Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

|. Monoprotic Weak Acid Alpha Fractions
HA = Acetic Acid: CH3COOH

pK, = —logK, = 4.75

Ka — 10—4.75
HA = HT+ A~ Two Acid Species: HA and A-
K = [HT][A] Alpha Fractions only

a [HA] depend on pH and pK,

pH = — log[H™]

Robert Corn Chem M3LC



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

|. Monoprotic Weak Acid Alpha Fractions
HA = Acetic Acid: CH3COOH

CtOt = [HA] + [A_]
Ciot = [HA] (1 + K /[H])
appp = [HANCor = (1 + Ky/[H¥])"]

ap-=1-opqpp == (1 + [HH/Ky-!

HA = HY+ A~
- [HY[AT]
“ [HA]

Two Acid Species: HA and A-

Alpha Fractions only
depend on pH and pKq

pH = — log[H™]
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Alpha Fraction

Alpha Fraction Plot for Acetic Acid
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Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

ll. Diprotic Weak Acid Alpha Fractions pK, = 1.25
H>A = Oxalic Acid: C;H;04
Ciot = [HyA] + [HA] + [A2-]
+ —
Crot = [HpAT (1 + K /[H*] + K| Kp/[H*12) K, = [HT][HA™]
[HA]
oA = [H2ANChor = (1 + K /[HT] + K Ko/[H]2)-1
+ 2
Ciot = [HA"] ([H+V/K{ + 1 + Ko/[H*]) K, = [HT][A“—]
[HA™]
o a- = [HAT)/Co = ((HFI/K | + 1+ Ko/[H¥))-1
ap2- = 1-apya - Oga- = (1+ [HPVK + [HHZ/K Kp) ]
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Alpha Fraction
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EDTA Metal lon Complexation Equilibria

T HJ\ Ethylene Diamine Tetra-acetic Acid (H4Y)

EDTA - the world’s best metal ion chelator

EDTA Alpha Fractions
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EDTA titrations are in basic buffers



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

l. Strong Acid Titration

1
H*+ OH™ = H,0 Ki=——>1

100.0 mL of 0.100 HCI titrated with x mL of 0.100 NaOH

10~

Millimoles

Equivalence Pt.

R = moles HCI
o ==== moles OH-

100 150
mL OH added

200



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

1
l. Strong Acid Titration H*+ OH™ = H,0 Ki=—>1

w

100.0 mL of 0.100 HCI titrated with x mL of 0.100 NaOH

12 K
10
8 —
- (O pH =7 at the Eq. Pt.
O b
4_
— Equivalence Pt.
O_I | | | |
0 50 100 150 200

mL OH added



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

Ka
ll. Weak Acid Titration HA+OH = A +H,0 K, = —>1

w

100.0 mL of 0.100 HA titrated with x mL of 0.100 NaOH
Calculate the pH of solution at x = 0.0, 50.0, 100.0 and 150.0 mL

12 — K
10 — . .
Acetic Acid
pKa =4.75
R
6 —
-
| | I | |
0 50 100 150 200
mL added




Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

KCI
ll. Weak Acid Titration HA+OH = A +H,0 K, = —>1

w

100.0 mL of 0.100 HA titrated with x mL of 0.100 NaOH
Calculate the pH of solution at x = 0.0, 50.0, 100.0 and 150.0 mL

4. Excess Base
10 —
( ) 3. Equivalence Pt.
I
a 8-
6 — 2. Buffer Region

1. Initial Weak Acid

0 50 100 150 200
mL added




Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

K
Il.Weak Acid Titration HA+OH™ = A"+ H,0 K = K—a > 1
100.0 mL of 0.100 HA titrated with x mL of 0.100 NaOH
E OH .-~
= P
- moles HA
....... moles A-
-+ moles OH-
............. GQUivalence pt
| |
150 200




Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

Ka
ll. Weak Acid Titration HA+OH = A +H,0 K, = —>1

100.0 mL of 0.100 HA titrated with x mL of 0.100 NaOH

1 0 1. Initial Weak Acid llllllllllllllllllllllllllllllllllllllllllllllllllllllll ) .
HA ...°° © 3. Equivalence Pt. .
X : A- p
8 —
0 6 N ~'..' I"
% " 2. Buffer Region ‘4. Excess Base
E HA &A @) o
—— moles HA
....... moles A-
2 - - ==+ moles OH-
............. equivalence pt.
U aa e i I |
0 50 100 150 200
mL added




Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

1. Weak Acid Titration
100.0 mL of 0.100 HA titrated with x mL of 0.100 NaOH

Calculate the pH of the solution at points:

x=0.0mL Initial Weak Acid pH: HA

x=50.0mL Buffer Region: HA & A-

weak acid salt calc.

x =100.0 mL  Equivalence Point: A- NGA"

x = 150.0 mL  Excess Base OH-



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

I. Weak Acid Titration HA = HT + A~

+ —_
K= 475 g = [HIA] K = 10475
[HA]

x=0.0mL Initial Weak Acid pH: HA [H"] =+/K,CH)

K [HA
x =50.0 mL Buffer Region: HA & A- [HT] = EE‘_] ] =K,
x = 100.0 mL Equivalence Point:A- [OH ] =4/ K,CY'
\CX)} _ My

Moy- Vtot
x = 150.0 mL Excess Base OH- [OH7] =

tot




Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

|. Monoprotic Weak Acid - Exact Solution

Approximate Solution:

Monoprotic Weak Acid [H+] = / K,Clo!

Constants: Ka, Kw, Ctot

Four species: [HA], [A-], [H+], [OH-]

Ka = [H+][A-]/[HA] acid dissociation
Kw = [H+][OH-] water dissociation
[H+] = [A-] + [OH-] charge balance

Ctot = [HA] + [A-] mass balance



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

|. Monoprotic Weak Acid - Exact Solution

Full Cubic for [H+]
[H+][A-] = Ka[HA]

[H+]([H+] - [OH-]) = Ka(Ctot - [A-])
[H+]2 - Kw = Ka(Ctot - [H+] + Kw/[H+])

[H+]2 = Ka(Ctot - [H+] + Kw/[H+]) + Kw

Iterative Equations:

[HA] = Ctot (1 + Ka/[H+])~]

[H+] = sqrt(Ka[HA] + Kw)



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

ll. Monoprotic Weak Acid Salt - Exact Solution

Monoprotic Weak Acid Salt
Constants: Kb, Kw, Ctot

Five species: [HA], [A-], [H+], [OH-], [Na+]

Kb = [OH-][HA]/[A-] base dissociation
Kw = [H+][OH-] water dissociation
[Na+] + [H+] = [A-] + [OH-] charge balance
Ctot = [HA] + [A-] mass balance 1

Ctot = [Na+] mass balance 2

Approximate Solution:

[OH™] = /K, C"




Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

ll. Monoprotic Weak Acid Salt - Exact Solution

Full Cubic for [OH-]
[OH-][HA] = Kb[A-]

[OH-]([OH-] - [H+]) = Kb(Ctot - [HA))
[OH-12 - Kw = Kb(Ctot - [OH-] + Kw/[OH-])

[OH-]2 = Kb(Ctot - [OH-] + Kw/[OH-]) + Kw

Iterative Equations:

[A-] = Ctot (1 + Kb/[OH-])"]

[OH-] = sqrt(Kb[A-] + Kw)



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

lll. Diprotic Weak Acid - Exact Solution

Diprotic Weak Acid
Constants: K1, K2, Kw, Ctot

Five species: [H2A], [HA-], [A2-], [H+], [OH-]

K1 = [H+][HA-]/[H2A] acid dissociation 1
K2 = [H+][A2-]/[HA-] acid dissociation 2
Kw = [H+][OH-] water dissociation

[H+] = [HA-]+ 2[A2-] + [OH-] charge balance

Ctot = [H2A] + [HA-] + [A2-] mass balance



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

lll. Diprotic Weak Acid - Exact Solution

Iterative eqns for [H+]
[H+][HA-] = K1[H2A]

[H+]([H+] - [OH-] - 2[A2-]) = KI1[H2A]

[H+]2 -2[H+] [A2—] -Kw =K1 [H2A] Alpha Fractions

[H2A]/Ctot = (1 + K1/[H+] + K1K2/[H+]2)'1
[H+]2 = K1[H2A] + 2K2[HA-] + Kw |
[HA-]/Ctot = ([H+]/K1 + 1 + K2/[H+])~

Initial Guess: [H+] = sqrt (K1*Ctot + Kw) [A2-]/Ctot = ([H+]/K2 + [H+]2/K1K2 + 1)1
Calculate [H2A], [HA-], [A2-]

[H+] =sqrt(K1[H2A] + 2K2[HA-] + Kw)



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

IV. Diprotic Ampholyte - Approximate Solution
Ampholyte Disproportionation:
2HA --> H2A + A2-
Kd = [H2A][A2-]/[HA-]2 = ([H2A)/[HA-][H+])([H+][A2-]/[HA-]) =K2/K1 << 1
[H2A] = [A2-] = [HA-]sqrt(Kd)
[H+] = K1[H2A]/ [HA-] = K1sqrt(Kd) = sqrt(K1K2)

pH = (pK1 + pK2)/2

Approximate Solution:
K, + pK
H=P12P2




Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

IV. Diprotic Ampholyte - Exact Solution
Diprotic Weak Acid Ampholyte
Constants: K1, K2, Kw, Ctot

Six species: [H2A], [HA-], [A2-], [H+], [OH-], [Na+]

K1 = [H+][HA-]/[H2A] acid dissociation 1
K2 = [H+][A2-]/[HA-] acid dissociation 2
Kw = [H+][OH-] water dissociation

[Na+] + [H+] = [HA-]+ 2[A2-] + [OH-] charge balance
Ctot = [H2A] + [HA-] + [A2-] mass balance 1

Ctot = [Na+] mass balance 2



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

IV. Diprotic Ampholyte - Exact Solution

Full equations for [H+]

Ctot = [H2A] + [HA-] + [A2-] mass balance 1
Ctot = [Na+] mass balance 2
[Na+] + [H+] = [HA-]+ 2[A2-] + [OH-] charge balance

[H+] = [A2-] - [H2A] + [OH-]
[H+] = Ka2[HA-]/[H+] - [H+][HA-]/Kal + Kw/[H+]
[H+)2 = (Ka2[HA-] + Kw)/(1 + [HA-]/Kal)

[H+] = sqrt[(Ka2[HA-] + Kw)/(1 + [HA-]/Kal)]



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

V. Diprotic Weak Acid Salt - Exact Solution

Diprotic Weak Acid Salt

Constants: K1, K2, Kw, Ctot

Approximate Solution:

[OH™] = /K, C!”

Six species: [H2A], [HA-], [A2-], [H+], [OH-], [Na+]

K1 = [H+][HA-]/[H2A] acid dissociation 1
K2 = [H+][A2-]/[HA-] acid dissociation 2
Kw = [H+][OH-] water dissociation

[Na+] + [H+] = [HA-]+ 2[A2-] + [OH-]

charge balance

Ctot = [H2A] + [HA-] + [A2-] mass balance 1

2Ctot = [Na+] mass balance 2




Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

V. Diprotic Weak Acid Salt - Exact Solution

Iterative Equations for [OH-]

Kbl = Kw/K1 = [H2A][OH-]/[HA-]

Kb2 = Kw/K2 = [HA-][OH-]/[A2-]

[OH-][HA-] = Kb2[A2-]

2Ctot + [H+] = [HA-] + 2(Ctot — [HA-] — [H2A]) + [OH-]
[HA-] = [OH-] — 2[H2A] — [H+]

[OH-]([OH-] - 2[H2A] — [H+]) = Kb2[A2-]

[OH-]2 - 2[OH-][H2A] - Kw = Kb[A2-]

[OH-]2 = Kb2[A2-] +2[OH-][H2A] + Kw

[OH-]2 =Kb2[A2-] +2Kbl[HA-] + Kw



Acid-Base Chemistry: Alpha Fractions, Titrations, Exact Solutions

V. Diprotic Weak Acid Salt - Exact Solution

[terative Equations:

Initial Guess:

[A2-] = Ctot

[OH-] = sqrt(Kb2 Ctot + Kw)

Iterate:

[A2-] = Ctot([H+]/K2 + [H+]¥/K1K2 + 1)-1

[OH-] = sqrt(Kb2[A2-] + 2Kbl[HA-] + Kw)



