Chapter 25

95_63, When the pressures in Problem 25-62 are plotted against molality squared, the result is almost

a straight line. Curve fit the data to polynomials of the form
P = k(1 + ;'™ + cym + em’ 4-)

of increasing degree and evaluate k.

If the data are fitted to P = kaz, k,, turns out to be (in units of atm-kgz-mol‘z) 4.15 x 107", The

subsequent fits are (suppressing the units)

k c

H 1

483 % 1077 —1.77

492 x 1077 224 3.48

493 % 1077 233 475 —621

493 %1077 -234 507 -945 103

Thus we see that &, = 4.93 x 107 atm-kg?-mol 2.

cneree 2 0

25_64. When the data in Problem 25-62 are plotted in the form of P /m® against m'/2, the result
is essentially a straight line with a negative slope. Why is this so? Use Debye-Hiickel theory to

calculate the slope of this line and compare your result with the final value of ¢, in Problem 25-63.

: 2
The activity of the HCl(aq) is given by @y = P/k,. Using the fact that a,e, = ak = m’y;, we
have

P= kﬂmzyi

Note thatas m — 0,y, — 1, and P — k}{mz, as expected. The Debye-Hiickel expression for y,
in this case is

ny, =-117tm'"?

Substitute this expression for y, into P = kazyi and linearize the exponential according to
e*=1—x+--toobtain

P =k,m*(1 —2342m" + )

Thus, we predict that ¢, in Problem 25-63 is equal to —2.34, in excellent agrecment.

Chemical Equilibrium

PROBLEMS AND SOLUTIONS

26-1. Express the concentrations of each species in the following chemical equations in terms of the

extent of reaction, £. The initial conditions are given under each equation.,

a. SO,CL(E) = SO ) + CL(g
(1 "y 0 0
(2 g n, 0

b. 280,() = 2S0,(8) + O,(2
(1} m, 0 0
@ 0 n,

c . N,(8) + 20,(g) = N, 0,(»
(M n, 2n, 0
@ 7, 0

We can use Equation 26.1 in all cases to express the concentrations of each species.

a. SO,CL(E = SO + CL(g)
L n,—§ £ &
(2) n,—§ n, +§& £

b. 250,(g) = 250,() + O, (»
(1) n,—2¢ 2E £
(2 n,— 2 2£ n +§
() n,—& 2n, — 2 £
2 ny,—¢§ ny— 2§ &

26-2. Write out the equilibrinm-constant expression for the reaction that is described by the equation

250,(g) + 0,(g) == 250,(g)

Compare your result to what you get if the reaction is represented by

1
50,(g2) + 3 0,(g) = SO,(g)

Using Equation 26.12, we write K, for the first chemical equation as

2

S0
K (T)= ﬁ
0, 50,
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For the second chemical equation, we again use Equation 26.12 to find
Kp(T) = PRp

which is the square root of K.

26-3. Consider the dissociation of N,0,(g) into NO,{g) described by
N,0,(g) = 2NO,(g)

Assuming that we start with n, moles of N,O,(g) and no NGO, (g), show that the extent of reaction,
£, At equilibrium is given by

é:eq B ( Kp )lﬂ

1, K,+4P

Plot £, /n, against P given that K, = 6.1 at 100°C. Is your result in accord with Le Chételier’s
principle? :

Atequilibium, ny o = n, — £, andnyg, =2 .The partial pressures of the species are then
274 2

P _ n[l - geq _ nO - ég-eq
M4 nU - %—eq + Zeeq nD + éeq

and
2, 2%y

NG, ™ o+ &, B ny+&,

Substituting into the expression for X ,, we find

c Po, _ o +Ey) po AEg/n)
’ PN204 (ng + Eeq)z(ng - lg-cq) 1- (‘?eq/ng)z

Solving this expression for £,/ we find that

Kp— K6, /1" = 4P(E, /ny)
4P+ K )¢, /) =K,

1
b (K, "
g K,+4rF

A plot of §.q/ o against P is shown below.
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This is in accord with Le Chételier’s principle: as the pressure increases, the reaction occurs to a
lesser extent and Eeq decreases.

26-4. In Problem 26--3 you plotted the extent of reaction at equilibrium against the total pressure for

the dissociation of N, O, (g) to NO,(g). You found that éfeq decreases as P increases, in accord with
Le Chitelier’s principle. Now let’s introduce n,, moles of an inert gas into the system. Assuming
that we start with n, moles of N,0,(g) and no NO,(g), derive an expression for z}eq /#, in terms
of P and the ratio r = n, /5. Asin Problem 26-3, let X, == 6.1 and plot §_ /n, versus P for
¥ = 0 (Problem 26-3), r == 0.50, » = 1.0, and » = 2.0. Show that introducing an inert gas into
the reaction mixture at constant pressure has the same effect as lowering the pressure. What is the

effect of introducing an inert gas into a reaction system at constant volume?

At equilibrium, as before, ny , =5, — §Bq and ny, = 2.§eq. However, the total number of moles
present has changed to nn, + é ‘+n__. The partial 5ressures of the species are then

eq inert”
and P, = 2 P
N T my &, R

inert

nD - !g-eq

N0, —
B n0+g:eq+ninert

Substituting into the expression for X ,, we find-
P, 4EL P A&, /n)* P

K, = =z =
P PN204 (ng - Eeq) (no + Piert + geq) (1 - §eq/"o)(1 + Eeq/n()}

Solving for é:-'eq /n, gives

£ _ K,r 1

ny, 2K, +4P)  2(K,+4P)

[K2r* 14K, +7)(K, +4P)]"

where we haveletr =n_, /5, Whenr =0, asin Problem 26-3, this expression becomes

by _ K (K, +4P) [ K, ]’”
n

n. 2K, +4P) (K, +4P)

0

For & to be positive, we take the positive root. Now we can plot this expression for various values
of r:

[=1¥ Tal ]

]
0 5 10 15 20 2

P/ bar

el

We see that introducing an inert gas into a constant-pressure reaction system increases the value of Eﬂq
and so has the same effect as lowering the pressure. Introducing an inert gas into a constant-volume
reaction system has no effect on the value of £
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26-5. Re-do Problem 26-3 with n, moles of N, O, (g) and n, moles of NO,(g) initially. Letn /n, = 0.50

and 2.0.

Now, at equilibrium, Mo, = My — £, and o, = + 28, The total number of moles of gas
presentwiltbe ny +n + &q. The partial pressures of the species are then, letting s = n,/n,,
P — By §eq — 1 - seq/n'o
MO gt ke, TS,

and
P n, +2§eq S+2§eq/n0
Noz_no-i—n]wk&eq ~1+s+£cq/no

Substituting into the expression for X ,, we find

o = Po, _ (s + 2, /n,)
P PN204 N (1 + § + g@q/no)(l - gcq/n())

and solving for Eeq /n, gives

%&zuiil 24 PS?'—KPS—KP
1, 2 2 K,+4pP

172

When s = 0, as in Problem 26-3, this expression becomes

TR N A
(K, +4P)

n, 2K, +4P)?

For £ to be positive, we take the positive root. Now we can plot this expression for various values
of s: .

26--6. Consider the ammonia-synthesis reaction, which can be described by
N,(g) +3 H,(g) = 2NH,(g)

Suppose initially there are n, moles of N,(g) and 3n, moles of H,(g) and no NH,(g). Derive
an expression for K ,{T) in terms of the equilibrium value of the extent of reaction, !,feq, and the
pressure, P. Use this expression to discuss how éfeq /g varies with P and relate your conclusions to
Le Chételier’s principle.

Chemical Equilibrium

At equilibrium, there will be n, — &eq moles of N, (g), 3n, — 3§eq moles of H,(g}, and 2§eq moles of
NH,(g), yielding a total of 45, — 2, moles of gas. Then

n,—§& 3n, —3E
P, =—23p P, =-—™!Ap d
N = dng - 28, W = dny - 2¢, an

Py = —2
N dng — 28,

We then express K, as
P§H3
P p
4 fq(4nU — 2&}'@)2
(Bny — 35,0 (ny — £,) P
o 16Gg,/ ne) (2~ &, /ny)*
T 27Q2 - g /n (1 — &, /ng)* P

16, /n) 2 — &, /ny)?
271 - &, /n)*P?

The following plot of £ ” /n, against P shows that Eeq /n, increases as P increases, as Le Chételier’s
principle would dictate. :

0.8}
0.6
ng 0.4
0.2
] ] | i ]
0 10 20 30

P/ (KP)1/2

26-7. Nitrosyl chloride, NOCI, decomposes according to
2NOCI(g) = 2NO(g) + Cl,(g)

Assuming that we start with n; moles of NOCl(g) and no NO{(g) or Cl,(g), derive an expression
for K, in terms of the equilibrium value of the extent of reaction, Seq, and the pressure, P. Given
that K, = 2.00 x 107*, calculate £,/ 1y when P = 0.080 bar. What is the new value of §eq /nyat
equilibrium when P = 0.160 bar? Is this result in accord with Le Chételier’s principle?

At equilibrium, there will be ny — 2§, moles of NOCI(g), 28, moles of NO(g), and £, moles of
Cl,(g), making a total of n, + &, moles of gas present. Then

n, — 28, 2 £,
Proa = —"u«;g—E‘P =—=2 P and Py =—01
nl] q

NO T Cl
n(} + Seq z no + ";:eq
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We then write K, as
_ Po, Po _ 4£3 P _ AE, /n)’ P
T P (gt ED(g— 280 T (L+E /n)(1—28, /n)
Aplotof & /n, against P looks like ‘

K

O.SL
0.6
ée,q
Po 04
| | | ] 1 |
0 10 20 39

P/K,

We see that £ /n decreases as P increases, as Le Chatelier’s principle would dictate. Letting K, =
2.00 x 107, we find §,,/n, =0.0783 at P = 0.080 bar and £ /n, = 0.0633 at P = 0.160 bar,
again in accord with Le Chitelier’s principle.

26—-8. The value of X, at 1000°C for the decomposition of carbonyl dichloride (phosgene) according
to

COCL(g) == CO(g) + Cl,()

is 34.8 if the standard state is taken to be one bar. What would the value of X, be if for some reason
the standard state were taken to be 0.500 bar? What does this result say about the numerical values
of equilibrium constants?

Use the definition of K, to find the value of K ,(0.500 bar) at the new standard state:
(Beo/ 1 bun)(Pe 1b00)
(Pcoc11 /1 bar}
(P /0.500 bar) (P, /0.500 bar)
(Peocy, /0-500 bar)
= 0.500K ,(1 bar) = 17.4

K, (1bar) =

K ,(0.500 bar) =

The numerical values of equilibrium constants are dependent on the standard states chosen.

26-9. Most gas-phase equilibrium constants in the recent chemical literature were calculated assuming
a standard state pressure of one atmosphere. Show that the corresponding equilibrium constant for
a standard state pressure of one bar is given by

K, (bar) = K (atm)(1 (1325)2

where Av is the sum of the stoichiometric coefficients of the products minus that of the reactants.

Chemical Equilibrium

Consider the reaction described by

v AR + v B(g) = v, Y(g) + v, Z(g)
(We can extend this case to include as many reactants and products as we desircl.) Now write K ,.:
(Pz/l bar)“Z(PY/l bar)"y
(Py/1bar)=(P, /1 bar)"s
_ BAPY (1ba)n ™
(1bar)»™  pp2 pya
PRy ( 1 )““ (1.01325 bar)A”
PgEPA \ 1 bar 1 atm
_ (£, /1 atm)™=(P, /1 atm}'r
(Py/1 atm)’s (P, /1 atm)”»
= K, (atm){1.01325 bary®”

K ,(bar) =

(1.01325 ban)®*

26-10. Using the data in Table 26.1, calculate A G°(T) and K ,(T) at 25°C for

(a) N,0,(g) = 2NO,(g}
(b) H,(g)+1,(g) = 2HI(g)
(c) 3H,(g) +N,{g) = 2NH,(g)

Use Equations 26.19 and 26.11 to find A G° and X .

a. A G°=2(51.258kJ-mol™) - 97.787 kJ-mol ™
= 4729 kJ-mol™
K, =e 20" = 0,148

P
b. AG=2(1.560k]-mol™") —19.325kJ-mol™
= —16.205 kI -mol™!
K, =e T =690

€ AG° =2(—16.637kI-mol™") = —33.274 kJ-mol™'
K, = e &9/" = 6.80 % 10°

26-11. Calculate the value of X_(T) based upon a one mel-L! standard state for each of the equations
in Problem 26-10.

Use Equation 26.17, recalling that & must be in units of L-bar- K™ -mol™" because ¢° is 1 mol-L™
and P°is 1 bar:

a. K = KP(RT)""“’ = (0.148)[(298.15 K)(0.083145 L-bar- K'mol )]~ = 5.97 x 107*
b. K = K (RT)™™ = (690)[(298.15 K)(0.083145 L-bar-K'-mol™1° = 690
c. K =K, (RT)™ = (6.80 x 10%)[(298.15 K)(0.083145 L -bar-K~'-mol ) J* = 4.17 x 10

26-12. Derive a relation between K, and X _ for the following:
a. CO(g) + ClL{(g) = COClL(g)
b. CO(g) + 3H,(g) <= CH,(g) + H,0()
c. 2BrCl(g) = Br,(g) + CL (g

829
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or

dinK, AH ~ART _AH° -~ A(PV) AU

Again, use BEquation 26.17.
a. KP = Kc (&)_1

x
b. KP = Kc (E:I;R;I.)_Z
¢ K,=K {2 =x

P ¢

a7 RT? RT? RT?
because U = H + PV.

26-15. Consider the gas-phase reaction for the synthesis of methanol from CO(g) and H,(g)

CO(g) + 2H, (g) = CILOH
26-13. Consider the dissociation reaction of ,(g) described by ) ,(g) == CH,OH(g)

The value of the equilibrium constant X, at 500 K is 6.23 x 107°, Initially equimolar amounts
of CO(g) and H, (g) are introduced into the reaction vessel. Determine the value of £,/ at
equilibrium at 500 K and 30 bar.

Lg) = 2I(g)

The total pressure and the partial pressure of L,(g) at 1400°C have been measured to be 36.0 torr
and 28.1 torr, respectively. Use these data to calculate K, (one bar standard state) and X (one
mol-L™! standard state) at 1400°C.

At equilibrium, the number of moles of CO(g) will be r, — &cq, the number of moles of H, (g) will
ben, — 2¢, ” and the number of moles of CH,OH(g) will be Eﬁq. The total moles of gas present will
therefore be 2n, — 2£_ . We can now find the partial pressures of each of the components of the

First we express P, and P, in bars:
2

101325 b mixture:
le = 28.1 torr (—EI.E) =0.0375 bar Ry, — %’e 1 ng— 2&‘3 E
) 760 torr Popo=5—7P=3P Pnim' =P and Ponon = - P
1.01325 bar my =&y 2 2(ny — &) s 2(n, - §,)
P=P —P =79torr| ———— | =0.0105 bar
e ( 760 torr ) We then express K, as

Now use the definitions of X, and X to write Poron 4§eq (m, — geq) 4x(1 — x)

PR Py  Pn - 25 PH1—2%)

2

K, =2 =294 %107
©h
2

po
K{: = KP CORT

1 bar
_ -3
= (294107 [(1 mol-L71)(1673 K)(0.083145 L-bar-mol“l-Kl)]

where x = €.,/ 1, The value of X, 15 6.23 x 1077, s0

4x(1 — x)

m = (30 bar)2(623 X 1073)

which we can solve numerically (using the Newton-Raphson method) to find

- -5
= 2.11 x 10 x =0305 or x = 0.695

Since x < 0.50 (otherwise the amount of H, present will be a negative quantity), £/ 1y =031

26—14. Show that

dinK — AU° 26-16. Consider the two equations
dT ~ RT? ()  CO(e) +H,0(g) = CO,(@) + H,(g) K,
for a reaction involving ideal gases. (2)  CH(g) +H0(g) == CO(g) +3H,(g) K,
Show that X, = K K, for the sum of these two equations
We know that () CH(®+2H,0@) = CO,() +4H,(@ K,
. A How do you explain the fact that you would add the values of A G* but multiply the equilibrivm
K =K (C RT ) (26.17) constants when adding Equations 1 and 2 to get Equation 37
P 4 P°
Now begin with Equation 26.29: Use Equation 26.12 to express X, K, and K.
AH® dhk, d ¢RT 3
T = T =ﬁ[anc+Avhl( FE ):i - PCOZPHZ K, = Py Peo
_dhnkK =~ Av PHZOPCO PH20PCH4

ar T
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K = PI;ZPCOZ _ PCOQPHI P!?IZPCO = KK
P OPiGE P, P 12

CH, H,0" CO PH20 PCH4

We multiply the equilibrium constants because of their logarithmic relationship with A G°.
Recall that (Equation 26.11) A G° = —~RT In K. Adding A G{ and A G; would give

—RTInK,—RTInK,= - RTInKK,

26-17. Given:

2BrCl(g) = ClL(g) + Br,(g) K,=0.169
2IBr(g) = Br,(g) + L(g) K, =0.0149

Determine X, for the reaction

BrCl(g) + 1 1,(g) = IBr(g) + £ CL(g)

We number the equations in order of appearance. Equation 3 can be expressed by
Egquation 3 = ;Equation 1 — JEquation 2
This means that
AGS=1AG] - 1A G
or

K7 01692

= = =3.37
PR (0014917

26-18. Consider the reaction described by
_Clz(g) + Br,(g) = 2BrCl(g)

at 500 K and a total pressure of one bar. Suppose that we start with one mole each of C1(g) and
Br,(g) and no BrCl(g). Show that

1—
G®) = (1~ 8Gg, + (1~ £)Gy, + %Gy +20 —HRT In— S o 26RTIn¢

‘where & is the extent of reaction. Given that G} = ~3.694 kI-mol™ at 500 K, plot G (&)

versus &. Differentiate G (§) with respect to £ and show that the minimum value of G(£) occurs at
’g'eq = (1.549. Also show that :

G P:
(-) =AG +RTIn P&
9 Jrp Py Br,

2
and that K, = 4.§3q/(1 - éeq)z =509

As the reaction progresses, the amount of Cl,(g) and Br,(g) can be expressed as 1 — £ and the

amount of BrCl(g) will be 2£. We can then write the Gibbs energy of the reaction mixture as
(Equation 26.20)

GE) = (11— )Gy + (L~ 6T, +26Cpq

Chemicat Equilibrium

Since the reaction is carried out at a total pressure of 1 bar, we can write

1-§ 28
Po =P =—5> ad  Pg=7 =%

We can use these expressions and Equation 22.59 to write G(§) as
G(E) = (1 — £) [Gglz +RTIn PCIZ] F(1—5§) [G;r2 +RTIn PBIZ]
+2 [Ghg + RTIn Py ]
= (1- ";:)Ga: +{- g)Ggrz + 2$G1°3rc1

+2(1 —~&)RT In

1;§+2§RT111§ (N

Substituting the value given in the problem for G, and zero for GE‘z and Gy, gives

G(E) = 26(—3694 T-mol™) + 2(1 — £)(8.3145 J-mol~ -K-1}(500 K) In ——

+2£(8.3145T-mol VK HGOOK) In g

= (—7388 J.mol )& + (8314.5T-mol™") [(1 —&)In % +& 1n§] )

A plot of G(£) against £ is shown below.

-6

G (&)Y /kT-mol™!
|
5 o

|
—
[

At equilibrium, 0 = (0G/9£), ,. We use Equation 2 to express G(£) and find that, at equilibrium,
1-&
0 = —7388 J-mol™" + (8314.5T-mol™) [— In —~—-§~—q —1+ml§, + 1]

2
0 = —7388 J-mol™! + (8314.5J.mol™!) In ﬁ
&q
2
—Eeq— =2.432
1§

eq

Solving for £ gives §,, = 0.549.

833
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Differentiating Equation 1 for G{£) explicitly, we find that

G 1=
( ) = —G&l - G"Brl +2Ghq —2RTIn 5
TP

0§
2 1 2ERT

=AG + RTIn —2RT + RT In&* 4+ 2RT

4
(1-87°

26 \° P2
=AIG°+RTln( : ) = A,G°+ RT In { —25~
1-£ c1Z‘PBr2

2
Poey _ 4o

K = =
d PC12 PBr1 (1 - %‘eq)z

50, at equilibrivm,

_4(0.549)
P (1 -0.549)° T

26-19. Consider the reaction described by

2H,0(g) = 2H,(g)} + 0,(g)

at 4000 K and a total pressure of one bar. Suppose that we start with two meles of H,O(g) and no
H,(g) or O,(g). Show that

o o a . 2(1 - ‘5;:)
28 3

+2ERT In +£ERTIn ——
: 24§ § 24+&
where & is the extent of reaction. Given that A,G°[H,0(g)] = —18.334 kJ -mol™" at 4000 K, plot

G{§) against £. Differentiate G(§) with respect to § and show that the minimum value of G(&)
occurs at !;'Bq = 0.553. Also show that

2
G PP
(_) = AG°+ RT In — >
as T.P

H,0

and that K, = 3 /(2 +£,)(1 — £,)* = 0.333 at one bar.

The amount of H,O can be expressed by 2 — 2£, the amount of I, as 2§, and the amount of O, as
&. We can then write the Gibbs energy of the reaction mixture as (Equation 26.20)

G(é) = (2 - 2§)EH20 + 2§EH2 + an‘.’,
Since the reaction is carried out at a total pressure of one bar, we can write

2(1 — &) 2k §
mo T T2y =g ™ Ty

Chemical Equilibrium

We can use these expressions and Equation 8.59 to write G (&) as

G(E) = 2(1 ~ &) [G;}ZO +RTIn PHQO] Y [G;} 4 RTIn PHZ]

+£ (G5, + RTIn P, |

=2(1 - f)Gﬁzo + 2§G§{2 +§G‘62 +2(1 -~ &)RT In 2(1—-§)

2+¢
28 §
2rg RN

Substituting the value given in the problem for GI'}IO and zero for GB; and G;!z gives

+2¢RT In

Gy = 2(1 ~ £)(—18334 J-mol™)

— . _'1. -1 —2(1 _ E)
+2(1 — £)(8.3145 I.mol™-K™") (4000 K) In T
2

24+ £
+£(8.3145T-mol™ - K™H (4000 K) In

+2£(8.3145 J-mol ™ -K‘l)(4000 Kyln

£
2+ €&

= (—36668 J-mol™)(1 — &) + (66 516 T-mol }(1 — £) In 2(1 - &)
24+ &
28

£
24+E 24+E

+(66516 F-mol™)& In + (33258 F-mol™ )& ——

A plot of G (&) against £ is shown below.

-40

i
=
o

G(& /kJ-mol™!
|
o0
o

-100

We now differentiate G (&) with respect to £ and find

(BG) = (36668 J-mol™)
T.P

kA
—(66516J-mor1){1n2(1_5}_(1—5)(2+$)[ 2 ﬁz(l—s)ﬂ

2+ E 21—¢) | 24+4& (2+¢)7
o 26 E+H[ 2 2% ]}
(66516 J-mol )iln2+§ 0 [2+§ AL

S £ [1 I ; ]}
+(33 258 J-mol )[1n2+§+(2+§) 21E Q+E)p

_ o o[- o 1-¢
= (36668 F-mol ) — (66516 T-mol )[h} ThE +1+2+§]

mol™) | 1o —25— _L]
+(66 516 J-mol )|:ln2+§+1 e
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N ]
(33258 T-mol )l:ln2+$+l T
246 201-8) 2
-5 2+t M7y

28 3 %‘}

= 36668 J-mol™ + (33258 J-mol™) [2 In

- +In +1-
2+¢ 2+¢ 2+¢&

§3
(1-872+8

= 36668 J-mol™! + (33258 F-mol™) In (1)

At equilibrium, (3G/98), , =0, s0

b e (—36 668 1-mol™
(-2 +E) 33258 J-mol ™!

Solving for §_ gives §, = 0.553.
Note that substituting for A;G°[H,0(g)}, R, T, P, , P, , and PHzo in Equation 1 gives
2 2
2 2
3G P:P PoP
( )TP = 2AG°[H,O({g)] + RT In ;22 %= A G°+ RTIn %0

_ 2
9 H,0 H,0

) =0.332

2 3
K _ PHlpoz an

PTURL, T (-0 +Ey)

‘- (0.553)° B
P —0.559)32+0.553)

0.332

26-20. Consider the reaction described by

3H,{g) + N,(g) = 2 NH,(g)

at 500 K and a total pressure of one bar. Suppose that we start with three moles of H,(g), one mole
of N,(g), and no NH, (g). Show that

GE) =0 ~35Gy + (0 -5GY +28Gy,

3 3¢ 1-¢& 2E
3 —3£)RT1 +{(1—-&ERTIh—+26RT In ——
HG=3ORTIn a2 + (1= ORTIn T + 2RT I
where £ is the extent of reaction. Given that G;’,H1 = 4.800 kJ-mol™" at 500 X (see Table 26.4),
plot G(&) versus £. Differentiate G (&) with respect to £ and show that the minimum value of G(§)
occurs at £, = 0.158. Also show that

G Py
(m> = AG®+ RT In ——
a'{’: T.F !'12 Nl

and that X, = 16£,(2 — §,)*/27(1 - £ )* = 0.10.
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The amount of H, can be expressed by 3 — 3£, the amount of N, as 1 — &, and the amount of NH,
as 2£. We can then write the Gibbs energy of the reaction mixture as

G =(3-35C, + (1 -Gy +2%Gy,
Since the reaction is carried out at a total pressure of one bar, we can write

_3-8 _ 18 __¢
BT 202-§) PN2_2(2~§=) and PNHJ_(Z—%‘)

‘We can use these expressions and Equation 8.59 to write G(£) as (Equation 26.20)

GE) = 3(1 — £) [G;’,z +RThn PHZ] +(1—8) {G;Z +RTIn PNZ]

oy [G“NH3 +RTIn PNHR]
=3(1-6)Gy + (1~ Gy +2Gy,
3(1 ~ £) 1—¢ ]
£

+25RT In >

Substituting the appropriate values of G° gives

G(E) = £(9600 T-mol ™) + 3(1 — £)(4157.2F-mol™ ) In H
-1 _ 1 _%- ‘i"
+(4157.2 J-mol )I:(l EYln —2(2_9 + 28 In —2_5]

A plot of G(&) against § is shown below.

10
- .
= 5
g
=0
=
.
a5 =5
o
~-10

0.2 0.4 0.6 0.8 1.0

4
Now we differentiate G(£) with respect to &:
(%)” = 9600 J-mol !
+(4157.2 T-mol™) [—3 In % +2Q2—§) [— 2(2i 5t f((zl__;)z] —1In %
#20-9)| 355+ qoer) H N 209 5t g
= 9600 J-mol * + (4157.2F-mol™) [m % —34 % —1
+~;—:—§ +24 %]

16(2 — £)%8°

= 96001 - mol™' + (4157.2T-mol™) In
mol "+ (¢ M a—e

()
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At equilibrium, (8G/8§), , = 0, so

16(2 - £,)82 —9600 J-mol
M T Be) Seg 2000 mOT
27(1 - ¢,)° 4157.2T-mol™?

Solving for £, gives §,y = 0.158.
Note that substituting for Gy, , R, T, Py » Py »and Py in Equation 1 gives
3 3 2 2

) =0.09934

2 2

3G P
(—) =2G3 + RTIn ——— = A G°RT In —=
% )1 s : PL P, PR,

o o D, 168508y
PTR R, 270-&)

_16(0.158)%(2 — 0.158)?

- = 0.010
4 27(1 — 0.158)°

26-21. Suppose that we have a mixture of the gases H,(g), CO,(g), CO(g), and H,O(g) at 1260 K, with
P, = 0.55bar, PEO2 = 0.20 bar, P, = 1.25 bar, and PH20 = 0.10 bar. Is the reaction described by

the equation
H, () + CO,(g) = CO() + H,0(g) K, =159

at equilibrium under these conditions? If not, in what direction will the reaction proceed to attain
equilibrium?

Use Equation 26.25 to find (), and Bquation 26.26 to find out which way the reaction will proceed.

FuoFeo  (0.10)(1.25)

= = =1.14
C» PH2 Pcol {0.55)(0.20)

Q, 1.14
AG=RTInZt = RTIn—~
f "X, " 159

AG <0

The reaction as written will proceed to the right.

26-22. Giventhat K, = 2.21 x 10* at 25°C for the equation
2H,(g) + CO(g) = CH,0H(g)

predict the direction in which a reaction mixture for which P, o, = 10.0 bar, P, = 0.10 bar, and
3
Po = 0.0050 bar proceeds to attain equilibrium. ’

This is done in the same way as the previous problem.

L 10
g, = e S = 2.00 x 10°

Py Py (0.10)%(0.0050)
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5
AG=RT1n%:RT1nM
¥ KP 2.21 x 10

AG=>0

Therefore, the reaction as written will proceed to the left.

26-23. The value of K, for a gas-phase reaction doubles when the temperature is increased from
300 K to 400 K at a fixed pressure. What is the value of A _H® for this reaction?

Use Equation 26.31, since we assume that A_I1° remains constant over this temperature range.

o KT __SH (1)
K@)~ R \L T,
1 1
Rn2=-AH'|——— - ——
r 400 K 300K

A _H° = 6.91kI-mol™

26-24. The value of A H°is 34.78 kJ-mol ! at 1000 K for the reaction described by
H, (g} -+ CO,(g) = CO(g) + H,O(g)

Given that the value of K p is 0.236 at 800 K, estimate the value of X p at 1200 XK, assuming that
A_H* is independent of temperature.

Again, use Equation 26.31:

WK DA (1 1)
K, (T) R \T, T,

K,(1200K) _ 34 7807-mol” ( 1 )21743
0.236 8.3145J-mol” K" \1200K 800K '

K, (1200K) = 1.35

26-25. The value of A_H"® is —12.93 kI-mol ™" at 800 K for
H,(2) + L(g) = 2HI(g)

Assuming that A H° is independent of temperature, calculate X, at 700 K given that K, = 29.1
at 1000 K.

We do this as we did Problem 26-24, using Equation 26.31.

In Kp@y _ A (l _ }__)

K () R \T, T,
29.1 12930 J-mol ! 1 1
I _ = ( - ) = 0.666
K,(700K) _ 83145J-mol "K' \1000K 700K

K,(700K) = 14.9
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26~26. The equilibrium constant for the reaction described by

2HBr(g) = H)(g) + Br,{(g)
can be expressed by the empirical formula

11790 K

mK = —-6.3754+ 0.6415In(T/K) —

Use this formula to determine A_H" as a function of temperature. Calculate A H° at 25°C and
compare your result to the one you obtain from Table 19.2.

Use Equation 26.29:
dinK _ AH°
dT ~ RT?
0.6415 n 11790 K _ A H?
T T2 RT?

0.6145RT + (11790 K)R = A H®

At25°C, A H°® = 99.6kJ - mol™". The value givenin Table 19.2 for A_H°[HBr(g)]is —36.3 kJ-mol™"
and that given for A H°[Br,(g)]is 30.907 kJ -mol™'. We can write A _H” (using these values) as

A H° = A H°[Br,(g)] — 2(A.H°[HBr(g)]) = 103.5 kI -mol™

in fairly good agreement with the value of A_H® found from the equilibrium constant.

26-27. Use the following data for the reaction described by
2HI(g) = H,(g) + L(g)
to obtain A_H*° at 400°C.

T/K |500 600 700 800

KP/10‘2|0.78 1.24 176 231

We wish to express K, in terms of 1/T and use Equation 26.29 to find A_H°.

IOOOK/Ti 2 1.67 143 1.25

Ink, l—4.85 —4.39 —4.04 3777

A linear fit gives

144573 K
ll’lKP = —1.9695 — T
dinkK, _ 144573 K
ar 71

A H° = R(1445.73 K) = 12.02 kJ-mol ™

and a fit of the forma + /7 + cIn T gives

10203 K

InK, =—2.33966 — + 0.6833 In(T /K)

dinkK, 10203K N 0.6833
dr 77 T
A H° = R(1020.3 + 0.6833T) = 12.31 kJ-mol™’
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26—28. Co’nsider the reaction described by
CO,(g) + Hy(g) = CO(g) + H,0(g)
The molar heat capacitites of CO,(g), H,(g), CO(g), and H,0O(g) can be expressed by
C,ICOe))/R=3.127+ (5231 x 10 K )T — (1.784 x 107 K *)T?
CLH,(®]/R = 3.496 — (1.606 x 107 K™HT + (2419 x 1077 K ) T*?
EP[CO(g)]/R =3.1914 (9239 x 10 K™NT — (1.41 x 107" K HT?
C,LIHO(@]/R =3.6514+ (1.156 x 10 ° K )T + (1424 x 10 " K *)T?
over the temperature range 300 K to 1500 X. Given that

substance| Co,(»® Hi(p COE H,O(g)

A H° /kJ-mol™ | —393.523 0 —110.516 —241.844

at 300 K and that X, = 0.695 at 1000 X, derive a general expression for the variation of X (T
with temperature in the form of Equation 26.34.

We first find the values of A C} and A H*:

A Cyp = CRH,0()] + CLICOR)] — Co[H, (g}l — CRiCO,(g)]
A CL/R=10219—(3.051 x 107 KD)T 4+ (1.544 x 107 K™HT?
A H°(300K) = A H[H,0(g)] + A H°[CO(g)] — A H[H, (@)1 — A HICO,(2)]
= —241.844 kJ-mol™! — (—110.516 kJ-mol™") — (—393.523 kJ-mol ™)
= 262.195 kJ-mol™

Now we use Bquation 26.32 to find A H°(T):

T

A H*(T) = A H°(300 K) + f A Co(TYdT
300

T

= 262.195kJ-mol™ + R [ [0.219 — (3.051 x 107 X DT
300

+(1.544 x 10 K HT*]dT
= 262.195 kI-mol " + R{0.219(T — 300) — (1.525 x 107 K™)(T* — 300%)
+(5.145 x 1077 K™)(T? — 300%)]
= 262.195kT-mol™" + R[57.681 K +0.219T
—(1.525 x 1077 K™Y T? - (5.145 x 107 K™HT?]
= 262.675kJ-mol™! + (1.821 x 1073 kJ-mol L. K™)T
—(1.268 x 1073 kJ-mol™ - K™)T? 4 (4.278 x 107° kI-mol™ - K T"

This equation is in the form o + 8T + y T + _6T3, as was expected (Equation 26.33). Substituting
into Equation 26.34, we find that

2
InK (T) = —13—;9—- +0.2190In(T/K) — (1.525 x 10" K'HT

42573 % 107K HT? + A

841
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At T = 1000 X, we know that K, =0.695, so

In0.695 = —31.592 + 1.513 — 1.526 +0.2573 + A
A =30984

and so

31592
InK (T)= -7 0.2190In(T/K) — (1.525 x 10 K™)T + (2.573 x 1077 K ) T? + 30.984

26-29. The temperature dependence of the equilibrium constant X, for the reaction described by
2CHy(g) = C,H, () + C,H,(g)
is given by the equation

2505 K 3477 x 10°K2
InkK,(T)y = —2.395 — T + 7 300K < T < 600K

Calculate the values of A G°, A_H", and A _§° for this reaction at 525 K.

Use Equation 26.11 to find A G°, Equation 26.29 to find A_H°, and the relation A G® ==
A H®—TA S tofind A 5%

0 2505 K ) 0°f K2
AG’ = —RThK, = —R(525K) [—2.395 - 3477 X 10°K }

525K (525 K)2
= —23.78 kJ-mol™!
' 6 172
Age— gt Kp oo [2505K 6954 x 10°K
‘ dT T2 ‘ 73
= —89.30 kJ-mol™
AH® — A G°
A,S” = mr—TT_ = 1248 I.-mol~*.K~!

26-30. At 2000 K and one bar, water vapor is 0.53% dissociated. At 2100 K and one bar, it is 0.88%
dissociated. Calculate the value of A H* for the dissociation of water at one bar, assuming that the
enthalpy of reaction is constant over the range from 2000 K to 2100 K.

H0(g) = Hy(9) + ; 0,()

At 2000 K and one bar, there will be 0.9947n, moles of H,0(g), 0.00537, moles of H,(g), and
0.00265n, moles of O, (g), for a total of 1.00265n, moles. The partial pressures of the various gases

are then
0.9947 0.0053
= P =0 2 P = — —3
00 ™ 1.00265 9921 Py, = Tooses P = 5286 x 107°P
and
0.00265
=—PFPP=12. -3
%, = 100265 2643 x 1077 P
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and K (2000 K) at one bar is
(2.643 x 107"2(5.286 x 1073 P2

0.9921

Likewise, at 2100 X and one bar, there will be 0.9912n, moles of H,O(g), 0.0088n, moles of H,(g),
and 0.0044n, moles of O,(g), for a total of 1.0044n, moles. The partial pressures of the various
gases arc then

K ,(2000K) = =2.74 x 107

(.9912 0.0088
= — P =00868F P, = P =876l x107°P
O 1.0044 7 K T 10044 .
and .
0.0044
o, = ——— p—=4381x1073%P
2 1.0044

and K ,(2000 K) at one bar is
(4.381 x 107H¥2(8.761 x 107 P12

Ky = =5. 10
K (2000 K) TR 5.88 x
Now we can use Equation 26.31 to find A_H*:
K,(2100K)  AH° 1 1
"X, 000K) R \2100K 2000K

A H° = 266.5kI-mol ™'

26-31. The following table gives the standard molar Gibbs energy of formation of Cl(g) at three

different temperatures.

T/K | 1000 2000 3000

AG°/KI-mol™ | 65288 5.081 —56.297
Use these data to determine the value of K, at each temperature for the reaction described by
1Cl,(g) = Cig)

Assuming that A_H° is temperature independent, determine the value of A H® from these data.
Combine your results to determine A S at each temperature. Interpret your resulis.

Use Equation 26.11 to find X, at each temperature, then find In X, for use in determining A _H°.

T/K  A,G°/kJ-mol” K, nk,
1000 65288  3.889x 10 —7.852
2000 5.081 0.7367  —0.3056
3000  -56.297 9.554 2.257

The best-fit line to a plot of In K, vs. 1/ 7T is In K, = 7.290 — 15148/ T. The slope of this line is
—AH°/R,s0 A H®=1259 k¥-mol™!. We can use the expression A G* = A H® — TA_S§° to find
A_S° at each temperature. These values are tabulated below.

T/K |1000 2000 3000

A,8°/1-mol™ | 60.61 6041 60.73
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26-32. The following experimental data were determined for the reaction described by

S0,() = SO,(g) + 3 O,(8)

T/K | 800 825 900 953 1000

InK, | -3263 -3.007 —1899 —1.173 —0.591

Calculate A G°, A H®, and A §° for this reaction at 900 K. State any assumptions that you make.

This is done in the same way as the previous problem. We assume that A _H? does not
vary significantly over the temperature range given. A best-fit line to to In K pin 1/T is
In K, = 10.216 — (10851 X)/T, which gives A H® =902 kY-mol™!. Using Equation 26.11
and the relation A G° = A H°® — TAS®, we find that at 900 K A G° = 14.21 kF-mol™" and
A 8°=845]-mol™" K.

26—-33. Show that

g(V,T)
= _RTR 8
" "N

[q(V, THIY

QN V, I = A

Begin with Equation 23.27 and use Stirling’s approximation for N In N'!:

4= _RT (Ban
aN Jry

a
=—RT|— — !
[aN(Nlnq NlnN):I

v

il
= —RT |:lng TN (—NInN +N):I

=—RT[1nqw1nN—1+l]m—RTln%

26-34. Use Equation 26.40 to calculate K(7T') at 750 K for the reaction described by H+LE =
2 Hi(g). Use the molecular parameters given in Table 18.2. Compare your value to the one given in
Table 26.2 and the experimental value shown in Figure 26.5.

We can use Equation 26.40 to calculate K (T'), substituting from Equation 18.39 for the partition
functions of H,, L,, and HI.

K = G
9,9,

3/2 H, I
_(mi \" [40keh ] - elma—e®bn  apm_ p¥ - Dl
;. (©F)2 (1 — e-OmiT)2 P RT

rot.

Chemical Equilibrium

[ (127.9) T” [4(85.3 K)(0.0537 K)} (1 — gm8215/150y (] _ o~308/750y

(2.016)(253.8) (9.25 K)2
2(8.500 kJ-mol ™)

(8.3145 x 107 kJ-mol™1 . K )(750 K)

(1 - 873266/?50)2

X eXp
= 52.29

This is in good agreement with the values in the text.

26-35. Use the statistical thermodynamic formulas of Section 26-8 to calculate K (T) at 900 K,
1000 K, 1100 K, and 1200 K for the association of Na(g) to form dimers, Na,(g) according to the
equation

2Na(g) = Na,(g)

Use your result at 1000 K to calculate the fraction of sodium atoms that form dimers at a total
pressure of one bar. The experimental values of K ,(T) are

T/K| 900 1000 1100 1200

K, t1.32 047 021 010

Plot In X, against 1/7 to determine the value of A H".

We can calculate the partition function of Na using Equation 18.13 (for a monatomic ideal gas) and
that of Na, using Equation 18.39 (for a diatomic ideal gas):

T 'erkaTT/2 _ [231'(0.022991 19«;-11101-1);?7"]3’2 )
v i hZ elec N‘ihz
=2[7.543 x 10% m> K~'7]"
Dn, _ [27MET)” T L ok
v L K 00, 1—e O/

8WTIK/T
3/2 T [ /

0.442K 1 — 7P%/7

= [1.508 x 10" m*.K™'T]

Using the procedure on page 1070 (where we calculate K, for H,O), we have

K.(T)

oy / V)[ (6.022 x 10% mol ')(10° Pa) } :
" g/ V) LA m™ ) 83145 1K mol )T |-

We can substitute into the above expressions to find X, at 900 K, 1000 K, 1100 K, and 1200 K:

T/K|900 1000 1100 1200

K, [147 052 022 ol

Given that K, = 0.52 at 1000 K, let us assume that we begin with r, moles of Na and no moles of
the dimer. Then at equilibrium we will have n, — 2§ moles of Na and § moles of the dimer, so that
for a total pressure of 1 bar,

P = n, — 2%

Na —

P= 1_25/%1’
?’ID—E 1—‘5::/”0
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and

P — 3 P §/n,
Ny ng—€ 1—£/n,

P, &m0 —8/n)
POOBL T (1 —28/n)P
0521 — 2x) = x — x*

where x = & /n,. Solving for x gives x = 0.21 or x = 0.78, but x < 0.50, so we find that 21% of
the sodium atoms will form dimers at 1000 K.

y=-9.987 +0.9240x

1 I |
9.5 10.5 11.5

10 K/ T

Plotting the experimental values, we find that In K, = —9.987 + (9240 K)/T. Therefore,
A H° = —R(9240K) = —76.8 kJ-mol™".

26-36. Using the data in Table 18.2, calculate K, at 2000 K for the reaction described by the equation
CO,(g) = CO(g) + 1 O,(g)

The experimental value is 1.3 x 1077,

We can use Equation 18.39 to express the partition functions of G, and CO, and Equation 18.57 to
express the partition function of CG,. At 2000 K,

Goo _ [20METT? T 1
n? o® 1~ e /"

B [2n(0.02801 kg-mol™')(8.3145 J-mol ™ -K™")(2000 K)T/2

eDolkaT

o2 =
(6.022 x 10” mol™)?(6.626 x 107" J.5)*
2000 K 1
XITTR 1 = oo
=227 x 10% m™
9, [merBT]m T I
h? @ 1 — e O/T

TOL

1072000/ (8 3145) (2000)

3ePo/ kT

14

(6.022 x 10% mol™)%(6.626 x 107 J.5)*
8 2000 K 1
2(2.07 K) 1 . e—ZZSG/ZUOO
=523 x 10" m™®

B [zn(omzoo kg-mol™")(8.3145 F-mol~!-K~1)(2000 K) ]3/ 2

36494100/(3.3145) (2000)

Chemical Equilibrium

9o [ZanBT]m T |4 o 7
2 {l1—e i g )_1 Do/RaT
v B2 o0 _, 11]

27(0.04401 kg-mol )(8.3145 F-mol - K)(2000 K) 1**
[ (6.022 x 107 mol™)2(6.626 x 107 J.5)* ]
2000 K '
- *20561K)
=5.88 x 10” m™

(1— e—sasajzmo)—l (- e—954/2{>00)-2 (1— emlsgojzooo)q £ 199610°/(8.3145)2000)

We can now use Equation 26.39 to write {as we did in Section 268 for the reaction involving H,O)
RT ]”2 (Q'CO/V)(QOZ/V)”2

N, (10° Pa) Gco,/ V)

B [(8.3145 J-mol™ . K1) (2000 K):I”2 (2.27 x 10 m)(5.23 x 10% m=)12

L 6.022 x 107 mol™)(10° Pa) 588 x 107 m?
=146 x 107

K,(T) = [

26-37. Using the data in Tables 18.2 and 18.4, calculate the equilibrium constant for the water gas

reaction

CO,(g) + H,(g) = CO(g) + H,0(g)

at 900 K and 1200 K. The experimental values at these two temperatures are 0.43 and 1.37,
respectively.

We have expressed the partition functions for CO, and CO in Problem 26-36, and those for H, and
H,O in Section 26-8. At a temperature 7, these partition functions are

- 3/2 4
qCO2 _ ZJTM;(.BT] T I:l—[(l __ ee‘ih‘j/T)I:| PUNIN
v h o0 =1

(1 . 8_33601(/7')_]

"2 (0.04401 kg-mol=)(8.3145 T mol - K)T1"* T
(6.022 x 107 mol™)%(6.626 x 1073 I.5)? 2(0.561 K)
X(l _ 67954[(/7)“2(1 _ 8_1890K/T)_]€1596>C103 K/8.3145T

T, [2xMk, 777 T 1 -

v | R a® 1— e Ol T |
_ [27(2.016 x 10~ kg-mol)(8.3145 J-mol - K™HT oo 1 0K 8457

(6.022 x 107 mol™)?(6.626 x 107 J.5)* 2853 K) 1 — 0157

oo _ [27ME,TT" T 1 DyikyT

deo _ oD

14 | h2 Cr@rot 1— eievih/T
_ [27(0.02801 kg-mol )(8.3145T-mol” KT T [

(6.022 x 107 mol™)2(6.626 x 107 I.5)? 277K 1 — 103K

- 1/2
Do [2aMk, T 2 T ﬁ 1 DT
= — | ne— —_—= § &
v hz (o2 2] e E)rot,C 1— e_evlh.f/T

L 1ot A ot B J=1
_ [27(0.01801 kg-mol™)(8.3145 - mol - K™)T " 73 ]1’2
T (6.022 % 107 mol™)2(6.626 x 107 I.5)? 2 | (40.1 K)(20.9 K)(13.4 K)

X(1 _ 6_5360 K/T)—I(l _ 6_5160 K/T)—l(l o e—2290 ]{/T)—IBS)]'IIS{)O K/8.3845T

847
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Using Equation 26.39, we can write K, in terms of the partition functions:

_ (qlizo/v)(qu/ V)
P oo,/ V) /V)

Below are tabulated values for each partition function and X, at 900 K and 1200 K.

900 K 1200 K

dep/V/m™ 1.38 x 107 3.22 x 10'%
2

g, /V/m? 917 x 10  1.02 x 10”
2

deo/ V/m™®  415x 107 2.49 x 10%
Gy o/V/m>  172x10%  2.18 x 107

K 0.56 1.66

P

26~-38. Using the data in Tables 18.2 and 18.4, calculate the equilibrium constant for the reaction
3H,(g2) + N,(g) = 2NH;(g)

at 700 K. The accepted value is 875 % 1075 (see Table 26.4).

We have expressed the partition function of H, in Problem 26-37, and we can use Equation 18.39
to express the partition function of N, and Equation 18.60 to express that of NH,. At 700 K, these
partition functions are

9, [2wMk,T T 1 Dy/kyT
v h? o4 ¢

1% O 1 e O

rot

_ [27(2.016 x 107 kg-mol™*)(8.3145 I-mol ™' -K™)(700 K)]m
B (6.022 x 107 mol™)*(6.626 x 107 I.5)?

y O K 1 £ 431800/(8.3145)(700)
2(85.3K) | — ¢~ R0

=715 x 108 m~?
A, |:2anBT:|3/2 T L oy
LR 08  1—e Ol
272(0.02802 kg-mol)(8.3145 J-mol™ - K ) (700 K) T
- [ (6.022 % 10% mol™)?(6.626 x 107 J.5)* ]
% 700 K 1 6941200/(8.3145)(700)
2(2.88K) | — ¢ 310
= 1.08 x 10 m~

q kT 212 T3 a:
v h c \O® ©® 0 1

oL, A ~rot,B T rot,C

(6.022 x 107 mol™)2(6.626 x 107 J.5)* 3 [ (13.6 K)*(8.92K)
(1 — @~HO0TO0N 1 (] —I07I00N =1 ([ _ o 48R0/T00Y 21 __ 23307700} -2, LISROBO/(8.3145)700)

_ [27:(0.03104kg—mol“l)(8.3145 J-mol~'-K~")(700 K):Im wi [ (700 K)’? ]"2

=213 x 10" m™
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Using Equations 26.39 and 26.17, we can express K, as

kBT ? (qr~11{3/v)2
10° Pa) (an,/V)(gy /VY
[kB (700 K)]2 (2.13 x 102! m~)?
10° Pa (1.08 x 10" m™%)(7.15 x 10 m™)*
=123x10%=123x10"°

KP(T)=(

The discrepancy between the calculated value and the experimental value (about 40%) is due to the
use of the rigid rotator-harmonic oscillator approximation.

26--39. Calculate the equilibrium constant X, for the reaction

L{g) = 21(g)

using the data in Table 18.2 and the fact that the degeneracy of the ground electronic state of an
iodine atom is 4 and that the degeneracy of the first excited electronic state is 2 and that its energy
is 7580 em™'. The experimental values of X p are

T/K | 300 900 1000 1160 1200

K, |3.05x10° 394x 10 308x107 166x 10~ 6.79 x 10-2

PlotIn K against 1/T to determine the value of A H°. The experimental value is 153.8 kJ-mol ™.

The degeneracy of the ground electronic state of an iodine atom is 4. The first excited state is
90.677 kJ-mol ™" above that and its degeneracy is 2, so (using Equations 18.13 and 18.39)

r 372
p=[T] e

[2:(0.1269 kg-mol')(8.3145 J-mol™L. KT 1 80677 K/6.3145T
= FEPNPRE Y 7 (4+2e e
| (6.022 x 107 mol™)?(6.626 x 107 J.5)

9, [2xMk,TT? T 1
v n* o0 1—e T

- rat

P/ T

148800 K/8.3145T

_ [27(0.2538 kg:mol )(8.3145T-mol " KHTT* T 1
(6.022 x 10” mol™)?(6.626 x 107 J.5)? 2(0.0537K) 1 — e KT

Using Equations 26.39 and 26.17, we can write X, as
K = ( key T ) (q/ V)
’ 10° Pa/ (g, /V)

The calculated values of K, using the partition functions above are

T/K| 300 900 1000 1100 1200

K, [3.14x 107 408x 10 319x10° 1.72x 107 7.07 x 1072
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Plotting the calculated values, we find that In K, = 12.785 — (18498 K)/T. Therefore, AH =
—R(—184%8 K) = 154.0 kJ-mol~.,

26-40. Consider the reaction given by

H,(2) + D,(g) == 2HD(g)
Using the Born-Oppenheimer approximaiion and the molecular parameters in Table 18.2, show that
K(T) = 4247787

Compare your predictions using this equation to the data in the JANAF tables.

We have an expression for K, from Equation 26.39:

YA
*T @/ V) V)

The relevant partition functions are (Equation 18.39)

r 13/2 My g
LT —0.2/27
u, 2ﬁmﬁz B T e eDf?/RT
= 2 i i,
| h | 29“;‘; 1 — g"evib/T
i 132 —e 2T
o, |27k T T = e
= i)
Voo B | 2001 -eear
B n3/2 -eftar
Gup _ 2rmpk, T T ew D /RT
v |7 m | e _gemr

Substituting into K, gives

~3/2 -3/2
. _(zﬂmkaT)s/z 2mmy ey T\ ™" [ 20my, bey T ( T )2 40"

P hZ hz hZ @fllt) TZ
—2@MP j31
e vib Hy o™ _@fD uo_ P2 _ M
X (1 = "%/ TY (1 — 7O/ T} (1 — g™ /T)~2p@Pe " —Dc "D ")/ RT
e @/ g=0 /2T
3/2 o .D n, b,
2 @ T _ e lT
_ mHD 4®r02t®m% (1 — & v )(1 € o ) e_(zgtifg_@:%_aaﬁ)/zr
- : HD+ 2 g
e o, (O (1—e ®a/Ty
@ 2DI° =D, ;%) jRT _ M)
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Under the Born-Oppenheimer approximation, D'° = DY = DeH’, so the last exponential term
becomes 1. Also, k and R, are the same for HD, H,, and D,. Then, since v = (k/u)"?/27 and
I = uR?, we can write ©  and ©_ as '

1/2 2 2
_h R T P - 7

-1 -1
vih T ra Moo
* Ok, 2k, ‘O 2k, 2R%,

Recall that p,, = (m,my)/(m, +m,). Applying this formula, we find that Hy = 0.5 amu,
My, = 2/3 amu, and fp, = ! amu. We can now write

4050, _ Ay i, . 4Q/3amu)? 32
(ol B i T (0.S5amu)(lamu) 9
We can also express @ﬁf and @?ii in terms of @:,{if,:
O _ ()" (12)" 4
x}r[if: s S \2/3 )
V3 _u
O = ~ O
1/2
0% _ (*n _(2)‘”_£
O\, 1 2
2
o= YZet

Then
201 — @ — 0 = (3¥2 - 1-27) ol = 1550K
where @:Iif, = 6332 K. Substituting into Equation 1, we find

y

K= 2 3/2 32 (1 — 679“",”“)(1 o 8_63%’/?‘) —TLITE/T
- g Hé_ (1 _ e—@gE/T}Z €

— 4-246777.7 K/T

where we have neglected factors such as 1 — e™®=/7, since they do not contribute significantly to

K for T < 1000 K. The table below compares calculated values of X with values from the JANAF
tables.

T/K K,(calc) K,(JANAF)

200 2.88 2.90
400 3.49 3.48
600 3.73 3.72
800 3.85 3.84
1000 3.92 3.91

26-41. Using the harmonic oscillator-rigid rotator approximation, show that

2 _gHBr
K(T) = (mHsz‘z )3/ JéB’ (QE?I ’ (1 — e™®m /Ty 3(0:1 +D, 22D /RT
- 2 Br, _H _ Br,
HBr %4, %;, OLek: (1 — e ®a/TY(1 — ¢~ /Ty
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R®vib ] ’
H(T)— Hy =4RT + ) ——2— (26.49b)
~ g
4

S/ T _ 1

for the reaction described by

2HBr(g) = Hz(g) + Brz(g) ;
- 'We use Table 18.4 for the appropriate values of 8, ; to produce the graph below. The data points

Using the values of @, ® ., and D, given in Table 18.2, calculate K at 500 K, 1000 K, 1500 K,

b are from the JANAF tables, and the line is the function represented by Equation 26.49b.
and 2000 K. Plot In K against 1/T and determine the value of A H®.
400 —
‘We have an expression for X, from Equation 26.39: '_O
= L
(Gq,/ V), / V) : 300
P 2
(Fye,/ V) =
HB o 200
The relevant partition functions are A
-
- 32 ST 100
T, _ 2y ks T T I (DU R
1% i h? o @E,i 1 e_@:i/f __
- 3/2 0
For, _ 2y, ko I 1 oo 2RT
- T B
v Oy Ot | — e BT .
- ” ! This is a very good fit to the JANAF data.
Type _ | 2y kp T T 1 DIBr/RT
2 A R = S

o K 26—43. Use the JANAF tables to calculate X, at 1000 K for the reaction described by
so we write K, as

m, m 3/2 2 HBry2 @iBrir.g
[ © 1 — %o H Br. i
K(T) = ( sz Brl) ( HE ) |: (O :| ( ) o Dy +Dy 2D RT

Br. H. Br.
Miipy %%, ) | O20m | (1 — ®TY(1 = £%/T)

Tot

Using the values from Table 18.2, we find that
T/K | 500 1000 1500 2000

K, |8.96 x 1077 120x107° 6.63x107° 4.97 x 10~

We can use these values to create a graph of In X, vs. 1/ T and curve-fit the points linearly to obtain
the equation In X, = —1.70367 — (11876 K)/T.

A,

| | ]
5 10 15 20

10* K/ 7T

Therefore, A H° = —~R(—11876 K) = 98.8kJ -mol ™" for the reaction (compared to an experimental
value of 106.0 kJ-mol™).

26-42. Use Equation 26.49b to calculate H°(T') — Hj for NH,(g) from 300 K to 6000 K and compare
your values to those given in Table 26.4 by plotting them on the same graph.

H,(g) + L(g) = 2HI(g)

Compare your results to the value given in Table 26.2.

The JANAF tables give log K, = 0.732 for HI(g) at 1000 K. The equation given represents the
formation of two moles of HI(g) from its consituent elements, and so log K = 2log K = 1464
and In K = 3.37. The value of In X in Table 26.2 is 3.55.

26—44. Use the JANAF tables to plot In K, versus 1/7 from 900 K to 1200 K for the reaction described

by
2 Na(g) = Na,(g)

and compare your results to those obtained in Problem 26-35.

We can use Equation 26-11 to find X, from the values given in the JANAF tables. From the JANAF
tables,

T/K 900 1000 1100

AL G [Nay(g)l/k] mol™  43.601 34.740 26.068
A G°[Na(g)l/kI-mol™"  43.601 34.740 26.068
AG°/kT-mol™ —1.819 6248 14.338

K, (JANAF) 1.28 0.472 0.208

compared to K (900 K) = 1.47, K,(1000 K) = 0.52, and K,(1100 K) = 0.22 from Problem
26-35.
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2645, In Problem 26-36 we calculated X, for the decomposition of CO,(g) to CO(g) and O,(g)
at 2000 K. Use the JANAF tables to calculate X, and compare your result to the one that you
obtained in Problem 26--36.

1
CO,(g) = CO(g) + 3 0,{g)

From the JANAF tables,
Cog O, CO
AG°/kI-mol™ —286.034 0 —396.333

These values give a A G° == 110.299kJ .mol™", and (Equation 26.11)

K, =29 =132x107°

compared to K, = 1.46 x 10 from Problem 26-36.

26-46. You calculated X, at 700 K for the ammonia synthesis reaction in Problem 26-38. Use
the data in Table 26.4 to calculate X, and compare your result to the one that you obtained in
Problem 26-38.

3H,(g) + N,(g) = 2NH,(g)

From the JANAF tables, we know that at 700 K A, G°[NH, (g}] = 27.190kJ -mol™!. Therefore, for
the reaction above, A G° = 2(27.190kJ mol ") = 54.380 kJ-mol~!, and (Equation 26.11)

K, = &R =875 % 107

P

compared to X, = 12.3 x 10~* from Problem 26-38.

26-47. The JANAF tables give the following data for I(g) at one bar:
T/K | 800 900 1000 1100 1200

AfG°/kJ-m01“l|34.580 29.039 24.03% 18.741 13.428

Calculate X, for the reaction described by
Lg)=21(g)

and compare your results to the values given in Problem 26-39.

The energy of the reaction above will be twice the energy of formation of iodine, or A G° =
2A.G°[I{g)]. Then, using Equation 26.11, we can calculate K, at each temperature above:

T/K | 800 900 1000 1100 1200

K, (JANAF) [3.05 x 107 426 x107* 3.08x 107 1.66 x 107> 6.78 x 107>
K,(calc) |3.14 x 107 408 x 10 3.19x107° 1.72x 107 7.07 x 107

where we calculated the values of K, in Problem 26-39.

Chemical Equilibrium

26-48. Use Equation 18.60 to calculate the value of ¢g°(V, T)/ V given in the text (page 1076) for
NH,(g) at 500 K.

We can write Equation 18.60 in terms of D as

I MET 372 1/2 T3 172 [
7T B " -0, J./T —1 Dk, T
g(V) = (—h2 ) V—- 5 0 6 _ 5 I I(l—e 6/ 0y ] g Dol

1ot A "~ rot,B i=1

We can ignore the last exponential term when we look at g°, since ¢° is the energy relative to the
ground-state energy. For NH, (g), this becomes

q _ [2n(0.01709 kg-mol™!)(8.3145 J-mol ™" K ) (500 K) T =72 (500K 17
% (6.022 x 107 mol™)2(6.626 x 107 J.5)? 3 [ (13.6 K)%(8.92 K)]
X(] _ 8—48/5)—1(1 _ 6;136/‘50)~1(1 . 6—433/50)—2(1 _ 67233[50)72

=2.59 % 10¥ m™?

26-49. The JANAF tables give the following data for Ar(g) at 298.15 X and one bar:

G"— H°(298.15K) _
- T = 154.845J-mol . K™

and
H°(0K) — H°(298.15K) = —6.197 kF-mol™!

Use these data to calculate ¢°(V, T)/V and compare your result to what you obtain using
Equation 18.13.

Use Equation 26.524 to find the exponential term in Equation 26.52a:
(G°—Hj)  [G°— H°(29.15K)] N [H° — H°(298.15 K}]

T B T T
6197 J-mol ™!

298.15K

= 154,845 J.mol ' K —
= 134.06 J-mol 1. K

Now substitute into Equation 26.52a:
¢V, Ty N, P°
Vv RT
_ (6.022 x 10 mol™")(10° Pa)
T (83145 - mol .- K")(298.15 K)
=2443 % 10%m?

oG —H})/RT

134.06/8.3145

Using Equation 18.13 and looking at ¢° as we did in Section 23—3, we find that
¢ (2w Mk, T\
v n?
B [Zn(0.039948 kg-mol™)(8.3145 J-mol~' - K)(298.15 K) ]3”

(6.022 x 10% mol")?(6.626 x 107 J.5)*
=2.443 x 10? m™>
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26-50. Use the JANAF tables to calculate g°(V, T)/V for CO,(g) at 500 K and one bar and compare
your result to what you obtain using Equation 18.57 (with the ground state energy taken to be zero).

Using Equation 26.52b,

(G° — HY) o —9364T-mol”
_ T ) 518990 . mol LK 4 e PO
mo T SwK

= 199.562 J-mol~!. K~
Now substitute into Equation 26.524:
VT _ NP orymr
v RT
(6.022 x 102 mol™)(10° Pa) 405 53145
19956275,

= (83145 T-mol K 1)(298.15 K)
=384 x 10 m™

Using Equation 18.57 and looking at ¢° as we did in Section 235, we find that

g_“z MR, T\ ¢ T ﬁ(l—e_e"“’-fﬂ)_l
14 R’ o0, il

_ [27(0.04400 kg-mol~!)(8.3145 J-mol ' - K™)(500 K) ]3/2 500 K
a (6.022 x 107 mol D*(6.626 x 107 I-5)* 2(0.561 K)
x(l . 6336/500)_1(1 . 6—954/500)72(1 _ e“]SQ/SUD)fl

=3.86 x 10¥ m~>

26-51. Use the JANAF tables to calculate ¢g°(V, T)/V for CH,(g) at 1000 K and one bar and compare
your result to what you obtain using Equation 18.60 (with the ground state energy taken to be zero).

Using Equation 26.52b,

(G°—H) oy —10024T-mol !
— T = 209.370 J-mol ™ K™+ ——

= 199.35J-mol~!. K™

Now substitute into Equation 26.52a:

qﬂ(Vs T) _ NAPOe—(G“—Hg)/RT
4 RT
_(6.022 x 10 mol™)(10° Pa) 1993578 315
"~ (8.3145J.mol - K 1)(298.15K)

=187 %10 m™

Chemical Equilibrium
Using Equation 18.60 and looking at g° as we did in Section 23-5, we find that

1/2
q_o = —.———mmankBT * i/z [ T3 ﬁ(l _ e--@w.b ,,-/T)—l
|4 hz 4 @ @ ®rnt,C J=1

rot,A " rot,B

27(0.01604 kg-mol™")(8.3145 F-mol™-K1)(1000 K) 1> =\
- { (6.022 x 10% mol™)(6.626 x 107 J.5)? ] 3
(1000 K)*
[(7.54 K)*
=191 x 10¥ m™

172
} (1 _ 6—417/100)71(1 _ 6—218/1(}0)——2(1 _ 6—432/100)73(1 _ 6—187/100)—3

26-52. Use the JANAF tables to calculate g*(V, T)/ V for H,0(g) at 1500 K and one bar and compare
your result to what you obtain using Equation 26.45. Why do you think there is some discrepancy?

Using Equation 26.525b,

(G -H)) —9904 J-mol

=218.520T-mol™ K ' +
1500 K
=211.9F - mol™-K!
Now substitute into Equation 26.52a:
°(V,T) . NP
v~ RT ¢
_(6.022 x 10% mol™"}(10° Pa)
©(8.3145T-mol™1. K™1)(298.15K)
= 5.66 x 10¥ m™*

—(G*~H)/RT

211.9/8.3145

Using Equation 18.60 and looking at ¢° as we did in Section 235, we find that

172
q_o = M v ﬁ L 11[{1 o e—@vih,j/T)—l
v K o \0..0. 0.

rot,A "~ rot,B i=1

(6.022 x 107 mol™)2%(6.626 x 107 J.g)? 3
(1500 K)*

[(40.1 K)(20.9K)(13.4 K)
=5.51 x 10¥ m™

3 [271(0.018015 kg mol™)(8.3145 J-mol ™ K ) (1500 K) }3’2 !

1/2
:| {1 _ 8—536/150)—1(1 _ €_516/150)_1(1 _ €~229/150)71

The small discrepancy between these two results is probably due to the use of the harmonic-oscillator
approximation in obtaining Equation 18.60.

26-53. The JANAF tables give the following data:

| H® C@ Hg)
A H(0K)/kT-mol™ | 216,035 119.621 —92.127
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Use these data to calculate D for HCI(g) and compare your value to the one in Table 18.2.

A_H°/KY-mol ™!

1, (g) = H(g) 216.035 (1)
1CL,(g) = Cl(g) 119.621 (2
1H,(g) + }CL() = HCI(Y) —92127 (%)

We can obtain the reaction HCl(g) == H(g) + Cl(g} by subtracting Equation 3 from the sum of
Equations 1 and 2, to find ‘

D, = A H° = (216.035+ 119.621 + 92.127) kI mol™ = 427.8 kJ-mol™

compared (o a value of 427.8 kJ-mol™" in Table 18.2.

26-54. The JANAF tables give the foilowing data:
| C&y H CH@
A (0 K)/kI-mol™ l 711.19 216.035 —66.911

Use these data to calculate D, for CH,(g) and compare your value to the one in Table 18.4.

A_H° /kJ-mol™

C(s) = C(g) 71119 (1)
1H,(g) = H(g) 216.035 (2)
C(s) + 2H,(g) = CH,(g) —66.911  (3)

We can obtain the reaction CH, (g) == 4H(g) -+ C(g) by subtracting Equation 3 from the sum of
Equations 1 and four times Equation 2, to find

D,=AH°=[66911+711.19+ 4(216.035)] kF-mol ™! = 1642 kJ-mol™

compared to a value of 1642 kJ-mol™" from Table 18.4.

26-55. Use the JANAF tables to calculate D, for CO,(g) and compare your result to the one given in
Table 18.4.

A H°/KT-mol™!

C(s) = C(g) 711.19 (1)
10,(g) = 0(g) 246,790 (2)
C(s) + O,(g) = CO,(g) -393.115  (3)

We can obtain the reaction CO,(g) == 20(g) + C(g) by subtracting Equation 3 from the sum of
Equations 1 and two times Equation 2, to find

Dy =AH>=[393.115+711.19 + 2(246.790)} kJ-mol™! = 1598 kJ-mol™’

compared to a value of 1596 kJ-mol™ in Table 18.4.

7 ' i

Chemical Equilibrium 850

26-56. A determination of X' (see Example 26-11} requires a knowledge of the fugacity of each gas
in the equilibrium mixture. These data are not usually available, but a useful approximation is to
take the fugacity coefficient of a gaseous constituent of a mixture to be equal to the value for the
pure gas at the total pressure of the mixture. Using this approximation, we can use Figure 22.11 to
determine y for each gas and then calculate K. In this problem we shall apply this approximation
to the data in Table 26.5. First use Figure 22. 11 to estimate that Va, = 1.05, W, = 1.05, and that
Y. = (.95 at a total pressure of 100 bar and a temperature of 450°C. In this case K, =0.86,in
falriy good agreement with the value given in Example 26-11. Now calculate K, at 600 bar and
compare your result with the value given in Example 26-11.

First, we must find the reduced temperatures and reduced pressures of each species at a pressure of
100 bar and a temperature of 450°C (we can use Table 16.5 for critical values):

100 bar 723K
100 bar 723K
= =779 T = — =122.
B = 2 538 bar R = 5 ossg = 220
PoNH) = — 0% _ 0898 T(NH) = — K _ g
¥ = 11130 bar NH, 405.30K

Using Figure 22.11, it looks as if Vi, = 1.05, Y, = 1.05, and Vg, = 0.95. At 600 bar, F (N,) =
17.6, P,(H,) = 46.7, andP(NH)_54 SO ¥y = 1.3, W, =13, andym{ =-0.9. Then

YNu

K = ——-=053

v 372 372

H, 7N,

as compared to the value in Example 26-11 of 0.496. This is within the margin of error created by
estimating the values of y from Figure 22.11.

26-57. Recall from generai chemistry that Le Chételier’s principle says that pressure has no effect on
a gaseous equilibrium system such as

CO(g) + H,0(g) = H,(g) + CO,(g)

in which the total number of moles of reactants is equal to the total number of moles of product in
the chemical equation. The thermodynamic equilibrium constant in this case is

_ fCOZsz _ Yeo, M, Feg P

T feoh wo Yoo VHZO co P H,0

=K K,
If the four gases behaved ideally, then pressure would have no effect on the position of equilibrium.
However, because of deviations from ideal behavior, a shift in the equilibrium composition will
occur when the pressure is changed. To see this, use the approximation introduced in Problem 26-56
to estimate K, at 900 K and 500 bar. Note that X', under these conditions is greater than K atone
bar, where K, ~ 1 (ideal behavior). Consequently, argue that an increase in pressure causes the
equilibrium to shift to the left in this case.
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where P is the total pressure. Given the following “dissociation pressure” of HgO(s,red) at various
temperatures, plot In X, versus 1/7.
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At900 K and 500 bar,

P, (CO) = 3—:% = T (CO) = 1—39-3% = 6.77

P(H,0) = %% =227  T(H,0)= ”é;% =139

P(H,) = T% = T (H,) = 3—29%%{ =273

P(CO,) = 7—;%%% = T(CO,) = %%{ =12.96

and s0 y., ~ 1.3, Yo =2 (.8, Vi, 72 1.15, and Yeo, 7z 1.1. Then

. Yoo,Yu, i1

, =
Y,0Yco

Since K. must remain constant, K, at 500 bar must be smaller than X, at one bar and so the
equilibrivm will shift to the left.

26-58. Calculate the activity of H,O(l) as a function of pressure from one bar to 100 bar at 20.0°C.
Take the density of H,O(1) to be 0.9982 g-mL~! and assume that it is incompressible.

Use Equation 26.69,

14
=—(P -1
Ina RT( )

1 %1072 dm®\ /18.015¢ 1 ](P_ N
—\ T 09982¢g 1 mol (0.083145 dm’® -bar-mol™'-K™")(293.15 K)

= (7.40 % 10~* bar "} P — 1)

Below are some values of In @ and a at representative temperatures through the range 1 to 100 bar.

P /bar na a

1 0 1.00
10 6.67x 107 1.01
50 3.63x107% 1.04
100 733 x 1072 1.08

26-59. Consider the dissociation of HgO(s,red) to Hg(g) and O, (g) according to
HgO(s, red) = Hg(g) + ; 0,(8)

If we start with only HgO(s,red), then assuming ideal behavior, show that

2

Kp — '@Pﬂﬂ

t/°C  Pjatm £/°C  Pjatm
360 0.1185 430  0.6550
370 0.1422 440  0.8450
380 0.1858 450 1.067
390 0.2370 460 1.339
400 0.3040 470 1.674
410 0.3990 480 2.081
420 0.5065

An excellent curve fit to the plot of In K, against 1/7T is given by
40222 x 10°K 29839 x 10°K*  7.0527 x 10¥ K®
T T’ * T
630K <« T <« 750K

MK, =—172.94+

Use this expression to determine A _H° as a function of temperature in the interval 630K < T <«
750 K. Given that

829931 K 127962 K*
TZ

C3 {0, (g)l/R = 4.8519 —
Cp[Hg(g))/R =2.500
C3{HgO(s, red)]/ R = 5.2995

in the interval 298 K < T « 750 K, calculate A _H°®, ArS°, and AIG° at 298 K.

We can write K p in terms of the partial pressures of mercury and oxygen (assuming an activity of

unity for the solid):
1/2 2rp 2
K 142
P PO: Py = (mP) (3/2) e P

Below is a plot of the experimental values of In K, against 1/T.

10" K/ T

We can now use the equation given in the problem for In K, in Equation 26.29 to find A _H*:

dlnK,  4.0222 x 10°K 59678 x 10° K> 21158 x 10" K’

dar T? - T T*
N RTZdanP
e dTr

59678 x 1P K* 21158 x 10° &3
T T2

AH =R (—4.022 x 10° K +
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Likewise, we can use Equation 26.11 to find A G

AG®=—-RTIK,

29839 x 10° K> 7.052 10 -3
mR(172.94T—4.0222x1051<+ 9839 X _ 1.0527x 10 K)

T fi
We can also find an empirical expression for A_5° using the equation
AH —AG
A SD — I I
! T

The expression for In X, used in the above equalitics holds for temperatures ranging from 630 K
to 750 K. To find the values of A H°, A G°, and A_S° at 298 K, we can use the equation

700 K

A H°(298K) = A H(700K) — f ACL(NdT (19.57)

298 K

and the similar equation

T K AC;(T)
A §°(298K) = A S°(7T00K) — ——dT

298 K T
Substituting into the high-temperature expressions for A G° and A H° at 700 K, we find
that A G*(700 K) = 9.78 kJ-mol’, A _H°(700 K) = 154.0 kJ-mol™!, and A_S°(700 K) =
206.1 T-mol 'K, Then
A_S°(298 K) =206.1J-mol - X!
TOKT1 748919  829931K  127962K%\ 2500 5.2995
—R - - + = dT

wsk L2 T T? T? T T
= 206.1J-mol™’-K™!
700 K 0.353355 414966 K 63931 K%\ .
—R - — 5 — > dar
298 K T T T

=206.1J-mol™ K™ + 11.6 J-mol™- K" = 217.7J-mol " . K
A H°(298K) = 154.0 kJ-mol ™

700 K 2

1 820931 K 127962 K

—Rf [— (4.8919f~ - 5 ) +2.500—5.2995] a7
298 K T T

700 K

= 154.0kI-mol™! — R f

208 K

= 154.0 kI-mel™ + 5.15 kJ-mol™! = 159.2 kJ-mol™!
A G°(298 K) = A_H°(298 K) — (298 K)A S°(298 K)

= 159.2kJ-mol™! — (298 K)(217.7 J-mol"-K ")

=943 kT -mol™!

414966 K 2
(——0,35355 - _S3BIK ) dT

TZ

26-60. Consider the dissociation of Ag,0(s) to Ag(s) and O,(g) according to

1
Ag,0(s) == 2 Ag(s) + 3 0,(

Chemical Equilibrium

Given the following “dissociation pressure” data;

t/°C |173 178 183 188

Pftor | 422 509 605 717
Express K, in terms of P (in torr) and plot In K, versus 1/T. An excelllent curve fit to these data
is given by
56127K  2.0953 x 10° X2
- =
Use this expression to derive an equation for A H® from 445 K < T < 460 K. Now use the
following heat capacity data:

K, =0.9692 +

ColO(@)/R=327T+(53.03 x 107* KT

ColAg(s)]/R =282+ (755 x 107 K™HT

CilAg,0(s)I/R = 6.98 + (448 x 10" K T
to calculate A H?, A 5°, and A G° at 298 K.

We can write K, in terms of the partial pressure of oxygen (assuming an activity of unity for the
solids);

— pi?2 _ pip
K,=P) =rV
Below is a plot of the experimental In K, versus 1/7 for this reaction.

0,

-0.1 - ®

In K,
T

—02t .

-0.3 | | ]
21.9 22.1 22.3

10* X/ T

We can now use the equation given in the problem for In X', in Equation 26.29 to find A_H® and in
Equation 26.11 to find A G” (as in the previous problem): :

dinkK,  5612.7K  4.1906 x 10° K?

a7 T T
,dInk,
AH° = RT
. a7

4.1906 x 10° X*
AH =R|-5612TK4+ ————

T
AG°=—RT K,

2. 10° K*
—R (_0.96921" 56127K + %)

A H°—AG?
AS(J: I i

' T

|
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The expression for In K, used in the above equalities holds for temperatures ranging from 445 K
to 460 K. To find the values of A H®, A G®, and A_S° at 298 K, we can use the equation

450 K

A H*(298 K) = A H(450K) — ] ACH(TYdT (19.57)
_ 208 K

and the similar equation

450 K ACO T
A,5°(298 K) = A 5°(450 K) — f AGM 4p

208 X T
Substituting into the high-temperature expressions for A §° and A _H® at 450 K, we find that
A S°(450 K) = 94.09 J-mol ' K" and A H°(450K) = 30.76 kJ-mol~". Then

BOKM] (327
A,S°(298 K} = 94.09 J-mol " -K™" — Rf [— (—T +5.03 x 107 K-l)

298 X 2

6.98
+2 (% +7.55 % 107t K‘l) — (T +4.48 x 1073 K‘l)] dT

450 K 0295

=94.09T-mol . K! — R/ (— +1.31x 1073 K‘1> dT
298 K

=94.097-mol " K1 +242J mol™ - K ! =96.51 J-mol - K™

450 K

A _H°(298 K) = 30.76 kJ-mol™" — R f

298 K

2[2.82+ (7.55 x 107* K )T] — [6.98 4 (448 x 107 K™)T|}dT

gl [3.27+ (5.03 x 107 K™)T}

450 K

= 30.76 kI-mol™ — R jf [0.295+ (131 x 107 K™H)T | 4T
208 K

= 3076 kJ-mol™" + 0.912 kJ-mol™" = 31.67 kJ-mol™’

AG°(298K) = A H°(298K) — (298 K)A $°(298 K)
=31.67kJ-mol™ — (298 K)(96.51 J-mol*-K™")
=2.910kJ-mol™*

26-61. Calcium carbonate occurs as two crystaltine forms, calcite and aragonite. The value of A G°
for the transition

CaCO,(calcite) == CaCO, {aragonite)

is 4+1.04 kJ-mol " at 25°C. The density of calcite at 25°C is 2.710 g-cm™ and that of aragonite is
2.930 g-cm . At what pressure will these two forms of CaCO, be at equilbrium at 25°C.

The molar volume of aragonite is

1 x 107 dm* /10009 g
2.930¢g 1 mol

) = 0.0342 dm* - mol™!

and the molar volume of calcite is

1% 107 dm® £100.09 g
2710 g

= 0.0369 dm® mol™"
1mol /-

Chemical Equilibrium

We can use Equation 26.65 for A ° and Equation 26.69 to express the logarithmic terms. Note
that when the forms are in equilibrivm, the pressures will be equal.

aa.ra onite
A,G° = —RT In K, = —RT In i

acalcir.e

(0.0342dm* mol™ )P — 1)  (0.0369 dm*-mol )(P — 1)
RT RT
— (0.0027 dm®-mol™)(P — 1)

1040 J-mol™! = —RT [

Solving this equation for P gives

p_q_ (10403 -mol” 0.083145 dm’-bar
~ 10.0027 dm*-mol ! 8.3145]
P = 3800 bar

26-62. The decomposition of ammonium carbamate, NH,COONH, takes place according to
NH,COONH, (s) = 2NH,(g) + CO,(g)

Show that if all the NH,(g) and CO,(g) result from the decomposition of ammonium carbamate,
then K, = (4/27) P?, where P is the total pressure at equilibrium.

We can assume that the activity of the ammonium carbamate is unity, which means it makes no
contribution to the equilibrinm constant expression. We can write the number of moles of carbon
dioxide present at equilibrium as £, and the number of moles of ammonia present at equilibrium
as Zé,:eq, for a total of 38, moles. (Since the ammonium carbamate is in solid phase and we have
assumed that its activity is unity, it does not contribute to the total number of moles of gas present.)
Then

24 2 §

1
P =—=P==-r and P =-=P=-P
NHy 3& 3 0, 3E 3

Then
4P (P 4p3
K= ‘PI~2I:-13P<301 =" (_) =

at equilibrium.

26—-63. Calculate the solubility of LiF(aq) in water at 25°C. Compare your result to the one you obtain
by using concentrations instead of activities. Take K = 1.7 x 1077

The equation for the dissolution o,_f LiF(s) is
LiF(s) = Li*(aq) + F (aq)

and the equilibrium-constant expression is

_ 2 _ _ i -3
apap = oo vy =K, =1.7x10
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Chemical Equilibrium 867
or and the equilibrium-constant expression 1s (Problem 26-64)

K

) K
G = v2 4s* = ]/ip (N
Let the solubility of LiF(s) be 5, then ¢+ = ¢p- =5, Therefore, we have Set y, = 1 to obtains = 2.14 x 1 0~* mol-L". This value of 5 gives
5= & (D 1
T2 _ I = 5 [4s + 25 + (1)(0.050 mol-L™") + (1)(0.050 mol-L™") | = 3s + 0.050 mol.L~?

Set y, = 1 and solve Equation 1 for 5 to obtain s = (1.7 x 107)’mol- L' = 0.0412 mol-L™". _ : Because s is much smaller than 0.050 mol-L™", we initially let /. = 0.050 mol-L~". Substituting
Now substitute this result into Equation 26.56 (with I, = 5) to calculate Iny, = —0.198, or ' this value into Equation 26.56 gives y, = 0.651. Substitute this result into Equation 1 to obtain
Yy = 0.820. Substitute this value into Equation 1 to obtain s = 0.0503 mol-L7". The next iteration s =3.28 x 107 mol-L*. Now i =0.0510 mol-L7!, Y, = 0.649, and s = 3.29 x 10~* mol-LL.
gives y, = 0.807, and then s = 0.0511 mol-1.". Once more gives ¥, = 0.806, so the final result - Thus, s = 3.3 x 107" mol-L™" to two significant figures.

is then s = 0.0512 mol-L~". Thus, s = 0.051 mol-L™" to two significant figures.

26-64. Calculate the solubility of CaF,{aq) in a solution that is 0.0150 molar in MgSO,(aq). Take
K,=39x 107" for CaF,(aq).

The equation for the dissclution of CaF,(s) is

CaF,(s) = Ca**(aq) + 2 F~ (ag)
and the equilibrium-constant expression is

cCap,c;Wyj: =K, =39x 1071

Let the solubility of CaF,(s) be s, then Ca’*(aq) = s and F~(aq) = 2s. Therefore, we have

5(25)* =457 = LOS (1
- - .3

+

Set y, = 1to obtains = 2.14 x 107" mol-L". This value of s gives

;]
)

=z 0.000641 mol-L~! + 0.0600 mol-L™' = 06.0606 mol-L™?

[4s + 25 + (4)(0.0150 mol-L™") + (4)(0.0150 mol-L'l)]

Substituting this result into Equation 26.56 gives y, = 0.629. Substitutc this value into Equation 1
to obtain s = 3.40 x 10~ mol-L™!. Now /. = 0.0610 mol-L™', and y, = 0.628. Now use this
result in Equation 1 to get s = 3.40 x 107* mol-L~!. Another iteration gives y, = 0.628 and

s = 3.40 x 107" mol-L™. So, to two significant figures, s = 3.4 x 10~ mol . L71.

26-65. Calculate the solubility of CaF,(ag) in a solution that is 0.050 molar in NaF(aq). Compare your

result to the one you obtain by using concentrations instead of activities. Take K, =3.9 x 107"
for CaF, (aq). '

The equation for the dissolution of CaF,(s) is

CaF,(s) == Ca*"{aq) + 2 F (aq)




