Quantifying errors

A measurement is incomplete unless we can provide some idea of the error or uncertainty associated with it.  We define it in terms of the tolerance of the piece of equipment used to make the measurement. A 25 cm3 class B pipette has a tolerance is 0.06 cm3 – this means that the volume of liquid it delivers will lie somewhere between a lower limit of 24.94 cm3 and an upper limit of 25.06 cm3, i.e. 25.000.06 cm3.

Let’s now look at some other pieces of laboratory equipment and the uncertainties associated with them. 
Pipettes

	Capacity
	Uncertainty value

	
	Class A
	Class B

	10 cm3
	0.02 cm3
	0.04 cm3

	20 cm3
	0.03 cm3
	0.06 cm3

	25 cm3
	0.03 cm3
	0.06 cm3

	50 cm3
	0.05 cm3
	0.10 cm3

	100 cm3
	0.08 cm3
	0.15 cm3




Volumetric flasks

	Capacity
	Uncertainty value

	
	Class A
	Class B

	50 cm3
	0.06 cm3
	0.12 cm3

	100 cm3
	0.10 cm3
	0.20 cm3

	250 cm3
	0.15 cm3
	0.30 cm3

	500 cm3
	0.25 cm3
	0.50 cm3

	1000 cm3
	0.40 cm3
	0.80 cm3




Burettes

	Capacity
	Uncertainty value* 

	
	Class A
	Class B

	10 cm3
	0.01 cm3
	0.02 cm3

	25 cm3
	0.03 cm3
	0.05 cm3

	50 cm3
	0.05 cm3
	0.10 cm3



Balances


	Readability
	Uncertainty value

	to 1 decimal place
	0.1 g

	to 2 decimal places
	0.01 g

	to 3 decimal places
	0.001 g



Absolute and percentage uncertainties

The absolute uncertainty in a measurement is its actual uncertainty.  For example, the volume of solution in a 250 cm3 class B volumetric flask has an uncertainty of 0.30 cm3 and so its absolute uncertainty must be the same, i.e. 0.30 cm3.

It’s useful to describe an uncertainty in terms of a percentage.  The percentage uncertainty in a measurement is: 

[image: ]

Hence, the percentage uncertainty in the volume contained in a 250 cm3 class B volumetric flask is: 

[image: ]

Given the percentage uncertainty in a measurement, we can calculate its absolute uncertainty by rearranging the above expression:

[image: ]
A solution of 0.206 mol l–1 sodium hydroxide has a percentage uncertainty in its concentration is 1.6%.  The absolute uncertainty in the concentration will be given by:

[image: ]
Thus,

sodium hydroxide concentration = 0.206  0.003 mol l–1



1.	(a)	Calculate the percentage uncertainty in the volume of solution
		(i)	delivered by a 100 cm3 class A pipette
		(ii)	contained in a 100 cm3 class A volumetric flask.

	(b)	10.00 cm3 of a solution was delivered from a burette.
		Calculate the percentage uncertainty in this volume had a
		(i)	10 cm3 class B burette
		(ii)	50 cm3 class B burette
		been used.

	(c)	A student had to measure out 50 cm3 of water and she had the following pieces of equipment available:
		(i)	a 50 cm3 class A pipette

		(ii)	a 50 cm3 class B volumetric flask
		(iii)	a 50 cm3 class A burette
		(iv)	a balance reading to two decimal places.
		By calculating percentage uncertainties, decide which piece of equipment she should use to measure out 50 cm3 of water as accurately as possible.
		(Assume that the density of water is 1.000 g cm–3)

2.	(a)	The relative formula mass of sodium chloride is 58.4425 and has a percentage uncertainty of 3.4  10–4%.
		Calculate the absolute uncertainty in the relative formula mass of sodium chloride.

	(b)	9.0 cm3 of a solution with a percentage uncertainty of 0.22% was delivered from a burette.
		Calculate the absolute uncertainty in the volume and decide which type of burette (capacity and class) is likely to have been used to deliver this volume of solution.

	(c)	You have been asked to weigh out 17 g of calcium carbonate to within  0.2%.
		Calculate the absolute uncertainty in this mass and explain whether a 
                          balance  reading to one decimal place would meet the accuracy required.
[image: ]
1.	(a)	(i)		% uncertainty	=		  100	=	0.08%

		(ii)		% uncertainty	=	  100	=	0.1%[image: ]
[image: ]	(b)	(i)		% uncertainty	=		  100	=	0.2%
		(ii)		% uncertainty	=		  100	=	1%

	(c)	(i)	50 cm3 class A pipette
[image: ]
				% uncertainty	=		  100	=	0.1%
(ii) 
50 cm3 class B volumetric flask

[image: ]				% uncertainty	=		  100	=	0.24%

(iii) 50 cm3 class A burette
[image: ]
				% uncertainty	=		  100	=	0.1%
(iv) Balance reading to 0.01 g
[image: ]
				% uncertainty	=		  100	=	0.02%
			The balance should be used.
[image: ]
2.	(a)	absolute uncertainty	=			  58.4425  =  0.0002
		Hence, RFM of NaCl	=	58.4425  0.0002
[image: ]
	(b)	absolute uncertainty	=			  9.0  =  0.02 cm3
		A 10 cm3 class B burette must have been used. 
[image: ]
	(c)	absolute uncertainty	=			  17  =  0.03 g
		A balance reading to 1 decimal place would not meet the accuracy required since it would have an absolute uncertainty of 0.1 g, which is greater than 0.03 g.

Combining uncertainties

In an analytical experiment we make a number of measurements and from these measurements we calculate a final result.  So how do we combine the uncertainties in the individual measurements to work out the overall uncertainty in the final result?    What we do in combining uncertainties depends on the mathematical operations involved in calculating results.

Addition and subtraction
For calculations involving addition and/or subtraction, we use the absolute uncertainties in the individual measurements and simply add them to obtain the overall absolute uncertainty.
Example 13

	mass of weighing bottle + sodium chloride	=	18.54 g
	mass of weighing bottle	=	12.32 g


A balance reading to two decimal places has been used with an absolute uncertainty associated with each of the mass readings must be 0.01 g. 
The mass of sodium chloride transferred from the weighing bottle is 6.22 g and since the mathematical operation used to derive this result was a subtraction, then 

	overall absolute uncertainty	=	0.01 + 0.01
			=	0.02 g
Thus, mass of sodium chloride transferred	=	6.22  0.02 g

Multiplication and division
For calculations involving multiplication and/or division, we use the percentage uncertainties in the individual measurements.  These are again added to give the overall percentage uncertainty in the final result. 

Example 
25.0 cm3 of 0.956 mol l–1 hydrochloric acid (absolute uncertainty given as  0.005 mol l–1.)
was pipetted into a 500 cm3 standard flask.  The solution was made up to the graduation mark with deionised water. Calculate the concentration of the diluted acid and its absolute uncertainty.   
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		=	0.0478 mol l–1

The calculation involves multiplication and division.  
So to calculate the uncertainty in the concentration of the diluted acid we need first to work out the percentage uncertainty in each of the individual measurements.

uncertainty in concentration of 
undiluted acid 	= 0.005 mol l–1

[image: ]percentage uncertainty in concentration of 
undiluted acid	

uncertainty in a 25 cm3 class B pipette is 0.06 cm3.

Hence,


[image: ]percentage uncertainty in volume of 
undiluted acid	  


uncertainty in a 500 cm3 class B volumetric flask is 0.50 cm3.

Hence,

[image: ]percentage uncertainty in volume of 
diluted acid	

The overall percentage uncertainty in the concentration of the diluted hydrochloric acid is gained by summing these individual percentage uncertainties. 

Thus, 

	percentage uncertainty in concentration of 
	diluted acid	= 0.52 + 0.24 + 0.10 
			= 0.86%
Now that we have the percentage uncertainty in the concentration of the diluted acid, we can calculate its absolute uncertainty:

[image: ]	absolute uncertainty in concentration of 
	diluted acid 
	
			= 0.00041 mol l–1 

Thus, 
concentration of diluted acid = 0.0478  0.0.004 mol l–1

Some ‘forgotten’ uncertainties

The uncertainties we have considered so far have been confined to those that arise from the equipment we use to make measurements.  But there are others and although they are quite often overlooked, they may contribute significantly to the overall uncertainty in a result.  One such uncertainty is that in detecting the end-point of a titration, i.e. in judging the point at which the indicator just changes colour.  We ought to be able to estimate the end-point in a titration to within one drop of the titrant and since the average volume of a drop is 0.05 cm3 then the absolute uncertainty in the end-point will be 0.05 cm3.  Let’s consider an example to gauge the significance of this uncertainty.  Suppose a 50 cm3 class A burette was used in a titration and let’s say the titre volume was 23.2 cm3.  We now know that there are two uncertainties associated with this titre volume – one arising from the burette itself, namely 0.05 cm3, and the other in estimating the end-point, namely 0.05 cm3.

So, 

	overall absolute uncertainty in the titre volume	=	0.05  +  0.05
			=	0.10 cm3

Thus, 

	titre volume = 23.20.1 cm3

Since the two individual uncertainties are of equal magnitude, that due to estimating the end-point is obviously significant and cannot be ignored.

Even if a 50 cm3 class B burette – with an uncertainty of 0.10 cm3 – had been used in the titration, the uncertainty in estimating the end-point (0.05 cm3) would still be a major contributor to the overall uncertainty in the titre volume.

The end-points of some titrations, e.g. EDTA titrations, are notoriously difficult to detect and in these cases we would be justified in using 
0.10 cm3 rather then 0.05 cm3 as the uncertainty in estimating the end-point.

It is normal practice in volumetric analysis to repeat titrations until concordant results are obtained.  This has the effect of reducing the uncertainty in the mean titre volume and although we are not going to quantify this effect, it is important that you are aware of it.
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