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Problem 5. The Second Law of thermodynamics applied to a chemical reaction

Consider a system, a chemical reactor in Fig. 1. Pressure p and temperature 7' inside the reactor
are kept constant. There is no transfer of matter into or out of the system.

p = const

1101
RR
A+B %) C

T, na,Ng = const

Fig. 1. Chemical reaction inside a reactor
According to the Second Law, every spontaneous process in such a reactor leads to the decrease of
the Gibbs free energy, Ggystem, 1.€. 4Ggygem< O.

If the chemical reaction, e.g., 4 + B = C (a), isthe only process inside the reactor
DG&/ﬁem = DGReaction (a) DX(a) (1)
Dx(a) = Dn. =- Dn, = - Dng
where 4Ggeagiion @Nd AE are the Gibbs free energy and the extent of reaction (a), respectively,
Anp, Ang, Anc are changes of the numbers of moles of A, B, C in thereaction (a).

-- Question 1.1. Relate A¢ to An; of reactants and products of the following reaction
éC,J.leq3 +0,=C0O,+H,0 (b)

-- Question 1.2. Prove that, according to the Second Law, 4Ggeaciion < O for any single spontaneous
chemical reaction in the reactor (Fig.1).

Answer 1.1 1
Considering the chemical reaction: gCeleoe +0, =CO, +H,0

Dx = Dn002 = mHZO =- Drlo2 =- 6><DnCsH1206

Answer 1.2

According to the Second Law, for every spontaneous chemical process AGsysem < O,

|n Wthh AGSystern = AGreaCtion * A&, SO AGreaction " Aé < O

since in a spontaneous chemical process A¢ > 0 (reagents — products; Anregent < 0 and ANproduct > 0)
AGrea;tion mUSt be negatlve (AGrea:tion < 0)

-- Question 2. The Gibbs free energy of the chemical reaction (a) is:

DG -pc? . +RTIn—L_ <o 2)

where [C], [A], [B] aretime variant concentrations inside the reactor in the course of spontaneous
reaction. Using the law of mass action, relate DGgeaciion t0 the ratio of rates of forward r; and
reverser_; reaction (a). Consider both reactions as elementary ones.

Reaction
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Answer 2
Wecan affirmthat: r, =k, [A][B] P I:—l =[A][B] and r,=k,[C] P l:—l =[]
1 -1
replacing in the given equation of the Gibbs free energy we obtain:
DGreaction = DG?eactlon R T |n [C] [D] DG?eactlon R T |n r_l.kl
[A][B] rl'k-l
at equilibrium state  AGreaction =0 and ri=r_
replacing in the given equation of the Gibbs free energy we obtain:
0=DG°_, +RTIN™ p pgo_ — rTInM o grin e
MK, K -1
sowecanwrite: DG, g0, = RTInk—+RTIn % RTE?n Inﬁ%:RTInE
k-1 K, rl'k-l k-lﬂ r

-- Question 3.1. Derive the expression (2) for DGy eagion Of the following chemical transformations:
(&)  Ha(g) + Bra(g) = 2HBr(g)
(")  H(g) + Bra(g) = Br(g) + HBr(g)
(@") CaCOs(s) = CaO(s) + CO4(g)
-- Question 3.2. For which of these reactions the relation between DGgeaction @and ry, r—; derived in
Problem 2 isvalid?

Answer 3.1
(a') For thereaction Hx(g) + Bra(g) = 2HBr(Q)
=k [H,][Br,] P li——[HZ][Br] and r, =k, [HBr]? k;=[HBr]
1
2
DGreaction = DG(r)eactlon RTlnﬂ - reactlon +RTIn—=—+ kl and DG?eactlon =- RTlnﬁ
[H,][Br,] K., K,
sowecanwrite DG, ion =RTIn2
r1
(@) For thereaction H(g) + Bry(g) = Br(g) + HBr(g)
r, =k [H][Br,] P l:—lz[H][BrZ] and r,=k,[Bf][HB] P 1:_ =[Br][HB]
1
DGreaction _DG(r)eactlon RTlnw = reaction +RT|nrl—kl and DG(r)eactlon =- RTlnﬁ
[H][Brz] rl'k-l k-l
sowecanwrite DG :RTInE

reaction

rl
(') For thereaction CaCOjs(s) = CaO(s) + CO(g)

=k and r,=k,[CO,] P l:—_[c:O]

1
_[xso

reaction

DG +RTIN[CO,] =DG RTInli;l

-1

reaction reactl on

Answer 3.2
The relation obtained in Answer 2 isvalid only for (@) and (a"").

In (a'"") there is an heterogeneous equilibrium where CaCO; and CaO are solids (the activity of pure
solid=1)
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-- Question 4. The observed rate of chemical reaction, rops, isdefined asrops = ry —r_s.
Let reaction (a) proceed spontaneously. At a certain moment

Fops/ r1= 0.5, [A] =05M,[B] =1M,[C] =2M.
Find the equilibrium constant, K, of the reaction (a), T = 298 K.

Answer 4
Theobservedrateis r,, = r; - r_ andfromtheproblem’'sdata r‘;ﬁ:O,S
1
daborating: ~es=fitfa-h o4 By og5-1.5 p L-q05=-05
rl r-l r-l rl 1 r-l r-l
- - o Tao KalCl ko _nlel
from the definition of the reactions’ rate, we canwrite: | [ A|[B] k, r,[A[B]

Considering that the K¢ is given by theratio of the k:
& [C] 0 — r-1'k1 kl

“EAlBly, k. Ky

at equilibrium state rops =0 so ry =r 4 by thelaw of mass action Keg

from the data of the problem we know that [A] =0,5; [B] = 1; [C] =2 and we get A 0—15:
r-, :
finaly we can find: K - €] 9 :ﬁ: n[C] =N [C] = 2. 2 =
“ “&AlBlg, ki GIAIBl 1, [ABl - 051

-- Question 5. Plot rq,s as a function of
a) ry, at DGreaction = CONSt;
b) ry, atr_y= const
C) DGreaction, at r1 = const.

Answer 5 Elaborating data we obtain:
a)

Ly = |

‘./.: s
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-- Question 6. Which thermodynamic and kinetic parameters of a chemical reaction are influenced
by a catalyst? Put plus (+) into the cell of the Table if a catalyst may cause a change of the
corresponding parameter, (—) otherwise.

Answer 6
Table
r r rafra AGreaction rra
+ + - - -
Solution proposed by
Roberto Tinelli — Student — ITIS"L. dell'Erba" — Castellana Grotte — Italy
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