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Preface

Titrimetric methods occupy an important position among the classical methods of
analysis and are based mainly on acid—base, complexation, precipitation, and redox
reactions in aqueous media. The principles underlying these chemical reactions are
dealt with in most introductory courses, including undergraduate quantitative anal-
ysis courses. Competence in this area of quantitative analysis is enhanced by solving
problems. This book presents a collection of worked-out examples and problems in
titrimetric analysis. It is intended as a workbook—not as a textbook—that can be
used to supplement any textbook in analytical chemistry.

The examples and problems in this workbook are based on the corresponding
graphical illustrations, which have been accurately drawn with the aid of a digital
computer and an x—y plotter. The graphical representations constitute the founda-
tion of the book. Each problem provides sufficient information to identify one of the
coordinates of a point on any of the curves; the solution involves calculating the
value of the remaining coordinate from a knowledge of the appropriate equilibria.
If the calculation is carried out correctly, the answer will agree with the value of the
coordinate that can be obtained from the graph. For example, in a simple acid—
base titration, the volume and molarity of the base and the volume and molarity of
the acid added will give a value for the fraction titrated, that is, the x-coordinate in
the acid—base titration curve. From a knowledge of the acid—base chemistry, it
should be possible to calculate the pH of the resulting solution, that is, the value of
the y-coordinate that corresponds to the fraction titrated.



PREFACE

In other words, all the answers to the problems, and consequently the validity
of all the calculations, can be verified by reference to the appropriate graph. All the
information given in the problems is summarized in the graphs, and the answers to
the problems are built into them as well. Every point on a curve constitutes a prob-
lem as well as the answer to a problem. This approach to problem solving at the
undergraduate level is unique.

In all calculations involving equilibrium constants, it is important to use values
of the constants that correspond to the solution condition specified in the problems.
It will be assumed that in all the examples and problems, aqueous solutions at 25°C
are employed. If meaningful answers to the problems are required, all equilibrium
constants must be corrected for ionic strength effects.

The authors are grateful to James T. Dyke for assistance with the graphics and
the computer programs, and to Benjamin A. Feinberg and William H. Woodruff
for reviewing the text.

Quintus Fernando
University of Arizona

Michael D. Ryan
Marquette University
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Introduction

Fundamental

Concepts

Stoichiometric Principles

In quantitative chemical analysis, the calculations involved are based on stoichio-
metric relationships that can be deduced from balanced chemical reactions. For
example, when CaCOj is reacted with HCI, according to the balanced chemical
equation, CaCO; + 2HCl — CaCl, + H,0 + CO,, 1 mol of CaCOj; requires 2 mol
of HCI for complete reaction. The algebraic relationship between the number of
moles of CaCOyj that reacted, ne,co,, and the number of moles of HCI that reacted,
nycr, 18 expressed as

Ngcr = 2 X Agaco,
The number of moles of CaCOj that reacted, n¢,co,, is multiplied by the factor 2—
not the number of moles of HCI that reacted, ngo—although here 2 mol of HCI is
required to balance the chemical equation. The reason for this is evident from the
following example.

Example 1

A solution containing 8.00 mmol of HCl is added to 9.00 g of solid CaCO;. How
many moles of CaCOj are left unreacted? [molecular weight (MW) of CaCOj is
100.09]

100.09

A 9.00-g sample of CaCO; contains x 1000 = 89.92 mmol of CaCO;.

1



INTRODUCTION FUNDAMENTAL CONCEPTS

Hence, the problem can be restated as follows: How many moles of CaCOQ, are left
unreacted when 8.00 mmol of HCI is added to 89.92 mmol of CaCQO;?
It may be deduced from the balanced chemical equation,

that 2 mmol of HCI reacts with 1 mmol of CaCOj;. Therefore, 8.00 mmol of HCI
1
must react with <§ X 8.00) or 4.00 mmol of CaCO,, and the number of moles of

CaCQ; left unreacted is

89.92 — 4.00

= .0859
1000 08

The identical result may be deduced from the algebraic relationship between
the number of moles of HCI that reacted and the number of moles of CaCO, that
reacted:

8.00

Number of moles of HCl = ny = 1000

Number of moles of CaCO; = n¢,co,
From the balanced chemical equation

fucr = 2 X Neyco,
_ g 8.00 4.00

Therefore, the number of moles of CaCQOj, left unreacted is

900  4.00
10000 1000 08>

This example also shows the manner in which grams, moles, and millimoles of
the compound CaCO,, with a molecular weight of 100.09, are interrelated.

The stoichiometric relationships that can be deduced from the balanced chemical
reaction

aA + bB — ¢C

are b-ny=a-ng where n, and ny are the number of moles of A and B, respec-
tively, that react;
C-Np=da-Ng where n¢ is the number of moles of product that is formed
from n, mol of reactant A;
b-n.=rc-ng where n¢ is the number of moles of product that is formed
from ng mol of reactant B.
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CONCENTRATIONS OF SOLUTIONS 3

Example 2

A sample of iron ore (.5356 g) is dissolved in H,SO,. All the iron(Ill) is reduced
quantitatively to iron(Il), and the solution is titrated with a standard potassium
dichromate solution made by dissolving 4836 g of K,Cr,O- in 1 liter of water. If
28.46 ml of the K,Cr,0 is required to reach the endpoint in the titration, calculate
the percentage of iron (%, Fe) in the sample of iron ore. (Fe 55.847; MW K,Cr,0,
294.18.)

The balanced chemical equation for this determination is

6Fe*” 4+ Cr,03~ + 14H" —— 6Fe** + 2Cr** + 7H,0

The algebraic expression that gives the relationship between the number of moles of
K,Cr,0; that reacted and the number of moles of Fe?* that reacted is

6 X nyg,cr,0, = Ape2+

But ng,cr,0, = Vi x M where V, is the volume of K,Cr,0, in liters and M is the
molarity of K,Cr,0,. The volume of the titrant required, in liters, multiplied by
the concentration of the titrant, in moles per liter, gives the number of moles of the
titrant that reacted. If the volume of the titrant, in milliliters, is multiplied by the
concentration of the titrant in moles per liter, the number of millimoles of titrant
that reacted is obtained. Hence

28.46 4836 s
g ,cr,0, = m X m =4679 x 10 mol

and
g, = 4.679 x 1073 x 6 mol

Therefore, in the ore sample

X 4679 x 1075 x 6 x 55.847 x 100
% Fe = 5356 = 2.927

Concentrations of Solutions

A standard solution is defined as a solution that has a known concentration. The
concentration of a solution can be expressed in a number of different ways: molarity
(M), molality (m), weight percent (%, w/w), parts per million (ppm), and parts per
billion (ppb). A solution that is made by dissolving .5844 g NaCl in water and made
up to the mark in a l-liter volumetric flask is a solution that contains .0100 mol
NaCl per liter and is defined as a .0100 M solution. In such a solution the exact
amount of the solvent (water) that is present is not known because the dissolved
NaCl (solute) occupies an unknown fraction of the total volume of the solution. If
the density of the solution is known, the exact amounts of solute and solvent that
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are present in this solution can be calculated. On the other hand, if .5844 g of NaCl
is dissolved in 1 kg of water, the resulting solution is a 1 m solution of NaCl. In this
solution, the exact amounts of solute and of solvent present are known. The following
examples illustrate the uses of various methods of expressing concentrations of
solutions and also show the relationship between molarity, molality, and weight
percent.

Example 3

How many milliliters of concentrated (conc.) HCl (MW 36.461), 37.2% w/w and
density (1.19 g/ml), are required to make 5 liters of a 6.00 M solution? How many
milliliters of this 6.00 M solution are required to react quantitatively with 12.00 g
of Na,CO; (MW 105.99)?

One hundred grams of the conc. HCl solution contains 37.2 g or % mol HCL.
One liter of the conc. HCI solution contains

372 1.19
—  x——x1 =12.
36461 x 100 x 1000 14 mol HCI

The conc. HCI solution is therefore 12.14 M.
The number of moles HCI in 5 liters of a 6.00 M solution is (5 x 6.00). Hence

5% 6.00 =V, 12.14

where V, = volume in liters of the 12.14 M solution that is required to make 5 liters
of the 6.00 M solution of HCI:
5 x 6.00

V= AV 2.47 liters

Therefore, the number of milliliters required is 2.47 x 1000 = 2470.
The balanced chemical equation for the reaction of Na,CO; with HCl is

Na,CO, + 2HCl —— 2NaCl + H,0 + CO,

The algebraic relationship between the number of moles of Na,CO; and the number
of moles of HCI required for complete reaction is

Nycp = 2 X Na,COs

But
i 1200
Na2€0s ™ 105.99
12.00
=2 =V, x 6.
Macr = 2 X osgg = V1% 600
2 x 12.00

=222 03774 it
'~ 10599 x 6 Hers
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CONCENTRATIONS OF SOLUTIONS 5

The number of milliliters of 6.00 M HCI required to react quantitatively with
12.00 g Na,CO, is 37.74.

Example 4
Concentrated nitric acid (HNO; MW 63.01) is 15.9 M and has a density of 1.42 g/ml.
Calculate the weight percent of HNOj in the concentrated acid and the molality of
the solution.
One liter of concentrated acid contains 15.9 mol HNO; or (159 x 63.01) g
HNOj. One hundred grams of concentrated acid contains
159 x 63.01 x 100
=70.6
1000 x 1.42 70.6 8 HNO,
The conc. HNQ, is therefore 70.6%, w/w.
One liter of concentrated acid or 1420 g of concentrated acid contains (15.9 x
63.01) g HNO; and (1420 — 159 x 63.01) g water, that is, (1420 — 159 x 63.01) g
water contains 15.9 mol HNO;.
159 x 1000
Th i .
erefore, 1000 g water contains 1220 — 150 x 63.01 mol HNO;
The molality of the conc. HNQj; is 38.0.
Example 5

Derive an algebraic relationship between the molarity M of an aqueous solution
and its molality m if the density of the aqueous solution is d g/ml and the molecular
weight of the solute is G.

One thousand milliliters of an M molar solution contains (M x G) g of solute
and (1000 x d — M x G) g of the solvent water. One thousand grams of water
contains

M x G x 1000

lut
1000 x d — M x G 201

or

M x 1000

_ M2V ol
1000 x d— M x G Ot solute
Therefore, the molality of the solution is given by

M x 1000
T 1000 x d - M x G

m

In very dilute solutions d — 1 and (M x G) is negligible in comparison with 1000 x d.
Under these conditions, m = M.
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Example 6

The concentration of SO, in ambient air is found to be .055 ppm. How many
milligrams of SO, are present in 1 m® of ambient air? The density of air =
0051185 g/ml (at 25°C and 760 torr).

10° g of air contains .055 g SO,

10° _ '
1185 x 10-° ml of air contains .055 g SO,

One cubic meter (10° ml) contains

1.185 x 1073
o 202 AU

055 i

x 10° x 10*® = .065 mg SO,

Calculations in Gravimetric Analysis

Chemical reactions that are assumed to proceed to completion and that form in-
soluble products are employed in gravimetric analysis. A reagent is added to a
solution containing the species that is to be determined and the precipitate that is
formed is separated and weighed. It is necessary that the precipitated compound
have a definite stoichiometry and be free of impurities. In certain instances the
precipitate must be converted, usually by heating or ignition, into an appropriate
form that has a definite stoichiometry and can be weighed conveniently. The following
examples illustrate the application of stoichiometric calculations in gravimetric
analysis.

Example 7

A .1500-g sample of zinc metal that contains an inert impurity is dissolved in acid
and the zinc precipitated as zinc ammonium phosphate (ZnNH,PO,). The precipi-
tate is separated and ignited to zinc pyrophosphate (Zn,P,0,). If the weight of the
zinc pyrophosphate is .3333 g, calculate the percentage of zinc (%, Zn) in the original
sample. (Zn 65.38; P 30.974)

The balanced chemical equation can be written as

2Zn** — 2ZnNH,PO, —— Zn,P,0,

The algebraic relationship between the number of moles of zinc in the sample (n,,)
and the number of moles of zinc pyrophosphate (117,,p,0,) formed is

Rz, =2 X Nzn,P,0,

3333

zn = 2 X 30471
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CALCULATIONS IN GRAVIMETRIC ANALYSIS 7

In a .1500-g sample

3333

2
" 30471

x 65.38 g7Zn

In a 100-g sample

2 x .3333 x 65.38 x 100
304.71 x .1500

In the sample

% Zn = 95.35

Example 8

A mixture contains only NaCl and KCIl. When .1500 g of this mixture is dissolved
and precipitated with PtCl,, a precipitate of K ,PtCly that weighs .2222 g is formed.
(The NaCl does not react with PtCl, to form an insoluble precipitate.) Calculate the
percentage of Na in the mixture. (Na 22.99; K 39.10; C1 35.45; Pt 195.1)

The balanced chemical reaction for the formation of the insoluble compound
K,PtClg is

2KCl + PtCly — K,PtClg
The algebraic expression that relates the number of moles of K,PtCl, formed to

the number of moles of KCl in the mixture is

Agcl = 2 X g ,pcig

2% 2022
T 486.0

=9.144 x 10~* mol KCl
=9.144 x 10~ % 74.55 g KCl
— 06817 g KCI

The number of grams of NaCl in the mixture is

1500 — 06817 = 08183

In the mixture

2299 100

o Na = .08 Vil
7o Na 183 % 242 > 1500

= 21.46

Example 9

A mixture contains CaO and CaCOj; only. When this mixture is ignited and cooled
in a desiccator, there is a 5% loss in weight. Calculate the percentage of CaCOj; in
the mixture. (Ca 40.08)
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The chemical reaction that occurs upon ignition and results in the weight loss is
CaCO; —— CaO + CO,

If 100 g of the mixture is ignited, 5 g is lost as CO,. Let the number of moles of CO,
lost be ngg,:

Reo, = Rcacos

5
24.00 = Ncaco,

The number of grams of CaCQO; in 100 g of the mixture is

4400 x 100.08 = 11.37

In the mixture

% CaCO, = 11.37

Example 10

The sulfate in .2345 g of a mixture containing only K,S0, and Na,SO, is precipi-
tated by the addition of an excess of BaCl,. The weight of the BaSO, precipitate

formed is .3456 g. Calculate the percentage of K,SO, in the mixture. (Na 22.99;
K 39.10; S 32.06; Ba 137.33)

The balanced chemical equations for the formation of the BaSO, precipitate
are

Na,S0, + BaCl, — BaSO,
K,SO, + BaCl, — BaSO,
The algebraic expression that gives the relationship between the number of moles of

BaSO, formed, ng,so,, the number of moles of Na,SO,, fi,,s0,, and the number of
moles of K,SO,, ny 50, 18

NNa,s0, T P1K,50. = MBaso.

Let x g of K,SO, be present in the mixture. Then (.2345 — x) g of Na,SO, is
present in the mixture:

2345 — x X 3456
142.04 17426 233.39

1.647 = 7.040x + 5.739x = 1.480

1670
= 1301

=.1284 g




