Chapter 5: Chemical Reactions Energetically

1- Introduction: In transformations, the first law of thermodynamics only
provides the energy balance for all energy exchanges, while the second principle
predicts the direction of the transformation, but its application is not
straightforward. Therefore, we define two new functions:

Free energy, denoted by F (Helmholtz function at constant volume)

Where: F=U-TS

Free enthalpy, denoted by G (Gibbs function at constant pressure)

Where: G=H-TS

Functions F and G are state functions, and dF and dG are two exact differential
equations:

dF =dU - TdS - SAT

dG =dH-TdS - SdT

Thus, for a chemical reaction occurring at constant T and P:

AG = AH - TAS

AH = AU + PAV

AG =AU + PAP - TAS

And we have:

AU =Q +W = Q -PAV

AG =Q -PAV + PAV-TAS=Q-TAS

AS = AS, + Ao

AS.: The entropy gained from the external environment
Ao:The entropy generated within the system

Q Q
AS. = — = AS = — + Ao
A T

£-.G=Q—T[§+&a'l = —TAo = AG = —-TAco

So, AG is associated with Ao :
Ao > () — Spontaneous reaction
Ao = ( = Reversible transformation.

Ag < 0 — Impossible transformation



So, we can relate AG to Ae and summarize this in the following table:

Type of reaction AG=-T Ac Ao
Transformation at equilibrium AG=0 Ac =0 Equilibrium
Transformation impossible AG >0 Ac < 0 Impossible
Spontaneous transformation AG <0 Ac > 0 Spontaneous

1- Free enthalpy as a function of T and P:

G=H-TS
H=U+PV
G=U+PV—TS = dG=dU+ PdV +VdP — TdS — SdT
U=Q+W = dU =dQ — PdV
dQ
ds = — = dQ =Tds

dG =dU + PdV +VdP — TdS — SdT
dG =TdS — PdV + PdV + VdP —TdS — SdT =

Notes:
AG = JV:IP{: dG =VdP & T Cst (1)

AG = f—SdT{: dG = —-SdT < P (st (2)

For ideal gases : at constant temperature (T Cst)

AG= [dG=[VdP ; PV=nRT =V="%
Py
dp P,
=:rﬂG=nRTf — = nRTLn(—)
J P P

And if the initial pressureis :. Pj=1atm 50 :

AG = G} — G} = nRTLnP




Note:

We use the relationship G = VAP in the case of a system transformation in the
solid or liquid phase as follows:

AG =V (Ps-Pj)
Example: Let's consider the transformation of 1 mole of mercury with a volume of
14.8 cm? from a pressure of 1 atm to a pressure of 100 atm.
Calculate the change in free enthalpy for this system.

Solution:
State of gas mixture:
AG=V(P;— P;) ; P;=100atm ; P; =1atm
latm=1,01325 X 10° pas ;V =14,8cm?® = 14,8 x107°m?
AG=V(P;— P;)= 14,8 x 107°[100 — 1] x 1,01325 x 105 = 148,46 pas.m®

AG = 148,46 ]

We have :

AG=H—-TS = AG= AH —TAS — SAT
At constant temperature :
AG = AH —TAS
According to the second law of Joul

AH =0 = AG= —TAS

gas mixture
AS = —R n;Lnx;
gas mixture
= A6 = 6% — 6% = RTZ n;Lnx;
gas gas gas
mixture

mixture mixture
X; : The molar fraction of the i gas in the mixture

Mn; : XNumber of moles of the i gas in the mixture

3- Application of free enthalpy to chemical reactions:
3-1- Standard free enthalpy of formation (AGt):

Consider the following chemical reaction:



AGg
ad +bB — c¢C+dD

According to Hess's law |

AGg = Z @;AG¢( Products) — Z BiAGg( Reactants )

a; ,PB; :Stoichipmetric coefficients

at standard conditions (P =1 atm ; T=298 K) We have ;

-’153_293 = Z uiﬂﬂg_zgﬂ(Pl'oﬂucts ) — Z ﬁ,—ﬂsﬁrﬂggs( Reactants)

Notes :
° AG?,298 for pure simple substances at standard conditions is zero

AG?,298(02)9 =0; AG?.298(H2)9 =4 7 AG(f).298(C$)graphite =10
AG?,298(12)5 = O;AG?‘,Z')B(MQ)S = OZAG(f),ztaa(Fe)s =0
AG?,298(Zn)S =0 , AG?,298(Ne)g =0 ’ AG?,Z‘)B(Na)S = 0

o If the chemical reaction is at a temperature different from 298 K , then :

AGRy = AHYy — T ASY ¢

Where according to Kirchhoff's law :

T

AHR+ = AH% ;05 + fz 98Ac‘,

AHR 205 = Z a;AH P 5g5( Products ) — Z BiAH 595 (' Reactants )

" . = dT
ASR,T - Ask'zgs -+ 298ACP T

A.S'g'zgs = Z aiS?(Products) — 2‘ BIS?( Reactants )



Example :

Let the following chemical reaction occur at P=1 atin and T=298 K

AGY

Cs(graphitey + 2H3z(g) — CHyg,
ﬂGﬂR.E?ﬂ = ﬂG?.ZPﬂ(CH‘I'(gJ) - "{"'G?.Z'?ﬂ{cﬂgrﬂphiti}) - ZﬂGF,EQB(HZ[g))

"&G?.EQH{E.’S!HanhH@J) =0; &G?.ZQB (HEI.HJ) =0
= ﬂG“R,zgs = ﬂG?’,ZDB(CH-&(g})
If ﬂﬂ?\rzgﬁ(CH4{g}) is unknown, we calculate it by another method, based

on the relationship >
0 — 0 0
AGRr9g = AHR39g — 298 ASp 508

":‘-Hg.zaa = ﬁH?.zaa(fHﬂg})
&S?LZQB = 5° (CH*H,;]]) _Su(c.‘i"[gmphl'te]) - ESG(HE(Q})

Practical example :
Let the following chemical reaction :
NZGJI-{E} —> ZNDZEE)

1- Complete the following table with the thermodynamic data given at

P=1atm sT=298K

The element AH; (K.J/mol) St (J/K.mol) AG¢ (K.J/mol)
Nagg) 0 191,49 0
O3ig) 0 205,03 0
NOs(g) 33.86315 240,45 51.84
N;Oae) 9.71 304,30 98.29

Calculating AH¢' ( NO;g) -

Let the formation reaction of NOy() under standard conditions (T =298 K, P = atm) :

AHRy

1
ENZ(QI + 035 — NOz,

1
AHRy = AHP (NO2(p)) — 5 AHG (N2)) — AHG (02(p)

ﬂ"H? (NE{Q}) =0 ;

AH? (02(5)) = 0




— AHY, = AH) (NO3 ()

We have

AG2, = AHY, — T AS$, = AHY, — 298 ASS,
AGR, = AH} (NO3(,)) — 298 ASY,

1
ASY, = S°(NOz(,)) — §5°(Nz(g)) - 5°(02(y))
1
ASS, = 240,45 — 5(191,49) —(205,03) = —60,325]J. K ' .mol™ !

AGRy = AGE (NO2(y)) — %AG? (N2gy) — 267 (02y))
AGE (N2g)) =0 ; AG7 (02(y)) =0
= AG%, = AG) (NO2(,) = 51,84 KJ/mol
So:
AGE, = AHY (NO3 () — 298 ASY,
AGY (NOz(y)) = AHF (NOy(y)) — 298 AS,
AR (NO2) = AGY (NO2(p) + 298 A3,
AH (NOy(,)) = 51,84 + 298 (—60,325 .10~) = 33,86315 KJ/mol

Calculating ﬂﬁ.‘? (Nzﬂ4(g}) .

1]
GRZ

A
AGR, = AGE (N204,)) — AGE (N2)) — 2463 (02p)
AG) (Nagy) =0 ; AG) (05)) =0
= AGR, = AGP (N204(5)) = AHD (N204)) — 298 ASE,
ASRz = SO(N204) — S°(Nz(g) — 25°(0y)
&Sﬂz = 304,30 — (191,49) — 2(205,03) = —297,25]. K~ ' .mol™*!
AGY (N204(,)) = AHY (N2 04,,) — 298 ASH, = 9,71 — 298(—297,25)

= 98,29 KJ /mol



The nature of the reaction.(3) :

o

AlGgg
Nzo4wj - zwozfg) (3)
AGY; = 2.&.5; (Nﬂz.:g]) — ﬂ.sg (Nznﬂm)
AGY; = 2(51,84) — (98,29) = 5,39 KJ/mol

AGY%, > 0 = the reaction is impossible under these
conditions.

Let the following reaction occur between ideal gases A, B, Cand D :
aA + bB —cC + dD
G%(A), G (B),G%(C) and G% (D) are the standard free enthalpies
of the gases, A, B, C and D respectively -

Gf(A) = G%(A) + RTLnP,
Gy (B) = G}(B) + RTLnPg
GE(C) = G (C) + RTLnP,
AGY (D) = G} (D) + RTLnP)p
Where Py , Py . P and Pp are the partial pressures of A, B, C and D respectively

AGP = z nf(;g(]’mducts ] — z nf(;;( Reactants )



AGE = ¢GR(C) + dGE(D) — aGF(A) — bGE(B)

AGE =[cG2 (C) + cRTLnP, +dG2 (D) + dRTLnPp] — [aG2 (A)
+ aRTLnP, + bGY (B) + bRTLnPg]
AGE = [cGY(C) + dGR(D)] - [aG} (4) + b6 (B)] +
RT[(LnP; + InPp?) — (LnP,® + LnPy")]

Which :

AGY : Itis the change in free enthalpy at pressure P (atm)

In general :




Example 1:

Calculate the free enthalpy for the following reaction :

Hzm] + Clzfﬂ.} — ZHCI{H}

&Ggrzgg = Z HE&G?_EQB(.PFDdUEtS J _Z niﬂG?_zga(Reactaﬂts }
ﬁag,zga - 256?293 (HCI[g}] - ﬂG?,zqa(Hz[gJ) - ﬁG?,zqa(Clzfg})
AG} 298 (Hz2(g)) = 0; AGY 295(Clzg)) = 0

ﬂcg.zau = 235?.293(”‘“{31)

2
Pyc

AGE = AGY + RTLn ————
R R Py,.Pc,

Example 2 :

Calculate the free enthalpy for the following reaction ;

NHq,CI{_g} —>NH3.|:H)+ HCE{B}
AGR = AGR + RTLn(Pyy,.Puc)
— 0 0 0
AGY = AGY(NH3(,) + AGI(HCl ) — AGI(NH,Cl )

1- Predicting the evolution of a chemical reaction :

Based on the following equation AG = AH-TAS with constant P and T,

we can predict the evolution of a chemical reaction as follows:



The state AS AH AG = AH - TAS | Typeof “Mfun
AS =10 AH=< 0
1 Increase Exothermic AG=10 Spontaneous
in disorder reaction
AS =10 AH = 0
2 Decrease Endothermic AG =0 Impossible
in disorder reaction
AH < TAS |Spontaneous
AG=10
3 AS=10 AH= 0
L AH = TAS Impossible
AG= 0
AH = TAS Impossible
, | As=0 | aH=0 AG =0
AH= TAS | spontaneous
AG= 0
5 AH = TAS AG =1 Equilibrium

10






