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7 Acids and bases NTU & hemistry

The nature
acids: taste sour
bases: taste bitter, feel slippery

% Definition
v" Arrhenius (1859-1927) acid and base (1887)
Acid
Produces hydrogen ions (H*) in aqueous solution
Base
Produces hydroxide ions (OH-) in aqueous solution

v" Bragnsted acid and base (1923 by Bragnsted and Lowry)

Acid: A proton (H*) donor

Base: A proton acceptor i i
- Hydronium ion

HA(ag) + H,O(l) 5 Hy0'(aq) + A'(ag)

acid base conjugate conjugate
acid base

L conjugate (2 #=) acid-base pair 7
Can be represented as
HA(aq) S H'(aq) + A (aq)

Dissociation constant K _[H,O'][AT] [H][AT]
AL [HA]




Ex. NH;(g) + HCI(g) S NH,CI(s)
i \ N
Brgnsted base Brgnsted acid
Proton acceptor  Proton donor

[NH,]* [CI]-

v Lewis acid and base

Acid: An electron-pair acceptor
Base: An electron-pair donor

f !

Lewis acid Lewis base

X RE R

[ NTU & hemistry
¢ Acid strength & hemistr) é

Recall:
HA(ag) + H,0()) S H;0'(aq) + A (aq)
or

HA(aq) S5 H'(ag) + A(aq)

Dissociation constant K _[HO'J[AT] [H][AT]
*7 [HA]  [HA]




HA is a strong acid
when K, is large
or equilibrium lies far to the right

K, is a measurement of acid strength

Strong acid gives weak conjugate base
Weak acid gives strong conjugate base

Ex. pK, = —logK,
H,O 15.7
NH,* 9.25
H,O* a8.\7
H,SO, -3
HCI = e
HI -9.5~-10

v Autoionization of water
H
2H,0() === H-0:(ag) + :0-H(aq)
H

Amphoteric: behaves as an acid or a base
o)

H..- HWTH
| *— acid
H
base (curved arrows represent flow of e's)

Ky = [HsO*][OH]
lon-product constant or dissociation constant

At 25 °C K,=1.0x101
[H]=[OH]1=1.0x107"M = neutral condition
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% The pH NTU & hemistry

pH = —log[H"]
At neutral condition [H*] = 1.0 x 10
pH=7.00

pH<7.00 acidic
pH>7.00 basic

|

=3

© Note about significant figures

log(1/45) = —log45
= —log(4.5 x 10)
=—[(log 4.5) + 1]
[ L exact number (from the order)
0.65 «—— two significant figures

=-1.65

Ex. [H]=1.0x10"’

™ two significant figures
pH =700

™ two significant figures
Overall: three significant figures
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' NTU & hemistry
*& Calculating pH & hemistr

v' Strong acid: complete dissociation

v The pH of a mixture of weak acids

Ex. 1.00 M HCN K,=6.2x10"
5.00 M HNO, K,=4.0x10™" pH?

H,O() & H'(ag) + OH (agq)  K,=1.00x 10"

HNO, is the strongest acid, the other two can be neglected

HNO, (aq) S H*(aq) + NO, (aq)

ini 5.00 0 0 (M)
final 5.00 - x X X
2 2
K,=40x10%=_~ ~*
5.00-x 5.00

Small (assumption)
X=45x%x102M =[H"] = pH=135

Check: [H*] is indeed small compared to 5.00 M

(tolerance: +5%)




HCN (ag) S H*(aq) + CN-(aq)

final 1.00 — x 4.5 x 1072 x (M)
L

Controlled by HNO, (assumption)

_(45x107%)x _(4.5x107%)x

K,=6.2x107"°
1.00 - x 1.00

x=1.4x108M=[CN]

Check: [CN-] is small indeed
also [H*] is mainly from HNO,

% Percent dissociation Vehoshn A

amt dissociated
initial conc

x100%

For weak acid: more dilute = higher percent dissociation
HA(ag) S H'(aq) + A(ag)

NG NG

K, = ~
[HA]O —X [HA]o

x =./K,[HA],

X

percent dissociation = ¢100% = K, ¢100%
[HA]

(o] (0]

[HA], | = percent dissociation ?
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NTU & hemistry
% Bases ' ' =

NaOH(aq), KOH(aq) dissociate completely in H,O
- Strong bases

Ca(OH),: similar but solubility is small
t does not produce high [OH]

Slaked lime (3 = %)
In acidic soln: Ca(OH),(aq) + 2H*(aq) > Ca?*(aq) + 2H,0(l)

v'Removal of Ca?* in hard water
CaO + Na,CO, (the lime-soda process)

CaO(s) + H,O(l) 5 Ca(OH),(aq)
CO,*(aq) + H,0(l) S HCO; (aq) + OH(aq)

Ca(OH),(aq) + Ca?*(aq) + 2HCO, (aq) > 2CaCO4(s) + 2H,0(l)
in hard water

© Other bases
NH; (ag) + H,O() & NH,'(aq) + OH (aq)

ammonia
pK, = 9.25
Amine bases
N N _N-u
HoC™ v 'H o Hae N'CHs  cpHg N 'Calts
H H C

2Ms
methylamine  dimethylamine  triethylamine

X

P

N
pyridine




In general
B(ag) + H,O()) S BH'(aq) + OH (aq)

_[BH'J[OH]
[B]

K, 1 -> base strength %

Ky

K, = KK,

In practice
the base strength is often measured
by the pK, of its conjugate acid

pK, 1 > base strength 1

Ex. NHj(aq) + H,O0() - NH,*(aq) + OH (aq)

, = NFLIOHT_ 5,902
[NH,]
NHz(@q) + H,O(l) = NH,*(aq) + OH (aq)
Ini 0.15 M 0 0
Final 0.15 —x X X

X2

=1.8x10"° = x~16x103M
0.15-x

About 1% conversion
In a buffer of pH=7.4 = [OH]~10"M

[NH;][107] " [NH;]

-=180 = [NH,*]~0.15M
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. . NTU & hemistry
sk Polyprotic acids -

H2804, H3PO4 -

Dissociate stepwise

H,PO,(aq) S H'(ag) + H,PO, (agq) K, =7.5x1073
H,PO, (aq) H'(aq) + HPOf‘(aq) K,=6.2x107%
HPO,” (aq) 5 H'(aq) + PO, (aq)  K,3=4.8x1013

‘_
-
‘—
-

In general K, >> K, >> K,

Ex. Forab5.0 M H;PO, solution
HyPO,(ag) & H'(ag) + H,PO, (aq)

ini 5.0 0 VI (Y)
final 5.0 —x X X
2 2
Ky =75x10°=— >~ X
50-x 5.0

X=19%x101M <«— Within 5% error

_[H][HPO,™] _ (0.19)[HPO

2—
a2 - 7o [HPO,* 1=6.2x10° M
[H,PO, ] (0.19)

_[HIPO,1 (0.19)[PO,™]

- — PO 1=16x101M
®" [HPO,*]  (6.2x10°) [PO.™]




Ex. Fractions of H,CO,, HCO,", and CO,* at pH 9.00
CO,” : [CO%] b 1
[H,CO,]+[HCO;]+[CO;]  [H,CO,] , [HCO;]
[CO1 [CO5]

+1

_[H]HCO;,] Ka _ [HCO;]

“7 [H,CO,] [H'] [H,CO,]

_[H][COz] K., _ [CO5]

®7 [Heo T[] [HCO)]

Ka , Koo _ [HCO;] | [COZ] _ [COY]

[H'] [H] [H,CO;] [HCO;] [H,CO;]

1 1

F 2- o= L - + +
@ T[H,CO,] [HCO,l,, MT M1,
[COZ]  [CO:T] KaoKe Ky

HCO, : [HCO;] ~ 1
[H.CO,]1+[HCO;1+[COT ]~ [M,CO,] ,  [CO%]
[HCO;] [HCO;]

AN 1 _ 1
"% T [H,C0,] , ,, [COTT IH] . K
[HCOL] [HCO,] K [H]

al

=  AtpH9.0  Fyco,=0.95
(K =4.3x107; K, = 4.8 x 10-12)

10



Ex. pHofa1.00x102MH,SO,
Complete dissociation for the 1st step
HSO, (ad) S H'(aq) + SO, (aq)

ini 0.0100 0.0100 0 (M)
final 0.0100 -x 0.0100+x X

_ (0.0100 + x)x

K,, =1.2x107"
(0.0100 - x)
Assume 0.0100 >> x = x =0.012
t incorrect

X2+ (22x102)x—-(1.2x10%=0 = x=45x10°M
[H*] = 0.0100 + 0.0045 = 0.0145 =  pH=1.840

cf. 1.0 MH,SO,

HSO, (ag) 5 H'(aq) + SO, (aq)

ini 1.0 1.0 0 (M)
final 1.0-x 1.0 +x X
K., =1.2x102 = LOFX)X
(1.0-x)

T

Very small contribution
from the second ionization

11
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NTU & hemistry

% Acid-base properties of salts =

v" Conjugate base of strong acid

Conjugate acid of strong base } PERIETt on pH

v'Conjugate base of a weak acid
Ex. 0.30 M NaF(aq) K, for HF: 7.2 x 10
K, =K K, LK, =14 x 107
F(aq) + H,O() 5 HF(aq) + OH (aq)

ini 0.30 0 0 (M
final 0.30 —x X X
K —14x10%=_ X X°
=1.4x10"" = ] = X = M = -
b 030-x “030 = X=20x10°M=[OH]

v" Conjugate acid of a weak base
Ex.  Ammonium salt NH,CI
NH, (aq) S H'(ag) + NH(aq) K,=5.6 x 10710
A 0.10 M solution - pH=5.13

v" With highly charged metal ion
Ex. Al(H,0);>"

AICl4(s) + 6H,0() S Al(H,0);>"(ag) + 3Cl(aq)

Al(H,0)s>"(ag) S Al(OH)(H,0)s*"(aq) + H'(aq)
K,=1.4x 105

A 0.010 M solution > pH =3.43
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v" Both ions affect the pH
Ex. NH, C,H,0," ammonium acetate
] ' Basic; K, = 5.6 x 10-1
Acidic; K, =5.6 x 1010

K, > K, acidic
K, <K, basic
K, = K, neutral
EX. NH,"CN~ = basic

L K,=16x10°

Ex. pHofa0.100 M NH,CN

NH, (ag) S H'(agq) + NH(aq) K,=5.6 x 10710
CN(aq) + H,O() & HCN(ag) + OH (aq)
K,=1.6 x10>

H,O() & H*(aq) + OH-(aq) K,=1.0x101
NH,'(ag) + CN'(ag) S NHy(aq) + HCN(aq)

K = INFGIHCN] _ INHAJIH] | [HCN_ My _ g o
INHUIONT N, HIONT Ko

The dominate process
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NH, (ag) + CN(aq) S NHg(aq) + HCN(aq)

Final 0.100—x 0.100—x X X
2
K= X 2090 = x=4.9x102M = [NH]=[HCN]
(0.100 — x)

[NH,*] = [CN] = 0.100 — 0.049 = 0.051 M

o [HTIINH,]  [H7](0.049)
K =56x107° <! sl =
a(NHZ) [NH;] 0.051

= [H]=5.8x1010M

_[H]ICNT] _ [H7](0.051)
~ [HCN] ~ 0.049

> [HY]=6.0x10°M = pH=9.22

Kooy =6.2x107°

Another way

K oK. = IHINHJJHTIICNT _
ane) =D T INH, ] [HCN]

[H+]2

[H]= /K, sy @ Koy =5-9x107°

14
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o N : NTU & hemistry
% Dilute solutions

The contribution of H,O is important
Ex. A 1.0x10*M solution of HA, K, = 1.0 x 1010

HA(ag) 5 H'(ag) + A(aq)

Final 1.0x10%*-x X X

NG X

1.0x10%-x 1.0x10*

2

K,=1.0x10" =

= [HY]=1.0x107M «— Can not be true!
Consider H,O alone = [H*]=1.0x107"M

How about: 1.0x 107 + 1.0x107=2.0x 10" M

t From HA ) From water T
—_— Incorrect

Should effect each other
Expect: 1.0x107<[H']<2.0x 10’ M
HA and H,O should be considered at the same time
HA(ag) 5 H'(aq) + A'(ag)
H,O() 5 H'(ag) + OH (aq)

15



Relationships must be followed:
1. K, =[H*][OH] 2.« _HTAT]
© o [HA]

3. Charge balance
[HT=[OH]+[A]
4. Material balance (mass balance)
[HA], = [HA] + [AT]
L nitial concentration of HA
Known: K, , K, [HA],

Need to know: [H*], [OH], [HA], [AT]
\ Y8V , |15

Express in terms of [H*]

From K,

[OH] = Ru

[H']
From charge balance

KW

A ]=[H]-[OH]=[H']-
[AT]1=[H]-[OH] =] ][H]

From mass balance
[HA] = [HA], ~[A 1= [HA], ~[H'] +

H']
From K,
[H+][[H+1— Ky j
o _HIAT H1) _ HT-K,
: [HA] HAL —[H* & _[H+]2_Kw
WAL~ T+ Ay, =2

16



+12 _
« —_ [HP-K,

" ey, TR
H)

Can be solved by successive approximations

v Validity check
If assume [H*]? >> K, <— That is to omit H,O
[H'T’

.= —— = Goes back to consider HA alone
[HA], —[H']

Assume this condition is met when [H*]?2 > 100K,
= [H*] should be > 106 M

Ex. 1.0 MHCN, K, =6.2x 1010
Soln Normal calculation = [H*]=25x10°M

L > 10%, OK

Ex. 1.0x10*MHCN
Soln Normal calculation = [H*]=25x10"M

L No good
Solve . H]? -K,
) 1.oox10-4—w
[H']

Expect: 2.5x 107 <[H*]<3.5x10'M
Try 3.0 x 107 M first

17



[H']?-1.0x10™

"= 30107 -1.0x104 ~02¥107
1.00x104 - 2= T2 =X
3.0x10
=  [H71=268x10"M (cf. 3.0 x 107

= New guess: 2.68 x 10~/
= Find: [H*] =2.68 x 10" M

Final answer =2.7 x 100’ M

v" A better approximation
[H'T -K,
[H'T -K,
[H']
%/—/
This term is small

K, =
[HA]O h

Assume +12 _
[HA], >> 7[H ] b Ky
[H]

+12
« JHT-K,

AT

= [H1=K,[HA], +K, - True unless [HA],

is very small

Ex. 1.0x10%*MHCN

[H]=1/(6.2x10°)(1.0x10*)+ (1.0x10 )
=7.2x10™ =2.7x107" M

18



£ The incorrect method

HCN(ag) S H(ag) + CN(aq)
Ini 1.0x10-4 1.0x107 0 (M)
final 1.0x104-x 1.0x107+ X X
_ (1.0x107" +x)x
(1.0x107* —x)
Assume 1.0 x 104-x~1.0x 104 M

K,=6.2x107"°

= Xx=21x10"M

=  [H]=3.1x107M
f

~15% larger than the correct answer!

Ex. Mixing equal volumes of 1.0 x 10 M NH,
and 1.0 x 104 M HCI

Q: pH =7
Soln: Start with 5.0 x 10-5 M NH,"
NH,"(agq) S NH,(aq) + H'(aq)
final 5.0x107°—x X X (M)

2
K,=5.6x10" = X = x=1.7x107 M
(5.0x10°° - x) )

Can not omit H,O

Since [NH,"],=5.0x 105 M > 10° M

= [H]= (K JINH;], +K, =1.9x107"M

19
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i - : NTU & hemistry
*% Dilute strong acid solution Mo -

Ex. 1.0x107M HNO,

From HNO; alone [H*]=1.0x 10" M
The contribution of H,O can not be ignored
Charge balance
[HT=[NO; ] +[OH]
K, = [H][OH]
Known: [NO;]1=1.0x10"M
Unknown: [H*] and [OH]
Soln: [OH] =K /[H*]
From charge balance: [H*] = 1.0 x 107 + K, /[H*]

= [H]=16x107M

% More examples NTU & hemistry é

/\ A solution of NaHCO,
The principal equilibrium is
HCO; (aq) + HCO, (aq) S H,CO,(aq) + CO,™ (aq)
Q. K=?
soln: . _[H,CO,JICOT] _ [H,CO,IHTCO5 T _K,
[HCO,][HCO;] [HCO,]H][HCO,;] K,

Q: pH at equilibrium?
Soln:— _[HIHCO;] [H][CO3 ] _[H'[COS]

K
% [H,CO,]  [HCO;] [H,CO,]

At equilibrium: [H,CO4] = [CO4* ]

= [H]=KyeK,

20



/\ At 1 atm, 25 °C, HA has a vapor density of 5.11 g/L.
A 100.0 mL solution of 1.50 g HA has a pH of 1.80.
Q K,=7?
Soln: The molar volume of a gas is 24.6 L at 1 atm, 25 °C
Molar mass of HA should be
5.11 g/L x 24.6 L/mol = 126 g/mol
The mole number of 1.50 g of HA is
1.50 g + 126 g/mol = 0.0119 mol = 11.9 mmol
The concentration is 11.9 mmol

100.0 mL

—log[H*] =1.80 = log[H*] =-1.80=-2+0.20
Knowing log(1.6) =0.20 = [H*]=1.6 x 102 M

=0.119M

HA(ag) & H'(ag) + A'(aq)
Equil. (0.119-0.016) 0.016 0.016 = K,=25x103

/\ A 0.100 M salt (BHX) solution has a pH of 8.00
This salt is a combination of BH* and X~

B(ag) + H,O(l) S BH*(aq) + OH (aq)
<, - [BH'][OH ]
[B]
HX(aq) 5 H'(ag) + X(aq)
Q: Kix =7

Soln: The principal equilibrium is
BH'(aq) + X'(aq) S B(aq) + HX(aq)
At equilibrium: [B] =[HX] [BH]=[X]

-1.0x10°°

[BH]_[X]
[B] [HX]

21



pH 8.00
= [H*]=1.0x 108 M
= [OH]=1.0x 106 M

[BH'][OH] _[BH'](1.0x10"°)

=1.0x107°
[B] (B]
BLV]_ 1.0x10° = LS|
[B] [HX]
_HIIXT] < 10- 2 10%) =1 0x10-
=X =(1.0x107®)(1.0x10°)=1.0x10

A 0.0500 M HCOOH, K,coom = 1.77 x 104
0.150 M ACOH, K,acom = 1.34 x 10°5

Q: pH?

Soln: [H'][HCOO] |
K aticoor) = [HCOOH] 1.77x10™
K —W=1.34x10_5

a(AcOH) — [ACOH]
Charge balance
[H*] = [HCOQO] + [AcO] + [OH]
Assuming [OH] is very small:
= [H*] = [HCOO] + [AcO]
Mass balance
[HCOOH], = [HCOOH] + [HCOO ] = 0.0500 M
[AcOH], = [AcOH] + [AcO] = 0.150 M

22



[H'][HCOO]
1.77x107*

[H'][HCOO]
1.77x107*

[HCOOH] =

+[HCOO ]=0.0500 M

[H']

=2 [HCOO |(—t—
[ ](1.77 x107*

+1) =0.0500 M

[AcoH] = [ IIACO']
1.34x10°°
[H'][AcO]
1.34x10°°

7 [ACO_](l.sz[E:ioS

+[AcO]=0.150 M

+1)=0.150 M

From charge balance: [H*] =[HCOO] + [AcO]
0.0500 0.150

= Nl —o i
Ml L, M1
-4 -5
1.77x10 1.34x10
-6 -6
N [H'] 8.85x10 2.01x10

= +
[H]+1.77x10*  [H']+1.34x10°°

Make a guess first
[H*] from HCOOH alone: 2.9 x 103
[H*] from AcOH alone: 1.4 x 103
= 43 x102>[H*]>29x 103

Start from 3.6 x 103
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. 8.85x10°° 2.01x10°°
[ ]: -3 2t ] -5
3.6x10°%+1.77x10™* 3.6x10°+1.34x10
=2.90x103 M

New guess: (3'6J2r2'9)><103 =3.25x10°°

= [H]=3.22x103M

Another quick solution
[H*] = [HCOO] + [AcO]
= [H*]2 = [H*][HCOO] + [H*] [AcO]
= (1.77 x 1004)[HCOOH] + (1.34 x 10-°)[AcOH]
Assume [HCOOH] ~ [HCOOH], = 0.0500 M
[AcOH] ~ [AcOH], = 0.150 M
= [H*]=3.30x 103 M
Check the assumption: 3.30 x 103 is 5.4% of 0.0500

/\ Calculate [OHT] in a 3.0 x 10-" M solution of Ca(OH),
Soln: In solution, Ca(OH), is completely ionized
= [Ca?*]=3.0x 10" M

The concentration of [OH ] is small
and should consider the ionization of H,O

Charge balance
2[Ca?*] + [H*] = [OH]
From: K, =[H*][OH]
2+ KW _ -
= 2[Ca ]+[OH_]_[OH]

>  [OH]=6.2x107 M
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