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Qualitative Analysis of Commom Cations in Water 

Introduction to Analytical Chemistry 

Chemistry is the study of matter, including its composition and structure, its physical properties, 

and its reactivity. There are many ways to study chemistry, but, we traditionally divide it into 

five fields: organic chemistry, inorganic chemistry, biochemistry, physical chemistry, and 

analytical chemistry. Although this division is historical and, perhaps, arbitrary—as witnessed by 

current interest in interdisciplinary areas such as bioanalytical chemistry and organometallic 

chemistry—these five fields remain the simplest division spanning the discipline of chemistry. 

1. Chemical Principles 

Background to chemical principles involved in the isolation and identification of cations from 

mixtures are described. Solubility of ionic compounds in water and the solubility variation by 

common ion effect, pH effect, coordination complex formation, and redox reaction are 

described in relation to the selective precipitation or dissolution of salts of the cations. 

Solubility 

Solution 

The solution is a homogeneous mixture of two or more substances. 

Solution related terminologies 
 Miscible substances make a solution upon mixing with each other in any 

proportion. For example, ethanol and water are miscible to each other. 

 Immiscible substances do not make solutions upon mixing in any proportion. 

 Partially miscible substances can make a solution upon mixing up to a certain 
extent but not in all proportions. 

 A solvent is a substance in a larger amount in the solution. 

 A solute is a substance in a smaller amount in the solution. 

 An unsaturated solution is a solution in which the solvent is holding solute 
less than the maximum limit, i.e., in which more solute can be dissolved. 

 A saturated solution is a solution in which the solvent is holding the maximum 
amount of solute it can dissolve. 

Water -a universal solvent 

Water is one of the most important solvents because it is present all around us -
it covers more than 70% of the earth and it is more than 60% of our body mass. 
Water is a polar molecule having a partial negative end on oxygen and a partially 
positive end on hydrogen atoms. that can dissolve most of the polar and ionic 
compounds. In ionic compounds, cations are held by anions through electrostatic 
interaction. When an ionic compound dissolves into water it dissociates into 
cations and anions, each surrounded by a layer of water molecules held by ion-
dipole interactions. The water molecules around ions make ion-dipole interaction 
by orienting their partial negative end towards cations and their partial positive 
end towards anions. The energy needed to break ion-ion interaction in the ionic 
compounds is partially compensated by the energy released by establishing the 
ion-dipole interactions. The energy gained due to ion-dipole interactions and 
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nature's tendency to disperse is the driving forces responsible for the dissolution 
of ionic compounds. 

Solubility 

Solubility is the ability of a substance to form a solution with another substance. 

The solubility of a solute in a specific solvent is quantitatively expressed as the 
concentration of the solute in the saturated solution. Usually, the solubility is 
tabulated in the units of grams of solute per 100 mL of solvent (g/100 mL). The 
solubility of ionic compounds in water varies over a wide range. All ionic 
compounds dissolve to some extent. 

For practical purposes, a substance is considered insoluble when its solubility is less than 

0.1 g per 100 mL of solvent. 

For example, lead(II)iodide ( PbI2) and silver chloride ( AgCl ) are insoluble in 

water because the solubility of PbI2 is 0.0016 mol/L of the solution and the 

solubility of AgCl is about 1.3 x 10-5 mol/L of solution. Potassium iodide (KI) 

and Pb(NO3)2 are soluble in water. When aqueous solutions 

of KI and Pb(NO3)2 are mixed, the insoluble combination of ions, i.e., PbI2 in 

this case, precipitates, as illustrated in Figure 1.1.1 

 

Figure 1.1.1: Precipitation reaction: Pb(NO3)2(aq)+2KI(aq)⟶PbI2(s)↓+2KNO3(aq) 

source: PRHaney [CC BY-SA (https://creativecommons). 

 

https://creativecommons/
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Solubility guidelines for dissolution of ionic compounds in 
water 

There are no fail-proof guidelines for predicting the solubility of ionic compounds 
in water. However, the following guideline can predict the solubility of most ionic 
compounds. 

 

 

Precipitation reactions 

Precipitation reactions are a class of chemical reactions in which two solutions 
are mixed and a solid product, called a precipitate, separates out. Precipitation 
reaction happening upon mixing solutions of ionic compounds in water can be 
predicted as illustrated in Figure  1.1.2 . The first step is to list the soluble ionic 
compounds and then cross-combine the cations of one with the anion of the other 
to make the potential products. If any of the potential products is an insoluble 
ionic compound, it will precipitate out. For example when  NaOH solution is mixed 
with  MgCl2 solution,  Mg(OH)2 is a cross-combination that forms an insoluble 
compound, it will precipitate out. 
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Figure 1.1.2 Cross-combine the cation-anion in the reactants. If any of the cross-

combination is an insoluble salt, it will precipitate out, 

e.g: NaOH(aq)+MgCl2(aq)⟶Mg(OH)2(s)↓+NaCl(aq). 
 

Figure 1.1.3 shows precipitates of some insoluble ionic compounds formed by 

mixing aqueous solutions of appropriate soluble ionic compounds. 

 
Figure 1.1.3 The precipitates of some insoluble ionic compounds formed by mixing the 

aqueous solution of appropriate soluble ionic compounds. The precipitates are from left: 

white Calcium sulfate (CaSO4), black Iron(II) hydroxide (Fe(OH)2), brown Iron(III) 

hydroxide (Fe(OH)3), and blue Copper(II) hydroxide (Cu(OH)2). Note that the 

precipitate is not yet settled at the bottom of the solution, it is still in suspension form in 

these exemples 

1.2: Solubility equilibria 

Solubility product constant (Ksp) 

All ionic compounds dissolve in water to some extent. Ionic compounds 
are strong electrolytes, i.e., they dissociate completely into ions upon 
dissolution. When the amount of ionic compound added to the mixture is more 
than the solubility limit, the excess undissolved solute (solid) exists in equilibrium 
with its dissolved aqueous ions. For example, the following equation represents 

the equilibrium between solid AgCl(s) and its 

dissolved Ag+(aq) and Cl+(aq) ions, where the subscript (s) means solid, i.e., 

the undissolved fraction of the compound, and (aq) means aqueous or dissolved 
in water. 

 

Like any other chemical equilibrium, this equilibrium has an equilibrium constant 
(Keq) : 
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Note that solid or pure liquid species do not appear in the equilibrium 

constant expression as the concentration in the solid or pure liquid remains 

constant. This equilibrium constant has a separate name Solubility 

Product Constant (Ksp) based on the fact that it is a product of the molar 

concentration of dissolved ions, raised to the power equal to their 

respective coefficients in the chemical equation, e.g., 

 

The solubility product constant (Ksp), is the equilibrium constant for an 

ionic compound dissolving in an aqueous solution. 

Similarly, the dissolution equilibrium for PbCl2 can be shown as: 

 

Selective precipitation 

Selective precipitation is a process involving adding a reagent that precipitates one of 

the dissolved cations or a particular group of dissolved cations but not the others. 

According to solubility rule# 5, both Cu2+ and Ni2+ form insoluble salts with S2−. 

However, the solubility of CuS and NiS differ enough that if an appropriate 

concentration of S2− is maintained, CuS can be precipitated 

leaving Ni2+ dissolved. The following calculations based on the Ksp values prove 

it. 

 

Molar concentration of sulfide ions [S2−], in moles/liter in a saturated 

solution of the ionic compound can be calculated by rearranging their 

respective Ksp expression, e.g. for CuS solution, Ksp=[Cu2+][S2−] 

rearranges to: 
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1.3: Varying solubility of ionic compounds 

Le Chatelier's principle 

Ionic compounds dissociate into ions when they dissolve in water. An equilibrium is 

established between ions in water and the undissolved compound. The solubility of the 

ionic compounds can be varied by stressing the equilibrium through changes in the 

concentration of the ions. 

Le Chatelier's principle 

Le Chatelier's principle can be stated as “when a system at equilibrium is 
subjected to a change in concentration, temperature, volume, or pressure, the 
system will change to a new equilibrium, such that the applied change is partially 
counteracted.” 

If the ions in the solubility equilibrium are increased or decreased by 

another reaction going on in parallel, the equilibrium will counteract by 

decreasing or increasing the solubility of the compound. This use of Le 

Chatelier's principle to vary the solubility of sparingly soluble ionic 

compounds is explained with examples in the following. 

 

The common ion effect refers to the decrease in the solubility of a sparingly 

soluble ionic compound by adding a soluble ionic compound that has an 

ion in common with the sparingly soluble ionic compound. 
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Generally, the solubility of sparingly soluble ionic compounds decreases by adding a common 

ion to the equilibrium mixture. 

 

 

According to Le Chatelier's principle, the system moves in the forward direction 

to make up for the loss of OH−. In other words, Mg(OH)2 is insoluble in neutral 

or alkaline water and becomes soluble in acidic water. 

Generally, the solubility of an ionic compound containing basic anion increases by 

decreasing pH, i.e., in an acidic medium. 
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Analytical Chemistry 2.1 (Harvey)  

Basic Tools of Analytical Chemistry 

2.1: Measurements in Analytical Chemistry 

Units of Measurement 

A measurement usually consists of a unit and a number that expresses the 
quantity of that unit. We can express the same physical measurement with 
different units, which creates confusion if we are not careful to specify the unit. 
For example, the mass of a sample that weighs 1.5 g is equivalent to 0.0033 lb 
or to 0.053 oz. To ensure consistency, and to avoid problems, scientists use the 
common set of fundamental base units listed in Table 2.1.1 . These units are 
called SI units after the Système International d’Unités. 

It is important for scientists to agree upon a common set of units. In 1999, for example, 

NASA lost a Mar’s Orbiter spacecraft because one engineering team used English units 

in their calculations and another engineering team used metric units. As a result, the 

spacecraft came too close to the planet’s surface, causing its propulsion system to 

overheat and fail. 

Some measurements, such as absorbance, do not have units. Because the meaning of a 

unitless number often is unclear, some authors include an artificial unit. It is not unusual 
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to see the abbreviation AU—short for absorbance unit—following an absorbance value, 

which helps clarify that the measurement is an absorbance value. 
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2.2: Concentration 
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Molarity and Formality 

Both molarity and formality express concentration as moles of solute per liter of 
solution; however, there is a subtle difference between them. Molarity is the 
concentration of a particular chemical species. Formality, on the other hand, is 
a substance’s total concentration without regard to its specific chemical form. 
There is no difference between a compound’s molarity and formality if it 
dissolves without dissociating into ions. The formal concentration of a solution 
of glucose, for example, is the same as its molarity. 

 

 

Molality 

Molality is used in thermodynamic calculations where a temperature 
independent unit of concentration is needed. Molarity is based on the volume of 
solution that contains the solute. Since density is a temperature dependent 
property, a solution’s volume, and thus its molar concentration, changes with 
temperature. By using the solvent’s mass in place of the solution’s volume, the 
resulting concentration becomes independent of temperature. 
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p-Functions 

Sometimes it is inconvenient to use the concentration units in Table 2.2.1 . For 
example, during a chemical reaction a species’ concentration may change by 
many orders of magnitude. If we want to display the reaction’s progress 
graphically we might wish to plot the reactant’s concentration as a function of 
the volume of a reagent added to the reaction. Such is the case in Figure 2.2.1 
for the titration of HCl with NaOH. The y-axis on the left-side of the figure displays 
the [H+] as a function of the volume of NaOH. The initial [H+] is 0.10 M and its 

concentration after adding 80 mL of NaOH is 4.3×10−13M. We easily can follow 

the change in [H+] for the addition of the first 50 mL of NaOH; however, for the 
remaining volumes of NaOH the change in [H+] is too small to see. 

 

Figure 2.2.1 : Two curves showing the progress of a titration of 50.0 mL of 0.10 M HCl 

with 0.10 M NaOH. The [H+] is shown on the left y-axis and the pH on the right y-axis. 

When working with concentrations that span many orders of magnitude, it 
often is more convenient to express concentration using a p-function. The p-
function of X is written as pX and is defined as 

 

 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/02%3A_Basic_Tools_of_Analytical_Chemistry/2.02%3A_Concentration#table2.2.1
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3: The Vocabulary of Analytical Chemistry 

If you browse through an issue of the journal Analytical Chemistry, you will 

discover that the authors and readers share a common vocabulary of analytical 

terms. You probably are familiar with some of these terms, such as accuracy and 

precision, but other terms, such as analyte and matrix, are perhaps less familiar 

to you. In order to participate in any community, one must first understand its 

vocabulary; the goal of this chapter, therefore, is to introduce some important 

analytical terms. Becoming comfortable with these terms will make the chapters 

that follow easier to read and to understand. 

3.1: Analysis, Determination, and Measurement 

The first important distinction we will make is among the terms analysis, 
determination, and measurement. An analysis provides chemical or physical 
information about a sample. The component in the sample of interest to us is 
called the analyte, and the remainder of the sample is the matrix. In an analysis 
we determine the identity, the concentration, or the properties of an analyte. To 
make this determination we measure one or more of the analyte’s chemical or 
physical properties. 

An example will help clarify the difference between an analysis, 
a determination and a measurement. In 1974 the federal government 
enacted the Safe Drinking Water Act to ensure the safety of the nation’s public 
drinking water supplies. To comply with this act, municipalities monitor their 
drinking water supply for potentially harmful substances, such as fecal coliform 
bacteria. Municipal water departments collect and analyze samples from their 
water supply. To determine the concentration of fecal coliform bacteria an analyst 
passes a portion of water through a membrane filter, places the filter in a dish 
that contains a nutrient broth, and incubates the sample for 22–24 hrs at 44.5 oC 
± 0.2 oC. At the end of the incubation period the analyst counts the number of 
bacterial colonies in the dish and reports the result as the number of colonies per 
100 mL (Figure 3.1.1 ). Thus, a municipal water department analyzes samples of 
water to determine the concentration of fecal coliform bacteria by measuring the 
number of bacterial colonies that form during a carefully defined incubation 
period 

 

Figure 3.1.1 : Colonies of fecal coliform bacteria from a water supply. Source: Susan Boyer. Photo 

courtesy of ARS–USDA (www.ars.usda.gov). 

http://www.ars.usda.gov/
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3.2: Techniques, Methods, Procedures, and Protocols 

Suppose you are asked to develop an analytical method to determine the 
concentration of lead in drinking water. How would you approach this problem? 
To provide a structure for answering this question, it is helpful to consider four 
levels of analytical methodology: techniques, methods, procedures, and protocols 
[Taylor, J. K. Anal. Chem. 1983, 55, 600A–608A]. 

A technique is any chemical or physical principle that we can use to study an 
analyte. There are many techniques for that we can use to determine the 
concentration of lead in drinking water [Fitch, A.; Wang, Y.; Mellican, S.; Macha, 
S. Anal. Chem. 1996, 68, 727A–731A]. In graphite furnace atomic absorption 
spectroscopy (GFAAS), for example, we first convert aqueous lead ions into free 
atoms—a process we call atomization. We then measure the amount of light 
absorbed by the free atoms. Thus, GFAAS uses both a chemical principle 
(atomization) and a physical principle (absorption of light). 

A method is the application of a technique for a specific analyte in a specific 

matrix. As shown in Figure 3.2.1 , the GFAAS method for determining the 

concentration of lead in water is different from that for lead in soil or blood. 

 

Figure 3.2.1 : Chart showing the hierarchical relationship between a technique, methods that use the technique, and 

procedures and protocols for a method. The abbreviations are APHA: American Public Health Association, ASTM: 

American Society for Testing Materials, EPA: Environmental Protection Agency. 
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A procedure is a set of written directions that tell us how to apply a method to 
a particular sample, including information on how to collect the sample, how to 
handle interferents, and how to validate results. A method may have several 
procedures as each analyst or agency adapts it to a specific need. As shown in 
Figure 3.2.1 , the American Public Health Agency and the American Society for 
Testing Materials publish separate procedures for determining the concentration 
of lead in water. 
Finally, a protocol is a set of stringent guidelines that specify a procedure that 
an analyst must follow if an agency is to accept the results. Protocols are common 
when the result of an analysis supports or defines public policy. When 
determining the concentration of lead in water under the Safe Drinking Water 
Act, for example, the analyst must use a protocol specified by the Environmental 
Protection Agency. 
There is an obvious order to these four levels of analytical methodology. Ideally, 
a protocol uses a previously validated procedure. Before developing and 
validating a procedure, a method of analysis must be selected. This requires, in 
turn, an initial screening of available techniques to determine those that have the 
potential for monitoring the analyte. 
 
3.3: Classifying Analytical Techniques 
The analysis of a sample generates a chemical or physical signal that is proportional to 

the amount of analyte in the sample. This signal may be anything we can measure, such 

as volume or absorbance. It is convenient to divide analytical techniques into two general 

classes based on whether the signal is proportional to the mass or moles of analyte, or is 

proportional to the analyte’s concentration 

Consider the two graduated cylinders in Figure 3.3.1 , each of which contains a solution 

of 0.010 M Cu(NO3)2. Cylinder 1 contains 10 mL, or 1.0×10−41.0×10−4 moles of Cu2+, 

and cylinder 2 contains 20 mL, or 2.0×10−42.0×10−4 moles of Cu2+. If a technique 

responds to the absolute amount of analyte in the sample, then the signal due to the 

analyte SA 

      (3.3.1) 

where nA is the moles or grams of analyte in the sample, and kA is a proportionality 

constant. Because cylinder 2 contains twice as many moles of Cu2+ as cylinder 1, 

analyzing the contents of cylinder 2 gives a signal twice as large as that for cylinder 1. 

Figure 3.3.1 : Two graduated cylinders, each containing 0.10 M 
Cu(NO3)2. Although the cylinders contain the same concentration of Cu2+, the cylinder on the left contains 1.0×10−41.0×10−4 mol 

Cu2+ and the cylinder on the right contains 2.0×10−42.0×10−4 mol Cu2+. 
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A second class of analytical techniques are those that respond to the analyte’s 
concentration, CA 

SA=kACA    (3.3.2) 

Since the solutions in both cylinders have the same concentration of Cu2+, their 
analysis yields identical signals. 

A technique that responds to the absolute amount of analyte is a total 
analysis technique. Mass and volume are the most common signals for a total 
analysis technique, and the corresponding techniques are gravimetry (Chapter 8) 
and titrimetry (Chapter 9). With a few exceptions, the signal for a total analysis 
technique is the result of one or more chemical reactions, the stoichiometry of 
which determines the value of kA in Equation 3.3.13.3.1. 

Historically, most early analytical methods used a total analysis technique. For this 

reason, total analysis techniques are often called “classical” techniques. 

Spectroscopy (Chapter 10) and electrochemistry (Chapter 11), in which an optical 
or an electrical signal is proportional to the relative amount of analyte in a sample, 
are examples of concentration techniques. The relationship between the signal 
and the analyte’s concentration is a theoretical function that depends on 
experimental conditions and the instrumentation used to measure the signal. For 
this reason the value of kA in Equation 3.3.23.3.2 is determined experimentally. 

Since most concentration techniques rely on measuring an optical or electrical signal, they 

also are known as “instrumental” techniques. 

3.4: Selecting an Analytical Method 

A method is the application of a technique to a specific analyte in a specific matrix. 
We can develop an analytical method to determine the concentration of lead in 
drinking water using any of the techniques mentioned in the previous section. A 
gravimetric method, for example, might precipiate the lead as PbSO4 or as 
PbCrO4, and use the precipitate’s mass as the analytical signal. Lead forms several 
soluble complexes, which we can use to design a complexation titrimetric 
method. As shown in Figure 3.2.1, we can use graphite furnace atomic absorption 
spectroscopy to determine the concentration of lead in drinking water. Finally, 
lead’s multiple oxidation states (Pb0, Pb2+, Pb4+) makes feasible a variety of 
electrochemical methods. 
Ultimately, the requirements of the analysis determine the best method. In 
choosing among the available methods, we give consideration to some or all the 
following design criteria: accuracy, precision, sensitivity, selectivity, robustness, 
ruggedness, scale of operation, analysis time, availability of equipment, and cost. 
Accuracy 

Accuracy is how closely the result of an experiment agrees with the “true” or 
expected result. We can express accuracy as an absolute error, e 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/08%3A_Gravimetric_Methods
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/09%3A_Titrimetric_Methods
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#mjx-eqn-3.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/10%3A_Spectroscopic_Methods
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/11%3A_Electrochemical_Methods
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#mjx-eqn-3.2
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.02%3A_Techniques_Methods_Procedures_and_Protocols#figure3.2.1
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A method’s accuracy depends on many things, including the signal’s source, the 
value of kA in Equation 3.3.1 or Equation 3.3.2, and the ease of handling samples 
without loss or contamination. A total analysis technique, such as gravimetry and 
titrimetry, often produce more accurate results than does a concentration 
technique because we can measure mass and volume with high accuracy, and 
because the value of kA is known exactly through stoichiometry. 

Because it is unlikely that we know the true result, we use an expected or 
accepted result to evaluate accuracy. For example, we might use a standard 
reference material, which has an accepted value, to establish an analytical 
method’s accuracy. You will find a more detailed treatment of accuracy in Chapter 
4, including a discussion of sources of errors. 

Precision 

When a sample is analyzed several times, the individual results vary from trial-
to-trial. Precision is a measure of this variability. The closer the agreement 
between individual analyses, the more precise the results. For example, the 
results shown in the upper half of Figure 3.4.1 for the concentration of K+ in a 
sample of serum are more precise than those in the lower half of Figure 3.4.1 . 
It is important to understand that precision does not imply accuracy. That the 
data in the upper half of Figure 3.4.1 are more precise does not mean that the 
first set of results is more accurate. In fact, neither set of results may be accurate. 

Figure 3.4.1 : Two determinations of the concentration of K+ in serum, showing the effect of precision on the distribution 
of individual results. The data in (a) are less scattered and, therefore, more precise than the data in (b). 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.2
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data
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A method’s precision depends on several factors, including the uncertainty in measuring 
the signal and the ease of handling samples reproducibly. In most cases we can measure 
the signal for a total analysis technique with a higher precision than is the case for a 
concentration method. 

Confusing accuracy and precision is a common mistake. See Ryder, J.; Clark, A. U. Chem. 
Ed. 2002, 6, 1–3, and Tomlinson, J.; Dyson, P. J.; Garratt, J. U. Chem. Ed. 2001, 5, 
16–23 for discussions of this and other common misconceptions about the meaning of 
error. You will find a more detailed treatment of precision in Chapter 4, including a 
discussion of sources of errors. 

Sensitivity 

The ability to demonstrate that two samples have different amounts of analyte is an 
essential part of many analyses. A method’s sensitivity is a measure of its ability to 
establish that such a difference is significant. Sensitivity is often confused with a 
method’s detection limit, which is the smallest amount of analyte we can determine 
with confidence. 

Confidence, as we will see in Chapter 4, is a statistical concept that builds on the idea of 
a population of results. For this reason, we will postpone our discussion of detection 
limits to Chapter 4. For now, the definition of a detection limit given here is sufficient. 

Sensitivity is equivalent to the proportionality constant, kA, in Equation 
3.3.1 and Equation 3.3.2 [IUPAC Compendium of Chemical Terminology, Electronic 

version]. If ΔSA is the smallest difference we can measure between two signals, then 

the smallest detectable difference in the absolute amount or the relative amount of 
analyte is 

 

suppose, for example, that our analytical signal is a measurement of mass 
using a balance whose smallest detectable increment is ±0.0001 g. If our 
method’s sensitivity is 0.200, then our method can conceivably detect a 
difference in mass of as little as 

 

For two methods with the same ΔSA, the method with the greater sensitivity—that is, the 

method with the larger kA—is better able to discriminate between smaller amounts of 

analyte. 

Specificity and Selectivity 
An analytical method is specific if its signal depends only on the analyte [Persson, B-A; 

Vessman, J. Trends Anal. Chem. 1998, 17, 117–119; Persson, B-A; Vessman, J. Trends 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.2
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Anal. Chem. 2001, 20, 526–532]. Although specificity is the ideal, few analytical 

methods are free from interferences. When an interferent contributes to the signal, we 

expand Equation 3.3.1 and Equation 3.3.2 to include its contribution to the sample’s 

signal, Ssamp 

 
where SI is the interferent’s contribution to the signal, kI is the interferent’s sensitivity, 

and nI and CI are the moles (or grams) and the concentration of interferent in the sample, 

respectively. 

Selectivity is a measure of a method’s freedom from interferences [Valcárcel, M.; Gomez-

Hens, A.; Rubio, S. Trends Anal. Chem. 2001, 20, 386–393]. A method’s selectivity for 

an interferent relative to the analyte is defined by a selectivity coefficient, KA,I 

 
which may be positive or negative depending on the signs of kI and kA. The 
selectivity coefficient is greater than +1 or less than –1 when the method is more 
selective for the interferent than for the analyte. 

Although kA and kI usually are positive, they can be negative. For example, some 

analytical methods work by measuring the concentration of a species that remains after is 

reacts with the analyte. As the analyte’s concentration increases, the concentration of the 

species that produces the signal decreases, and the signal becomes smaller. If the signal 

in the absence of analyte is assigned a value of zero, then the subsequent signals are 

negative. 

Determining the selectivity coefficient’s value is easy if we already know the 
values for kA and kI. As shown by Example 3.4.1 , we also can determine KA,I by 
measuring Ssamp in the presence of and in the absence of the interferent. 

 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.2


Analytical Chemistry - AIU 

26 
 

 

 



Analytical Chemistry - AIU 

27 
 

 

Robustness and Ruggedness 

For a method to be useful it must provide reliable results. Unfortunately, methods 
are subject to a variety of chemical and physical interferences that contribute 
uncertainty to the analysis. If a method is relatively free from chemical 
interferences, we can use it to analyze an analyte in a wide variety of sample 
matrices. Such methods are considered robust. 

Random variations in experimental conditions introduces uncertainty. If a 
method’s sensitivity, k, is too dependent on experimental conditions, such as 
temperature, acidity, or reaction time, then a slight change in any of these 
conditions may give a significantly different result. A rugged method is relatively 
insensitive to changes in experimental conditions. 

Scale of Operation 

Another way to narrow the choice of methods is to consider three potential 
limitations: the amount of sample available for the analysis, the expected 
concentration of analyte in the samples, and the minimum amount of analyte 
that will produce a measurable signal. Collectively, these limitations define the 
analytical method’s scale of operations. 

We can display the scale of operations visually (Figure 3.4.2 ) by plotting the 
sample’s size on the x-axis and the analyte’s concentration on the y-axis. For 
convenience, we divide samples into macro (>0.1 g), meso (10 mg–100 mg), 
micro (0.1 mg–10 mg), and ultramicro (<0.1 mg) sizes, and we divide analytes 
into major (>1% w/w), minor (0.01% w/w–1% w/w), trace (10–7% w/w–0.01% 
w/w), and ultratrace (<10–7% w/w) components. Together, the analyte’s 
concentration and the sample’s size provide a characteristic description for an 
analysis. For example, in a microtrace analysis the sample weighs between 0.1 
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mg and 10 mg and contains a concentration of analyte between 10–7% w/w and 
10–2% w/w. 

 
Figure 3.4.2 : Scale of operations for analytical methods. The shaded areas define different types of analyses. The boxed 
area, for example, represents a microtrace analysis. The diagonal lines show combinations of sample size and analyte 
concentration that contain the same mass of analyte. The three filled circles (•), for example, indicate analyses that use 
10 mg of analyte. See Sandell, E. B.; Elving, P. J. in Kolthoff, I. M.; Elving, P. J., eds. Treatise on Analytical Chem-istry, 
Interscience: New York, Part I, Vol. 1, Chapter 1, pp. 3–6; (b) Potts, L. W. Quantitative Analysis–Theory and Practice, 
Harper and Row: New York, 1987, pp. 12 for more details. 

The diagonal lines connecting the axes show combinations of sample size and 
analyte concentration that contain the same absolute mass of analyte. As shown 
in Figure 3.4.2 , for example, a 1-g sample that is 1% w/w analyte has the same 
amount of analyte (10 mg) as a 100-mg sample that is 10% w/w analyte, or a 
10-mg sample that is 100% w/w analyte. 

We can use Figure 3.4.2 to establish limits for analytical methods. If a method’s 
minimum detectable signal is equivalent to 10 mg of analyte, then it is best suited 
to a major analyte in a macro or meso sample. Extending the method to an 
analyte with a concentration of 0.1% w/w requires a sample of 10 g, which rarely 
is practical due to the complications of carrying such a large amount of material 
through the analysis. On the other hand, a small sample that contains a trace 
amount of analyte places significant restrictions on an analysis. For example, a 
1-mg sample that is 10–4% w/w in analyte contains just 1 ng of analyte. If we 
isolate the analyte in 1 mL of solution, then we need an analytical method that 
reliably can detect it at a concentration of 1 ng/mL. 

It should not surprise you to learn that a total analysis technique typically requires 
a macro or a meso sample that contains a major analyte. A concentration 
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technique is particularly useful for a minor, trace, or ultratrace analyte in a macro, 
meso, or micro sample. 

Equipment, Time, and Cost 

Finally, we can compare analytical methods with respect to their equipment 
needs, the time needed to complete an analysis, and the cost per sample. 
Methods that rely on instrumentation are equipment-intensive and may require 
significant operator training. For example, the graphite furnace atomic absorption 
spectroscopic method for determining lead in water requires a significant capital 
investment in the instrument and an experienced operator to obtain reliable 
results. Other methods, such as titrimetry, require less expensive equipment and 
less training. 

The time to complete an analysis for one sample often is fairly similar from 
method-to-method. This is somewhat misleading, however, because much of this 
time is spent preparing samples, preparing reagents, and gathering together 
equipment. Once the samples, reagents, and equipment are in place, the 
sampling rate may differ substantially. For example, it takes just a few minutes 
to analyze a single sample for lead using graphite furnace atomic absorption 
spectroscopy, but several hours to analyze the same sample using gravimetry. 
This is a significant factor in selecting a method for a laboratory that handles a 
high volume of samples. 

The cost of an analysis depends on many factors, including the cost of equipment 
and reagents, the cost of hiring analysts, and the number of samples that can be 
processed per hour. In general, methods that rely on instruments cost more per 
sample then other methods. 

Making the Final Choice 

Unfortunately, the design criteria discussed in this section are not mutually 
independent [Valcárcel, M.; Ríos, A. Anal. Chem. 1993, 65, 781A–787A]. 
Working with smaller samples or improving selectivity often comes at the expense 
of precision. Minimizing cost and analysis time may decrease accuracy. Selecting 
a method requires carefully balancing the various design criteria. Usually, the 
most important design criterion is accuracy, and the best method is the one that 
gives the most accurate result. When the need for a result is urgent, as is often 
the case in clinical labs, analysis time may become the critical factor. 

In some cases it is the sample’s properties that determine the best method. A 
sample with a complex matrix, for example, may require a method with excellent 
selectivity to avoid interferences. Samples in which the analyte is present at a 
trace or ultratrace concentration usually require a concentration method. If the 
quantity of sample is limited, then the method must not require a large amount 
of sample. 
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Determining the concentration of lead in drinking water requires a method that 
can detect lead at the parts per billion concentration level. Selectivity is important 
because other metal ions are present at significantly higher concentrations. A 
method that uses graphite furnace atomic absorption spectroscopy is a common 
choice for determining lead in drinking water because it meets these 
specifications. The same method is also useful for determining lead in blood 
where its ability to detect low concentrations of lead using a few microliters of 
sample is an important consideration. 

3.5: Developing the Procedure 

After selecting a method, the next step is to develop a procedure that accomplish 
our goals for the analysis. In developing a procedure we give attention to 
compensating for interferences, to selecting and calibrating equipment, to 
acquiring a representative sample, and to validating the method. 

Compensating for Interferences 

A method’s accuracy depends on its selectivity for the analyte. Even the best method, 
however, may not be free from interferents that contribute to the measured signal. 
Potential interferents may be present in the sample itself or in the reagents used during 
the analysis. 

When the sample is free of interferents, the total signal, Stotal, is a sum of the signal due 
to the analyte, SA, and the signal due to interferents in the reagents, Sreag, 

 

Without an independent determination of Sreag we cannot solve 

Equation 3.5.1 or 3.5.2 for the moles or concentration of analyte. 

To determine the contribution of Sreag in Equations 3.5.1 and 3.5.2 we measure 

the signal for a method blank, a solution that does not contain the sample. 
Consider, for example, a procedure in which we dissolve a 0.1-g sample in a 
portion of solvent, add several reagents, and dilute to 100 mL with additional 
solvent. To prepare the method blank we omit the sample and dilute the reagents 
to 100 mL using the solvent. Because the analyte is absent, Stotal for the method 
blank is equal to Sreag. Knowing the value for Sreag makes it is easy to 
correct Stotal for the reagent’s contribution to the total signal; thus 

 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.05%3A_Developing_the_Procedure#mjx-eqn-3.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.05%3A_Developing_the_Procedure#mjx-eqn-3.2
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.05%3A_Developing_the_Procedure#mjx-eqn-3.1
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By itself, a method blank cannot compensate for an interferent that is part of the 
sample’s matrix. If we happen to know the interferent’s identity and concentration, then 
we can be add it to the method blank; however, this is not a common circumstance and 
we must, instead, find a method for separating the analyte and interferent before 
continuing the analysis. 

A method blank also is known as a reagent blank. When the sample is a liquid, or is in 
solution, we use an equivalent volume of an inert solvent as a substitute for the sample. 

Calibration 

A simple definition of a quantitative analytical method is that it is a mechanism for 
converting a measurement, the signal, into the amount of analyte in a sample. Assuming 
we can correct for interferents, a quantitative analysis is nothing more than 
solving Equation 3.3.1 or Equation 3.3.2 for nA or for CA. 

To solve these equations we need the value of kA. For a total analysis method usually 
we know the value of kA because it is defined by the stoichiometry of the chemical 
reactions responsible for the signal. For a concentration method, however, the value 
of kA usually is a complex function of experimental conditions. A calibration is the 
process of experimentally determining the value of kA by measuring the signal for one 
or more standard samples, each of which contains a known concentration of analyte. 

With a single standard we can calculate the value of kA using Equation 3.3.1 or Equation 
3.3.2. When using several standards with different concentrations of analyte, the result 
is best viewed visually by plotting SA versus the concentration of analyte in the 
standards. Such a plot is known as a calibration curve, an example of which is shown 
in Figure 3.5.1 

 

Figure 3.5.1 : Example of a calibration curve. The filled circles (•) are the results for five standard samples, each with a 
different concentration of analyte, and the line is the best fit to the data determined by a linear regression analysis. 
See Chapter 5 for a further discussion of calibration curves and an explanation of linear regression. 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.2
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/03%3A__The_Vocabulary_of_Analytical_Chemistry/3.03%3A_Classifying_Analytical_Techniques#equation3.3.2
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Sampling 

Selecting an appropriate method and executing it properly helps us ensure that our 
analysis is accurate. If we analyze the wrong sample, however, then the accuracy of our 
work is of little consequence. 

A proper sampling strategy ensures that our samples are representative of the material 
from which they are taken. Biased or nonrepresentative sampling, and contaminating 
samples during or after their collection are two examples of sampling errors that can 
lead to a significant error in accuracy. It is important to realize that sampling errors are 
independent of errors in the analytical method. As a result, we cannot correct a sampling 
error in the laboratory by, for example, evaluating a reagent blank. 

Chapter 7 provides a more detailed discussion of sampling, including strategies for 
obtaining representative samples. 

Validation 

If we are to have confidence in our procedure we must demonstrate that it can provide 
acceptable results, a process we call validation. Perhaps the most important part of 
validating a procedure is establishing that its precision and accuracy are appropriate for 
the problem we are trying to solve. We also ensure that the written procedure has 
sufficient detail so that different analysts or laboratories will obtain comparable results. 
Ideally, validation uses a standard sample whose composition closely matches the 
samples we will analyze. In the absence of appropriate standards, we can evaluate 
accuracy by comparing results to those obtained using a method of known accuracy. 

3.6: Protocols 

Earlier we defined a protocol as a set of stringent written guidelines that specify 
an exact procedure that we must follow if an agency is to accept the results of 
our analysis. In addition to the considerations that went into the procedure’s 
design, a protocol also contains explicit instructions regarding internal and 
external quality assurance and quality control (QA/QC) procedures [Amore, 
F. Anal. Chem. 1979, 51, 1105A–1110A; Taylor, J. K. Anal. Chem. 1981, 53, 
1588A–1593A]. The goal of internal QA/QC is to ensure that a laboratory’s work 
is both accurate and precise. External QA/QC is a process in which an external 
agency certifies a laboratory. 

As an example, let’s outline a portion of the Environmental Protection Agency’s 
protocol for determining trace metals in water by graphite furnace atomic 
absorption spectroscopy as part of its Contract Laboratory Program (CLP). The 
CLP protocol (see Figure 3.6.1 ) calls for an initial calibration using a method 
blank and three standards, one of which is at the detection limit. The resulting 
calibration curve is verified by analyzing initial calibration verification (ICV) and 
initial calibration blank (ICB) samples. The lab’s result for the ICV sample must 
fall within ±10% of its expected concentration. If the result is outside this limit 
the analysis is stopped and the problem identified and corrected before 
continuing. 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/07%3A_Obtaining_and_Preparing_Samples_for_Analysis
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Figure 3.6.1 : Schematic diagram showing a portion of the EPA’s protocol for determining trace metals in water using 
graphite furnace atomic absorption spectrometry. The abbreviations are ICV: initial calibration verification; ICB: initial 
calibration blank; CCV: continuing calibration verification; CCB: continuing calibration blank. 

After a successful analysis of the ICV and ICB samples, the lab reverifies 

the calibration by analyzing a continuing calibration verification (CCV) 
sample and a continuing calibration blank (CCB). Results for the CCV also 
must be within ±10% of its expected concentration. Again, if the lab’s 
result for the CCV is outside the established limits, the analysis is stopped, 
the problem identified and corrected, and the system recalibrated as 
described above. Additional CCV and the CCB samples are analyzed before 
the first sample and after the last sample, and between every set of ten 
samples. If the result for any CCV or CCB sample is unacceptable, the 
results for the last set of samples are discarded, the system is recalibrated, 
and the samples reanalyzed. By following this protocol, each result is bound 
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by successful checks on the calibration. Although not shown in Figure 3.6.1, 
the protocol also contains instructions for analyzing duplicate or split 
samples, and for using spike tests to verify accuracy. 

3.7: The Importance of Analytical Methodology 

The importance of the issues raised in this chapter is evident if we examine 
environmental monitoring programs. The purpose of a monitoring program is to 
determine the present status of an environmental system, and to assess long 
term trends in the system’s health. These are broad and poorly defined goals. In 
many cases, an environmental monitoring program begins before the essential 
questions are known. This is not surprising since it is difficult to formulate 
questions in the absence of results. Without careful planning, however, a poor 
experimental design may result in data that has little value. 

These concerns are illustrated by the Chesapeake Bay Monitoring Program. This 
research program, designed to study nutrients and toxic pollutants in the 
Chesapeake Bay, was initiated in 1984 as a cooperative venture between the 
federal government, the state governments of Maryland, Virginia, and 
Pennsylvania, and the District of Columbia. A 1989 review of the program 
highlights the problems common to many monitoring programs [D’Elia, C. F.; 
Sanders, J. G.; Capone, D. G. Envrion. Sci. Technol. 1989, 23, 768–774]. 

At the beginning of the Chesapeake Bay monitoring program, little attention was 
given to selecting analytical methods, in large part because the eventual use of 
the data was not yet specified. The analytical methods initially chosen were 
standard methods already approved by the Environmental Protection Agency 
(EPA). In many cases these methods were not useful because they were designed 
to detect pollutants at their legally mandated maximum allowed concentrations. 
In unpolluted waters, however, the concentrations of these contaminants often 
are well below the detection limit of the EPA methods. For example, the detection 
limit for the EPA approved standard method for phosphate was 7.5 ppb. Since 
the actual phosphate concentrations in Chesapeake Bay were below the EPA 
method’s detection limit, it provided no useful information. On the other hand, 
the detection limit for a non-approved variant of the EPA method, a method 
routinely used by chemical oceanographers, was 0.06 ppb, a more realistic 
detection limit for their samples. In other cases, such as the elemental analysis 
for particulate forms of carbon, nitrogen and phosphorous, EPA approved 
procedures provided poorer reproducibility than nonapproved methods. 

3.8: Problems 

1. When working with a solid sample, often it is necessary to bring the 
analyte into solution by digesting the sample with a suitable solvent. Any 
remaining solid impurities are removed by filtration before continuing with 
the analysis. In a typical total analysis method, the procedure might read 
 
"After digesting the sample in a beaker using approximately 25 mL of 
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solvent, remove any solid impurities that remain by passing the solution 
the analyte through filter paper, collecting the filtrate in a clean 
Erlenmeyer flask. Rinse the beaker with several small portions of solvent, 
passing these rinsings through the filter paper and collecting them in the 
same Erlenmeyer flask. Finally, rinse the filter paper with several portions 
of solvent, collecting the rinsings in the same Erlenmeyer flask." 
 
For a typical concentration method, however, the procedure might state 
 
"After digesting the sample in a beaker using 25.00 mL of solvent, remove 
any solid impurities by filtering a portion of the solution containing the 
analyte. Collect and discard the first several mL of filtrate before collecting 
a sample of 5.00 mL for further analysis." 
 
Explain why these two procedures are different. 

2. A certain concentration method works best when the analyte’s 
concentration is approximately 10 ppb. 
 
(a) If the method requires a sample of 0.5 mL, about what mass of analyte 
is being measured? 
 
(b) If the analyte is present at 10% w/v, how would you prepare the 
sample for analysis? 
 
(c) Repeat for the case where the analyte is present at 10% w/w. 
 
(d) Based on your answers to parts (a)–(c), comment on the method’s 
suitability for the determination of a major analyte. 

3. An analyst needs to evaluate the potential effect of an interferent, I, on 
the quantitative analysis for an analyte, A. She begins by measuring the 
signal for a sample in which the interferent is absent and the analyte is 
present with a concentration of 15 ppm, obtaining an average signal of 
23.3 (arbitrary units). When she analyzes a sample in which the analyte is 
absent and the interferent is present with a concentration of 25 ppm, she 
obtains an average signal of 13.7. 
 
(a) What is the sensitivity for the analyte? 
 
(b) What is the sensitivity for the interferent? 
 
(c) What is the value of the selectivity coefficient? 
 
(d) Is the method more selective for the analyte or the interferent? 
 
(e) What is the maximum concentration of interferent relative to that of 
the analyte if the error in the analysis is to be less than 1%? 



Analytical Chemistry - AIU 

36 
 

4. A sample is analyzed to determine the concentration of an analyte. Under 
the conditions of the analysis the sensitivity is 17.2 ppm−1. What is the 

analyte’s concentration if Stotal is 35.2 and Sreag is 0.6? 

5. A method for the analysis of Ca2+ in water suffers from an interference in 
the presence of Zn2+. When the concentration of Ca2+ is 50 times greater 
than that of Zn2+, an analysis for Ca2+ gives a relative error of –2.0%. 
What is the value of the selectivity coefficient for this method? 

6. The quantitative analysis for reduced glutathione in blood is complicated 
by many potential interferents. In one study, when analyzing a solution of 
10.0 ppb glutathione and 1.5 ppb ascorbic acid, the signal was 5.43 times 
greater than that obtained for the analysis of 10.0 ppb glutathione 
[Jiménez-Prieto, R.; Velasco, A.; Silva, M; Pérez-Bendito, D. Anal. Chem. 
Acta 1992, 269, 273– 279]. What is the selectivity coefficient for this 
analysis? The same study found that analyzing a solution of 3.5×102 ppb 

methionine and 10.0 ppb glutathione gives a signal that is 0.906 times less 
than that obtained for the analysis of 10.0 ppb glutathione. What is the 
selectivity coefficient for this analysis? In what ways do these interferents 
behave differently? 

7. Oungpipat and Alexander described a method for determining the 
concentration of glycolic acid (GA) in a variety of samples, including 
physiological fluids such as urine [Oungpipat, W.; Alexander, P. W. Anal. 
Chim. Acta 1994, 295, 36–46]. In the presence of only GA, the signal is 

 

1. (a) Using the ratio of the two signals, determine the value of the selectivity 
ratio KGA,AA. 
 
(b) Is the method more selective toward glycolic acid or ascorbic acid? 
 

(c) If the concentration of ascorbic acid is 1.0×10−5 M, what is the 

smallest concentration of glycolic acid that can be determined such that 
the error introduced by failing to account for the signal from ascorbic acid 
is less than 1%? 

2. Ibrahim and co-workers developed a new method for the quantitative 
analysis of hypoxanthine, a natural compound of some nucleic acids 
[Ibrahim, M. S.; Ahmad, M. E.; Temerk, Y. M.; Kaucke, A. M. Anal. Chim. 
Acta 1996, 328, 47–52]. As part of their study they evaluated the 
method’s selectivity for hypoxanthine in the presence of several possible 
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interferents, including ascorbic acid. 
 

(a) When analyzing a solution of 1.12×10−6 M hypoxanthine the authors 

obtained a signal of 7.45×10−5 amps. What is the sensitivity for 

hypoxanthine? You may assume the signal has been corrected for the 
method blank. 
 

(b) When a solution containing 1.12×10−6 M hypoxanthine 

and 6.5×10−5 M ascorbic acid is analyzed a signal of 4.04×10−5 amps is 
obtained. What is the selectivity coefficient for this method? 
 
(c) Is the method more selective for hypoxanthine or for ascorbic acid? 

(d) What is the largest concentration of ascorbic acid that may be present 

if a concentration of 1.12×10−6 M hypoxanthine is to be determined 

within 1.0%? 

3. Examine a procedure from Standard Methods for the Analysis of Waters 
and Wastewaters (or another manual of standard analytical methods) and 
identify the steps taken to compensate for interferences, to calibrate 
equipment and instruments, to standardize the method, and to acquire a 
representative sample. 

4: Evaluating Analytical Data 

When we use an analytical method we make three separate evaluations of 
experimental error. First, before we begin the analysis we evaluate potential sources 
of errors to ensure they will not adversely effect our results. Second, during the 
analysis we monitor our measurements to ensure that errors remain acceptable. 
Finally, at the end of the analysis we evaluate the quality of the measurements and 
results, and compare them to our original design criteria. This chapter provides an 
introduction to sources of error, to evaluating errors in analytical measurements, and 
to the statistical analysis of data. 

4.1: Characterizing Measurements and Results 

Let’s begin by choosing a simple quantitative problem that requires a single 
measurement: What is the mass of a penny? You probably recognize that our 
statement of the problem is too broad. For example, are we interested in the 
mass of a United States penny or of a Canadian penny, or is the difference 
relevant? Because a penny’s composition and size may differ from country to 
country, let’s narrow our problem to pennies from the United States. 

There are other concerns we might consider. For example, the United States Mint 
produces pennies at two locations (Figure 4.1.1 ). Because it seems unlikely that 
a penny’s mass depends on where it is minted, we will ignore this concern. 
Another concern is whether the mass of a newly minted penny is different from 
the mass of a circulating penny. Because the answer this time is not obvious, 
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let’s further narrow our question and ask “What is the mass of a circulating United 
States Penny?” 

 

Figure 4.1.1 : An uncirculated 2005 Lincoln head penny. The “D” below the date indicates that this penny was produced 
at the United States Mint at Denver, Colorado. Pennies produced at the Philadelphia Mint do not have a letter below the 
date. Source: United States Mint image. 

A good way to begin our analysis is to gather some preliminary data. Table 
4.1.1 shows masses for seven pennies collected from my change jar. In 
examining this data we see that our question does not have a simple 
answer. That is, we can not use the mass of a single penny to draw a 
specific conclusion about the mass of any other penny (although we might 
reasonably conclude that all pennies weigh at least 3 g). We can, however, 
characterize this data by reporting the spread of the individual 
measurements around a central value. 

 
 

Measures of Central Tendency 

One way to characterize the data in Table 4.1.1 is to assume that the masses of 
individual pennies are scattered randomly around a central value that is the 
best estimate of a penny’s expected, or “true” mass. There are two common 
ways to estimate central tendency: the mean and the median. 

https://www.usmint.gov/
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The mean is the most common estimate of central tendency. It is not a robust 
estimate, however, because a single extreme value—one much larger or much 
smaller than the remainder of the data—influences strongly the mean’s value 
[Rousseeuw, P. J. J. Chemom. 1991, 5, 1–20]. For example, if we accidently 
record the third penny’s mass as 31.07 g instead of 3.107 g, the mean changes 
from 3.117 g to 7.112 g! 

An estimate for a statistical parameter is robust if its value is not affected too much by 

an unusually large or an unusually small measurement. 

As shown by Example 4.1.1 and Example 4.1.2 , the mean and the median 
provide similar estimates of central tendency when all measurements are 
comparable in magnitude. The median, however, is a more robust estimate 
of central tendency because it is less sensitive to measurements with 
extreme values. For example, if we accidently record the third penny’s 
mass as 31.07 g instead of 3.107 g, the median’s value changes from 3.107 
g to 3.112 g. 
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Measures of Spread 

If the mean or the median provides an estimate of a penny’s expected mass, then the 

spread of individual measurements about the mean or median provides an estimate of 

the difference in mass among pennies or of the uncertainty in measuring mass with a 

balance. Although we often define the spread relative to a specific measure of central 

tendency, its magnitude is independent of the central value. Although shifting all 

measurements in the same direction by adding or subtracting a constant value changes 

the mean or median, it does not change the spread. There are three common measures of 

spread: the range, the standard deviation, and the variance. 

Problem 13 at the end of the chapter asks you to show that this is true. 

Range 

The range, w, is the difference between a data set’s largest and smallest 
values. 

 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.09%3A_Problems#problem13
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Many scientific calculators include two keys for calculating the standard deviation. 
One key calculates the standard deviation for a data set of n samples drawn from 

a larger collection of possible samples, which corresponds to Equation 4.1.1The 

other key calculates the standard deviation for all possible samples. The latter is 
known as the population’s standard deviation, which we will cover later in this 
chapter. Your calculator’s manual will help you determine the appropriate key for 
each. 

Variance 

Another common measure of spread is the variance, which is the square of the 
standard deviation. We usually report a data set’s standard deviation, rather than 
its variance, because the mean value and the standard deviation share the same 
unit. As we will see shortly, the variance is a useful measure of spread because 
its values are additive. 

 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.01%3A_Characterizing_Measurements_and_Results#mjx-eqn-4.1
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4.2: Characterizing Experimental Errors 

Characterizing a penny’s mass using the data in Table 4.1.1 suggests two 
questions. First, does our measure of central tendency agree with the penny’s 
expected mass? Second, why is there so much variability in the individual 
results? The first of these questions addresses the accuracy of our 
measurements and the second addresses the precision of our measurements. 
In this section we consider the types of experimental errors that affect accuracy 
and precision. 

Errors That Affect Accuracy 

Accuracy is how close a measure of central tendency is to its expected value, μ. 

We express accuracy either as an absolute error, e 

 

Although Equation 4.2.1 and Equation 4.2.2 use the mean as the measure of 

central tendency, we also can use the median. 

The convention for representing a statistical parameter is to use a Roman letter for a 

value calculated from experimental data, and a Greek letter for its corresponding 

expected value. For example, the experimentally determined mean is  and its 

underlying expected value is μ. Likewise, the experimental standard deviation is s and 

the underlying expected value is σ. 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.01%3A_Characterizing_Measurements_and_Results#table4.1.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.02%3A_Characterizing_Experimental_Errors#mjx-eqn-4.1
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.02%3A_Characterizing_Experimental_Errors#mjx-eqn-4.2
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We identify as determinate an error that affects the accuracy of an analysis. 
Each source of a determinate error has a specific magnitude and sign. Some 
sources of determinate error are positive and others are negative, and some 
are larger in magnitude and others are smaller in magnitude. The cumulative 
effect of these determinate errors is a net positive or negative error in accuracy. 

It is possible, although unlikely, that the positive and negative determinate errors will 

offset each other, producing a result with no net error in accuracy. 

We assign determinate errors into four categories—sampling errors, method 
errors, measurement errors, and personal errors—each of which we consider in 
this section. 

Sampling Errors 

A determinate sampling error occurs when our sampling strategy does not 
provide a us with a representative sample. For example, if we monitor the 
environmental quality of a lake by sampling from a single site near a point 
source of pollution, such as an outlet for industrial effluent, then our results will 
be misleading. To determine the mass of a U. S. penny, our strategy for 
selecting pennies must ensure that we do not include pennies from other 
countries. 

An awareness of potential sampling errors especially is important when we 
work with heterogeneous materials. Strategies for obtaining representative 
samples are covered in Chapter 5. 

Method Errors 

In any analysis the relationship between the signal, Stotal, and the absolute amount of 

analyte, nA, or the analyte’s concentration, CA, is 

 

Where kA is the method’s sensitivity for the analyte and Smb is the signal from the method 

blank. A method error exists when our value for kA or for Smb is in error. For example, a 

method in which Stotal is the mass of a precipitate assumes that k is defined by a pure 

precipitate of known stoichiometry. If this assumption is not true, then the resulting 

determination of nA or CA is inaccurate. We can minimize a determinate error in kA by 

calibrating the method. A method error due to an interferent in the reagents is minimized 

by using a proper method blank. 

Measurement Errors 

The manufacturers of analytical instruments and equipment, such as glassware 
and balances, usually provide a statement of the item’s 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/05%3A_Standardizing_Analytical_Methods
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maximum measurement error, or tolerance. For example, a 10-mL 
volumetric pipet (Figure 4.2.1 ) has a tolerance of ±0.02 mL, which means the 
pipet delivers an actual volume within the range 9.98–10.02 mL at a temperature 
of 20 oC. Although we express this tolerance as a range, the error is determinate; 

that is, the pipet’s expected volume, μ, is a fixed value within this stated range. 

Volumetric glassware is categorized into classes based on its relative 
accuracy. Class A glassware is manufactured to comply with tolerances 
specified by an agency, such as the National Institute of Standards and 
Technology or the American Society for Testing and Materials. The 
tolerance level for Class A glassware is small enough that normally we can 
use it without calibration. The tolerance levels for Class B glassware usually 
are twice that for Class A glassware. Other types of volumetric glassware, 
such as beakers and graduated cylinders, are not used to measure volume 
accurately. Table 4.2.1 provides a summary of typical measurement errors 
for Class A volumetric glassware. Tolerances for digital pipets and for 
balances are provided in Table 4.2.2 and Table 4.2.3. 
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We can minimize a determinate measurement error by calibrating our equipment. 
Balances are calibrated using a reference weight whose mass we can trace back 
to the SI standard kilogram. Volumetric glassware and digital pipets are calibrated 
by determining the mass of water delivered or contained and using the density 
of water to calculate the actual volume. It is never safe to assume that a 
calibration does not change during an analysis or over time. One study, for 
example, found that repeatedly exposing volumetric glassware to higher 
temperatures during machine washing and oven drying, led to small, but 
significant changes in the glassware’s calibration [Castanheira, I.; Batista, E.; 
Valente, A.; Dias, G.; Mora, M.; Pinto, L.; Costa, H. S. Food Control 2006, 17, 
719–726]. Many instruments drift out of calibration over time and may require 
frequent recalibration during an analysis. 

Personal Errors 

Finally, analytical work is always subject to personal error, examples of which 
include the ability to see a change in the color of an indicator that signals the 
endpoint of a titration, biases, such as consistently overestimating or 
underestimating the value on an instrument’s readout scale, failing to calibrate 
instrumentation, and misinterpreting procedural directions. You can minimize 
personal errors by taking proper care. 

Identifying Determinate Errors 

Determinate errors often are difficult to detect. Without knowing the expected 
value for an analysis, the usual situation in any analysis that matters, we often 
have nothing to which we can compare our experimental result. Nevertheless, 
there are strategies we can use to detect determinate errors. 
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The magnitude of a constant determinate error is the same for all samples and 
is more significant when we analyze smaller samples. Analyzing samples of 
different sizes, therefore, allows us to detect a constant determinate error. For 
example, consider a quantitative analysis in which we separate the analyte from 
its matrix and determine its mass. Let’s assume the sample is 50.0% w/w analyte. 
As we see in Table 4.2.4 , the expected amount of analyte in a 0.100 g sample 
is 0.050 g. If the analysis has a positive constant determinate error of 0.010 g, 
then analyzing the sample gives 0.060 g of analyte, or an apparent concentration 
of 60.0% w/w. As we increase the size of the sample the experimental results 
become closer to the expected result. An upward or downward trend in a graph 
of the analyte’s experimental concentration versus the sample’s mass (Figure 
4.2.2 ) is evidence of a constant determinate error. 

A proportional determinate error, in which the error’s magnitude 
depends on the amount of sample, is more difficult to detect because the 
result of the analysis is independent of the amount of sample. Table 4.2.5 
outlines an example that shows the effect of a positive proportional error 
of 1.0% on the analysis of a sample that is 50.0% w/w in analyte. 
Regardless of the sample’s size, each analysis gives the same result of 
50.5% w/w analyte. 

One approach for detecting a proportional determinate error is to analyze 
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a standard that contains a known amount of analyte in a matrix similar to 
our samples. Standards are available from a variety of sources, such as the 
National Institute of Standards and Technology (where they are called 
Standard Reference Materials) or the American Society for Testing and 
Materials. Table 4.2.6 , for example, lists certified values for several 
analytes in a standard sample of Gingko biloba leaves. Another approach 
is to compare our analysis to an analysis carried out using an independent 
analytical method that is known to give accurate results. If the two 
methods give significantly different results, then a determinate error is the 
likely cause. 

 

The primary purpose of this Standard Reference Material is to validate analytical 
methods for determining flavonoids, terpene lactones, and toxic elements 
in Ginkgo biloba or other materials with a similar matrix. Values are from the 
official Certificate of Analysis available at www.nist.gov. 

Constant and proportional determinate errors have distinctly different sources, 
which we can define in terms of the relationship between the signal and the 

moles or concentration of analyte (Equation 4.2.3 and Equation 4.2.4). An invalid 

method blank, Smb, is a constant determinate error as it adds or subtracts the 
same value to the signal. A poorly calibrated method, which yields an invalid 
sensitivity for the analyte, kA, results in a proportional determinate error. 

Errors that Affect Precision 

As we saw in Section 4.1, precision is a measure of the spread of individual 
measurements or results about a central value, which we express as a range, a 
standard deviation, or a variance. Here we draw a distinction between two types 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.02%3A_Characterizing_Experimental_Errors#mjx-eqn-4.3
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.02%3A_Characterizing_Experimental_Errors#mjx-eqn-4.4
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.01%3A_Characterizing_Measurements_and_Results
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of precision: repeatability and reproducibility. Repeatability is the precision 
when a single analyst completes an analysis in a single session using the same 
solutions, equipment, and instrumentation. Reproducibility, on the other hand, 
is the precision under any other set of conditions, including between analysts or 
between laboratory sessions for a single analyst. Since reproducibility includes 
additional sources of variability, the reproducibility of an analysis cannot be better 
than its repeatability. 

The ratio of the standard deviation associated with reproducibility to the standard 
deviation associated with repeatability is called the Horowitz ratio. For a wide 
variety of analytes in foods, for example, the median Horowtiz ratio is 2.0 with 
larger values for fatty acids and for trace elements; see Thompson, M.; Wood, R. 
“The ‘Horowitz Ratio’–A Study of the Ratio Between Reproducibility and 
Repeatability in the Analysis of Foodstuffs,” Anal. Methods, 2015, 7, 375–379. 

Errors that affect precision are indeterminate and are characterized by random 
variations in their magnitude and their direction. Because they are random, 
positive and negative indeterminate errors tend to cancel, provided that we 
make a sufficient number of measurements. In such situations the mean and the 
median largely are unaffected by the precision of the analysis. 

Sources of Indeterminate Error 

We can assign indeterminate errors to several sources, including collecting 
samples, manipulating samples during the analysis, and making measurements. 
When we collect a sample, for instance, only a small portion of the available 
material is taken, which increases the chance that small-scale inhomogeneities in 
the sample will affect repeatability. Individual pennies, for example, may show 
variations in mass from several sources, including the manufacturing process and 
the loss of small amounts of metal or the addition of dirt during circulation. These 
variations are sources of indeterminate sampling errors. 

During an analysis there are many opportunities to introduce indeterminate 
method errors. If our method for determining the mass of a penny includes 
directions for cleaning them of dirt, then we must be careful to treat each penny 
in the same way. Cleaning some pennies more vigorously than others might 
introduce an indeterminate method error. 

Finally, all measuring devices are subject to indeterminate measurement errors 
due to limitations in our ability to read its scale. For example, a buret with scale 
divisions every 0.1 mL has an inherent indeterminate error of ±0.01–0.03 mL 
when we estimate the volume to the hundredth of a milliliter (Figure 4.2.3 ). 
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Evaluating Indeterminate Error 

Indeterminate errors associated with our analytical equipment or instrumentation 
generally are easy to estimate if we measure the standard deviation for several 
replicate measurements, or if we monitor the signal’s fluctuations over time in 
the absence of analyte (Figure 4.2.4 ) and calculate the standard deviation. Other 
sources of indeterminate error, such as treating samples inconsistently, are more 
difficult to estimate. 

To evaluate the effect of an indeterminate measurement error on our 
analysis of the mass of a circulating United States penny, we might make 
several determinations of the mass for a single penny (Table 4.2.7 ). The 
standard deviation for our original experiment (see Table 4.1.1) is 0.051 g, 
and it is 0.0024 g for the data in Table 4.2.7 . The significantly better 
precision when we determine the mass of a single penny suggests that the 
precision of our analysis is not limited by the balance. A more likely source 
of indeterminate error is a variability in the masses of individual pennies. 

 

In Section 4.5 we will discuss a statistical method—the F-test—that you 
can use to show that this difference is significant. 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/04%3A_Evaluating_Analytical_Data/4.01%3A_Characterizing_Measurements_and_Results#table4.1.1
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Error and Uncertainty 

Analytical chemists make a distinction between error and uncertainty [Ellison, S.; 
Wegscheider, W.; Williams, A. Anal. Chem. 1997, 69, 607A–613A]. Error is the 
difference between a single measurement or result and its expected value. In 
other words, error is a measure of bias. As discussed earlier, we divide errors 
into determinate and indeterminate sources. Although we can find and correct a 
source of determinate error, the indeterminate portion of the error remains. 

Uncertainty expresses the range of possible values for a measurement or result. 
Note that this definition of uncertainty is not the same as our definition of 
precision. We calculate precision from our experimental data and use it to 
estimate the magnitude of indeterminate errors. Uncertainty accounts for all 
errors—both determinate and indeterminate—that reasonably might affect a 
measurement or a result. Although we always try to correct determinate errors 
before we begin an analysis, the correction itself is subject to uncertainty. 

Here is an example to help illustrate the difference between precision and 
uncertainty. Suppose you purchase a 10-mL Class A pipet from a laboratory 
supply company and use it without any additional calibration. The pipet’s 
tolerance of ±0.02 mL is its uncertainty because your best estimate of its 
expected volume is 10.00 mL ± 0.02 mL. This uncertainty primarily is 
determinate. If you use the pipet to dispense several replicate samples of a 
solution and determine the volume of each sample, the resulting standard 
deviation is the pipet’s precision. Table 4.2.8 shows results for ten such trials, 
with a mean of 9.992 mL and a standard deviation of ±0.006 mL. This standard 
deviation is the precision with which we expect to deliver a solution using a Class 
A 10-mL pipet. In this case the pipet’s published uncertainty of ±0.02 mL is worse 
than its experimentally determined precision of ±0.006 ml. Interestingly, the data 
in Table 4.2.8 allows us to calibrate this specific pipet’s delivery volume as 9.992 
mL. If we use this volume as a better estimate of the pipet’s expected volume, 
then its uncertainty is ±0.006 mL. As expected, calibrating the pipet allows us to 
decrease its uncertainty [Kadis, R. Talanta 2004, 64, 167–173]. 
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4.4: The Distribution of Measurements and Results 

Earlier we reported results for a determination of the mass of a circulating 
United States penny, obtaining a mean of 3.117 g and a standard deviation 
of 0.051 g. Table 4.4.1 shows results for a second, independent 
determination of a penny’s mass, as well as the data from the first 
experiment. Although the means and standard deviations for the two 
experiments are similar, they are not identical. The difference between the 
two experiments raises some interesting questions. Are the results for one 
experiment better than the results for the other experiment? Do the two 
experiments provide equivalent estimates for the mean and the standard 
deviation? What is our best estimate of a penny’s expected mass? To 
answer these questions we need to understand how we might predict the 
properties of all pennies using the results from an analysis of a small 
sample of pennies. We begin by making a distinction between populations 
and samples. 

 

Populations and Samples 

A population is the set of all objects in the system we are investigating. For the 
data in Table 4.4.1 , the population is all United States pennies in circulation. This 
population is so large that we cannot analyze every member of the population. 
Instead, we select and analyze a limited subset, or sample of the population. 
The data in Table 4.4.1 , for example, shows the results for two such samples 
drawn from the larger population of all circulating United States pennies. 

Probability Distributions for Populations 

Table 4.4.1 provides the means and the standard deviations for two samples of 
circulating United States pennies. What do these samples tell us about the 
population of pennies? What is the largest possible mass for a penny? What is 
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the smallest possible mass? Are all masses equally probable, or are some masses 
more common? 

To answer these questions we need to know how the masses of individual 
pennies are distributed about the population’s average mass. We represent the 
distribution of a population by plotting the probability or frequency of obtaining 
a specific result as a function of the possible results. Such plots are 
called probability distributions. 

There are many possible probability distributions; in fact, the probability 
distribution can take any shape depending on the nature of the population. 
Fortunately many chemical systems display one of several common probability 
distributions. Two of these distributions, the binomial distribution and the normal 
distribution, are discussed in this section. 

The Binomial Distribution 

The binomial distribution describes a population in which the result is the number 
of times a particular event occurs during a fixed number of trials. Mathematically, 
the binomial distribution is defined as 

 

The binomial distribution describes a population whose members have only 
specific, discrete values. When you roll a die, for example, the possible 

values are 1, 2, 3, 4, 5, or 6. A roll of 3.45 is not possible. As shown in 
Worked Example 4.4.1 , one example of a chemical system that obeys the 
binomial distribution is the probability of finding a particular isotope in a 
molecule. 
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The Normal Distribution 

A binomial distribution describes a population whose members have only certain 
discrete values. This is the case with the number of 13C atoms in cholesterol. A 
molecule of cholesterol, for example, can have two 13C atoms, but it can not have 
2.5 atoms of 13C. A population is continuous if its members may take on any 
value. The efficiency of extracting cholesterol from a sample, for example, can 
take on any value between 0% (no cholesterol is extracted) and 100% (all 
cholesterol is extracted). 

The most common continuous distribution is the Gaussian, or normal 
distribution, the equation for which is 

 

Examples of three normal distributions, each with an expected mean of 0 and 
with variances of 25, 100, or 400, respectively, are shown in Figure 4.4.2 . Two 
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features of these normal distribution curves deserve attention. First, note that 
each normal distribution has a single maximum that corresponds to μ, and that 

the distribution is symmetrical about this value. Second, increasing the 
population’s variance increases the distribution’s spread and decreases its height; 
the area under the curve, however, is the same for all three distributions. 
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5: Standardizing Analytical Methods 

 

5.1: Analytical Signals 

To standardize an analytical method we use standards that contain known 
amounts of analyte. The accuracy of a standardization, therefore, depends on 
the quality of the reagents and the glassware we use to prepare these standards. 
For example, in an acid–base titration the stoichiometry of the acid–base reaction 
defines the relationship between the moles of analyte and the moles of titrant. 
In turn, the moles of titrant is the product of the titrant’s concentration and the 
volume of titrant used to reach the equivalence point. The accuracy of a 
titrimetric analysis, therefore, is never better than the accuracy with which we 
know the titrant’s concentration. 
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5.2: Calibrating the Signal 

 

5.3: Determining the Sensitivity 
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An external standardization allows us to analyze a series of samples using a single 
calibration curve. This is an important advantage when we have many samples 
to analyze. Not surprisingly, many of the most common quantitative analytical 
methods use an external standardization. 

There is a serious limitation, however, to an external standardization. When we 
determine the value of kA using Equation 5.3.5, the analyte is present in the 
external standard’s matrix, which usually is a much simpler matrix than that of 
our samples. When we use an external standardization we assume the matrix 
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does not affect the value of kA. If this is not true, then we introduce a proportional 
determinate error into our analysis. This is not the case in Figure 5.3.3 , for 
instance, where we show calibration curves for an analyte in the sample’s matrix 
and in the standard’s matrix. In this case, using the calibration curve for the 
external standards leads to a negative determinate error in analyte’s reported 
concentration. If we expect that matrix effects are important, then we try to 
match the standard’s matrix to that of the sample, a process known as matrix 
matching. If we are unsure of the sample’s matrix, then we must show that 
matrix effects are negligible or use an alternative method of standardization. Both 
approaches are discussed in the following section. 
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5.4: Linear Regression and Calibration Curves 

In a single-point external standardization we determine the value of kA by 
measuring the signal for a single standard that contains a known concentration 
of analyte. Using this value of kA and our sample’s signal, we then calculate the 
concentration of analyte in our sample (see Example 5.3.1). With only a single 
determination of kA, a quantitative analysis using a single-point external 
standardization is straightforward. 

A multiple-point standardization presents a more difficult problem. Consider the 
data in Table 5.4.1 for a multiple-point external standardization. What is our 
best estimate of the relationship between Sstd and Cstd? It is tempting to treat 
this data as five separate single-point standardizations, determining kA for each 
standard, and reporting the mean value for the five trials. Despite it simplicity, 
this is not an appropriate way to treat a multiple-point standardization. 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Analytical_Chemistry_2.1_(Harvey)/05%3A_Standardizing_Analytical_Methods/5.03%3A_Determining_the_Sensitivity#example5.3.1
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5.5: Compensating for the Reagent Blank 

 

That all four methods give a different result for the analyte’s concentration 
underscores the importance of choosing a proper blank, but does not tell us which 
blank is correct. Because all four methods fail to predict the same concentration 
of analyte for each sample, none of these blank corrections properly accounts for 
an underlying constant source of determinate error. 
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To correct for a constant method error, a blank must account for signals from 
any reagents and solvents used in the analysis and any bias that results from 
interactions between the analyte and the sample’s matrix. Both the calibration 
blank and the reagent blank compensate for signals from reagents and solvents. 
Any difference in their values is due to indeterminate errors in preparing and 
analyzing the standards. 

 

 

6: Equilibrium Chemistry 

In 1798, the chemist Claude Berthollet accompanied Napoleon’s military 

expedition to Egypt. While visiting the Natron Lakes, a series of salt water lakes 

carved from limestone, Berthollet made an observation that led him to an 

important discovery. When exploring the lake’s shore, Berthollet found deposits 

of Na2CO3, a result he found surprising. Why did Berthollet find this result 

surprising and how did it contribute to an important discovery? Answering these 

questions provides us with an example of chemical reasoning and introduces us 

to the topic of this chapter. 

 



Analytical Chemistry - AIU 

79 
 

 

6.2: Thermodynamics and Equilibrium Chemistry 
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6.3: Manipulating Equilibrium Constants 
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6.4: Equilibrium Constants for Chemical Reactions 
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6.5: Le Châtelier’s Principle 
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6.6: Ladder Diagrams 

 



Analytical Chemistry - AIU 

89 
 

 



Analytical Chemistry - AIU 

90 
 

 



Analytical Chemistry - AIU 

91 
 

 

 

 

 

 



Analytical Chemistry - AIU 

92 
 

 

 

 



Analytical Chemistry - AIU 

93 
 

6.7: Solving Equilibrium Problems 
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6.8: Buffer Solutions 
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7.1: The Importance of Sampling 
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7.2: Designing a Sampling Plan 
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7.3: Implementing the Sampling Plan 
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7.4: Separating the Analyte From Interferents 

7.5: General Theory of Separation Effiiciency 
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7.6: Classifying Separation Techniques 
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7.7: Liquid-Liquid Extractions 
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