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Topic 61 - Solubility Equilibria

Thermodynamics of Solutions

Enthalpy of Solution

Depends on balance between Lattice Enthalpy
[energy required to separate solute species
(atoms, ions, molecules) from lattice] and
Hydration Enthalpy (energy released when
separated solute particles become dissolved).

AH,, = AH, + AH, ,
where

AH, is always > 0
and

AH, ,is always <0

hy

Free Energy of Solution

for most solutions:

AS,, is usually >0
Thus, sign of AG_,, is usually determined by sign
of AH,,,, and AG,, usually decreases with

increasing temperature.

At saturation, G is a minimum, and AG = 0.
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Figure 4.2
lonic solid dissolving in water
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AH,, = AH, + AH, ,
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FIGURE 8.23 The enthalpy of
solution, AH,,;, is the sum of the
enthalpy change required o separate the
molecules or ions of the solute, the
lattice enthalpy, AH, (step 1 in Fig. 8.16),
and the enthalpy change accompanying
their hydration, AH,,, (steps 2 and 3 in
Fig. 8.16). The outcome is finely
balanced: (a) in some cases, it is
exothermic; (b) in others, it is
endothermic. For gaseous solutes, the
lattice enthalpy is zero because the
molecules are already widely separated.
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TABLE 8.5 Lattice Enthalpies at 25 °C (kJ-mol™") =AH |
Halides
LiF 1046 LiCl 861 LiBr 818 Lil 759
NaF 929 {NaCl 787 | NaBr 751 Nal 700.
KF 826 KCl 717 KBr 689 KI 643
AgF 971 [AgCl 916 |  AgBr 903 Agl 887
BeCl, 3017 MgCl, 25247 CaCl, 2260. SrCly 2153
MgF, 2961 CaBr, 1984
Oxides
MgO 3850. CaO 3461 SrO 3283 BaO 3114
Sulfides
\-MgS 3406 Ca$ 3119 SrS 2974 Ba$ 2832/
TABLE 10.7 Enthalpies of Hydration, AH,,4, at 25 °C, of Some Halides,
i in kilojoules per mole* =AH, ,
I, Anion
_ Cation F~ Cl- Br~ I-
! H* —-1613 —1470 —1439 —1426
| Li* —1041 —898 —867 —854
Na* -927 ~753 —~740
| K* —844 —701 —670 ~657
| Ag* —993 —850 —819 —806
Ga“ = —2337 — _ J

*The entry where the row labeled Na' intersects the column labeled Cl, for instance, is the
enthalpy change, —784 kJ-mol™', for the process Na*(g) + Cl™(g) — Na™(aq) + Cl (aq); the
values here apply only when the resulting solution is very dilute.

TABLE 10.6 Limiting Enthalpies of Solution, AH,,,, at 25 °C, in kilojoules per mole*
i Anion AH_,=AH, +AH,,,
i Cation fluoride chloride bromide iodide hydroxide carbonate sulfate nitrate
‘ lithium +49 —-37.0 —48.8 —-63.3 236 -18.2 -2.7 -—298
sodium +1.9 -0.6 —7.5 —44.5 -26.7 +204 -24
potassium —17.7 +17.2 +19.9 +20.3 -57.1 -30.9 +34.9 +23.8
| ammonium —1.2  +148 +16.0 +13.7 — —  +25.7 +6.6
silver -22.5 +84.4 +112.2 — +41.8 +22.6 +17.8
magnesium —12.6 —160.0 —185.6 —213.2  +2.3 —253 —920.9 -91.2
calcium +11.5 —81.3 —103.1 —119.7 —16:7 -13.1 —-19.2 —18.0
aluminum -27 —-329 —368 —383 — — — =350 /

*The value for silver iodide, for example, is the entry found where the row labeled “silver”
intersects the column labeled “iodide.”
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Anion Soluble’ Slightly Soluble Insoluble

NOj3 (nitrate) All - —
CH:COO ™ (acetate) Most — Be(CH;COO),
ClO; (chlorate) All — —
ClO; (perchlorate) Most KClO, —
F~ (fluoride) Group I, AgF, BeF, SrF,, BaF,, PbF, MgF,, CaF,
Cl™ (chloride) Most PbCl, AgCl, Hg,Cl,
Br~ (bromide) Most PbBr,, HgBr, AgBr, Hg,Br,
I~ (iodide) Most c Agl, nglz, Pb]z, Hgl;
SO7~ (sulfate) Most CaS0,, Ag,80,, Hg,S0, SrSO,, BaSO,, PbSO,
S~ (sulfide) Groups I and 1I, (NH,),S — Most
COJ3™ (carbonate) Group I, (NH4),CO, — Most
SO3™ (sulfite) Group I, (NH,),S0, 5 NGt
PO;~ (phosphate) Group I, (NH4),PO, — Most
OH™ (hydroxide) Group I, Ba(OH), Sr(OH),, Ca(OH), Most

"Soluble compounds are defined as those that dissolve to the extent of 10 or more grams per liter; slightly soluble compounds, 0.1 to 10 grams per liter:
and insoluble compounds, less than 0.1 gram per liter at room temperature.
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Solubility Equilibria

Solubility Product

For ionic solids in saturated solutions:
A" B, (s) = XA™ (ag) + yB™ (aq)
for which
K. = K,, = a(A™) x a(B™)" = [A™T[B"V
Examples:
Pbl, (s) =« Pb* (ag) + 2 | (ag)

K, = [PL*]IIT" = 1.39 x 107 ([Pb*] = 1.5 x 10° M)

Fe(OH), (s) = Fe™ (ag) + 3 OH" (aq)
|"(Sp = [Fe*][OH] =1.1 x 10 ([Fe*] = 4.5 x 10"° M)

The concept of solubility product and K, is meaningful
only for sparingly soluble salts. At solution
concentrations higher than ~0.01 M, effects such as
ion-ion interactions and incomplete ionic
dissolution become important. (e.g., Pbl*, Pbl,
clusters, Fe(OH),", Fe(OH)*, etc.)
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Table 12.6: Solubility Product Constants

TABLE 12.6

Solubility product constants K, at 25°C for sparingly soluble salts

Formula K, Formula K, Formula K,
Fluorides Hydroxides (continued) Phosphates (continued)

MgF, 74 x 107! Cu(OH), 55%x 10 Ni;(PO,), 47 %102
CaF, 15x107""  AgOH 1.8 X 107° Cu;(PO,), 1410 Y
StF, 43%107° Zn(OH), 77X 107" Cd5(PO,), 25 % 107"
BaF, 18 3" Cd(OH), 53 1072 Carbonates

Hg,F, 3.1 x107° Hg(OH), 31X 107 MgCO, 70X 1078
PbF, 71X 1077 Sn(OH), 55 % 100 CaCoO; 50X 1077
Chlorides Pb(OH), 14 x 10 SrCO; 54x 107"
CuCl 1.7 X 1077 Sulfides BaCO; 2.6 X 1077
AgCl 18x107""  MnS 3.8 1071 MnCO; 22x 107"
Hg,Cl, 15X 107" FeS 14 3¢ 167 FeCO, Bl i
PbCl, 18 %% 19 CoS 82 x 107 % NiCO, 1.4 % 1077
Bromides NiS 92 %1072 CuCO, 1.8 10710
CuBr 6.3 X 1077 CuS 1% 107" ZnCO, 12x 1010
AgBr 541077 Ag,S T4 % 1 CdCO, 62 % 1071
Hg,Br, Gd i T ZnS 5 96 107 20 Hg,CO;4 37 x 107"
PbBr, 6.6 X 107° Cds 12% 107 PhCO; 15 % 107"
Todides HgS 543 197 Oxalates

Cul 13X 10"%  sns 2% 107% MgC,0,.2H,0 48 % 107°
Agl 85x 107" Pbs 74 % 167 CaC,0,.H,0 2.8 x:107°
Hgsls 53% 107" Sulfates MnC,0,.2H,0 1.7 X 107
Pbl, 5 5 1077 CaSo, 71 %1077 CuC,0, 44 x 10"
Hydroxides SrSO, 34X 1077 Ag,C,0, 54 % 107"
Mg(OH), 56310712 BaSO, 11 x 0 ZnC,0,.2H,0 1.4 % 107°
Al(OH), 2.5 9¢ 14 Ag,S0, 12 %1077 CdC,0,.3H,0 1.4 % 107"
Ca(OH), 47 % 107° PbSO, 1.8 % 1078 Hg,C,0, 1.8 x 1077
Cr(OH), 4.7 5 167 Phosphates PhC,0, g5 x 107"
Mn(OH), 21x 1077 Mgy(POy), BB 2 1675 Chromates

Fe(OH), 49x 1077 AIPO, 98 ¢ 10~ BaCrO, 12X
Fe(OH) 26 X107 Cay(POy), 9.1 % 107 Ag,CrO, 1% 107
Co(OH), 14 3% 16 FePO,.2H,0 9.9 x 10 PbCrO, 28 x 10"
Ni(OH), 56X 107" CoyPO,), 21 %107
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SoLuBiLITY PrRopucTt ConsTanTs Kgp AT 25°C

lodates
AgIOz
CulO;
P(10;3)»

Carbonates
Ag_vCO 3
B3C03

CaCOy;
PbCO;
MgCO;
StCO;

Chromates
‘\gg(l E'O4
BaCrQ4
PbC[‘(,)..;

Oxalates
CUC304
F€C204
MgC, 0,4
PhC,0,
SI’C;J()_]

Sulfates
BaSO,
CaS0;4
PbSQOy,

[Ag")[105] = 3.1 x 107®
[Cu'][IO3] = 1.4 X 1077
[PH2F)[I0O5]° = 2.6 x 1071

[AgTP[COF ] = 6.2 x 10712
[Ba2*][CO3 ] =8.1 x 1077

[Ca**][CO3"1=87%X 1077
[PH?*][CO} 1 =3.3x 107"
[Mg?*][CO37] =4.0x 1077
[Sr2*)[COfT | =1.6%x 10"

I

Ag*P[CrOf ] = 1.9 x 107"
[Ba“][(“roi*] =24 % [~
(PH2H)[CrOF ] = 1.8 x 1071

[Cu?|[C08 =29 X 10°®

[F(.f!*][czol—] =21%x 107
|Mg—+u 08 ] =8.6%107°
11‘:"0- 048] =27 %1071
[Sr2*][C057] = 5.6 x 1078

(Ba’*][SOF7] = 1.1 x 10717
[Ca?*)[SOF ] =24 %107
[Pb* 507 ] = L1 % 1675

Fluorides
B3F2
C‘AFZ
MgFg
PbF,
ST‘Fg

Chlorides
AgCl
CuCl
Hgg Cl)_

Bromides
AgBr

CuBr
H ngrz

lodides
Agl
Cul
Pbl;
Hg:l;

Hydroxides
AgOH
AKOH),
Fe(OH);
Fe(OH),
Mg(OH),
Mn(OH),
Zn(OH)>

[Ba’*][F )P =17x10"°
[ca“][r]f =39 X 10'3‘
Mg’ |[F )P =6.6x107"
[Pb**][F7)? = 3.6 x 107%
[SEEF)F )P =28%x10""

[AgT][CIT] = 1.6 x 1071°
[Cu JICI" ] =1.0x 107°
[HegiflCl P =2x10""®

[Ag*|[Br7] =77 x 1071

[Cu*][Br]=42x10""
[Hg3"1Br PP =13 x 107"

[Ag+][I =15 %18
[Cu*][I7]=5.1 X 107
[Pb?*][r]2 =145 107%
[Hg3 I P =12 x 107

[Ag*][OH ™ 1_ 1.5 % 107®

[AP*]JOH™ ) =3.7 x 107"
[FEHOHE TP =11% 107 °
[F*J[OH P = 1.6 x 107!
[Mg’+ [OH P =12x10""
[Mn HIOH P=2x 10"
[Zn?*][OH ] = 4.5 x 107V
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Common lon Effect

Decrease in solubility of a salt due to the presence of a
common ion from a second sait.

Application of LeChatlier’s Principle.

Example: The solubility of AgCl is lower in a solution
of NaCl than it is in pure water due to
excess Cl ions:

AgCl (s) = Ag” (aq) *+ CI (aq)
excess

14.0p
13,0.

12.0¢

6.0

(s % 10%) in moliL —»

Molar solubility of PbSO,

50

4.0
30 \
2.0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 3l

(ex10%) in mol/L —p»
Concentration of K,5S0, solution

Fig. 11.1. The common ion effect. The molar solubility, s, of PbSQ, in solutions contain-
ing K,SO, is plotted as a function of the concentration, ¢, in mﬁlm liter, of the K,S0,.
The relationship between s and ¢ is s(c + 5) = 1.8 X 107# = K, (PbSO,). Thus as ¢ in-
creases, § decreases.
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_——— AgCl dissolves in
4.0 X 107 M AgNO;

AgCl dissolves in
pure water
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FIGURE 11.7 The presence of a
dissolved common ion reduces the
solubility of a salt in solution. As the
AgCl dissolves, the concentrations of
the ions follow the paths shown by
the red arrows until lh{:y reach the
red equilibrium curve. The molar
solubilities are proportional to the
lengths of the green lines: 1.3 X 107}
mol L.™! for AgCl in pure water, but
only 0.37 % 107> mol L™ in either
4.0 X 107° M AgNO; or 4.0 X 10°°
M NaCl.
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