College of Ibn Al-Haitham (Analytical Chemistry) Department of Chemistry
Lecture 12

Theory of neutralization titrations in complex system
Bataall dadaiy) & Jolacil) Cilapanil] (o dail) cailal)

Poly equivalent acids-poly basic poly protonic acids
Credg ) ddata o) Auac Al padetia g 8IS Fadrtia [ yaa)eal)

Acids that react with aqueous solvent giving more than one hydrogen ion or
hydronium ion for one molecule are called the poly basic or poly protonic acids.
Except sulfuric acid all of these acids are weak acids including phosphoric acid.

by astious Osl 5l Grmeowr O Oe S Alare Sl Cudall ae Jelin Al aslsall ()
i€l (mala s lials sl saamie 5 el sasmie (malally edi lie saalgll el
- lysidl) aala Lgias A agenl) o Gadliall o3 ol ¢ (g5 aala)
el Cudall pe el (iSy 5 | (5 8 Aae ) daatia gl (G55l 2amie aala @ity HSI) aals g
Dol LS

H,SO, +2H,O0 ----—» 2H3;0" + 804'2
Or:
H,SO,; ---- 2H" + SO
b A Jlpad) B LaSy gs Gl ASY (al cpli Al poiad) @i <l Gaalad Luaalad) DA il sic S

Ex. Calculate pH of 0.01M H,SO. solution.
H,SO4 ---—» 2H* + SO4'2
0.01 0 0
0 2x0.01 0.01

[H" ] =0.02 mole/L
pH = -log[H*] =-log 0.02 = 1.699
ey iy I (adls () i 138 5 (Intermediate Step) a5l 3 ghaall Jalai dxuall o2a (S
s Adll) Y aleall 8 LS g 8aa) 93 ghady (pual g (4 ghady
H,SOs, — HY + HSO4 Kaj infinity (complete ionization)

HSO, =——H"+S0,? Kay partial ionization
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The ionization in the first reaction is complete just like the case for the strong
HCI acid while the second reaction is non complete since the acid H,SO, is weak
acid compared with HSO, . Therefore the second reaction will be in equilibrium
and having equilibrium constant Ka;.

s ol (S Je it Lal, (5 58 mala 4358 Wi S04 Giaalad Jg¥) Jelill b cplil sy
s OO sl Al el 1 jay g aaa HSO, (aela (Y a6 52 (sl
HSOs = H'+ 504'2

+ -2
Ka, = HS% 1 _ 15 102
[HSOL]
Polybasic weak acids
4ac i) Basia ddaial) (aal gadl

Ex:- H,CO3, H3PO4 , H,S , H,CO3 ,H,SO3,0xalic acid

In spite that poly basic weak acids reacts by steps just like H,SO,4 but it differ in
that reaction steps are not complete in all the steps.

alias g W) & ghady Je Wt Al () 68 5 jll Boaatia 5l ApaclEl) Baaata aal ol o) (e a2 )1 e
Sl ) ghad € 33l e 3 ey Jelini LY H,S0, e
Ho,CO3 + HHO =——— H30" + HCOg3"
HCO;3 + H,O =——= H30" + CO3?

- Al G

H,.CO3 =———H" + HCO3  ---------- (1)
HCO;y =—— H* +C032  ----mmmm- (2)
[HT][HCO3]
Ka, = =45 x 1077
e H,CO5]
[H*][ C03?]
= =47 x 1011
Kaz ="Hco7] %

Ka; and Ka; are called successive equilibrium constants .

Bl o) bl o 31l Cul g end Kap ¢ Kay
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Calculation of pH of the poly basic or poly protonic acids
U9 gl Baaria ) 3acll) Baaeia (paa) gall dnaalad) Adjal) Cles

If Ka; value is hundred times bigger than Ka, value for a weak poly basic
acid, then pH value will depend only on the concentration of the solution of the acid
and Ka; value. We can neglect the second and third ionization reactions; hence the
calculation will be the same as it is for the weak mono basic acid.

O el s S5 o8 Kay dad (e bye Ailay puS) Apac il daxie (cadlal Kgy dasd cuilS 13)
Al cdlels Jlaal) Sy Kag dads Jsladdl 3 5 dad e Ladd adiey (aalall Jslad
sada Jlaad Lpoadall Al cilleny Janally dgiliie () &5 claall Gla il 5 chaa g o 2N
cAgaclal) gala) Camia
Ex:- Calculate th pH of 0.03 M H2,CO3 (Ka; =4.5x107 ,Ka, = 4.7x 10'1)
H,CO3 # H* + HCOs

[H*][HCO5]

— 45 x 1077
T C05

H,CO3; =—— H* + HCOg3
Before ionization 0.03 0 0
After ionization 0.03-x X X

[H*][HCO5]
[H,COs5]

Ka1 -

X.X
=45 x1077 =
0.03 — X(ss)

X2 =135x10"8 = /1.35 x 10-8
X=[H*]=1162 x 10~*mol/L
pH = -log[H*] = - log 1.162x 10 = 3.935 Kap>> Kyp @ W

LAl Gl el Jlaal Sy s Ky dadds Jolaall 3855 dad o Jall ading
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Jia (tri basic acid) saclél) £ (malyall ducaalal) Aol Glual sac B s Gules Sas
. (H3POs) b seudll mala Jia
Kai = 7.1x10°3
Ka; = 6.3 x10®
Kasz=4.5x 10713

As it can be seen Ka; is 100 times bigger than that of Ka,, therefore the
second and third ionization reactions are not complete and contribute with small
amounts of H* ions and hence can be neglected.

O i 1y Kag < Kay (e 50 4 e J8G 581 Kag dad ol Laadl oDle) alE V) (1
ledlea) (S 13gd s m s uel sl S () s W) sl Y AR Al (i) e s

Ex:- Calculate the pH of 0..1 M H3PO,
(Ka1 = 7.1x1073)
H3POg4 = H+ H,PO,

Kq, = [H*][H, PO ]
1 [H3PO,4]
H;POy =—— H*"+ H,POy
Before ionization 0.1 0 0
After ionization 0.1-x X X
3 _X*
7.1 X107° = o1

X?=71x 107*
X =[H"]0.027 mol/L
pH = -log[H*]

pH = -log 0.027=1.569 Ka; >> Ka, >>Kaz : o

AN 5 Al il COle s Jlaal Sy KAy ey Jslaall 385 dad o Jal) adiag
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Titration of poly basic acids with bases
35 | g8l) e a5 gAl) Badadia (sl gad) s

1 - Di basic acids H A Bac ) Al o) gleil) Al aa) gall

S 5508 ae (H2CO3) i sy SI (aala Jia (555l ) 58S 4505 (el sal) s vie
Bl (ye Aadi JS vie Aiadlal A0 e 2 yras g Jilall () e ol e 5 (N2OH) 332 5ol
SR s o) dal (e cllhy 5K AL v Auadall A Aad 48 jeay SIS Sy 40 Y el
- Lalia g lagsaa i)

H,COs3 —_— H* + HCOs3 Ka; =4.5 x 10”7
HCO3 =——= H'+ CO0Oj3? Ka, =4.7 x 101!

1. First equivalent point:

There is an equivalent point for each of the two reactions called the first
equivalent point and the second equivalent point. pH value at the first equivalent
point can be determined if we know the values of Ka; and Kas,.

Claa (Kays .+ Atilly JY) Laasdlss il cllia o) (o) 58185 Ak Dl (ple il i (e JS)
Ko, Kay — adiijes ge Jo¥) 5SE0 Ak tic dumalal) A1) dasd
+12
[H7]* = K41 Ka,
+71 —
[H ]_ \/Kal -Ka2
¥ 8Kl ddads die s ynell 2S5 alagy adiin oDle ) (5l

[HY] =V4.5x 1077 x 4.7 x 10711
[H*] = 4.599 x10-° mole/L

pH =-log [H']
pH = - log 4.599 x 10° = 8.337
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2. Second equivalent point.
A Al (e el Jlaill il a5 hydrolysis reaction (Sl Jlas Jelés sa

CO3? + HO == HCO3; + OH-

Kh = OHNHCOS] _ g 671074 | i Kh= X
[CO3“] Kaz
Kw _ [0HT][HCO3]
Ka> [COo37]
But [HCOs ] =[OH]
Kw  [OH"]?
Kaz [C03_2]
o= |X¥ 1co-?
[OH™] = X, [CO57]

[0H"] :J1.0x10-14 .[C03_2]

4.7 x10~11

[0H™] = \/2.128 x 10-4[C05?]

The general equation for hydroxide ion to solution salt of two equivalent acid :-

D SIS U (el e gl le Jostaal 2S5 paed) (sl 355 liad dalal) Aalaall

_ Kw !7
[OH ]= Kaz .Cs = Khyd.CS

Kw = water hydrolysis constant = 1.0 x 1014
Ka, = second dissociation constant of acid
Cs = is formal concentration
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Ex:- Calculate the pH of the solution result from titration of 50 mL of
0.1M carbonic acid (H2COs3) with 0.1M NaOH at:

(Ka; =4.5 x 107, Ka, = 4.7 x 10°1%)
1- Initial point (befor addition of NaOH)

2- At first Equivalent Point
3- At second Equivalent Point. if you know that the concentration

of Na,COs= 0.05M.

1- Initial point (befor addition of NaOH)
i 53 SN Gimalad pmalal) A1) Cansn 520 L) ALl J8 Al pall 038 3

H,CO3 =——— H*' + HCOs

Before ionization 0.1 0 0
After ionization 0.1-x X X
[H*][ HCO3]
Ka1 =
[H,CO3]
X. X
45 x 1077 =
0.01 — X (Jegd)

X?=45x%x10"8

X =[H"]=2121 x 10~*mol/L

pH = -log [H'] = - log 2.121x 10 = 3.673
Ka1>>Kaz

Al cole s Jlaal (Sary Kagiads Jslaadl 385 dad e Jall adiag
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2- At first Equivalent Point

[H+]2 = Kq1 Ka, [H+] = 4 Ko -Kao
=45 x 107 x 4.7 x 10~11
[H*] =4.599 x10° mole/L

pH=-log [H'] > pH=-log4.599 x 10° = 8.337
3- At second Equivalent Point

Kw 1.0 x 10~
[OH™] = .Cs = —— X 0.05
J Kay \/4.7 x 107t

=/2.128 x 10~* x 0.05
=3.262 x103 mole/L

pOH = - log [OH]
=-log 3.262 x103 =2.487
pH=14-2.487=11.513

pH

mL NaOH
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Ex: Calculate pH value of 0.2M solution of NaHCO3

(Kag =4.5 x 107, Ka; =4.7 x 10°11)
Y1 SIS A ) 6 a0 A ) dany o ¢ Aan Sl
[H+]2 = Kq1 Ka,

[H+] = A Kq1 - Kaz

=v4.5 x 107 x 4.7 x 1011
[H*] = 4.599 x10° mole/L

pH = -log [H']
pH = - log 4.599 x 10° = 8.337

Ex: Calculate pH value of 1.5x10-*M solution of Na,COs
(Ka; =45 x 107, Ka; = 4.7 x 101

(e el 1S g o4 g Ay @ 3ac By el g S ads ga 58y nll A Cima aals (e (3l CJA) Na,CO3

[0H ] = |2 x(s

az

1.0 x 1014
= x 1.5%x 1073

47 x 10711

=+2.128 x 10~4 x 1.5 x 1073
= 5.65 x10* mole/L
pPOH = - log [OH]
=-log 5.65 x10* =3.248
pH=14-3.248 =10.752
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Indicator selection
Jadal) HLaa)
Thymole blue is the suitable indicator for the first end point while

Phenolphthalein is the suitable indicator for the second end point.

Al Adaill Canliad) Jall ga (pllidi gl Lady V1 Al Adalil canliad) Jall & (3,00 Jealil) )
o pal) LS g e dli gy Sl (aala s g ‘533‘ ) M\C}A@'AJALASJ@&‘

108 '

8.3

mole equivalents of OH added

2 -Tri basic acids H3zA

HsPO, is the only inorganic tri basic acid that chemist use. The
calculate pH method that has been used for dibasic acids can be employed to
values at different equivalent points.

s Bac Al A5G o) ghlsil) ASNE Laa) gad)
Cad) | L pide GaibesSll 4 Jalay (sl aa l) sac ) (SO0 (adladl g el ) sdudl) anla
ol sall ae el Al ol shadll i aladi) Sy Aabisal) (SH Ll vie dpaslal) A1) Ao

¥ o [HT1[H2PO5] _ -3
H3POs o H* + HPO4 (1), K 1= (HoPOL] 7.1 x 10
) ) [H*][HPO;?] _
+ 2 o __ — 8
HoPOs o HY + HPO4 (2), K4p= [H,PO: ] 6.3 x 10
F1rpn—3
2 PO [P0 _ 13
HPOs“ ., H" + POy (3), Kg3= (HPOL?] 4.5 x 10

10
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1- First equivalent point: oY) ghlal) Adads

[H*] = JKa Kgz =V7.1x1073 x 6.3 x 1078

[H] =2.115 x 10° mole/L
pH = -log[H*] pH = - log 2.115 x 10° = 4.675

2- Second equivalent point: LB ghledl) Adais
When H3PQ, is titrated against NaOH, the end point can be reached at the

same pH value by dissolving Na,HPO, in water and the calculation of hydrogen
ion coarried in the same way by ignoring the effect of the first and the second

ionization effects.
ol e ) i Gl g dgiliia B ) g o (a5 el (sl S 5 laa )5 oLl 8 NapHPO,

[H*] = JKaz -Ka3=V6.3 x 10738 X 4.5 x 10713
[H*] = 1.684 x 1071° moe/L
pH = -log[H*] = - log 1.684 x 101°=9.774

3- Third Equivalent Point:

Kw
[OH7] = K_az X Cs = 2y, Khyd.Cs

1.0 X 10-14
=l -2
[ ]_j4.7 X 10—11'[1304 ]

11
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Ex:- Calculate the pH of the solution result from titration of 0.1M
phosphoric acid (HsPOas) with 0.1M NaOH at:

(Kap=7.1x 10®, Kaz =6.3x 10%, Kaz = 4.5x10%3)

1- Zero addition of NaOH (Initial point)

2- First Equivalent Point

3- At second Equivalent Point

4- At third Equivalent Point (NasPOs = 0.001M)
5- Draw the approximate titration curve.

1 -At zero addition of NaOH

A Lpaalad) Afal) uat g ey ) ghuddl) (aala (5 g 22 9 Y Aad) 038 B

H3POs=~———=> H* + H,PO-------- (1)

[H*][H2PO;]

— -3
w= e = 71 10

H3PO4 S S H* + H,PO4

Before ionization 0.1 0 0
After ionization 0.1-x X X
X.X

T =71x 1035 X2=71x%x 1073

X =[H"]=0.027 mole/L
pH =-1log 0.027 =1.569
Ka;>> Ka,>>Kas
Ay A G Ele s Jlasl (Sars Kagdasds Jslaall 558 dad e Jall sy

12
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2- First Equivalent Point
[H*] = JKa K =V7.1x1073 x 6.3 x 10~8

[H] =2.115 x 10° mole/L
pH = -log[H*] pH = - log 2.115 x 10> = 4.675
3- At second Equivalent Point

[H*] = Kaz - K3 =V6.3 X 10738 x 4.5 x 10713
[H*] = 1.684 x 1071° mole/L
pH = -log[H*] = - log 1.684 x 101°=9.774
4- At third Equivalent Point
_ ’KW 1.0 x 10-14
[OH™] = K_az'CS = \/4.5 < 10-13 ¥ 0.001

[OH™] = 4.69 x10°3mole/L

pOH = - log [OH] = - log 4.69x103 =2.329
pH=14-2.329=11.671

5- Draw the approximate titration curve.

PO e Eq. point3

Eq. point 2

Eq. point1

Volume of NaOH

13
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Buffer solutions containing poly basic acids and their derived salts.
Leie Agidall 7DV 5 5K 3aaxie (ynal s e A gall dakiiad) Julladl)

It is possible to prepare buffer solutions from poly basic acids
and their derived salts.

Sl il VB ~OLaY) (e Lgiliidia gl sa0mie aal sa (e Aaliie Jillae juiaad (K
Cel ) sidll el ciliide b el (S Ho>PO4 HPO4? POy
Calculation of pH values

Ex:- Calculate pH value of a buffer solution containing 0.06N H3PO4
and 0.04N H,POy.

(Kag = 7.1x 103, Ka; =6.3x 108 Kaz = 4.5X10'13)
[H2PO4] [H3PO4] oo Kag of W sy

H:POs == H" + HPOs

[HF][H2PO4]

— -3
ai= o = 71X 10
+
H]X00% _ 71 x10°3
0.06

[H*] = 7.1x1073x0.06
0.04

[H*] = 1.065x10 mole/L
pH = -log [H']
pH = -log 1.065x10% — pH =1.973

14
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Ex:- Calculate pH value of buffer solution containing 0.3M [H2PO4]
and 0.1M [HPO4?].

(Kap=7.1x 103, Ka; = 6.3x 10®, Kas = 4.5x10%)
s sl Aalaall A K@) Uslaa () Jaa D @l ) giaadl) (aalald i)l ¥ alae (N g s

[H2PO4] [H PO4'2] O Y e g giad Al

H.POy ==—— H + H|:)O4'2

+ - _ +
Kap = M2, 63x107% = ko
20 Y4 .

[H*] = 6.3x1078x0.3

= 1.89 x 10~ "mole/L
0.1

pH = -log [H*] =-10g 1.89 x 1077 = 6.724

Ex: Calculate Ph value of buffer solution containing 0.2M succinic
acid H2C4H404 and 0.15M NaHC4H4O4

(Ka; =6.21 010° , Ka, = 2.31x109)
s sl Aalaall o Ky Aalee () Jaa B i gl Gadlal cplill culi c¥alea N g sl

H, C4H4O4, HC4H4O4 o s sini A
H, C4H,Oy=~— HC4HsO4 + H*

H*][HC, H,0; H*] % 0.15
Ka1=[ IHC, HOy] _ 0 1 o-s LA
[H,C, H,0,] 0.2

6.21x 1075 x 0.2
[H*] =
0.15

pH =-log [H*] —» pH =-log 8.28x 10° = 4.082

= 8.28 X 10~ °>mole/L

15
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Ex: Calculate pH value of buffer solution containing 0.3M [H2COs]
and 0.2M [KHCOz37]. (Ka; =4.5 x 107, Ka, = 4.7 x 10°1%)
) sus sl Alslad) aKay Asles of aadl el o)l aalal il culs il alee I g sa
HoCO3z , HCO3 e (s5ias
H,COs=———=H"+ HCOg

H*][HCO; H*] % 0.2
al:[ J[HCO3] | 455 10-7 = LA
[H,COs] 0.3

_ 45x1077 % 0.3
B 0.2

[H*] = 6.75 X 107 "mole/L

pH=-log[H] — pH=-log6.75x 107 =6.171

Ex:- Calculate pH value of buffer solution containing 2M [H3PO4]
and 1.5 M [NaH,PO,2].

Ka; =7.1x 103, Ka; = 6.3x 10®, Kas = 4.5x10%)
@513 G B gl (o K Alalea () Jaad elyysiudl) (aalal il il c¥ales ) gl
.HoPO4, H3POy4 o s¥) e

H;POy =— H" + H,PO4s

[H*][H,PO;]
=" [H3PO,]

=71x10"3 > [H'] =

=71x%x103

7.1x1073%x2
1.5

[Ht]x1.5
2

[H*] = 9.467x107 mole/L— pH = -log [H*]
pH = -log 9.467x10° — pH =2.024
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