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Chapter 6

(a) The equilibrium constant expression is
[NH:]
[NH;] [H;O7]
To find the equilibrium constant’s value, we note that the overall re-
action is the sum of two reactions, each with a standard equilibrium

K =

constant; thus

NH;(ag) + H:O() = OH (a9) + NHi (ag)
H;O0"(ag) + OH (a9) = 2H,O ()

o -1 — KV L = 1
K= Ky, X (K,) " = Ko K Ko

(b) The equilibrium constant expression is

LSS
K= 57

To find the equilibrium constant’s value, we note that the overall re-
action is the sum of two reactions, each with a standard equilibrium
constant; thus

PbL, () = Pb* (ag) + 21 (ag)
Pb*" (ag) + S* (ag) = PbS(s)
K = Kypn X (Kpms)

K= (7.9%107) XW =3x10"

(c) The equilibrium constant expression is
[CAd(CN)IT[Y"]
[CAY*][CN]*

To find the equilibrium constant’s value, we note that the overall re-

K =

action is the sum of two reactions, each with a standard equilibrium
constant; thus

CdY* (ag) = Cd* (ag) + Y* (a9)
Ccd* (a9) T 4CN (a9) = Cd(CN) i (aq)
K = (Kicavr) " X Bicacnr

where B is equal to K x Ky x K3x Ky

By “standard equilibrium constant,” we
mean one of the following: an acid disso-
ciation constant, a base dissociation con-
stant, a solubility product, a stepwise or
an overall formation constant, or a solvent
dissociation constant.

From Appendix 12, we have logKl =
6.01, log](z = 5.11, log]% = 4.53, and
logK; = 2.27. Adding together these four
values gi\ll%s logB4 as 17.92 and B4 as
8.32x10 .
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From Appendix 12, we have log[(l =3.31
and logK, = 3.91. Adding together these
four values gives logB, as 7.22 and 3, as
1.66x10".

A pH
PO;"

pK,=1235

HPOZ

pK,=7.20

H,PO,

pK,=3.17
pK,=2.15
H;PO,

HF

Figure SM6.1 Ladder diagram
showing the areas of predominance
for H3PO, on the left and the ar-
eas of predominance for HF on the
right.

(d) The equilibrium constant expression is
_ [Ag(NH.i)[CI]
[NH;]*
To find the equilibrium constant’s value, we note that the overall re-

action is the sum of two reactions, each with a standard equilibrium
constant; thus

AgCl (5) = Ag+ (ag) + le(aq)
Ag’ (ag) + 2NH;(ag) = Ag(NHs); (ag)
K = Kyaa X Bz,Ag(NHaﬁ
K= (1.8x10") %X (1.66 x10") = 3.0x 10"

(e) The equilibrium constant expression is

[Ba"] [H.CO;]
[H,O]*

To find the equilibrium constant’s value, we note that the overall re-

K =

action is the sum of five reactions, each with a standard equilibrium
constant; thus

BaCO; () = Ba*"(ag) + CO3 (ag)

CO3 (ag) + H,O() = OH (a9) + HCO; (ag)
HCO; (ag) + H,O () = OH (ag) + H.CO;(ag)
H;0" (a9) + OH (a9) = 2H,O()
H;0%(ag) + OH (a9) = 2H,O ()

K = Kppico: X Kicor X Kincos X (K.) ™

K= K:p,aaco,a X K. nicos X K. n.co, x (Kv)2

1 1 B .
46Ox10" " da5x107  24x10

Figure SM6.1 shows the ladder diagram for H;PO, and for HE From
the ladder diagram, we predict that a reaction between H;PO,4 and

K= (5.0%X107) X

F~ is favorable because their respective areas of predominance do not
overlap. On the other hand, a reaction between H,PO: and F,
which must take place if the final product is to include HPO? , is
unfavorable because the areas of predominance for H,POy and F~,
overlap.

To find the equilibrium constant for the first reaction, we note that
it is the sum of three reactions, each with a standard equilibrium
constant; thus

H;POu(ag) + H.O () = H,POj(ag) + H;O (ag)
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F (a9 + H:O() = OH (490 + HF (a9
H;O0%(ag) + OH (a9) = 2H,O ()

K = Koo, X Ko X (K) ™ = Ko, XKLZFX 1%
_ 711x107 _
K = 8% 10" 10.5

Because K'is greater than 1, we know that the reaction is favorable.

To find the equilibrium constant for the second reaction, we note
that it is the sum of six reactions, each with a standard equilibrium
constant; thus

H;POu(ag) + H.O () = H,POj(ag) + H;O (ag)
H,PO; + H,O = H;O0 " (a9) + HPO? (a9)
F (a9) + H:O() = OH (a9) + HF (1)
F (ag) + H;O() = OH (ag) + HF (a9)
H;0"(a9) + OH (a9) = 2H,O ()
H;0"(a9) + OH (a9) = 2H,O()
K = K. nro, X Konpor X (i) * X (K) ™
K= (7.11 X 107) X (6.32 X 10°%) X (W) =97%x10"
Because Kis less than 1, we know that the reaction is unfavorable.

To calculate the potential we use the Nernst equation; thus
0.05916 | [Sn"][Fe”]"
2 B saT]ET

0.05916 , _ (0.020)(0.030)°
2 £(0.015) (0.050)”

E — (E'(l;eyr/l:eer - E(S]n“/SnH) -

= (0.771 — 0.154) —
= +0.626 V

We can balance these reactions in a variety of ways; here we will
identify the balanced half-reactions from Appendix 13 and add them
together after adjusting the stoichiometric coefficients so that all elec-
trons released in the oxidation reaction are consumed in the reduction
reaction.

(a) The two half-reactions are
MnQOj (ag) + 8H (a9) + 5¢ = Mn’"(ag) + 4H,O ()

H.SO;(ag) + H:O () = SOI (ag) + 4H (a9) + 2¢

which combine to give an overall reaction of

Within the context of this problem, we
do not need to balance the reactions; in-
stead, we simply need to identify the two
half-reactions and subtract their standard
state reduction potentials to arrive at the
reaction’s standard state potential. Never-
theless, it is useful to be able to write the
balanced overall reaction from the half-re-
actions as this information is needed if, as
in Problem 3, we seek the reaction’s poten-
tial under non-standard state conditions.
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2MnO§_(aq) + 5H,80;5(a9) =
2Mn2+(aq) + SSOZ_(aq) + 4H+(aq) + 3H,0O ()
Using the Nernst equation, the standard state potential is
£ = (Blwoinw = Esotmso) = 1.51 = 0.172
= 1338V =134V

and an equilibrium constant of

K = 107770010 = 10U003900916 — 1 47 % 10>
(b) The two half-reactions are
105 (ag) + GH'(ag) + 5¢” = T 1.() + 3H.00)
20 (ag) = L + 2¢
which combine to give an overall reaction of
105 (ag) + 51 (ag) + 6H (ag) = 31.(s) + 3H,O )

Using the Nernst equation, the standard state potential is
E = (EO;/IZ - E‘I)z/r) = 1.195 — 0.5355
= 0.6595V = 0.660 V

and an equilibrium constant of
K = 1075700916 = 10069900916 — 5 48 5 1()%

(c) The two half-reactions are
ClO (a9 + H:O @) + 2¢ = CI (a9) + 20H (ag)

[ (ag) + 60H (a9) = 105 (ag) + 3H.O () + 6e~

which combine to give an overall reaction of

3CIO (a9) + I (ag) = 3Cl (ag) + 105 (ag)

Using the Nernst equation, the standard state potential is
E = (EEIO’/CF - E?og/r) = 0.890 — 0.257 = 0.633 V

and an equilibrium constant of

K: 107/15"/0.05916 — 10(6)(0,633)/0.05916 — 158 X 1064

(a) Because SOi is a weak base, decreasing the solution’s pH, which
makes the solution more acidic, converts some of the SO;” to HSOx .
Decreasing the concentration of SOZ shifts the solubility reaction to

the right, increasing the solubility of BaSOy.

(b) Adding BaCl,, which is a soluble salt, increases the concentration
of Ba* in solution, pushing the solubility reaction to the left and

decreasing the solubility of BaSOy.
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(c) Increasing the solution’s volume by adding water decreases the
concentration of both Ba** and of SO?", which, in turn, pushes the
solubility reaction to the right, increasing the solubility of BaSO.

(a) A solution of NaCl contains the following species: Na*, CI,
H;0", and OH™. The charge balance equation is
[H;O'] + [Na'] = [CI'] + [OH]

and the mass balance equations are

0.10M = [Na’]

0.10M = [Cl]
(b) A solution of HCl contains the following species: CI”, H;0O", and
OH". The charge balance equation is

[H;O"] = [CI'] + [OH]

and the mass balance equation is

0.10M = [Cl]

(c) A solution of HF contains the following species: HE F~, H;O",
and OH". The charge balance equation is

[H;O'] = [F] + [OH]
and the mass balance equation is
0.10 M = [HF] + [F]

(d) A solution of NaH,PO, contains the following species: Na®,
H;PO,, H.POL, HPO: , POi, H;O", and OH". The charge bal-

ance equation is
[Na'] + [H;O"] = [OH] + [H,PO.] +
2 X [HPOI] + 3 X [PO7]
and the mass balance equations are
0.10 M = [Na']
0.10 M = [H,PO.] + [H,PO;] + [HPO:] + [PO:]

(e) A saturated solution of MgCOj contains the following species:
Mg2+, CO;5 , HCOj;, H,CO3, H;0%, and OH™. The charge balance

equation is
2 X [Mg”] + [H;0'] = [OH] + [HCO;] + 2 X [CO7]
and the mass balance equation is
[Mg*'] = [H.CO;] + [HCO;] + [CO3]

(f) A solution of Ag(CN); prepared using AgNO; and KCN con-
tains the following ions: Ag', NOj3, K, CN7, Ag(CN),, HCN,
H;0", and OH". The charge balance equation is

A solution of HCI will contain some un-
dissociated HCl(ag); however, because
HCI is a strong acid, the concentration
of HCl(ag) is so small that we can safely
ignore it when writing the mass balance
equation for chlorine.

For a saturated solution of MgCOs, we
know that the concentration of Mg
must equal the combined concentration
of carbonate in all three of its forms.
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[Ag'] + [K'] + [H;07]
[OH] + [NO;] + [CN7] + [Ag(CN)3]
and the mass balance equations are

[NOs] = [Ag] + [Ag(CN):]
[K'] = [CN'] + [HCN] + 2 x [Ag(CN),]

(g) A solution of HCl and NaNO, contains the following ions: H;07,
OH", CI', Na*, NO;, and HNO,. The charge balance equation is

[Na'] + [H;O"] = [OH] + [NO;] + [CI]
and the mass balance equations are
0.10M =[CI]
0.050 M = [Na’]
0.050 M = [NO;] + [HNO,]
(a) Perchloric acid, HCIOy, is a strong acid, a solution of which con-
tains the following species: H;0*, OH™, and ClOy . The composi-

tion of the solution is defined by a charge balance equation and a mass
balance equation for ClOy

[H;O'] = [OH] + [ClO{]
[CIOs] = 0.050 M

and by the K, expression for water.
[H;OT[OH] = K,

Because HCIOy is a strong acid and its concentration of 0.050 M is
relatively large, we can assume that

[OH ] << [ClO%]
and that
[H;O'] = [ClIO4] = 0.050 M

The pH, therefore is, 1.30. To check our assumption, we note that
a pH of 1.30 corresponds to a pOH of 12.70 and to a [OH] of
2.0x107"% M. As this is less than 5% of 0.050 M, our assumption
that

[OH ] << [ClO%]

is reasonable.

(b) Hydrochloric acid, HCI, is a strong acid, a solution of which con-
tains the following species: H;0", OH", and CI". The composition
of the solution is defined by a charge balance equation and a mass
balance equation for CI”
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[H;O'] = [OH] + [Cl']
[CI'] = 1.00Xx 10" M

and by the K, expression for water.
[H;O'1[OH] = K, = 1.00x 10"

Although HCl is a strong acid, its concentration of 1.00X 107 M is
relatively small such that we likely cannot assume that

[OH] << [Cl]

To find the pH, therefore, we substitute the mass balance equation
for CI” into the charge balance equation and rearrange to solve for
the concentration of OH™

[OH] = [H;O'] — 1.00 X 10™”

and then substitute this into the K, expression for the dissociation of
water

[H,OT{[H,0"] — 1.00 X 107} = 1.00 X 10"
[H;O]* + (1.00 x 107) [H;O] + 1.00 X 107 = 0
Solving the quadratic equation gives [H;0*] as 1.62x 107 and the

pH as 6.79.

(c) Hypochlorous acid, HOCI, is a weak acid, a solution of which
contains the following species: H;0*, OH™, HOCI, and ClO™. The
composition of the solution is defined by a charge balance equation
and a mass balance equation for HOCI

[H;O"] = [OH] + [OCI]
[HOCI] + [CIO] = 0.025M

and by the K and K, expressions for HOCI and water, respectively

[H,0'][OCI']
[HOCI]

[H;O'][OH] = K, = 1.00 x 10"

K = =3.0x10°

Because the solution is acidic, let’s assume that
[OH] << [H;07]
which reduces the charge balance equation to
[H;O']l = [CIO] = x

Next, we substitute this equation for [CIO™] into the mass balance
equation and solve for [HOCI]

[HOCI] = 0.025 — x

Here, and elsewhere in this textbook, we
assume that you have access to a calculator
or other tool that can solve the quadratic
equation. Be sure that you examine both
roots to the equation and that you choose
the root that makes chemical sense.
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Having defined the concentrations of all three species in terms of a
single variable, we substitute them back into the K expression for

HOCI

[H;O][OCI'] _ x’
[HOCI] 0.025 — x

which we can solve using the quadratic equation. Alternatively, we

can simplify further by recognizing that because HOCl is a weak acid,
x likely is significantly smaller than 0.025 and 0.025 — x ~ 0.025

K. = =3.0x10"°

X 8
0.025 — 3.0x 10
which gives x as 2.74x 107 and the pH as 4.56. Checking our as-
sumptions, we note that both are reasonable: 2.74 x 107 is less than
5% of 0.025 and [OHT], which is 3.6x107'° is less than 5% of

[H;0°, which is 2.74x 107,

(d) Formic acid, HCOOH, is a weak acid, a solution of which con-
tains the following species: H;0*, OH™, HCOOH, and HCOO".
The composition of the solution is defined by a charge balance equa-
tion and a mass balance equation for HCOOH

[H;O'] = [OH] + [HCOO]
[HCOOH] + [HCOO'] = 0.010 M

and the K, and K, expressions for HCOOH and water, respectively

[H;O'][HCOO ]
[HCOOH]

K. = = 1.80x10"

[H;O1[OH] = K, = 1.00x 107"
Because the solution is acidic, let’s assume that

[OH] << [H;O07]

which reduces the charge balance equation to

[H;O'] = [HCOO'] = x

Next, we substitute this equation for [HCOO™] into the mass balance
equation and solve for [HCOOH]

[HCOOH] = 0.010 — x

Having defined the concentrations of all three species in terms of a
single variable, we substitute them back into the K expression for

HCOOH

[H;O][HCOO] _ x
[HCOOH] ~ 0.010 — x

and solve for x. In Problem 8b we simplified this equation further by
assuming that x is significantly smaller than the initial concentration

K. = = 1.80x10"
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of the weak acid; this likely is not the case here because HCOOH is
a stronger weak acid than HOCI and, therefore, more likely to dis-
sociate. Solving for x using the quadratic equation gives its value as
1.25%107 and the pH as 2.90. Checking our one assumption, we
note that it is reasonable: the [OH], which is 8.00x 107'2, is less
than 5% of [H30"], which is 1.25x107°.

(e) Barium hydroxide, Ba(OH),, is a strong base, a solution of which
contains the following species: H;0*, OH™, and Ba®*. The compo-
sition of the solution is defined by a charge balance equation and a
mass balance equation for Ba?*

2 X [Ba*] + [H;O'] = [OH]
[Ba®] = 0.050 M

and by the K, expression for water.
[H;O'1[OH ] = K, = 1.00x 10"

Because Ba(OH), is a strong base and its concentration of 0.050 M
is relatively large, we can assume that

[H;O0"] << [OH]
and that
[OH] = 2% [Ba*] = 2X(0.050 M) = 0.10 M
The pOH, therefore is, 1.00 and the pH is 13.00. To check our as-

sumption, we note that a pH of 13.00 corresponds to a [H30] of
1.0x107'3 M. As this is less than 5% of 0.10 M, our assumption that

[H;O'] << [OH ]
is reasonable.

(f) Pyridine, CsH5N, is a weak base, a solution of which contains
the following species: H;0", OH", CsHsN, and CsH;NH". The
composition of the solution is defined by a charge balance equation
and a mass balance equation for CsHsN

[H;O'] + [CsHsNH'] = [OH ]
[CsH;sN] + [C;HsNH'] = 0.010 M

and the K} and K, expressions for CsHsN and water, respectively

[OH][C;HsNH']
[CsHsN]

[H;O'][OH] = K, = 1.00 X 10"

K, = = 1.69 X 10~

Because the solution is basic, let’s assume that

Knowing when an approximation like-
ly is reasonable is a skill you learn with
practice. There is no harm in making an
assumption that fails, as long as you are
careful to check the assumption after solv-
ing for x. There is no harm, as well, in not
making an assumption and solving the
equation directly.
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A pH
A2~
pK, = 6.332
HA™
pK,=1.910
H,A

Figure SM6.2 Ladder diagram for
maleic acid showing the pH values
for which H,A, HA™, and A% are

the predominate species.

A pH
A2~
pPK, = 5.696
HA~
pK, = 2.847
H,A

Figure SM6.3 Ladder diagram
for malonic acid showing the pH

values for which H,A, HA™, and

A" are the predominate species.

[H;0'] << [OH]

which reduces the charge balance equation to

[C5H5N+] = [OHi] = X

Next, we substitute this equation for [CsHsNH'] into the mass bal-
ance equation and solve for [CsHsN]

[CsHsN] = 0.010 — x

Having defined the concentrations of all three species in terms of a
single variable, we substitute them back into the K| expression for
CsHNH

[OH][CsHsNH'] _ x°

- -9
[C,H,N] = 0.010 —x  109x10

[(b:

which we can solve using the quadratic equation. Alternatively, we
can simplify further by recognizing that because CsHsN is a weak
base, x likely is significantly smaller than 0.010 and 0.010 —x~ 0.010

2

X — -9
0010 — 1.69 X 10

which gives x as 4.11x107°, the pOH as 5.39, and the pH as
8.61. Checking our assumptions, we note that both are reasonable:
4.11x107 is less than 5% of 0.010 and [H30*], which is 2.43x 10
is less than 5% of [OH™], which is 4.11 x 107°.

(a) Figure SM6.2 shows a ladder diagram for maleic acid. A solution
of 0.10 M H,A will contain more H,A than HA", and have a pH
of less than 1.910. Maleic acid is a relatively strong weak acid (X},
is 0.0123) and is likely to dissociate to an appreciable extent; thus, a
reasonable estimate is that the solution’s pH falls in the acidic portion
of maleic acid’s buffer region, perhaps between 1.4 and 1.6.

A solution of 0.10 M NaHA will contain more HA™ than H,A or A%,
and have a pH between 1.910 and 6.332. A reasonable estimate is
that the pH is near the middle of the predominance region for HL",

or approximately 4.1.

A solution of 0.10 M Na,A will contain more A%~ than H,A or HA",
and, because A% is a weak base, will have a pH greater than 7. Al-
though more difficult to estimate, a pH between 9 and 10 is a reason-
able guess.

(b) Figure SM6.3 shows a ladder diagram for malonic acid. A solution
0f 0.10 M H,A will contain more H,A than HA™, and have a pH of
less than 2.847. Malonic acid is a relatively strong weak acid (K}; is
1.42x107) and is likely to dissociate to an appreciable extent, but less
than for maleic acid; thus, a reasonable estimate is that the solution’s
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pH falls close to the bottom of the acidic portion of malonic acid’s
buffer region, perhaps between 1.8 and 2.0.

A solution of 0.10 M NaHA will contain more HA™ than H,A or A%,
and have a pH between 2.847 and 5.696. A reasonable estimate is
that the pH is near the middle of the predominance region for HA™,
or approximately 4.3.

A solution of 0.10 M Na,A will contain more A%~ than H,A or HA",
and, because A%~ is a weak base, will have a pH greater than 7. Al-
though more difficult to estimate, a pH between 9 and 10 is a reason-
able guess.

(c) Figure SM6.4 shows a ladder diagram for succinic acid. A solution
of 0.10 M H,A will contain more H,A than HA™, and have a pH of
less than 4.207. Maleic acid is not a relatively strong weak acid (K},
is 6.21x 10‘5); thus, a reasonable estimate is that the solution’s pH
falls below maleic acid’s buffer region, perhaps between 2.5 and 3.0.

A solution of 0.10 M NaHA will contain more HA™ than H,A or A%,
and have a pH between 4.207 and 5.636. A reasonable estimate is
that the pH is near the middle of the predominance region for HA™,
or approximately 4.9.

A solution of 0.10 M Na,A will contain more A% than H,A or HA™,
and, because A% is a weak base, will have a pH greater than 7. Al-
though more difficult to estimate, a pH between 9 and 10 is a reason-
able guess.

(a) Malonic acid, H,A, is a diprotic weak acid, a solution of which
contains the following species: H;0O*, OH", H,A, HA", and A%
From its ladder diagram (see Figure SM6.3), we assume that

[A*] << [HAT]

which means we can treat a solution of H,L as if it is a monoprotic
weak acid. Assuming that

[OH'] << [H;07]

then we know that
[H;O'][HAT] _ &
[H,A] 0.10 — »
which we solve using the quadratic equation, finding that xis 0.0112
and that the pH is 1.95, which is within our estimated range of
1.8-2.0 from Problem 8. Checking our assumptions, we note that
the concentration of OH™, which is 8.93x 1073, is less than 5% of
[H;0"]; thus, this assumption is reasonable. To evaluate the assump-
tion that we can ignore A%, we use K, to determine its concentration
[H;O1[A"] _ (0.0112)[A"]
[HA'] (0.0112)

K., = =1.42x10"

K, = = [A*] = 2.01X10°

A pH
A2~
pK, = 5.636
HA-
pK, = 4.207
H2A

Figure SM6.4 Ladder diagram
for succinic acid showing the pH

values for which H,A, HA™, and

2 . .
A”" are the predominate species.

To review how we arrived at this equation,
see Section 6G.4 of the text or the solution
to Problem 7d.
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To review the derivation of this equation,
see Section 6G.5.

finding that it is less than 5% of [HA™]; thus, this assumption is rea-
sonable as well.

(b) A solution of monohydrogen malonate, NaHA, contains the fol-
lowing species: H;O*, OH™, H,A, and HA™, and A*". From its ladder
diagram (see Figure SM6.3), we assume that

[H,A] << [HA] and [A"] << [HA]

Under these conditions, the [H;0"] is given by the equation

- [ KuKoCun T Ka K,
H.07) =/ Kokl A
Substituting in values for K}, K5, K, and Cy,pa gives [H30] as
5.30x107, or a pH of 4.28, which is very close to our estimate of
4.3 from Problem 8. To evaluate the assumption that we can ignore

H,A, we use K} to calculate its concentration

H;O'][HA'] _ (5.30 X 107)(0.10)
K. 1.42%X 107

finding that it is less than 5% of [HA™] ~ Cy,pja = 0.10 M. To eval-

uate the assumption that we can ignore A%, we use K, to determine

(H,A] = 1 ~373% 107

its concentration

Ko[HA] _ (2.01%10(0.10)
[H,0] 530 X 10

finding that it, too, is less than 5% of [HA™] ~ Cy,pya= 0.10 M.

(c) Sodium malonate, Na,A, is a diprotic weak base, a solution of
which contains the following species: H;0", OH™, Na*, H,A, HA",
and A>". From its ladder diagram (see Figure SM6.3), we assume that

[H,A] << [HA™]

[A*] = =379%x10°

which means we can treat a solution of A>~ as if it is a monoprotic
weak base. Assuming that

[H;O"] << [OH]

then we know that
OH]HA] _
A’] 0.10 — »
which we solve using the quadratic equation, finding that x is
2.23x107, that the pOH is 4.65, and that the pH is 9.35, which
is within our estimated range of 9-10 from Problem 8. Checking
our assumptions, we note that the concentration of H;0", which is
4.48% 1071 is less than 5% of [OH]; thus, this assumption is rea-
sonable. To evaluate the assumption that we can ignore H,A, we use
K, to determine its concentration

Ky = = 498x 10"
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_ Kn[HAT] _
[H,A] = “loH]
(7.04 X 107 (2.23 X 107)
(2.23%x10°)

=7.04%x107"

finding that it is less than 5% of [HA™]; thus, this assumption is rea-
sonable as well.

For a simple solubility reaction without any complications from acid—
base chemistry or from complexation chemistry, the composition of
the system at equilibrium is determined by the solubility reaction

Hg,Br: () = Hg (a9) + 2Br (ag)

its corresponding solubility product

K, = [Hg'][Br']” = 5.6 X 10"

and the stoichiometry of the solubility reaction.

(a) For a simple saturated solution of Hg,Br,, the following table
defines the equilibrium concentrations of Hg>" and Br™ in terms of
their concentrations in the solution prior to adding Hg,Br, and the
change in their concentrations due to the solubility reaction.

Hg,Br,() = Hgi'(ag) + 2Br (ag)

intial — 0 0
change — +x + 2x
equilibrium — X 2x

Substituting the equilibrium concentrations into the K, expression

K, = [Hg1Br]” = (0 (2%)° = 4¢’ = 56X 107

and solving gives x as 2.4 x 1078, The molar solubility of Hg,Br, is the
concentration of Hg2", which is x or 2.4x 1078 M.

(b) For a saturated solution of Hg,Br, in 0.025 M Hg,(NO3),, the
following table defines the equilibrium concentrations of Hg>" and
Br™ in terms of their concentrations in the solution prior to adding
Hg,Br,, and the change in their concentrations due to the solubility

reaction.
Hg,Br,() = Hgi' (a9 + 2Br (a9
I — 0.025 0
C — + x + 2x
E — 0.025 + x 2x

Substituting the equilibrium concentrations into the Ksp expression

K, = [Hg:'][Br ]* = (0.025 + x)(2x)* = 5.6 X 10™*

leaves us with a cubic equation that is difficult to solve. We can sim-
plify the problem if we assume that x is small relative to 0.025 M, an

Although perhaps not obvious, the ap-
proach we are taking here is equivalent
to the systematic approach to solving
equilibrium problems described in Sec-
tion 6G.3 that combines a charge balance
equation and/or a mass balance equation
with equilibrium constant expressions.
For part (a), a charge balance equation
requires that

2% [Hgy'] = [CI]

If we define the concentration of Hg%+
as x, then the concentration of Cl  is 2x,
which is the stoichiometric relationship
shown in the table and leads to the same
equation

Ky =45 =5.6x107

Note that we ignore the presence ofH3O+
and OH  when writing this charge bal-
ance equation because the solution has
a neutral pH and the concentrations of
H3OJr and OH  are identical.

The same argument holds true for parts
(b) and (c), although you may need to do
a little work to convince yourself of this.

To save space, we use “I” to label the row
of initial concentrations, “C” to label the
row showing changes in concentration,
and “E” to label the row of equilibrium
concentrations. For obvious reasons, these
tables sometimes are called ICE tables.
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11.

assumption that seems reasonable given that the molar solubility of
Hg,Br, in water is just 2.4 x 1078 M; thus

K, = (0.025 + x) (2x)* = (0.025) (2x)* = 5.6 X 10*

Solving gives x as 2.4x 107'!, a result that clearly is significantly less
than 0.025. The molar solubility of Hg,Br, is the concentration of
Hg?" from the Hg,Br,, which is x or 2.4x 107! M.

(c) For a saturated solution of Hg,Br, in 0.050 M NaBr, the follow-
ing table defines the equilibrium concentrations of Hg>" and Br™ in
terms of their concentrations in the solution prior to adding Hg,Br,
and the change in their concentrations due to the solubility reaction.

Hg.Br.(9) = Hgi (a9 + 2Br (a9

I — 0 0.050
C — + x + 2x
E — X 0.050 + 2x

Substituting the equilibrium concentrations into the KSP expression
K, = [Hg:'1[Br ]” = (x)(0.050 + 2x)* = 5.6 X 10™*

leaves us with a cubic equation that is difficult to solve. We can sim-
plify the problem if we assume that 2x is small relative to 0.050 M,
an assumption that seems reasonable given that the molar solubility
of Hg,Br, in water is just 2.4 1078 M; thus

K, = (x)(0.050 + 2x)* = (x) (0.050)* = 5.6 X 10>

Solving gives x as 2.2 1072%, a result that clearly makes 2x signifi-
cantly less than 0.050. The molar solubility of Hg,Br; is the concen-
tration of Hg>", which is x or 2.2x 1072 M.

Because F~ is a weak base, the molar solubility of CaF, depends on
the solution’s pH and whether fluorine is present as F~ or as HE The
ladder diagram for HE which is included in Figure SM6.1, shows
that F~ is the only significant form of fluorine at a pH of 7.00, which
means the solubility of CaF, is determined by the reaction

CaF.,(s) = Ca* (ag) + 2F (ag)

for which the equilibrium constant expression is
K, = [Ca"][F]* = 39X 10"

The following table defines the equilibrium concentrations of Ca®*
and F~ in terms of their concentrations in the solution prior to adding
CaF,, and the change in their concentrations due to the solubility
reaction.



Chapter 6 Equilibrium Chemistry 65

Cak () = Caz+(aq) + 2F (a9

I — 0 0
Cc — + x + 2x
E — X 2x

Substituting the equilibrium concentrations into the K, expression
K, = [Ca”][F ]’ = () (2%)° = 4x’ = 3.9%x 10"

and solving gives x as 2.1x 10~*. The molar solubility of CaF, at a
pH of 7.00 is the concentration of Ca®*, which is x or 2.1x 10~ M.
Our solution here assumes that we can ignore the presence of HF; as
a check on this assumption, we note that
[H:O][F] _ (1.0X107)(2.1x107)
Ko 6.8x10"

a concentration that is negligible when compared to the concentra-
tion of F~.

[HF] = =3.1x10°

At a pH of 2.00, the only significant form of fluorine is HE, which
means we must write the solubility reaction for CaF, in terms of HF
instead of F~; thus

CaF.(s) + 2H;0" (ag) = Ca® (a9) + 2HF (a9) + 2H,O()

To determine the equilibrium constant for this reaction, we note that
it is the sum of five reactions, each with a standard equilibrium con-
stant; thus

CaF,(s) = Ca*" (ag) + 2F (ag)
F (a9) + H,O() = HF (a9) + OH (a9)
F (49) + H,O() = HF (¢g) + OH (a9)
H;0"(a9) + OH (a9) = 2H.O()
H;0" (a9) + OH (a9) = 2H,O()
K= Ky X (Kor)* X (K)
= Koo ) (%)

o -K:p,CaFZ _ 3.9 X 10711 i =5
T )  68x10) 8.4 %10

The following table defines the equilibrium concentrations of Ca?,
HE and H30" in terms of their concentrations in the solution prior
to adding CaF,, and the change in their concentrations due to the
solubility reaction; for H;0", note that its concentration does not
change because the solution is buffered.

Note that the molar solubility of CaF, is
independent of pH for any pH level greater
than approximately pK, 1y + 1~ 4.2. This
is because at these pH levels the solubili-
ty reaction does not include any acid-base

chemistry.

We also can write this reaction as

CaF,(s) + 2H,O() =
Ca’"(ag) + 2F (ag) + 20H (ag)

and then make appropriate changes to the
equations that follow. The final answer is
the same.
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To display this table within the available
space, we identify the physical state only
those species that are not present as aque-
ous ions or molecules.

12.

CaF,() + 2H,0" = Ca?t + 2HF + 2H,00

I — 0.010 0 0 —
CcC — — + x + 2x —
E — 0.010 X 2x —

Substituting the equilibrium concentrations into the reaction’s equi-
librium constant expression
[Ca*][HF)® _ (9297 _ 4

ISHONE (0.010)° (0.010)°
and solving gives x as 1.3x107°. The molar solubility of CaF, at a
pH of 2.00 is the concentration of Ca?*, which is x or 1.3x 107> M.
Our solution here assumes that we can ignore the presence of F7; as
a check on this assumption, we note that

. _ K.uw[HF] _ (6.8X% 1074)(1.3 X107) 5
F1="3107 = o —88x10

a concentration that is negligible when compared to the concentra-
tion of HE
The solubility of Mg(OH), is determined by the following reaction

Mg(OH). () = Mg* (a9) + 20H (a9)

K =

= 84107

for which the equilibrium constant expression is

K, = [Mg"][OH]* = 7.1x 107"

The following table defines the equilibrium concentrations of Mg**
and OH" in terms of their concentrations in the solution prior to
adding CaF, and the change in their concentrations due to the sol-

ubility reaction; note that the concentration of OH™ is fixed by the
buffer.

Mg(OH),() = Mg® (a9 + 20H (a9)

I — 0 1.0x 107
C — + x —
E — X 1.0X 107

Substituting the equilibrium concentrations into the K, expression
K, = [Mg"1[OH ]’ = (x)(1.0x107)* = 7.1 X 10"
and solving gives x as 710. The molar solubility of Mg(OH), ata pH

of 7.00 is the concentration of Mg2+, which is x or 710 M; clearly,
Mg(OH)), is very soluble in a pH 7.00 buffer.

If the solution is not buffered, then we have
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Mg(OH)z(x) = Mg2+(aq) + 20H (a9

I — 0 1.0x 107
C — + x + 2x
E — X (1.0xX107) + 2x

and substituting into the equilibrium constant expression

K, = [Mg”][OH]* = (»{(1.0x107) + 2x)}* = 7.1 X 10"

leaves us with an equation that is not easy to solve exactly. To simplify
the problem, lets assume that x is sufficiently large that

(1.0X107) + 2x = 2x

Substituting back
K, = [Mg”1[OH ] = (x)(2x)°* = 4x’ = 7.1 X 10"

and solving gives x as 1.2x10%. Checking our one assumption, we
note that it is reasonable: 1.0x 107 is less than 5% of 2x.The molar
solubility of Mg(OH), is the concentration of Mg2+, which is x or

1.2x10™ M; clearly, Mg(OH), is much less soluble in the unbuffered
solution.

Because PO; is a weak base, the molar solubility of AgzPO, depends
on the solution’s pH and the specific form of phosphate present. The
ladder diagram for H3POy, which is included in Figure SM6.1, shows
that HPO?™ is the only significant form of phosphate at a pH of 9.00,
which means the solubility of Ag;POy is determined by the reaction

Ag;PO. () + H;0" (ag) = 3Ag" (ag) + HPOZ (a9) + H.O()

To determine the equilibrium constant for this reaction, we note that
it is the sum of three reactions, each with a standard equilibrium
constant; thus

AgiPO. () = 3Ag (ag) + POI (ag)
POT(M) + H.O() = OH (a9) + HPOf(pzq)

H;O0"(ag) + OH (a9) = 2H,O()

K. 1

R -1 — w
K = Kyagro. X Kyror X (K,) " = Kypagro, X Kool X Ve

_ Kongro, _ 2.8%X107"

_ -6
 Kowor  45%X10"° 6.2 10

The following table defines the equilibrium concentrations of Ag”,
HPOZ, and H;0" in terms of their concentrations in the solution
prior to adding Ag;POy, and the change in their concentrations due
to the solubility reaction; for H;0", note that its concentration does
not change because the solution is buffered.
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You may wonder why our approach to
this problem does not involve setting up
an ICE table. We can use an ICE table
to organize our work if there is one and
only one reaction that describes the equi-
librium system. This is the case, for exam-
ple, in Problem 10 where the solubility
reaction for Hg,Br, is the only reaction
in solution, and the case in Problem 11
because only one reaction contributes sig-
nificantly to the equilibrium condition.
For more complicated systems, such as
Problem 14 and several that follow, we
must work with multiple equations, often
solving them simultaneously.

14.

Ag:POs() + H,O° = 3Ag" + HPOI + H,O()
1 — 1.0x 10~ 0 0 —
C — — + 3x + x —
E — 1.0x 107 3x X —

Substituting the equilibrium concentrations into the reaction’s equi-
librium constant expression

= AgVHPOT] _ (69 _ 27

ISHON 1.0x 107 1.0x 107
and solving gives x as 1.2x 107, The molar solubility of AgsPOyata
pH 0f2.00 is the concentration of HPO? ", whichisxor 1.2x 1074 M.
Our solution here assumes that we can ignore the presence of other
phosphate species; as a check on this assumption, we note that

Ka,HPOi’ [HPO?] —

=62x%x10°

[POI] = (O]
(4.5 X 11(.)0‘2(11(.)29>< 10 _ 5410
and that
H.p0;) = (HPOUIFLOT
(1.2 ><61.224)>§11.8>8< 107) _ 4 g% 10

Both concentrations are less than 5% of the concentration of HPO?
so our assumptions are reasonable. Note that we do not need to check
the assumption that the concentration of H;POy is negligible as it
must be smaller than the concentration of H,POj .

The equilibrium constants for the three reactions are

K, = [Ag'][CI'] = 1.8 x 10"

[AgCl(ag)] R
K = ——=— =5.01 X10
Ag]rcr] — 201X

[AgCl(ag)] [CI']

The concentration of AgCl(ag) is easy to determine because the de-
nominator of K| is simply K(,; thus
[AgCl(ag)] = KK, = (5.01 X 10%)(1.8 X 107°) = 9.0x 10" M

To determine the concentration of the remaining species, we note
that a charge balance equation requires that

[Ag'] = [Cl'] + [AgCL:]
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Given that the concentration of AgCl(aq) is 9.0 x 107/, it seems rea-
sonable to assume that the concentration of AgCl; is less than this
and that we can simplify the charge balance equation to

[Ag’] = [Cl'] = x
Substituting into the KSP equation
K, = [Ag'1[CI] = (0 (x) = x = 1.8 X 107"

and solving gives x as 1.3 107°; thus, both the [Ag'] and the [CI]
are 1.3x10™ M. To check our assumption, we note that
[AgCL] = K:[AgCl(aq)] [CI ]
= (83.2)(9.0x107)(1.3%x10°) = 9.7%x10"

the concentration of AgCl; is 9.7x107'% M; thus, our assumption
that we can ignore the concentration of AgCl, is reasonable.

(a) A solution of 0.050 M NaCl is 0.050 M in Na* and 0.050 M in
CI7; thus

1 = 5{(0.050) (+1)* + (0.050)(=1)*} = 0.050 M

(b) A solution of 0.025 M CuCl, is 0.025 M in Cu?* and 0.050 M
in CI7; thus

1 = 5{(0.025)(+2)* + (0.050)(=1)*} = 0.075M

(c) A solution of 0.10 M Na,SOy is 0.20 M in Na* and 0.10 M in
SO: ; thus

= 3{(020)(+1)* + (0.10)(—2)*} = 030 M

(a) From Problem 10a, we know that the molar solubility of Hg,Br,
is sufficiently small that the solution’s ionic strength is not altered
significantly by the limited number of Hg:" and Br™ ions in solution.
The molar solubility remains 2.4x 107 M.

(b) From Problem 10b we know that the molar solubility of Hg,Br,
is sufficiently small that the solution’s ionic strength is not altered sig-
nificantly by the limited number of Br™ ions or Hg" ions arising from
the solubility reaction; however, we cannot ignore the contribution of
Hg,(NO3), to the solution’s ionic strength, which is

= 5{(0.025)(+2)* + (0.050)(=1)*} = 0.075M

Given the ionic strength, we next find the activity coeflicients for
Hg>" and for Br7; thus

g pue = 05D () V0.075  _ 410

1 + (3.3)(0.40)y/0.075
7Hg%+ — 0389

As we must form AgCl(ag) before we can
form AgCI;, the concentration of AgClg
will be less than [AgCl(zg)] unless there is a

large excess of Cl .

Note that we did not include H3O+ and
OH' when calculating the ionic strength
of these solutions because their concentra-
tions are sufficiently small that they will
not affect the ionic strength within the
limit of our significant figures.

The same reasoning explains why we did
not consider the acid-base chemistry of

SO? in part (c) as the concentrations of
H3O+, OH", and HSOy are sufficiently
small that we can safely ignore them.
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_ (0.51)(—1)*v0.075

—log7s =

= 0.110
1 + (3.3)(0.30)y0.075

7. = 0.776

where values of alpha are from Table 6.2. The ionic strength-adjusted
KSP for the solubility of Hg,Br, is

K, = [Hgﬂ [Bf_]ZVHgﬁ*Y%sf =56%X10"%

From here, we proceed as in Problem 10b; thus
K, = (0.025 + x)(2x)°(0.389) (0.776)* = 5.6 X 10*
~ (0.025) (2x)*(0.389) (0.776)* = 5.6 X 10™*

finding that x is 4.9x 107! and that the molar solubility of Hg,Br,
of 4.9x107!" M is greater than the value of 2.4x107'" M that we
calculated when we ignored the affect on solubility of ionic strength.

(c) From Problem 10c we know that the molar solubility of Hg,Br,
is sufhiciently small that the solution’s ionic strength is not altered sig-
nificantly by the limited number of Br™ ions or Hg>" ions arising from
the solubility reaction; however, we cannot ignore the contribution of
NaBr to the solution’s ionic strength, which is

1 = 5{(0.050) (+1)* + (0.050)(=1)*} = 0.050 M

Given the ionic strength, we next find the activity coeflicients for
Hg>" and for Br; thus

logru = (0.51)(+2)*1/0.050  _ 0352
“ 14 (3.3)(0.40)4/0.050 '
Yz = 0.444
~logys = —IDITD V0050 _ g 593y
1 + (3.3)(0.30)4/0.050
7. = 0.807

where values of alpha are from Table 6.2. The ionic strength-adjusted
K, for the solubility of Hg,Br, is

K, = [Hg1[Br I’Yug 7 = 5.6x107%

From here, we proceed as in Problem 10c¢; thus
K, = (x)(0.050 + 2x)*(0.444)(0.807)° = 5.6 X 107>
K, ~ (x)(0.050)*(0.444) (0.807)* = 5.6 X 10>
finding that x is 7.7x 107" and that the molar solubility of Hg,Br,
of 7.7x107%° M is greater than the value of 2.2x1072° M that we
calculated when we ignored the affect on solubility of ionic strength.
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Because phosphate is a weak base, the solubility of Ca3(POy), will
increase at lower pH levels as the predominate phosphate species
transitions from POI to HPOI to H,POs to H3PO,. A ladder
diagram for phosphate is included in Figure SM6.1 and shows that
PO is the predominate species for pH levels greater than 12.35;
thus, to minimize the solubility of Ca;(POy), we need to maintain

the pH above 12.35.

(a) Figure SM6.1 shows a ladder diagram for HF and H;POy. Based
on this ladder diagram, we expect that the weak acid HF will react
with the weak bases PO: and HPOY ™ as their areas of predominance
do not overlap with HF; thus

HF (aq) + PO (aq) = HPO? (aq) + F (aq)
2HF (aq) + PO7 (aq) = H,PO4 (aq) + 2F (aq)
HF (aq) + HPOZ (aq) = H,POZ(aq) + F (aq)
We also expect that the weak base F~ will react with the weak acid
H;POy; thus
F (ag) + H;POu(ag) = H,PO: (ag) + HF (ag)

(b) Figure SM6.5 shows a ladder diagram for the cyano complexes
of Ag”, Ni?*, and Fe?*. Based on this ladder diagram, we expect that
Ag"* will displace Ni** from the Ni(CN)? complex, that Ag* will
displace Fe** from the Fe(CN)¢ complex, and that Ni** will dis-
place Fe?* from the Fe(CN){ ; thus

ZAg+ (aq) + Ni (CN) . (aq) = 2Ag (CN);(aq) + Ni* (aq)
3Ag" (aq) + Fe(CN)§ (aq) = 3Ag(CN); (ag) + Fe™' (aq)
3Ni* (aq) + 2Fe(CN) . (aq) = 3Ni(CN) i (aq) + 2Fe*" (aq)
(c) Figure SM6.6 shows a ladder diagram for the Cr,O7 /Cr’" and

the Fe?*/Fe** redox half-reactions. Based on this ladder diagram, we
expect that Fe?* will reduce Cr,O2 to Cr*; thus

CI‘ZO;f(ﬂq) + GFCH(ﬂq) + 14H+(¢zq) =
2Cr3+(aq) + 6FC‘3+(aq) + 7H,O ()

The pH of a buffer that contains a weak acid, HA, and its conjugate
weak base, A7, is given by equation 6.60

pH = pK. + log Cfm

which holds if the concentrations of OH™ and of H;0™ are signifi-
cantly smaller than the concentrations of HA, Gy, and of A™,C,—.

(a) The pH of the buffer is
pH = 3.745 + log

0.015 _
0.025

3.52

Ni2+

1 _
4109 B, =7.56

Ni(CN)Z~

71

A pCN

Ag*

TlogB, =10.24

Ag(CN);

Fe2*

1 _
610985 =590

Fe(CN)~

Figure SM6.5 Ladder diagram for Prob-

lem 18b showing

the areas of predomi-

nance for Ag’, Ni2*, and Fe>* and their

cyano complexes.

A E°
2—
Cr207
E°=+1.36V

3+

Cr Fe3t

E°=+0.771V
Fe2+

Figure SM6.6 Ladder diagram for Problem
18c showing the Cr, O /Cr” and the

Fe>*/Fe** redox half-reactions.
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With a pH of 3.52, the [H;0"] is 3.0x107% and the [OHT] is
3.3x107'"); thus, the assumptions inherent in equation 6.60 hold.

(b) A mixture consisting of an excess of a weak base, NH3, and a
limiting amount of a strong acid, HCI, will react to convert some of
the NHj; to its conjugate weak acid form, NH; ; thus

NHg(aq) + HCI (aq) — NHZ(aq) + le(aq)

The moles of NH; formed are

which leaves the moles of NHj as
mol NH; = M, Van, = Mua Via
= (0.12 M)(0.05000 L) — (1.0 M) (0.00350 L)
= 2.50x%x10"
The total volume is 53.50 mL, which gives the concentrations of
NH; and of NH; as
_ 3.50X 10" mol

-3
INH,] = 250X 10_mol — o467
and a pH of
_ 0.0467 _
pH = 9.244 + log 00654 9.10

With a pH of 9.10, the [H;0'] is 8.0x107"" and the [OH] is
1.3%107); thus, the assumptions inherent in equation 6.60 hold.

(c) To calculate the pH we first determine the concentration of the

weak acid, HCO5 , and the weak base, CO3"

1 mol HCOj;
5.00 ¢ NaHCO; X
84.007 g NaHCO
[HCO;] = 00l = 0595 M
1 mol CO3”
5.00 g Na,CO; X
105.99 g Na,CO
[COi] = 0L = 0472 M
and then the pH

0.472
0.595

With a pH of 10.23, the [H;0%] is 5.9x107'" and the [OH ] is
1.7x107%); thus, the assumptions inherent in equation 6.60 hold.

20. Adding 5.0x 104 mol of HCI converts 5.0 x 10~ mol of the buffer’s
conjugate weak base, A7, to its conjugate weak acid, HA. To simplify

pH = 10.329 + log

= 10.23

the calculations, we note that we can replace the concentrations of
HA and of A™ in equation 6.60 with their respective moles as both
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HA and A~ are in the same solution and, therefore, share the same
volume.
(2) The pH after adding 5.0 10~* mol of HCl is
(0.015) (0.100) — 5.00 X 10~
(0.025) (0.100) + 5.00 X 10°*
With a pH of 3.27, the [H;0"] is 5.4x 10 and the [OHT] is
1.9x107M); thus, the assumptions inherent in equation 6.60 hold.
(b) The pH after adding 5.0 10~4 mol of HCl is
(0.0467) (0.0535) — 5.00 X 10°*
£(0.0654)(0.0535) + 5.00 X 10
With a pH of 8.94, the [H;0"] is 1.1x 1072 and the [OHT] is
9.1x107°); thus, the assumptions inherent in equation 6.60 hold.
(c) The pH after adding 5.0 x 10~* mol of HCl is
(0.472)(0.100) — 5.00 X 10~*
(0.595)(0.100) + 5.00 X 10°~*
With a pH of 10.22, the [H;0%] is 6.0x 107! and the [OHT] is
1.7x 10_4) ; thus, the assumptions inherent in equation 6.60 hold.
Adding 5.0%10™* mol of NaOH converts 5.0 x 1074 mol of the buf-
fer’s conjugate weak base, HA, to its conjugate weak acid, A™. To sim-
plify the calculations, we note that we can replace the concentrations
of HA and of A™ in equation 6.60 with their respective moles as both
HA and A™ are in the same solution and, therefore, share the same
volume.
(a) The pH after adding 5.0 x 107 mol of NaOH is
(0.015) (0.100) + 5.00 X 10~
(0.025)(0.100) — 5.00 X 10~*
With a pH of 3.74, the [H30"] is 1.8x 10 and the [OHT] is
5.5x107'1); thus, the assumptions inherent in equation 6.60 hold.
(b) The pH after adding 5.0x 10~* mol of NaOH is
(0.0467) (0.0535) + 5.00 X 10”*
(0.0654) (0.0535) — 5.00 x 10°*
With a pH of 9.24, the [H;0'] is 5.8x107' and the [OH] is
1.7%107); thus, the assumptions inherent in equation 6.60 hold.
(c) The pH after adding 5.0 10~* mol of NaOH is
(0.472)(0.100) + 5.00 X 10~*
£(0.595)(0.100) — 5.00 X 10 *
With a pH of 10.24, the [H;0%] is 5.8x107'! and the [OH] is
1.7x 10_4) ; thus, the assumptions inherent in equation 6.60 hold.

pH = 3.745 + log

= 3.27

pH = 9.244 + lo = 8.94

pH = 10.329 + log = 10.22

pH = 3.745 + log = 3.74

= 9.24

pH = 9.244 + log

= 10.24

pH = 10.329 + lo

(a)The equilibrium constant for the reaction is

[ML]

&=

As expected, adding HCI makes the solu-
tion more acidic, with the pH decreasing
from 3.52 to 3.27.

As expected, adding HCI makes the solu-
tion more acidic, with the pH decreasing
from 9.01 to 8.94.

As expected, adding HCI makes the solu-
tion more acidic, with the pH decreasing
from 10.23 to 10.22; the change in pH is
smaller here because the concentration of
the buffering agents is larger.

As expected, adding NaOH makes the
solution more basic, with the pH increas-
ing from 3.52 to 3.74.

As expected, adding NaOH makes the
solution more basic, with the pH increas-
ing from 9.01 to 9.24.

As expected, adding NaOH makes the
solution more basic, with the pH increas-
ing from 10.23 to 10.22; the change in
pH is smaller here because the concentra-
tion of the buffering agents is larger.
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23.

24.

Taking the log of both sides of this equation gives

_ [ML] _ [ML]
logK: = log o log[M] = log 0] + pM
which, upon rearranging, gives the desired equation
pM = logK, — log UE;%]
For the case where K is 1.5% 108 we have
_ s _ 1. IML] _ _ . [ML]
pM = log(1.5 X 10°) — log i 8.18 — log i

(b) Because the reaction between M and L is very favorable, we ex-
pect that all of M, which is the limiting reagent, is converted to ML,
consuming an equivalent amount of L. Once equilibrium is reached,
0.010 mol of L remain and 0.010 mol of ML are formed, which gives

pM = 8.18 — log 3010

(c) Adding an additional 0.002 mol M converts an additional 0.002
mol of L to ML; thus, we now have 0.012 mol ML and 0.008 mol L,
and pM is

= 8.18

0.012

pM = 8.18 — logynpg = 8-00

The potential of a redox buffer is given by the Nernst equation
_ _ [Fe™']
E = B — 0.05916log [Fe']

Because Fe** and Fe* are in the same solution, we can replace their
concentrations in the Nernst equation with moles; thus

E = Eloici*/Fcl‘ - 0.0591610g m01 Fe —

mol Fe’*

0.771 — 0.05916log 291> =

0.010

0.761V

After converting 0.002 mol Fe** to Fe™*, the solution contains 0.013
mol Fe** and 0.012 mol Fe’*; the potential, therefore, is

E = 0771 = 0.05916log 015 = 0.769 V

A general approach to each problem is provided here, but more spe-
cific details of setting up an Excel spreadsheet or writing a function
in R are left to you; see Section 6] for more details.

(a) To find the solubility of CaF, we first write down all relevant
equilibrium reactions; these are

CaF.,(s) = Ca*" (ag) + 2F (ag)
HF (aq) + H,O() = H30+(zzq) + F (ag)
2H,O() = H;O0"(ag) + OH (a9
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There are five species whose concentrations define this system (Ca?*,
F~, HE H;0%, and OH"), which means we need five equations that
relate the concentrations of these species to each other; these are the
three equilibrium constant expressions

K, = [Ca*][F]* = 3.9% 10"

_ [H;O7][F] _ )
K, = R 6.8 %10

K, = [H;O'][OH] = 1.00 X 10

a charge balance equation
2[Ca"] + [H;0'] = [OH] + [F]

and a mass balance equation

2 X [Ca*] = [HF] + [F]

To solve this system of five equations, we make a guess for [Ca®'], and
then use KSP to calculate [F7], the mass balance equation to calculate
[HF], K, to calculate [H;0"], and K, to calculate [OH™]. We eval-
uate each guess by rewriting the charge balance equation as an error
function

error = 2 X [Ca”] + [H;O] — [OH] — [F]

searching for a [Ca®*] that gives an error sufficiently close to zero.
Successive iterations over a narrower range of concentrations for Ca**
will lead you to a equilibrium molar solubility of 2.1x10™ M.

(b) To find the solubility of AgCl we first write down all relevant
equilibrium reactions; these are

AgCl(s) = Ag" (ag) + Cl (ag)
Ag’(ag) + Cl (ag) = AgCl(ag)
AgCl(ag) + Cl (a9) = AgCl; (ag)
AgCl; (ag) + Cl (ag) = AgCl; (ag)
AgCl5 (aq) + Cl (ag) = AgCli (ag)
There are six species whose concentrations define this system (Ag”,
CI, AgCl(ag), AgCl;, AgCl:, and AgCl}"), which means we need

six equations that relate the concentrations of these species to each
other; these are the five equilibrium constant expressions

K, = [Ag'][CI'] = 1.8 x 107"

[AgCl(ag)]

K= TagT1cn

= 5.01 x 10’

Be sure you understand why the concen-
tration of Ca”" is multiplied by 2.
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B [AgCL] _
K= Tagllugriary ~ 832
_ [AgCE]
&= Tagcrcry ~ 603
K= Al 5

[AgCL5][Cl]

You can substitute a mass balance equa- and a Charge balance cquation

tion for the charge balance equation, but [Ag+] — [Cl—] + [AgCl;] + 2% [Agclg—] + 3% [Agclz—]

the latter is easier to write in this case.

To solve this system of five equations, we make a guess for [Ag*], and
then use KSP to calculate [CI7], K] to calculate [AgCl(ag)], K, to calcu-
late [AgCL ], Kj to calculate [AgCl3], and K to calculate [AgCli].
We evaluate each guess by rewriting the charge balance equation as
an error function

error = [Ag'] — [Cl'] — [AgCL] — 2 X [AgCl5] — 3 X [AgCli]

searching for a [Ag'] that gives an error sufficiently close to zero.
Successive iterations over a narrower range of concentrations for Ag*
will lead you to a equilibrium molar solubility of 1.3x10™ M.

(c) To find the pH of 0.10 M fumaric acid we first write down all
relevant equilibrium reactions; letting H,A represent fumaric acid,
these are

H,A(aq) + H,O() = H;O0" (a9) + HA (a9)
HA (29) + H,O() = H;O" (a9) + A” (a9)
2H,O () = H;O " (a9) + OH (a9)

There are five species whose concentrations define this system (H,A,
HA~, A", H;0", and OH"), which means we need five equations
that relate the concentrations of these species to each other; these are
the three equilibrium constant expressions

[H;O'][HA]

— — —4
_ [H,OT[AT] _ .

K, = [H;O][OH] = 1.00x 107"

a charge balance equation

[H;O'] = [OH] + [HA] + 2 X [A™]

and a mass balance equation

0.10 M =[H,A] + [HA] + [A*]
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Chapter 6 Equilibrium Chemistry

To solve this system of five equations, we make a guess for the pH,
calculate [H307] and use K, to calculate [OH™]. Because each of the
remaining equations include at least two of the remaining species,
we must combine one or more of these equations to isolate a single
species. There are several ways to accomplish this, one of which is to
use K| to express [HA™] in terms of [H,A], and to use K}; and K,
to express [A%] in terms of [H,A]

L _ KulHLA]

HAT = 31 67
ar) = KelHAT _ KoKa[HaA]
[H;07] [H;O0']*

and then substitute both into the mass balance equation

_ K., [H,A] K. K, [H,A]
. — 2 + = + 2
0.10 M=[H.A] + Ty 5 Lo
_ K. K. K,
= [HLA] x{l ST [H3o*]2}

which we use to calculate [H,A]. Finally, we calculate [HA™] using
K,; and [A%7] using K,,. We evaluate each guess by rewriting the

a
charge balance equation as an error function

error = [H;O'] — [OH] — [HA] — 2 X [A”]

searching for a pH that gives an error sufficiently close to zero. Suc-
cessive iterations over a narrower range of pH values will lead you to

a equilibrium pH of 2.05.

The four equations that describe the composition of an equilibrium
solution of HF are the K, and K, equilibrium constant expressions
[H:O'][F ]

(HF]
K, = [H;O'][OH ]

[(a:

a charge balance equation

[H;O] = [OH] + [F]

and a mass balance equation

Cur = [HF] + [F]

To combine the equations, we first use the mass balance equation to
express [HF] in terms of Cyyp and [ F]

[HF] = Cuws — [F]

and then substitute this into the X, expression

[H;O'][F]

[(a - C]—[F - [F_]
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which we then solve for [F7]
K.Cwr — K,[F] = [H;O'][F]
K.Cw = [H;O'][F] + K.[F]
[FH{[H:O] + K.} = K.Cir

-1 — K\ CHFa
F1= o7+«
Next, we solve K, for [OH]
o K,

and then substitute this and the equation for [F7] into the charge
balance equation

1 — Kw -K; CHF
[HSO ] - [H30+] + [H30+:| _|_ K;
Rearranging this equation
[H3O+] _ Kv _ K;CHFa — 0

[H;O"] [H;O] + K.

multiplying through by [H307]
_ K.G[H;07]

[HSO ] - KW [H30+] + Ka

=0
multiplying through by [H30"] + K,
H,O]’ + K,[H;0]? — K, [H;0"] —
K\Kw - K;CHF [H30+] = O

and gathering terms leaves us with the final equation
H,O"’ + K. [H;0']* — (K.Cwr + K,)[H;O"] — KK, =0



