3.00 Thermodynamics Fall 2002
Problem Set 6 Solutions

Solution 6.1

CHy(g) = C(gmphzte) +2H(g) » AGy = 69120 — 22.25TlogT + 65.35T
2C0(g) = 2C(graphite) + Oz2(g) —» AGy, = 223400+ 175.3T
CO2(g) = C(gmphzte) +02(9) > AGs = 394100+ 0.8T
H,(g) + 502 (9) = H,O(g) = AGy = —246400 + 54.8T

The number of elements in the reaction = 3 (C, H, O) Number of gaseous com-
ponents in the reactions = 6 (CO2,C0O,CHy,Hs,04,H>0, excluding graphite)
The above reactions are the reactions at equilibrium and these can be arranged
in any order. There are two ways to go about solving this problem. The first is
easier. We examine the mole balance in the system. The system contains the
species CO,,CO,CHy,H3,05,H>0 (excluding graphite) and thus

ng, the number of moles of C, =ngm, + nco, + nco (1)
no, the number of moles of O, = 2nco, + nco + N0 (2)
ng, the number of moles of H, = 2ng, + 2nm,0 + 4ncm, (3)

Initially, 1 mole of C Hy was mixed with 1 mole of C'O-, and thus, in a closed
system,

n
% =1 (4)
n
% =2 (5)
Using the above relations,
nH, + N0 + 2ncH, = 2nco, +nco + nu,0 (6)
or, as n; «x p; at constant P,
PH, + 2pcH, = 2pco, + pco (7)
and also,
ncH, +nco, +nco = 2nco, + nco + nw0 (8)
or
PcH, = Pcos + PH,0 )

In addition,

P = pcoH, +pco, + pco + pH, + PH,O (10)



It is now possible to solve for pu,, pH,0, and pco in terms of P, and pcw,
and pco, using Egs. ?7.

PH,O = PCH, — PCO, (11)
1
pco = §P — PCco, (12)
1
PH, = §P — 2pcH, + PCo, (13)

The reaction (i) below has an associated change in Gibbs free energy of AGY
and equilibrium reaction constant K, ; at T=1750K.

CHy +COy =2H5 +2C0O (14)
AG? = 239820 — 22.25T log T' — 109.15T Joules (15)
K, = exp|~AGY (1750K, latm) /1750R)] = exp[241953/1750 + 8.314] = 16679009 (16)

K, ; is related to the partial pressures of the gases by

2 2
_ PcoPHh,

- (17)
PCO,PCH,

Py

And the following reaction (ii) has an associated change in Gibbs free energy
of AGY; and equilibrium reaction constant K, ;; at T=1750K.

Hy + CO, = H,0 + CO (18)
AGY; = 36000 — 32.05T Joules (19)
K,p,ii = exp[—AGY(1750K, 1atm) /1750 R] = exp[20088/1750  8.314] = 3711114 (20)

K, ;i is related to the partial pressures of the gases by
COPH50
i = PcoPH20 (21)
Pco,PH,

The two equilibrium reaction constants, K, ; and K, ;; are related to the
two independent variables,pcm, and pco,, with P = latm as

(3P — pco,)*(AP - 2pcu, + pco,)?
PCO>PCH,

(1P — pco,)(pcH, — pco,)

pco. (3P — 2pc, + Pco,)

K, = 16679009 = (22)

(23)

Ky = 3711114 =

The simultaneous solution of these equations with P=1atm gives the solution
to the problem.

Another way is presented below. (There are several ways to go about solving
this problem, depending on the reactions that are chosen.)
Combining the first three reaction equations,

CHy +CO9 =2H5 +2C0O (24)

The standard free energy for the above equation is given by AGs = AG;+ AG;
- AGs.

AGys = AGt + AG3 — AGy = T7468.29J (25)



4dncm, + 2dng,
2dnco, + dnco

Il
o o o

dn0H4 + dTLCO2 +dnco =

(26
(27
(28
(29

—_ — ~—

Since there are three equations with four variables, one independent variable

can be identified, which we identify as z = dncm,.
Reaction CHy | COy | — | 2H5 | 2CO
Initial 1 1 — 0 0
Equilibrium change | 1-x 1x | =+ | 2x 2x
Combining reaction equations 2 and 3,

2C05 = 2C0 + 04
The change in standard free energy is given by,
AGg = 2AG3 — AGy = 4358257

The constraints in the number of moles of components are,

2dn002 + 2dnco + dnHzo = 0
2dnH2 + 2dTLH20 = 0
Reaction 2C0; | = | 2CO | 20,
Initial 1-x — 2x 0

Equilibrium change | 1-x-2y | — | 2x+2y | y
From the last reaction equation

Hs + 1/202 = H>0

(34)

The change in the standard free energy (for T=1750K) is given in the problem

statement as
AGy = —246400 4+ 54.8 x 1750 = —150500J

The constraint equations are,

2dTLH2 =+ 2dnH20 =0
2dn02 + d’nH2o = 0

Reaction Hy, |1/205 | = | H20
Initial 2x y — o

Equilibrium change | 2x-z | y-z/2 | — zZ
Thus at equilibrium, taking into account all the above reactions,

(35)

ncu, =1—2znco, =1—2—2y,ng, =22 — 2, nco = 2z + 2y, nH,0 = %,

nOo, :y_z/2 and ntot:2+2-’1f+y—2/2.



Thus, the partial pressures of the components,

Pon, = (2+2;;;— N (38)
Foo, = 2 +12; i ; 3yz /2) P (39)
Fo = &y 2i$+_yz— )" (40
Poo = 2+ 22;:;'71 z/2)P (41)
Pmo = (2+2;c-fy—z/2)P (42)
Po, = yv=22 _p (43)

24+2z+y—2/2)

Now we can list the partial pressures of the components.
If the reactions are at equilibrium, then the following relations hold.

P2 _p2

Pco)?Po,

% exp(AGos/RT)
P 2

Pt = G/

substituting the partial pressures of the individual components into the
above equations,

2(z + y)?(2z — 2)P?

1-2)1-2-2y)2+4+22+y—2z/2)? = 207.14) (44)
(2z + 2y)%(y — 2/2)P 1

T—o—2)@+tary—z7) — 06107 (45)

zg; _25;7)4(;3/_—;51)/12/ © = 316+10) (46)

(47)

There are three unknowns and three equations. In principle, it is possible to
solve for the three unknowns simultaneously. The solution is not straightforward
and some computational methodology need to be adapted for solving these
simultaneous equations.

However with some simple approximations, an approximate analytical solu-
tion can be derived for the partial pressures. A first approximation would be
to take RHS of eqn 23 to be zero. This would be give z = 0 - and number of
variables to be solved reduces to just x and y.

Solution 6.2

The solution can be obtained through simple manipulations of Jacobian.



). - 85

_ (% P(g_V)T_(%)T (%)P

Substituting for (¥)p and (4%)7 in terms of a and kr,

(or), = (o ) (o)., (o),




