Acids and bases part 2
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pH of a solution of a strong acid

HA (aq) + H,O (I) —» A- (aq) + H30* (aq)
* in water [H30*], = [OH],, = 1.0x107 M.
* the strong acid HA is added, at a concentration = c4
* since it is STr'ong [H30+]A = Cxp
¢ [H3O+]‘ro‘ral - [H3O+] wt [H30+]A = [H3O+] wt Ca and [OH_]ToTal = [OH-]W
¢ Q :[H30+]T0Tal [OH_]TO'l'Gl - ([H3O+] wt CA) [OH_] w > KW
* l<W = ([H3O+] wtCa- X) ([OH_] w X)

* x° - ([H30"]y + [OH], +ca) X + ca[OH ], =0

__[H,0°], +[OH], +¢, e +4K,, Equation
2
[H,07]=[H:O"] + ey —x e [OH] =Ky /[H;0"]

< J




pH of a solution of a strong acid - approximation

HA (aq) + H,O (I) — A- (aq) + H30" (aq)

* in pure water [H30*], = [OH],, = 1.0x107 M.
* the strong acid HA is added, at a concentration = c4
* since it is STPOHQ [H30+]A = Cxp

When the concentration of C, is much larger than [H30*], from water
self-protolysis :

pH = —logy ca J [H30 Jiota1 = €A

"




pH of a solution of a strong base

B (aq) + H20 (I) — BH" (aq) + OH- (aq)

* in pure water [OH], = 1.0x10-7 M.
* the strong base B is added, at a concentration = cp
* since it is strong [OH]g = ¢p

pH =14 —log,o cg J [OH Jiota1 = C

A




Range for the approximation [H30*];o1q ® €4 (or [OH Jipia ® Cp)

Ca [H;0"] (M) pH —logo[cal

(M) (eq. 1) (eq. 1)

10-® 1.05x10~7 6.97 8.00

107 1.62x1077 6.79 7.00 ca> 10 M
10°6 1.01x10-6 5.99 6.00

10-5 10- 5.00 5.00

10~ 10~ 4.00 4.00 and

1073 1072 3.00 3.00

10-2 10-2 2.00 2.00

10! 10! 1.00 1.00 ¢y > 105 M

1 1 0.00 0.00




pH of a solution of a weak acid

A weak acid is partially dissociated in water
HA (aq) + H20 (I) 2 A- (aq) + H30" (aq)
We have for species in solution: HA, A", H;O" e OH".

KA = [A_ ] | [H3O+] Law of mass action for the acid
[HA]
Ky = [H3()+ ]'[OH"] Law of mass action for water

C, = [HA]+[A™] Law of mass conservation for the acid

7\

[H3O+] =[A"|+[OH" | Law of mass conservation for water

.

As in the previous case, the presence of the acid decreases water
self-protolysis



HA (aq) + H20 (1) 2 A~ (aq) + H30" (aq)
Approximations
if c, is not too small and the acid is not too weak (K, > 10-14):
[H3O*]ior # [H3O"Jocia  then: [H30']ociq = [A7]
Since the acid is weak, a <«<1 then: c4 & [HA]

if we substitute and we solve for [H30*]

k, ILOTIATT  [H,07[A] =K, [HA]
[HA]

Using the approximations:

[H;07]%= K, cu [H0" ]= \/ K ACA

10



If [H30*] <« ¢y, it is negligible with respect to c,:

[HO'} _[HO'T

K
§ c,—A C,

[H,0"]= K ,c,

And for a weak base:

[OH™ ] = {/Kycq

ca <~ [HA] a<<1

Cgp ~ [B] o<<l]

11



Range of application for these approximations
Calculated pH for acetic acid 25 ° C (K, =1.8-10° M)

[acid] (M) pH(eq.1) pH(eq.2) pH(eq.3)

107 6.793 7.002 5.872 Cp> 104 M
1076 6.018 6.022 5.372
1075 5.145 5.145 4.872
And for bases

104 4.464 4.463 4372
1073 3.902 3.901 3.872
102 3.382 3.381 3.372 |

Cp Z 10_4 M
10-! 2.875 2.875 2.872
1070 2.373 2.373 2.372

eq.1 [H,O'] +K,[H,0']"-(K,c, +K ) [H,0']-K,K,, =0

_K, +4K2 +4K ¢,
2

eq.3 [H,0"]=4K,c, _ Used to solve problems

eq.2 [H,0"]=



The strength of an acid or base increases as K, o Kg increase

In chemistry and biochemistry we use a logarithmic scale to compare acids
and bases.

H.O"]-[A”

HA (aq) + H,O () = A~ (aq) + H;0" (aq) K, = HOJA | pKa =—log;o Ka

[HA] ) J
B (aq) + H,0 (1) = BH* (ag) + OH (a) K = [OH_[]]_;)[]BH ]| by =-logiy K

" J
examples
NH; (aq) + H,O (I) = NH4* (aq) + OH™ (aq)
Kk, O FINHLT ) e0-M a25°C > pK, = —log, (1.8:107) = 4.74
[NH;]

H,CO;5 (aq) + H,O (I) = HCO;™ (aq) + H;07 (aq)

- [H3([)H] ggios] ~42-107M a25°C —pK, =-log, (4.2:107) = 6.38
2 3




pK4 o pKp decrease as the strength of an acid or a base increase

acid formula K, (M) pK

propanoic CH;CH,COOH 1.3x107> 4.89
acetic CH;COOH 1.8x107> 4.74
methanoic HCOOH 1.8x10~4 3.74
base formula K, (M) pK

aniline C¢HsNH, 4.0x10-19 9.40
ammonia NH,; 1.8x10- 4.74
methylammine CH,NH, 5.0x10-4 3.30

strength
Increases

strength
Increases

14



Acids and bases part 3

15



Relationship between the ionization constants of an acid
and its conjugate base

HCN (aq) + H,O(l) = CN™(aq) + H;0"(aq)

h )

Conjugate couple

The product between K, of an acid and Kg of its
conjugate base is Ky

A )
KA KB:KW pKA+pKB: 14

A J " J




HA (aq) + H,O (I) 2 A (aq) + H30* (aq) K, - [H,O"]-[A7]

[HA]

K - [OH |- [AH]
A" (aq) + H,O (I) 2 HA (aq) + OH- (aq) B= A

_[H,0']'[A"],[OH |- [AH]
[HA] [A7]

K, K, -[H,0']'[0H 1=K,

Therefore K; can be calculated: K, /K,



Interactions between the ionization constants of an acid and its
conjugate base with H,O at 25° C

HCN (aq) + H,0 (1) = CN-(aq) + H;O%(aq) K, =4.0x105M
Eﬁ‘ (aq) + H,O () = ﬂ@ﬁ (aq) + OH (aq) Kg=2.5x10"1"M

2 H,O (1) = H;0%(aq) + OH(aq) Ky =K,Kg=1.0x10"14M?

[H,0°]-[CK"] [HEN]-[OH] S
K, K, = SN — 1 _[H,0*]-[OH ]=K,,
TS oxy ~HOIOH ]

\

Kj Kg =Ky pK, + pKg =pKy

| J | J

Therefore Ky can be calculated: Ky,/K,4

18



forza dell’ acido crescente =3

pK of some acids and of their conjugate bases at 25 ° C: 14 = pK, + pKj

Name of acid acido pKa base pKs Name of base
hydronium H;O" 0 H,O 14 water

phosphoric H;PO, 2.12 H,PO,~ 11.88 Dihydrogen phosphate
fluoridirc HF 3.14 F- 10.86 fluoride

acetic CH;COOH 4.74 CH;COO- 9.25 acetate

carbonic H,CO; 6.38 HCO5~ 7.62 Hydrogen carbonate
sulphidric H,S 7 HS- 7 Hydrogen sulphide
Dihydrogen phosphate H,PO4~ 7.21 HPO4*- 6.79 Hydrogen phosphate
ammonium NH,* 9.25 NH; 4.74 ammonia

cianidric HCN 9.4 CN- 4.6 cianide

Hydrogen carbonate HCO;~ 10.32 CO;z%~ 3.68 carbonate

Hydrogen phosphate HPO,*- 12.44 PO,*- 1.56 phosphate

water H,O 14 OH- 0 hydroxide

<€ forza della base crescente



Types of acid-base reactions

We studied the reaction between acids and bases (strong and weak)
with amphiprotic water has been studied. Acids and bases can react

in water to form a salt.

acid + base = salt + H,O

type example

strong acid + strong base HCIl + NaOH — NaCl + H,0

strong acid + weak base HCl + NH; =2 NH,CI + H,O

weak acid + strong base CH;COOH + NaOH = CH;COONa + H,O
weak acid + weak base CH;COOH + NH; =2 CH;COONH, + H,O

20



Reaction between strong acid and strong base: neutralization

Strong acids and bases are 100 % ionized in solution:

HCI (aq) + H,O — H;0" (aq) + Cl- (aq)
NaOH (aq)— Na* (aq) + OH™ (aq)
The net equation between HCI (strong acid) and NaOH (strong base) is :

H,0" (aq) + Cl-aq) + Na* (aq) + OH- (aq) =2 H;0 (1) + Na*(aq) + Cl(aq)
H;07 (aq) + OH- (aq) = 2 H,0 (1)
1 1
K= " — =
[H,O"]-[OH"] K,
The net ionic equation for the reaction of a strong acid with a strong base is
always the union of a hydronium ion with a hydroxide ion to give water.

Since K =1/ Ky, reagents are fully consumed to K =1/ Ky, reagents are fully
consumed to yield products. If an equal amount of moles of NaOH and HClI,

are mixed, the result is a neutral NaCl solution (pH =7.0 at 25 ° C)

=1.0-10"M™

21



Chemistry of acids and bases 3

* Salt hydrolysis
e Buffer solutions
* Acid-base titrations

26



Hydrolytic equilibria

The aqueous solution of a salt obtained from an acid and a strong
base contains the free ionic species that form the salf.

Base and acid (strong) Salt solution pH
NaOH + HCl— NaCl + H,O NaCl (s) —» Na*' (aq) + Cl™ (aq) 7
NaOH + HNO; — NaNO; + H,O NaNO; (s) — Na' (aq) + NaNO;™ (aq) 7
KOH + HCIO, — KCIO,+ H,0 KClO, (s) — K" (aq) + Cl1O, (aq) 7
KOH + HBr — KBr + H,0 KBr (s) — K" (aq) + Br (aq) 7
Ca(OH), +2 HCl — CaCl,+H,0 CacCl,(s) — Ca’" (aq) + 2 CI- (aq) 7

In these solutions there is no proton exchange because both cation
(conjugated acid of the strong base) and anion (conjugated base of
the strong acid) do not tend to release or subtract protons from
water. The solution is therefore neutral.



We call hydrolysis those proton exchange reactions (acid-base) that are
established in the aqueous solutions of salts formed by:

* weak acids and strong bases (which contain moderately strong conjugated
bases and very weak conjugated acids): basic hydrolysis, pH > 7

- weak bases and strong acids (which contain moderately strong conjugated
acids and very weak conjugated bases) : acid hydrolysis, pH > 7

* acids and bases both weak (which contain moderately strong conjugated
acids and bases): basic, acid or neutral hydrolysis

As a result of these exchanges of protons with the aqueous amphiprotic
solvent there is a variation in the concentration of [H30*] and [OH"] (pH)

NH,CI (s) — NH,* (aq) + CI~ (aq)

NH4* (aq) + H,O (1) = NH; (aq) + H;07 (aq)

28



Salt formed by weak acids and strong bases : basic hydrolysis

The dissociation of the salt CA is followed by the protonation equilibrium of the
anion A-, which is a moderately strong Bregnsted base.

CA(aq) — C" (aq) + A™ (aq)
A~ (aq) + H,O (1) 2 HA (aq) + OH™ (aq)

CH;COONa (aq) — Na* (aq) + CH;COO™ (aq)
CH;COO™ (aq) + H,O (1) =2 CH;COOH (aq) + OH™ (aq)

KCN (aq) — K* (aq) + CN~ (aq)
CN- (aq) + H,O (1) = HCN (aq) + OH™ (aq)

KNO, (aq) — K" (aq) + NO,™ (aq)
NO,™ (aq) + H,O (1) = HNO, (aq) + OH" (aq)

Due to the hydrolytic equilibrium, the solution is enriched with OH-ions.

29



The equilibrium constant of this equilibrium is called hydrolysis constant K;:

A~ (aq) + H,O (1) 2 HA (aq) + OH™ (aq)
_ [HA]-[OH"]
| [A7]
K; is directly related to K, of the weak acid that is formed:

« _[HA][OH] [HAJ-[OH] [H,0"] K,
' [AT] [A]  [H,0] K,
\ )

KW
K= K. ' [OH ]=,Kc = \/—cs
< J | J

The weaker the acid and the higher the salt concentration, the
more basic is the resulting solution.



Alkaline hydrolisis pH determination formula

_[HAJ[OH"] _[HAJ-{OH] [H,0"] K, K
w1 a1 mo K, | Keege

The OH- arising from water self-

protolysis are negligible: [OH-]=[HA]

Ancj if we consider that [()H 1= K. Cq = \/—Cs

A~ is a weak base: [A ]=c,

Rearranging K;

[OHT*=Ki ¢ J

31



Salt formed by weak base and strong acid : acid hydrolysis

The dissociation of the salt BHA is followed by the deprotonation equilibrium of
the cation BH, which is a moderately strong Brensted acid.

BHA (aq) — BH" (aq) + A~ (aq)
BH" (aq) + H,O (I) = B (aq) + H;0" (aq)

NH,CI (s) — NH,* (aq) + CI~ (aq)
NH4* (aq) + H,O (1) = NH; (aq) + H;07 (aq)

C¢HsNH;ClI (s) — C¢Hs;NH;™ (aq) + ClI- (aq)
C¢HsNH;5* (aq) + H,O (1) 2 C¢HsNH, (aq) + H;07 (aq)

Due to the hydrolytic equilibrium, the solution is enriched with
H30+ ions.

The complete dissociation of BHA salt is accompanied by the
deprotonation equilibrium of the BH* cation, which is a moderately strong

Brgnsted acid.

(98]
[\



Acid hydrolisis pH determination formula

K. =

1

[B]-[H,0'] _[BI[H,0°] [OH'] K,
[BH'] [BH'] [OH] K,
\
The H30* arising from water self-
protolysis are negligible: [H3O*]=[HA]
And if we consider that X
BH* is a weak acid: [BH*]=c, [H O"]= ch

Rearranging K;

|

S

[H30°F=Ki ¢ J

33




The hydrolysis constant K;:
BH" (aq) + HyO (1) = B (aq) + H;0" (aq)

K; is related to Kz of the weak base that is formed:

« _[BI'[H,0"]_[B][H,0"] [OH'] K,
| [BH] [BH'] [OH ] K,

\

K 4=
Ki=K—‘: [H,O"]=4K.c, = \/—cs

. J <

\

J

The weaker the base and the higher the salt concentration, the

more acidic is the resulting solution.

34



Salt formed from a weak acid and base: hydrolysis

The full dissociation of the salt BHA is accompanied by the
dissociation of BH* and by protonation of A-

BHA (aq) — BH" (aq) + A~ (aq)

BH" (aq) + H,O (1) = B (aq) + H;0" (aq)
A~ (aq) + H,O (1) = HA (aq) + OH™ (aq)
H,0" (aq) + OH~ (aq) = 2 H,O (1)

BH* (aq) + A~ (aq) = B (aq) + HA (aq)



As usual we neglect hydrogen and hydroxide ions coming from
water dissociation if the salt concentration is not too small.

)\
KHA
[H3O+]=\/ . Ky
K
J
KHA
A
if: KEA

B
>KB

B
<KB

— pH<7
— pH>7



Exercise 13. Calculate the pH of a 0.2 M of Na Acetate solution
(K,=1.810"Ma25° C)



Exercise 13. Calculate the pH of a 0.2 M of Na Acetate solution
(K,=1.810"Ma25° C)

CH;COONa (aq) — Na" (aq) + CH;COO™ (aq)

CH;COO™ (aq) + H,O (1) 2 CH;COOH (aq) + OH™ (aq)

We will have an alkaline hydrolisis



Exercise 13. Calculate the pH of a 0.2 M of Na Acetate solution
(K,=1.810"Ma25° C)

CH;COONa (aq) — Na" (aq) + CH;COO™ (aq)

CH;COO™ (aq) + H,O (1) 2 CH;COOH (aq) + OH™ (aq)

We will have an alkaline hydrolisis

K, 1.8-107
pOH =498 — pH=14-4.98=9.02

1n0-14
[OH™]= /K, -cq =\/K—WcS =\/1 N 02-1.0510° M



Exercise 14. Calculate the pH of 0.1 M ammonium chloride
solution (Kg=1.8:10° M a25° C)



Exercise 14. Calculate the pH of 0.1 M ammonium chloride
solution (Kg=1.8:10° M a25° C)

NH,Cl (s) — NH,* (aq) + Cl~ (aq)

NH,4* (aq) + H,O () = NH; (aq) + H;0" (aq)

We have an acid hydrolysis

41



Exercise 14. Calculate the pH of 0.1 M ammonium chloride
solution (Kg=1.8:10° M a25° C)

NH,Cl (s) — NH,* (aq) + Cl~ (aq)

NH,* (aq) + H,O (1) = NH; (aq) + H;0" (aq)

We have an acid hydrolysis

K 1-107"
H.O"1=.4/K ‘c. = |—¥.¢ =\/ .0.1=7.45-10° M
[H,0]= K¢ \/KB > V1.8-107

pH =5.12



Exercise 15. Calculate the pH of a 0.05 M ammonium fluoride
solution (ammonia Kg =1.8-10> M; HF K, =7.2-10*M at
25° O)



Exercise 15. Calculate the pH of a 0.05 M ammonium fluoride
solution (ammonia Kg =1.8-10> M; HF K, =7.2-10*M at
25° O)

NH;F (aq) — NH," (aq) + F~ (aq)

NH,4" (aq) + H,O (I) = NH; (aq) + H;0" (aq)
F~(aq) + H,O (1) = HF (aq) + OH™ (aq)
H,;0* (aq) + OH~ (aq) = 2 H,0 (1)

NH," (aq) + F~ (aq) = NH; (aq) + HF (aq)



Exercise 15. Calculate the pH of a 0.05 M ammonium fluoride
solution (ammonia Kg =1.8-10> M; HF K, =7.2-10*M at
25° O)

NH;F (aq) — NH," (aq) + F~ (aq)

NH,4" (aq) + H,O (I) = NH; (aq) + H;0" (aq)
F~(aq) + H,O (1) = HF (aq) + OH™ (aq)
H,;0* (aq) + OH~ (aq) = 2 H,0 (1)

NH," (aq) + F~ (aq) = NH; (aq) + HF (aq)

K HF \/7.2510“
H.O']= ALK, = 1.0-107"" =6.32-107" M
HO7) \/ R B i L}




Controlling pH: Buffer solutions

+ HCI to both solutions

- ——— e —
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Buffe.red Not t?uffred After the addition of HCI, the pH of the buffered solution
solution solution does not change (or changes slightly), while the non-
pH 5.04 pH 5.04 buffered solution drops to pH 2.33. The buffered solution

hampers pH variations.
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How do we prepare a buffer solution?

| ot |

o) pH _mV§
—_ ==

acetic acid Na acetate
0.1 M 0.1 M
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How do we prepare a buffer solution?

A buffer solution is an aqueous solution in which the pH does not
vary appreciably upon small additions of strong acids or bases.

To make a buffer solution we have to satisfy two conditions:

* we need the simultaneous presence of two species: an acid capable of
reacting with OH- ions and a base capable reacting with H3;O* ion.

*The acid and the base must not react with each other.

A buffer solution is usually prepared from approximately equal
amounts of a conjugated acid-base pair:

- a weak acid and its conjugate base (e.g. acetic acid and acetate ion)
* a weak base and its conjugate acid (e.g. ammonia and ammohium

ion)



How does a buffer solution work?

In the acetic acid/acetate buffer, acetic acid (weak acid) is
required to react and consume the added hydroxide ions :

CH3COOH (aq) + OH- (1) 2 CH3COO0- (aq) + H,0 (aq)
[CH,COO0™] K, 18107

= =—5~ = =1.8-10° M~
[CH,COOH]-[OH"] K, 1.0-10™

The equilibrium constant for the reaction is very large because the
OH- ion is a much stronger basis than acetate (CH3COO"). This
means that all OH"ions, coming from an external source, are
completely consumed.

Similarly, each hydronium ion added to the solution will react
with the acetate ion present in the buffer.

CH3COO- (aq) + H30* () 2 CH3COOH (aq) + H,0 (aq)

___lencoon) 1 1_5=5.6.104 -
[CH,COO ]-[H,0'] K, 1810

The equilibrium constant for this reaction is very large, since the H;0*
ion is a much stronger acid than acetic acid (CH;COOH).

49



Common buffers in laboratory practice

Weak acid Conjugate base
Acetic acid acetate

CH;COOH CH;COO~
dhydrogen phosphate hydrogen phosphate
H,PO,~ HPO,*~

hydrogen carbonate carbonate

HCO;~ CO;4%~

hydrogen phosphate phosphate

HPO,*~ PO~

Buffer system in the blood

* bicarbonate
* hemoglobin
* phosphate

Ka (M)

1.8:107

6.2:1078

4.8-1071

3.6:10713

Buffering range
pH
3.7-5.8
6.2—-8.2

9.3-11.3

11.3-13.3



The Henderson-Hasselbalch equation

[coniugate base]

[acid]
(. J

The pH of a buffer solution is controlled by two factors:

pH = pK, +log,,

L.J. Henderson
* the strength of the acid (indicated by K, o0 pK,) (1878 1942)

* the relative amounts of the acid and of its conjugate base

The pH of a buffer solution 1s mainly determined by the value of pK and the
fine pH control is achieved by modifying the relative amounts of conjugate
base and acid.

if [conjuga.te base] 1= pH > pK,,
[acid ]

[conjugate base]
[acid]

[conjugate base] <1 pH < pK,

[acid ] / .

if =1—pH =pK,

if




The Henderson-Hasselbalch Equation

In a buffer solution containing a weak acid HA and its conjugate base A~ :

. N _[AT]-[H,07]
HA (aq) + H,O (I) = A~ (aq) + H;0" (aq) K, =
[HA]
(HO =K, [HA] _K,- .[ac:1d]
[A7] [conjugate base]
Let’s use the co-logarithmic expression:
[acid]

-log, [H,0"]=-log,, K, —log, :
[conjugate base]

[conjugate base]
[acid]

=-log,, K, +log,,

[conjugate base]
[acid]

pH = pK, +log,,



Preparing a buffer solution

We have two main conditions to satisfy:

* Control of pH: 1t has to be efficient at the desired pH. Use Henderson-
Hasselbalch equation.

[conjugate base]
[acid]

First of all, on has to choose a a weak acid that has a K, or pK, close to the
desired [H;0"] or pH. The precise pH value is achieved adjusting the
[conjugate base]/[acid] value.

pH = pK , +log,,

* buffering power: the buffer solution has to compensate the amounts of

acid or alkali added. E.g. in an acetate buffer we must have enough aceti
acid to compensate for the acid which we foresee to be introduced.

A buffer solution 1s not effective, once the acid or conjuate base from the

buffer 1s consumed.



Buffering power 3
A buffer 1s at maximum efficacy pH 1s close to pK,, 1.e. when:
[acid] = [conjugate base]

The buffering power 3 1s defined as the amount of base that leads to an increase
of pH of 1.

dc, dc,

B=de=_de

A buffer is efficient if pH = pK, £ 1



The acetic acid /acetate buffer pK, =4.74 (c, =1 M)

4.74

3.74

55



Acetate buffer pK, = 4.74 and ammonia buffer pKg = 9.25

Buffering power decreases with buffer concentration

4.74 9.25
(M S S S S Ay S

0.8 - ; ; -
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pH indicators



pH indicators

A pH indicator 1s a weak acid or a weak base in which protonated and
deprotonated forms have different colours.

’ acido di Brensted, \ di fenolftaleina,

-
‘ o senza colore base di Brensted, rosa
HO\;//\\ R J

! “ . (ag) + 2 H0(€) & 2 H,0%(aq) + o )Ciz a
- /\ | " ? P4
o= &3 "‘<‘\ -~ \\

Fenolftaleina, /0 Base coniugata
|

\
\ ‘

,\ |
~

0

It 1s added 1n small quantities to a solution (to affect the least the
pH) and 1t has different colours, depending on the pH of the
solution.
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If the indicator 1s a weak acid, we indicate as Hind (colour red) the
protonated form and as con Ind~ (blue colour).
The indicator 1s in equilibrium in water:

HInd (aq) + H,O (1) 2 Ind (aq) + H;0" (aq)
_[Ind"]-[H,07] K, [Ind’]
A [HInd] [H,0*] [HInd]

The ratio [Ind~] / [HInd] determines the colour of the solution. We can
have three limit cases:

H,O0"]>K, —=[HInd]>[Ind"] red solution
H,O0"]=K, —=[HInd]=[Ind"] purple solution
H,O0"]<K, —=[HInd] <[Ind"] blue solution

Each acidic indicator will be characterized by a K,: 1n solution 1t will have
the colour of the protonated form HInd if pH < pK,. If pH > pK, the it will
have the colour of the deprotonated species Ind~ .



Anthocyanins from red cabbage




Colour change for some indicators:

Methyl orange

et a 1 , //O/O
‘ 1 \ N < > S\/
. N@N O~ Na'
: /
o,

Bromothymol blue

Phenolphtalein
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Some pH indicators and their pH range

pH

[Indicatore
Giallo Alizarina-R
Timolftaleina

Fenolftaleina

Blu Timolo

Rosso fenolo

Blu di bromotimolo

Rosso di clorofenolo

Rosso metile

Verde di bromocreosolo

Metilarancio

Blu di bromofenolo

Blu Timolo

(intervallo come base)

Violetto metile  Giallo " Violetto

| | | | | | | | | | | |

Giallo N Violetto

| 2 3 4 5 6 7 8 9 10 11 12
Incolore M Blu

E
II’
8 Incolore I Rosso

— Giallo " Blu

> Giallo M Rosso
Giallo N Blu

Giallo N Rosso

Rosso I Giallo
Giallo N Blu
Rosso [ Giallo-arancio
Giallo "W B!lu-violetto

Rosso @ Giallo




Acid-base titration with phenolphtalein

In an acidic solution, phenolphthalein is colourless and it remains so as long as
the colour-transition point 1s achieved. When the pH reaches 9 the solution starts
to turn pink




Acid-base titrations

An acid-base titration allows one to determine the quantity of acid (or base)
present 1n a solution by measuring the volume of a solution with a known
concentration of base (or acid) necessary to achieve complete neutralization.

The acid solution to be titrated 1s introduced into a a flask and the base
solution of known concentration is placed in a graduated burette above the
container and added drop by drop until the acid is completely neutralized.
From the volume of base added we can immediately calculate the number of
moles of base necessary for neutralization

Ng... = Volume - concentration

This amounts corresponds to the acid present (for a monoprotic acid).
To appreciate neutralization one adds an indicator with turning poin at pH = 7



Titration 1n paractice

Burette filled
with titrant

pH meter

s .‘-:RA:;
-
e
-

The volume of titrant
must be masured
accurately 65

Soltion to be titrated Magnetic stirrer
+ indicator




An acid-base titration plot is a graph plotting the pH of an acid (or base) solution as a
function of the volume of base (acid) added. The figure below shows the titration
curve of 25ml of 0.1M HCI with 0.1M NaOH

14.0 —

12.0—

Intervallo di pH, giallo alizarina-R
10.0 —

Intervallo di pH, fenolftaleina

8.0 —
Punto equivalente : : :
' Intervallo di pH. blu di bromotimolo

—

pH

6.0 — . ?
Intervallo di pH, rosso metile

4.0 — Intervallo di pH. blu di bromofenolo

20 — Intervallo di pH, blu timolo

0.0 —
l I I | | I | l I 1
5.0 10.0 150 200 250 300 "35.0 40.0 450 50.0

Volume di NaOH 0.100, mL
The equivalence point of a titration 1s the point that corresponds to the addition of
a stoichiometric amount of base (or acid). For an acid-base titration of strong

electrolytes the equivalence point will be at pH=7. .



Titration of a strong acid with a strong base

During titration the pH is calculated taking into account that the number of moles of base
added neutralize the same number of moles of acid: the number of remaining moles of acid is
divided by the total volume (which has increased compared to the initial value).

Initially we have a stron acid HA at concentration=c,

pH = —log;oca. If one adds the strong base B:
HA (aq) + B (aq) —» BHA (aq)+ H,O (1)

N, =C, "V iital

Ng =Cp "V added

n, -n c.'V.... —c,'V .
® as 10ng asnir -~ n [H O"‘] — A B — A iniziale B aggiunto
AT TP : V. +V V.. +V
iniziale aggiunto

iniziale aggiunto

* when n, = ng, the base has completely neutralized the acid and pH =7
(equivalence point)

* from that point on, adding further amounts of the base will cause: n, < ng

|OH™ | = O 70 _ts Vaggiunto = Ca " Viniiale
V +V V. +V

iniziale aggiunto iniziale aggiunto



Titration of S0 ml di1 0.1 M HCI1 with 0.1 M NaOH

HCI (aq) + NaOH (aq) = NaCl (aq)+ H,O (1)

0 T T T T T T T ]
0O 10 20 30 40 50 60 70 80 90 100
Volume of base added (ml)

1.1761
1.3680
1.6021
1.9542
2.27788
2.9956
3.9996
7.0000
9.9996
10.9957
11.4643
11.6778
11.9586
12.2218
12.3632
12.4559

68



Titration of 50 ml of 0.1 M NaOH con 0.1 M HCI
NaOH (aq) + HCI (aq) = NaCl (aq)+ H,O (1)

Volume of acid added (ml)



Problem: Calculate the pH of an aqueous soltion obtaine by mixing 40.0 g of
NaOH (M =40.0 g/mol) with 40.0 g of HBr (M = 80.9 g/mol) in a volume of
solution of 1700 mL.

400 g

" ~ 400 g
MO 40.0 g/ mol

N, = = 0.49 mol
MAST T 80.9 g/ mol

=1.0 mol

Hydrobromic acid 1s present in a smaller quantity (0.49 moles), and will react
completely to neutralize 0.49 moles of NaOH::

NaOH + HBr — NaBr + H,0O

The number of moles of remaining NaOH will be:

Nyaop = 1.0 — 0.49 = 0.51 mol

.51 mol
A concentration of: CnaoH = 0-51 mol _ 0.30 M

1.7 L

We will obtain a 0.30 M solution of NaOH. [OH~] = 0.30 M, with
pOH=-log;;, 0.30 = 0.52 therefore pH=14 — 0.52 =13.5



Titration of a weak acid with a strong base

The titration plot has a different shape. We report below the titration plot
of 25ml of CH;COOH 0.1M with NaOH 0.1M

14.0 —

12.0 —

10.0 —

Equivalence point Titration range for phenolphtalein

Titration range for methyl red

I I I I I I I | I I
50 100 150 20.0 250 300 "350 400 450 50.0

ml of NaOH 0.1 M added -



Titration of a weak acid with a strong base
100 ml of acetic acid 0.1 M with NaOH 0.1 M.

Semi-equivalence point,
0-1MCH,COOH  1eH,co0H] = [CH,C001]

pH and pH=pK, . .
6 Equivalence point,
/ 00 0.05 M of CH;COO-
d CcH:C
OOH an ’
4 nave both CHC
‘-eg\o ’
pufferind
2
00 20 40 60 80 100 120 140 160

Volume di NaOH aggiunto (mL)



The titration curve can be divided in four regions, where we calculate pH with
different equations:

12 4. Solution of a
strong base
pH=14-pOH —S
10
2. buffer — #
8 H— oK +1 [coniugate base ] \
P PR 08 ™ d] 3. Equivalence point,
pH alkaline pH with salt of
6 weak acid+ strong base
OH = JKoes = -2,
4 : : .
/ Semi-equivalence point §
\ pH =pK,
2 1. Solution of a
k acid ¥ /
WweEakK acCl [H3O ] _ KACA
00 20 40 60 80 100 120 140 160

Volume di NaOH aggiunto (mL)



Titration of a weak acid (pK 4 = 4) with a strong base in the
presence of an indicator

14 [HInd]
-«
12
e HInd Ind™
n n

PH g colore colore

4

2

0 40 80 120
Volume del titolante (mL)
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