Chapter 10 in the 9" Edition
Chapter 9 in the 8¢ Edition

Polyprotic Acid-Base Equilibria
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e Solutions of weak acids and bases

Example:

Propanoic acid (CH,CH,COOH, which we simplify as HPr)
IS a carboxylic acid whose salts are used to retard mold
growth in food products. What is the [H;0*] of 0.10 M HPr
(K, = 1.3x107°)?

HPr(ag) + H,0() == H;0%(aq) + Pr(ag)

K,= [H30"[Pr]
[HPTI]
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Concentration (M) HPr(ag) + H,O0() = H;0%*(aq) + Pr (aq)

Initial 0.10 - 0 0
Change -X - +X +X
Equilibrium 0.10 - x - X X

Since K, is small, we will assume that x<< 0.10 and [HPr] = 0.10 M.

K = 135105 [HOTPr] ¢
i [HPI] 0.10

x= ~(0.10)(1.3x107) =1.1x10"M=[H,0*] pH = -log [H,0*] = 2.96

-3
Check: [HPr]iss LIV 100=1.1% (< 5%; assumption is justified.)

0.10 M

4
STUDENTS-HUB.com Uploaded By: Mariam Qadah


https://students-hub.com

Error Introduced by Assuming H,O" Concentration Is Small Relative to cy, in

Equation 9-16

[H 30"'] Using

“HA [H;07] Using More  Percent

K, e Assumption K, Exact Equation Error
1.00 X 1072 1.00 X 1072  3.16 X 107? 107! 0.92 x 1073 244
1.00 X 1072 1.00 X 1072 10° 0.62 X 1072 61
1.00 X 107! 3.16 X 107° 10 2.70 X 1072 17
1.00 X 10°%* 1.00 x 107*  1.00 X 1074 10° 0.62 X 107* 61
1.00 X 1073  3.16 X 107* 10! 2.70 X 10~* 17
1.00 X 1072  1.00 X 1077 10? 0.95 X 1073 5.3
1.00 X 107!  3.16 X 1073 10° 3.11 X 1073 1.6
1.00 X 107° 1.00 X 10>  3.16 X 10°° 10! 2.70 X 10°° 17
1.00 X 107%  1.00 X 10° 102 0.95 X 107° 5.3
1.00 X 1072  3.16 X 107 10° 3.11 X 1073 1.6
1.00 X 1072 1.00 X 10* 10* 9.95 X 107? 0.5
1.00 X 107" 3.16 X 107* 10° 3.16 X 10~* 0.0
5
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20.0

10.0

Relative error, %

0.0
0.0 1.0 2.0 3.0 4.0
log CHA
Kﬁ

Relative error resulting from the assumption that [H;0*] << ¢,
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10-1: Diprotic Acids and Bases

* Polyprotic acids and bases are those that can donate or
accept more than one proton.

* Diprotic acids and bases therefore can either donate or
accept two protons.

Types of polyprotic acids

1. H,B*, Amino acids, Example: Alanine — H,A*
Neutrally charged acids
2. H,A Example: H,S0,, H,CO,;, H,C,0O,

.
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10-1: Diprotic Acids and Bases

« A common class of diprotic acids are amino acids, which
are the building blocks of proteins.

« They have an acidic carboxylic acid group, a basic
amino group, and a variable substituent designated R.

* The carboxyl group is a stronger acid than the ammonium
group, so the nonionized form rearranges spontaneously
to the zwitterion, which has both positive and negative
sites.
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Amino Acid

Carboxyl
group

i

OH

Amine H,N
(weak base)

R

Substituent

9
STUDENTS-HUB.com Uploaded By: Mariam Qadah


https://students-hub.com

Amino Acid

PK,~ 2.5
b /O
i
Ammonium HgN OH
group
PK,~ 9.5 R
10
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10-1: Diprotic Acids and Bases

"@IXITEIX) Acid dissociation constants of amino acids )
Carboxylic acid®  Ammonium” Substituent’ Formula
Amino acid” Substituent” pk, pk, pk, mass
Alanine (A) —CH; 2344 9868 BO.09
;.‘qli!
Y
Arginine (R} — CH;CH;CH;NHC \ 1.823 1.09] (12,1 174.20
NH:
i
Asparagine (M) —CH;CNH; 216" 873 13212
Aspartic acid (1) —CH.CO,H 1.990 10,002 3.900 13310
Cysteine (C) —CH,5H (1.7 10.74 £36 121.16
Glutamic acid (E) —CH,CH,CO,H 216 008 430 14713
O
|
Glutamine () — CH,CH,CNH, 219 9.00° 14615
Glycine () —H . 2.350 9778 7507
NH
Histidine (H} —CH;ﬂ (1.6) 038 597 155.16
N
H
Isoleucine (1) —CHICH,)(CH,CH,) 2318 0758 131.17
Leucine (L) —CHzCH(CHa): 2328 0744 131.17
Lysine (K) —CH,CH,CH,CH,NH (L.7T 907 1082 14619
Methionine (M) —CH,CH,5CH, 218 0.08° 14021
Phenylalanine (F) —CI—II—@ 2.20 931 16510
+
Proline (P) H,N Structure 1.952 10,640 115.13
- of enlire
HO,C amino acid
Serine (8) —CHOH 2187 9300 105.09
Threonine (T) —CHICH)(0OH) 2.088 Q.10 11912
Tryptophan (W) m 237 933" 204.23
H
Tyrosine (Y} —CH;,—@— OH 241° 26T 11.01° 18119
Valine (W} —CHICH;), 2.286 9719 11715
e w

a The ocidic presony ore shown dn bold hpe Each amien acid iy written in ity falfy p

§ bk

T e TR i parenfieses,

11

b pk, valuey refer to 25°C and zero ionic streeptf oubos modted by o ¥afmes comsidered ie be maceniain are encdoved i parentfeses. Appeadic & gives pi, for p = 0 M

c. For these entrier, the ionic strempth i 00 M, and the comstans refers §e @ prodect of coscemtrations invfead of acfivitien.
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10-1: Diprotic Acids and Bases

acid amphiprotic base
| pK,, = 2.328 N _ pK, =9.744 | _
H;NCHCO,H = H;NCHCO, : H,NCHCO;
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STUDENTS-HUB.com Uploaded By: Mariam Qadah


https://students-hub.com

Diprotic Acid: Consider the Leucine System

H,L*™+ H,O 2 H;O"+ HL k,;, =470 x 1073
HL +H,0O 2 H;O"+L" K,,=180 x107'°

HL I1s a Zwitterion.

i

o = HL

H.N

R
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10-2: Diprotic Buffers

Calculate the pH of the following 0.050 M aqueous
solutions:

1. Leucine hydrochloride H,L*
2. Sodium leucinate -
3. Leucine HL

pK,s =2.328 and 9.744

(1) Estimate answer
(2) Calculate it!
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10-2: Diprotic Buffers

1. Calculating the pH of weak diprotic acids (H,L")
H,LCl - H,L* + CI
« The weak acid H,L* dissociates only a little and the
even weaker acid HL dissociates hardly at all.
« Treat as a monoprotic acid.
* For the reaction H,L* = H* + HL, we set up and solve
the equation

[H+][HL]= x? _K.

|H,L*] F—x

where [H*] = [HL] = x; and [H,L*]=F - x.
15
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10-2: Diprotic Buffers

1. Calculating the pH of weak diprotic acids (H,L")
H,L* = H*+ HL, pK,,=2.328 (K,;2100K,,)

We estimate the pH to be less than 2.328.

[H+][HL]= x? _ K.

[H,L*] F—x

x2

0.050 M—x

= 1074328 =4 70%x 103 (solve using quadratic equation)

Xx=1.32x10° M
pH=1.88
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10-2: Diprotic Buffers

2. Sodium leucinate (L)

L- + H,O 2 HL + OH- Kpy =-*=5.55 x 1075
HL + H,O 2@ HyL* + OH" K, == =213 x 10712
H O
H,N | O~ = L-
R
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STUDENTS-HUB.com Uploaded By: Mariam Qadah


https://students-hub.com

10-2: Diprotic Buffers

2. Calculating the pH of weak diprotic bases (L)

 The weak base L ionizes by hydrolysis only a little
and the even weaker base HL ionizes hardly at all.

« Therefore, treat L-as a monoprotic base.

* ForthereactionL -+ H,O = HL + OH-, we set up
and solve the equation

[HL][OH™] = «x? _k
L] ~F—x P!

where [OH]=[HL]=x, and [L']=F - x
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10-2: Diprotic Buffers

What is the pH of an aqueous 0.050 M sodium leucinate
solution? NaL - Na* + L-

L'+ H,0 = HL +OH, Ky, =5.55 x 105 (K;, 2 100K,,)

[OHT][HL] = x* _k
L] ~ F—x Pt

x* — 555 % 10~5  (solve using quadratic equation)

0.050 M—x

x=1.6,x 103 M = [OH]

pOH =2.78;; pH=14.00-pOH; pH=11.21
19
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10-2: Diprotic Buffers

A molecule that can both donate and accept a proton
IS said to be amphiprotic.

)

HL + H,0 2 H,L* + OH

Y

HL + H,0 2 L° + H,0*
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10-2: Diprotic Buffers

Using the systematic treatment of equilibrium, an equation for
calculating the [H*] of amphiprotics can be derived (see text).

[H+]_ Ka1Ka2F +Ka1Kw
K., +F
pH ~ 1/2 (pKal T pKaZ)

21
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10-2: Diprotic Buffers

What is the pH of a 0.05 M leucine (HL) solution?

" 4.7 x107 [1.8 x107°)0.050 )+ (4.7 x10° 1.0 x 10"
[H']=

. =8.7,x107"M
4.7 x107 +0.050

pH =-Log(8.79 x 10" M) = 6.06

pH ~ 2 (pKyy + PKGp) ~ ¥5(2.328 +9.744) ~ 6.04
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Calculating pH

H,L* or H,A monoprotic acid
H,A + HA- (H,L* + HL)
and K_;2100K_,

L™ (Ky12 100K,,,) Monoprotic base hydrolysis
HL or HA- [H+] — KalKa2F+ I<a1|<w
Ky+F

PH ~ %2(pKy + PAL)
HA- + AZ The pH is calculated using K,
K., 2 100K, N
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 Solutions of Polyprotic acids

+ _ _ |[H|RHA
HA < HY +HA k= 1T

HA o HY + Az K= Il

1. A solution containing H,A, or H,A+HA"

If K, is a hundred times or so greater than K,, the second ionization constant
will have very little effect and can be ignored. The pH of the solution is
calculated from K, expression.

2. A solution containing HA- : Here both ionization affect the composition of
the solution and must be considered.
pH = (pK; + pK,;) /2

3. A solution containing HA- + A% : If K, 100 times or more greater than K,,
there will be very little H,A in the solution at equilibrium and the first

lonization constant need not be used. The pH is calculated using K. 24
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1. Example: Calculate the pH of a 0.15M solution of
malonic acid, CH,(COQOH),. The ionization constants for
malonic acids are, K,,=1.40 X 103, and K, = 2.2 X 10°.

= IHHAY
“ T HA]

K. = _[HT
o 0.15- [HY]

Solving this equation by the quadratic formula:

[H*] =1.38 X 10° M
PH = 1.86

25
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2. Example: Calculate the pH of a solution of sodium hydrogen
malonate. The ionization constants for malonic acid are pK,; =
2.85, pK,, = 5.66

oH = (2.85 + 5.66) / 2 = 4.26

3. Example: Calculate the pH of a solution having, at equilibrium
a hydrogen malonate ion (HA") concentration of 0.15M and a
malonate ion A concentration of 0.05M.

_ [HT[A]

[H*](0.05)
Ka2 =" THAT

(0.15)

2.2 X 10° =

pH=5.18
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10-2: Diprotic Buffers

Calculate the pH of the following 0.10 M aqueous solutions:

1. Alanine chloride H2A+
2. Alanine HA
3. Sodium alanate A-

pPK,’s = 2.34 and 9.87

(1) Estimate answer
(2) Calculate it!

27
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Calculate the pH of the following 0.10 M

agueous solutions:
Name | Form Strategy Calculated
pH

Alanine | H,A* | Monoprotic 1.71
chloride acid

Alanine HA Amphiprotic 6.11
Sodium A Monoprotic 11.44
alanate base

STUDENTS-HUB.com
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10-2: Diprotic Buffers

Describe how you would calculate the pH of the following
0.10 M agueous solutions:

sodium monohydrogen phosphate: Na,HPO,

glycine hydrochloride: H,G*.CI-

O OH O
citric acid: OH

O~ OH
O OH O

trisodium citrate: _OWO_ -
0

O~ "O Na*
» potassium hydrogen phthalate, (KHP): @i; ¢
29
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10-2: Diprotic Buffers

Describe how you would calculate the pH of the following
0.10 M agueous solutions:

Solution:
Chemical Formula| Acid or base Strategy
form
Na,HPO, HPO, % amphiprotic, K_,, K3
H,GCl or HG - HCI H,G* monoprotic acid, K,
H,C,H:0O- H,C,H:0- monoprotic acid, K,
Na,C,H:0, CsH:;0O,* monoprotic base, K,
KHCgH,O, HCgH, O, amphiprotic, K_;, K.,

STUDENTS-HUB.com
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10-2: Diprotic Buffers

* A buffer made from a diprotic (or polyprotic) acid is treated
In the same way as a buffer made from a monoprotic acid.

» For the acid H,A, we can write two Henderson-Hasselbalch
equations, both of which are always true.

 |f we know [H,A] and [HA'], then use the pK; equation. If
we know [HA] and [A%], use the pK, equation.

HA 2 HA + H*  pk,
HA- 2 AZ + H* pK,

[HA ] - [A*]
H=pK, +Lo pH =pK, £ Log -
p p ' g [HZA] : [HA ] 31
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10-2: Diprotic Buffers

Example: A Diprotic Buffer System

* Find the pH of a solution prepared by dissolving 1.00 g of
potassium hydrogen phthalate and 1.20 g of disodium
phthalate in 50.0 mL of water.

@G A piprotic Buffer System

Find the pH of a solution prepared by dissolving 1.00 g of potassium hydrogen phthalate
and 1.20 g of disodium phthalate in 50.0 mL of water.

Solution Monohydrogen phthalate and phthalate were shown in the preceding example. The
formula masses are KHP = C;H;0,K = 204.221 and Na ,P = C;H,O,Na, = 210.094. We
know [HP "] and [P*"], so we use the p K, Henderson-Hasselbalch equation to find the pH:

27 (1.20 g)/(210.094 g/mol)

[P
H=pK, +1 = 5.408 + 1 = 547
PR PR T ) °5(1.00 g)/(204.221 g/mol)

K, 1s the acid dissociation constant of HP , which appears in the denominator of the log
term. Notice that the volume of solution was not used to answer the question.

TEST YOURSELF Find the pH with 1.50 g Na,P instead of 1.20 g. (Answer: 5.57) 32
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10-3: Polyprotic Acids and Bases

Example: A diprotic System

21N Preparing a Buffer in a Diprotic System

How many milliliters of 0.800 M KOH should be added to 3.38 g of oxalic acid to give a
pH of 4 .40 when diluted to 500 mL7?

00
Il I
HOCCOH pK, = 1250
Omalic acid K, = 4268
(HOx)

Formula mass = S0.035

Solution The desired pH is above p K. We know that a 1: 1 mole ratio of HOx  ~ : 0%~
would have pH = pK; = 4.266_If the pH is to be 4 40, there must be more Ox 2 than
HOx ™ present. We must add enough base to convert 2llH  ,0x into HOx ™, plus enough
additional base to convert the right amount of HOx ~ into Ox® ™.

H,0x + OH — r;{ux‘ + H,0
pHﬂéf_‘pﬁ'l+pK: =276

HOx™ +0H™ — Ox* +H,0
1 T
A 1:]1 mixtore would have
pH = pk; = 4.266 33
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10-3: Polyprotic Acids and Bases

Example: A diprotic System

In 3.38 g of H ;0% there are 0.037 5 ; mol. The volume of 0.800 M KOH needed to react
with this much H,Ox to make HOx ™ is (0.037 54 mol)/(0.800 M) = 46.9; mL.
To produce a pH of 4.40 requires an additional x mol of OH

HOx™ + OH - — Ox -

Initial moles 0.037 54 X —

Final moles 00375y — x — X
[0x"7]

H = pE; +1
P Phg DEI__HD}:_]

1 X
°% 0,037 5, — x

The volume of KOH needed to deliver 0.021 65 mole 1s (0,021 64 mol)/{0.500 M) = 27 0; mL.
The total volume of KOH needed to bring the pHto 44015 469 ; + 27.0; = 73.9; mL.

440 = 4266 +

=+x = 0.021 65 mol

TEST YOURSELF What volume of KOH would bring the pH to 4.507 { Answer: 76.55 mL)

34
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10-4: Which Is the Principal Species?
What is the principal form of benzoic acid (pK, 4.20) at pH 8?

From the Henderson-Hasselbalch equation:

A ] [A]
H=pK,+Llog = H=4.20+Log =
A I HA]
pH =4.20. [HA]=T[A" <-acidic pH basic >
pH < 4.20, [HA]>[A] HA 1 A-
pH > 4.20, [HA]<[A 1

At pH 8.0, base form A- predominates.

35
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10-4: Which Is the Principal Species?

GG TN Principal Species—Which One and How Much?

What is the predominant form of ammonia in a solution at pH 7.0?7 Approximately what
fraction is in this form?

Solution In Appendix G, we find pK, = 9.24 for the ammonium ion (NH g, the conjugate
acid of ammonia, NH,). At pH = 9.24, [NH ;] = [NH.]. Below pH 9.24, NH } will be the
predominant form. Because pH = 7.0 is about 2 pH units below p K. the quotient [NH }]/
[NH,] will be about 100: 1. More than 99% is in the form NH .

TEST YOURSELF Approximately what fraction of ammonia 1s in the form NH , at pH 117
(Answer: somewhat less than 99% because pH is almost 2 units above p K,)

36
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What is the principal form of alanine (pK, 2.34 and 9.87) at pH 8?
PH 8

}

H2A+ HA A-

(amphiprotic)

2.34 9.87

The principal form of alanine pH 8 is the amphiprotic
form, HA.
37
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10-4: Which Is the Principal Species?

Predominant
form

More More
- —_—
acidic basic
HzA HoA~ HAZ A3

STUDENTS-HUB.com

|

pH = 1(pK, + pK;)
[HaAl = [HAT]

} f
pK;

pH = 1{pK, + pK,)
[HAZ] =[A"]
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10-5: Fractional Composition Equations

We can derive equations that give the fraction of each species
of acid or base at a given pH.

Monoprotic Systems:

L _HA] . [H] Al K,
HA + o = =" =

Fl K “T K,
Example:

What fraction of benzoic acid exists as benzoate at pH 8.0?

K, 10~*4° At pH 8.0, almost all of the

A [H+] LK 10—8.0 _|_10—4.2o 998 ben_20|c acid exists in the
a basic form! 39

STUDENTS-HUB.com Uploaded By: Mariam Qadah



https://students-hub.com

10-5: Fractional Composition Equations

1.0 _
0.9
0.8
E 07
=
£ 06|
@
i
c 05
5
= 0.4 |
@
: " = 0.3
» Fractional composition o
diagram of a monoprotic 0.2
system with pK, = 5.00.
Below pH 5, HA is the 01—
dominant form, whereas, |
above pH 5, A- dominates 0.0 ’ 9

40
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10-5: Fractional Composition Equations

Diprotic Systems:

_[HA] [H'T
IF]  [HTP+[HIK, +KK,

AT K,[H']
[F]  [HTP+[H'IK, +KK,

[AZ]_ KK,
IF] [HT+[HIK, +KK,

41
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10-5: Fractional Composition Equations

Fractional composition

42
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10-6: Isoelectric and Isoionic pH

(|:H3 '-'|:H3
H,NCHCO,H = H,NCHCO, + H*  pK,=234
Alanine cation Neutral zwitterion
H,A™ HA
CH, CH,

| |
H,NCHCO, = H,NCHCO, + H*  pK,=9.87
Alanine amon

A-

43
STUDENTS-HUB.com Uploaded By: Mariam Qadah


https://students-hub.com

10-6: Isoelectric and Isoionic pH

« The isoionic point (or isoionic pH):

— pH obtained when the pure, neutral polyprotic acid HA (the neutral
zwitterion) is dissolved in water.

— The only ions are H,A*, A", H*, and OH-.

— Most alanine is in the form HA, and the concentrations of H,A* and
A" are notequal to each other.

— For neutral alanine, HA, dissolved in water, the pH would be
somewhere between 2.234 and 9.87. The [A’] would be slightly
larger than the [H,A*]. This is the isoionic pH.

[H+] — Ka1Ka2F +Ka1Kw
K, +F

44
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10-6: Isoelectric and Isoionic pH

The isoelectric point (or isoelectric pH):
— pH at which the average charge of the polyprotic acid is O.

— Most of the molecules are in the uncharged form HA, and the
concentrations of H,A* and A~ are equal to each other.

[HA™] = [A]

If a pure sample of neutral alanine (pK; 2.34, pK, 9.87) Is
dissolved in water, the [A] would be slightly larger than the
[HA*].

By adding a small amount of acid, some A- would be
converted to H,A" until the concentrations are equal. This
IS the isoelectric pH. PH = % (pK,, + pK.,)

Can be used to separate proteins from one another.
45
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10-3: Polyprotic Acids and Bases

Example: A triprotic System, page 221 (9" Edition)

 Find the pH of 0.10 M H;His?*, 0.10 M H,His*, 0.10 M HHis,
and 0.10 M His*, where His stands for the amino acid
histidine.

1. H;A Is treated as monoprotic acid, with ka = k;.

2. H,A" is tretaed as the intermediate form of a diprotic acid :

[H+] — \/Ka1Ka2F +Ka1Kw

< oF PH = ¥ (pKey + PAc2)
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10-3: Polyprotic Acids and Bases

3. HA? is treated as the intermediate form of a diprotic acid.
However, HAZ is “surrounded” by H,A- and A3, so the
equilibrium constants to use are K, and K, instead of K|
and K.

[H+] = [(KoKsF + KKKy + F)]H2

pH = 1/2 (pKaZ T pKaB)

4. A% is treated as monobasic, with K, = K, = K,/K.5
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