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Acid—Base Equilibria
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To describe acid-base theories
To explain the acid-base equilibria in water
solutions

To predict the weak acids and bases in chemical
equilibrium

To write the ionization reaction for different
weak acids and bases

To specify the acidity or basicity of salts

To prepare Buffers with certain pH

To draw logarithmic concentration diagrams
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Acid-base Theories
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» Arrhenius theory: donate H* or OH-
» Theory of solvent systems: solvent cations and anions
» Brgnsted-Lowry theory: taking and giving protons (conjugate pairs)

» Lewis theory: taking and giving electrons

In general: Acid is a substance that increases the concentration of
H,O* (hydronium ion). Conversely, a base decreases the concentration
of H,O" in aqueous solution.

HCl(g) - NH;(2) — NH 7 Cl ™ (s)
Hydrochloric acid Ammonia Ammonium chloride
(acid: proton donor) (base: proton acceptor) (salt)

A more general definition of acids and bases given by Brgnsted and
Lowry is that an acid is a proton donor and a base is a proton acceptor.




Acid-base Equilibria In Water

» Hydrochloric acid is a strong acid, and in water, its ionization is

complete:
HCI + H,0 — H,0" 4+ CI~

» Acetic acid is aweak acid, which ionizes only partially in water (a few

percent): B
HOAc + H,0 = H;0" + OAc

We can write an equilibrium constant for this reaction:

K° — Ay,o+ * AoAc—

c
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Ayoac " 9H,0
Some Strong Electrolytes and Some Weak Electrolytes

Strong Weak

HCI CH;COOH (acetic acid)

HCIO, NH;

H,SO,* C¢H5OH (phenol)

HNO; HCHO, (formic acid)

NaOH C¢HsNH, (aniline)
CH;COONa

“The first proton is completely ionized in dilute solution, but the second proton is partially ionized (K, = 1072).




Acid-base Equilibria In Water
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2H,0 = H,0" + OH"™

o YH;ot "YoH-
Ky = = A0+ * doH-

ay,02
K,, = [H"][OH]
K,, is the molar equilibrium constants and is exactly 1.00 x 10~'* at 24°C

Autoprotolysis 1s the self-ionization
of a solvent to give a characteristic

cation and anion, €.g.,
2CH;OH = CH;0H; + CH;0~

A 1.0 x 107 M solution of hydrochloric acid is prepared. What is the hydroxide ion

- concentration?

W 01 X 0’1 =[_HO] uonnjos




The pH Scale

PH=-Log [H]
In general, pAnything = =log Anything, and it is a
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Calculate the pOH and the pH of a 5.0 x 102 M solution of NaOH at 25°C.

0,7l =Hd 0¢1=HO0d uonnjosg

The pH of a solution 1s 9.67. Calculate the hydrogen ion concentration in the solution.

W (;—-01 X 1'T = [;H] Uohln|os
Calculate the pH and pOH of a 1.0 x 10~7 M solution of HCI.

/[[DD_UDDJd UnYj S1Uopvov 240Ul S1 a]dumxa S1Y) Ul UoVINIIYI Y |

[z7L=Hod 6,9=Hd uonnjos




The pH Scale

Baking soda

Lake Ontario
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Human urine
Saliva, pH 5.7-7 1

Alkaline

Tomato juice

Average pH of rainfall, Lye
Toronto, February 1979 .
_ [ \‘b Ammonia
’_I'II_)IJIH’ i \\6 1 Milk of magnesia
Lemon juice - xb‘ c_,\ 3 Seawater
Acidic P N Human blood
N A Neutral
N Milk
! L——Mi
/'], -~ \ L - “ - .
o Theoretical “pure” rain, pH 5.6

Most fish species die, pH 4.5-5.0

Vinegar

Most acidic rainfall recorded in U.S. at Wheeling, WV

Battery acid
Acidic mine water, lron Mountain, CA

pH —1 0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
I I I I I I I I I I I I I I I I |
[H] (M) 1 1072 1074 1076 1078 10710 1072 107M
< Acidic > I < Basic >

Neutral

Blood pH is 7.4 at 37°C. The pH of blood must be measured at
body temperature to accurately reflect the status of blood buffers.




Weak Acids and Bases, K_ and K,
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The basicity constant K, for ammonia is 1.75 x 10~ at 25°C. (It is only coincidental
that this is equal to K, for acetic acid.) Calculate the pH and pOH fora 1.00 x 107> M

solution of ammonia.
Z1'01 =Hd 88'¢ = HOd uonnjosg

_

Important Notes
Salts of weak acids are bases (conjugate bases) and have K, = K, / K,
| O Also salt of weak base is a conjugate acid and has K, =K, / K,
U For a diprotic acid—base pair like ethylenediamine, NH,C,H,NH,,
: Ky, = K /Ky, and K, = K, /K )




Weak Acids and Bases, K_ and K,

Calculate the pH of a 0.10 M solution of sodium acetate.

Philadelphia University

Solution
Write the equilibria

NaOAc — Na' 4+ OAc™ (ionization)
OAc™ + H,O = HOAc 4+ OH™ (hydrolysis)
Write the equilibrium constant

HOAc][OH™ K, 1.0x107"
[ C][_ ] :Kb:i: x 3 =57 x 10_10
[OAc™] K, 1.75x10™
Let x represent the concentration of HOAc and OH™ at equilibrium. Then, at
equilibrium, [HOAC] — [OH—] —

[OAc™] = Cope- —x =0.10 — x
Since Cop.— > K. neglect x compared to Cy,.—. Then,
(X)(x) _10
— 5.7 % 10
0.10 .
x=v57x107"9%0.10=7.6 x 10°° M
[OH =76 x 107°M
1.0x 107"
HH] =~

e 10 =13x107°M
O X

pH=—1log13x 1077 =9—0.11 = 8.89




Fractions of dissociating species at a
given pH: a values — how much of
each species?
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2 H*][H,PO,~
H3P04 = H" +H2PO4_ Kal = 1.1 x 107 = [H™][H,PO, "]
h [H3PO,]

[H*][HPO,* "]
[H,PO,~]

H,PO,” = H" + HPO,”~ K, =75x10"" =

[H*][PO,*]
[HPO,2-]

HPO,”~ = H" +PO,*~  K,;=48x 107" =

Total analytical concentration of phosphoric acid, G.p0,
Cuypo, = [PO4° "1+ [HPO,* ] + [H,PO, ] + [H3PO,]

_ [H3POy4] [H,PO4™] _ [HPO,*7] _ [PO, ]

C\fo— 052— oy =

Ofl—

Ch,po, Cy,po, Ch,po, Cizpo,

06’0+Ci] +052+£¥3:1




Fractions of dissociating species at a
given pH: a values — how much of
each species?

Philadelphia University

H;PO, alpha values

1.0 l
[Ht]? 09 I—L =] \ -
oy = — e
0 [H+]3 + Kal [H-~_]2 + K(IIK(IZ[H+] + KalKaQKa3 0.8 /_\'I f aerpon \ // e \\ //
07"@3%4

K .[Ht 2 :
¥ = T +12 o ] + 06 _</ [ \j
[HT]° + Kal [HT]- + Ka]KaZ[H 1+ KcrchrQK(r3

Ka]KaZ[HJr] ) 0.4 \ (\ /\
oy = 3 0 T / \ fors: PO, [‘\
[H*]" + Kal[H -+ KalKaQ[H 1+ KalKa2KaB 0.3 ~
WA / A
a,; — KalKazKa?’ 0.1 \ !1stendpoint! I/ L'anend point! I/ \\
2 [H+]q + Kal [H+]2 + K(;1K¢;2[H+] —|— K(i‘l Ka2 KCI3 0o Buffer region l Buffer region t Buffer region
-0.0 10 20 3.0 40 50 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0

pH

Calculate the equilibrium concentration of the different species in
- a 0.10 M phosphoric acid solution at pH 3.00 ((H"] = 1.0 x 1073 M).




Buffers

Buffer is a solution that resists changes in pH when a small amount of
acid or base is added or when the solution is diluted.
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Buffer solution is usually made of (weak acid with its conjugated base)
or (weak base with its conjugated acid).

Examples:
CH;COO" and CH,;COOH
HCN and CN-
C;H:COOH and C,H:COONa
NH; and NH,Cl
(C;Hs)sN and (CyHs)NH?




Buffers, Henderson-Hasselbalch
equation

Philadelphia University

pH = pK, + log iA_]
HA]
oH = pK., + log ‘conjugate base]|
¢ [acid]

|proton acceptor]

H=pK,6 +1
P PRa +log [proton donor]

Calculate the pH of a buffer prepared by adding 10 mL of 0.10 M acetic acid to 20 mL
- of 0.10 M sodium acetate.
90'S = Hd uonnjog




Buffers, Henderson-Hasselbalch
equation
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Calculate the pH of a solution prepared by adding 25 mL of 0.10 M sodium
- hydroxide to 30 mL of 0.20 M acetic acid.

ﬁ he solution formed after mixing is containing weak acid and strong base, these will react forming
water and salt. Note that the salt formed is containing the conjugate base of the weak acid.

HA + NaOH = NaA + H,0

We have three possibilities,
1. The amount of weak acid=strong base, so the final solution is containing the salt only.
2. The amount of weak acid < strong base, so the final solution containing the formed salt and
excess of the strong base.
3. The amount of weak acid > strong base, so the final solution containing the formed salt and
excess of the weak acid.

 If possibility #1 is happened, then the acidity of the solution depends on the concentration of
formed salt (which is not neutral!).

 If possibility #2 is happened, then the acidity of the solution depends on the concentration of
excess strong base, while the contribution of the formed salt is negligible.

 If possibility #3 is happened, then the acidity of the solution depends on the concentration of
excess weak acid and concentration of the formed salt (We have BUFFER!).

J




Buffers, Henderson-Hasselbalch
equation
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Calculate the volume of concentrated ammonia and the weight of ammonium chloride
you would have to take to prepare 100 mL of a buffer at pH 10.00 if the final
concentration of salt is to be 0.200 M.

The pH of blood is 7.40. What is the ratio of [HPO42_]/[H2PO4_] in the blood (assume
25°C)?




Buffers, Henderson-Hasselbalch
equation
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What weights of NaH, PO, and Na,HPO, would be required to prepare 1 L of a buffe
solution of pH 7.45 that has an ionic strength of 0.1007?

PK,, =17.12

How many grams ammonium chloride and how many milliliters 3.0 M sodium
hydroxide should be added to 200 mL water and diluted to 500 mL to prepare a buffer

of pH 9.50 with a salt concentration of 0.10 M?




Buffers, Henderson-Hasselbalch
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equation
Calculating the pH of a buffer when strong acid or base is added
HA =H" + A~
pH = pK, + log A
[HA]

when strong acid is added to the buffer:

@ A~ +H" — HA ﬁ
(moles A~ — moles Hadded)
(moles HA + moles HTadded)

pH = pK, + log

when strong base is added to the buffer:

[LHA +OH™ - H,0+ A~}
(moles A~ + moles OH added)
(moles HA — moles OHadded)

pH = pKa + log




Buffers, Henderson-Hasselbalch
equation
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Example:
Find the pH of a solution of 0.02964M HA (Ka =8.4x10"°) plus

?
0.1026M NaA? Answer: pH=8.614

Example:
For 1L of the above solution, calculate the pH after addition of

12mL of 1.0M HCI.

HCl is an acid, it will react with the basic content (A-) of the buffer solution and
forming more of HA, so it will affect the acid/base content of the solution, NaA will
decrease and HA will increase. Amount of change is equal to the moles of HCI
(0.012Lx1.0M)

oH = pK, +Log mol.A (1x0.1026)—(0.012x1.0

=8.075+Log
mol.HA (1x0.02964 +(0.012x1.0

= pH =8.075+ Log 0.0906
0.04164

=8.075+ Log(2.1757) =8.075+0.3376=8.413

18




Buffers, Henderson-Hasselbalch
equation
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Added base will react with the acid content of the buffer, this will
decrease the concentration (or moles) of acid and increase the
concentration (or moles) of base content of the buffer.

Example:
For 1L of the previous buffer solution, calculate the pH after
addition of 12mL of 1.0M NaOH.

NaOH will affect the acid/base content of the solution, HA will decrease and NaA will
increase. Amount of change is equal to the moles of NaOH (0.012L.x1.0M)

oH = pK_ + Log-MOMA _ g 075, | og (1X0:1026)+ (0.012x1.9
mol. HA (1x0.02964 - (0.012x1.0)
0.1146

= pH =8.075+ Log =8.075+ L0g(6.4966) =8.075+0.8127=8.888
0.01764

19




Acid-Base Titration

Titration is used to determine the concentration of analyte
volumetrically, depending on the stoichiometric ratio between
analyte and titrant.
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Examples:
1HCI + TNaOH — NaCl + H,O (ratio 1:1)
TH,S0, + 2NaOH — Na,SO, + 2H,0 (ratio 1:2)
2CH;COOH + 1Ca(OH), — (CH;C00),Ca + 2H,0 (ratio 2:1)
1H,S0, + 1Ca(OH), — CaSO, + 2H,0 (ratio 1:1)

Equations Governing a Strong-Acid (HX) or Strong-Base (BOH) Titration

: Strong Acid Strong Base
Fraction f
Titrated Present Equation Present Equation
f=0 HX [H"] = [HX] BOH [OH" ] = [BOH]
0<f<l HX/X~ [H"] = [remaining HX] BOH/B* [OH™] = [remaining BOH]
f=1 X~ [HT] = xffK_w (Eq. 7.13) B+ [HT] = \;’K—w (Eq. 7.13)
f=1 OH /X~ [OH ] = [excess titrant] H /BT [H™] = [excess titrant]




pH curve

During the acid-base titration, the pH will change. If the
analyte is acid, pH will be low and start increasing through

titrant addition (base).

Example: (titration 50 mL of 0.10M HCI with 0.10M NaOH)

Adding NaOH to HCI

o

equivalence
point

pH7 F---------

Volume of NaOH

[base] = [acid]

added pH

0 1.00

10 1.18

20 1.37

30 1.60

40 1.95

50 7.00 equiv. point
60 11.96

70 12.22

80 12.36

" Acid excess

[HI[OH]=K,,

] Base excess
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pH curve
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Titration strong base Titration diprotic acid
with strong acid with strong base
13.04 50.0 mL of 0.100 M NaOH with 0.100 M HCI H2A + OH-—> HOH + HA"
oH HA" + OH™ —-> HOH + A :
Equivalence E fnd Pt 1%
R T I — Point E
| | §
| ! 1
| - !
1.0 | '
0 25.0 50.0 Vol NaOH
Volume HCI added (mL)




Ry
pH curve £

§

3

E
Question

50 mL of 0.10M HCI was titrated with 0.24M NaOH. Calculate
the pH after addition of O, 5, 20, 25 and 30 mL of NaOH.

Question

17.4mL of 0.1102M HCI was needed to titrate 25.0mL of NaOH
with unknown concentration. Calculate the concentration of

NaOH.
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