: perfect gases

v AA(Q) +vgB(g)+--

< v.C(g) +vpD(g) +---

Perfect

‘ The components are mutually independent

gases

The chemical potential of a

Hi =

,Uu

+RT In—

P. | component | with

pe partial pressure Pj ina

al

perfect gas mixture @ T

P = P9 = 1 bar (standard pressure)

component | is pure (as if it is not in a mixture)

-

,Ui® = /Ui® (T)

49



Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

o 0G
& r 171
gi aé: TP i
=l The reaction Gibbs free energy
Energy.mInTmEo P
w1 TP ti = +RTIn—5

Reaction progression . .
0 Prog * <1 The chemical potential of a

Seq perfect gas component |

50



Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

o oG
2 AG E(_] = Zﬂi‘/i
T g’i aé: TP i
o %i The reaction Gibbs free energy
_|Enerey minirmms P
w1 |TP ti = +RTIn—5

0 Reaction progr*ss'on ¢ 1 The chemical potential of

Seq perfect gas component |

‘ A,G :Z:,uivi :Zvi,ui®+2viRT In%

51



Chemical reaction equilibria: perfect gases

vaA(9) +vgB(g) +---

< v.C(g) +vpD(g) +---

AG =0

Equilibrium state

T,P

0 Reaction progrt*ssion | Reaction quotient

=

P

A G = ZV,UI +RTZv|n >
| )

v N

=AG° =RT InQ

é‘ for perfect gases
eq

AG=AG°+RTInQ

52




Chemical reaction equilibria: perfect gases

VAA(Q) +vgB(g) +--- v C(g) +v,D(g)+

\,6
—

RO

AG ‘8@ +RTZV n—s

P

Equilibrium state

: =ArG®

0 Rea’.{j'.%prgr%ss.on ¢ 1 Reaction quotient

é‘ for perfect gases
€q

AG=AG°+RTInQ

53




Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

AG=AG°+RTInQ

Equilibrium state

Reaction quotient

P
for perfect gases Q= H (Wj

T,P

O Reaction progrt*ssion s 1

feq

54



Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

Equilibrium state

Reaction quotA\t

AG=AG®+RTInQ

T,P

O Reaction progre*ssion s 1

geq

AG=0

Equilibrium ¢

—

P
for perfect gAses |Q = H (Wj

A G°

—RT InQ,, =—RT InK

Equilibrium constant: K

55



Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

Equilibrium state

Reaction quotient

AG=AG°+RTInQ

T,P

O Reaction progre*ssion s 1

feq

AG=0

Equilibrium ¢

—

\

P!
for perfect gases |Q = H (ﬁj

)

f

Non-equilibrium ¢

A G°

—RT InQ,, =—RT InK

Equilibrium constant: K

56



Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

-RTInQ,, =-RTInK =AG"®

Equilibrium constant: K

Equilibrium state

equilibrium P k
- JEnergy minios reaction quotient |K = H (—'@j
AG=0 TP for perfect gases o\ P eq
O Reaction progre*ssion s 1

m) (AG°=) vy T SviGe =Y viAGe,

® : pure component 1| |G isstate function | .,




G )

Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

~RTINK =AG®| with |AG®=2> VG, =2 VA G,

®
m,i

Standard formation molar Gibbs free energy |A.G

elements in reference state
A .
FEVA G ot i1
reactants : l . :+§VIA fGi)medm ;
A G |
'y products

58



G )

Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

~RT InK =AG°

with

ArG® = ZViGr?,i = ZViAfGr?,i

Standard formation molar Gibbs free energy |A. G

elements in reference state
A |
1 © 1 [ ]
I_ZVjA fG m,reactant f | A G ©
P! I © r
reactants : |+ZVI'A fG m,product I K — eXp -
I i
A GO ! RT
" y products y — -

m,i

59




G )

Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

AGY
RT

K =exp

with ArG® = ZViGr?,i = ZviAfGr(;?,i

Standard formation molar Gibbs free energy AfG;?,i

Reference states (T):

element: in reference state : H ZO (400 K) ‘H Zo(g)
:_ZV]A fG?],reactanti :
reactants | | :+§VI-A ch;l)l,prOduCt i H ZO (300 K) ‘H 20 (I)
AG?, |
"' _y__products _y H(400K):H,(g)
C(400K) :C(s)

60




G )

Chemical reaction equilibria: perfect gases

v, A(Q) +vgB(g) +-- <> v.C(g) +v,D(g) + -

AG®
RT

K =exp

Standard formation molar Gibbs free energy AfG;?,i

with

ArG® = ZViGr?,i = ZViAfGr?,i

elements in reference state C
:_Zz:VIA fG ﬁ:,reactant I : 6 @
reactants : :+ZVIA fG m,product I A'f G m,H 20 (300 K’ I ) ¢ O
AGY, :
'y products

Reference states (T):

AG,, (400K, g) =0

A,GP (400K, s) =0 y




Chemical reaction equilibria: perfect gases
i sarnams e ] s 4= specified @ 298 K

Fluorine
Fylg) 38.00 il il 202.78 31.30
Fig) 19.00 +78.99 +61.91 158.75 2274
Fiaq) 1900 -332.63 278,79 =13.8 =106.7
HF(g) 20,01 -271.1 -1732 173.78 .13
Gold
Auls) 196,97 il 0 47.40 25.42
Aulg) 19697 +366.1 +326.3 180,50 2079
Helium
Helg) 4,003 0 0 126.15 H0.T8G
IH..[;:I 2016 0 0 130,684 28.824 |e A G — O @ T (H (g))
Hig) 1008 +217.97 +203.25 114.71 20784 f m 2
H*{aq) 1.008 il i [] 0
H%g) LS +1536.20
H.0(s) 18.015 37.09 @
.00 18015 —285.83 —237.13 69.91 75.291 Ie A G (H O(I ) i O
H.O(g) 18015 ~241,82 ~228.57 188,83 33,58 f m 2
HyO4(1) 34015 —187.7! =120,35 104.6 &9.1
losdline
L5} 253.81 0 0 116,135 54.44
I:(g) 253.81 62,44 +19.33 260.69 16,90
Ifg) 126,90 +106.84 470,25 180.79 20.786
I7(ag) 126.90 -55.19 -51.57 +111.3 —142.3
Hlig) 127.91 +26,48 #1.70 206.59 29.158
®
ﬁp 55.85 il i 27.28 25.10 I e A G = O @ T (Fe(S))
Tel! 3555 4163 T3707 o019 568 f m
Fe**{aq) 55.85 =89.1 =78, =157.7
Fe**{aq) 55.85 -48.5 4.7 3159
Fey O, (s} (magnetite) 231.54 =11184 =1015.4 146.4 143.43
Fe,00,(5) (haenatite) 159,69 —824.2 7422 £7.40 103.85
FeSis, a) §7.91 —100.0 —100.4 60.29 5054
FeS,(s) 119.98 —178.2 —166.9 52.93 62.17
Krypton
Krig) £3.80 il i 164,08 20786
Lead
Piv(s) 207,19 il i 6481 26,44
Phig) 207.19 +195.0 +161.9 175.37 20,79
]"b"‘l.qul 207.19 =1.7 =24.43 +10L5
PO, yellow) 22319 =217.32 =187.59 BE.T0 45.77 62
PHO(s, red) 223,19 -218.99 -188.93 66.5 45.81
PhO, (s} 230,19 =277 A —217.33 68.6 464



Chemical reaction equilibria: perfect gases
i [T ] e socwin e 4= specified @ 298 K

Fluorine
Fylg) 38.00 il il 202.78 31.30
Fig) 19.00 +78.99 +61.91 158.75 2274
Fiaq) 1900 -332.63 278,79 =13.8 =106.7
HF(g) 20,01 -271.1 -1732 173.78 .13
Gold
Auls) 196,97 il 0 47.40 25.42
Aulg) 19697 +366.1 +326.3 180,50 2079
Helium
Helg) 4,003 0 0 126.15 H0.T8G
IH..[;:I 2016 0 0 130,684 28.824 | e A H o O @ T ( H (g))
Hig) 1008 +217.97 +203.25 114.71 20784 f m 2
H*{aq) 1.008 il i [] 0
H%g) LS +1536.20
H.0(s) 18.015 37.09 @
.00 18015 —285.83 —237.13 69.91 75.291 | e A H ( H O( I ) ¢ O
H.O(g) 18015 ~241,82 ~228.57 188,83 33,58 f m 2
HyO4(1) 34015 —187.7! =120,35 104.6 &9.1
losdline
L5} 253.81 0 0 116,135 54.44
I:(g) 253.81 62,44 +19.33 260.69 16,90
Ifg) 126,90 +106.84 470,25 180.79 20.786
I7(ag) 126.90 -55.19 -51.57 +111.3 —142.3
Hlig) 127.91 +26,48 #1.70 206.59 29.158
®
ﬁp 55.85 il i 27.28 25.10 I e A H = O @ T (Fe(S))
Tel! 3555 4163 T3707 o019 568 f m
Fe**{aq) 55.85 =89.1 =78, =157.7
Fe**{aq) 55.85 -48.5 4.7 3159
Fey O, (s} (magnetite) 231.54 =11184 =1015.4 146.4 143.43
Fe,00,(5) (haenatite) 159,69 —824.2 7422 £7.40 103.85
FeSis, a) §7.91 —100.0 —100.4 60.29 5054
FeS,(s) 119.98 —178.2 —166.9 52.93 62.17
Krypton
Krig) £3.80 il i 164,08 20786
Lead
Piv(s) 207,19 il i 6481 26,44
Phig) 207.19 +195.0 +161.9 175.37 20,79
]"b"‘l.qul 207.19 =1.7 =24.43 +10L5
PO, yellow) 22319 =217.32 =187.59 BE.T0 45.77 63
PHO(s, red) 223,19 -218.99 -188.93 66.5 45.81
PhO, (s} 230,19 =277 A —217.33 68.6 464



Chemical reaction equilibria: example
2H,(g) +0,(g) <> 2H,0(1)| [298 K

—_

p—

Elementsin| |A Gr? y
2

reference —
states (T) | [A,G®_ (298K, g)=0| — Hmp

m,O,

(298K, g) =0

—

AGo 0 (298K, 1) = —237.13kd/mol

—

_ ZviAfGn?,i =+2-(-237.15)-2-0-1-0=-474.30 kJ/mol

! |

product reactants

| AGE | —474.30.10° |

‘ K_exp{ T J:expr 8.314 - 298 J

As expected: completely on the right hand side »

~1.4.10%




Chemical reaction equilibria: perfect gases
2H,(g) +0,(g) <> 2H,0()| 323K

Elements in B A GS’H (323K, g)=0 (50 C)
reference — :

states (T) G, Oz (323K, g)=0

—

A.G © mH,0 (323K, 1) =?| (tables refer to 298 K)

‘ Ang,i =AH n(?,i —TAng,i at constant, chosen T

and assume that Af H rf]) iand Af Srf?’i are weakly dependenton T

m) (A, G (323K) ~ A HY (298K) 323K -A,S?, (298K )
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Chemical reaction equilibria: perfect gases
2H,(g) +0,(g) <> 2H,0()| 323K

Elements in B A GS’H (323K, g)=0 (50 C)
reference — :
states (T) m02 (323K, g)=0

AH L (298K, 1) = —285.83 kJ/mol
AfSr?,H 0 (298K, 1) =?| (tables: Sg’HZO (298K, 1))

AGo 0 (298K, 1) = —237.13 kd/mol

assume that A. H° - iand A; Sgi are weakly dependenton T

) (A,GP (323K) ~ A H? (298K) 323K -A,S?, (298K )

66




Chemical reaction equilibria: perfect gases

2H,(g) +0,(g) <> 2H,0(1)| [323K

p—

Elements in

AG?

m,H,

(323K, g) =0

reference —

states (T)

—

G2, (323K, g) =0

A H®HO(298

1) = —285.83 kJ/mol

AS s (298K, 1) =2

AG . (298K

1) = —237.13kJ/mol

(50 °C)

- (AG = AH —-TAS)
At constant, chosen T

) A¢Sp o (298K, 1) =

AH L (298K, 1) —AGl |, (298K, 1)

298 K

—

A¢S i 0(298K, 1) = —163 J/mol K 6




Chemical reaction equilibria: perfect gases
2H,(g) +0,(g) <> 2H,0()| 323K

Elements in [ A GrC:H (323K, g)=0 (50 C)
reference — :

states (T) m02 (323K, g)=0

AHo o (298K, 1) = —285.83kJ/mol | -

Ame,HZO(298 K,1)=-163J/mol K| +

AGp 1 0 (298K, 1) = —237.13 kJ/mol

assume that A H > © and A, S®. are weakly dependenton T
mm) A,G°,(323K) ~ AH?, (298K) - 323K -A,S?, (298K)

‘ AGy (323K, 1) = —233.2 kd/mol .




Chemical reaction equilibria: example
2H,(g) +0,(g) <> 2H,0(1)| [298 K

| AG® ] | —474.30-10° |
— f

K =exp| - =exp| — =1.4-10%
R | 8314208

2H,(9) +0,(g) <> 2H.0()| [323K

AG® =>VAG) =+2-(-233.2)-2-0-1-0 = —466.4 kd/mol

product reactants
® 3
—p :epr_ A.G LeXpF_ 466.4-10 122.7.1075
L RT J L 8.314 -323 J

A little bit less “completely on the right hand side”’ o




Summary Lecture 3 (chemical equilibria)
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Summary Lecture 3 (chemical equilibria)

Second law-> dG‘PT <0

= AG reaction
T éi AG <0 —
© Ef AG-0|  —
_ |Enerey minrmre—,
AG =0 i T,P AG=0 ~
0 Reaction progression ¢ 1
tz AG=AG°+RTInQ
eq
- AG® | AG®°=>vAG’
K =exp| —— \ Z‘ rom
RT
- - P® =1bar

Equilibrium constant




Summary Lecture 3 (formation enerqgies)

G )

elements in reference state

A

I ©
I_ZV;‘A fG m,reactant f
14

|
reactants ,

®

A G
.

| ©
I-'-erjA fG m,product I
1

' I
|

1
|
y products y

For all ellements in their reference states at T AfGn(?,i

AfGri),i = Af H ri),i _TAfSri),i

At constant, chosen T

For all ellements in their reference states at | Af H gi

0
0

For gaseous mixtures

Mole fraction

Partial

pressure |y
P =xP

n.

_ N
n_an
j

For perfect gas mixtures

o-11(3%)
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