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Chapter 5 The Precipitation Reactions
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§5-1 BEM
Solubility Product
—. SLEMARETE (The Equilibrium of Precipitation and Dissolution)

1. fE—ERERM—EEKF, AgCls) Ag'(aq) + Cl (aq)
Ve = Vo B, DUERE M B4, FROAFAHTH (heterogeneous equilibrium) .

2. Tk, k- el
[AgCl]
3. #@: AB,(s) === nA"(aq)+mB" (aq) , [A"'][B"]" =K,

4. FEEA:
(1) Ko SIREA K, HEWAK. ELbrd, #H 25CH I Ke:
(2) 1E bR FRak b, IREE AR R 5 1) B
(3) 1E Kop RIEH, NAZH S G BAE B IR (H i T X FU ot R
HPIRERAN, BFREE RSy =1, BT IS FIRERE S5
—. BREMREARMERFZZER (The Relationship of Solubility Product and Solubility)
1. B so (mol-dm™) 5 K, 5
(1) T W3 AR R R 5 — W o i 9 M RN VT B B s R s AR R, RIS 2 om0 11
WARRE ST, BN [ rT s
(2) BB OCHE PR TRV AR IR AR BEARL /DN, P L BAR R MRV, (R R
W, W p,, = p, =1, Bl ] SRR EARIER R & / 100 HLO.
(3) 505 Kop IR R

AgCl(s) =—= Ag'(aq) + CI (aq) Mg(OH)x(s) === Mg?>(aq) + 20H (aq)
S, S, S, 25,
Ky = s Kop=s," (25,2 = 4s,
—fX: A B, (s) === nA""(aq)+mB" (aq)

Ksp: (nso)n . (mso)m — nn . mm . (So)m+n
Sample Exercise 1: Solid silver chromate is added to pure water at 25 ‘C , some of the solid
remains undissolved at the bottom of the flask. The mixture is stirred for several days to ensure that

equilibrium is achieved between the undissolved Ag>CrO4(s) and solution. Analysis of the
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equilibrated solution shows that its silver-ion concentration is 1.3x107* mol-dm™. Calculate K,
for Ag>CrOas.

1
Solution: . [Ag']=1.3x10" mol-dm™ .. [CrOj*]:E[Ag*]=6.5x10*5 mol-dm™

K, =[Ag'] -[CrO}]=(1.3x107")"-(6.5x107") =1.1x10™"

Sample Exercise 2: .51 25°CHY, AgClIVEME N 1.92x1073 g-dm™, RRKIZIEE T AgCl
(A BEAR o

1.92x107°
Solution: [Ag']=[CI]= ﬁ mol-dm==1.34x 10" mol-dm3

K =[Ag']-[CI']=(1.34x10")" =1.80x10""

2. [l RAUROHEE AR T, Kop KA, JLTE AR E R AN RIS f e v LR L V8 AL 1O
KRANAGER] Ko FERRTERELAL, R BEEIL TS so KB M LI AgCl 5 AgoCrOsff)
K 5 S HIBIF- 7T LLFE 70 U B X — R

3. XV LR I TRT R K 5 1 (VR B LB RV R B AEAE AR SR R A I TR 1K
BT Z AP AL, BRIEAEE TN EREER: QUK. . RET
ROSEAE . BIE AgsPOs KIVEIRE A s, HAKEIE Ag BT K, N[AgT=3s,s #%
JE PO, BFKME, WI[PO; 1#s,, T

- . . - [H] [H'T [H']
=[PO HPO H, PO H.PO,]=[PO; {1 + + !
S() [ 4]+[ 4 ]+[ 2 4]+[ 3 4] [ 4]{ + Ka3 K K K K K ]

a2” a3 al”"a2” a3

=. BEFHMN (The Solubility Product Rule)

(3) %[Aer]n ’ [Bn_]m < Ksp’ Z:}jélzjﬁiio
2 HAF AT, WNEBTOMERe: MR oo

sp > Kop
Ag* + CI- — AgCl

I #TAB,(s) === nA" (aq)+mB" (aq) %
B LR o
(1) H[A™] - [B7)" =Ky, U SEMEEIPE £
(2) H[A™T - [BT]" > Ky PRI ¢
Eax107 Qy,
8

D
‘lﬁzéj\*ﬁ, TE?E?TQ*%%%‘J&E/J\EU 1075m01'dmﬁ3’ Q‘?,)(::?lO“5 4x1075 6x107° 8x10°5 1)(.10-4
AT LIRS 4 T BT, F5T bt Concenpaten o6 e/

BTN 100 moldm, BITURITETEA. o seuntioncure for AgCl
Sample Exercise: What concentration of OH must be exceeded in a 0.010 mol-dm™ solution of
Ni(NOs), in order to precipitate Ni(OH)2 ? Ky, = 1.6x107 for Ni(OH)».

Solution: For a saturated solution we have
Ko =[Ni**] - [OH ]? Thus if [Ni?*] - [OH ]> >1.6x107'4, precipitation will occur.
Letting [OH ] =x mol-dm™, (0.010) -x*>=1.6x107"4 x=1.3%x10"° mol-dm™
Thus Ni(OH), will precipitate when concentration of OH ™ in solution is 1.3x107° mol-dmor
higher.
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§5-2 WRER—ERTFHENBEN
Equilibrium Shift between Precipitation and Solution
—., IMEABRBEEIENEZE (The Affect Factors on Precipitation of
Undissolved Electrolytes)
1. [FEFR% (Common —ion effect) : MV HUMRT VAR, PRI [ & 150
LR 5T 1T ARG 140 2850

Sample Exercise 1: Calculate the molar solubility of CaF» at 25°C in a solution containing

(a) 0.0100 mol-dm—=Ca(NOs)x(aq) ; (b)0.010 mol-dm= NaF(aq). K =3.9x10"

sp,CaF,

Solution: & 1E(a)iE ' CaFa(s)¥& % N x mol-dm™.
CaFy(s) = CaF?'(aq) + 2F (aq)
0.010 +x 2x
(0.010 +x) - (202 =3.9x10"11, *7 x<<l, ..0010+x<2 0.010
15 x=3.1x10"(mol-dm™)
(b) WAE (bYW CaFa(s) AR E N y mol-dm™
CaFy(s) = CaF%*'(aq) + 2F (aq)

y (0.010 + 2y)

¥ (0.010+ 292 =39x1071, % y<<l, 001042y 2 0010
3.9x10™"

Sy =T 23.9%107 (mol-dm™)
(0.010)

2. WM Csalteffect) = B I & PTHE A BN F B AR IL R B TSR B ff T, /i f
DU IV IRIERE R, HEARBL R N 2308
B 4n: PbSO41E NazSO4 ¥ H (¥ fif B (mol - dm )

NaxSO4 0 0.001 0.01 0.02 0.04 0.10 0.20

PbSO4 1.5x107* | 2.4x107 | 1.6x107 | 1.4x107° | 1.3x107 | 1.6x107 | 2.3x107°

FRUGHE, RS FRONAR E FER, PbSOs VAR I 1K; 1H2 NaxSO4(aq) ik FE i
0.04 mol-dm= i, PbSO4 [fI¥A ifFE LBl NaxSO4(aq)il FE I N AR, IR I Eh 208 b7
NGB, BT CURAEDIE 5E AT, e A 1) — A LS & 20%—50% 9 H .
Sample Exercise 2: ¥ AgNOs #WZMINAN & Cl B 7/ CrO, B T wih, [Cl]=
[CrO; 1=0.1 mol-dm3. : (a) AgCl 5 AgaCrOsWE—FSEUTHE? (b) 24 AgaCrO4 TFURVTIE
B, T ClU B FIRERZD?

Solution: (a) AgCl WITIER, [Ag]=Ks/[Cl ]1=1.8x10" (mol-dm™)
Ag:CrOs IITIERS, [Ag']=4/K,, /[CrO; ] =3.32x10°° (mol-dm™)

FrLh AgCl & JeUiE ok
(b) MIEHHNIAE AgCrOsJTER, HHH HI[Ag = 3.32x107° (mol-dm™)
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~ 1.8x107™"
3.32x107°
.\ SLEAREA LA (The Methods of Precipitation Dissolution)
1. AR5 AR TS T UE 5 A
BaCO,(s)+2H "(aq) =Ba*'(aq) + H CO | (aq)
—— 0. (g) + H2O(l)
Sample Exercise: CAl: K g0 =8.1x10", H,CO:z K Ka1 =4.2x107. Kp=4.8x10"", iX
THE A e B2 P18 0 Ko
Ba*"]-[H,CO Ba’"]-[COY HCO; H CO
Solution: K=[ a ][+22 3]:[ a” I 3]x L — 3]+ X L — 3]+
[H'] 1 [COIH"] [HCO,]H"]
1 1
=K_-(K, )" (K,)" =81x10"x X
o (Ka) (Ko 4.8x10™"" 4.2x107

S[Cl =Ky / [AgY] =5.42x10" (mol-dm™)

=4x10°
KRR ITIERR N 2 TR
2. RSN —I8 5 I AR e i iR
Bn: 3PbS (s) + 8HNOs3i =3S | +2NO 1 + 3Pb(NOs)2(aq) + 4H,0(1)
3CuS(s)+ SHNO3i0 =3S | +2NO t + 3Cu(NOs)a(aq) + 4H20(1)
3. AT G S TTE VA
flln: AgCl(s) + 2NHs(aq) = Ag(NH,); (aq) + Cl (aq) »
AgBr(s) + 28,07 (aq)= Ag(S,05); (aq) + Br (aq)

§5-3 % PHUTLR Z E By P
The Simultaneous Equilibria between Precipitations

—. DEE (Steps of Precipitation)
1 T — 2R XA F AT, T8 B8 IR AR R BB 0T, VA A P 25/ IO o s FEL A
J5 15 ek B AT AT HTE o
B, 7£ 0.010mol-dm™ f) I 5571 0.010mol-dm= fJ CI” &5 T+, ZH A
AgNO: VW, e Oy, 58 AnIiE.
2. [l AL ME VA F AR O (VDI B AR ZE TR, R FH 4 T PR 52 43 0 M I P AR T
Uf. CA& @i

MnS(RIf) | ZnS(Hf) | CdS(EEfA) | CuS(¥Eft) | HgS(Et)
K 1.4x10715 2.5x10722 1.0x1072° 8.0x10736 4.0x10753
fEUTTE . -
. " BE TR AN WL WAH R 7
R HIR i th IR i3 iR K

MS (s)+2H"(aq) £ M?*(aq) + H_S(aq)

M*']-[H,S] [M*]-[S* HS . .
kol ]+[22 I_IM IS 1 +[22 ]27 K, (K"K )
[H'] 1 [H'T [S*]

S [M2]=K-[H 1¥[H.S]
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It LR M &2 SR B AL M i R FE R A A T T . 3 —, B Ze B T i i i
FERRN: B, BURTIRIE.
Sample Exercise: fEH—WH, &H Zn?'. Pb> & T K EE 4709 0.2mol-dm™, 7E= R
NN HoS AUk, MR, SRS IIANEEER, EHIB A, 10 pH A BIFER, 4 fE
PbS JTIETM Zn2 8 F AN ZnS YITHE? Kappos = 4.0x1072°, K zas = 1.0x10720
Solution: =%1[Zn?'] = [Pb**] = 0.2mol-dm™
ELAH PbS YLiE, NI[S* =K/ [Pb*] S [S7]=2.0x1072° mol-dm™

Bf# ZnS AYLHE, MI[ST)<Ks/[Zn*] . [S*¥]<5.0x102° mol-dm™

PA[S*]=5.0x102 mol-dm™> fRANK, K, , = % =,

2

1.1x107 x1.0x107* x 0.1
[H'] 2\/ . sxo 1;720 200469 (mol-dm™?)
U X

#h pH<1.33 i}, Zn®AR&TEHK ZnS | -

1.1x107%
BA[S? ] = 2.0x10°25 mol-dm™ fEA Ku-K 30, [H'] <, /ﬁ —23.45 mol-dm™,
U X

PTLE A, R EREmR T pH FEI<1.33, #thER A5 PbS YT JE ZnS Il
Vo IXAEFN IR AR IA A ] 23.45mol-dm™3. #F 2, WA PbS UIIE L AUINELL
PERIER, AH 2 FAIE R

3. U IR F A S ERG G, IS5 N B 7 BB %o ol il v
AR, BRI AgNOs VW, = RIVeH QETIE, AftAme?
o EIN I AgCLAN Al YTV, W II[Ag] [CL AL [0 20 i PR A

1l -
[Ag']= K, g _ K agci ’ [CI'] _ Koascr _ 1.8 XlOf:
] [Cl] 1] K, 83x10

BRI BOH I [CL TR T 2.2x100 - [T]0F, B 2eiiie  AgCl, BARTEHE/K[CI]/[1]
CE Iz . XA, RS S SUR BT & TR, AT DU 725 i i
KA

.\ SERYEE1L (The Transfer of Precipitation)

1. VAR P R IR DUE R DG 4K s A P /NPT

WK, o, =8:0x1075 K g =24 x107°, fEEEAT BaCOs HEEAKAE +,

=22x10°

ANB ) KoCrOa VW, PRI E T, JUEZ R E .
BaCO,(s) === Ba’"(aq)+CO; (aq)
+
K,CrO, (aq) == CrO; (aq) +2K " (aq)

H

BaCrO4 | (35 th)
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2. P R] 2ES X VS 5 R AR I ) Ko RHZE AN KIS, B B IR E, Ko ZNHOUTHE AT DA )

Ko KINUTIE A Flhn: FEEBH, BEA BaCOsUiE, XA BaCrOsPLiEhs, N
(Ba®]= Kopmaco, _ Kippacro, . [CrO; ] _ Koo, _ 24x10™"
[COY] [CrO7] [COT] Ko 80x107
HI[COY 1> 33.33[CrO; ] i, BaCrO4¥iie 1] LAFE {64 BaCOs YLIE -
M2, DUE——I ARG R A, RESUR XM, DO A x5
7F J& A DAAH B4k
Sample Exercise 1: fE pH= 1.0 B, CaF I MEZH 5.4x103mol-dm™, CaF, FJiE R

=0.03

K e, = 3:4x1071, 1XTH5E HF (aq) iR 25 fif 6 4

Solution: L%l CaF, 7 pH = 1.0 B AR £ 204 5.4x10mol-dm =,
S.[Ca?"]= 5.4x10mol-dm™
HAEFATRI 0. [F] + [HF] = 2[Ca?"] = 1.08x1072 mol-dm™ ®

K ca 3.4x107"
i [Ca™ J-[F )" = Kopcar, > - [F] :\/[CZiFj = \/5 411073 =7.9x10"° (mol-dm™™)

BL[F7]=7.9x10"mol-dm3 R ADX, 75
[HF] = 1.08x102 — 7.9x10~5 = 1.07x10°2 (mol-dm™3)

. C[H'J[F]_10"x7.9x107
¢ [HF] 1.07x107

=7.38x10"

Sample Exercise 2: AgCl. AgBr Al Agl i Ky 43718 1.7x10710, 5.0x1073 F1 8.0x107"7, 4
0.0010mol Nal. 0.0020mol NaBr. 0.0030mol NaCl. 0.0040mol AgNO; fil— & &= {I7/KIE &,
WHARILR] 100 2T TR BPE S, &8 TIRE.

Solution:
BT mol % W (mol-dm™) | BE—HUTIE | B BUE | =AU
Agt 0.0040 0.040 0.030 0.010 ~0
cl- 0.0030 0.030 0.030 0.030 0.020
Br~ 0.0020 0.020 0.020 ~0 ~0
I 0.0010 0.010 ~0 ~0 ~0

WAE 0.02mol-dm ™= CI” B FIFWE Y, AgCl I f#E )9 x mol-dm™
ox(x+0.02) =K o =17x107"

1.7x107"°

X=—"

0.02

S [AgT]1=8.5%x10" (mol-dm™) ,  [Cl ] =0.02(mol-dm™)

[I]= Kpra _ 85 <107

[Ag'] 8.5x107”

Kame 5.0x107°

[Br ]= = =5.9%x10"" (mol-dm™)
[Ag"] 8.5x107°

x<<1l x+0.02=0.02 =8.5%107" (mol-dm™)

=1.0x10"* (mol-dm™3)
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) SOLUBILITY EQUILIBRIA

A computer search of the engineering literature produced 140 references to papers
published between 1989 and 1992 that included the key word solubility product. As
might be expected, the research reported used solubility equilibria to either prevent a
substance from dissolving or to purify a substance.

Examples of the first category were provided by research that examined the
suitability of either clay or concrete as one of the barriers for the long-term storage
of radioactive waste. One study, for example, showed that clay can be used to
protect against the leaching of '*C into groundwater if the clay contains natural
buffers that can keep the pH high enough that CaCO; does not dissolve [R. Dayal
and E. J. Reardon, Waste Management, 12, 189 (1992)]. Another found that water
that percolates through clay becomes buffered at a sufficiently high pH to ensure
that the solubility of waste materials that contain '*’Cs, *°Sr, ®Co, and *Zn is
negligibly small [U. Bartl and K. A. Czurda, Applied Clay Science, 6, 195 (1991)].
A third paper measured the data necessary to predict whether cement with the
empirical formula [(Ca0);(Al1,05)(H,0),] provides a stable environment for 'l
wastes [M. J. Atkins, D. Macphee, A. Kindness, and F. P. Glasser, Cement and
Concrete Research, 21, 991 (1991)].

Examples of the second category can be found in research in the field of biotech-
nology. As one paper noted, crystallization is one of the most frequently utilized
techniques for purification in the pharmaceutical industry [C. J. Orella and D. J.
Kirwan, Biotechnology Progress, 5, 89 (1989)]. This paper showed how amino
acids can be purified by taking advantage of differences in their solubility in pure
water versus water—alcohol mixtures. (The solubility of alanine, for example, de-
creases by a factor of 1000 as the mole fraction of alcohol in this mixture increases
from O to about 0.9.) Another paper studied the effect of adding supercritical CO,
to a solution [C. J. Chang, A. D. Randolph, and N. E. Cralt, Biotechnology Progress,
7, 275 (1991)]. When CO, at temperatures slightly above the critical temperature
and pressures well above the critical pressure was added to a solution of
B-carotene in an organic solvent, the supercritical fluid acted as an *‘antisolvent,”
quantitatively precipitating pure B-carotene from the solution.
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