Equilibri acido-base ed equilibri
di solubilita

Capitolo 16




The common ion effect is the shift in equilibrium caused by the
addition of a compound having an ion in common with the
dissolved substance.

The presence of a common ion suppresses
the ionization of a weak acid or a weak base.

Consider mixture of CH;COONa (strong electrolyte) and
CH;COOH (weak acid).

CH,COONa (s) — Na* (ag) «.CH,COO" (agD

common

CH,COOH (aq) = H* (aq) ¥CH,COO" (agd "




Consider mixture of salt NaA and weak acid HA.

NaA (s)(——=)Na" (aq) + A" (aq) HTAT
K —_—
HA (aq) CH" (ag) + A" (aq)

* [HA]

K, [HA]

[H*]= [A] Henderson-Hasselbalch
HA) equation

-log [H*] = -log K, - log ——

[A_] oH = pK. + log [conjugate base]
-log [H*] = -log K, + log % [acid]
[A]
H = pK, +| = -
PH = pK, +log 7] pPK, = -log K,



What is the pH of a solution containing 0.30 M HCOOH
and 0.52 M HCOOK?

<

Mixture of weak acid and conjugate base!

HCOOH (aq) «—— H* (ag) + HCOO (aq)

Initial (M) 0.30 0.00 0.52
Change (M) -X +X +Xx
Equilibrium (M) 0.30 - x X 0.52 + x
_ _ [HCOO]
Commenien et = 1G5
0.52 + x~0.52 pH =377 + log = = 4.01

HCOOH pK, = 3.77



A buffer solution is a solution of:

1. A weak acid or a weak base and
2. The salt of the weak acid or weak base

Both must be present!

A buffer solution has the ability to resist changes in pH upon
the addition of small amounts of either acid or base.

Consider an equal molar mixture of CH,COOH and CH,COONa

Add strong acid
H* (aq) + CH;COO" (ag) — CH;COOH (aq)
Add strong base
OH- (aq) + CH;COOH (aq) — CH4;COO- (aq) + H,0 (/)



HCI — H* + CI
HCI + CH,COO- — CH,COOH + CI-

Buffer solution

0 0.020.04 0.06 0.08 0.1
Mole of HCI added

H
O =N WALV



Which of the following are buffer systems? (a) KF/HF
(b) KBr/HBr, (c) Na,CO,/NaHCO;,

<

(a) KF is a weak acid and F- is its conjugate base
buffer solution

(b) HBr is a strong acid
not a buffer solution

(c) CO.% is a weak base and HCOx" is its conjugate acid
3 3
buffer solution



Calculate the pH of the 0.30 M NH,/0.36 M NH,ClI buffer
§ system. What is the pH after the addition of 20.0 mL of
0.050 M NaOH to 80.0 mL of the buffer solution?

NH,* (agq) «—— H* (aq) + NH; (aq)

pH = pK, +log =8l pK =925 pH = 9.25 + log-aod 9 17)

INH,*] [0.36]

start (moles) 0.029 0.001 0.024
NH," (ag) + OH" (aq) — H,0 (/) + NH; (aq)

end (moles) 0.028 0.0 0.025

final volume = 80.0 mL + 20.0 mL = 100 mL

. 0.028 0.025 [0.25]
INH{1 =" 10 [NHdJ = “go0" pH=9.25+log- =22 (9.20)



Chemistry In Action: Maintaining the pH of Blood

Capillary Capillary

Tissues Lungs
Erythrocyte

HCO;

Plasma Plasma



Titrations

In a titration a solution of accurately known concentration is
added gradually added to another solution of unknown
concentration until the chemical reaction between the two

solutions is complete.
Equivalence point — the point at which the reaction is complete

Indicator — substance that changes color at (or near) the
equivalence point

1 Slowly add base
3 o - to unknown acid
| UNTIL
ol \ The indicator
Us

- ' changes color




Strong Acid-Strong Base Titrations
NaOH (aq) + HCI (ag) — H,0O (1) + NaCl (aqg)

OH" (aq) + H* (aq) — H,0 ()

14
13l Volume NaOH

) added (mL) pH

2 0.0 1.00

11| 5.0 1.18

107 10.0 1.37

ol I8 15.0 1.60

20.0 1.95

W 22.0 2.20

P Ul e + Equivalence . ___ 24.0 2.69

6l point B - ——- 25.0 7.00

si 26.0 11.29

28.0 11.75

I 30.0 11.96

| 35.0 12.22

2 40.0 12.36

I 45.0 12.46

3 1 1 | 1 1 | 50.0 12.52

10 20 30 40 50
Volume of NaOH added (mL)



Weak Acid-Strong Base Titrations
CH;COOH (aq) + NaOH (ag) — CH;COONa (aq) + H,0O (/)
CH;COOH (aq) + OH" (aq) — CH;COO" (aq) + H,O (/)
At equivalence point (pH > 7):
CH,COO (aq) + H,O () —= OH" (aq) + CH,COOH (aq)

14
Volume NaOH

13| added (mL.) pH
12 0.0 2.87
11{§ 5.0 4.14
6 10.0 4.57
5 o 15.0 4.92
, ¢ Equivalence - 20.0 5.35
3 point Bia sl 22.0 5.61
pH - 24.0 6.12
6 25.0 8.72
sl 26.0 10.29
‘ 28.0 11.75
% 30.0 11.96
3 35.0 12.22
2 40.0 12.36
| 45.0 12.46
: | | | | | 50.0 12.52

10 20 30 40 50

- Volume of NaOH added (mL) -



Strong Acid-Weak Base Titrations

HCI (aq) + NH; (ag) — NH,CI (aq)

H* (aq) + NH; (ag) — NH,CI (ag)

At equivalence point (pH < 7):

NH,* (aq) + H,O () —= NH; (aq) + H* (aq)

Volume HCI
11 added (mL) pH
10 0.0 11.13
oll 5.0 9.86
10.0 9.44
8 15.0 9.08
7L 20.0 8.66
oH ¢ 22.0 8.39
24.0 7.88
s|E Eq.uivalcncc —— e M 250 528
J DORC: 26.0 2.70
| 28.0 2.22
3 | 30.0 2.00
|8 | 35.0 1.70
1 | 40.0 1.52
= | 45.0 1.40
i | | | | 50.0 1.30

10 20 30 40 50
- Volume of HCI added (mL) -



Exactly 100 mL of 0.10 M HNO,, are titrated with a 0.10 M
NaOH solution. What is the pH at the equivalence point ?

<

start (moles) 0.01 0.01
HNO, (aq) + OH™ (ag)— NO, (aq) + H,O (/)
end (moles) 0.0 0.0 0.01

Final volume = 200 mL [INO,] = 0020010 =0.05 M

NO, (ag) + H,O () —= OH" (aq) + HNO, (aq)
Initial (M) 0.05 0.00 0.00
Change (M) -X +X +Xx

Equilibrium (M) 0.05 - x X X
[OH ][HNOZ] X?

K, = =22x10" pOH=5.98

[NO,] 0.05-x

H=14 — pOH = 8.02




Acid-Base Indicators

HIn (ag) —— H* (aq) + In™ (aq)
[Hin]
[In7]
[HIn]

=10 Color of acid (HIn) predominates

< 10 Color of conjugate base (In") predominates

1I/::IRR R Some Common Acid-Base Indicators

[In°]

Color

Indicator In Acid In Base pH Range*
Thymol blue Red Yellow 1.2-2.8
Bromophenol blue Yellow Bluish purple 3.0-4.6
Methyl orange Orange Yellow 3.1-4.4
Methyl red Red Yellow 4.2-6.3
Chlorophenol blue Yellow Red 4.8-6.4
Bromothymol blue Yellow Blue 6.0-7.6
Cresol red Yellow Red 7.2-8.8
Phenolphthalein Colorless Reddish pink 8.3—10.0

*The pH range is defined as the range over which the indicator changes from the acid color to the base color.




Solutions of Cabbage




The titration curve of a strong acid with a strong base.

14

13|

121

10 —

9| Phenolphthalein

8 =

‘7 -

6  —

| = Methyl red

4 ==

3

5 Thymol blue

I

0 | l | l l
10 20 30 40 50

Volume of NaOH added (mL)



Which indicator(s) would you use for a titration of HNO,
with KOH ?

<
Weak acid titrated with strong base.

At equivalence point, will have conjugate base of weak acid.
At equivalence point, pH > 7

Use cresol red or phenolphthalein

I/ IRR Rl Some Common Acid-Base Indicators

Color
Indicator In Acid In Base pH Range*
Thymol blue Red Yellow 1.2-2.8
Bromophenol blue Yellow Bluish purple 3.0-4.6
Methyl orange Orange Yellow 3.1-4.4
Methyl red Red Yellow 4.2-6.3
Chlorophenol blue Yellow Red 4.8-64

Bromothymol blue Yellow Blue 016
Cresol red Yellow Red
Phenolphthalein Colorless Reddish pink

*The pH range is defined as the range over which the indicator changes from the acid color to the base color. 1 7




Solubility Equilibria
AQCl (s) —— Ag" (aq) + CI" (aq)

Ksp = [AGT][CI] K, is the solubility product constant

MgF, (s) «<—— Mg?* (aq) + 2F" (aq) Ksp = [Mg#*][FJ?
Ag,CO; (s) —— 2Ag* (aq) + CO5* (aq) Ksp = [AGT][CO47T]
Ca,(PO,), (s) ——= 3Ca?* (aq) + 2P0O,* (aq) Ksp = [Ca?*PP[PO, T
Dissolution of an ionic solid in agueous solution:

Q<K,, Unsaturated solution No precipitate

Q=K,, Saturated solution

Q>K,,  Supersaturated solution Precipitate will form



I AR I Solubility Products of Some Slightly Soluble lonic Compounds at 25°C

Compound K Compound Kep

Aluminum hydroxide [AI(OH).] ERA0E Lead(11) chromate (PbCrO,) 20107
Barium carbonate (BaCO3) 15 By 4 s Lead(11) fluoride (PbF,) 41X 107°
Barium fluoride (BaF») 1RG0 Lead(IT) iodide (Pbl,) 1.4 X 107"
Barium sulfate (BaSO,) 11310720 Lead(IT) sulfide (PbS) 34X 1078
Bismuth sulfide (Bi,S3) 1.6:¢ 10772 Magnesium carbonate (MgCO5) 40X 107°
Cadmium sulfide (CdS) R0 105 Magnesium hydroxide [Mg(OH),] 12101
Calcium carbonate (CaCO-) 8.7 %1077 Manganese(11) sulfide (MnS) 2050102
Calcium fluoride (CaF,) 40x 107" Mercury(l) chloride (Hg,Cl,) 35X 107"
Calcium hydroxide [Ca(OH),] 8.0 107 Mercury(ll) sulfide (HgS) 4.0 X 1074
Calcium phosphate [Cax(PO,)»] 1.2 X 107 Nickel(IT) sulfide (NiS) 1.4 X 10~
Chromium(IIT) hydroxide [Cr(OH);] 306107 Silver bromide (AgBr) T A
Cobalt(Il) sulfide (CoS) 4.0 X 107! Silver carbonate (Ag,CO5) 81 x 10712
Copper(I) bromide (CuBr) 4.2 % 10=° Silver chloride (AgCl) 1.6 %107
Copper(1) iodide (Cul) 18 [ [0 Tt Silver iodide (Agl) 310
Copper(I) hydroxide [Cu(OH)] 2230 Silver sulfate (Ag.SO,) 1.4 X 1073
Copper(1l) sulfide (CuS) 6.0 X 107 Silver sulfide (Ag,S) 6.0 X 107!
Iron(I1) hydroxide [Fe(OH)s] 1.6:%¢ 107" Strontium carbonate (SrCO5) 1.6 X 1077
Iron(I1T) hydroxide [Fe(OH ).] LIDe107° Strontium sulfate (SrSO,) 38 XA
Iron(I1) sulfide (FeS) 6.0 x 107" Tin(I1) sulfide (SnS) 103 107%°
Lead(IT) carbonate (PbCO5) 33x 107 Zinc hydroxide [Zn(OH),] 1.8 X 10
Lead(1l) chloride (PbCl,) 2.4 % 107* Zinc sulfide (ZnS) 30102



Molar solubility (mol/L) is the number of moles of solute
dissolved in 1 L of a saturated solution.

Solubility (g/L) is the number of grams of solute dissolved in
1 L of a saturated solution.

Solubility of Molar Concentrations K of
. . - . - Sp
compound P solubility of — of cations > compound
compound and anions
- Concentrations Molar S
K, of Solubility of
p ﬁ ) ORI ) > ﬁ x ) vy : ) - #
compound of (,dll.( ns solubility of compound
and anions compound



§ What is the solubility of silver chloride in g/L ?

AQCl (s) «—— Ag* (ag) + CI" (ag) K, =1.6 x 101
Initial (M) 0.00 0.00 K, = [Ag*][CI]
Change (M) +S +S Ksp = §°
Equilibrium (M) S S S= Wy

$s=1.3x10°
[Ag*]=1.3x10°M [CI]=13x10°M
5
Solubility of AgClI = 1.3 x 10 Cl , 143.359 AgC =1.9x 103 gL

1L soln * "1 molAgeT



1L :IR=R [kl Relationship Between K, and Molar Solubility (s)

Compound K., Expression Cation Anion Relation Between K., and s
AgCl [Ag*]ICIT) 5 s K== (K)
BaSO, [Ba®*)[SO37] s s K, =5 5= (K}
Kep 3

Ag,CO; [Ag*P[CO3 ] 2 s K,=4s5s=2 4' b

P4 —wn 1 KSP l
PbF, | o || L § 25 Ko =4s;5=2a 1 b

14 -3 4 Ksp "‘
Al(OH); [AI""]JOH™] § 3s Kp=27s"1s=a > b

2413 ) ; Ks{, :
Ca_;(POﬁz [Cﬁ' ] [P04 ]' 3s 2s K,'p = 108s: 85 = amb



If 2.00 mL of 0.200 M NaOH are added to 1.00 L of
0.100 M CaCl,, will a precipitate form?

<

The ions present in solution are Na*, OH", Ca?*, CI-.
Only possible precipitate is Ca(OH), (solubility rules).
Is Q > K, for Ca(OH),?

[Ca?*],=0.100 M [OH],=4.0x 104 M
Q = [Ca?*],JOH12 = 0.10 x (4.0 x 104)2 = 1.6 x 108
K, = [Ca2*][OH]2 = 8.0 x 10

Q <K, No precipitate will form



What concentration of Ag is required to precipitate ONLY
AgBr in a solution that contains both Br-and Cl-at a
concentration of 0.02 M?

<

AgBr (s) —— Ag* (aq) + Br (ag) K, =7.7x 10"
Ksp = [AQ*][Br]

o Ky 7.7x1073
A9l = B = 0.020

=39x10" M

AgCI (s) == Ag’ (ag) + CI" (ag) Ky, = 1.6 x 101
K, = [AglICI

K 1.6 x 10-10
+1 — Sp —
Ag'T= 1617 = T 0.020

=80x10° M

3.9x10" M<[Ag*]<8.0x10° M



The Common lon Effect and Solubility

The presence of a common ion decreases
the solubility of the salt.

§ What is the molar solubility of AgBr in (a) pure water
and (b) 0.0010 M NaBr?

NaBr (s) — Na™ (aq) + Br™ (aq)
AgBr (s) — Ag" (ag) + Br' (@0) 1511 =0.0010 M

— -13 —_— +
Ksp = 7.7 x10 AgBr (s) ——= Ag" (aq) +(a<J)
s?2=K_, 1 = o
G=85x107> 10
=8.8x10 [Br]=0.0010 + s ~ 0.0010

K., =0.0010 x s
-10




pH and Solubility

The presence of a common ion decreases the solubility.
Insoluble bases dissolve in acidic solutions
Insoluble acids dissolve in basic solutions

reatulve
Mg(OH), (s) ——= Mg?* (aq) + 20H" (ag)

»
=

At pH less than 10.45
Ks, = [Mg#][OHT2 =1.2 x 10"

Lower [OH]
Ksp = (8)(28)* = 4s3 ]
453 =1.2x 10" OH" (aq) + H* (aq) —— H0 ()
s=14x104 M Increase solubility of Mg(OH),
[OH]=2s=28x10*M At pH greater than 10.45
pOH =3.55 pH=10.45 Raise [OH]



Complex lon Equilibria and Solubility

A complex ion is an ion containing a central metal cation
bonded to one or more molecules or ions.

Co?* (aq) + 4CI- (aq) —— COCIﬁ'(aq)

The formation constant or stability constant (K,) is the
equilibrium constant for the complex ion formation.

) = [CoCIZ]
coc T TCOHICIT

‘\ K, I stability of
complex

I



1RSSR X Formation Constants of Selected Complex lons in Water at 25°C

Formation
Complex lon Equilibrium Expression Constant (Kj;)
Ag(NH.)3 Agt + 2NH; —— Ag(NH;)} L5510
Ag(CN); Ag* + 2CN~ —= Ag(CN); L0107
Cu(CN);~ Cu”" + 4CN™ —= Cu(CN);~ 1.0 %107
Cu(NH;)7* Cu’* + 4NH; — Cu(NH;);* 5.0 X 10"
Cd(CN);~ Cd** + 4CN™ = Cd(CN); " 715610
Cdl;~ Cd** +41° —CdI3~ 2.0 X 10°
HeCly™ Hg®" + 4C1I- == HgCl;~ 1.7 % 10%°
Heli™ Hg*" + 417 —=Hgl;~ 2.0 X 10*°
Hg(CN);~ Hg?* + 4CN~ —= Hg(CN);~ 2510
Co(NH5)2™* Co’* + 6NH; —— Co(NH;):™* 5.05¢10°
Zn(NH3);+ Zn*t + 4NH; —— Zn(NH;);" 2.9 X 10°



Separation of Cations into Groups According to Their Precipitation Reactions

105 with Various Reagents
Group Cation Precipitating Reagents Insoluble Compound Ksp

| Ag® HCI AgCl 1.6 x 107"
He3* l He,Cl, 35 % 107"
Pb** PbCl, 2.4 %X 107*

2 Bi*" H,S Bi,S; 1.6 X 1077
b in acidic CdS 8.0 X 107
Cu®* solutions CuS 6.0 X 10~
He ™ HeS 40x 107
Sn** l SnS 1.0 X 107¢

3 AL* H,S Al(OH); 1.8 X 107
Catt in basic CoS 4.0 % 1072
cPt solutions Cr(OH); 3.0 X 1072
Fe** FeS 6.0 % 107"
Mn>* MnS 30X 107
NiZ* NiS 14 X 107
Zas ! ZnS 3010

4 Ba®* Na,CO; BaCO; 8.1 % 1077
Ca’* CaCO; 87 %10°°
L ) SrCO; 1.6 X 1077

5 K" No precipitating None
Na™* reagent None
NH} None

M



Solution containing ions
of all cation groups

| +HCI - Group 1 precipitates
; Filtration AgCl, Hg,Cl,, PbCl,
Solution containing ions
of remaining groups
+H,S = Group 2 precipitates
! Filtration CuS, CdS, HgS, SnS, Bi,S;
Solution containing ions
i . of remaining groups
Qualitative | P
. +NaOH roup 3 precipitates
AnaIySIS of v— > CoS, FeS, MnS, NiS
Cations l RO ZnS, Al(OH);, Cr(OH);
Solution containing ions
of remaining groups
| +Na,CO; N Group 4 precipitates
; Filtration BaCO,, CaCOj;, SrCO;

Solution contains

Na*, K*, NH] ions
_ 17. 1.



Flame Test for Cations

lithium sodium potassium copper



Chemistry In Action: How an Eggshell is Formed

Ca?* (aq) + CO;% (aq) —— CaCO, (s)

carbonic
CO, (g9) + H,O (/) —— H,CO; (aq)

anhydrase
H,CO; (aq) —— H* (aq) + HCO; (aq)

HCO, (ag) == H* (ag) + CO.? (aq)




