Chapter 5 Free energy and enthalpy - Criteria for the evolution of a system

6.1. Free energy and enthalpy:
6.1.1. Free enthalpy:
1. Definition :
According to the 2™ law of thermodynamics, a transformation is spontaneous
(irreversible) if:
AStot = ASsys + ASext > 0

Or: ASe = # (Qext = - Qsys) When the transformation is carried out at a constant

temperature T.
—AHgys
T

For an isobaric transformation: Qgsys = AHsys —=——>ASex =

By definition the term: AH — TAS is called “free enthalpy” or “GIBBS function” denoted AG
hence

AG = AH —TAS
G=H-TS
dG = dH - TdS

For a chemical reaction:

b Sens 1 q
aA +bB <_m cC +dD
If: AG < 0 —=> the reaction takes place in the direct direction (direction 1); she is
spontaneous.
If: AG >0 =——=—>the reaction takes place in the opposite direction (direction 2).
If : AG =0 —=> the system is in equilibrium.

2. Evolution of free enthalpy as a function of partial pressure:
G=H-TS=U+PV-TS
dG =dU + PdV+ VdP — TdS — SdT
Or dU = TdS - PdV
dG = TdS — PdV+ PdV+ VdP — TdS — SdT
dG =VdP - SdT
At T =cste, dG = VdP
For a pressure variation from P; to P,

— . P2 P1_ (P2 _ (P20RT .o _ Pz
AG=G1 -Gt _fPl VdP—fPl 5 dP—nRTInPl

P
G2 =G +nRT In P—Z

1

Under standard conditions, we define the standard molar free enthalpy at temperature T
denoted G°t and the molar free enthalpy of the gas at temperature T and pressure P is given
by the expression:

Gt =G°r +RTInP

In the case of a supposedly perfect gas mixture: the molar free enthalpy of each constituent i
under its partial pressure Pi at temperature T is given by:

M™ S.CHERIFI L ST 1



Chapter 5 Free energy and enthalpy - Criteria for the evolution of a system

Gr" (i) = G°1 (i)+ RTInP;
The total free enthalpy of the mixture ( G~ (tot)) is given by::
Gt (tot)=Y ni G1"

3. Calculation of the change in free enthalpy during a chemical reaction:
3.1. The standard free enthalpy of formation(AG®) :

We call the standard free enthalpy of formation of a compound (AG°®s) the variation in
free enthalpy accompanying the formation of a mole of this compound from its constituent
elements under standard conditions.

Example : o
Hy+% 0, ——— H,0

AG°; (Elementary substance) = 0
AG®% (0O2) = AG°%¢ (N2) =0

3.2. The free enthalpy of a chemical reaction:
Consider a chemical reaction taking place at P = cste and T = cste
aA+bB — 5 cC+dD
AG°r = (c AG®% (C) + d AG®%: (D)) - (a AG®; (A) + b AG®; (B))
In the general case :
AG°gr= Y] AG®; (products) - > vi AG’; (reactants)

Example :
Let's calculate AG®,9g Of the following reaction:
F2(9) + 2HCI () —> 2 HF (9) + Cl2 (9)
With :
AG®¢ (HCI) = - 95,18 KJ/mol ; AG® (HF) = - 276,21 KJ/mol

AG®g = 2AG° (HF) + M'Z) - W -2 AG°(HCI)

AG°g = - 362,06 KJ < 0 ==> The réaction is spontaneous under standard conditions

6.1.2. Free energy:
For an irreversible transformation we have:
AStot = ASsys + ASext >0
— _sts

Or: ASeq = — (Qext = - Qsys) When the transformation is carried out at a constant

temperature T.

For an isochoric transformation: Qsys = AUsys ==> ASex = _N;SYS
From Where Assys = AU,;YS > O I:>T ASgys - A Ugys> O |:> AUSyS - TASsyS < 0

For an isothermal transformation taking place at V = cst, we define a state function denoted
“F” called “Free energy” or “Helmholtz function” such that:

AF =AU —TAS
F=U-TS
dF = dU - TdS
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If : AF< 0 ==>the transformation is spontaneous (direct direction of the reaction).
If : AF< 0 =—=>the transformation cannot be spontaneous (opposite direction of the reaction).
If : AF =0 —> the system is in equilibrium.

Relationship between G and F:
Wehave:F=U-TS, G=H-TS etH=U+PV
G=U+PV-TS=U-TS+PV

G=F+PV

6.2. Chemical equilibrium:

6.2.1. Definition :

In chemical equilibrium, concentration of the reactants and products do not change with time
and the system does not show any further change in properties.

In case of chemical equilibrium, rate of forward reaction becomes equal to the rate of
backward reaction. i.e. Rate (forward reaction) = Rate (backward reaction)

6.2.2. Law of Mass Action:
Consider the reaction

aA +bB —— cC+dD

2
Let's calculate AG of the reaction
AGg = (cG(C) + d G(D)) - (aG(A) + b G(B))
We know that: G1" (i) = G°1 (i)+ RTInP;
S0 AGg = [¢(G°c + RTInP¢) +d(G°p + RTINPp)] - [a(G°a + RTINPA) +b(G°g + RTINPE)]
AGr=¢cG°c + dG°p - aG° - bG°g + CRT'HPC + dRTInPp —aRTInPA - bRTINPE
AGr = AG°, RT(cInP¢ + dInPp — alnP4 - bInPg)
AGgr = AG®, RT(INPc + InPpP— InPA™- InPg®)

c d
AGg = AG®, RT InZ*fo

a b
Py XPg

AGT = AG°.RT In |nKp

At equilibrium AGr =0 =>AG°,RT InInKp =0
S0 AG°=-RT In InKp ==Kp = exp(%)

—AG°
Kp = exp(—)
_ pExpl st .
Kp=——5 1>" law of mass action - law of Guldberg and waage
PixPP

a, b, c and d are the stoichiometric coefficients. Pa, Pg, Pc et Pp are the partial pressures of the
reactants and products.
+ For concentrations :
For an ideal gas PV = nRT =—p>= gRT =Crt
_ PExPp _ [CI°RDE[DIY®RD)? _ [C]°[D]¢ (RT)ZH0
PAxPR  [AP(RT)2[BIP(RT)P ~ [A]2[B]P
Kp = K¢(RT)*" with An = c+d-a-b

Kp
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K. = Kp(RT)'?L 2" law of mass action

_ [c¢pp¢
et Ke = ApmBP
4+ For the mole fractions:

Pi =X Pt
PEXPS P (xpPp)9 _ xExxd

Kp = cXPp _ (XcPO)"(xpP0)” _ x¢Xxp tc+d-a-b
PaxPEY  (xaPp3(xgPp)P  xgxx§

Kp = Ky.PA"

Ky = Kp.PA" 3" Jaw of mass action
K, = xExxf

T g b
XAXXB

6.2.3. Variation of the equilibrium constant with temperature :
We have AG°=-RT In InKp => InKp = %
d(inKp) _ d ~AG°\ _ 1 d AG®
dT _dT( RT)_ RdT(T)
d(inKp) _ 1 [Tdﬁ—TG— AG°] _ 170G 1dAGe
" R " RYT2 T dT )

dT T2
We have dG :VdP—SdTu:>;‘—$:-s @%:-Ago
d(InKp) _ 1 ,~AG° | 1 o
“ar - rCw Tp (545
Or AG° = AH° - TAS®
d(InKp) _ 1 ,—AH°  AS° AS°
From whered—T— 'E( = +T'T)
d(InKp) _ AH° R .
41 RiZ Vant’Hoff equation
It follows that
If AH > 0, K increases with temperature.
If AH <0, K decreases with temperature.
AtT—» Kiandat T, —» K
K _ (T2 AH° _AH°,1 1
le dInK= le 4T => In K; —In Ky _T(T_l - T—z)
Kp_AH° 1 1
InK_1 TR (T1 Tz)
d(InKp) _ d —AG°, _ AH°
We have dT dT( RT ) = RT2
LAY = _AZH Gibbs-Helmholtz relation
dT' T T

6.2.4. Law of equilibrium shift: Le Chatelier's principle.
Le Chatelier's principle allows us to predict the direction of equilibrium shift when a factor is
varied.
The equilibrium factors are:
e Temperature T
e Total pressure P
o Partial pressure Pi (or concentrations).
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Statement of Le Chatelier's principle:
"Any change in an equilibrium factor causes a shift in the equilibrium in a direction that
opposes the change."

1. Influence of temperature on the shift of equilibrium:
"Increasing temperature shifts the equilibrium in the endothermic direction."
Example 1 :

N; (g) + 3 Hz (g) —4_—2_—_>2NH3 © AH® 265 = - 22 kcal/mol

An increase in temperature favors the reaction in direction 2 (endothermic direction).

2. Influence of total pressure on the shift of equilibrium:

"An increase in total pressure causes a shift in the equilibrium in the direction that
decreases the number of gas moles.™

Example 1:

CO (g) + 2 H, (q) ———»lg CH3OH (g)

If we increase the total pressure, the reaction is favored in direction 1 since there is a
reduction in the number of gas moles (from 3 to 1).

Example 2: 1

Fes04 () + CO (g) —4_—2_—’ 3FeO (s) + CO;, (q)

An =0, Pressure is not an equilibrium factor.
3. Influence of concentration (or partial pressure) on the shift of equilibrium:

"The equilibrium shifts in the direction of the disappearance of a component whose
concentration (or partial pressure) is increased."

Example : L
H, + |, —4_2___’2 HI

If we increase the partial pressure of H, the equilibrium moves in direction 1 (direction of
disappearance of H,).

Note:

In the case of heterogeneous systems, only the concentrations (or partial pressures) that
appear in the law of mass action are equilibrium factors.

Exemple :

CaCO;3 (s) =—> CaO (s) + CO2 (9)

Kp = Pcoz

Only involves CO2; therefore, the introduction or removal of CaCO3 or CaO does not shift
the equilibrium.

M™ S.CHERIFI L, ST 5



Chapter 5 Free energy and enthalpy - Criteria for the evolution of a system

4. Introduction of an inert gas:
+ The addition of an inert gas at constant volume does not shift the chemical
equilibrium.
+ The addition of an inert gas at constant pressure shifts the equilibrium in the direction
of an increase in the number of gas moles.

6.2.5. Complementary aspects of the study of equilibria :

1. Dissociation coefficient a. :

The dissociation coefficient of a reactant is the ratio between the amount dissociated of that
reactant and its initial amount.

_ Number of moles of the dissociated component.

O<ox<1

Initial number of moles.

If a = 1; the reaction is total

a can be expressed %

Example :

Consider the following homogeneous gas phase equilibrium:
At t=0 No 0 0
At t= teq Np — aNg ang aNg

The initial number of moles is ng, at equilibrium; the number of moles stabilizes at n = 1,2 ng
Calculate the dissociation coefficient o.

The total number of moles at equilibrium is n = ng — ang+ ang+ ang=ng (1 + a)
No(l+a)=1,2np—=>0=0,2

S0 a=20%

1. Let us relate the constant KP to the degree of dissociation of PCls :

The constant Kp is given by:

Kp = PpcizPcl,

Ppcig
Npcl ang o
Ppc1. = Xpcl. -Prot = 2 Ppt=——— . Pt =(—). P
PCl; PCl3-Mtot = 7 ot Ty, ot (1 _Hx) tot
(04
P = Xpcl. Pt = .P
pcl; = Xpcls-Prot = (557)- Prot
1-a |
PC12 = XCIZ-PIOI = ( ) Pt01 d’ou

1+a

aZ
Ke= (=) - Pt

2. Progress of a chemical reaction (¢) :
Consider a chemical reaction with the overall equation:
aA+bB——»cC+dD
The progress of this reaction at time t, denoted as "(" (expressed in moles), is defined by:

= Mo
=
Nio: The initial number of moles of the species (i).
ni: The number of moles of species (i) at time t.
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yi: The stoichiometric coefficient of substance i (negative if the component is a reactant,
positive if it is a product of the reaction).

Example :

2H, + O ———» ?2H,0
At=0 2mol 1 mol 0 mol
At 1mol 0,5mol 1 mol

The progress of the reaction is given by:

H 1§ =">=0,5mol

0y:(="2==05mol

H.0: Z;:1;—°:O,5 mol

2. Variance of a system in equilibrium and phase rules:

By definition, the variance “v” of a system in equilibrium is the number of independent

intensive parameters that must be known to define the equilibrium state of this system.
It can be calculated by the phase rule (GIBBS theorem):

V=C+n-¢
V: system variance.
C: The number of independent constituents; C=N-R - S.
N: the number of constituents.
R: the number of relationships connecting them.
S: the number of special relationships.
n: the number of intensive parameters on which the equilibrium depends; typically = 2
(T and P).
¢: the number of phases.
Donc: V=N-R-S+2-9¢

Example 1 :

CaCO3(s) —=CaO (s) +CO2 (9)

Three constituents (CaCOg3, CaO et CO,) and a chemical reaction.

Number of phases (2 solids and 1 gas).

The varianceis: V=3-1+2-3=1.

To define this equilibrium, only one parameter can be chosen: either temperature or PCO2 (P
and T are dependent).

Example 2 :

N2 (9) +3H2(9) &———= 2NHs(9)

N=3,R=1,S=0,90=1

V=3-1-0+2-1=3

Example 3 :

Hz (9) + 12 (9) =— 2 HI(9)

N=3,R=1,S=0,¢9=1, n=1(Because pressure is not an equilibrium factor, Ay = 0)
V=3-1-0+1-1=2

Two parameters can be chosen: for example, T and the partial pressure of one of the
constituents.
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Exercise :
)] We consider the following equilibrium reaction :

CO(g) + Clz (6) g====COCk 9

AHOR‘ 298 — = 112,5 KJ ; ASOR, 298 — - 131,6 J/K
1) Is this reaction spontaneous at 298 K?
2) Calculate the value of the equilibrium constant K at 298K.
3) Applying Le Chatelier’s principle, specify in which direction the equilibrium moves if:
a) Do we increase the temperature?
b) Do we increase the total pressure?
4) Assuming that AH°R remains constant in the temperature range between 298 and 630 K,
calculate the value of the equilibrium constant K at 630 K.
I) In a closed container, maintained at 630 K, 2 moles of CO and 2 moles of CI2 are
introduced. When equilibrium is reached, the pressure is equal to 0.075 atm. Calculate the
quantity of each of the constituents of the mixture at equilibrium.

1) To know if the reaction is spontaneous (thermodynamically possible) under standard

conditions, we calculate AG°g 293

AGOR'ggg = AHOR’293 -T ASOR’ 208 — - 112,5 — 298( - 131,6).10-3: - 73,283 KJ
AG°Rr 298 < 0 ; the reaction is spontaneous at T = 298 K.

2) Calculation of Kp at 298 K :
Kp = exp(——) = 6,86.10"

3) Shifting the equilibrium:
a) If the temperature is increased, the equilibrium shifts in the endothermic direction, thus
favoring the decomposition of COCI2 (direction 2).
b) If the pressure is increased, the equilibrium shifts in the direction of decreasing the number
of gas moles, thus favoring the formation of COCI2 (direction 1).

4) Kpat630K:
d(InKp) _ AH®

dT  RT2

K _AH°1 1
InKl_ R (T1 Tz)

INKo=InKy+25(=-2)  T;=298KetT,=630K
R'T, T,
K2 = Kp(63o) = 282,88

) The composition of the gas mixture at equilibrium:
CO(g) + Cl2 () =——COCl(9)

4___
t=0 2 2 0
t=teq 2—X 2—X X
ntot =4 —x

— — 2_X . — X
Xco = Xce = —’ Xcocle =——
—X 4—X
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_ Pcocl, _ Xcocl,’P _ Xcoc,'P _ Xcocl,

P PeoPa,  XcoPxa,P  XcoPxa,P  XcoXcl,P
We pose K = Kp.P
- _Ax
G’
X¥(K+1)-4(K+1)x+4K=0
x = 1,57 mol (the other root should be rejected because it is greater than no)
So: the composition of the mixture is:
Nco = Nee = 2 — X =0,43 mol.
Ncocre = 1,57 mol.
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