0 Electrolyte Solutions

Problem numbers in italics indicate that the solution is included in the Student Solutions Manwal.

Conceptual Problems

Q10.1

Q10.2

Q10.3

Q10.4

Q10.5

Q10.6

Discuss how the Debye-Hiickel screening length changes as the (a) temperature, (b) dielectric con-
stant, and (c) ionic strength of an electrolyte solution are increased.

(a)  Increasing 7 increases the screening length. The random thermal motion spreads out the cloud
of screening ions.

(b)  Increasing £, increases the screening length. Increased £, makes the potential attracting the
counter ion cloud weaker, causing it to spread out more,

(c) Increasing ionic strength decreases the screening length. More counter ions available leads to
more effective screening, decreasing 1/x.
Why is it not possible to measure the Gibbs energy of solvation of CI™ directly?

As discussed in Section 10.1, the sum of the Gibbs energies of solvation of H*(ag) and Cl™(ag) can be
related to the Gibbs energy for the reaction 1/2H,(g) + 1/2Cl,(g) — H*(ag) + CI™(ag), which can be
determined experimentally by the equation AG{ = AGionuion(Cl > 39) + AGipuion(H . ag) +
1272k mol .

However, the Gibbs energies of solvation of Cl™(ag) cannot be determined individually.

Why are activity coefficients calculated using the Debye—Hiickel limiting law always less than one?

Activity coefficients calculated using the Debye-Hiickel limiting law are always less than one because
the net electrostatic interaction among ions surrounding an arbitrarily chosen central ion is aftractive
rather than repulsive.

How is the mean ionic chemical potential of a solute related to the chemical potentials of the anion
and cation produced when the solute is dissolved in water?

iy = Hotuwe _ Yslbs TV H_
v v

How is the chemical potential of a solute related to its activity?

J, = p + RTina, and p_ =4+ RT Ina_
Expressing the relations in terms of the mean ionic chemical potential gives

My = My + RT Inay

Tabulated values of standard entropies of some aqueous ionic species are negative. Why is this state-
ment not inconsistent with the third law of thermodynamics?

This is possible due to the choice of standard state as 5% (H*, aq) = 0. Although absolute entropies of neu-
tral species can be determined, this is not possible for ionic species because the solution must be electrically
neutral. Therefore, it is necessary to choose a reference value, but as generally only differences in entropies
(and other thermodynamic quantities) are desired, it is not necessary to know the absolute value.
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Q10.7

Q10.8

Q10.9

Q10.10

Q10.11

Q10.12

Q10.13

Q10.14

Q10.15

Why is it not possible to measure the activity coefficient of Na*(ag)?

It is impossible to create a solution of pure Na*(ag) in water. A counter ion is always required to give a solution
that is electrically neutral, and this anion will always affect the measurement.

Why is it possible to formulate a general theory for the activity coefficient for electrolyte solutions, but not for
nonelectrolyte solutions?

The dissolved species in electrolyte solutions have a universal form for their dominant interaction with the
solvent—the Coulomb interaction. Nonelectrolytes interact with much weaker, system specific potentials. The
universality of the electrolyte—electrolyte interaction allows a general theory to be developed.

‘Why does an increase in the jonic strength in the range where the Debye-Hiickel law is valid lead to an increase in
the solubility of a weakly soluble salt?

In this regime, In %, decreases with increasing I (as v/7 ). The chemical potential of the electrolyte in solution be-
comes lower with increasing ionic strength, thus increasing solubility. Physically, increasing J leads to increased
screening of repulsion between like-charged solute ions.

What is the correct order of the following inert electrolytes in their ability to increase the degree of dissociation of
acetic acid?

a. 0.001m NaCl

b. 0.001m KBr

c. 0.10m CuCl,

0.001m NaCl and 0.001m KBr will both increase dissociation of HOAc (salting in}—about the same (dilute solu-
tion, 7 is the same according to Debye-Hiickel). 0.1m CuCl, will decrease dissociation because the solution is
concentrated, leading to salting out.

How does salting in affect solubility?

At small values of the ionic strength, ;. < 1, and the solubility increases as ¥, decreases with concentration until
the minimum in a plot of y, versus / is reached.

Why is it not appropriate to use ionic radii from crystal structures to calculate AG( 0, Of ions using the Born
model?

The effective cavity that the ion occupies in the solvent medium will not have the same radius as the lattice-based
radius. Better results can be obtained using the ion-water distance (to the center of charge), a more realistic esti-
mate of the cavity radius » in the Born model.

‘Why do deviations from ideal behavior occur at lower concentrations for electrolyte solutions than for solutions in
which the solute species are uncharged?

This is the case because the electrostatic interactions between ions in solution are long-range interactions, whereas
the corresponding interactions for neutral species have a much shorter range.

Why is the value for the dielectric constant for water in the solvation shell around ions less than that for bulk water?

‘Water molecules immediately around the ion are ordered more than those in the bulk because of the attractive
forces between them and the ion. Thus, they are oriented in space around the ion and cannot respond to the electric
field due to solvated ions. Therefore, they are less effective in screening the electric field due to solvated ions,
leading to a smaller value of &,.

‘What can you conclude about the interaction between ions in an electrolyte solution if the mean ionic activity coef-
ficient is greater than one?

Overall repulsive interactions must more than compensate for any favorable attractive interactions between elec-
trolyte solute and solvent.
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Q10.16

Q10.17

Q10.18

Q10.19

Q10.20

Why is the inequality 3, < 1 always satisfied in dilute electrolyte solutions?

The activity coefficients are less than one because the charge on an electrolyte lowers the chemical potential of the
electrolyte when compared with an analogous solution of uncharged solute molecules. This occurs because the
charges interact attractively with the solvent, lowering the energy. At high concentrations, repulsions between sol-
vated jons become important and ¥, increases with concentration.

Under what conditions does ¥, — 1 for electrolyte solutions?

This is the case as m — 0.

How do you expect S,, for an ion in solution to change as the ionic radius increases at constant charge?

It increases because the solvation shell is more tightly bound for the smaller ion.

How do you expect Sy, for an ion in solution to change as the charge increases at constant ionic radius?
It decreases because the solvation shell is more tightly bound for the ion with the greater charge.

It takes considerable energy to dissociate NaCl in the gas phase. Why does this process occur spontaneously in an
aqueous solution? Why does it not occur spontaneously in CC1,?

Dissociation takes place readily in water because the energy gain through formation of the solvation shell is
greater than the energy needed to dissociate a formula unit of NaCl.

It does not occur in CCl, because CCly is not an ionic solvent and is not capable of forming a tightly bound solva-
tion shell.

Numerical Problems

P10.1

PI0.2

P10.3

Calculate ASy, for the reaction Ba(NOs),(aq) + 2KCl(aq) — BaCl,(s) + 2KNO;(ag).

ASj = 8°(BeCly, s) — §°(Ba*, ag) — 2 x 8°(CT", ag)
ASS =123.7 K mol™! — 9,6 K™ mal™ — 2% 56.5IK ™! mol™! = 1.1JK ™ mol™

Calculate ASy, for the reaction AgNO;(ag) + KClag) — AgCI(s) + KNO;(aq).

ASp = S°(AgCl, s) — §°(Ag™, aq) - S°(CI", ag)
AS;, = 963K mol™ - 72.7 K™ mol™ - 56.5 JK ™ mot™! = ~32.9JK™! mol™
Using the Debye—Hiickel limiting law, calculate the value of . in (a) a 7.2x 102m solution of NaBr, (b) a
7.50 % 10 m solution of SrCly, and (¢)a 2.25 % 107> m solution of CaHPO,. Assume complete dissociation.
(a) NaBr
I= %{wz? +vzl) = %(””ZE +m_z%)

1= 12(0.0072 mol kg™' +0.0072 mol kg ') = 0.0072 mol kg ™!

[
Iny, =-1.173]z,z| —T s -1.173 % /0.0072 = —0.09953
mol kg

7. =091
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(b)  sr(Cl),
_m 2 2y _ 1 2 2
I=—(vz; +v.zZ) ==(mz; + m z")
2 2
I= (é]o.oo:rso molkg (1x 2% + 2x 12) = 0,025 mol kg™
Iny, =-1.173|z,z | L 1173%2x0.0225 = 03519
mol kg
% = 0.703
(©)  CaHPO,

1
I= i;(\g,zf +vz) = E(rn{zf +m_z?)

I= (%]0.00225 mol/kg (1x 27 + 1x 2%) = 0.0090 mol kg™

Iny = -1173|z,z | ;1 = ~1.173x 4 X 4/0.0090 = —0.4451
mol kg

Y. = 0.641

P10.4 Calculate the mean ionic molality, .., in 0.0750 m solutions of (a) Ca(NO5),, (b) NaOH (c) MgSO,, and (d) AICI;,

m. = ml m

(@) CaNOy), v,=1 v.=2 v=3
m} = (0.0750) (0.0750 x 2)* (mol/kg)®
my = 0.119mol kg™
(b) NaOH v, =1, v_=1, v=2
m? = (0.0750)(0.0750) (mol/kg)®
my = 0.0750 mol kg™
() MgSO, v, =1 v_=1 v=2
m? = (0.0750)(0.0750) (mol/kg)®
my = 0.0750 mol kg™

d AICL v, =1 v.=3 v=4
mi = (0.0750)(0.0750 x 3)* (mol/kg)"
m, = 0.171mol kg™

P10.5 A weak acid has a dissociation constant of K, = 2.50 x 1072, (a) Calculate the degree of dissociation for a 0.093m
solution of this acid using the Debye—Hiickel limiting law, (b) Calculate the degree of dissociation for a 0.093m
solution of this acid that is also 0.200m in KCl from the Debye-Hiickel limiting law using an iterative calculation
until the answer is constant in the second decimal place. (c) Repeat the calculation in (b) using the mean activity
coefficient for KCI in Table 10.3. Is the use of the Debye-Hiickel limiting law advisable at the given KCI concen-
tration? Do you need to repeat the iterative calculation of (a) to solve (b) and (¢)?

(a) A weak acid dissociates according to the following equilibrium reaction.
HA (ag) = H"(ag) + A”(aq)

Ka - aﬁ.a ™
7]
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Because the undissociated acid is a neutral species, it is a good approximation to set its activity equal to its
concentration. The activity of the ionic species produced upon dissociation are given by
ay+ = Yicys anda,- = ¥;c . The equilibrium expression becomes
9 m
_ ViCyr Yal s _ (7:) P
Cha P

Kﬂ

This expression has two unknowns. We solve for m using an iterative method. We first assume that
¥: = 1and solve for m. We use this value of m to calculate ¥, and using this value, recalculate m. We re-
peat this procedure until x is sufficienily constant.

2
()
Am)  _55px107

0093 -2
m
m=3.73x1072 mol kg™
The ionic strength and y, are given by
m -1
I= -2-(2) =m = 0.0373 mol kg

Ing = ~1.173x1x +0.0373 = ~0.2266
¥ = 0.797

We use this value of . to calculate a new value of m.

2
(3] x (0.787)
m

0.003 -2
—

=2.50x1072

m =439%107 molkg™!

The ionic strength and ¥, are given by

= %(2) = m = 0.0439 mol kg™

Iy =-1173x 1% /0.0439 = —0.2459
% = 0.782

We recalculate m and ¥, and iterate several times.

m 2
(2%
—'”—-r-"r- =2.50 %1072 with 3, = 0.782
0.093 - —

m
m = 4.45x107 mol kg™
I= %(2) =m=445%102 molkg™'

N7 =-1.173x 11445102 = —0.2475
7 = 0.781
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When . = 0.781,

0093 -2
m

=250%1072

m = 4.46 107 mol kg™
This is a sufficiently good result, and we calculate the degree of dissociation to be

0.0446 mol kg ™!

=1 X 100% = 48%
0.093 mol kg

(b)  We first calculate the degree of dissociation using the limiting law and neglecting the increase in ionic
strength produced by the acid dissociation.

I= %(2) = m = 0.200 mol kg™

Iny, = —1.173 x 1 X +/0.200 = -0.5246
7 = 0.592

m 2
F)~
~M 7 —250%107 with 7, = 0.592

0.093 -2
m
m =533%107 molkg™

We next calculate the additional concentration of the ions produced through the dissociation of the acid in
the solution when ¥, = 0.592.

I=0200mol kg™ + %(2) = 0253 mol kg™

Ing; = -1.173x1x 40253 = —0.5903
¥ = 0554

‘We next calculate the total concentration of the ions in the solution when ¥, = 0.554.

m 2
()%
—~m s =250%107

0.0930 - 2
m
m = 55431072 mol kg’1
We recalculate m and ¥, and iterate.
I= %(2) +0.200 mol/kg = mr + 0.200 mol/kg = 0.2554 mol kg™

Iny, = -1.173x1x 02554 = —0.5928

¥ = 0553
2
+
m =250%1072 with g, =0.553
0.093 - 2

m = 5.54x107 mol kg™
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This is a sufficiently good result, and we calculate the degree of dissociation to be

00554 _ cnos
0.093

(¢)  Weuse the value of ¥, = 0.718 from Table 10.3.

2
m
()7
ams - 250%107

0.093 -~
m
m = 4.71%107% mol kg™

The degree of dissociation is 9.0471
0.093

= 51%.
P10.6 Calculate the mean ionic activity of a 0.0350 m NayPO, solution for which the mean activity coefficient is 0.685.

o

v, vl
a; = [M} ¥ = (311)740.0350 x 0.685 = 0.0547

P10.7 At 25°C, the equilibrium constant for the dissociation of acetic acid, K, is L75x 107, Using the Debye—-Hiickel
limiting law, calculate the degree of dissociation in 0.150 m and 1.50 m solutions using an iterative calculation until
the answer is constant in the second decimal place. Compare these values with what you would obtain if the ionic in-
teractions had been ignored. Compare your results with the degree of dissociation of the acid assuming ¥, = 1.

A weak acid dissociates according to the following equilibrium reaction.
HA(ag) = H'(ag) + A™(ag)

Ay @
K, = HY7A
AHA4
Because the undissociated acid is a neutral species, it is a good approximation to set its activity equal to its concen-

tration. "_ﬂ_m activity of tllm ionic species produced upon dissociation are given by a@,.. = y.c,. anda, = yic, .
The equilibrium expression becomes

2.
‘- By haey _ (7) s

a
CHa oo

This expression has two unknowns. We solve for m using an iterative method. We first assume that , = 1and
solve for m. We use this value of m to calculate %, and using this value, recalculate m. We repeat this procedure
until x is sufficiently constant.

CH;COOH(ag) = CH;CO0 (aq) + H' (aq)
For 0,150 m

2
™A ——— =175%107
0.150 molkg™ —m
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When y, =1
m=1.611x10" mol kg™’
I= %(2) =m=1611%10" mol kg™
Iny — 1173 x1xy1.611x 107 = —0.04709

7. = 0,954

When 7, = 0.954

- 2
()7
M —175%107°

01s0- 1
m

m =1.689 %107 mol kg™!
We iterate several times.

When m = 1,689 % 10~ mol kg™

I= g(z) = m = 1.689% 107 mol kg™’

Iny; =-1173x1x41.689%107 = —0.04820

¥ =0.953

When 7, = 0.953

m 2
(&)~
M7 —175%107°

0150 - 2
m

m =1.691x107> mol kg™
This result has converged sufficiently to calculate the degree of dissociation,
m=1.691%107 mol kg™!

-3 -
L691x107 molkg™  \oo0r | 1300

0.150 mol kg~
For 1.50 m
m 2
Z)~
L =1.75%x107°
150-2
=
When y, =1

m = 5.115x 107> mol kg™
I=m=5115%10" mol kg™
Iny. = -0.08389
% = 0920
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When y, = 0.920

2
Bk
AL 1 75%107°

1.50-2
n
m = 5.561%107 mol kg™
We iterate several times.

When m = 5.561%107 mol kg™

I= %(2) = m =5.561x10" mol kg™
Ing, =-1.173% 1x5.561x 10~ = -0.08748
7 = 0916

When ¥, = 0.916

m 2
[—D) %
A - 75%107
m

1.50 - =
m

m = 5.581x107 mol kg™ — 5.58 %107 mol kg™’
This result has converged sufficiently to calculate the degree of dissociation.
m = 5.58 %10 mol kg"

— % 100% = 0.372%
1.50 mol kg

1f ionic interactions are ignored:

For 0.150 m

2
()
At 95107

0.150 - 2

o

m =1.61x10" mol kg™’

1.61x107
0.150

x100% = 1.07%

For 1.50 m

2
()
Am'S L 75%107

150 -

m
m = 5.11%10" mol kg !

5.11x1073
1.50

x100% = 0.341%
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P10.8 From the data in Table 10.3 (see Appendix B, Data Tables), calculate the activity of the electrolyte in 0.200 m
solutions assuming complete dissociation of

a. KCl1 b. Na,50, c. MeCl,

(@ KCl 0200m % =0.718
o= (")t = miom
m
mi = (0.200)(0.200); m, = 0.200 molkg "
a; = (0.200)(0.718) = 0,144
(b) . Na,SO, 0.200m 7, =0.209
mi = (2% 0.200)%(0.200)'
my = 0317 mol kg™
a, = (0.317) % (0.209) = 0.0663
(c) MgCl, 0200m ¥, =0.489

my = (0.200)(2 x 0.200)

my =0.317mol kg~
a; = (0.317) x (0.489) = 0.155

P10.9 Estimate the degree of dissociation of a 0.200 m solution of nitrous acid (K, = 4.00 % 10™*) that is also 0.500 m in
the strong electrolyte given in parts (a)—(c). Use the data tables to obtain y,, as the electrolyte concentration is too
high to use the Debye-Huickel limiting law.

a  BaCl, b KOH ¢ AgNO;
Compare your results with the degree of dissociation of the acid assuming ¥, = 1.
In each case, the activity of the ions produced in the dissociation of acetic acid is determined by the strong electrolyte.

(a) BaCl,
From Table 10.3, y;, = 0.397

2 2
2z] w(z)
400x10t=—m 7/ AmJ

0200- 2% o200-2
m m’

m = 0.0213 mol kg ™!

-1
Q013 molke 1009 - 10.6%
0.200 mol kg

(b) KOH
From Table 10.3, y, = 0.732

2
(0.732)? (—'KJ
400%107 = ——— M /7

0200 mol kg™ - 2L
m

m=1.19%10~ mol kg™

1.19% 1072 mol kg™

—— % 100% = 5.92%
0.200 mol kg
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(c)  AgNO,
From Table 10.3, 3. = 0.536

2 2
7 [ﬂJ (0.536)> (}
1755105 = —2M 2 - \;m

0200- ™ p200-2
m m

m =1.60x10"2 mol kg™
1.60 %1072 mol kg™

7 x 100% = 8.00%
0.200 mol kg™

Assuming ¥, =1,

4.00%107* = ﬁ[:] (:;!)

0.200mol kg™ -2 0200-
m m

m =8.75%107> mol kg™
8.75% 107> mol kg™

=X 100% = 4.37%
0.200 mol kg

P10.10  Calculate AH, and AGy, for the reaction Ba(NO;),(aq) + 2KCl(ag) — BaCly(s) + 2KNO;(ag).

AG}, = AGH(BaCly, 5) + 2AGH(K, ag) + 2AG;(NO;™, ag) — AG} (Ba®*, ag)
- 2AG7(NOy ™, ag) = 2AGH(K", ag) - 2AGH{(CI", ag)

AG, = AG}(BaCly, 5) ~ AG( Ba®™*, ag) — 2AG}(CI, ag)

AG}, = -806.7 kI mol ™ + 560.8 kI mol™ +2x131.2 kI mol™" = 16.5kJ mol™'

AH}, = AH7(BaCly, s) - AH7( Ba®*, ag) - 24H3(CI™, ag)

AH}, = -8550 kI mol™ + 537.6 kI mol™! + 2 167.2kJ mol™! = 17.0kJ mol™'

P10.11  Express a, in terms of @, and a_ for (a) Li,CO;, (b) CaCly, (¢) Na3PO,, and (d) K,Fe(CN)s. Assume complete
dissociation.
1 1
(@  LiCOy a, = (a*a™)¥ = (a}a )?
1 1
(b)  CaCly: ay = (ala™ )" = (a,a®)?
1 1
(¢)  NasPOy: ay = (al*a” )" =(ala)?
1 1
(@) K Fe(CN)g: a, = (ala™)" =(ala)’

P10.12  Calculate AG.,,,,, in an aqueous solution for Rb* (ag) using the Bom model. The radius of the Rb™ jon is 161 pm.

. z2%AN,( 1
22 1)

8megr \ £,
_ P x(1.602x107° C)' x N, x(L—lj
87 8.854x1072 C2 I mol™ x 1.61x107® m | 785
= —426kI
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P10.13  Calculate the ionic strength in a solution that is 0.0750 m in K,80,, 0.0085 m in Na;PO,, and 0.0150 m in
MgCl,.
m 2 2
T s0, = ?("+Z+ +v_zl)

0.0750
2

(2 +4) =0.225 mol kg™

_m 2 2
Iya,po, = ?(v+z+ +v_zl)

%{3 +9) = 0.05Imol kg™

m
Iy, = E(mzf +v_22)

0.0;50(4 +2) = 0.0450 mol kg ™!

Tatal ionic strength

7 = (0.225 + 0.0510 + 0.0450) mol kg ™!
= 0.321mol kg™’

P10.14  Calculate [, 7, , and a, for a 0.0120 m solution of Na;PO, at 298 K, Assume complete dissociation,
Na;POy = v, =3,v. =1z, =1z =3

I= )—;-(u+zf + v_zf)

1= 9%§(3 +9) = 0.0720 mol kg™
Iny, =-1.173|z,z| #L‘f = =1.173 x 2 x 1/0.0720 = -0.9442
mol kg™
7: = 0389

m, ) = et
m = (0.015)%(0.0075)! = 5.60 %1077
m, = 0.0273mol kg™

ay =(me71
m

a; = 0.0273x0.389 = 0.0106

P10.15  Express i, in terms of z, and #_ for (a) NaCl, (b) MgBr,, (c) Li;PO,, and (d) Ca(NO,),. Assume complete
dissociation.

(8) NaCl g, = Hsolue _ Villy YV H. M AU
- v v 2

(b) MeBr,: g1, = Hsolyre _ Voly + V[ _ My + 240

v v 3
© LisPO,: g, = Hoolute _ Volly +V M 3#+:' Ho
v v

solute +v i + 24
©  CaNOp): g, = aan Vbl TVl o 2
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P10.16  In the Debye—Hiickel theory, the counter charge in a spherical shell of radius r and thickness dr around the central ion
of charge +Q is given by —Qlczre’ndr. Calculate the radius at which the counter charge has its maximum value,
Fuax> from this expression. Evaluate r,,,. for a 0.090 m aqueous solution of Na;PO, at 208 K.

QORT) 3y O =0

=1+ Kty =0 rma,(:l
K

L - 320%10°7 m™! =329%10° x ’%mzﬁ +v.2%)

Tinax

329%10° % JO 090 251! 4 1% 2%) = 3.20%10° x 0540 m™' = 2.41x10° m

Fame = 41%107" m = 0.41nm

P10.17  Calculate the solubility of CaCO; (K, = 3.4%107°) (a) in pure H,O and (b) in an aqueous solution with
1 = 0.0250 molkg . For part (a), do an iterative calculation of ¥, and the solubility until the answer is constant in

the second decimal place. Do you need to repeat this procedure in part (b)?

a.  CaCO4(s) = Ca’*(ag) + COY (aq)

v =1 v_=1
e =2, z_
c +
“"[ ] ¥ =34x%10"
CCH_CCDZ’

When vy, =1 cgpe =58%107 mol L™

I= %Z(l@zf +v_z?)

-5
=38X107 44y = 233%107 mol k™!

Iny, =-1. 173% 4x 4233 %107 = ~0.07166

7. = 09300

When 7, = 0.9309 ¢ =626 10~ molL™!

-5
= % x (8) = 2.51x 10~ mol kg™
Iny = -1173x 4x42.51x107 = -0.07427
7 = 0928

When v, = 0.928 ¢ = 628%107 mol L™
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b.  I=0.0250molkg™

In % = 1.173x 4x/0.0250 = ~0.74187
7 = 0476

2
[
X =[ ca J % (0.476)% = 3.4x10™
4
o =122%107 mol L

There is no need to repeat the calculation because the ionic strength in the solution is not influenced by the disso-
ciation of the BaSO,.

P10.18  Calculate the probability of finding an ion at a distance greater than 1/x from the central ion.
Iu dv =uv— Iv du
Letu = —qk°r; dv=e"dr v= L du = —qi’dr
K

- _[qlrzre""' dr = qxre™ — qk'Ie'" dr = gkre™ + g™

i [qne"'” + qe‘r']z _
P(r>l]=: — s m::""oi";]:%:o.m

Iqrzre KT [qk‘re qe ]0

0

P10.19  Express 7, in terms of ¥, and y_ for (a) SrSO,, (b) MgBr,, (c) K3P0,, and (d) Ca(NO;),. Assume complete
dissociation.

1
(@  SrSO4: 7 = (7,7.)?

1
()  MgBr: 7 =72}
1
() KsPOg 7 = (137

1
(d)  CaNO3)y: 7 = (1,72)?

P10.20  Calculate the mean ionic molality and mean ionic activity of a 0.105 m K;PO, solution for which the mean ionic
activity coefficient is 0.225.

1 1
my = (V=) m = (3*1)40.105 mol kg™ = 0.239 mol kg™

a, = (ﬁ) 7 = 0.239% 0.225 = 0.0539
m

P10.21  The equilibrium constant for the hydrolysis of dimethylamine,
(CH,),NH(ag) + H,0(aq) — CH3NH;" (aq) + OH (aq)

is 5.12 X107, Calculate the extent of hydrolysis for (a) a 0.210 m solution of (CH;),NH in water using an itera-
tive calculation until the answer is constant in the second decimal place. (b) Repeat the calculation for a solution
that is also 0.500 m in NaNO;. Do you need to use an iterative calculation in this case?

We use an iterative method as explained in the solution to P10.5.
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@  (CH3),NH (aq) + H,0(!) = CH,NH;(ag) + OH (ag)

)
iy +
K =”‘_.; =512x107
0210 - —
m
I3, =1, m=1.01x10"7 mol kg™
When m = 1.01% 107 mol kg"

I= i;’-(zy =m =1.01x10" mol kg™
Iny =-1.173x 1xy1.01x 107 = -0.1180

7. = 0.889
When y; = 0.889

2
m
() 7
L =512x107!
0.210 - (io
m
m=1.13%107 mol kg™
We iterate several times.
When m = 1.13x 107 mol kg™
_m o ~2 -1
1 —3(2) =m =1.13x10"" mol kg
Iy =-1.173x1x41.13x 1072 = —0.1250
7, = 0.883
When y, = 0.883

m 2
() 7
M -512%107

0210 - 2
m

m = 1.14%1072 mol kg™
The degree of hydrolysis is

0.0114
0.210

x100% = 5.44%
(b)  NaNO;

Na® NO; v, =1 v_=1
0500 0500 z, =1 z_=1

I = %a +1) = 0500 mol kg™
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Add to this the ionic strength from the last iteration of part (a).

Torar = 0500 + 0.0114 = 0.511 mol kg™
In 7. = -1.173x 1x 0511 = -0.8389

e = 0432
m 2 m 2
( J ) (k] (0.432)%
K== =~ =5.12%107
0.210 - [ﬂ) 0.210 - (ﬂ)
m m
m = 0.0227 mol kg']
Carrying out another iteration,
Loy = 0.500 +0.0227 = 0.523 mol kg™
In %, = -1.173x1x+/0.523 = —0.8480
7, = 0.428
m 2 m 2z
(—.] () (—] (0.428)2
’ k=2 = =512x107

0.210 - [ﬂ) 0.125 ~ (ﬂ]
m m
m = 0.0229 mol kg™

The degree of hydrolysis is
0.0229
0.210

x100% = 10.9%

P10.22  Dichloroacetic acid has a dissociation constant of K, = 3.32 x 107>, Calculate the degree of dissociation for a 0.105 m
solution of this acid (a) using the Debye-Hiickel limiting law using an iterative calculation until the answer is constant to
within +2 in the second decimal place. (b) Repeat the calculation assuming that the mean ionic activity coefficient is one.

We use an iterative method as explained in the solution to P10.5.
(a)  We first consider the case when ¥is given by the Debye-Hiickel limiting law. The concentration of the

ionic species is given by
2
)
M _332%1072

010s- 2
m
m =447 x1072 mol kg !

The ionic strength and ¥, are given by
I= %(2) = m = 0.0447 mol kg™

In 7. = -1.173 x 1 x 4/0.0447 = -0,2481
7. = 0.780

We recalculate m and ¥, and iterate several times.

m 2
)7
M~ 332%107 with 7. = 0.780

0.105 - 2
m

m = 531%107% mol kg™
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I= .'2’1(2) =m=531%10"7 mol kg™!

In7 = -1.173x1xv531x 1072 = -0.2705
% = 0.763

m 2
()7
m/ —332x1072

0.105 - 2

o

When y; = 0.763

m=5.40x107 mol kg™
m -2 -1
1= 7(2) =m = 5.40 X107 mol kg

Iy = -1.173x1x V540 x 1072 = -0.27246
7 = 0.762
When y, = 0.762

m
(&) 7
M =332x1072

m = 5.40x1072 mol kg™
This is a sufficiently good result, and we calculate the degree of dissociation to be

0.0540 mol kg~

> % 100% = 51.5%
0.105 mol kg

®) =1

2
)
Am) _ _333%102

0.105 - %
m

m = 4.47x107 mol kg™
0.0447 mol kg™

% 100% = 42.5%
0.105 mol kg

This result is 9% smaller than that calculated using the Debye-Hiickel limiting law.

P10.23  Calculate the Debye—Hiickel screening length 1/x at 298 K in a 0.0075 m solution of K3PO,.

K =329%10°y7 m™!

0.0075
T
K =329x10°10.045 m™" = 6.98x10° m™!

1= %mzf +v.z?) = @x1' +3%) = 0.045mol kg™

L 14x10°m = L4nm
K

P10.24  Calculate J, ., and a, for a 0.0215 m solution of K,SO, at 298 K. How confident are you that your calculated

results will agree with experimental results?
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1= %(1423 +vzd) = %(szﬁ +m_z%)
I= %(2 % 0.0215 mol kg™ + 2% x 0.0215 mol kg™") = 0.0645 mol kg™!

Iny, = ~1.173|z,z | % = ~1.173x 2 x J/0.0645 = -0.5958
mo

kg
¥: = 0.551
1 1
my = (Vv )Y m = (22)3 % 0.0215mol kg ™! = 0.1024 mol kg™

a; = (’"_nyi = 0.1024 % 0.551 = 0.0564
m

Not very confident, Figures 10.6 and 10.7 show significant deviations from predicted behavior for
I>0.01mol kg™

P10.25  Calculate , ;. , and a, for a 0.0175 m solution of Na;PO, at 298 K. Assume complete dissociation. How confi-
dent are you that your calculated results will agree with experimental results?
Na;POy = v, =3,z, =Lv_=Lz_ =3

I= %(v,rzf +v %) = &2175(3 +9) = 0.105 mol kg !

Iny, =-1.173x3x 10,105 = -1.1403

¥, = 0320
ay = (ﬂ‘,)?&
m

1 1
my = (V) m = (3411)40.0175 mol kg ™! = 0.0399 mol ke ™!

a, = (%in = 0.0399 % 0.320 = 0.0128

Not very confident. Figures 10.6 and 10.7 show significant deviations from predicted behavior for
I>001molkg™.

P10.26  Calculate the ionic strength of each of the solutions in Problem P10.4.

I= %(v,,zi +v_z?)

For Ca(NO;),

1= &Zﬂ’u %22 4 2x1%) = 0.225 mol kg™!
For NaOH

1= 0");"50(1 +1) = 0.0750 mol kg "

For MgS80,

1= &2750(1 % 2% +132%) = 0.300 mol kg™*
For AICl;

I= @[l % 3% +3x1%) = 0.450 mol kg™
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P10.27  Calculate the value of my in 5.5 X 107> molal solutions of (a) KCI, (b) Ca(NO;),, and (¢) ZnSO,. Assume com-
plete dissociation.

(@ Kcl
1
my = (Vyvs) m
1
my = (1"N)2m = 5.5%107 mol kg™
(b)  Ca(NO;),
1
my = (v m
1 1
my = (122)3m = (4)3 x 5.5x 107> mol kg™ = 8.7x 107 mol kg™
(¢)  ZnSO,

1
my = (v ) m

1
my = (1"")2m = 5.5%107 mol kg™
P10.28  Calculate AH and AGy, for the reaction AgNO;(aq) + KCl(ag) — AgCl(s) + KNO;(aq).
AGy = AG(AgCL 5) + AG}(K*, aq) + AG7(NO5™ , aq) — AGy(Ag*, aq)
- AG}(NO5™, ag) - AG (K, ag) ~ AG}(CI™, ag)
AGy = AG}(AgCl, 5) - AG}(Ag*, ag) — AG7(CI™, ag) = ~109.8k mol™!
—77.1kI mol™ +131.2kI mol™! = -55.7 kJ mol ™!
AHj = AH(AgC),s) - AH7(Ag", ag) — AH(CI", ag)
AH} = -127.0 k) mol ™" —105.6 kI mol ™! +167.2kJ mol™" = ~65.4 kJ mol ™

[

P10.29  Calculate the pH of a buffer solution that is 0.200 molal in CH;COOH and 0.15 molal in CH3;COONa using the
Davies equation to calculate .. What pH value would you have calculated if you had assumed that 7, = 1?

We write the equilibrium constant in the form

& = Zm(H;0")7,m(CH,C00")

m(CH;COOH)
2
i 0.150+x) _ 0.150, .,
1.75%107° =(7i_)x><(—_ ikt
(0200 %) 02007
—3
m(H,0%) = 0200, 175 10
0150 ()%

pH = log{m(H30+)}

To calculate , from the Davies equation, we must first calculate the ionic strength of the solution. The small
value of X tells us that the degree of ionization of the acetic acid is small so that the ionic strength can be calcu-
lated from the concentration of CH;COONa alone.

2
W—x (1+1) = 0150 mol kg™

1= '—;—(v+zz + v_zz) =
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Using the Davies equation

L]uz

° 1

lo =051z,z || 1L 0.30{-—)

210 Ve | 4 | [ 7 Juz "
o

1/2
— o5y (0-159) -
1+ (0.150)

1+

—0.30><0.150] =-0.1194
¥ = 0.760

_ 0200 1.75% 107
0.150 " (0.760)

pH = —log{4.04x107°} = 439

m(H;0%) = 4.04 %107 molkg™

If we had assumed y, =1

]
m(H,0%) = 0200 175x107° .o (o0
0.150 )

pH = —|og{2.33>< 10-5} =463

P10.30  Use the Davies equation to calculate y. for a 1.00 molar solution of KOH. Compare your answer with the values

in Table 10.3.
(L}UZ

° i
logyg 74 = —0.51]z,z_| —Jﬂﬁ - 0.30[;J
1+

1/2

=-0.51 &)w: —0.30x1.00 | = -0.1020
1+(1.00)

¥ = 0.791

This answer is reasonably close to the tabulated value of 0.0756.
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