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9-1:Strong Acids and Bases

Calculating pH:

For practical concentrations (210° M), pH or pOH is
obtained directly from the formal concentration of
acid or base.

What is the pH of a1.5 X 103 M HCI solution?

HCl(agq) 2 H* + ClI, so[H']=15 X 103 M
pH =-Log(1.5 X 103M), pH=2.82,

2.82, + pOH = 14.00

pOH = 14.00 - 2.82, pH + pOH = —log K,, = 14.00 at 25°C

pOH = 11.18



9-1:Strong Acids and Bases

LYV LN Activity Coefficient in a Strong-Acid Calculation
Calculate the pH of 0.10 M HBr, using activity coefficients.

Solution The ionic strength of 0.10 M HBris p = 0.10 M, at which the activity coeffi-
cient of H™ is 0.83 (Table 8-1). Remember that pH is —log A -, not —log[H™]:

pH = —log[H ]yg+ = —log(0.10)(0.83) = 1.08
TEST YOURSELF Calculate the pH of 0.010 M HBr in 0.090 M KBr. ( Answer: 2.08)

'.,H_':::




9-1:Strong Acids and Bases

What is the pH of a 1.0 X 108 M KOH solution?

« Answer: It cannot be pH 6.00. It should be a basic
solution with a pH higher than 7.00!

« There are two reactions that are important:

(1) KOH(aqg) 2 K* + OH-
(2) H,O = H* + OH

Use the systematic treatment of equilibrium.



O-1: Strong Acids and Bases

Equilibrium calculations:

« Write all pertinent equilibrium reactions
* Predict

« Set up equations

« Simplify (assumptions)

« Solve!



O-1: Strong Acids and Bases

What is the pH of a 1.0 X 108 M KOH solution?

« Write the equations:
KOH(aq) 2 K* + OH-
H,O= H* + OH" K,= [H*][OH]

 We have one equation and three unknowns: K*,OH-, H* .

 We need two more equations. Write the mass balance
(MB) and charge balance (CB):

MB: [K*]=1.0 x 108 M
CB: [K*]+ [H*] = [OH]



9-1:Strong Acids and Bases

What is the pH of a 1.0 X 108 M KOH solution?

« Solve starting with the CB: [H*] = [OH] - [K*]

[H*] =9.5 X 108 M; pH=7.02

H*] = K, /[H] - [K¥] substitute for [OH]

:H+:2 = KW - [K+] [H+] multiply by [H*]

:H+:2 + [K+] [H+] - KW =0 rearrange

:H+:2 +1.0x 108 [H*] - K, = 0) [K*] = 1.0 x 108M, solve for [H*]

« The Quadratic Formula, used to find the value of X In

the equation ax?* + bx +c =0
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O-1: Strong Acids and Bases

What is the pHofa 1.0 X 10 M HBr solution?

« Write the equations:
HBr(aq) > H* + Br
H,O= H* + OH" K,= [H*][OH]

 We have one equation and three unknowns: Br,OH-, H* .

 We need two more equations. Write the mass balance
(MB) and charge balance (CB):

MB: [Br]=1.0 x 107 M
CB: [HY]=[OH] + [Br]



9-1:Strong Acids and Bases

What is the pHofa 1.0 X 10 M HBr solution?

« Solve starting with the CB:  [H*] = [OH] + [Br]

[H] =1.62 X107 M; pH=6.79

H*] = K/[H] + [Br] substitute for [OH]

:H+:2 - KW + [BI"] [H+] multiply by [H*]
H*?-[Br][H]- K, =0 rearrange

:H+:2 -1.0x 10 [H+] - Kw =0 [Br]=1.0 x 107 M, solve for [H*]

« The Quadratic Formula, used to find the value of X In

the equation ax?* + bx +c =0
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9-1:Strong Acids and Bases

Calculating pH:

« When the concentration is near 10" M, we use the
systematic treatment of equilibrium to calculate pH.

At still lower concentrations, the pH is 7.00, set by
autoprotolysis of the solvent.

12 Systematic

treatment
required
here

1
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|

[H] = [OH] - [K*] or | Kol

[H*]=[OHT+ [Br]
: % [K*] & [Br]
- are negligible

at lower [K*] or [Br] (< 108 M), [H*] = [OH] =
-2 -3 4 -5 -6 -7 -8 -9 -10

log (concentration)
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O0-2:Weak Acids and Bases

Calculating the pH of weak acids:

* For the reaction HA = H* + A", we set up and
solve the equation

[H*][A™]  «x?
[HA]  F—x

 where [H*]=[A]=x and [HA]=F- x.



O0-2:Weak Acids and Bases

ET'TIT A weak-Acid Problem
Find the pH of 0.050 M trimethylammonium chloride. pKa=9.799, Ka = 109799 = 1.59 x 10-10
- -+
H
. N\ Cl" Trimethylammonium chloride
H C\\‘ ‘ CH,4
*7 H,C

Solution We assume that ammonium halide salts are completely dissociated to give
(CH;);NH™ and C1 ~.* We then recognize that trimethylammonium ion is a weak acid,

being the conjugate acid of trimethylamine, (CH 4);N, a weak base. Cl1 ~ has no basic or
acidic properties and should be ignored. In Appendix G, we find trimethylammonium ion

listed as trimethylamine but drawn as trimethylammonium ion, with p K, = 9.799 at an
1onic strength of p. = 0. So,
K, =107P% = 1077 = 159 x 10719

From here, everything is downhill.
(CH,),NH™ == (CH,):N + H”

F —x X x
m =159 x 10—10 (9-12)

x=28 X 107°M=pH = 5.55

TEST YOURSELF  Find the pH of 0.050 M triethylammonium bromide. ( Answer: 6.01)

\‘:__




O0-2:Weak Acids and Bases

 For the reaction HA = H* + A, a certain fraction

of the initial concentration of the weak acid (F)
exists as the conjugate base A-. This is known as
the fraction of dissociation (a).

« The fraction of dissociation, a, IS given by:

_ [A ] _ X _ X
*T[A1+MHA] x+(F-x F

« Where x=[A]=[H*] and [HA]=F - x



O0-2:Weak Acids and Bases

 What is the fraction of dissociation for a 0.05 M solution of
trimethyl ammonium chloride (K, = 1.59 X 10-19).

o Start with the reaction and the definition:
HN(CH;);Cl & HN(CH,);* + CI
HN(CH;);* @ N(CH3); + H*Y

F-x X X

From the previous example, we found that the [A] =2.8 X 106 M.

AT x_28x100°M_ o
*“Mma+a 1 F ~ oosm >

Only a very small fraction of the initial weak acid exists as the
conjugate base.



O0-2:Weak Acids and Bases

 The amount of weak acid that exists in the conjugate base

form depends on the pH of the solution.

* From the K, expression we can derive the relationship
between [H*] and the a value.

« Start with K, and the definition of alpha:

HT][A™ . a A
K, = % rearranging T = [[H A% or [H*]/K, = [HAJ/[A]
K,=1.59 x 1010
A7 1 1
a = = =
[HA]+[A"] ~ [HA] [H7]
[A] +1 K, +1
o= ! Fora=0.5= !
[H*]. 4 ' Ht]

K, 1.59 x 10— 10

In order for a. to be 0.5 or higher, the H* concentration must be no higher than
1.59 x 1019,



O0-2:Weak Acids and Bases

e Calculating the pH for a weak base
* For the reaction B + H,O = BH* + OH-, we set up
and solve the equation K, = x?/(F - x),

[BHT][OH] x?
B F—x b

where [OH] = [BH*] = x, and [B] = F - x.

* K, can be calculated from K, using the relationship
K, X K,= K, (fora conjugate acid-base pair).



9-3: Weak-Acid Equilibria
LU LI A Weak-Base Problem

Find the pH of 0.10 M ammonia.

Solution When ammonia is dissolved in water, its reaction is

Ky, _
NH; + H, O == NH, + OH
) Ammonium 1on
Ammonia
X X
F-x

In Appendix G, we find ammonium ion, NHZ, listed next to ammonia. p K, for ammonium
1on 18 9.245. Therefore, K;, for NH; 1s

K r 10—14_01]
K - 109245

a

K, = = 1.76 X 107

To find the pH of 0.10 M NH ., we set up and solve the equation

[NHZJ[OH"] &
[NH;] 0.10 — x
x=[0OH ]1=13, X 107°M

=K, = 1.76 X 10°

K, _
HT] = OH] 7.6 X 1072 M=pH = —log[H"] = 11.12

TEST YOURSELF  Find the pH of 0.10 M methylamine. ( Answer: 11.80)



O-5:Buffers

Buffers: A buffer is a mixture of a weak acid and its
conjugate base.

It resists changes in pH because it reacts with added
acid or base.

For the dissociation of a weak acid HA = H* + A
The pH is given by the Henderson-Hasselbalch

equation: AT
pH = pKa + LOg[@J/pKa: -Log K,

where pK, applies to the species in the denominator.

The concentrations of HA and A- are essentially
unchanged from those used to prepare the solution.
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O-5:Buffers

EETI'LITD using the Henderson-Hasselbalch Equation

Sodium hypochlorite (NaO(Cl, the active ingredient of almost all bleaches) was dissolved
in a solution buffered to pH 6.20. Find the ratio [OC] ~ }/[HOCI] in this solution.

Solution In Appendix G, we find that p K, = 7.53 for hypochlorous acid, HOCL. The pH
is known, so the ratio [OC] ~]/[HOCI] can be calculated from the Henderson-Hasselbalch
eguation.

HOCI = HT + 0oC1™

H = pK, + log ot 1
[HOCI]
6.20 = 7.53 + log [ocl
[HOCT]
—133 = fog Lot ]
[HOCT]
10133 — ygtesttocrymocy _ [OC1 ]
[HOCI]
0.047 = [0t ]
[HOCI]

The ratio [OC1 ]/[HOC1] is set by pH and pK,. We do not need to know how much NaO(Cl
was added, or the volume.

TEST YOURSELF Find [OC1 ~)/[HOCL] if pH is raised by one unit to 7.20. ( Answer: 0.47)




Conjugate Acids and Bases

The conjugate base of a weak acid is a weak base.
The weaker the acid, the stronger the base.

However, if one member of a conjugate pair is weak,
SO IS Its conjugate.

The relation between K, for an acid and K|, for its
conjugate base in aqueous solution is K,= K, X K.

When a strong acid (or base) is added to a weak base
(or acid), they react nearly completely.



O-5: Buffers

A Buffer in Action

For illustration, we choose a widely used buffer called “tris,” which is short for tris(hydroxy-
methyljaminomethane.

o
C_ = C_ + H
HOCH,™ | CH,OH HOCH,»" | “CH,0OH
HOCH, HOCH,
BH' B
pK, = 8.072 This form is “tris”

In Appendix G, we find pK,; = 8.072 for the conjugate acid of tris. An example of a salt con-
taining the BH ™ cation is tris hydrochloride, which is BH Cl™. When BH CI™ is dissolved
in water, it dissociates to BH" and Cl1™.

BH*Cl- — BH* + CI-
Pkaof tris (BH*) = 8.072



0.5: Buffers

A Buffer Solution

Find the pH of a 1.00-L aqueous solution prepared with 12.43 g of tris (FM 121.135) plus
4.67 g of tris hydrochloride (FM 157.596). Paof tris (BH*) = 8.072

Solution The concentrations of B and BH™ added to the solution are

B] = 2L =0.1026 M BH'] = HoT gL =0.0206M
[ ]_121.135gfmc.1_ ‘ [ ]_15?.59453;!'“151_ o

Assuming that what we mixed stays in the same form, we plug these concentrations into
the Henderson-Hasselbalch equation to find the pH:
[B] 0.102 6
= 8072 + 1
[BH] 08 0L029 6

pH = pK, + log = 8.61

Test Yourself Find the pH if we add another 1.00 g of tris hydrochloride. (Answer: 8.53)
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O-5:Buffers

GV LT Effect of Adding Acid to a Buffer

If we add 12.0 mL of 1.00 M HCI to the solution in the previous example, what will be the
new pH? Pk of tris (BH*) = 8.072

Solution The key is to realize that, when a strong acid is added to a weak base, they react
completely to give BH™ (Box 9-3). We are adding 12.0 mL of 1.00 M HCL, which contains

(0.012 0 L)(1.00 mol/L) = 0.012 0 mol of H™. This much H™ consumes 0.012 0 mol of B
to create 0.012 0 mol of BH ™

B + H* —BH'

Tris From HCL
Initial moles 0.102 6 0.012 0 0.029 6
Final moles 0.090 6

— 0.041 6

(0.102 6 — 0.0120) (0.029 6 + 0.012 0)

Information in the table allows us to calculate the pH:

moles of B
moles of BH™

0.090 6
00416

pH= pK, + log

= 8.072 + log = 8.41

The volume of the solution 1s irrelevant.

TEST YOURSELF Find the pH if only 6.0 instead of 12.0 mL HCIl were added. (Answer: 8.51)
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O-5:Buffers

@GIXLIT calculating How to Prepare a Buffer Solution

How many milliliters of 0.500 M NaOH should be added to 10.0 g of tris hydrochloride to
give a pH of 7.60 in a final volume of 250 mL? Pkaof tris (BH*) = 8.072; FM = 157.596 g/mol

Solution The moles of tris hydrochloride are (10.0 g)/(157.596 g/fmol) = 0.063 5 mol.
‘We can make a table to help solve the problem:

Reaction with OH : BH * + OH™ — B
Initial moles 0.063 5 x —
Final moles 00635 — x — x

The Henderson-Hasselbalch equation allows us to find x, because we know pH and p K.

mol B

H = pK, + log ————
pH = pK. T log I BH-

X
7.60 = 8.072 + log m

X
—0.472 = log 00635 — x
1079472 = T 4= 0.0160mol
0.0635 — x

This many moles of NaOH is contained in
0.016 0 mol
0.500 mol/L

TEST YOURSELF How many mL of 0.500 M NaOH should be added to 10.0 g of tris
hydrochloride to give a pH of 7.40 in a final volume of 500 mL? { Arswer: 22.3 mL)

=0.0320L = 32.0mL



O-5:Buffers

G TI"3 How Much will the pH Change?

Suppose that a buffered solution contains 50 mmol of the buffer species HA and 50 mmol
of the buffer species A™. The pH will be equal to pK, for the buffer. How much will the pH
change if 20 mmol of some other acid is created by a chemical reaction?

Solution In the worst case, the acid generated by the reaction is strong enough to convert an
equivalent quantity of A ~ into HA. The moles of HA would then be 50 + 20 = 70 mmol.
The moles of A~ would then be 50 — 20 = 30 mmol. The pH would be

mol A~ 30 mmol
= pK, + log
mol HA

The pH would drop by 0.37 units. If this change is acceptable, you have enough buifer.

pH = pK, + log = pK, — 0.37

70 mmol

TEST YOURSELF If, instead, 15 mmol of strong base were generated, by how much would
the pH of the original buffer rise? ( Answer: 0.27 pH units)

Mol A- =50 + 15 = 65; Mol HA =50-15 =35
Log 65/35 = 0.27




O-5:Buffers

« The pH of a buffer is nearly independent of dilution, but
buffer capacity increases as the concentration of buffer
Increases.

« Must have more moles of buffer present than there are
moles of acid or base that could be introduced into the
solution.

« The maximum buffer capacity for a solution is at
pPH = pK_, and the useful range is pH =pK, £ 1.



O-5: Buffers

Choosing a buffer system:

Choose a weak acid /conjugate base system with a pK,
+1 of desired pH.

Look at the exponent in the K, value (i.e., the x in the 107%).
It should be close to the pH desired.

Example: What weak acid would be appropriate for

making a pH 10. ffer?
Look at acid dissociation cons In Appendix 3.

Ammonia, NH,* has a K, of 5.70 x 1010,

PK, = 9.24. This is an appropriate buffer for a pH range of 8.24-10.24
pH units (i.e., pK, £1).



