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

Theory of neutralization titrations in complex systems
Baieall dadai¥) A& Jalail) Cilaal (5 el Cailall

Poly equivalent acids, poly basic, poly protonic acids
Ooiguall ddmia o) Aaclall fasmia of 3AKHY Fadmia (yaalgal)

Acids that react with aqueous solvent, giving more than one hydrogen or hydronium
ion for one molecule, are called the polybasic or polyprotonic acids. Except for sulfuric
acid, all these acids are weak, including phosphoric acid.
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aall (el Jelinl) pilgn dne ) jads ol cAuae i) astia Jois Ledicy . panlal) Loy o (Sa ) lisig sl
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H,SO, + 2H,0 —— 2H3;0" + SO,
Or: H,S0; —— 2H"+ S04
b A Jgead) B LSy g paals 4 (al ol Al i) iyl aalal Auaalal) A Glua die s
Ex. Calculate the pH of 0.01 M H.SO, solution.
H,SOy — 2H*"+ 804'2
Before lonization 0.01 0 0
After lonization 0 (2 x0.01) (0.01)

[H*]=0.02 mole/L
pH = -log[H"] =-log 0.02 = 1.699

Sy iy U (adla (o)) Sixy 138 5 (Intermediate step) A sl & shall Jaladi dapall o3a (<1
s Aadll) caYalaall (8 LeS g 8aa) 93 ghady (pual g (8 glady

H,.SOy —— H™ + HSO4 Kay infinity (complete ionization)

HSO4 H* + SO4? Kay partial ionization

The ionization in the first reaction is complete, just like the case for the strong HCI
acid, while the second reaction is incomplete since the acid HSO4 is a weak acid
compared with H,SO4. Therefore, the second reaction will be in equilibrium and have an
equilibrium constant of Kas.
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H* + SO4'2

HSO4

[H*1[S0;7]

— =1.2x 1072
[HSO0; ]

Kaz =

Polybasic weak acids
4aclil) famia ddadl) (aal gadl

Ex: - H2COs3, H3PO4, H2S , H2SO3, Oxalic acid C2H204

In spite that polybasic weak acids react by steps just like H,SO4 but it differs in that
reaction steps are not complete in all the steps.
L& YT H S0, Jie &l shady Je it Aaum all () 63 5 jll Boaata 5l Zoac ) Badata sl sall O (e a2 HI e
il G ghad JS 8 ALl e 3 ) geay Je i LY ase alias

H,CO3 + HHO = H30" + HCOg3
HCOs; + HLO =— H;0" + COj3?

-1 A e
H,CO3 =——H" +HCO3 -----m---- (1)
HCO; =—— H'" +CO03?% -------- (2)
[HT][HCO3 ]
Ka. = =45 x 1077
“ 7 TH,C0s]
[H*][ CO3?]
Ka, = =47 x 10711
“2 = THCo;]

Ka; and Ka; are called successive equilibrium constants.
el g bl o 51 el cl o s Kay , Kayg

Calculation of the pH for the polybasic or poly protonic acids
Osi gl Badtia gl Baclall Basaia (laal gall daalall Aol Qlua

If the Ka: value is a hundred times bigger than the Ka> value for a weak polybasic
acid, then the pH value will depend only on the concentration of the solution of the
acid and the Ka value. We can neglect the second and third ionization reactions; hence,
the calculation will be the same for the weak monobasic acid.
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Ex:- Calculate the pH of 0.03 M H,CO3 (Ka; =4.5 x107, Ka, = 4.7 x 10

H,CO3 = H* + HCO5

[HT][HCO5]
Ka, = =45 x 1077
M7 TH,C04]
H,CO3 =——— H" + HCO3s
Before ionization 0.03 0 0
After ionization 0.03 -x X X
[HT][HCO3]
Ka1 =
|[H,COs]
X).(X
4.5 x1077 = X)X

~0.03 —(X) (neglected)

X2=135%x10"% > X =3/135x%10"8
X=[H"]=1162 x 10~*mol/L

pH = —log[H*] = —log1.162 x 10~* = 3.9355

Kai>> Ka @ o)) W
Al cplal) el Jlaal (Sary Ky dady Jolaal) S5 dad Ao Jad) adiny 1)
(tri basic acid) saclall LD (adgall Lucaslall dlall Glaal sac ) i Gubi (Sag
. (H3POg) <l sandll (mals Jia
Kai= 7.1x103  Kaz=6.3x10%, Kas = 4.5 x 1013

As can be seen, Ka; is 100 times bigger than Ka,. Therefore, the second and third
lonization reactions are not complete, contribute small amounts of H* ions, and can be
neglected.

O S as Kag | Kay e 80 4 e 8L 581 Kag dad o) Jaadl o3e) A8,V 0
Pladl S 1igl g radl) g2l 355 (3 el Y1 el Y AWl A0 (il Do
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Ex:- Calculate the pH of 0.1 M H3PO4

Kai= 7.1 x 1073
Ka, =6.3 x 108
Kaz =4.5x 101

HsPO; == H"+ H,PO;

[H*1[H2PO]
Kg, =
N [H3PO4]

=7.1x1073

HsPOy, =——— H'+ H,PO,
Before ionization 0.1 0 0

After ionization 0.1-x X X

7.1x1073 = % , (X) = neglected

X?=7.1%x10"3 x0.1
X?=7.1x 107*
X = [H*]0.027 mol/L
pH = —log[H*] = —log 0.027 = 1.569
Ka;>> Ka; >>Kaz : ¢ W
. RSN g 4500 o) el Jlaa) (Sarg Kay ey Jsbaall 5.5 e e Jall adiny

Titration of poly basic acids with bases
a0 ) g8l) aa o) gl Badatia sl gad) s

1 - Dibasic acids HoA  8aslil) 4l g) gdlsil) Al (el gad)

2S5 )38 aa (HoCO3) i o Sl mala Jia 55 all 0L ) 58ISEN A0S mal gl s e

Ll (e s S e Apmaalall Allall Fad 48 jaa wigy Jalaill () e a2 Y e 5 ¢ (NAOH) o323 el
Jilal) sl S o Jal e ellig 5K A vie Apaalall A Aad & jra SIS Lgy 4l Y) sl

R EWIEPPRENENeS
H,CO3 ———= H" + HCOz Kai =4.5 x 107
HCO3 ———— H'+ CO3%2 Ka, =4.7 x 1011
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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.

Clea Koy Lglly oY) Lo 3815 ki dllia o (o) 5815 A oDlel Cplelial) (pda (e JS)
Ka, , Ka, 8 oo Jo¥) 5800 dkis vie docaclal) Al desd

[H+]2 == Ka1 .Kaz

[H*] = \/Ka,. Ka,

oY) sl Al die Cpmg pugl) Gaa) S5 aladY sty dlel Ggildl)

[H*] = /(4.5 X 1077) X (4.7 X 10~11)
mole

[H*] = 4.599 x 107° T

[H*] = —log [H"]

[H*] = —log 4.599 x 107° = 8.337

2. Second equivalent point.
Al Astaall (g Sl Jlaill Culs sy 5 hydrolysis reaction e Jlas Jelis sa
CO32 + HyO = HCO3 + OH-

Kh = 2AIHCO9] 67 x 1074 , if Kh=ZX¥
[CO57] Ka,
Kw _ [0HT][HCO3]
Ka;  [C03?%]
But [HCO3] = [0H]
Kw  [0H7]?
Ka, [C0;?]
Kw X [CO37]
OH™]? =
[OH™] Ka,
K
[OH7] = \/— [CO57]
a;



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

4.7 x10~11

joH] = (220 jcos?

[OHT] = \/2.128 X 107%, [CO;Z]
The general equation for hydroxide ion to solution salt of two equivalent acid:-

D SIS AU (el e gl xde J slaal 2S5 el sl 308 51 luad dalad) Aalaall o

» Kw li
[OH ]= Kaz .Cs = Khyd.CS

Kw = water hydrolysis constant = 1.0 x 1014
Ka, = second dissociation constant of acid
Cs = is the formal concentration for salt

Ex:- Calculate the pH of the solution resulting from the titration of 50 mL
of 0.1M carbonic acid (H.CO3) with 0.1M NaOH at:

1- Initial point (before the addition of NaOH)

2- At first Equivalent Point

3- At the second Equivalent Point. if you know that the concentration of
Na2C03 = (0.05 M.

(Kay = 4.5 x 107, Kap = 4.7 x 101Y)

1- Initial point (before addition of NaOH)
i g3 SN omalad A pmalal) A1) Casni sac ) ALl J8 Al jall 038 3

H,CO; ==——— H" + HCOs

Before ionization 0.1 0 0
After ionization  0.1-x X X
Ka, = WIHCO] _ 4 o o 107
[H2CO3]
X). (X
45 x 1077 = (X) - (X)

~0.01 —%e/glected)
X?2=45x1078

X =[H*]=2121 x 10~*mol/L
pH = —log [H*] = —log2.121 x 10~* = 3.673 mol/L
6
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Kai;>>Ka,
Al ) el s Jlaa) (Sars K@y dadiy Jslaall 385 daid e Jal) adiag
2- At the first Equivalent Point

[H+]2 = Ka1 _Kaz
[H+] = \/Kal K

=vV45%x 10-7 x 4.7 x 10-11
[H*] = 4.599 x 10~° mole /L
pH = —log [H*] =—10g4.599 x 107° = 8.337

3- At the second Equivalent Point

-14
[0OH ] = [~ cs =\/L"_11x0.05
Ka; 4.7 x10

=/2.128 x 10~* x 0.05
= 3.262 x 10 ~3 mole/L

pOH = —log [OH™]

pOH = —1og3.262 x 10 3 = 2.487
pH + pOH =14
pH =14 — pOH
pH = 14 — 2.487 = 11.513

pH

mL NaOH
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Ex: Calculate the pH value of 0.2 M solution of NaHCO3
(Kag =4.5 x 107, Ka; =4.7 x 1011)
DoY) S A ) gilE andi AT 53K ALk Ay ey ol AdasSle

=vV45x 1077 x 4.7 x 10-11
[H*] = 4.599 x 10 ~° mole /L
pH = —log [H"]
pH = —1log4.599 x 107° =8.337

Ex: Calculate the pH value of 1.5 x10-* M solution of Na,CO3
(Kap =4.5 x 107, Ka, =4.7 x 10-11)

P gl A€ 500 (A 9 Ay g8 Bao B g el gy L) (aala 9 (559l (AU Chirud paala (e (Fida la Na2C O3

[0H"] = /K—‘” X Cs
Kaz

1.0 x 10-14
= |27 % 1o-1 X 1.5x 1073

=+/2.128 X 10~% x 1.5 X 103
= 5.65 X 10~* mole/L
pOH = —log [OH]
pOH = —log 5.65 x 10~* =3.248
pH + pOH =14
pH =14 — pOH
pH = 14 — 3.248 = 10.752
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Indicator selection
Jalal) JLad)

Thymol blue is a suitable indicator for the first endpoint, while Phenolphthalein

Is a suitable indicator for the second endpoint.
Algh) Al Cuial) Judal) oa (Uil idl) Ladyy 3 oY) Al il) Adalll Cacaliall Jalal) g2 (3,590 S saslil
2533 gual) LS g 30 aa i g Sl aala grad gl g oA AN JSAN (e gl ga LaS g AL

108 :

8.3

mole equivalents of OH added

2 -Tri basic acids HsA
H3POys is the only inorganic tri basic acid that chemist use. The method that has been used
for di basic acids can be employed to calculate pH values at different equivalent points.
s Bac Al A5G o) gilsil) ASNE Laa) gad)
Fa Cppenl Lyt (ailiasl g alay (52 m g 532 ) G (g gume V) mdlall ool ) sl il
Aoae ) A3 el ) ae Calerial 1) shadll i aladiial Koy ddlida) (S Lol die dpaalal) A1

[H*][H2PO;]

+ "o — _3

H3POy4 H* + H,PO4 (1), Kyqi- TR 7.1 X 10

) . P [H*][HPO;?] _ -8
H2PO4 H* + HPO, 2), K- o] = 03X 10

+ -3

2 = H* + PO e _H][PO47] _ -13
HPO4 H PO4 (3), K, 3= [HPOZZ] 4.5x%x 10
1- First equivalent point: oY) ghlsl) ddags

[H*] = \/Ka41 .Kgz =V7.1x1073 X 6.3 X 1078
[H'] = 2.115 x 107° mole/L
pH = —log[H'] = —log 2.115 x 107> = 4.675

9
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2- Second equivalent point: Il salsal) ddais

When H3PO;, is titrated against NaOH, the endpoint can be reached at the same pH
value by dissolving Na,HPO, in water, and the calculation of hydrogen ions is carried
out in the same way by ignoring the effect of the first and the second ionization effects.

AL el ddass Al J gadll (S a0 seall 2S5 jan Jilie ey ) giadll (mala sl die
5l e el any @13 5 Al 3 ) sean ol Gan 5 3ed) Osa) S 5 a5 el & NapHPO,

el saadll (aalad EWE  J oY) il

[H*] = JKaz -Ka3=V6.3x 1078 X 4.5 X 10713
[H*] = 1.684 x 1071° mole/L
pH = —log[H"] = —log1.684 x 10710 =9.774

3- Third Equivalent Point:

’KW
[OHT] = K_a3 XCs = 2y, Khyd.Cs

(0H"] = \/1.0 X 10714 [PO;?]

45 x 1013°

Ex:- Calculate the pH of the solution resulting from the titration of 0.1
M phosphoric acid (HsPO4) with 0.1 M NaOH at:

1- Zero addition of NaOH (Initial point)

2- First Equivalent Point

3- At the second Equivalent Point

4- At the third Equivalent Point (NasPO4 = 0.001M)
5- Draw the approximate titration curve.

(Kai=7.1x 10®, Kaz = 6.3x 108, Kas = 4.5x103)

10
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1 -At zero addition of NaOH

A Lpaalal) Adfal) Gua g ey ) ghaadl) Gaala (5 g a3 g0 ¥ Al 03 B

H3POs~~—— H* + HPOy --------- (1)
H*[H,PO; _
Ka, =2 HP0] _ 79 19-3
[H3PO4]
H3PO4 < H'+H,POs
Before ionization 0.1 0 0
After ionization 0.1-x X X
(X). (X)

=71x%x 1073 - X? =7.1x 10~% Xignored
(0.1-X)

X =[H"] = 0.027 mole/L
pH = —log[H*] = —10g0.027 = 1.569
Ka;>> Ka,>>Ka;
AN 5 Al ol cole s Jlaal oSy KAy dasdy Jeladdl 385 dad o Jall aciay
2- First Equivalent Point

[H*] = \/Kq1 - Kgz =V7.1x1073 X 6.3 x 1078

[H*] = 2.115 X 107° mole/L
pH= —log [H'] = —log 2.115 x 107> = 4.675

3- At the second Equivalent Point
[H*] = JKuz -Ka3 = V6.3 X 1078 x 4.5 x 1013

[H*] = 1.684 x 107'° mole/L
pH = —log[H"] = —log1.684 x 10710 = 9,774
4- At the third Equivalent Point
[OH7] = K—W.Cs = Jl'o x 107 x 0.001
K3 45 x 10-13

[OH"] = 4.714 x 10~3 mole/L
pOH = —log[OH™] = —log4.714 x 1073 = 2.327
pH+pOH = 14 - pH = 14 — 2.327 = 11.673

11
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5- Draw the approximate titration curve.

e B e e Eq. point3

Eq. point 2

Eq. point1

Volume of NaOH

Buffer solutions contain polybasic acids and their derived salts.
Leie A8iial) ~ DY g 58Sl Badnte (oadl ga e Ay glal) dadatall Julladl)

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

L'"_ibﬁ\}“& ‘CL‘X\ %) @\Aﬁ.&a j\ 2= 14 UAA‘P (e dadnig JJ\A.A JMAS USA:!
el ) bl aalal Ciliiiae s jlie) ¢Sy HoPO4, HPO4? |, PO4.
Calculation of pH values

Ex: - Calculate pH value of a buffer solution containing 0.06 N HzPO4 and
(0.04 N) H2POy.

(Kap =7.1x 103, Kap = 6.3x 10®, Kaz = 4.5x103)
Oty @l shdl) aalal Kap 9 Kag @Y ales dxal e e
[H2PO4] [H3PO4] oo Kag o) W iy
H3PO, == H" + HyPOs

[H'][H2P0%] -3
Ka.————=7.1x10
M ="Hp0,]
_ [H']x0.04 _ _3
= "ooe 7.1 x10
11 _ 7.1x1073x0.06
[H*] = 0.04

[H*] = 1.056 x 1072 mole/L
[H*] = —log[H*] = —log 1.056 x 1072 = 1.973

12
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Ex:- Calculate pH value of buffer solution containing 0.3M [H2PO47] and
0.1M [HPO47].
(Kap =7.1x 103, Kap =6.3x 10®, Kaz = 4.5x1013)
s sl Aalaall 8 KA Aalee () LU ey ) sl (aalad il culs C¥alae ) g sl
[HoPO4] [HPO4?] 0¥ e (s sins Al

HPOy <——> H*+ HPO,?

+ — +
Ka, = A 1HPO4] 63x 108 = HA1x01
[H,PO ] 0.3
-8
[H*] = 6'3“(‘)’1 03 — 1.89 x 10~ "mole/L

pH = —log[H*] = —10g1.89 X 1077 = 6.724

Ex: Calculate the PH value of buffer solution containing 0.2 M succinic acid
H2C4H404 and 0.15 M NaHC4H4O4
(Ka; =6.21 x 10° , Ka, = 2.31x109)
s sl Aalaall o8 Ky Aalae (o)) Jaa B @l guall Glaalal cplill culd c¥alae (N g sl
Hz C4H4O04, HC4HAO 4 o 53

H, C4H.Opy=—= HC4H,O4 + H*

[HHCHO:) g [HT]1x015
“1= " [H,C,H,0,] S 0.2
6.21 x 1075 x 0.2 B
[H] = 0TS = 8.28 X 1075 mole/L

pH = —log[H*] = —10g8.28 x 107> = 4.082

13
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Ex: Calculate pH value of buffer solution containing 0.3 M [H.CO3] and
0.2 M [KHCOg]. (Kap =4.5 x 107, Ka; = 4.7 x 10°1%)
) sus sl Alladd) o8 Kay dlales o)) Jaa3U @liig)\SI) aalad il ey c¥ales ) g sl
H2CO3 , HCO3™ e (s sias

H,CO3 == H" + HCOxs

. [ HY][HCO3] 45 x 107 = [ H*] x 0.2
1= [H,CO0s4] S 0.3
45x 1077 x 0.3
[Ht] = X 03 AL 6.75 X 10~ "mole/L

pH = —log[H"] = —1log6.75 x 1077 = 6.171
Ex:- Calculate pH value of buffer solution containing 2.0 M [H3PO4] and
1.5 M [NaH2PO4].
(Kap=7.1x 103, Ka; =6.3x 10®, Kaz = 4.5x10%%)
st Gl sl oA Ky Aol o) Jasdl elsiuadll Gaslad il culs eV olea ) gsa)ll
.H>POg4, H3PO4 sV e
HsPOy ==——— H" + H,POs

[H*][H2PO]
[H3PO4]

Ko =7.1x1073

[HT]x15 _ 71 %1073 — [H*] = 7.1x1073 x 2.0
2.0 ' 1.5

[H*] = 9.467 x 1073 mole/L
pH = —log[H*] = —10g9.467 x 1073 = 2.024
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