X solubility Product

In chemical analysis, we encounter solubility in precipitation fitrations, electrochemical
reference cells, and gravimetric analysis. The effect of acid on the solubility of minerals and
the effect of atmospheric (0, on the solubility (and death) of coral reefs are imporiant in

environmental science.

The solubility product is the equilibrium constant for the reaction in which a solid salt
dissolves to give its constituent ions in solution. Solid is omitted from the equilibrium con-

stunt hecause it is in its standard state. Appendix F lists solubility products.
As an example, consider the dissolution of mercury(l) chloride (Hg,Cl,
also called mercurous chloride) in water. The reaction is

HeChls) = Hg' + 200 (69)
for which the solubility product, K, is
Ky = [Hg' 1[0 = 120 007" (6101

A solution containing excess, undissolved solid is said fo be saburated
with that solid The solution contains all the solid capable of being
dissolved under the prevailing conditions.

The physical meaning of the solubility product is this: If an agueous
solution is left in contact with excess solid Hg,Cls. the solid will dissolve
until the condition [Hgi 1[C1 | = Ky is satisfed. Thereafe, the
amount of undissolved solid remains constant. Unless excess solid remeins,
ther is 0o guaranioe that [Hgg'1[CI°)* = K I H" and €1 ane
mixed fogether (with appropeiale counterions) such that the product
[Hez"[CI" | enceeds K., then He,Cly will precipiale.
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[Hg-Hel*
+1 amidation state
of mercury

Ot 5%, and CN- stabilize g}, thereby converting Hgil) inio
HE{C) and Hg(l)

Hg* + 20N~ — HEICN,(og) + Hglh
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If we want o know how much [-[g?i' is dissolved in a saturated so-
lution of Hg,Cl;., we are tempted to ook at Reaction 6% and to note
that two Ol are created for each Hed ™ If we Iet x be the concentra-
tion of Hz3*, we could say that the concentration of C1° is 2r.
Suobstituting these values into the solubility product expression 6-10,
we could write K, = [Hg3"J[C1 * = (x¥2x)", and we would find
[Hed' =1 =67 = 1077 M

However, this answer is incomect because we have not ac-
counted for other reactions, such as

Hel' + HoO = He,OH' +H' K =100%F
Hgi" = Hg' +Hein K=10"

Hydrolysis:
Both reactions consume Hg_%'. By Le Chatelier's principle, if

Hel" is consumed, more Heg,Cly will dissolve. We need to know
all significant chemical reactions to compute the solubility of a

compoand.

We most commenly use the solubility product to find the concentration of one ion when
the concentration of the other is known or fixed by some means. For example. what is the con-
ceniration of Hgg' in equilibrium with 0.10 M Cl  in a solution of KCl containing excess,
undissolved Hg,Cly(s)? To answer this question, we reamrange Equation & 10 to find

[Hgz'] -

K 12 10
[cr? 010t

=12x 10 %M

Because Hg,Cl; is so slightly soloble, additional C1  obizined from Hg,Cl, is negligible
compared with 0.10 M C1 .
The solobility product does not tell the entire story of solability. In addition to complica-

A 5aiT i5 any sonic solid, such as Hg, O, or
Cas0..

tions described in Box 61, most salis form soluble ioa pairs to some extent. That is, MX(5)
can give MX(ag) as well a3 M " {ag) and X {ag). In a saturated soluticn of CaS0y, for exam-

plia, two-thirds of the dissolved calcium is Ca®* and one third is CaS0y(ag).” The CaS0,{ag)
jon pair is a closely associated pair of ions that behaves as one species in solution. Appendix J
and Box 7-1 provide information oa ion pairs ®

Common lon Effect

For the ionic solubility reaction

Cal0,(s) = Ca** + 50§

3
Ky = 2410

the product [Ca®*' ][50 ] is constant at equilibrium in the presence of excess solid CaS0,.
If the concentration of Ca® " were increased by adding anoiher source of Ca” ', such as CaCly,
then the concentration of 507 must decreass so that the product [Ca®' ][50 ] remains
constant. In other words, less CaS00) will dissolve if Ca®* or S0F is already present from

Commaon ion effem: A salt is bess spbubla if
ane of it sons i already presant in e
sobution. Demonsmasan 61 illusraces the
common ian affem.

some other sowrce. Figure 6-1 shows how the solubility of CaS0y decreases in the presence

of dissolved CaClz.
This application of Le Chatelier's principle is called the commaon jon effect. A salf will
he lexg soluble if one of ity constilusat ions i already present in the solafion.

on lon Effect™™®

Fill pao large test ubes about one-third full with satemted aqueous
K.Cl contzining no excess solid The solubility of KCl is approxi-
mately 3.7 M, so the solability product (ignoring activity effects
introduced later) is

Kgp=[K']J[CI] = (37W37) = 137

Mow add one-third of a tzst tbe of & M HCD to one test tube and an
equal volome of 12 M HCI to the other. Even though a common ioa,
C1 | is added in each case, KCl precipitates only in one tube.

To understand your observations, calculaie the concentrations
of K" and C1 in each tube after HCI addition. Then evaluate the
reaction quotient, @ = [K")[C17]. for each twhe. Explain your
ohservations.
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FIGURE 61 Solubiiy of CaS0, in solutions FIGURE -1 & yellow soid, lead{ll) iadide (Pbi),
contiring dissobed Cally. Solubit is precipitates when a colodess solution of lead ritrate
expressed ax total dissobed sulfabe, which is {PBIN:);) is sdded to a colorless solution of potassium

present as free 507~ and as the jon pair, fodide (KI). [Phota by Thip Cark]
Ca50,{oq). [Dets from reference B)

Separation by Precipitation

Precipitation can semetimes be used to separate ions from each other. ™ For example, consider
a solution containing lead(IT) (Pb** ) and mercury(l) (He3" ) jons, each at a concentration of
0010 M. Each forms an insoluble iodide (Figure &-2), but the mercury(1) indide is consider-
ahly less soloble, as indicated by the smaller value of K

Phly(s) = Pb*' + 21 K =79x107°
Hgalz(s) = Hgd' + 21 Ke=-46x10"

Is it possible to lower the concentration of Hg%‘ by G 900 by salective precipitation with
[, without precipitating Pb** 7

We are asking whether we can lower [He3 '] to 0.010% of 0.010M = 10 = 107 M
without precipitatine Pv*'. Here is the experiment: We add enough [ to precipitate
99.090% of Hg3 " if all the I reacts with Hel ' and none reacts with Pb*'. To see if any
Pb*" should precipitate. we need to know the concentration of 1 in equilibiom with pre-
cipitated Helo(5) plos the remaining 1.0 = 1075 M Hei'.

He.l.i5) =2, Hed® + 2

Hg' M 1=k
(L0 1051 P = 46 10 *

M- 252 0 g5 102m
10% 10

Wil this concentration of | cause 0.010 M Pb®" to precipitate? That is. is the solubility
product of Phl; exceaded?

@ = (PRI = (D0I0NEE x 1071
- 46 %10 7 < Ky (for Pblz)

The reaction quotient, @ = 4.6 » 10 l‘:smssmanx for Phil; = 7.9 3 10", Thearefore, Ph*!
mllu:lplmptmmdsapmlmnoﬂh anngz ul'msclbla We predict that adding 1 o
a solution of PH** and Hed ' will precipitate virtually all the mercury{l) before any lead{Il)
precipitates.

Life should be so easy! We have just made a thermodynamic prediction. If the system
comes o equilibrivm, we can achieve the desired separation. However, occasionally one sub-
stance coprecipifales with the other. In coprecipitation, o substance whose soluhility s not
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The smallar Kk, imglies a lower solubility for
Hizlz because the siechiomenries of the wo
reacions e the same. if the sichiomeries

ware different, it does noa folloe thar thea
SMiahar Ky, would imply |ower soubility.



