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Titration Curves for Strong Acids or Strong Bases (Chapter 7 and on, mostly Chapter 9)
Example: Titration of a strong acid with a strong base -(

Derive a curve for the titration of 50.00 mL of 0.0500 M HCl with 0.100 M NaOH
Initial Point:
Only HCl present



pH = –log (5.00 x 10–2) = 1.30

After addition of 10.00 mL of NaOH: (10.00 mL)(0.1000 M) = 1 mmol NaOH added

	
	HCl
	+
	NaOH
	(
	H2O

	initial
	2.5 mmol
	
	1 mmol
	
	—

	final
	1.5 mmol
	
	0
	
	—




MHCl =  EQ \f(1.5 mmol,(50.00 mL + 10.00 mL))  = 2.5 x 10–2 mol/L



pH = –log (2.5 x 10–2) = 1.60

At the equivalence point:



First, note the procedure for determining equivalence point volume



VA x MA = VB x MB

VB = 
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VNaOH = (50.00 mL)(0.0500 N HCl)/(0.1000 N NaOH) = 25.00 mL



Next, remember the equilibrium equation



pH + pOH = pKw = 14.00



Since at equivalence, pH = pOH



pH = 7.00 at equivalence

After addition of 25.10 mL of NaOH: (25.10 mL)(0.1000 M) = 2.51 mmol NaOH added

	
	HCl
	+
	NaOH
	(
	H2O

	initial
	2.5 mmol
	
	2.51 mmol
	
	—

	final
	0
	
	0.01 mmol
	
	—




MNaOH =  EQ \f(0.01 mmol,(50.00 mL + 25.10 mL))  = 1.33 x 10–4 mol/L



pH = 14.00 + log (1.33 x 10–4) = 14.00 + (–3.88) = 10.12

Titration Curve for Strong Acids with Strong Bases
1.
pH before equivalence point is due only to remaining strong acid

2.
pH at equivalence point is 7.00

3.
pH after equivalence point is due only to remaining strong base

Titration Curves Using Excel Spreadsheet – A new example base titrated with acid ! 
Concentration of acid = 0.0050

Initial Volume Acid = 0

Concentration of base = 0.0100

Initial Volume Base = 25

Volume at Equivalence Point = 75

	Vol. Titrant (ml)
	Total Vol. (ml)
	mmols Acid init.
	mmols Base init.
	mmols Acid fin.
	mmols Base fin.
	pH

	0
	25
	0
	0.25
	0
	0.25
	12.00

	5
	30
	0.025
	0.25
	0
	0.225
	11.88

	10
	35
	0.05
	0.25
	0
	0.2
	11.76

	15
	40
	0.075
	0.25
	0
	0.175
	11.64

	20
	45
	0.1
	0.25
	0
	0.15
	11.52

	25
	50
	0.125
	0.25
	0
	0.125
	11.40

	30
	55
	0.15
	0.25
	0
	0.1
	11.26

	35
	60
	0.175
	0.25
	0
	0.075
	11.10

	40
	65
	0.2
	0.25
	0
	0.05
	10.89

	45
	70
	0.225
	0.25
	0
	0.025
	10.55

	50
	75
	0.25
	0.25
	0
	0
	7.00

	55
	80
	0.275
	0.25
	0.025
	0
	3.51

	60
	85
	0.3
	0.25
	0.05
	0
	3.23

	65
	90
	0.325
	0.25
	0.075
	0
	3.08

	70
	95
	0.35
	0.25
	0.1
	0
	2.98

	75
	100
	0.375
	0.25
	0.125
	0
	2.90

	80
	105
	0.4
	0.25
	0.15
	0
	2.85

	85
	110
	0.425
	0.25
	0.175
	0
	2.80

	90
	115
	0.45
	0.25
	0.2
	0
	2.76

	95
	120
	0.475
	0.25
	0.225
	0
	2.73

	100
	125
	0.5
	0.25
	0.25
	0
	2.70


Plot of Titration Curve
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First Derivative of Titration Curve
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Titration Curves for Weak Acids or Weak Bases

In generating a titration curve for a weak acid, it is necessary to evaluate the pH for a solution containing the acid by itself, its conjugate base by itself, and mixtures of these two solutes
Example: Titration of a weak acid with a strong base  (

Calculate the titration curve for the titration of 50.00 mL of 0.1000 M acetic acid 
(Ka = 1.75 x 10–5) with 0.1000 M NaOH.

Initial pH:
Only acetic acid is present, so this is a weak acid problem.



Ka =  EQ \f(x2,F–x) 
 x =  EQ \r((F)(Ka)) 


x =  EQ \r((0.1000)(1.75 x 10–5))  = 1.32 x 10–3


pH = –log (1.32 x 10–3) = 2.88

After addition of 10.00 mL NaOH:  Now both the weak acid and its conjugate base are present.  Note that this is a buffer so we can use the Henderson-Hasselbach equation

	
	CH3CO2H
	+
	OH–
	(
	CH3CO2–

	initial
	5 mmol
	
	1 mmol
	
	0

	final
	4 mmol
	
	0
	
	1 mmol




pH = –log (1.75 x 10–5) + log  EQ \B(\f(1 mmol,4 mmol)) 


pH = 4.76 + (–0.60) = 4.16

At equivalence point:  First note that VB = 50.00 mL at equivalence point

	
	CH3CO2H
	+
	OH–
	(
	CH3CO2–

	initial
	5 mmol
	
	5 mmol
	
	0

	final
	0
	
	0
	
	5 mmol


All that remains at equivalence is the equilibrium of the conjugate base of acetic acid


Kb =  EQ \f(x2,F–x)  =  EQ \f(Kw,Ka)  =  EQ \f(1.00 x 10–14,1.75 x 10–5)  = 5.71 x 10–10


[image: image4.wmf]x= (    (5 mmol / (50.00 mL + 50.00 mL )  ) *  5.71 10^-10   ) ^0.5   =5.36 10^-6

x = 5.34 x 10–6

pH = 14.00 + log (5.34 x 10–6) = 14.00 + (–5.27) = 8.73

After addition of 75.00 mL of NaOH: (75.00 mL)(0.1000 M) = 7.5 mmol NaOH added

	
	CH3CO2H
	+
	OH–
	(
	CH3CO2–

	initial
	5 mmol
	
	7.5 mmol
	
	0

	final
	0
	
	2.5 mmol
	
	5 mmol



Because the equilibrium constant for CH3CO2– is so small, the pH will be determined only by the OH– remaining in the solution.


MNaOH =  EQ \f(2.5 mmol,(50.00 mL + 75.00 mL))  = 2.00 x 10–2

pH = 14.00 + log (2.00 x 10–2) = 12.30

Example: Titration of a weak base with a strong acid  (

A 50.00-mL aliquot of 0.0500 M NaCN is titrated with 0.1000 M HCl.  Calculate the pH after additions of (a) 0.00 (b) 10.00 (c) 25.00 and (d) 40.00 mL of acid.


(Ka HCN = 2.1 x 10–9)
(a)
Only CN– present initially, weak base calculation



Kb =  EQ \f(x2,F–x) 

x =  EQ \r((F)\B(\f(Kw,Ka))) 


x =  EQ \r((0.0500)\B(\f(1.0 x 10–14,2.1 x 10–9)))  = 4.88 x 10–4


pH = 14.00 + log (4.88 x 10–4) = 10.69

(b)
(10.00 mL)(0.1000 M) = 1 mmol HCl added

	
	CN–
	+
	H+
	(
	HCN

	initial
	2.5 mmol
	
	1.0 mmol
	
	0

	final
	1.5 mmol
	
	0
	
	1 mmol




pH = pKa + log EQ \B(\f([CN–],[HCN])) 


pH = –log (2.1 x 10–9) + log  EQ \B(\f(1.5 mmol,1 mmol)) 


pH = 8.68 + 0.18 = 8.86

(c)

(25.00 mL)(0.1000 M) = 2.5 mmol HCl added  equivalence point

	
	CN–
	+
	H+
	(
	HCN

	initial
	2.5 mmol
	
	2.5 mmol
	
	0

	final
	0
	
	0
	
	2.5 mmol




Ka =  EQ \f(x2,F–x) 


x =  EQ \r((F)(Ka)) 


x =  EQ \r(\B(\f(2.50 mmol,(50.00 mL + 25.00 mL)))(2.1 x 10–9))     =  8.37 x 10–6


pH = –log (8.37 x 10–6) = 5.08

(d)
(40.00 mL)(0.1000 M) = 4 mmol HCl added

	
	CN–
	+
	H+
	(
	HCN

	initial
	2.5 mmol
	
	4.0 mmol
	
	0

	final
	0
	
	1.5 mmol
	
	2.5 mmol




MHCl =  EQ \f(1.5 mmol,(50.00 mL + 40.00 mL))  = 1.67 x 10–2


pH = –log (1.67 x 10–2) = 1.78

Titration Curve for Weak Acids/Bases with Strong Bases/Acids
1.
Initial pH is a weak acid/base calculation

2.
pH before equivalence point is a buffer problem

3.
pH at equivalence point is a weak base/acid calculation

4.
pH after equivalence point is due only to remaining strong base/acid

Titration Curve Spreadsheet
	Concentration of acid = 0.1000
	
	Initial Volume Acid = 0 mL
	
	

	Concentration of base = 0.0500
	
	Initial Volume Base = 50 mL
	
	

	Ka = 2.10 x 10-9
	
	
	
	
	
	

	Volume at Equivalence Point =  25
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	Vol. Titrant (ml)
	Total Vol. (ml)
	mmols Acid init.
	mmols Base init.
	mmols Acid fin.
	mmols Base fin.
	pH

	1.
	0
	50
	0
	2.5
	0
	2.5
	10.69

	2.
	2.5
	52.5
	0.25
	2.5
	0
	2.25
	9.63

	3.
	5
	55
	0.5
	2.5
	0
	2
	9.28

	4.
	7.5
	57.5
	0.75
	2.5
	0
	1.75
	9.05

	5.
	10
	60
	1
	2.5
	0
	1.5
	8.85

	6.
	12.5
	62.5
	1.25
	2.5
	0
	1.25
	8.68

	7.
	15
	65
	1.5
	2.5
	0
	1
	8.50

	8.
	17.5
	67.5
	1.75
	2.5
	0
	0.75
	8.31

	9.
	20
	70
	2
	2.5
	0
	0.5
	8.08

	10.
	22.5
	72.5
	2.25
	2.5
	0
	0.25
	7.72

	11.
	25
	75
	2.5
	2.5
	0
	0
	5.08

	12.
	27.5
	77.5
	2.75
	2.5
	0.25
	0
	2.49

	13.
	30
	80
	3
	2.5
	0.5
	0
	2.20

	14.
	32.5
	82.5
	3.25
	2.5
	0.75
	0
	2.04

	15.
	35
	85
	3.5
	2.5
	1
	0
	1.93

	16.
	37.5
	87.5
	3.75
	2.5
	1.25
	0
	1.85

	17.
	40
	90
	4
	2.5
	1.5
	0
	1.78

	18.
	42.5
	92.5
	4.25
	2.5
	1.75
	0
	1.72

	19.
	45
	95
	4.5
	2.5
	2
	0
	1.68

	20.
	47.5
	97.5
	4.75
	2.5
	2.25
	0
	1.64

	21.
	50
	100
	5
	2.5
	2.5
	0
	1.60


pH calculations:


1.
Cell #1 (Initial pH); pH of weak base

pH = 14 + log( EQ \r(CB * Kb) )


2.
Cells #2-10; Buffer 


pH = pKa + log ( EQ \f(mmols Base fin.,mmols Acid init.) )


3.
Cell #11: pH of weak acid


pH = -log( EQ \r(\f(mmols Acid init.,Total Volume)*Ka)  

4.
Cell #12-21; pH of remaining strong acid
pH = -log(mmols Acid fin.)

50.00 mL of 0.0500 M NaCN with 0.1000 M HCl
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50.00 mL of 0.0100 M NaCN with 0.1000 M HCl
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50.00 mL of 0.100 M acetic acid with 0.1000 M NaOH
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50.00 mL of 0.0750 M acetic acid with 0.1000 M NaOH
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Practice: HW and pre _exam   (((
Complete Excel examples given here

Read:

 Kjeldhal Nitrogen Analysis p 124    (
Spectrophotometric titrations p 126 (
Read: Activity and the systematic treatment of equilibrium  Chapter 8 p 140.
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