CHEM 402—Physical Cher_nistry
Chapter 7 Homework Solutions
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E7.18() L o _
P AgT@g) +eT — Ag(s) +080V | o o o
L: Agls) +e” — Ags) +1-(aqp - 015V [£ =FEr — Ef =0.9509V

Overall: Ag*(aq) + I"(aq) — Agl(s) v=1.

VFE® 0.9509 V _
Ink = 30]= - ———— __ _ 37017,
B T TRk
K =1.18 x 1016,
1 _
(@ K=__%d0 = - __1 =118 x 101,

AAgt (ag) %1 (aq) - [Ag+] [I_] [Ag+]2

(b) The solubility equilibrium is written as the reverse of the cell reaction. Therefore,

Ks =K' =1/1.18 x 10 = |8.5x10-17|

In the above equation the activity of the solid equals 1 and, since the solution is extremely dilute,
the activity coefficients of dissolved ions also equal 1. Solving for the molar jon concentration gives

[Agfl=[1"1=92x 10~ M. Agl has a solubility equal to| 9.2x 10~9 M |

Solutions to problems

Solutions to numerical problems
P7.2 CHy(g) = C(s) + 2Hy(g)
This reaction is the reverse of the formation reaction.
(a) AG® = —A:G*®
AtG® = AcH® — TA:$°
= —74850Jmol ! — 298K x (-80.67JK~! mol 1)
= ~5.08 x 10* Jmol~!

e .08 x 104 1!
K= A—rRG?n.s] — 208 x10°Jmo = —20.508

© —8314TK I mol-! x 208K

k~[i3107)

h) AH® = —AfH® = 74.85 kJmol ~!

AH® 1 1
o — 2 - - —— 7
In K(50°C) = In K (298 K) (323K 298K)[ 25]

7.4850 x 10* Jmol~!

= —20.508 — ]
83145TK " mol~

K(50°C) =[1.29 x 10-8

) x (—2.597 x 10—4) =_18.170
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(¢) Draw up the equilibrium table

CHa(g) Ha(g)

Amounts (1 —a)n 2on
l—« 20
1+« 1+«

Mole fractions

. l o 20
Partial pressures P

1+a 14+«
(P, /p°)°
K =TTa?.16) = 2P L
l:[a] (e, /p°)

2 2
124 x 107° = 1(_ 312 (1%) ~do?p o 1]

1.24 x 1072
- = . 1 —4
* = 4% 0010 18 1074]

(d) Le Chatelier’s principle provides the answers.

As pressure increases, « decreases, since the more compact state (less moles of gas) is favored at
high pressures. As temperature increases the side of the reaction which can absorb heat is favored.
Since A H*® is positive, that is the right-hand side, hence o increases. This can also be seen from
the results of parts (a) and (b), X increased from 25 °C to 50 °C, implying that « increased.

P7.4 COz(g) = CO(g) + $02(g)

Draw up the following equilibrium table

COy CO [0}
1
Amounts 1—an wn Eom
1—a) o 1/2)x

Mole fractions

1+ @/2)) A+(/2) A+@/2)

(1- a)p- ap ap
1+ (@/2)) QA+ (/2) 20+ («/2))

Partial pressures

)1/2

< o
K = (l_[a]UI)) [716] — (PCO/P ) X (p%/P
I equilibrium (pco,/p®)

@/ @/2) x (@/D)/(+ @) x (p/p%)"?
a (1—0)/(1 + (@/2))

3/2
o
K= [ « 1 at all the specified temperatures]

N
AG® = —RTInK [7.8]
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The calculated values of K and A,G are given in the table below. From any two pairs of K and 7', A H
may be calculated.

H® /1 1
InK, =Inky — A (— - —) [7.25]

R \T, T
Solving for A H®
—6
K> 8.314TK " mol ) x In { L2107
, R (K_l @ ol X g <108
ArH™ = ———~— [Exercise 7.10] =
11 1 1
7, T, 1395K ~ 1498K
=(3.00 x 10° Tmol™!
AS® AH® — AG®
¥ T

The calculated values of A.S® are also given in the table.

T/K 1395 1443 1498
a/1074 144 250 471
K/1076 122 280 723
ArG® /(KT mol ™) 158 153 147

AS®/IK  mol™h) 102 102 102

COMMENT. A;S* is essentially constant over this temperature range but it is much different from its value at
25°C. AH*®, however, is only slightly different.

Question. What are the values of A H® and A.S® at 25°C for this reaction?
P7.6 AG®(H,CO, g) = A,G®(H,CO,1) + AvapGe(HQCO, )]

For H,CO(l) = H,CO(g), K(vap) = :—9

AvpG® = ~RT In K (vap) = —RT In 1% p° =750 Torr

1500 Torr

= (8. -1 -1 K ialttiiteinind
(8.314J K™ "mol™*) x (298K) x In 750 Torr

) = —1.72kIT mol !
Therefore, for the reaction
CO(g) + Ha(g) = H2CO(g),

AGT = (+28.95) + (=1.72) KT mol ™ = 4-27.23 kI mol !

3 ~1 -1 -1
Hence, K = e(—27.23)(10 Jmol™")/(8.314J K’ mol™')x (298 K) — 6_10'99 =169 x10~3
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p7.8 Draw up the following table using Ha(g) + I, = 2HI(g)
H; Iz HI Total
Tnitial amounts/mol 0.300 0.400 0.200 0.900
Change/mol —X —-x +2x
Equilibrium amounts/mel ~ 0.300 —x 0.400 — x 0.200 + 2x 0.900
Mole fraction (0.300 — x)/0.900  (0.400 — x)/0.900 (0.200 + 2x)/0.900 1
(p(HI) )2
il x(HD)? (0.200 + 2x)° )
K = = N = = = 870

SE\ T~ w7 =P = @30 - o0 —n o e

7 )0
Therefore,

(0.0400) + (0.800x) + 4x2 = (870) x (0.120 — 0.700x +x°)  or
866x> — 609.80x + 104.36 = 0
which solves tox = 0.293 [x = 0.411 is excluded because x cannot exceed 0.300]. The final composition
is therefore , 0.107 mol I, and .
P7.10 If we knew A.H® for this reaction, we could calculate AtH ©(HCIO) from
AH® = 2A:H° (HCIO) — AsH® (C1,0) — A+H® (H20)
We can find A H? if we know A,G® and A.S®, since
AGT = AH —TAS
And we can find A;G? from the equilibrium constant.
K = exp(—A,G°/RT) so AG® = —RT K,
AG® = —(8.3145 x 10 KIK ™" mol™!) x (298K) In8.2 x 1072
= 6.2kJ mol™!
AH® = AG® + TAS®
=62k mol™! + (298K) x (16.38 x 10> KIK " mol "),
AH® =111k mol ™'

Finally,
1
AH® (HCIO) = 2 [AH® + AtH® (CL0) + AcH® (120)],

AsH®(HCIO) = %[1 1.1 +77.2 + (—241.82)]kJ mol !

=|76.8kImol~!



P7.16

14U

(@)

(b)

(c)

(d)

(e)

HNO TPV 1M O O T IZING VI ey e

25.693mV

E=E*® InQ [Hlustration7.10, 25°C]

v
0 = a@Zn*)a(C17)

b b\ _
=+ (;Te) (Zn**)y? (b—é) (CI7); b@n®h) = by B(CIT) =2b; yyy2 =vyi

b
Therefore, O = yi x 45 |:b = e here and below]

25. 3
andE = E° — —6’;3—’“\—’ In@p’y3) =E° - (E) x (25.693mV) x In(43bys)

—[E5~ (38.54mV) x In(41/35)—(38.54 mV)in(y) |

E®(Cell) = ES — EY = E°(Hg,Cl, Hg) — E®(Zn**,Zn)
= (02676 V) — (—0.7628 V) = | +1.0304 V
AG = —vFE = —(2) x (9.6485 x 10* Cmol 1) x (1.2272V) = —236.81kI mol "
AG® — —WFE® — —(2) x (9.6485 x 10* Cmol ') x (1.0304V) =| ~198.84 I mol~" |
AG® 1.9884 x 10° Tmol ™!
K =-— = =80.211 K =|6.84 x10%*
RT (8.3145JK~ ! mol 1) x (298.15K)
From part (a)
1.2272V = 1.0304 V — (38.54 mV) x In(4'/3 x 0.0050) — (38.54mV) x In y4
| (1.2272V) = (1.0304 V) — (0.1864 V) _ = B
oyt = 0.03854V = —0.2698; yy =|0.763
Jog v+ = —|z—z;|ATY/* [5.69]

_isp(b
1=5) 4 (be) [5.70]

b(Zn?*) = b = 0.0050mol kg™!  bH(C17) = 2b = 0.010mol kg™’

= L[# x (0.0050) + (0.010)] = 0.015
log s = —(2) % (0.509) x (0.015)'/% = ~0.125; s =

This compares remarkably well to the value obtained from experimental data in part (d).

® AS=— (aAfG)
14

oT

E
= VF (?TT) [739] = (2) x (9.6485 x 10* Cmol ™) x (—4.52 x 107* VK™
P

=[-8720K " mol"!|

AH = AG + TAS = (—236.81 kI mol ™) + (298.15K) x (~87.2JK ™' mol™")

=|—262.4k)mol™!
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For HCl(aq), by = b_ = b and, if the activity coefficients are assumed equal, aZ(H+) = a*(Cl™);
hence

B 1 1
0= a2HNa2(CI7) ~ a*HY)’

13\ /4 1 1/4
Thus, a(H') = (—) = (—1) =9x 1073,

0 149 x 108
pH = —loga(H*) = [2.0]
P7.17 Hz(2)[HCl(aq)|Hg, CL> (s)[Hg (1).

T
E=E°— R? Ina(H)a(Cl™) [Section 7.8].

b
alY) =yrby = yib; aCl7) = y_b_ = y_b ,:b = b?here and belowJ.
a(HM)a(Cl7) = yry_b? = y2p2,
2RT 2RT
E=E°— """ mp- 1 .
7 In 7y (a)

Converting from natural logarithms to common logarithms (base 10) in order to introduce the Debye-
Hiickel expression, we obtain

(2.303) x 2RTI
F

= E® — (0.1183 V) log b — (0.1183 V) log y4

logb 0g v+

g e 2309 x2RT
F
= E® — (0.1183 V) logh — (0.1183 V) [—Iz+z_ rAﬂ/Z]

=E% ~ (0.1183 V)logh + (0.1183 V) x A x b'/2 [ = b].
V4
Rearranging,

E +(0.1183 V) logh = E® + constant x b'/2.

Therefore, plot £ + (0.1183 V) log b against '/, and the intercept at b = 0 is E®/V. Draw up the
following table.

b/(mmol kg™') 1.6077 3.0769 5.0403 7.6938 10.9474
b 172
(1)‘9) 0.04010 0.05547 0.07100 0.08771 0.1046

E/V+(0.1183)1ogh 0.27029 0.27109 0.27186 0.27260 0.27337

The points are plotted in Fig. 7.2. The intercept is at 0.26840, so E® = +0.26840 V. A least-squares
best fit gives £° =| +0.26843 V | and a coefficient of determination equal to 0.99895.
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R
0272 i

0270

E/V+0.1183 log(6/b®)

0 0.02 0.04 0.06 0.08 .10

(b/pe )" Figure 7.2

For the activity coefficients we obtain from equation (a)

E°—E b 026843 —E/V b

=2RT/F "B 005139 Upe

In yx

and we draw up the following table.

bimmol kg™!) 1.6077  3.0769  5.0403  7.6938 10.9474
Inys —0.3465 —0.05038 —0.6542 —0.07993 —0.09500
Y+ 0.9659  0.9509 09367 09232  0.9094

P7.19 The cells described in the problem are back-to-back pairs of cells each of the type
Ag (s) |AgX () IMX (b1) IMyHg (s) -

R: MM (p)+e He M,Hg(s) (Reduction of M* and formation of amalgam)

L: AgX(s)+e™ — Ag(s)+ X (b1)

RoL: Ag(s)+M* () +X (b)) —5> M;Hg(s) + AgX (), v=L.

a (M. Hy)

C= M ax )

RT
E=EFE°— —1 .
7 ing
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P7.18 Pt|H, (g)INaOH(aq), NaCl(aq)|AgCl(s)|Ag(s)

Ha(s) + 2AgClI(s) — 2Ag(s) + 2C17(aq) + 2H*(aq) v =2

E=r* T ho 0—a@™a@? [fp° =1

2F
RT RT  Kga(Cl™ T -
=E° - —IlnalHNa(C) =E° - —n Rwa(Cl) — ) _pe KT In K“’yib(ci )
F F " a(OH™) F  yib(OH")
Ky b(Cl™ -
_po  RL KO po RT, o RT, B(CD)
F " b(OH™) F F  b(OH™)
RT RT _ b(CI™) —InK,
= E®+(2.303)— x pKy — — | Ky = — log Ko =
T xR I oEe) (p w= ek = oo )
n ( b(CI7) )
E—E° - E-E®
Hence, pKy, = MO +0.05114

2.303RT/F 2.303 "~ 2.303RT/F
E® =Eg — Ef = E°(AgCl,Ag) — E°(H*/H,) = +0.22V — 0 [Table 7.2]

We then draw up the following table with the more precise value for E° = -+0.2223 V [See the solution
to Problem 10.8, 7th edition]

6/°C 20.0 25.0 30.0

E/V 1.04774 1.04864 1.04942

GIBRI/E) 05819 0.05918 0.06018

pKyy 1401 1379

dInKy AH®
dT = RT?

[7.23]

d
Hence, A,H® = —(2.303)RTZE(pKw)

dpKy _ ApKy
ar AT

then with

13.79 — 14.23

AH® ~ ~(2.303) x (8.314TK ' mol™!) x (298.15K)? x i

+74.9 kI mol~!
—RT In Ky = 2.303RT x pKy = | +80.0kI mol~!

AH® — AG®
As® =S =[—17.1JR " mol/ |

e

Q
C

I

See the original reference for a careful analysis of the precise data.



