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CHAPTER 9 SUPPLEMENTARY SOLUTIONS 22
SYSTEMATIC TREATMENT OF EQUILIBRIUM
[H*] + [TH3NCHCO,H] = [OH'] + [HoNCH2CO; ]
[H*] + 3[AB3*] + 2[AIOH2*] + [AIOH); ] + [K*] = [OH] + [Al(OH); ]
[HoNCH,CO; ] + [FH3NCH,CO; ] + [TH3NCH2CO,H] = 0.05 M

[AB*] + [AIOH2'] + [AI(OH)} ] + [AI(OH)3(aq)] + [AI(OH); ] = 0.0050 M
[K*] = 0.45M

1. Pertinent reaction: (Hg2)3[Co(CN)g]2 (s) = 3Hg22Jr + 2C0(CN)36'
2. Charge balance: 2[Hg% 1 = 3[Co(CN)% ]
3. Mass balance: 2[Hg22+ ] = 3[C0(CN)36']

4. Equilibrium constant: Kgp =19 %1037 = [Hg22+ ]3[C0(CN)36' 1?
Solve: If [ngzJr ]=x, then [Co(CN)36' ] = % x. Putting these values into the solubility

. 2
product gives (x)3 (5x)2 = Kgp = x= [HgZZJr ]=53%x108M

(1) My = [M2*] + [ML"]

(b) Ly = [L7] + [ML*] + [HL]

(c) 2[M*] + [H'] + [ML*] = [L7] + [OH]

(d) K =1.0x108 = ﬁ_—] (1)
K = 10105 = L] @)
Equation (2) gives [L'] = [HL] when [H]=1.0 x 10> M .
Putting [L7] = [HL] into the L equation gives
Li=0.1M =2[L7+[ML*] = [L7] =0.05—3 [ML"].
Substituting this last expression for [L] and the expression

[M2+] = M;— [ML*] = 0.1 — [ML"] into Equation (1) gives
Solve quadratic
+ equation
1.0 x 108 = ML ] = [ML*] = 0.10M

(0.10 — [ML*])(0.050 — %[MLJ“ N




Chapter 9: Supplementary Solutions 23

+
Equation (1) gives [M2*] = ML ]_ 0.810 =20x108M
KIL']  (1.0x10%)(0.050)
HFNIOH~ pH 3.00
$9-7. (a HOHT _ 5 o T2 | [HF] = 15[F]
[F7] [OH]=10""M

Mass balance: [F] + [HF] = 2.5 [F] = 2[Mg2*] = [F] = 0.80[Mg2"]

Substitution into solubility product gives
[Mg2*][F7]? = [Mg2+](0.80[Mg2])2 = 6.6 x 109 = [Mg2t]=2.1gx 103 M
[F7] = 0.80[Mg2*] = 1.74x 103 M
[HF] = 1.5[F] = 2.61 x 103 M

[MgF] ;
b = K=10205=1.1 x 102 = [MgF*]=(1.12 x 102)[Mg2*][F
()[Mg2+][F_] 2 = [MgF™] = (1.12 x 105)[Mg="][F"]

= (1.13 x 102)[2.1g x 10-3][1.74 x 103] =4.2 x 104 M

(c) Mass balance: total F = 2(total Mg)
[F7] + [HF] + [MgF*] = 2[Mg2*] + 2[MgF*] [F7] + [HF] = 2[Mg?*] + [MgF*]

S9-8. A — = 63x10°.
[HA(aq)][OH]
Putting in [HA(ag)] =0.008 5M and [OH]=1.0x104M = [A7] = 0.536 M
[HA] + [AT] = 0.54 M.

S9-9. (a) Mass balance: [Sr2+] = [SOZA{]Jr[HSOjf] (D)

Charge balance: 2[Sr2*]+ [H'] = 2[8024'] +[HSO,] + [OHT] 2)

(b) If pH=2.50, [OH] = 3.1 x 10-12M
[HSOZ][OH]
——S—— =98x 1013 = [HSO;] = 0.319[SO%]

[SO%]

Putting this expression for [HSO, ] into the mass balance gives
[St2+] = [SO%]+0.310[SO%] = 1.319[SO%]
Putting this expression for [SO%" ] into the solubility product gives

2+
[Sr2+][8024' ] = [Sr2+]llsg—101 = Kyp = [Sr2*] = 6.5x 104 M.
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S9-10. (a) Mass balance: [Sr2*] + [SrSO4] = [SO%[] + [HSO,4] + [SrSO4]

The net mass balance is unchanged from the previous problem because
[SrSO4] cancels on both sides of the equation.

(b) The procedure from the previous problem is still entirely valid because the mass balance and

the equilibria are unchanged. The only addition is the ion pair whose concentration is

Sr2+
[SrSO4] = K[Sr2*][SO7 ]= K[Sr2+][lg—101 =52x105M

Fraction in o [SrSO4] — 0.074
raction in 1on pair = [SrSO4] + [s21] 7

S9-11. (a) Mass balance: [Ca2t] = [C2024'] + [HC20,4] + [H2C204]
Charge balance:  2[Ca2T]+[H'] = 2[C2024'] +[HC204] + [OHT]
(b) If pH=2.30, [OH] =2.09 x 10-12 M

[HC,O 41] [OH]
[C20%

= Kp1 = [HC0;] = 90.9[C20%]

[HyC04][OH]
[HC,0;]

= Kpp = [H2C204] = 0.090[HC20;] = 8.1[C20% ]

Substituting into the mass balance gives
[Ca2t] = [C20%]+90.0[C20%] + 8.1[C20%5] = 99.1[C207]

Substituting into the solubility product gives

Ca2t
[Ca[C,0% ] =[Ca L] = 135108 = [Ca2*] = 114 103 M

$9-12. (a) Mass balance:  2[Zn2*] = 3{[AsO%] + [HAsOZ] + [HAsOj] + [H3AsO4]}
Charge balance: ~ 2[Zn2*]+ [H*] = 3[AsO%] + 2[HAsO% ] + [H2AsO;] + [OH']
(b) pH=6.00 = [OH7] = 1.0 x 10-8

[HAsO%][OH]
[AsO%

= Kp1 = [HAsO%] = 3.1 x 105[AsO%]

[HyAsOZ][OH]
[HAsOZ]

= Kpy = [H2As0;] =9.1[HAsO%] = 2.82 x 106[AsOY]
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[H3AsO4][OH']

[HaAsO,]

Putting these expressions into the mass balance gives

= Kp3 = [H3As04] = 1.7 x 10-4[H2As0; ] = 480[AsO ]

2[Zn2*] = 3[AsO% ]J(1+3.1 x 105+ 2.82 x 106+ 480) = 9.39 x 106[AsO ]

[AsO% ] = 2.13 x 10-7[Zn2"]

Substituting into the solubility product gives [Zn2*]:

[Zn2*]3 {2.13 x 10-7[Zn2*]}2 = Ky, = [Zn2*] = 0.001 8¢ M

S9-13. Concentrations in ML, solution

A B C D E F G H

1 |K= pH  |[H+] b [M2+] [L-] [ML+] | [HL]

2 1.0E+08) 0 1E+00] 1.0E+05| 9.5E-03] 9.5E-08) 9.0E-02] 9.5E-03
3 |ka= 2l 1E-02] 1.0E+03 1.0E-03] 9.9E-07] 9.9E-02] 9.9E-04
4 1.0E-05 s|  1E-05 2.0E+00| 4.5E-05] 2.2E-05| 1.0E-01] 2.2E-05
5 | M(total) = 6 1E-06] 1.IE+00| 3.3E-05] 3.0E-05| 1.0E-01] 3.0E-06
6 0.1 8|  1E-08 1.0E+00| 3.2E-05 3.2E-05| 1.0E-01] 3.2E-08
7 |L(total) = 100 1E-10| 1.0E+00] 3.2E-05] 3.2E-05| 1.0E-01] 3.2E-10
8 01] 12| 1E-12] 1.0Et00] 3.2E-05] 3.2E-05] 1.0E-01] 3.2E-12
9 14 1E-14] 1.0E+00] 3.2E-05] 3.2E-05| 1.0E-01] 3.2E-14
10 [c2=10"-B2

11 | D2 = 1+$A$2*$A$8-SA$2*$A$6+(C2/$AS4)

12 | E2=(-D2+Sqrt(D2"2+4*$A$2*$A$6*(1+C2/$A$4)))/(2*$A$2)

13 | F2 = (SA$6/E2-1)/$A$2

14 | G2 = $A$2*E2*F2

15 |H2 = F2*C2/$A$4

25
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MONOPROTIC ACID-BASE EQUILIBRIA

S10-1. (a) pH = —log [H] = —log (5.0 x 10-4) = 3.30
(b) pH = —log (Kyw/[OH]) = —log (1.0 x 10-14) / (5.0 x 104) = 10.70

$10-2. [OH7] = [H*]+ [(CH3)4N*] = [H*]+2.0 x 107
[H*] [OH] = Ky = [H*] ([HT]+2.0 x 10-7) = [H*] = 4.14 x 108 M
pH = —log [HT] = 7.38
[OH Jotal = Kw/[HT] = 2.41 x 10-7M [OH Jfrom Hy0 = [HT] = 4.1 x 10-8 M

-8
Fraction of [OH™] from HyO = AI0M 0.17

241107 "M

S10-3. (a) For 0.050 M HBr, pH = —log [H'] yy+ = —log[(0.050)(0.86)] = 1.37

Kw

[OH] YoH~

K
(b) For0.050 M NaOH, pH =—log A+ =—log( ") =—log
OH”

1.0x10714
og —————=
(0.050)(0.81)

$10-4. @N: @NH+ NO;

pyridine pyridinium nitrate

@Nz + H,0 = ONH++ OH"

Kp = Kw/Kz = 1.69 x 10-9

pKy =8.77

$10-5. Letx=[H*] = [A7] and 0.0100 —x = [HA].

2
X
0000 =S = 100x10% = x = 951x104M = pH = —logx = 3.02
-4
o =% = 930 T g5y 102

0.0100

26
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$10-6. <O:NH+ = (ON + u' Ka=590 x 107°

2
X
0.0350_x ~ Ka= x =7.05x10% = pH = 3.15

S10-7. BH* = B+ H" K, = 23 x 1011
0.020 —x X X
x2

=  _ 11 - 7
0'020 —x 23 X 10 = X 6.78 X 10 M

pH = —logx = 6.17 [B] = x = 6.8x107M  [BH*] =0.020 M

S10-8. HA = H* + A
0.100 — 10-2-36 10-2.36 10-2.36
B (10-2.36)(10-2.36) B 4
pKy = —log Ky = 3.70
$10-9. (@) HA = H™ + A K = 421010
0.0100 —x X .
2
m = 42x1010 = x = 2.05x106M = pH = 5.69

o =% = 2.05x 104

(b) For F = 10-900 M | the pH must be very close to 7.00.
[H][AT] _ (10790)[A"]
F-[AT] F-[AT]

X 4.18 x 10-12
O =F :W = 0.0042

Ky = 42x10°10 =

S10-10. A + HO = AOH™ + HT

F—-x X X

x2
F-x

= 10354 = x = 28x104M = pH = 3.55

= [AT] = 4.18x 10-12M

27
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S10-11. B + HbO = BH' + OH™ Kj
0.050 —x X X

2
X
0050 = 100x10% = x=2.19x 103

pH = —log (Kw/x) = 11.34 a=F = 0.044
S10-12. B + HO = BH' + OH” Ky
0.030 —x X X
x2
0.030_x — 47x1010 = x=3.75x10
pH = —log (Kw/x) = 8.57  [B]=[(CH3CHy),NH] = 0.030 M [BH]=3.8x 106 M
S10-13. OCI" + HO = HOCI + OH"
0.026 —x by X
2
006 — Kb = x = [OH] = 93x105M
- X 9.3 x 10-5
pH = —log (Ky/[OH]) = 997 a = F — o006 — 0.003 6

$10-14. HCO; + H0 = HCOH + OH”

F-x X X

Kp = Kw/Ka = 5.56 x 10-11

For F=10-! and 10-2 M , we solve the equation x2/ (F —x) = K.
The fraction of association is o :% .
This gives x =2.36 x 10-0M for F=10"1 M (= a.=2.36 x 10-5) and
x=7.46x 107 M for F =102 (= o = 7.46 x 10-5),

For F=10-12M,pH=7.00 and [OH ] = 10-7M .

_ [BHY[OHT] _ [BH']107
[B] [B]

Kb — [BH*] = 107 K} [B]

Putting this relation between [BH'] and [B] into the definition of fraction of association gives

__[BHY] _107Ky[B]  107Kp
% T [BHT+[B] ~ 107Ky[B]+[B] 107 Kp+ 1

= 5.56 x 104
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F o
10-1 2.36 x 10-3
10-2 7.46 x 10-3
10-12 5.56 x 104

S10-15. B + HbO = BH" + OH-
0.030 —x X X

pH=10.50 = [OH]=103-50=3.16x 104 M

2 —452
Kp = X _ (3.16x1077) — 336 x 106

0.030-x  4030-3.16x10"%

S10-16. o = % = 0.0027. Since F=0.030 M, x=8.10x 105 M.

2 -552
Ky = 2 = (8.10x107)° L, 147

0.030 —8.10x 107>

S10-17. B + HO = BH" + OH"
10-2:00 _x X X

Kp = Kyw/Ky =238 x 105

2
m = Kp = x =476 x 104 = pH = —log (Kyw/x) = 10.68

a=F = 0.048

S10-18. The pKj, values are (a) 10.774, (b) 9.244, (¢) 5.96 and (d) 8.39. Since pKj for 3-nitrophenol
is closest to 8.5, buffer (d) will have the greatest buffer capacity at pH 8.5.

_ [ATl (5.13 g)/((112.126 g/mol)
S10-19. pH = pK, + log [HA] ~ 3.46 + log (2.53 2)/(74.036 g/mol) 3.59

[CH3NH;]

$10-20. pH=10.64 + lo
P % [CH3NH]

pH [CH3NH,)/[CH3NH] ]

4.00 2.3 x 107
10.64 1.00
12.00 23

[103]
$10-21. pK,=14.00—pK,=0.17 pH=0.17 + log —[Hl(i]

29
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pH [HIO3]/[IO§ ]
7.00 1.5 x 107
1.00 0.15
B [tris] (10.0 g)/(121.136 g/mol)
(b) trisH" + OH™ — tris + HpO
Initial mmol: 63.45 5.25 82.55
Final mmol: 58.20 — &7.80
87.80
pH = 8.075 +logm = 8.25
S10-23. B + H" — BHF
Initial mmol: 0.699 5 X —
Final mmol: 0.6995 —x — X
0.6995 —

8.00 = 8492 +log— " = x = 05291 mmol

mL required = (0.529 1 mmol)/(0.113 mmol/mL) = 4.68 mL
S10-24. (a) 250.0 mL of 0.100 M buffer requires 0.025 0 mol NaOAc -2H,O =295 g

OAc” + Ht - HOAc

Initial mol: 0.0250 — —
Final mol: 0.0250 —x  10-3-:00 x
[OAcT]
pH = pK; + log [HOAc]
0.0250 —
5.00 = 4757 ~log =~ = x=9.091 mmol = 90.9 mL HCl

(b) 1. Calibrate the pH electrode and meter at 5°C.
2. Dissolve 2.95 g NaOAc - 2H,0 in ~100 mL H»O at 5°C.

3. While measuring the pH, add enough HCI to bring the pH to 5.00 at 5°C.

4. Dilute to exactly 250 mL at 5°C.
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S10-25. The solution will have a pH near pK, (= 10.566), so we can neglect [H'] relative to [OH™] in

Equations 10-20 and 10-21:

[HA] = Fya +[OH] [A"]=Fa —[OHT]
B + H,0 = BH' + OH" Kp = 3.68 x 10-4

_ [BHTJJOHT]  (Fpu'+[OH D[OH]

- [B] Fp— [OH']

(0.000 100 + [OH])[OH]
0.000 100 — [OH"]

3.68 x 10-4 = — [OHT] = 6.86x 10-5M

[B] = 0.000100 —[OH] = 3.14 x 10-5 M
[BH*] = 0.000 100+ [OH] = 1.69 x 104 M

S10-26. (a) Assume that the activity coefficients of neutral species are 1.

BH"][OH"
Equilibria: B+H,O = BHT+OH  Kp= [_[]lg]Ll
H,O = H™+ OH" Ky = [H*][OH]

Charge balance: [H*]+ [BH*] = [OH]
Mass balance: F = [B] +[BH"]

Substitute [BH] = [OH-] — [H*] from the charge balance,

and [B]=F — [BH"] = F—[OH-] + [H*] from the mass and charge balances

into the Ky equilibrium.
([OH] - [H™]) [OH"]
F—[OH] + [H]

This gives Ky =

([OH"] - Ky/[OH"]) [OH]

(a)

(b)
(©)
(d)

Now replace [H"] by Kw/[OH"] to get Kp == — [OH-] + Ky/[OH"]

This equation can be rearranged to:

KpF — Kp[OH-] + KpKw/[OH-] = [OH-]? — K.

Multiplying both sides by [OH-] and rearranging gives a cubic polynomial:

[OH]3 + Kp[OH-]2 — (KF + Ky)[OH-] - KpKy = 0
(b) pH of 10-3 M B (Kp, = 10-5) is 9.978; pH of 10-5 M B (K, = 10-9) is 7.150.
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A | B | C D E
1 | Solving cubic polynomial for pH of B
2
3 |Kb= Guess for pH [H+] [OH-] Value of polynomial
4 1.00E-05 9 1E-09 0.00001 -9.80002E-14
5 |Kw= 10 1E-10 0.0001 9.99989E-14
6 1.00E-14 9.5 3.2E-10 3.2E-05 -2.74605E-13
7 |F= 9.9 1.3E-10 7.9E-05 -2.30046E-13
8 1.00E-03 9.9783 1.1E-10 9.5E-05 2.2675E-17
9
1

0 |E4=D4"3 + SA$4*D4"2 - (FAS4*$A$8+5A56)*D4 - SA$4*$AS6

S10-27. At 5°C, K, increases with increasing temperature, so the reaction must be endothermic,

by Le Chatelier's principle. At 45°C, K, decreases with temperature, so the reaction

must be exothermic.

HH[A”
S10-28. Equilibria: HA = Ht+A" K,= [ﬁIl[A]_l (a)
H,O = H™+ OH"- Ky =[H*][OH] (b)
Charge balance: [HY] = [A7]+[OH] (c)
Mass balance: F = [A7] + [HA] (d)

Substitute [A-] = [H"] — [OH"] from the charge balance, and
[HA]=F - [A-]=F - [H'] + [OH"] from the mass and charge balances

into the K, equilibrium.

. . H+ H+ —[OH-
This gives Ky = : F E %{*]]Jr [[OH']])

[H*] ([H*] - Kw/[H])
F — [H*] + Ky/[H*]

Now replace [OH] by Ky/[H'] to get K, =

This equation can be rearranged to:
KaF — K[H'] + K.Kw/[H'] = [HT]?2 — Ky

Multiplying both sides by [H*] and rearranging gives a cubic polynomial:
[H*]3 + Ka[H']? — (KoF +Kw)[HT] -~ KoKy = 0
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$10-29. A B | ¢ | D
1 [Solving cubic polynomial for pH of HA
2
3 Ka= Guess for pH [H+] Value of polynomial
4 1.00E-04 4 0.0001 9.99998E-13
5 Kw= 4.1 7.9E-05 3.37815E-13
6 1.00E-14 4.2 6.3E-05 1.83368E-14
7 [JF= 4.3 SE-05 —1.24108E-13
8 1.00E-04 4.208 6.2E-05 1.94858E-15
9
10 |D4 =C4"3 + $A$4*C4"2 - (SAS4*SAS8+EAS6)*C4 - $A$4*$AS6

S10-30. We will assume that the activity coefficients of neutral species are 1.

Mass balance:

' TygelA T,

Equilibria: HA = HY+ A" Ky= [HA]
H,O = H*+OH- Ky = [H* - [OH Ty -
Charge balance: ~ [H'] = [A7]+[OH]

F = [A7] + [HA]
Substitute [A-] = [H] — [OH-] from the charge balance, and
[HA]=F - [A-] = F—[H'] + [OH-] from the mass and charge balances
into the K, equilibrium.
[HTyg+ ((HT]— [OH])y5-
F—[H*]+ [OH"]

Now replace [OH™] by K/ [H+]yH+yOH_ to get
K - [H+]YH+ ([H*] - Kw/ [H+]YH+YOH-)YA-

a F—[H*"] + Kw/[H lyg+You-

This gives Ky =

This equation can be rearranged to:
KoF — Ka[H™] + KaKw/[H ly+vop- = [H+]2YH+ — KwYAYon-
Multiplying both sides by [H'] and rearranging gives a cubic polynomial:
KaKw

Ky a-
[HPyg+ + Ka[HT]2 - | KoF + il [H*] - =0
Y YH+YOH-

(a)
(b)

(©)
(d)

33
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POLYPROTIC ACID-BASE EQUILIBRIA

CH,OH , GH,OH
SII-1. 5 NCHCO; + H,0 = H;NCHCO; + OH™  Kb1 = Ky/Kyp = 1.62x 107

, CH,0H L GH:0H
H,;NCHCO; + H,0 = H;NCHCO,H + OH™ Ky, = Ky/K, = 1.54x 10-12

2
S11-2. (a) m = K1 = x=995x 104 M =[H"]=[HA] = pH=3.00

»-. Ko [HAT]
[H)A]=0.100—x = 0.0990 M [A ]:W = 1.00x10°M
N K1KoF + K1 Ky
(b) [H"] = K +F = 1.00x1007M = pH = 7.00

[HA] = 0.100 M
H*][HA"
[HhA] = HHAT ) 00108 M

K
K>[HA™

[A2] = % = 1.00x 103 M
x2 K,

(c) 0100—x = ?‘; = x = [OH]=[HA1=9.95x104M = pH=11.00

[A2-] = 0.100 —x = 0.0990 M

+ -
[HhA] = BAEATT ) 00x 109 M

K1
pH [HoA] [HA™] [A2]
0.100 M HoA 3.00 9.90 x 10-2 9.95x 104 1.00 x 10-°
0.100 M NaHA 7.00 1.00 x 10-3 0.100 1.00 x 10-3

0.100 M NayA 11.00 1.00 x 10-° 9.95 x 104 9.90 x 10-2

S11-3. N NH" Cl- (BH" CI") (BH* CI) is the intermediate form of a diprotic system, with

F=0.150 M, K| =4.65 x 106 and K» = 1.86 x 10-10,

N K1K>F + K1 Ky,
[HT] = K +F =294x108M = pH = 7.53

K>[BHT]

- 4
T 9.49 x 104 M

[BH*] ~ 0.150 M [B] =
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S11-4.

S11-5.

BH*|[H*
[BHY ] = J—Klll—l = 948 x 104 M

Charge balance: [H*]+ [Na*]+[BH'] = [CI"] +[HA™] + 2[A2-] +[OH]
Mass balances: [CI'] = F;
[Nat] = 2F;
Fp, = [HyA] + [HAT] + [AZ]
F3 = [B] + [BH']
Equilibria : [Hf ]yt [OH ] vo- = Kw
K1 = [H' Tyt [(HAT vyga-/ [H2AT vy, 0
Ko = [H] vyt [AZ]742-/ [HAT vpya-
Ky = [BH'] YeuHOH 1 vou-/ [Blvg
Tartaric acid: HoA pKj =3.036 pKy =4.366
(a) AtpH 3.00, there is a mixture of HyA and HA".

HA + OH — HA"
Initial mmol: 3.3316 X —
Final mmol: 33316 —-x — X

3.00=3.036 +log 333 ¢~ = ¥ = 1.597 mmol = 3.77 mL KOH.

(b) AtpH 4.00, there is a mixture of HA™ and A%". We must add 3.331 6 mmol
(=7.876 mL) of KOH to convert HyA into HA™. Then we need to add more KOH:
HA" + OH — A%* + H0
Initial mmol: ~ 3.3316 X —

Final mmol: 3.3316—x — X

4.00=4.366 +log3337¢ 5 = x = 1.003 mmol = 2.370 mL KOH

Total KOH = 7.876 +2.370 = 10.25 mL
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S11-6. Malonic acid = HpA pK] =2.847 pKpy =5.696
(a) AtpH 6.00, there is a mixture of A% and HA".
A* + H' > HA

Initial mmol:  2.775 X —
Final mmol: 2.775—-x — X
2. —
6.00 = 5.696 + log % — x =0.9208 mmol = 2.19 mL HCL

(b) At pH 3.20, there is a mixture of HyA and HA™. We first add 2.775 mmol (= 6.591 mL)
of HCI to convert A2~ into HA™. Then we need to add more HCI

HA- + H' > HA

Initial mmol:  2.775 X —
Final mmol; 2.775—x — X
2.775 —
3.20=2.847 + log Tx = x =0.8527 mmol = 2.025 mL HC1

Total HCI = 6.591 +2.025 = 8.62 mL
S11-7. Oxalic acid = HpA pK; =1.252 pKy =4.266

At pH 3.20, there is a mixture of A% and HA™. We begin with 5.00 g = 0.030 08 mol A%
The reaction of HyA with A?" creates 2 moles of HA™:

HA  + AY 5 2HA"

Initial mmol: X 0.03008 —

Final mmol: — 0.03008 — x 2x
0.03008 —

3.20=4266+log—— 5 = x =0.02567 mol

= 2.31 g oxalic acid.

+ + +

S11-8. N, NH, NH, NH,
| K | K | _ K3 | -
CO,H CO; CO; CO;

Aspartic acid
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+ +
+ +
I\|IH3 //NH2 K I\{HS //NHZ K,
(3|H-CH2CH2CH2NHC\ - ClH-CH2CH2CH2NHC\ =
CO,H NH, Co; NH,
NH, + NH
I AL N SU NH
CH-CH,CH,CH,NHC = CH-CH,CH,CH,NHC [
(lio; NH, c|305 NH
Arginine
pK, =1.7 pK> = 6.02 pK3 =9.08
S11-:9.  (a) HyHis? = H His" = HHis = His™
Histidine
L KoK3F + KoKy
For 0.050 0 M histidine, [H] = \/ K+ F =2.82x108M
= pH=7.55
B [HHis] [HpHis™]
) _ K1 KF + K1 Ky,
(b) For 0.0500 M H,His™Cl", [H"] = IRE: =1.17 x 104 M
= pH=3.93
B [HHis] [HpHis™]
3.93 = 6.02 + log Ty i hhs] - 123
T 2+ —
S11-10. 1|\1H3 ItIH For H3Arg pK1 =1.823
L2 K> = 8.991
CH-CH,CH,CH,NHC” P2
| NH pK3 =12.48
CO;3 2
H2Arg+ found in Arginine * HCl
K1K5(0.0120)+ K1 K
[HoArgt][H'] © Hoapg2d] = (0012 0)(2.61x107%) 508 x 106 M
[HaArg2r] K1 = [H3Arg™] = 10-1823 T avex
HArg][H* 1078°1y0.012
J[T;ﬂjg?]l — Ky = [HArg] = 40— JO020) o 106 M

2.61x107°

37



Chapter 11: Supplementary Solutions

Aro THT —-12.48 ) -6
J—[;Igﬂ—]l — K3 = [Arg] = 40 A 69210 ) 505, 10-13M
g 2.61x10”

S11-11. (a) Since pK =11.305, BH" is predominant at pH 11 and B is predominant at pH 12.

(b) 11.305
_ [B] [B]  _
(c) 12,00 = 11305 +logipriy = gy = 50
B B
200 = 11305 + log o] B _ 50,1010

[BHY] ~ [BH']
S11-12. (a) HSO; (b) HSO;  (c) HSO;  (d) SO%

pK, =3.128 pK, = 4.761 pK; = 6.396
S11-13. H3Cit = HyCit = HCit*™ = Cit"
At pH 5.00, HCit>" is dominant.

[H+] 10-8.00

S11-14. Fraction in form HA = aga = [H] + K. = 10800+ 10700 0.0909
a
Fraction in form A™ = ap- = [HJr]—iK = 0.909 1.
a
[ATT 09091
[HA] ~ 00909 _ 100
S11-15. Fraction in form BHS = gy = [H']°
‘ 2 B T HP+HYK KKy

where K1 = 10-6.00 and K, =10-12.00 — ocBszJr = 9.98 x 10-4

S11-16. K1 =3.8x105 K,=3.8x 10 pH 5.00 pH 6.00
_ [H']2 B
= HIK, = 0.61 0.21
GHA™ = [HY2+[H']K] + K 1K) ' '
KiK»
oLA2- = 0.23 0.79

T [HY2+[HYK| + KK
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S11-17. Ky = 22x 1011 Ky=1x 1012

pH: 10.00 10.66 11.00 12.00 12.50

oA | 0.82 0.49 0.29 0.022 0.003 4

oaga- | 0.18 0.49 0.64 0.49 0.24

oA2- 0.001 8 0.022 0.064 0.49 0.76

. K1 +pKo
S11-18. Isoelectric pH = % = 7.36
o K1K>(0.010) + K1 Ky g
Isoionic pH = K1 +(0.010) = 438x10°M = pH = 7.36

S11-19. (a) K = AR~ (AHPRT) A;g — -3.23 (£0.53) and

AH°  1.44(£0.15)x 10>

RT 7

. _ _J
Using the value R =8.314 5 molK &ives:

AS® = [-3.23 (£0.53)][8.3145] = —27 (+4) ——

mol-K
kJ
AH° = [-1.44 (£0.15) x 103][8.314 5] = —12 (il)ﬁ
(b) K = [SOsHT] - _ -[3.23 (£0.53) + 1.44 (£0.15) x 103 (1/7)]
[HSO37]

For T =298 K, K = 323 (£0.53) + (1 440 (£150)) / 298]
— -3.23 (£0.53) + 4.83 (£0.50)
K = el.60(#0.73) = 4953 (£?)
For propagation of uncertainty, we consider K = e* in Table 3-1:

€K

= =ex = ex=Kex = (4.953)20.73) =£3.6 = K=50(+3.6)
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S12-1.

S12-2.

S12-3.

CHAPTER 12: SUPPLEMENTARY SOLUTIONS 40
ACID-BASE TITRATIONS

0OmL: pH = —log (0.0500) = 1.30
11.5 25.0
1 mL: [HT] = 125 (0.0500 M) 260, 0.0442M = pH = 1.35
SmL: 1.60
10 mL: 2.15

124 mL: 3.57

12.5 mL: Equivalence point = pH = 7.00

12.6mL: [OHT] = (ﬁ)(o.looM) = 2.66x104M = pH = 10.42

37.
13mL: 11.42

OmL: HA = HT+A"

2
— X 04 - 3 -

A 1
1 mL: pHZpKa+10g{ﬁ]]‘ = 4.00 +logy = 3.40

2.5
2.5mL:pH = 4.00 + log (ﬁ) = 4.00
4
4mL: pH=4.00+log (T) = 4.60

4.9
4.9 mL: pH = 4.00 + log (ﬁ) = 5.69

5mL:  A” + H,0 = HA+OH pKp = 10.00
(%)(0.0500) ~x x X
Wzs—x = 1.00x 10-10 = x = [OH]=2.13x 106 = pH=8.33
5.1mL: [OH7] = (505—1) (0.500 M) =9.07x104M = pH=10.96

1
6mL: [OHT] = (%j (0.500M) =893x103M = pH=11.95

Ve = 25.0mL pKy = 7.15
OmL: HA= A™+ HA
x2

00500_x = 71x108 = x=595x10°M = pH =4.23

To find the volume at which pH = pK; — 1, we set up a Henderson-Hasselbalch

A
equation: pKy—1 = pKa+log{ﬁ]]‘ = [AT)/[HA] = 0.1,

or [AT]=1/11 and [HA] = 10/11 of total.
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S12-4.

S12-5.

Ve

Volume of OH™ = 11 2.27 mL

10V
Similarly, when pH = pK, + 1, volume of OH™ = 11 = =2273mL

When volume of OH™ = % Ve=12.5mL, pH=pKj,

Ve=25.0mL: HA is converted to A™:

A" + HyO0 & HA + OH Ko = 1.4x 107
(%)(0.05) —x X .
2
x -
00333 % = 14x107 = [OH]=682x105M = pH=9.83

5
1.2V =30.0mL: [OH] = (@)(0.100 M) =6.25x103M = pH=11.80

HA + OH o> A"+ H0

Initial mmol: 2.3450 1.044 2 —
Final mmol: 1.3008 — 1.044 2
1.0442
3.62 = pK, +log 13008 = PKa = 3.72
0OmL: B + HbO = BH"+OH
0.050 —x X X
2
X i
0050 —x — 1.00x 104 = x=[OH] = 219x103M = pH = 11.34
B 4
lmL: pH = pKpygt + logl—]: = 10.00 + log 7 =10.60
E— [BH™] 1
2.5mlL: pH = pKpygt = 10.00
1
4mL: pH = 10.00+ logy = 9.40

0.1
49mL: pH = 10.00 + loggg = 831

5 mL: BH" + Hb,O = B+ H*t
(%)(0.050) —-Xx X X
x2

004555 = 1.00x 1010 = x=[H'] = 2.13x106M = pH = 5.67

0.1
5.1 mL: [H*] =(EJ(O‘SOOM) = 9.07x104M = pH = 3.04

1
6mL: [H'] =(%)(0.500M) =893x103M = pH = 2.05
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S12-6.

S12-7.

Titration reaction: CH3CH,CO; + H* — CH3CHyCOH

At the equivalence point, moles of HCl = moles of NaA = V., = 47.79 mL.

OmL: A™+H;O = HA + OH"

0.0400 — x X x
x2 Kw
_x= . Av _ “
00400_x ~Kb=T% =x=547x10°M
A 3
1/4 Ve: pH = pK, + log [lH_A]]_ = 4.874+10gT = 5.35
12 Ve: pH = pK, = 4.87
1
3/4 Ve: pH = pKy +logz = 4.40

Voo HA = HT + A

F—x X b
100.0
Fua = (W)(O.MO 0) =0.0271 M

¥2

0.0271—x
Ve/10
1.1 Ve: [HT] = 100.0 + 117, (0.0837) = 2.62x103M

Ver=5mL  Ver=10mL

K
pH =—-log TW

=K, = x=59x104M = pH = 3.22

pH = 2.58

0mL: B + H)O = BH"+OH"
0.050 0 — x x x
2
—x -
0.0500 —x =10-500 = x=[OH] =7.02x104M = pH=10.85

B 10-14 4
ImL: pH = pKBH++10g#3ﬁ]ﬁ = —logﬁ +10gT

2.5mL: pH = pKgyt+ = 9.00

1
4mL: pH = pKgy++log ; = 840

0.2
48mL: pH = pKpy++log ¢ = 7.62

= 9.60

K1KoF+ K1Kw 10-510-9 (0.045 5)+ 10-510-14
. +1 = —
amb: [HT]= \/ Ki+F B \/ 105+ 0.045 5

= 1.00x 107 M = pH=7.00
_[B]
[BH%

N
o0

52mL: pH = pKBH22+ + log = 5.00 + log

=)
\S)

4
6 mL: pH = pKBH22+ + logT = 5.60

= 6.38

8.74
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S12-8.

7.5mL: pH = pKBH22+ = 5.00
1
9mL: pH = PKBH22+ + logZ = 440

0.2
9.8mL: pH = pKBH22+ +logyg = 3.62
10mL: BHY <& BH'+H'
0.0417 —x X X

x2

00417 —x — 10500 = x=6.41 x 104M = pH=3.19

0.2
102 mL: [HY] = (m)(O.SOOM) = 1.66x103M = pH = 2.78

1lmL: [HY] = %)(O.SOOM)

820x 103 M = pH = 2.09

12mL: [HY] = (62—2)(0.500M)

1.61 x102M = pH = 1.79

Ver=5mL Ver=10mL

0 mL: HA = H"+ HA”
0.0500-x X X
2

00500 — 10500 = x=7.02x104M = pH=3.15

HA™ 1
IlmL: pH = pK; +log{m:][ = 5.00+logz = 4.40

pKl = 5.00

2.5ml: pH

4
4mL: pH = pK;+log 1 = 560

4.8
48mL: pH = pK; +log 02 = 6.38
K1K> (0.0455)+ KiK.
5mL: [Hf]= \/ K1+ (0.0455) = = pH=7.00

0.2
5.2mL: pH = pK; + logm = 7.62

1
pK, + logy

6mlL: pH 8.40

7.5mL: pH = pK, = 9.00

4
9mL pH = pK, + logT = 9.60

4.8
9.8mL: pH = pK, + 10g0—2 = 10.38
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. - = - - K
10mL: A"+ HyO = HA +OH Kor = = 10500
0.0417 —x X X 2
x2

00417 —x — K2 = x=[OH] = 641x10*M = pH=10.81

0.
6

10.2mL: [OH] = (—sz(O.SOO M)= 1.66x103M = pH = 11.22

0.
1
11mL: [OHT] = aj(o.SOOM) = 820x103M = pH = 11.91

12mL: [OHT] = (62—2 (0.500M) = 1.61x102M = pH = 12.21

S12-9. Titration reaction: QNHZ +HY o QNH}L pK, = 10.64

Ve=10.0 mL
. N - K
OmL: B+ H0 < BHY+OH™ g = = = 437,104
O.IOO—X X X a
2
0_1())C(),x =Kp =x = [OH] = 6.40x103M = pH = 11.81

8
2mlL: pH = pKj, = 10.64+10g§ =11.24

B

N
o

6
mL: pH = 10.64 +logy =10.82

4
6mL: pH = 10.64 + log 6 —10.46

8ml: pH = 10.64+10g% =10.04

10 mL: BH" = B + H" K,
%(O.lOO)—x X x

x2

0071d—x —23x10IM = x=128x1060M = pH=589

2
12mL: [H'] = (g)(o.zso M) = 135x102M = pH = 1.87

+

S12-10. (a) 1|\1H3 II\THz
henQon o b Qy-on
CO; CO,

0.0100
(b) V' mL of tyrosine will require 000400 V= 250 V'mL of KOH. The formal
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, : _r _
concentration of product will be (V+2. 30 V)(O.OIO 0) = 0.00286 M.

= 156x10"10M = pH=9.81

. [KaK3(0.00286) + KoKy
[H'] = K> +0.00286

S12-11. Leucine is HL. The reaction is:

HL + OH —» L + HO
Initial mmol: 7.27 X —

Final mmol; 727 —x — X

pH =8.00 =pK; + logﬁ = x=0.128 mmol

0.128 mmol
0.043 1 mmol/mL

=2.97 mL of NaOH

+ + +
S12-12. (a) NH3 NH NH3 NH NH3 NH
N o SO D i GO S
(I:HCH2 N) = (IJHCH2 N) = (IJHCH2 N)
CO, Co, H' con H
HA H,A" H3A*
pKi =17 pK> = 6.02 pK3 =9.08
b) H;AY ——= H,A" ——= HA —— A
T

pH = 3(1.7+6.02) =3.86
At pH 3.00, HA has been converted entirely to HyA*, and some HoA™ has been converted to

H3A2*.

Hp)At + HT —  H3A2*
Initial mmol: 1.00 X —
Final mmol:  1.00 —x — X

[HoA™]
pH = pKj +log m

1 —
3.00=1.70+ log=— = x = 0.0477 mmol

1.0477 1
We need 1.000 + 0.047 7 mmol HCIO4. Volume = 0.0500 mnnllz)rll/omL = 21.0 mL

S12-13. The initial color will be blue. The color will change near the first equivalence point from blue to

green. After the first equivalence point, the color will turn yellow and will remain yellow.
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S12-14. (a) red  (b) yellow (c) yellow (d) purple

S12-15. There is not an abrupt change in pH at V.. The color of the indicator would change very
gradually.

+ -
S12-16. <O:NHBr pKa = 5229 K, = 5.90 x 10-6

0.99
0.99 Ve : pH = pKa+logm = 7.22

Ve:  Thisisa0.050 M pyridine solution :

N + H,O = NH+OH b_W_0.0SO—x

0.050 — x

Kw
= x=92x106  [H'] == = pH =896

) ) ~(0.01)0.10 M) Ve )
1.01 Ve : This solution contains 2.01) Ve =5.0x104M [OH] = pH = 10.70

Two possibilities are cresol red (orange — red) and phenophthalein (colorless — red).

(6.390 x 10> 2) /(278.16 g/mol)
0.1000 L

Absorbance = g [B] + egg+ [BH']

= 2297 x 104 M

S12-17. [B] + [BH'] =

0.350 = (2860)[B] + (937)(2.297 x 10-4 — [B])
= [B] = 7.007 x 10-5M, [BH*] = 1.596 x 104 M
7.007 x 107>

B]
pH = pK,; + log [BH'] = (14.00 — 14.79) + log " -1.15
1.596 x10~

. . . 1
S12-18. (a) First equivalence point : pH = 5(pK; + pKp) = 3.46
Second equivalence point : We need to estimate the formal concentration of A2- at this point.

Volume of NaOH needed to react with 1 g of acid is

2(1 g/132.073 g/mol)
0.09432 M

100 10 g/L
21 ~ -
[AS] = (260.6) (132.073 g/mol) 0.0291M.

A2 + H,O = HA™ + OH
0.0291 —x X X

= 160.6 mL.
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S12-19.

S12-20.

x2 Kw
00291 —x — 10437 = X =261x100M = pH = 8.42

(b) 2nd. (There will be little break in the curve near the 15t end point.)
(¢) Thymolphthalein - first trace of blue.

One mole of borax reacts with two moles of H.

- 0.2619 ¢ ) -
[HNO3](0.02161 L) = 2(381_367 omol) = [HNO3] = 0.06356 M

Derivation of equation for titration of dibasic B with strong acid (HCI):
Charge balance: [H*]+ [BH'] + 2[BH22Jr ] = [OH]+[CIT]

. . . CaVa
¢ = fraction of titration = Cob
. . - CaVa
Substitutions: [CI'] = Vat Ve
[BH+] = OLBH-F%
Va+ Wy
Golo

2+ 7 _ -0’0
[BHS 1= agu2-y iy,
Putting these expressions into the charge balance gives

O('BH+ Cb Vb 2(X,BH 22+ Cb Vb

Vat Ve Vit W

CaVa

Va+ Wy

[H] + = [OH™] +
Now multiply by Va+ Vp:
[H*]Va + [HT 1", = aatCoVb + 208y 22+ CpVp =[OH ]V, +[OH ]V + CaVa
Collect V, and Vy terms:

Va([H'] - [OH] = Ca) = Vb ([OH'] ~ [H'] — apn+Ch — 20081 2

(aBHT *+ 2081 37)Ch + [H*]-[OH]

Ya  _
g Cy — [H*] + [OH]
. : . 1/Cy
Finally, multiply both sides by 77~
1/Cy
[Hf]-[OH]
¢ = =
Coly | [H1-[OH]

Ca

Cp)
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S12-21.

S12-22.

Derivation of fractional composition equations with activity coefficients:

Koo [H* Ty A Ty o
HA & HF+ A" Ky = o

YHA
Mass balance: F = [HA]+[A] = [A] = F-[HA]
Substitute for [A7] in the equilibrium expression:

[HfTyg+ (F — [HA)y - [Hytv,— F

Ko = — [HA] =
2 [HAT7y, AL = Ty oy + Kargs
L [HA] _ [H Tyt o
HA F [Ht]yv o~ + Kavga

To derive an expression for a , -, substitute [HA] =F — [A"] into the equilibrium expression:

[H+]YH+[A-]YA' AT = KaFYHA
(F = [A Dy = T iy K

A1 Karya
A F [H Jygty o= + Kavgga

rate = Dy [T] rtan0

mol
S

(2.0 x 109 m2/s) (0.040 mTOl 1 00(3’ L

m

](0.20 «107%m)(tan3.0°) = 8.4 x 10-16

0.84 fmol/s

In a year, the total volume delivered would be

(8.4><10_16m—01j(3 6ooij 249 36599 1_ 56 10-8 mol.
S h day year

-8
This much titrant is contained in 2:6x10 7 mol _ 6.6 x 10-7L = 0.66 pL.

0.040 mol/L

The equivalent volumetric flow rate is 0.66 pL per year!



