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Introduction

Analytical chemistry is a branch of chemistry that deals with the study of theory and
practice of methods used to determine the composition of matter. Analytical chemistry is often
described as a field of chemistry that is responsible for characterizing the composition of a
substance, both qualitatively and quantitatively. However, analytical chemistry and chemical
analysis are not the same.

The difference between analytical chemistry and chemical analysis is that analyst
chemists work to improve and expand established analytical methods. The characteristic detail of
analytical chemistry is not to perform routine analysis on a routine sample, which is more
appropriately called chemical analysis. The meaning of the analytical chemistry is to improve
established methods, to expand them to new types of samples and to develop new analytical
methods for measuring chemical phenomena.

Forty to fifty years ago, the chemical analysis focused on three main areas: qualitative
determination; quantitative determination using "classical" methods of titrimetry and gravimetry;
structural analysis, which required time-consuming procedures and calculations.

Today, chemists have instrumental methods, automated systems, and computers that
make analytical measurements easier, faster, and more accurate. However, the chemist has to
have profound understanding principles, areas of practical application and limitations of each
method to work without mistakes.

Reviews of daily operations of many industrial and other analytical laboratories in the UK,
Europe, Japan and the US have identified the most methods widely used. The textbook
describes the techniques and methods commonly used by most analytical laboratories today.

The textbook is written as lectures-presentations, which gradually reveal the analytical
process. Regardless of the area where the need for analysis arises, the chemist needs to answer
the following questions:

» How should a representative sample be obtained?

How much material is available for analysis and how many samples should be taken?
What should be determined? With what accuracy?

What components are in the sample? Will they have interferences?

What tools should be used?

How reliable will the data be?

The answers to these questions and related topics are discussed in Sections 1-3.

Statistical methods of processing the results are given somewhat simplified, but enough to
obtain reliable results and use them to assess the correctness of the proposed analysis methods.

The following lectures-presentations contain a description of the principles, tools and
application of analytical methods. The lecture notes consist of two parts. The first part includes
Sections 1-9 and covers introductory topics, equations and equilibrium, classic methods of
chemical analysis. The second part includes Sections 10-18 and covers instrumental methods of
chemical analysis.

The material of this textbook may be useful to future professionals as an overview of
topics to continue learning at a deeper level.

This knowledge is enough for a specialist to be able to work in analytical laboratories and
control the quality of various products.

Nobody can do your learning for you. The most important way to master this course is to
work tasks and gain experience in the laboratory. Problem-solving may illustrate how to apply
what you have just read. Exercises are the minimum set of problems that apply the most
significant concepts of each chapter.

Tables of dissociation constants and pK values for acids and bases, solubility-product
constants for compounds, standard reduction potentials, formation constants (or stability
constants) for complex ions in agueous solutions, and densities of acids, alkalis and some other
substances are shown in the last chapter of the textbook.
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Section 1: Common Analytical Problems

Contents:

The vocabulary of analytical chemistry

Classifying analytical techniques

Selecting an analytical method

Performance characteristics

Stages of analysis

Some items of labware

Glassware

Glassware cleaning

Glassware calibration

Other chemical vessels, accessories and techniques

VYYYYVYYYY

Introduction

Analytical chemistry is connected with many other chemical and related disciplines.
Typical problems that chemists-analysts work on include i) qualitative analysis (what does it
consist of?), ii) gquantitative analysis (how much of this component is in the sample?), iii)
analysis of characteristics (what are the chemical and physical properties of the sample?) and
iv) fundamental analysis (how does this method work and how can it be improved?).

Many problems of analytical chemistry begin with the need to identify the constituent
samples. It is the field of qualitative analysis. Much of the early work on analytical chemistry
involved the development of simple chemical tests to detect inorganic ions and organic functional
groups. Classical laboratory courses of inorganic and organic qualitative analysis are based on
such work.

The purpose of the qualitative, quantitative, or characteristic analysis is to solve a problem
related to a specific sample. The purpose of fundamental analysis is to improve the
understanding of the theory behind the analytical method.

Examples of basic research in analytical chemistry are as follows: expansion and
improvement of the theory on which the analytical method is based; study the limitations of the
analytical method; development and modification of the existing analytical method.

In this section, we will consider important questions such as "How do we ensure the
accuracy of our results?", "How to obtain a representative sample?" and "How to choose the
appropriate analytical method?"

Also, in this section, we briefly review the use of units and significant indicators in
analytical chemistry.

The set of equipment for analytical measurements is impressive, ranging from simple and
inexpensive to complicated and expensive. In section 1, we will discuss the simplest equipment
for mass measurement, volume measurement and drying of materials. We postpone the
discussion of more complex equipment to later sections, where its application to specific
analytical methods is relevant.



Organic

. Notes:
Inorganic
Biology Phys?ca_' :
Botany Chemistry Physws
. Biochemistry Astrophysics
Microbiology A_stronorny
Zoology Biophysics
Geo"’g}’ Engineering
Geophysics ROle Of Civil
Geochemistry : Chemical
Paleobiology an alytlcal Mechanical
chemistry
Ecology Clinical and
Environmental Medicinal
Science Chemistry
Metrology Pharmacy
Oceanography ) Toxicology
Social Material
Science Science
Archeology Metallurgy
Anthropology Polymers
Forensics SellElsigia
Notes:
1. Identify and define the
problem
2. Design the
experimental procedure
Analytical approach !
usually consist of 3. Conduct an experiment,
: and collect data
the following stages
4. Analyze the experimental
data
5. Propose a solution to
the problem
The stages are based on the following activities Notes:

Determine the type of information needed )

Qualitative, Quantitative, characterization or fundamental |

Identify problem )
Select method

Establish validation data
Establish sampling strategy

VAN

Calibrate Instruments and equipments
Standardise reagent
Gather data

Reduce or transform data
Analyze statistics

Verify results
Interpretation results

Conduct external evaluation ]
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The language of analytical chemistry (continued)

Technique: A chemical or physical principle that can be used to ‘
analyze a sample.

determination of a specific analyte in a specific matrix within
specific and appropriate measurement parameters.

Procedure: Written directions outlining how to analyze a

Method: A method is the application of a technique for the }
sample. ]

Protocol: a protocol is a set of stringent written guidelines
detailing the procedure that must be followed if the agency
specifying the protocol is to accept the results of the analysis.
Protocols are commonly encountered when analytical chemistry is
used to support or define public policy.

€ €K<

Notes:

AnaIySIS classified Macro analysis: Size of the

by Sample size sample ranges from more

than 100 mg or more than
100mL

. Semi micro analysis: Size of
On the size of the the sample ranges in between

sample used ' 10 mg- 100 mg or volume
between 50-100 mL.

Micro analysis: Size of the

sample ranges in between

1 mg- 10 mg or volume less
than 50 mL.

Notes:

Physico-
chemical

Bio-
chemical

Methods

of
analytical
chemistry

Bio-
physical

Biological

Notes:




Notes:

Classification
of chemical
methods of

analysis

Gravimetry Volumetry

or Gravimetric or Volumetric
analysis analysis

Notes:

Simple
procedure
Cheaper |
equipment
Advantages ol /
of classical No specialised |
methods training required

Notes:

— Precipitation
Chemical S
emica = — Neutralization
reactions 9w
involved B Oxidat
in classical @& | xidation
analytical = © _
methods Q — Reduction
@)
— Complexation




Separation techniques. Why separation is essential? Notes:

( 3\

Based on Fllt_ra_l:u%.n,
solubility precipitation,
crystallization
Based on N
' e Distillation
Classical volatility
methods of | ) | |
separation g Sced ~ r R
techniques ased on :
9 electrical effect Electrophoresis
Based on _ .
gravity Centrifugation

Notes:

Analytical Technique developed on
Precipitation Reaction

Analytical
technique _
developed on Gravimetry

Metal ion

precipitation Non metal
reaction ion

. Notes:
Methods based on various

chemical reactions Acid base
titration

. Precipitation
Analytical titrFa)tion

technique
based on
chemical

, Complexometric
reaction titrations

Redox titration




Methods based on oxidation reactions

Notes:
Carbon
Technique Hydrogen
based on Elemental
oxidation analyzer
reaction Nitrogen
Sulphur
Non-classical methods . Notes:
Optical
methods
Electroanalytical
Classification methods
of instrumental
methods Separation
methods
Miscellaneous
methods
Advantages of non Notes:

Fast and
no tedious

classical methods

Accurate and

sensitive with greater
Advantages of precision

non - classical
methods

Small quantity of
sample required

Ability to detect
and estimate even
trace quantity
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Performance characteristics for analytical method

~
Accuracy: The agreement between measured value and true value.
Defined as closeness of the observed value with the true value.

Precision: The agreement between individual observation within
the same set of observations

Selectivity: Itis defined as degree to which the method is free
from interferences from other components present in the matrix. )

Sensitivity: Ability of a method to discriminate between two small )
concentration differences in the analyte.

It is measured in terms of slope of the calibration curve. If the slope

is greater, sensitivity of the method is higher and vice-versa.

S ECECE

Notes:

J
Performance characteristics for analytical method (cont.) Notes:
N :
Dynamic range: It is the concentration range from limit of
quantification (LOQ) to limit of linearity (LOL).
J
Limit of Linearity (LOL) : Itis defined as maximum )
concentration range up to which instrumentis produces
linear response. )
Limit of detection (LOD): Minimum amount of concentration )
of a component that can be detected with a given degree of
confidence.
J
Limit of Quantification (LOQ): Minimum amount of h
concentration of a component that can be estimated with a
given degree of confidence is termed as LOQ. )
Accuracy Notes:

The Accuracy of an analytical procedure expresses the closeness of
agreement between the value, which is accepted either as a conventional
true value or an accepted reference value, and the value found.

In other words, it is the degree to which an experimental result approaches
the true or accepted answer.

For example: The dissociation constant for acetic acid is 1.75x10°°
at 25 °C. In an experiment, if a student arrives at exactly this value, his
value is said to be accurate.

Ways to Describe Accuracy:
Error is an experimental measure of accuracy.
The difference between the result obtained by a method (X) and the true or
accepted value (m) is absolute error.

Absolute Error = (X —=m)
Relative Error (%) = 100(X — m)/m

All Methods, except counting, contain errors — don’t know “true” value

There are two types of error: random or systematic
(explain it later)

11




Precision
Notes:

The precision of an analytical procedure expresses the
closeness of agreement (degree of scatter) between a series
of measurements obtained from multiple sampling of the same
homogeneous sample under the prescribed conditions.

Precision may be considered at three levels: repeatability,
intermediate precision and reproducibility.

Repeatability
Repeatability expresses the precision under the same operating

conditions over a short interval of time. Repeatability is also termed intra-
assay precision .

Intermediate precision

Intermediate precision expresses within-laboratories variations: different
days, different analysts, different equipment, etc.

Reproducibility
Reproducibility expresses the precision between laboratories (collaborative
studies, usually applied to standardization of methodology)

Ways to describe precision Notes:

Range: the high to low values measured in a repeat series of
experiments.

Standard Deviation: describes the distribution of the measured
results about the mean or average value.

Absolute Standard Deviation (SD): SD = Z(Xi —X)?/(n-1)
i1

Relative Standard Deviation (RSD) or Coefficient of Variation (CV):
RSD(%) = (SD/ X )100

where: n = total number of measurements;
X; = measurement made for the it trial;
X = mean result for the data sample.

Random and systematic errors Notes:
Let us plot of the number of occurrences or population of each
measurement (Gaussian curve)

Random Error: results in a scatter of results centered on the
true value for repeated measurements on a single sample.

Systematic Error: results in all measurements exhibiting a
definite difference from the true value

Random Error Systematic Error

g J I A 1

(=]
S

(=
w
I
1

e
T
!

Relative frequency
S B
o
T
]
Relative frequency, dN/N

o
s

Deviation from mean Analytical result, x;
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Difference between accuracy and precision
Precision illustrates the reproducibility of results. The degree to which
an experimental result varies from one determination to the next.

Precision is related to random error and
Accuracy is related to systematic error.

Shooting marks illustrate the difference between them

j
(J
Low accuracy, low precision ~ Low accuracy, high precision

all shots at
the target

High accuracy, low precision  High accuracy, high precision

Close shots but
past the target

G

Notes:

Can you define accuracy and precision? Notes:
Three shooters with three arrows each to shoot.
Both accurate Precise but not Neither accurate
and precise accurate nor precise
There is There is random
systematic (indeterminate)
(determinate) error error
Can you define accuracy and precision?
Response Notes:

This is the way in which the result or signal of a method varies
with the amount of compound or property being measured.

Ways to Describe Response:
To plot Calibration Curve:
In calibration curves, the measured concentrations are plotted
as a function of known amounts of substance in standard
samples.

Ifat librati
sulfate calibration curve y = 14427 - 12024

R =0.999
1400000

1200000
1000000
800000

peak area

600000
400000
200000

0

0 10 20 30 40 50 60 70 80 90

concentration (ppm)

<& by area —— Linear (by area)
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Sensitivity Notes:

Parameters used to describe a calibration curve: S = MC + Sbl
S — measured signal;

¢ — analyte concentration;
Sy, — instrument signal for blank (bl) sample. ¢ |

70

4
Sensitivity: is ability to discriminate or ya
between small differences in analyte - wl A
concentration. g 7/
@ a0p Method A
calibration sensitivity is: 7/

slope (m) of calibration curve. ° /5/ |
analytical sensitivity (y) is: wr S Method Bl
slope (m) / standard deviation (S;) ‘ ‘

0 L L L
0 2 4 6 8 10 12

Slope and reproducibility of Coneentration (i)

the calibration curve Best method is more sensitive to analyte than

determine sensitivity. interfering species (interferent). The sensitivity of
method indicates how responsive it is to a small
change in the concentration of an analyte.

Selectivity Notes:

Selectivity is the degree to which the method is free from
interference by other species in the sample. Typically
interferences might include impurities and matrix

70 r

No method is totally free from

60 - ’

o | interference from other species.
I Species A/’ 1 Best method is more sensitive
< w0f i | to analyte than interferent.
£ 4 P .. .
g ol )z/ | Selectivity Eoefﬁuent (k):
ya | Kga=mg/ My

20 -

Relative slopes of calibration
Species B curves indicate selectivity:

b S =mp(Ca * KgaCp) *+ Sp

0 2 4 6 8 10 12

10 +

Concentration (mM)

Interested in detecting species A, but signal will be a combination
of signal from the presence of species A and species B.

Limit of detection
Limits of Detection (c,,): is min concentration or mass of Notes:
analyte that can be detected at a known confidence level.
It is calculated as a difference of analyte and blank signals
divided by a calibration curve slope:
[minimum analyte signal (S,,) - mean blank signal (S, )] / slope(m)
Signal-to-noise Ratio (S/N):
Noise: random variation in signal or background
Signal: net response recorded by a method for a sample

(Note: a value of S/N = 2 or better is considered to be the minimum ratio
needed for the reliable detection of a true signal from a sample.)

Estimate S/N:

signal 1) Multiple determination
noise ofb_lank_samples. _
saok 2) EStimation of best-fit to
T T —— T calibration curves
1500 1000 so0 o
Ppe.
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Detection and quantitation limits Notes:

DETECTION LIMIT

The detection limit of an individual analytical procedure is the lowest
amount of analyte in a sample which can be detected but not
necessarily quantitated as an exact value.

QUANTITATION LIMIT

The quantitation limit of an individual analytical procedure is the
lowest amount of analyte in a sample which can be quantitatively
determined with suitable precision and accuracy. The quantitation
limit is a parameter of quantitative assays for low levels of
compounds in sample matrices, and is used particularly for the
determination of impurities and/or degradation products.

Linearity

The linearity of an analytical procedure is its ability (within a
given range) to obtain test results which are directly
proportional to the concentration (amount) of analyte in the
sample.

Dynamic range

Notes:
Dynamic Range: linear region of calibration curve where the
lower limit is the range between the limits of linearity and
quantitation
LOQ - limit of quantitation
LOL - limit of linearity
25
LoQ LOL °
20 - r,-" °
@ 154
8 10
5 2 Dynamic
(S : : : :
0 0.5 1 1.5 2 2.5 3
Concentration (mM)
Robustness Notes:

The robustness of an analytical procedure is a measure of
its capacity to remain unaffected by small, but well-
considered variations in method parameters and provides an
indication of its reliability during normal usage.

The types of parameters which are assessed in order to
determine the robustness of a method include:

the stability of analytical solutions;

the length of the extraction time;

the effect of variations in the pH;

the effect of small variations in mobile phase composition;

the effect of changing chromatographic columns;

the effect of temperature and flow rate during chromatography.

15




Notes:

Example 1: The data in the table below were obtained during a colorimetric
determination of glucose. A sample gave an absorbance of 0.350.

Glucose Absorbance, A
Concentration, mM

0.0 0.002
2.0 0.150
4.0 0.294
6.0 0.434
8.0 0.570
10.0 0.704

Find the glucose concentration and its:
+ standard deviation,

+ calibration sensitivity,

+ detection limit and

» dynamic range.

Stages of analysis Notes:
Development of model and plan for analysis

* The model is an idealized representation of all steps of the analytical
method.

+ Itincludes a specific statement of the problem, information about the sample
and analyte (concentration levels of concern, potential interferences,
location of the analyte in the sample, phase relationships, particle size
distribution,....).

» Selection of optimal analytical methods

* The development of a model may require experiments to obtain more
information about the sample or to validate assumptions.

* It necessary to perform measurements on the sample to determine its
homogeneity.

+ Development of a sampling plan to accurately address the goals of the
method.

* The results of these preliminary experiments are used to help refine the
original model.

Qualitative and quantitative methods Notes:

The method chosen may provide either qualitative or quantitative
information.

U Qualitative method: data may include the composition, oxidation states,
structural information, or the isotopic distributions of elements contained in
a sample.

v" An understanding of the instrumentation used to make the qualitative
measurement also leads one to a rough approximation of the concentration
of the species being measured.

v" Whether the substance is a major (>1%), minor (0.01-1%), trace (10-

2 — 10-%%), or ultra-trace (10-6- 10-9%) component.

O Quantitative methods: the analyst needs to plan tasks associated with
sampling, sample preparation, and calibration more carefully than a
qualitative analysis.

v Often, preliminary measurements will be required to develop a quantitative
method.

16




Factor to consider selecting analytical method

Notes:
Sample consideration
1. Concentration of the component.
2.The complexity of the materials/presence of interfering material
3. The probable concentration of the species of interest
Method consideration
1. What type of information does the method provide?
2.What are the advantages or disadvantages over other methods?
3. Degree of accuracy
4. Sensitivity and detection limit
5. How much or how little sample is required?
6. What types of samples can the method be used with?
Additional factors
1. Speed, time and cost of analysis
2. Availability of equipment
3. Skill person for handling the instrument
»>All the above factors should be taken into
account combinedly, to select the proper method
Notes:
Sampling
Obtaining a representative sample is the first step
of an analysis.
Proper consideration of the sampling and sample
handling are equally important
The gross sample is several small portions of the sample.
This is reduced to provide a laboratory sample.
An aliquot of this sample is taken for the analysis sample.
Notes:

Sample preparation

v' The samples must also be treated to make them compatible with

instrumental technique.

the

v' Transformation of the sample into a form that can be measured using the

selected technique is termed sample preparation.

v/ Sample selection and preparation usually represent the
investment of time in the implementation of an analytical method.

largest

v' It is important to realize that the majority of instrumental techniques

require the sample to be in a liquid phase.

v For solid samples, several techniques are taken to transfer the analyte

into the liquid phase.

v/ Care must be taken in these steps to preserve the integrity of the analyte
by considering the possibility of contamination, loss, or chemical and

physical changes to the analyte.

17




Perform measurements

v" Once the sample has been prepared, it is necessary to measure replicate
samples to establish the precision of the method.

v' The measurement depends upon the interaction of the technique with a
unique chemical or physical property of the analyte.

Compare results with standards

v' Reliable and convincing analytical results
must involve a proper, careful comparison Calibration Curve
of the analyte’s signal to that of appropriate
standards of known analyte concentration ::

as well as a calibration blank solution. s b /f”'

v/ This is known as calibration or ol e
standardization. '

100 [ /
v Calibration establishes the mathematical ;[ .-
relationship between the analytical signal o5 u
and the concentration of analyte in the T m w w

Cal |brat|0n StandardS . Concentration of Analyte (ug/mL)

v" The most common approach is to develop a
“working” curve.

signal

Notes:

Some items of labware
i |
Electronic

analytical
balance

-

Modern balances are electronic.

f‘\t#"? mj

They still compare one mass against another since they are calibrated
with a known mass.

Common balances are sensitive to 0.1 mg.

Notes:

Operating principle of electronic balance

11

Lﬂ—1 Il position
e :g scanner

2——7
|| A=

r'_ Vi \\
X =

L]
— T4 \
coil 3 ad temperature
sensor

Electronic balances operate on the principle of electromagnetic force
compensation .

The compensation current, which brings the pan back to its original
position, is proportional to the sample weight.

Notes:

18




Principle of analytical balance

B L L, C
A
A
M, M,

Mechanical balances operate as first class levers.

The unknown mass is calculated as M;L; = M,L,

Notes:

Scheme of a typical single-pan balance

Knife edges _{}- Engraved

,\l ,\wal scale
= =

17—91
ﬂﬁ%
Damping
counterweight

4
3

knobs

Weight-control I

Pan arrest
release

The single pan balance operates by removing weights equal to the mass of the
sample. Small residual imbalances are read optically from the deflection of the
beam. The balance is as accurate as electronic balances.

But it can’t be interfaced to a computer to collect and process data.
You have to read a scale instead of a digital number.

Notes:

Weighing bottles and dish

iR

Weighing bottles are used for drying samples.

Hygroscopic samples are weighed by difference, keeping the
bottle capped except when removing the sample.

A weighing dish or boat is used for direct weighing of samples

Notes:

19




Weight in a Vacuum Notes:

Weights of objects in air can be corrected to the
weight in vacuum by using the following calculations:

W, .= W, + W,,[(0.0012/D,) - (0.0012/D,,)]
Where

W, .. IS @ weight in vacuum, g

W, is a weight in air, g

D, Iis a density of an object

D,, is a density of standard weights

0.0012 is the density of air

Muffle furnace and drying oven Notes:

The furnace is used to ignite (or anneal) samples at high
temperatures, e.g., to dry ash organic matter.

Drying oven is used to dry samples before weighing (usually
at 110°C).

Laminar-flow workstation High-efficiency Notes:

particulate air
final filter

|

A fume hood is “dirty” since
it draws in laboratory air.

5

A laminar-flow hood filters
air (0.3 mm filter is
necessary) and flows it out
into the room.

Use it as a workstation for
trace analysis. i

Blower

(A

| |

i
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Schematic of a microwave system

Notes:
Isolator
Wave guide
Microwaves § ~— \ Mode Stirrer
_— \ Reflected
microwaves
Magnetron
/Vessel
Microwave cavity ——=
Microwave ovens provide rapid drying.
Acid decomposition times are reduced from hours to minutes.
Lower blank levels are achieved with reduced amounts of reagents.
6. Glassware. Materials used in laboratory Notes:
Material Recommended Use properties
Borosilicat | General applications | Transparent; good thermal properties; fragile; attacked by
e Glass HF, H;PO,, and alkaline solutions.
Fused High temperature Transparent; excellent thermal properties (up to 1,100 EC);
Quartz applications fragile; more expensive than glass; attacked by HF, HzPQOy,,
and alkaline solutions.
Porcelain | High temperature
applications and Used at temperatures up to 1,100 EC; less expensive than
pyrosulfate fusion quartz; attacked by HF, H;PO,, and alkaline solutions.
Nickel Molten alkali metal Suitable for use with strongly alkaline solutions. Do not use
hydroxide and Na,O, | with HCI.
fusions
Virtually unaffected by acids, including HF; dissolves readily
Platinum | High temperature or |in mixtures of HNO;and HCI, Cl, water or Br, water;
corrosive adequate resistance to H;POy; very expensive; forms alloys
applications with Hg, Pb, Sn, Au, Cu, Si, Zn, Cd, As, Al, Bi, and Fe,
which may be formed under reducing conditions; permeable
to Hyat red heat, which serves as a reducing agent; may
react with S, Se, Te, P, As, Sh, B, and C to damage
container;
soft and easily deformed, often alloyed with Ir, Au, or Rh
for strength. Do not use with Na,CO; for fusion.
Materials used in laboratory (continued)
Material Recommended  prgperties Notes:
Use
Zirconium Peroxide fusions | Less expensive alternative to platinum; extremely resistant

Acids and alkali
Alumina melts at low
(AlL,O3) temperatures

Polyethylene | Sample and
reagent storage

Teflon™ Corrosive
applications

Polystyrene | Sample and
reagent storage

to HCI; resistant to HNOj; resistant to 50% H,SO, and 60%
H3PO, up to 100 EC; resistant to molten NaOH; attacked by
molten nitrate and bisulfate; usually available as Zircaloy—
98% Zr, 1.5% Sn, trace Fe, Cr, and Ni. Do not use with KF
or HF.

Resistant to acids and alkali melts; rapidly attacked by
bisulphate melts; brittle, requires thick walled containers.

Resistant to many acids; attacked by 16M HNO; and glacial
acetic acid; begins to soften and lose shape at 60°C;
appreciably porous to Br,, NHz, H,S, H,O, and HNO3
(aqueous solutions can lose ~1% volume per year when
stored for extended periods of time).

Inert to almost all inorganic and organic compounds except
F,; porosity to gases is significantly less than that of
polyethylene; safe to use below 250°C but decomposes at
300°C; difficulty in shaping containers results in high cost;
low thermal conductivity (requires long periods of heating
time).

Only useful for acid solutions < 0.1 M; brittle
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Glasses

Laboratory glassware and plastic wares are widely used

in medical laboratories.

Glassware are usually manufactured from borosilicate glass.
Borosilicate glass is a material with the following defined
characteristics:

— Resistant to the action of chemical with the exception

of hydrofluoric and phosphoric acid,

— Made to withstand mechanical breakage,

— Made to withstand sudden change of temperature.
Glassware produced from the soda lime type of glass does not
fit the above requirements and is easily broken by mechanical
stress produced by a sudden change of temperature.

Hardened glasses, such as Pyrex, monax, and firmasil have
low soda-line content and are manufactured especially to
resist thermal shock (high temperature).

Notes:

Glasses (continued)

The walls of these vessels are generally thicker than those
made from soda lime. The high proportion of borosilicate

increases the chemical durability of the glassware.

Precautions:

+ All glassware must be handled carefully.

» Breakage can sometimes be dangerous and may result
the loss of valuable and irreplaceable materials.

» Flasks and beakers should be placed on a gauze mat when
they are heated over a Bunsen flame. Gauze mat is made
from asbestos and its function is to distribute the heat
evenly.

Test tubes exposed to a naked flame should be made of
heat resistant glasses.

If liquids are to be heated in a bath or boiling water, the glass
contents should be heat resistant.

Notes:

Glasses (continued)

Sudden cooling of hot glass should be avoided.

When diluting concentrated acids, thin walled glassware
should be used since the heat evolved by the procedure
often cracks thick glassware.

Examples: hydrochloric and sulfuric acid.

Heat expansion is liable to crack bottles if their caps are
screwed on tightly so if heat is to be applied, flasks should
not be tightly clamped.

Containers and their corresponding ground glass stoppers
should be numbered in order to ensure direct matching
when stoppers are replaced.

Because of the danger of chemical and bacteriological
contamination, pipettes should never be left lying on the
bench.

Notes:
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Flasks

There are four types of flasks having

25 to 6,000 millilitre (ml) capacities. m—
*Flat bottomed round flasks;

*Round bottomed flasks;

*Conical (Erlenmeyer) flasks;

*Volumetric flasks; o
— T |

250 ml
N
j \
S \
< =

Notes:

e - A
Flat BdOtt?mEd Conical 1230 “
Round Flas (Erlenmeyer) In 20°C |
flask f

.4

Round Bottomed Flask Vélumetri}: Flask

Flasks (continued) otes:

Flat bottomed round flasks:

Flat-bottomed round flasks are
convenient containers to heat liquids.

A gauze mat should be interposed
between the flask and flame.

These flasks are widely used in the
preparation of bacteriological culture
media.

Flasks (continued)

Notes:

Round bottomed flasks:

Round bottomed flasks can with stand
higher temperatures than the flat-
bottomed type

They may be heated in a necked
flame, or in an electro-thermal
mantle.

They can be used for boiling of
different kinds of solutions and to
make titration.
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Flasks (continued)

Conical (Erlenmeyer) flasks:

Conical (Erlenmeyer) flasks are useful
for titrations.

For boiling solutions when it is
necessary to keep evaporation to a
minimum.

Some have a side arm suitable for
attachment to a vacuum pump.

Volumetric flasks:

Volumetric flasks are flat - bottomed, pear-shaped
vessels with long narrow necks, and are fitted
with ground stoppers.

Most flasks are graduated to contain a certain
volume, and these are marked with the letter “C”.

Those designed to deliver a given volume are
marked with the letter “D”.

A horizontal line etched round the neck denotes
the stated volume of water at given temperature,
for example at 20°C.

They are used to prepare various kinds of
solutions.

The neck is narrow so that slight errors in reading |

il
the meniscus results in relatively small volumetric \\ln 20°C

differences (minimizes volumetric differences or
errors)

Kjeldahl flasks

Use these for acid
digestions.

They are tilted while
heating to avoid

losses from =i
“bumping”.

0

10 30
ml ml

500
ml

Notes:
S—
< >
Notes:
'
1000
Notes:
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Burettes

4 - Burettes are used for measuring variable
7 guantities of liquid that are used in

1 volumetric titrations.

.« They are made in capacities from
1-100 millilitres.

ﬁj,: » They are long graduated tubes of uniform

bore and are closed at the lower end by

: | means of a glass stopper, which should

) be lightly greased for smooth rotation. =

* A50-mL burette (see left) is marked
in 0.1 mL increments. =
* You interpolate to 0.01 mL,
good to about £0.02 mL.

» Two readings are taken for every volume
measurement.

|
U
U

Notes:

B il 22
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Notes:
Beakers

Beakers have capacities from 5 to

*They are usually made up of heat

resistant glass and are available in
different shapes.

*The type most commonly used is the _:
squat form, which is cylindrical and has —

\

a spout. There is also a tall form, usually

without a spout. U

*Beakers are often supplied for heating
or boiling of solutions.

Cylinders — ﬁ Notes:
In20°C

Cylinders are supplied in 10 to 100 In20°C
2,000 ml capacities. =, 100
*Some are made of heat resistant E - =90
glass or plastic and some are fitted = 80
with ground- glass stoppers. = =)

*Measurement of liquids can be
made quickly with these vessels,
but a high degree of accuracy is
impossible because of the wide
bore of the cylinders.
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Types of pipets

There are several types each having its own advantages
and limitations. Pipettes are designated as class “A” or
“B” according to their accuracy.

Class “A” pipettes are the most accurate and the
tolerance limits are well defined that is, +0.01, +0.02
and +0.04 ml for 2, 25, and 50 ml pipettes respectively.

Class “B” pipettes are less accurate but quite satisfactory
for most general laboratory purposes.

Significant errors will result if the temperature of the liquid
pipetted is widely different from the temperature of
calibration.

The usual temperature of calibration is 20°C and this is
marked on the pipette.

Notes:

MohrsPipette  [|  Types of pipets  Volumetic

pipette

|

&

|

AR

)
)

Graduated
pipette (blow-out) *
(Serological pipette)

(e e
\

Ve SRR PPN B W D SR - S T

Notes:

Typical accur

Accuracy Precision®
Range Increment Volume
(mL) (mL) (mL) (mL) (%) sd. (mL) CV (%)
0.2-2 0.01 2 +0.050 *25 0.040 2.0
0.2 =0.024 *12.0 0.020 10.0
0.5-10 0.1 10 +0.100 *1.0 0.050 0.5
1 +0.025 *25 0.020 2.0
0.5-10 0.1 10 +0.100 *1.0 0.080 0.8
1 +0.035 *35 0.030 3.0
2-20 0.1 20 +0.200 *1.0 0.080 0.4
2 +0.060 +3.0 0.030 1.5
5-40 05 40 +0.240 *0.6 0.120 0.3
5 +0.100 +2.0 0.100 2.0
10-100 1.0 100 +0.80 +08 0.20 0.2
10 +0.30 *3.0 0.10 1.0
20-200 1.0 200 +1.20 +0.6 0.40 0.2
20 +0.36 +18 0.14 0.7
200-1000 5.0 1000 +6.00 *0.6 2.00 0.2
200 +1.80 +0.9 0.60 0.3
100-1000 5.0 1000 +6.00 *0.6 2.00 0.2
100 +1.00 *1.0 0.60 0.6

acies and precisions for single channel pipets

Notes:
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Volumetric pipets -

Notes:
» Volumetric pipettes are calibrated to deliver a constant volume
of liquid.
* The most commonly used sizes are 1, 5, and 10ml capacities.
Less frequently used sizes are those which deliver 6, 8, 12, and [
so on ml.
* They have a bulb mid-way between the mouthpiece and the tip. |
The main purpose of the bulb is to decrease the surface area ’ £
per unit volume and diminish the possible error resulting from | |
water film. =
* The Volume (capacity) and calibration temperature of the k /
pipettes are clearly written on the bulb. They should be used
when a high degree of accuracy is desired.
* The pipette is first rinsed several times with a little of the solution
to be used, then filled to just above the mark.
* Then the liquid is allowed to fall to the mark and the tip is
carefully wiped with filter paper. The contents are allowed to
drain in to the appropriate vessel. ‘
» A certain amount of liquid remains at the tip and this must not \f
be blown out. ¢
Graduated or Measuring pipettes: Notes:
Graduated pipettes consist of a glass tube of uniform bore with
marks evenly spaced along the length. E
The interval between the calibration marks depends up on the 20
size of the pipette. E
Two types calibration for delivery are available. These are: E:
— One is calibrated between two marks on the stem. =,
— The other has graduation marks down to the tip (serological —
pipette) E:
These pipettes are intended for the delivery of predetermined E
volumes. i
The serological pipette must be blown out to deliver the entire u
Volume of the liquid and it has an etched ring (pair of rings) near :
the mouth end of the pipette signifying that it is a blow-out i
pipette. e
Measuring pipettes are common only in 0.1, 0.2, 0.5, 1.0 5.0, —
and 10.0 ml sizes. The liquid is delivered by allowing it to fall ~
from one calibration mark to another. \J 4
Notes:

Hamilton microliter syringe

O )Hll}lIIlLl|H[HII)llll}llll}ll!l}l!ll}llH}IHI}IH )

Syringe pipets precisely deliver microliter volumes.

They are commonly used to introduce samples into a gas
chromatograph.
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Single-channel and multichannel digital

Notes:
displacement pipets and microwell plates.
/&*ff . .
| These syringe pipets can
d reproducibly deliver a
( selected volume.
— = They come in fixed and
L variable volumes.
i The plastic tips are
disposable.
. . . Notes:
Meniscus illuminator
< -
Position the black field
just below the meniscus.
Avoid parallax error by
reading at eye level. —
Cleaning of Glassware Notes:

It is clear that volumetric glassware and glass apparatus must
be absolutely clean, otherwise volumes measured will be
inaccurate and chemical reactions are affected adversely.

One method generally used to test for cleanness is to fill the
vessel with distilled water and then empty it and examine the
walls to see whether they are covered by a continuous thin
film of water.

Imperfect wetting or the presence of discrete droplets of

water indicates that vessel is not sufficiently clean.

A wide variety of methods have been suggested for the
cleaning of most glassware.

Chromic-sulfuric acid mixture is the cleaning agent in
common usage.

It is imperative that glassware cleaning should be as mild as
possible and should be appropriate to the type of
contamination present.
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Cleaning of Glassware (continued) Notes:

Fats and grease are the most frequent causes of severe
contamination present and,

It is advisable to dissolve these contaminants by a liquid
solvent (water-immiscible organic solvent) followed by water
washing.

The most widely used oxidant is a solution of sodium
dichromate in concentrated sulfuric acid.

Because of its oxidizing power, the solution, particularly when
hot, removes grease and fats quickly and completely.

Cleaning solution, as a mixture, is not a general solvent for
cleaning all apparatus but only for cleaning borosilicate
glassware, including volumetric wares.

Glassware is generally in contact with the mixture for 1 to 24
hours, depending up on the amount of grease or liquid
present.

Cleaning of Glassware (continued) Notes:
After removal of the acid and draining, the glass ware should
be washed out at least four times with tap water and then
rinsed three times with distilled water
New glass wares should also be washed and socked in 1%
HCL since they are slightly alkaline while they are
manufactured.
CLEANING OF PIPETTES:
Pipettes should be placed in a vertical position with the tips up
in a jar of cleaning solution in order to avoid the breakage of
their tips.
A pad of glass wool is placed at the bottom of the jar to
prevent breakage.
After soaking for several hours, the tips are drained and
rinsed with tap water until all traces of cleaning solution are
removed.
The pipettes are soaked in distilled water for at least an hour.

Cleaning of Glassware (continued) Notes:

Filing with water, allowing the pipette to empty, and observing
whether drops formed on the side within the graduated portion
make a gross test for cleanness.

Formation of drops indicates greasy surfaces, after the final
distilled water rinse the pipettes are dried in an oven at not
more than 110°C.

Most laboratories that use large numbers of pipettes daily use
a convenient automatic pipette washer.

These devices are made of metal or polyethylene and can be
connected directly to hot and cold water supplies.

Polyethylene baskets and jars may be used for soaking and
rinsing pipettes in chromic acid cleaning solution.
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Cleaning of flasks, beakers, cylinders Notes:

and other glassware

Pour warm cleaning solution into each vessel and stopper or
cover carefully.

Each vessel should be manipulated so that all portions of the
wall are repeatedly brought into contact with the solution.
This procedure should be followed for at least five minutes.
The cleaning solution can be poured from one vessel to
another and then returned to its original container.

The vessels should then be rinsed repeatedly with tap water
four times and finally rinsed three times with distilled water.
It is important that the necks of volumetric flasks above the
graduation mark be clean because, when solutions are
diluted in the flask, drops of water may adhere to an unclean
wall and may invalidate the measurement of volume.

Plastic Wares Notes:

Plastic wares are usually manufactured from polymers of polyethylene,
polypropylene and TEFLON.
These plastics are chemically inert and unaffected by acid /alkali.

Plastic wares are durable and suitable to store alkaline solutions.
However, surface bound may be leached to the solution, absorb dyes
and proteins.

CLEANING OF PLASTIC WARES:

After each use Laboratory plastic wares should be immediately soaked in
water or if contaminated, soaked overnight in a suitable disinfectant such
as 0.5% w/v sodium hypochlorite or bleach.

Most plastic ware is best clean in a warm detergent solution, followed by
at least two rinses in clean water, and ideally a final rinse in distilled
water.

The articles should then be left to drain and dry naturally or dried in a hot
air oven, set at a temperature the plastic can withstand. A brush or harsh
abrasive cleaner should not be used on plastic ware. Stains or
precipitates best removed using dilute nitric acid or 3% v/v acid alcohol

Notes:
Techniques for Calibrating Glassware:

Volumetric Flask Calibration

=

Make all operations at constant room
temperature.
Weigh the clean, dry flask and stopper.
Fill to mark with distilled water.

No droplets on the neck, blot dry
Weigh the filled flask.
The increase in weight represents the weight
in air of the water contained by the flask.
Taking the density of water as 1 gram per
cubic centimeter, compare the real and
nominal volumes of the flask.

ok WM

o
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Techniques for Calibrating Glassware: Notes:
Pipet Calibration

1. Make all operations at constant room
temperature.

2. Weigh a clean, dry conical flask with a rubber
stopper or a weighing bottle with a glass stopper
or cap.

3. Fill pipet with distilled water and deliver the water
into the flask or bottle, stopper container to avoid
evaporation loss.

4. Reweigh the container to obtain the weight in air
of the water delivered by the pipet.

5. Taking the density of water as 1 gram per cubic
centimeter, compare the real and nominal
volumes of the pipet

Techniques for Calibration of Glassware: Notes:
Burette Calibration

1. Weigh a clean, dry conical flask.

2. Take the volume at 20% full-volume increments by
filling the burette each time and then delivering the
nominal volume into a dry flask.

3. Alternative: make successive deliveries into same
flask, filling the burette only once.

4. The delivered volume does not have to be exact, but
close to the nominal volume, you can make fairly
fast deliveries, but wait 10 to 20s for film drainage.

5. Prepare a plot of volume correction versus nominal
volume and draw straight lines between each point.

6. Interpolation is made at intermediate volumes from
the lines.

Other chemical vessels, accessories and techniques Notes:
Wash bottles

Wash bottles:
(a) polyethylene, squeeze type,;
(b) glass, blow type

(a) (b)

Use these for quantitative transfer of precipitates and
solutions, and for washing precipitates.
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Filtering crucibles Notes:

(a) (b) (c)

Filtering crucibles:

(a) Gooch crucible;

(b) sintered-glass crucible;
(c) porcelain filter crucible.

Use for filtering non-gelatinous precipitates

Crucible holders Notes:
,’E; "\=T_‘-__‘-__'—__=__=__=_::_‘:j ——— To vacuum
4 \ L |
“ | 1
Mount the filtering crucible in a Trap

crucible holder.

Connect the filtering flask to
a water aspirator.

Types of filter paper Notes:
Precipitate Whatman
Very fine (e.g., BaSO,) No. 42 (2.5 m m)
Small or medium (e.g., AgCl) No. 40 (8 m m)
Gelatinous or large crystals No. 41 (20-25 m m)

(e.g., F6203 . XHzo)

» Properly folded filter paper.

» This provides a good seal and prevents air
bubbles from being drawn in.

« Suction from the weight of the water in the
stem increases the filtration rate.

« Let the precipitate settle in the beaker
before beginning filtration.
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Proper technique for titration Notes:

Place the flask on a white
background.

Place the buret tip in the
neck of the flask while your
swirl.

Notes:

Temperature Dependence of Molarity

The Molarity of a solution is temperature
dependent.

Therefore when preparing or standardizing
solutions you have to record the temperature of
solutions.

Conversion Formula:

I\/lnew temp = I\/Iold temp X (Dnew temp/ I:)old temp)

Proper technique for . Notes:

transfer of a precipitate e ;\\
\mj/fﬂ

Decant the solution 7~
by pouring down the o
stirring rod. I

After decanting the

mother liquor, add

wash water to the

precipitate and PN —
decant again, M\ji .
repeating 2-3 times. \:}
Then wash the -
precipitate into the g A/, g
filter. //
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Notes:

Rubber policeman

——— =

Use this to scrub the walls of the beaker and
collect all the precipitate (by washing).

Crucible and cover supported on a wire Notes:
triangle for charring off paper
~

\ | 7
il \

7acrO<
Heat or ignite the crucible to
a constant weight (to 0.3-0.4 mg) - A
before adding the filtered precipitate. 9

Fold the filter paper over the precipitate.

Drive off moisture at low heat.
Then gradually increase heat till the paper begins to char.

After the paper is gone, ignite the precipitate.

Desiccator and desiccator plate Notes:

Use a desiccator to cool a dried or ignited sample.
Cool a red hot vessel before placing in the desiccator.

Do not stopper a hot weighing bottlle (creates a partial
vacuum on cooling).




Some commonly used drying agents

Notes:
Agent Capacity Deliquescent”
CaCl, High Yes
(anhydrous)
CaSO, Moderate No
CaO Moderate No
MgClO, High Yes
(anhydrous)
Silica gel Low No
Al, O, Low No
P,Os Low Yes

“Becomes liquid by absorbing moisture.

CacCl, is most popular; It needs periodic replacement when
wet or caked

Tasks to Section 1

1. Give definitions of these terms: analytical chemistry, analytical methods, technique,
procedure, performance characteristics, stages of analysis, kinds of labware, sample, sampling,
sample preparation.

. What kind of classification of samples do you know?

. What differences between methods of analytical chemistry?

. Why is separation essential?

. Name the analytical techniques based on various chemical reactions.

. Describe the performance characteristics for analytical methods.

. What is robustness?

. What differences do you know between qualitative and quantitative methods?

. Imagine you are the head of a new analytical lab at a small pharmaceutical company. List
the equipment you would like to purchase.

10. Take into account that:

- determinations of chemical structure, equilibrium constant, particle size, and surface
structure are examples of a method of characterisation analyses;

- the purpose of fundamental analyses is to improve our understanding of the theory behind
an analytical method;

For each of the problems indicate whether its solution requires a qualitative analysis, a
guantitative analysis, a characterisation analysis, or a fundamental analysis? More than one type
of analysis may be appropriate for some problems.

(a) A hazardous-waste disposal site is believed to be leaking contaminants into the local
groundwater.

(b) An art museum is concerned that a recent acquisition is a forgery.

(c) Airport security needs a more reliable method for detecting the presence of explosive
materials in luggage.

(d) The structure of a newly discovered virus needs to be determined.

(e) A new visual indicator is necessary for an acid-base titration.

() A new law requires a method for evaluating whether automobiles are emitting too much
carbon monoxide.

11. What das mean the term "procedures calibration of glassware"? Describe such
procedure for volumetric flask calibration.

O©CoOoO~NOOTAWN
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Section 2: Treatment of Analytical Data

Contents:

Characterisation of the results obtained

Types and reasons for errors

Typical sources for errors in analytical chemistry
Approaches to the minimisation of errors

Significant figures and some statistical parameters
Methods of quantitative analysis: calibration curves
Methods of quantitative analysis: standard additions
Methods of quantitative analysis: internal standards

YYYYYVYY

Introduction

The causes of measurement errors are numerous, and their values are variable.

They lead to uncertainty in the results obtained. However, measurement errors can be
minimized, and some of their types can be eliminated by careful experimental control.

The effects of errors can be assessed using statistical methods of data analysis and
chemometric methods. Gross errors can occur due to faulty equipment or incorrect performance
of the technique by personnel. Proper maintenance of equipment, proper staff training and
supervision should eliminate them.

Errors need to be monitored and evaluated so that reliable analytical measurements can
be made and reported. The reliability of the data must be demonstrated because the end-user
need to have an acceptable degree of confidence in the analysis results.

If the readings are repeated several times under the same conditions, the measured
parameter will always be characterized by changes.

Several experimental error estimates need to be made. Potential sources of error should
be evaluated to ensure that they do not adversely affect our results. It is necessary to make sure
that measurement errors remain acceptable during the analysis. The quality of measurements
and results should be assessed.

All measurements contain experimental errors, so we can never be entirely sure of the
result. Errors may not be detected if the actual value is not known for comparison purposes. If the
experiment is repeated many times, and if the errors are random, the results are usually
symmetrical about the mean. The more times the experiment is repeated, the closer the results
come to an ideal dome-shaped curve, the so-called Gaussian distribution.

Of course, we cannot do too many measurements in the lab. Most often, the experiment is
repeated 3 - 5 times. However, even from a small sample of results, we can evaluate the
parameters that describe a large sample, evaluate the so-called statistical characteristics.

This chapter provides an overview of possible sources of error, describes the estimation
of errors in analytical measurements and statistical analysis of data.
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Quality of analytical procedures Notes:

The International Conference on Harmonisation (ICH) has adopted the
following terms for defining how the quality of an assay is controlled.

The analytical procedure provides an exact description of how the
analysis is carried out. It should describe in detail the steps necessary
to perform each analytical test.

The full method should describe:

(i) the quality and source of the reference standard for the compound
being analysed

(i) the procedures used for preparing solutions of the reference standard

(iif) the quality of any reagents or solvents used in the assay and their
method of preparation

(iv) the procedures and settings used for the operation of any equipment
required in the assay

(v)the methodology used for calibration of the assay and methodology
used for the processing of the sample prior to analysis.

. . Notes:
Selecting an analytical method

» How reproducible? - Precision

» How close to true value? - Accuracy

« How small a difference can be measured? -
Sensitivity

» What range of amounts? - Dynamic Range

» How much interference? - Selectivity

* How many samples? — Efficience (time, money
cost)

1. Characterisation of the results obtained Notes:
Mean value

A mean value is obtained by dividing the sum of a set of
replicate measurements by the number of individual results
in the set.

For example, if a titration is repeated four times and the titre
values are 10.1, 9.9, 10.0 and 10.2 ml, then

_ (10.1+9.9+10+10.2 40.2

Mean =10.05
4
This mean value is also called arithmetic mean or
average
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The median

This is a value about which all other values in a set are

equally distributed. Half of the values are greater and the
other half smaller numerically, compared to the median.

For example: If we have a set of values like
1.1,1.2, 1.3,1.4 and 1.5, the median value is 1.3.

When a set of data has an even number of values,
then the median is the average of the middle pair.

Notes:

Absolute error
* The term accuracy is denoted in terms of absolute error E.
E is the difference between the observed value (X;) and the
expected value (X)) : E =| X;— X|
+ If a student obtains a value of 1.69x10-5for the dissociation

constant of acetic acid at 25°C, the absolute error in this
determination is E =| 1.69 x10-5-1.75x10-5| =| 0.06 x10-5 |

Relative error

+ Sometimes the term relative error is used to express the
uncertainty in data.

 The relative error denotes the percentage of error
compared to the expected value. For the dissociation
constant value reported, relative error is

r = [0.06 x10-5 x 100] / 1.75%10-5= 3.4%

Notes:

Problem:

The actual length of a field is 500 meters.

A measuring instrument shows the length to be 508 meters.

Find:
a.) the absolute error in the measured length of the field.
b.) the relative error in the measured length of the field.

Solution:
» (a)The absolute error in the length of the field is 8 feet.
E =| X;—X/| =508-500=8m.
* b.) The relative error in the length of the field is
Relative error = (8 x 100) /500 =1.6%

Notes:
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2. Types and reasons for errors

What is error->

Observed Difference
Value between

Measurement Error (also called Observational Error) is the
difference between a measured quantity and its true value

Notes:

Who and what may produceerrors?

Any measurement involves the interaction
of the following three components

o

Method Analyst

ﬂ/

Sample

Notes:

Sources of errors
* Incorrect weighing and transfer of analytes and
standards
* Inefficient extraction of the analyte from a matrix

* Incorrect use of pipettes, burettes or volumetric flask
for volume measurement

* Measurement carried out using improperly calibrated
instrumentation

* Failure to use an analytical blank

* Selection of assay conditions that cause degradation
of the analyte

* Failure to allow for or to remove interference by
excipients in the measurement of an analyte

Notes:
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Types of errors

Determinate
(systematic)
errors

Indeterminate
(random)
errors

Notes:

Comparison

Notes:
Origin Source can be observed No Source can be
observed
2  Magnitude Large Small
3  Direction Unidirectional No direction
4  Reproducibility  Reproducible Not Reproducible
5  Effect Affect the measurement No Effect on
measurement
6 Remedy Minimization possible,  No elimination
elimination in some
cases possible
Absolute and relative errors Notes:

The difference between the
measured value and True value

Absolute error = (Xi—T)

Relative error =
Relative = Absolute error / True value =

= (xi=T)/T
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Constant and proportionate errors

Notes:
The error in which the absolute
Constant error remains constant and the
relative error changes with the
errors change in sample size
The error in which the magnitude of
_ the absolute error changes with
ielele]gilelgFI{=A88 change in sample size but relative
errors error remains constant
Types (examples) Notes:
of determinant otes:
errors Instrumental
errors
Types of
Determinant Methodic
error errors
The key feature _
of systematic Operational
error is that, ]
with care, you
can detect and Personal
correct it error
Instrumental errors Notes:
¢ Instrumental errors are introduced due to the use of defective
instruments.

* Sometimes an instrument error may arise from the environmental
factors on the instrument.

* Instrumental errors may largely be eliminated by periodically
calibrating the instruments.

Error is caused by uncertainty in the last digit of the measurement due to

least count of the instrument or volumetric glass ware

« Example: counting /noting burette reading.

* Example: an error in volumetric analysis will be introduced, when a 20 ml
pipette, which actually measures 20.1 ml, is used.

Error is caused by improper response: Optimum condition for the working

of the Instrument. Instrument works in that condition only

+ Example: a pipette calibrated at 20°C, if used at 30°C will introduce error
in volume.

» Example: Working of glass electrode to measure pH using pH meter. pH
of solution 1-10 can be recorded properly. If the solution is having pH
greater than this range, electrode system will give Improper response.
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Methodical errors

» These errors are caused by adopting defective experimental methods. Notes:
» Proper understanding of the theoretical background of the experiments is
a necessity for avoiding methodical errors. For example in volumetric
analysis the use of an
2. Addition of improper indicator leading to
1. Solubility excessamount | Wwrongresultsis an example
of salt of titrant for methodical error
, Methodic \
5. Co-precipi- Er rO rS
tagzncoafn?eci_ 3.Incomplete| These errors appeared
post co-p reaction | \hen using classical
pitation
methods as these
methods involve a
4. Incomplete number of steps.
decomposition
MnNH,PO, > Mn,P,0;+2NH;+H,0
Operational " Weighing of
and personal the Notes:
errors hot crucible
Loss of
precipitate
errors during filtration _
Blowing of last
Using incorrect mathematical equations drop ofin the
d making arithmetic mistakes will be fiozzie ofthe
an 9 precipitate
also operative errors
] Improper recording
Personal error: ) S of the instrument
The errors due to physical limitation
of the analyst and some time bias :
during measurement are called as Under washing or over
personal errors. washing of the ppt.
For example, due to colour blindness
a person may arrive at wrong results Ignorance of
in a volumetric or colorimetric analysis. temperature
Indeterminate errors Notes:

* These errors are also called accidental or random errors.

* They are always present, cannot be corrected, and are the
ultimate limitation on the determination of a quantity.

» They arise from uncertainties in a measurement that are
unknown and which cannot be controlled by the analyst.

For example:

+ reading a scale on an instrument caused by the finite
thickness of the lines on the scale;

+ electrical noise;

* when pipetting out a liquid, the speed of draining, the angle
of holding the pipette, the portion at which the pipette is
held, etc, would introduce indeterminate error in the volume
of the liquid pipette out.
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Effects of random and systematic errors

Random (or Indeterminate) Error results in a scatter of results centered on
the true value for repeated measurements on a single sample.

Systematic (or determinate) Error determines a shift between the
measured and true values

True value

o
>
-

e
w
T

e
T

Relative frequency
=
N
T

(=]

Relative frequency, dN/N

- () ————+

Deviation from mean 1
Analytical result, x;

Random Error Systematic Error

Notes:

3. Typical sources for errors in analytical chemistry
Methods of Weighing

(i) Basic operational rules
+ Chemicals should never be placed directly on the weighing pan
- corrode and damage the pan may affect accuracy
- not able to recover all of the sample
+ Balance should be in arrested position when load/unload pan
» Half-arrested position when dialing weights
- dull knife edge and decrease balance sensitivity = accuracy

(if) Weight by difference:

» Useful for samples that change weight upon exposure to the atmosphere
- hygroscopic samples (readily absorb water from the air)

» Weight of sample = ( weight of sample + weight of container) — weight of container

(iii) Taring:

» Done on many modern electronic balances

» Container is set on balance before sample is added
» Container’s weight is set automatically to read “0”

Notes:

Errors in Weighing: Sources

Any factor that changes the apparent mass of the sample
» Dirty or moist sample container:

- also may contaminate sample;

- important to dry sample before weighing.
* Sample not at room temperature:
- avoid convection air currents (push/lift pan).
» Adsorption of water, etc. from air by sample;
* Vibrations or wind currents around balance;
* Non-level balance.

sodium hydroxide pellets sodium hydroxide pellets
fresh out of the jar after left in ihe-dir fec.a half a day

Notes:
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Errors in Weighing: Sources (continued)

Notes:
Any factor that changes the apparent mass of the sample
Buoyancy errors — failure to correct for weight difference due to displacement
of air by the sample.
bl ]
Different displacement of
ice and balsa wood in water
d
, = m’ (1_d7a)
Correction for buoyancy to give true mass of sample: m= —dW
(1--%)
m = true mass of sample d
m’ = mass read from balance
d = density of sample
d, = density of air (0.0012 g/ml at 1 atm & 25°C)
d,, = density of calibration weights (~ 8.0 g/ml)
Errors in volumes: Source Notes:
(i) Always measure volume at bottom ] —_
of a concave meniscus: meniscus N/
- always fill all volumetric flasks or _
transfer pipettes to calibration line —_
Eye level View from above
= |
O e v as the Tacrd - (=2 5
_—x —
y q i 6l %@
=i =17
15.46 mL 15.31 mL 1% error
(iii) Don’t force out last drop from pipette!
(iv) Remove air bubbles
Volume measurements: systematic errors Notes:

Let us remember that systematic errors are:

1. An error appeared consistently in all results due to
inappropriate methods or experimental techniques.

2. Results in all measurements exhibit a definite
difference from the correct value.

3. This type of error can be discovered and corrected.

Example: The burette is incorrectly calibrated
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Notes:

Problem: Indeterminate errors

Random error in a burette reading is about £ 0.02 mL
If initial reading is 45.06 £ 0.02 mL

Final reading is 12.67+ 0.02 mL

What is the precision (£) of the delivered volume?
The errors in the IR and FR are absolute uncertainties

The relative uncertainty is 0.02mL/45.06mL *100 = 0.04%
The larger measurement, the smaller the relative uncertainty

4. Approaches to minimisation of errors

. ) Notes:
Error minimisation
Detection of
Determinate Method
Errors is possible by:
 analysis of
standard samples
(SRS);
* independent
analysis;
* blank
determinations;
 variation in sample
size.
Error minimization _
Notes:

Analyst has no control on random errors but systemic errors
can be reduced by following methods.

Calibration of apparatus: By calibrating all the
instruments, errors can be minimized and appropriate

corrections are applied to the original measurements.
Operational and instrumental error can be minimized.

Control determination: Standard substance is analysed in
identical experimental condition and its result compared with

the true value. Deviation of the obtained result from the true or
expected value will be measure of methodic and operational errors

Blank determination: By omitting sample, a determination
Is carried out in identical condition to minimize the errors

occurs due to impurities present in reagent. Methodic and
operational errors can be minimized
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Error minimisation (continued)

Independent method of analysis: Itis carried out to maintain
accuracy of the result (Methodic and operational errors can be
different).

For example, Iron (l) is first determined gravimetrically by
precipitation method as iron (I11) hydroxide and then determined
titrimetrically by reduction to the iron (lI) state.

Parallel determination: Instead of single determination,
duplicate or triplicate determination is carried out to minimize
the possibilities of accidental errors.

Standard edition: Sample is analysed alone then sample +
standard substance analysed (Methodical and operational errors will
be same for two measurements). This method is generally applied to
physico-chemical procedures such as polarography and
spectrophotometry (will be discussed later).

Internal standards: Itis used in spectroscopic and
chromatographic determination (will be discussed later).

Notes:

5. Significant figures and some statistical parameters
How many figures should be reported in experimental
results?
» Data have to be reported with care keeping in mind reliability
about the number of figures used.

+ Each measurement is associated with error or uncertainty
(except for simple counting).

» To evaluate the validity of a measurement, it is necessary to
evaluate its error or uncertainty.

For example, if somebody uses a calculator, as many as six
decimal numbers can be obtained when reporting a value.

However, reporting all these decimal numbers is meaningless
because, as is generally true, there may be uncertainty about
the first decimal itself.

Therefore, experimental data should be rounded off.

Notes:

Significant figure: definition

* The number of significant figures is the minimum
number of digits needed to write a given value in
scientific notation without loss of accuracy.

» most significant figure - the left-hand most digit, the
digit which is known most exactly

* least significant figure - the right-hand most digit,
the digit which is known most exactly

9.25x 10* 3 significant figs
9.250 x 10* 4 significant figs
9.2500 x 104 5 significant figs

Notes:
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Rules for determining, which digits are significant, are as follows:

Which figures are significant?

1. All non-zero numbers are significant.
2. Zeros between non-zero numbers are significant.

3. Zeros to the right of the non-zero number and to the right of

the decimal point are significant.
4. Zeros before non-zero numbers are not significant.

Examples for Zeros

1) Leading zeros - never count: 0.0025 - 2 significant figures.

2) Captive zeros - always count: 1.008 - 4 significant figures.

3) Trailing zeros - count only if the number is written with a decimal point:
100 - 1 significant figure;
100. - 3 significant figures;
120.0 - 4 significant figures.

Notes:

Significant figure (continued)

« The number of significant figures in a given number is found

by counting the number figures from the left to right in the
number beginning with the first non-zero digit and continuing

until reaching the digit that contains the uncertainty.
Example: Each of the following has three significant figures:
646 0.317 9.22 0.00149 20.2
* When multiplication and division are carried out, it

is

assumed that the number of significant figures of the result
is equal to the number of significant figures of the
component quantity that contains the least number of

significant figures

Example 11”1)—'0122 =0.1342=0.13

Notes:

Significant figure (continued)

The last significant figure in any number is the first digit with
any uncertainty:
i. the minimum uncertainty is £ 1 unit in the last significant figure
ii. if the uncertainty in the last significant figure is = 10 units, then one
less significant figure should be used.
iii. Example:
9.34 +0.02 3 significant figures
But
6.52 £ 0.12 should be 6.5 £ 0.1 2 significant figures

Whenever taking a reading from an instrument, graph, etc.
always estimate the result to the nearest tenth of a division.
i. avoids losing any significant figures in the reading process

L L L L L L T U e
|CM| 1| | 2| | 3| | 4| ] 5| [ B| I ?| Bl | Ell |1U| |11| I‘|2| |13| |14| |15

7.45 cm

Metric

Once again: In experimental data, the first uncertain
figure is the last significant figure.

Notes:
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Addition and Subtraction Notes:
Addition and Subtraction
Use the following procedure:
Express all numbers using the same exponent
Align all numbers with respect to the decimal point

1.25 x @ ==> 12.5 x @D

2.48 x 104 2.48 x 104
+ 1.235 x 104 + 1.235 x 10*%

Add or subtract using all given digits

Round off the answer so that it has the same number of
digits to the right of the decimal as the number with the
fewest decimal places

- x 104 <——1 decimal point
2.48 x 104

+ 1.235 x 104

16.215 x 104 = x 104

Addition and Subtraction (continued) Notes:

Addition and Subtraction

Use the following procedure:

» Round off the answer to the nearest digit in the least significant
figure.

» Consider all digits beyond the least significant figure when
rounding.

» If a number is exactly half-way between two digits, round to the
nearest even digit.

- minimizes round-off errors

- Examples: 3 sig. fig.: 12.534 > 12.5
4 sig. fig.: 11.126 > 11.13
4 sig. fig.: 101.250 > 101.2
3 sig. fig. 93.350 > 93.4
Multiplication and Division Notes:

Multiplication and Division
Use the following procedure:

» For multiplication and division, the number of significant
figures used in the answer is equal to the number in the
value with the fewest significant figures.

> Examples:

3.261 x 10°
x1.78

5.80 x 105 j 3 significant figures

34.60
. 2.4287

14.05 ] 4 significant figures
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Logarithms and Antilogarithms Notes:

Logarithms and Antilogarithms
(i) the logarithm of a number “a” is the value “b”, where:

a=10b or Log(d) =b
(ii)) example:
The logarithm of 100 is 2, since:
100 = 102
(iii) The antilogarithm of “b” is “a”
a=10°

(iv) the logarithm of “a” is expressed in two parts

Log(339) = 2.530

character mantissa

Logarithms and Antilogarithms (continued)

Notes:
Logarithms and Antilogarithms
(v) when taking the logarithm of a number, the number of significant
figures in the resulting mantissa should be the same as the total
number of significant figures in the original number “a”
(vi) Example:
Log(5.403 x 108) = -7.2674
H_J H_J
4 sig. fig. 4 sig. fig.
(vii) when taking the antilogarithm of a number, the number of
significant figures in the result should be the same as the total
number of significant figures in the mantissa of the original
logarithm “b”
(viii) Example:
Antilog(-3.42) = 3.8 x 104
YooY
2 sig. fig. 2 sig. fig.
Graphs
* use graph paper with enough rulings to accurately graph the Notes:

results

+ plan the graph coordinates so that the data is spread over as
much of the graph as possible

* in reading graphs, estimate values to the nearest 1/10 of a
division on the graph
11 , 111 1.50
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Problem

How many significant figures arein:
1) 12.548
2) 0.00335
3) 504.70
4) 4000
5) 0.10200

Notes:

Normal error Curve

 The normal error curve was first studied by Carl Friedrich Gauss as a Notes:
curve for the distribution of errors. This normal distribution curve is a useful
tool to measure the extent of indeterm%nate (random) error. It is given by
the equation: ) = e =5 where o is the standard deviation;
O'V/ﬁ x = value of the continuous random
variable; g = mean of the normal
random variable; m=3.14.
* In normal error curve, the frequency
is plotted against mean deviation.
*  When the frequency is maximum
the error is nil.
» When the frequency decreases, the e o n o o
magnitude of the error increases.
* When ois very large, the curve obtained is bell shaped.
* When ois very small, then a sharp curve is obtained.
*  When frequency increases, the o will decrease —
sharp curve — nil error.
*  When frequency decreases the oincrease —
bell shaped curve — increases
Normal error Curve _
Notes:

 The normal error curve was first studied by Carl Friedrich Gauss as a
curve for the distribution of errors.

* Normal distribution is common in nature.

* For example, the following random variables are well modelled by the
normal distribution:

» measurement errors;
» some characteristics of living organisms in the population.

« The normal distribution curve is a useful tool to measure the extent of
indeterminate (random) error. 1

- Itis given by the equation: y=——=¢8
o~\2rx

—(x-p)%126?

*« where o is the standard deviation;
X = value of the continuous random variable;
K = mean of the normal random variable; 7=3.14.

The normal distribution characterises population by taking samples.

The larger the number of samples, the closer the distribution becomes
to normal

50




Mean and Standard deviation Notes:

Estimate of mean value of population = p Z X;

Estimate of mean value of samples = X Mean= X = ——

The standard deviation is a measure of the amount of variation or
dispersion of a set of values.

Degree of scatter of population is quantified by calculating the standard
deviation (std. dev.)

+ Std. dev. of population = ¢
« Std. dev. of sample = s

;(Xi - X)Z
n-1

+ Characterize sample by calculating ¥ + g

Standard deviation and the normal distribution Notes:
A low standard deviation indicates that the values tend to be close to the
mean (also called the expected value) of the set,
A high standard deviation indicates that the values are spread over a wider
range.
e Standard deviation defines the shape of the normal
distribution (particularly width)

Rty
° s ]

e Larger std. dev. more scatter —,
about the mean, worse precision.

* Smaller std. dev. means less
scatter about the mean, better— p—
precision.

Standard deviation and the Notes:
normal distribution
There is a well-defined relationship between the std. dev. of a population and

the normal distribution of the population.
(May also consider these percentages of area under the curve)

Amount of Data

"_ 68 % Standard deviations
(] ’{

f——— 9506 —

| —

‘ 99.7 %

Total % of the data covered by distribution are shown
above for 1, 2 and 3 sigma
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Relative standard deviation, standard error
and variance

Relative standard deviation (rsd) or coefficient of variation (CV)

rsd :(iJloo
X

S
Standard error = Sy = ——

vn

Variance is used in many other statistical calculations and tests:

Variance = s2

Standard deviation of set of samples should decrease if we take more
measurements.

There are several quantitative ways to determine the sample size
required to achieve a desired precision for various statistical applications.

Notes:

Some useful statistical tests

* Need to characterize or make judgments about data
» Tests that use the Student’s t distribution
— Confidence intervals

— Comparing a measured result with a “known”
value

— Comparing replicate measurements (comparison
of means of two sets of data)

Notes:

Confidence interval (CI)

* Quantifies how far the true mean (u) lies from the measured mean, ¥.

* Uses the mean and standard deviation of the sample.

_ ts
H=X+——
AN
where coefficients t are from the t-tables and
n = number of measurements.
Degrees of freedom (df) = n - 1 for the confidence interval.

Interpreting:
what does confidence interval Clgg = 1.3 £ 0.2 mean?

* It means that there is a 95% probability that the true mean (p) lies
between the range 1.3 £ 0.2, or between 1.1 and 1.5

* Note that Cl will decrease as n is increased.

» Useful for characterizing data that are regularly obtained;
e.g., quality assurance, quality control

Notes:
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Testing a Hypothesis (Significance Tests)

Notes:
» Carry out measurements on an accurately known standard.
» Experimental value is different from the true value.
» Is the difference due to a systematic error (bias) in the method - or
simply to random error?
S
Assume that there is no bias =
(NULL HYPOTHESIS), oy
and calculate the probability “g"
that the experimental error 2
is due to random errors. ©
g
&
Analytical result, x;
Figure shows (A) the curve for the true value (m, = m,) and
(B) the experimental curve (mg)
Comparing a measured result with a “known” value Notes:
* This is another application of the t statistic
» “Known” value would typically be a certified value from a standard
reference material (SRM)
known value — X| Jn
= n
I
calc S
» Calculate t.,. and then compare it to tabulated value of t,. at
appropriate df and CL , where df = n -1 for this test
o If Jteacl < tiapies results are not significantly different at a given CL.
o If [teacl = tiapler results are significantly different at a given CL.
For |teacl < tiape, THE NULL HYPOTHESIS IS MAINTAINED and no BIAS
at the 95 % confidence level.
Therefore, the difference between samples A and B is insignificant.
6. Methods of quantitative analysis Notes:

Key quantification Calibration

methods are as follows Curve
method

Quantitative Method of

Analysis Standard
Addition

Internal
Standard
Method
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Calibration Curve method

« Acalibration curve is used to determine the unknown concentration of an
element in a solution.

* Theinstrument is calibrated using several solutions of known
concentrations.

* The property to be measured of each known solution is measured and then
a calibration curve of property measured versus concentration is plotted.

* The property of a sample
solution is measured.

¢ The unknown concentration of
the element is then calculated 1
from the calibration curve.

Measurable Property is directly
proportional to concentration

Measurable
Property

Concentration-—-———— >

Notes:

Example: Calibration Curve method

Optical density of 5 standard solutions of known concentrations
was measured and then compared with the density of a sample
solution of unknown concentration

Sr. No. Concentration of

KMnO4
5 0.02
10 0.04
15 0.06
20 0.08
25 0.10
Unknown 0.05

OO~ WIN|F

Notes:

Plotting a calibration curve

Calibration curve: shows aresponse of an analytical
method to known quantities of analyte

Procedure:

a)Prepare known samples of Dynamic range |
analyte covering convenient o .

: p !

) range of concentrations. - |
) Measure the response of the | . !
analytical procedure. g ! :
c)Subtract average response of & E i
blank i i
(no analyte). ', |
a)Make graph of corrected o 3
response versus concentration. Analyte concentration —»

b)Determine best straight line.

Notes:
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Using a calibration curve Notes:

Prefer calibration with a linear response
- analytical signal proportional to the quantity of analyte

Linear range
- analyte concentration range over
which the response is proportional

to concentration s |
Linear //
Dynamic range range /
- concentration range over which l
there is a measurable response §
to analyte 3

Outside the linear range, additional

analyte does not result in an

increase in response ¢ G
Analyte concentration —-

N\

|
|
|
|
|
|
|
|
|
|
1

Bad data points Notes:

“Bad” Data Points may affect the results and should be removed from
the consideration
Identification of erroneous data point:
- compare points to the best-fit line;
- compare value to duplicate measures.
Omit “bad” points if much larger than averages and not reproducible.
- “bad” data points can distort the best-fit line and the accurate
interpretation of data.

y=0.16x +0.12  R?=0.53261 y=0.091x +0.11 R®=0.99518
]

& 1 Remove “bad” poin

)

Improve fit and
| accuracy of m and b °*t

Value (y)
Value (y
-

Value (x) Value (x)

Finding the “Best” Straight Line Notes:

Many analytical methods generate calibration curves that
are linear or near linear in nature

Equation of Line: Yy = MX + b

X = independent variable
y = dependent variable
m = slope

b = y-intercept

Vertical
4 deviation
=Yi—¥

slope = 4y =m
AX
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Determining the Best fit to the Experimental Data Notes:

Method of Linear Least Squares is used to determine the
best values for “m” (slope) and “b” (y-intercept) given a
set of x and y values

One need to minimize vertical deviation between points and line

di =(y; —y)=(y; -m(x;) +b)
One need to use square of the deviations > deviation irrespective of sign

di2 =(y; -y)° =(y, _m(xi)+b)2

vertical offsets

Goodness of the Fit

R2: compares the sums of the variations for the y-values to
the best-fit line relative to the variations to a horizontal line.
— R2x 100: percent of the variation of the y-variable that is explained by the
variation of the x-variable.

A perfect fit has an R? = 1; no relationship for R2= 0

Notes:

R2? based on these relative differences
Summed for each point

R?=0.9952

-

R2=0.5298
Very weak to 5
no relationship

08 L

Value (y)
Value (y)

0.67F
04 |

02F" e
|<== strong direct

- . 0 L L L L L
0 . . . . . relationship 0 2 4 3 3 10
0 2 4 6 8 10

Value (x)
Value (x)

99.5% of the y-variation is due 53.0% of the y-variation is due to the
to the x-variation x-variation. What is the other 47% caused by?

Determining Unknown Values from Calibration Curves Notes:

* Knowing the values of “m” and “b” allow the value of x to be
determined once the experimentally y value is known.

» Know the standard deviation of m & b, the uncertainty of the

determined x-value can also be calculated
0.40 T T T T l T T T T I T T T T I T T T T I T T T

a3

0.35 " “Unknown beyond linear region Pk

0.30

0.25

Quadratic
calibration

curve \’

Linear
calibration
curve

0.20

0.15

Corrected absorbance

0.10

0.05

0.0

I I AT TN AR UTY AN TE FUNTY AN UTd ARUT AT

m

_0'05llllllllllllllllllllllll
0 5 10 15 20

Amount of protein (1g)
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Response —»

Limitations in a Calibration Curve

Key limitation in application of calibration curves are:

- Limited to linear range of curve;

- Limited to range of experimentally determined response for known analyte
concentrations.

Uncertainty increases further
from experimental points

Dynamic range |

/
{irear /:r’_

range |

determination of
analyte concentration

1
¢ [

|
|
I
[}
[}
I
: Unreliable
|
I
]
]
[}
1

Analyte concentration —

Notes:

Limitations in a Calibration Curve (continued)

Detection limit
- smallest quantity of an analyte that is significantly different from the blank

Signal detection limit:  YdI = Yblank 3s where S is standard deviation
- need to correct for blank signal

Corrected signal: Yes = Ysample = Yblank

- minimum detectable concentration
N 3s
Detection limit: C =—

m

Where C is concentration
s — standard deviation
m — slope of calibration curve

Notes:

Problem (example)
Limitations in a Calibration Curve

Example:

* Low concentrations of Ni-EDTA near the detection limit gave
the following counts in a mass spectral measurement: 175,
104, 164, 193, 131, 189, 155, 133, 151, 176.

« Ten measurements of a blank had a mean of 45 counts.
* Asample containing 1.00 mM Ni-EDTA gave 1,797 counts.
« Estimate the detection limit for Ni-EDTA

Notes:
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Method of Standard Addition Notes:

The Method isuseful:
e |f sample composition is unknown

e Sample composition affects the results of analysis;
e Tominimisethe effect of matrix on the results of analysis.

e |tis Very useful for complex mixtures because compensates
for matrix effect (change in analytical signal caused by
anything else than the analyte of interest)

Disadvantages:

It is impossible to take into account possible losses due to
solubility or due to errors caused by the presence of other
components with similar properties to the element of interest.

Possible influence of impurities in the reagents is controlled by
conducting a "blank experiment" under the same conditions

Protocol of application of standard addition method

Notes:
Known quantities of an analyte are added to the unknown!!!
- known and unknown are the same analyte;
- increase in analytical signal is related to the total quantity of the analyte;
- requires a linear response to analyte. Place 5 mL of unknown in each flask
Step by steps:
1. Place known volume of unknown
sample in multiple flasks:
Add 0, 5, 10, 15, or 20 mL of standard
I
2. Add different (increasing) volumes
of known standard to each G ‘
>
unknown sample
Fill each flask to the 50-mL mark and mix
N
3. Fill each flask to a constant, A
known volume T
Determination of unknown concentration
Notes:

Plot signals as a function of the added known analyte concentrations and
determine the best-fit line.

Continue the curve to the intersection with the axis OX at coordinate y=0.

The values of A and (A+B) on the graph correspond to the signals from
unknown (I;=A) and standard (I=A+B) samples.

The values of X; and (X, correspond
to unknown and standard samples. 2
Then the unknown concentration |X|; 2
is calculated by the following equation: g
g
_ X _ 1t ang X
Xt =l¢
X+ Xt lst lst — I+ y
5 TS Reading of unknown
Concentration - without added standard A
of unknown, [X]}, -~
I o A Xst
N AV el SN N | AR T S T
-0.04  -0.02 0 002 004 006 008

Concentration of added analyte, [S], (M)
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Using two equations, one can obtain |Cx = Cst

Another variant of standard addition method
Solutions are prepared in the same way.

In contrast to previous (graphic) variant of the standard addition method,
only two flasks with solutions are needed for this determination:

first — with only the sample under study without standard (test sample)

second - with the studied sample plus standard (standard sample).

Measure the intensity of the analytical signal of the test sample I,.

The signal intensity |, is proportional to unknown concentration C,
Ix=const-Cx]

Measure the intensity of the analytical signal of the standard sample (l,,)-
The signal intensity (l,.s) is proportional to the total concentration (C, )

‘ |45t =CONSt '(CX"'CSt)‘

Ix

|x+st_|x

Notes:

Problem (example for standard addition application)

Tooth enamel consists mainly of the mineral calcium hydroxyapatite,
Ca,o(PO4)6(OH),.

Trace elements in teeth of archaeological specimens provide
anthropologists with clues about diet and disease of ancient people.

Researchers measured strontium in enamel from extracted wisdom
teeth by atomic absorption spectroscopy.

Solutions with a constant total volume of 10.0 mL contained 0.750 mg of

dissolved tooth enamel plus variable concentrations of added Sr.
Find the concentration of Sr.

Added Sr (ng/mL = ppb) Signal (arbitrary units)

0 28.0
2.50 34.3
5.00 42.8
7.50 51.5
10.00 58.6

Notes:

Internal Standard Method

The method is useful for analysis:

when quantity of sample analyzed or the instruments

responses varies slightly from run to run.

such responses are difficult to control.

when sample loss occur during sample preparation.
Widely used in chromatography

X

\

Area under curve proportional to A
concentration of unknown (x) and S
standard (s)

Detector signa|

Area of analyte signal E area of standard signal
Concentration of analyte

Concentration of standard

[

)

Tieeo sy

Notes:




Internal Standard Method Notes:

* A series of standard solution containing the same elements as that
present in sample solution is prepared.

« A fixed quantity of suitable internal standard is then added to each of
standard solutions, blank and sample solutions alike.

* The measurable property of each of above standard solutions and
sample solutions are measured.

Volume Concentration
of sample internal standard,

solution ppm
1 Blank 5 0.02
2 sample 5 0.06
3 5 5 0.08
4 10 5 0.10
5 15 5 0.12
6 20 5 0.14

Internal Standard Method (continued)

e The measurable property for each of above standard (Is) & (li) and sample
(Ix & li) solutions are measured at different wavelength;

Notes:

e One wavelength corresponds to element and other - to the internal standard.
e These measurements are made against blank.

e The ratio of measured property of the standard solutions to that of internal
standard (Is/li) are plotted against the concentration of standard solutions.

e This gives a straight line from this curve concentration of sample solution
can be read by finding where the ratio (Ix/li) falls on concentration scale.

I

The ratio of = == = = Concentration

sample to of unknown
internal sample
standard

properties

Concentration---=>

Tasks to Section 2

1. Give definitions of these terms: mean value, precision, accuracy, selectivity, sensitivity,
dynamic range, the limit of linearity, the limit of detection.

2. What differences between such errors: random and systematic; absolute and relative;
constant and proportionate; methodical and instrumental? How can errors be minimised?

3. How many figures should be reported in experimental results?

4. How many significant figures are in: a) 12.548; B) 0.00335; c) 504.70; d) 4000; e)
0.102007?

5. Find the average, standard deviation, and coefficient of variation for 721, 683, 734, and
755. If each of the four numbers is divided by 2, how will the mean, standard deviation, and
coefficient of variation be affected?

6. Calculate confidence Interval: The carbohydrate content of a glycoprotein (a protein with
sugars attached to it) is found to be 11.6, 10.9, 12.0, 11.7, and 11,5 wt% (g carbohydrate/100 g
glycoprotein) in replicate analyses. Find 50% and 90% confidence intervals for the carbohydrate
content.

7. The optical density of five standard solutions of known concentrations was measured and
then compared with the density of a sample solution of unknown concentration. The optical
density of the solution with unknown concentration was 0,05. Draw a calibration graph according
to data in the table below. Determine the unknown concentration in a solution by using the
calibration curve.
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Section 3: Sample Collection, Handling and Preparation

Contents:

Introduction

Representative sample
Sample Handling

Sample Preparation

Sample Storage

Sources of errors in sampling

YYYVYYY

Introduction

It is essential to obtain a representative sample for analysis. Without this, the results can
be meaningless or even grossly misleading.

It is necessary that the objectives of the analysis be transparent and that an appropriate
sampling procedure is adopted.

If environmental samples of soil, water or atmosphere are collected, or a complex
industrial process is controlled, a sampling strategy should be developed to optimize the value of
the collected analytical information. Legislative requirements may also determine the sampling
strategy, especially in the food and pharmaceutical industry sectors.

Sampling is particularly crucial for the analysis of heterogeneous material.

A representative sample is one of the original compositions of the material to be analyzed
in the context of a particular analytical problem.

Section 3 pays special attention to the conditions of sample storage. A different time may
elapse between sampling and analysis. Therefore, storage conditions should elude undesired
loss of weight, contamination or other changes that could affect the analysis results.

Sometimes it is necessary to pre-treat the sample. That process often involves the
separation or concentration of analytes and the removal of matrix components that may interfere
with the analysis.

The samples usually need to be brought into a form suitable for measurements carried out
under controlled conditions. Preparation of samples for analysis may include dissolution, grinding
to a specific size, obtaining a particular shape, granulation, placement in a special holder for
samples.

A small sample taken for analysis is called a laboratory sample.

If repeated tests or several different tests are required, the laboratory sample will be
divided into parts of the sample, which must have the same composition.

Homogeneous materials (e.g. pure or mixed solvents and solutions, most gases)
generally do not pose a particular problem for sampling. The composition of any small laboratory
sample taken from a larger volume of such systems will represent their overall composition.

Heterogeneous materials should be homogenized to obtain a laboratory sample if a
medium or bulk composition is required.
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Notes:

Representative sample

Where analyte levels in different parts
of the material are to be measured,
they may need to be physically
separated before laboratory samples
are taken.

This is known as selective sampling.

Representative sample Notes:

e surface waters such as streams, rivers, reservoirs and seawater,
where the concentrations of trace metals or organic compounds in
solution and in sediments or suspended particulate matter may
each be of importance;

e materials stored in bulk, such as grain, edible oils, or industrial
organic chemicals, where physical segregation (stratification) or
other effects may lead to variations in chemical composition
throughout the bulk;

e ores, minerals and alloys, where information about the
distribution of a particular metal or compound is sought;

e laboratory, industrial or urban atmospheres where the
concentrations of toxic vapors and fumes may be localized or vary
with time.

Representative sample

Obtaining a laboratory sample to establish an average analyte level
in a highly heterogeneous material can be a lengthy procedure. For
example, sampling a large shipment of an ore or mineral, where the
economic cost needs to be determined by a very accurate assay, is
typically approached in the following manner.

Notes:

(i) Relatively large pieces are randomly selected from different parts
of the shipment.

(i) The pieces are crushed, ground to coarse granules and mixed.

(iii) A repeated coning and quartering process, with additional
grinding to reduce particle size, is used until a laboratory-sized
sample is obtained.

This involves creating a conical heap of the material, dividing it into
four equal portions, discarding two diagonally opposite portions and
forming a new conical heap from the remaining two quarters. The

62




Diagrammatic representation of coning and quartering Notes:
(quarters 1 and 3, or 2 and 4 are discarded each time).

[2]

:>E E:>E@
/\ﬁﬁﬁg

[=]

Representative sample Notes:

» Repeated sampling over a period of time is a
common requirement. Examples include the
continuous monitoring of a process stream in a
manufacturing sampling.

» Studies of seasonal variations in the levels of
pesticide, herbicide and fertilizer residues in soils
and surface waters, or the continuous monitoring
of drinking water supplies are two further
examples.

Notes:

Representative sample

» Having obtained a representative sample,
it must be labeled and stored under
appropriate conditions.

» Sample identification through proper
labeling, increasingly done by using bar
codes and optical readers under computer
control, is an essential feature of sample
handling.
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Sample storage Notes:

» Samples often have to be collected from places remote
from the analytical laboratory and several days or
weeks may elapse before they are received by the
laboratory and analyzed.

» Furthermore, the workload of many laboratories is such
that incoming samples are stored for a period of time
prior to analysis. In both instances, sample containers
and storage conditions (e.g., temperature, humidity,
light levels and exposure to the atmosphere) must be
controlled such that no significant changes occur that
could affect the validity of the analytical data.

The following effects during storage should be considered: Notes:

» increases in temperature leading to the loss of volatile analytes,
thermal or biological degradation, or increased chemical
reactivity;

» decreases in temperature that lead to the formation of deposits
or the precipitation of analytes with low solubility;

» changes in humidity that affect the moisture content of
hygroscopic solids and liquids or induce hydrolysis reactions;

» UV radiation, particularly from direct sunlight, that induces
photochemical reactions, photodecomposition or polymerization;

» air-induced oxidation;

» physical separation of the sample into layers of different density
or changes in crystallinity.

Sample storage Notes:

» In addition, containers may leak or allow contaminants to
enter.

» A particular problem associated with samples having very
low (trace and ultra-trace) levels of analytes in solution is
the possibility of losses by adsorption onto the walls of the
container or contamination by substances being leached
from the container by the sample solvent.

» Trace metals may be depleted by adsorption or ion-
exchange processes if stored in glass containers, whilst
sodium, potassium, boron and silicates can be leached
from the glass into the sample solution. Plastic containers
should always be used for such samples.
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Sample pretreatment Notes:

» Samples arriving in an analytical laboratory come in
a very wide assortment of sizes, conditions and
physical forms and can contain analytes from major
constituents down to ultra-trace levels.

» They can have a variable moisture content and the
matrix components of samples submitted for
determinations of the same analyte(s) may also vary
widely.

» A preliminary, or pre-treatment, is often used to
condition them in readiness for the application of a
specific method of analysis or to pre-concentrate
analytes present at very low levels.

15

Sample pretreatment Notes:

e drying at 100°C to 120°C to eliminate the effect of a variable
moisture content;

e weighing before and after drying enables the water content to be
calculated or it can be established by thermogravimetric analysis;

e separating the analytes into groups with common characteristics
by distillation, filtration, centrifugation, solvent or solid phase
extraction;

e removing or reducing the level of matrix components that are
known to cause interference with measurements of the analytes;

e concentrating the analytes if they are below the concentration
range of the analytical method to be used by evaporation,
distillation, co-precipitation, ion exchange, solvent or solid phase
extraction or electrolysis.

16

Sample preparation Notes:

A laboratory sample generally needs to be prepared
for analytical measurement by treatment with reagents
that convert the analyte(s) into an appropriate
chemical form for the selected technique and method,
although in some instances it is examined directly
as received or mounted in a sample holder for surface
analysis.

If the material is readily soluble in aqueous or
organic solvents, a simple dissolution step may suffice.
However, many samples need first to be decomposed to
release the analyte(s) and facilitate specific reactions
in solution.
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Sample solutions may need to be diluted or concentrated
by enrichment so that analytes are in an optimum
concentration range for the method.

The stabilization of solutions with respect to pH, ionic
strength and solvent composition, and the removal or
masking of interfering matrix components not accounted
for in any pre-treatment may also be necessary.

An internal standard for reference purposes in quantitative
analysis is sometimes added before adjustment to the final

prescribed volume.

Notes:

Some methods for sample decomposition and dissolution Notes:
Method of attack Type of sample
Heated with concenfrated mineral Geological, metallurgical
acids (HCI, HNO,, aqua regia) or
strong alkali, including microwave
digestion
Fusion with flux (Na,0., Na,CO,, Geological, refractory materials
LIBO,, KH50,, KOH)
Heated with HF and H.50, or HCIO, Silicates where Si0, is not the analyte
Acid leaching with HNO, Soils and sediments
Dry owidation by heating in a fumace Organic materials with inorganic analytes
or wet oxidation by boiling with
concentrated Ho50, and HNO, or HCIO,
Notes:

Several steps are required to estimate change in soil organic carbon
stocks within a project area over time:

1. Develop a sampling plan for the Project Area based on a soil
sampling design;

— A sampling design provides instructions on the spatial layout of

sampling locations, the number of samples, and (in some cases) the

timing of sampling and compositing or bulking of soil samples.

Sample collection;

Sample preparation;

Laboratory analysis;

Calculation of the organic carbon content of soil samples and soll

organic carbon stocks; and

5. Calculation of the change in soil organic carbon stocks over time
within each Carbon Estimation Area (CEA).

e A
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Sample collection Notes:

As an example, consider the sample preparation of food. Foods
are solid, liquid, powdered, containing dissolved gases, and the
like. Different methods are used for food sampling, storage and
preservation.

The adequacy and condition of the sample or specimen received
for examination are of primary importance
If samples are improperly collected: the laboratory results will
be meaningless
Sampling protocol should be clearly defined

Start with a description of primary food product

Sample collection Notes:

Identity of the food
Common/alternative name
Scientific name (Genus, species, variety)
Plant food (entire plant/part e.g. roots)
Animal food (entire animal/part)
State of maturity (ripe immature)

Other details

Sample collection Notes:

Need to know:

= Number and size of sample to be collected
= Distribution of samples

= Stratification to be used

Sample label should be permanently attached to
the sample

oCommon name of food
o Sample code number
o Date of receipt in Lab.
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Sample collection Notes:

@ During sample collection:
= Collection details

» Date and time of collection
» Name of collector
* Place of origin
» Sampling point/addresses (roadside stall, farm, market)
« Condition of cultivation (feed regime, altitude, irrigation)
e Purchase price
» Graphical record (Photograph, visual record with scale)

» Transport conditions ( mode and conditions of
transport) 5

L . Notes:
» Description of sample collected: after sample collection

» Food type (Legume, fruit juice, milk product)

» Local use of foods (Famine. Festivals)

» State of food sample (solid, semisolid, viscous, or liquid)
» Process and preservation methods (canned smoked)

» Preparation method (cooking)

» Extent of preparation (raw, fully cooked, reheated)

Description of sample collected: after sample collection
»Food type (Legume, fruit juice, milk product)

»Local use of foods

» State of food sample (solid, semisolid, viscous, or liquid)
»Process and preservation methods (canned, smoked)
»Preparation method (cooking)

» The extent of preparation (raw, fully cooked, reheated)
»Packing medium (brine, oil)

»Container or wrapping (can, glass)

» Contact surface (can, glass)

»Label or list of ingredients (estimated by inspection)
»Batch number

»Weight of food collected/individual items

»Number of items

»Weight of common measure or portion

Notes:
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Notes:

Sample collection

Deliver samples to the laboratory promptly with the
original conditions maintained as nearly as
possible

»If products are in bulk: storage procedures, choice
of containers, modes of transport should be
considered

»Use containers that are clean, dry, leak-proof,
wide-mouthed, sterile, and of a size suitable for
samples of the product.

Notes:

Sample Transportation

»Whenever possible, avoid glass containers, which
may break

»For dry materials, use sterile metal boxes, cans,
bags, or packets with suitable closures.

» Identify each sample unit (defined later) with a
properly marked strip of masking tape.

» Transport frozen or refrigerated products in
approved insulated containers of rigid construction

Sample Handling Notes:

Aim: To protect the sample from changes in composition
and contamination

Things to note: Weight and nature of edible/inedible matter
(Prior to further processing (outer wilted leaves)

» Method of preparation (cooking or not, time, the temperature of
preparation)

» Weight before/after cooking

e Ingredients added if any

» Method of mixing and reduction (grinding, homogenization)
» Types of storage (addition of preservatives, the temp of storage)
» Methods used of taking analytical samples

 Storage of analytical samples or further processing

«Name and signature of person completing a record

e Date of record

e Other details
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Sample Preparation Notes:

Preparation of analytical portions

»If the particle size or bulk is too large for analysis, it must be
reduced in bulk or size for analysis

»Documentation of sample preparation is very important

» Separate edible/inedible portions, record descriptions and
weigh all parts

»Measure portion sizes, weights, volumes, density etc.

Homogeneous foods
Solids
» Friable: crumble and mix.

Notes:

» Sticky: freeze and crush at low temperature.

»Hygroscopic: take portions rapidly into
preweighed sealable containers for weighing.

Emulsions

» Take by weight rather than volume; warm and mix.
Liquids with suspended solids

» Homogenize, or sample during gentle mixing.

) Notes:
» Reduction by quartering

Food lots of small items (flour, rice, legumes, small fruits,
chopped mixed units).

»The bulk is tipped into a uniform pile on a clean, inert
surface

» Turned over several times with a polythene or glass spatula.

» The pile is leveled and then divided into four equal
segments.

» Two opposing segments are taken and the other two
discarded.

» The remaining segments are mixed and further reduced in
the same way
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Reduction by quartering Notes:

» Foods consisting of fairly large, separate, but similar
portions, such as loaves of bread or joints of meat,
should be quartered and sampled then processed for
analysis.

» Segmented foods sampling e.g. packets of biscuits,
cartons of eggs, batches of bread rolls.

» Take every fourth item to form a composite sample.

» For sliced loaves, take every fourth slice and one end
slice, which then must be thoroughly crumbed before
further reduction.

Examples of analiltical sarﬁple preparations Notes:
Nuts

» Batches of nuts should be ground separately with
a pestle and mortar, then mixed together thoroughly
in a bowl.

» An analytical portion should be taken for inorganic
analyses and the remaining mixture should be
homogenized mechanically for further analyses.

Eggs
» Fresh. Fresh eggs should be shelled and mixed
briskly with a fork; after analytical portions are taken
for inorganic analyses, the remainder is
homogenized mechanically.

» Dried. Dried eggs should be handled as flour.

Examples of analytical sample preparations Notes:
Fruit

»Large fruits (e.g. pineapples or watermelons) and
medium-sized ones (e.g. apples) must be quartered.

» Small fruits (e.g. cherries) should be quartered by the method
used for particulate foods.

»Quarters should be coarsely chopped and combined, and
unhomogenized analytical portions should be taken for
Immediate vitamin C and inorganic analyses.

»The remaining mixture can then be homogenized to produce
an analytical sample for other analyses.
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Examples of analytical sample preparations Notes:
» Meats and fish (raw, cooked and processed).

» The fat and muscle of some meats are more conveniently
analysed separately and the results combined to produce the
final values.

» The edible portion of each unit is chopped coarsely with a
sharp knife (fish is flaked with a fork) and mixed thoroughly in a
bowl with a spatula.

» A portion is removed, frozen and crushed in a polythene bag,
and used for inorganic analyses.

» The remainder of the analytical sample is minced and mixed
thoroughly again; portions are taken for further analyses.

» Care must be taken to avoid fat separation during mixing

Notes:
Examples of analytical sample preparations

»Leafy vegetables and vegetable inflorescences.
»Small leafy vegetables should be mixed together in

a bowl, chopped coarsely and mixed again briefly.

» A large portion should be taken for inorganic analysis
and another portion into metaphosphoric acid for vitamin
C analysis.

»Large tight-leaved vegetables (e.g. cabbage, iceberg
lettuce) must be quartered.

Notes:
Examples of analytical sample preparations

» All large leafy vegetables must be chopped coarsely
and mixed, and this must be done very quickly

» After the mixing, analytical portions should be taken
for analyses of vitamin C, vitamin A, carotenes,
vitamin E and inorganic nutrients

» The remainder can be chopped further. Stalks are
often difficult to reduce and may have to be chopped
separately and reintegrated into the food sample.
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Examples of analytical sample preparations

Prepared composite foods and dishes. This is the
form in which most foods are consumed.

»Items should be briefly homogenized and carefully
mixed.

» It can be assumed that laboratory homogenization will
not introduce any contamination greater than that arising
during domestic or commercial food preparation.

Notes:

Examples of analytical sample preparations

»Care is required to blend in the individual pieces of
muscle, fat, vegetables, etc., which may be found in
mixed prepared foods.

»Portions for vitamin C assay are best taken from the
mixed homogenate before it is rehomogenized.

»If the prepared foods are hot, speed is essential to
prevent moisture loss.

» Total meals or diets can be handled in the same way.

Notes:

Sample Preparation

Some practical equipment requirements for handling
and preparation of laboratory and analytical samples

General:
e Trays (for carrying foods)
» Chopping boards (polythene, wood)
» Oven thermometer, meat thermometer
» Waring blender
e Pestle and mortar
« Ball mill
e« Hammermill

Notes:
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Sample Storage

» Keep ground samples in glass or plastic
containers with air and water tight covers.

» Samples not analysed immediately should be
left in cold storage to minimise spoilage and
other chemical reactions.

» Samples for lipid analysis — store under nitrogen
at low temperature to prevent oxidation and
unsaturated lipids

2

Notes:

» Light may initiate oxidation so store in dark
containers.

» For lipid analysis, antioxidants may be added if
they wont interfere with the analysis

» It is therefore desirable to store a number of
identical analytical samples

» Minimize the number of staff involved in taking
portions from them.

Notes:

Effects of sample storage and preparation on nutrient content
and precautions required to minimize them

Effects Potential Nutrients Precaution
Changes Affected

Drying out  Loss of water All nutrients Design of protocol, Keep
samples sealed, weigh food at
start and during preservation

Absorption  Gain of water All nutrients Design of protocol, keep
samples in sealed container
Microbial Degradation/auto Loss of CHO, Storage at low temperature,
activity lysis/synthesis proteins, gain in pasteurization or addition of
thiamin, Vit B6 inhibitors
Oxidation Destruction of Alterations in Store at -30C in sealed
unsaturated fatty profile of fats containers under nitrogen. Add
acids, loss of antioxidants, bacteriostatic
vitamins agents
Acid Hydrolysis Loss of sucrose Store at low temperatures
and higher Neutralize acids

oligosaccharides

Notes:
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Effects of sample storage and preparation on nutrient content

and precautions required to minimize them Notes:
Alkaline Destruction Loss of thiamine Avoid alkaline conditions and
SO2
Light Photo Loss of riboflavin Protect from light
degradation
Contamination From cooking Increase Design protocol to minimize
during vessels, soil, inorganic contamination, gently rinse with
sampling dust nutrients distilled water
Contamination Increase in Increase in Select apparatus with care
from metallic inorganic major trace Clean all utensils
blades, nutrients elements Store in plastic bags
glassware
Separation Separation of  Changes in Avoid over vigorous mixing and
fats compositional thaw/freeze cycles
Alteration in fibre
content
[ L3 N -
Sources of errors in sampling oles
It is essential that all those involved in the
sampling process are familiar with the
objectives of the work and are clear about
their roles.
This will identify aspects that are unclear or
impracticable and require modification to
avoid errors.
Notes:

Analytical

The following aspects shall be monitored,
evaluated, implemented and maintained to ensure
accuracy and precision of the test carried out:

e Quality of distilled water

 calibration of measuring and testing instruments
including analysers, balances, incubators,
centrifuges and semi-automatic pipettes, and
regular servicing and maintenance of equipment.
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e Use standard/calibrator which is traceable
to national/international reference material.

* include quality control specimens in each
procedure on a daily basis

Analytical errors may be
systematic
or

random

Notes:

All data relating to the laboratory’s internal
quality control (QC) practices and performance
In external quality assessment schemes (scoring,
ranks, etc.) should be recorded, reviewed and
corrective actions implemented.

Stability of reagents

Laboratory personnel should be aware that the
stability of all reagents kept at room temperature
shall be reduced from the stated values if the
temperature exceeds 35°C.

Notes:

Use of calibration graphs
A fresh standard curve should be carried
out whenever:
» the calibrator is changed
" new reagents are introduced
= problems with QC are encountered

Notes:
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Notes:

Post-Analytical
In order to avoid transcriptional errors in the
results of the test, the reporting/signatory
technicians shall verify the results entered
manually or through on-line instrument
interfaces before the results are reported or
dispatched.
Post-analytical errors:

Transcription errors
Excessive delay in reporting values
Correct interpretation

Notes:

Rectification of lab errors

It is therefore essential to continually ask the
following questions.

1. Is there an analytical error?
2. If so, what type of error is this?

3. What could have been the causes for this
error?

4. How to rectify this error?

The analytical process
1. Formulating the question:
Translate general question into specific question
Is this water safe to drink? What is the concentration of Arsenic in

Notes:

the Water Sample’) Source Caffeine Serving
(mgz per | zize (oz)
. . . zerving
2. Selecting analytical procedures: Regalar cofles | 106.164 .
a) Choose procedure to measure Decafieioated e .
As in water coffee
Uncertainty in measurement Tea 1-50 5
Limit of detection Coconbeverage | 23 s
Baking as 1
Destroy sample chocolate
Ava.||ab|||ty, tlme, cost Sweet chocolate 0 1
b) If necessary, develop new procedure Milk chocolate 6 1
3_ Sampllng soft drinks 36-57 12

a) Select representative material to analyse
Do not use the entire sample
Consistency in sample collection
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Notes:

The analytical process b, s
. ilter it into a fresh
1. Sample preparation: O conteitoge Wbe
a) Convert sample into from S
suitable for chemical analysis N
Transfer some o i
the suspension (:) i
. centrifu lube Centrifuge
Dissolve sample = — e
Concentrate sample oty paricn”
Susponsion’of Suspension of Insol;.lble Filtered solution —
solid in water chocolate  containing dissolved

chocolate residue

residue  analytes for injection
in boiling water

into chromatograph

Shake Decant
well Centrifuge liquid
i Solvent —__ Supernatant —|_
RemOVe SpeCIeS tha_t (petroleum |.:u:d containing
interfere with analysis ether) dissolved fat
Finely ~__ Suspension \1.; Solid residue Defatted
ground of solid in \ _‘ packed at residue
chocolate solvent - JA bottom of tube
1]
</
Y
Sample preparation: Example Notes:

How do you prepare samples for Drug Discovery?

What we want to know:
Is the drug active? Does it cure the Topotecan Treatment of Mice
diseasel/iliness? Carrying Subcutaneous Tumors
How is the drug taken? (Pill, injection) Day,0! _Dey'7" Dayi6 Lbayes| Dayes
How often does the drug need to be taken? "
Does the drug have side-effects? Vehicle

How these Questions are Typically Addressed:

Treat animal (rat, mice, etc) with drug
Monitor drug duration in animal y
Monitor location of drug accumulation Topotecan
Monitor animal health

1

How do you treat the animal with the drug?

How do you monitor the drug concentration in the o
Tumor size is measured by fluorescence

Animal? . . through the mouse skin using quantum
How do you determine the drug location? dots as a function drug dosage

How do you determine the animals health?

Cross-section
of sacrificed
mouse
showing
tissue removal

Notes:

Inject mouse
with drug

Tissue plug from
I' ? mouse kidney

- &OH
! metabotite || Parent
| mecabolite !
T Jif Parent Lipophilic Polar Total

| compound metabolites metabolites activity

g i H : (%) %) % in PSL
= H i
'.l i i 1. Liver ] 8 80 27,000
@ l; l| 2. Kidney 20 23 50 13.000
1 i | ] 3 Lung 24 20 47 6,000
iy ! !‘, 4. Blood 26 74 1.200
R SR e Abs LA A PSL. photo-stimulated luminescence.
Chromatography indicates presence of Determine drug quantity and
drug an metabolites in tissue sample distribution
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The analytical process
Analysis:
measure concentration of analyte in several
identical aliguots (portions)
Replicate measurements = uncertainty in the
analysis

»  Avoid large errors
»  Reliability of measurement

_ Theobromine

Uit absotance f & wvelengh of 254 rammetess ——

Calibration Curve
Measure response for known samples

.t LA

Theobromine

Report and Interpretation of Results

Peak height (centimeters)
/

Drawing Conclusions

=088 4x-0000 How the Report is used

Notes:

Sampling for Molecular Systematics

Research in molecular systematics requires
plasmid, cell or tissue samples in which proteins
and nucleic acids are maintained in intact
physically active state.

Materials are normally collected from field,
therefore a proper planning is needed to ensure
the good condition of the samples.

Notes:

Regulations governing acquisition of specimens

Collectors should become familiar with local
state, national and international laws and
regulations, and they should allow adequate lead
time to obtain the necessary permits.

Scientific collecting permits/permissions usually
are necessary for sampling natural populations
and protected species.

Notes:
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Documentation of Samples

» Label samples and specimens so that no
information is lost in wrapping, transport, storage,
and entering of data into permanent records.

» Field collection data (location, habitat, behaviour,
whether, date) is important.

» Prepare voucher specimens (herbarium, museum
etc.) for the purpose of cross-reference.

Notes:

Sources of Sample
Fresh materials can be obtained from field.
Animal

blood, tissue (organ, muscle ...), hair (follicle),
bone, skin, egg etc.

Plant

leaf, flower (petal), inner bark tissue (cambium),
twig, pollen, spore (fern) etc.

Notes:

Alternative sources
O Museum collection (animal samples)
O Herbaria (plant samples)
O Tissue/organ collection preserved in paraffin
O Protein extract from the isozyme analysis
O Tissue in microscopic slide

O Fossil/archeological material (degraded DNA)
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Preservation of Samples Notes:

Proper sample preservation in field is crucial
for molecular systematic study.

Cryopreservation - use of liquid nitrogen

Alcohol or formalin - mainly for animal tissues
where tissues are cut into small pieces and soaked
in 95% ethanol

Buffer/salt solution — plant/animal tissues are cut
into small pieces and soaked in DMSO (dimethyl
sulfoxide; for animal) buffer or CTAB
(cetyltrimethylammonium bromide; for plant) buffer

Notes:

Preservation of Samples

Silica gel — plant tissues are cut into small
pieces and put into container containing silica

gel

Other methods — leaf samples are wrapped
with moist tissue paper before putting into
plastic bag; add anti-clotting agent (EDTA,
heparin) to blood plasma sample.

Tasks to Section 3

1. Give definitions of these terms: representative sample, sample storage, sample
pretreatment, sample preparation, laboratory sample, homogenous materials, heterogeneous
materials, internal quality control, and external quality assessment.

2. What are coning and quartering processes? Draw the scheme of coining and quartering
processes for any powder sample.

3. Describe the rules for storing samples of different types.

4. Describe the factors that affect the samples during storage.

5. What stages of sample preparation do you know? Describe their purpose.

6. What is sample handling? Write the basic rules for sample storage.

7. What do you know about the impact of sample storage and preparation on sample
content? Describe the security measures required to minimise the impact.

8. At the stage of pharmaceutical development of a new drug is carried out preclinical
studies. To do this, conduct experiments on animals. Proper preservation of samples in this field
is crucial for a systematic molecular study of the action of the drug.

9. Why is it essential again and again to ask oneself about the possibility of laboratory
errors?

10. What are the types of errors in sample preparation?

11. How should the analyst keep samples to minimise errors?
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Section 4: Chemical Equilibrium

Contents:

Activity effects

Reversible reactions and chemical equilibria
Manipulating equilibrium constants
Equilibrium constants for chemical reactions
Acid and base dissociation. Buffer Solutions
Complexation equilibria

Solubility equilibria

Redox equilibria

Solving equilibrium problems

YYYYVYYYYY

Introduction

A solution is a homogenous system consisting of two or more components: a solvent, a
substance and products of their interaction. Solutions can be liquid, solid and gaseous. Usually,
the solvent is a component that is in the same state as the resulting solution. In the case of
dissolving sugar in water, the solvent is water, regardless of the amount of the substances. If both
components are in the same physical state before dissolution (for example, alcohol and water),
the component whose volume is more abundant in value is taken as the solvent.

The solute is(are) the substance(s) present in the smaller amount(s). The solution
homogeneity is explained by the fact that the solute interacts with the solvent and decomposes
into molecules or ions. These molecules cannot form an independent phase.

The stability of solutions is determined by the size of the particles. Usually, solutions are
distinguished as real, colloidal, and coarse. Examples of unstable systems are suspensions
(solids dissolved in liquid) and emulsions (liquid substances dissolved in liquid). These systems
are inhomogeneous. Due to gravity, the distributed particles eventually settle to the vessel bottom
or are exposed to the surface. Colloidal systems are characterized by higher stability.

The solutions have intrinsic properties of both chemical substances and mechanical
mixtures. Modern solution theory considers dissolution a set of the following processes: solvation,
ionization, diffusion. Some solutions mix in any ratio, such as, e.g. water and alcohol. Solids,
most gases and liquids are soluble in water in some proportions. If the substance can no longer
dissolve at a given temperature, such a solution is called saturated. A solution, in which the
substance can still be dissolved under given conditions, is called unsaturated. These concepts
are not related to the concepts of "concentrated" and "diluted" solution. There is a sufficient
amount of low-soluble substances (Ca(OH),), whose saturated solutions have a low
concentration of the dissolved substance.

The saturation of the solution is a measure of the solubility of the substance. The value of
the solubility term is the ability of a substance to form homogeneous systems when mixed with
another substance. Usually, the solubility of solids and liquids is expressed by the mass of the
substance, which can be dissolved in 100 g of solvent at a given temperature. The solubility of
gases is determined by the volume of gas that can be dissolved in 1 litre of solvent at a specific
temperature. In this case, a quantitative indicator is used and is called the solubility coefficient.
Solubility depends on the nature of the substance and the solvent. An empirical rule says that the
like dissolves in the like. The best of the polar solvents is water.

Reactions in solution are faster than in the solid-state. Some substances form ions, which
are species possessing a charge. These behave distinctly in solution. They may attract molecules
of solvent, may associate together and may react with other species to form complexes or a
precipitate.

Since concentrations of substances vary over a very wide range, they are often
represented by the logarithmic pX notation. pX = - log(X), where X is the concentration or activity
of an ion, or equilibrium constant.

The laws of thermodynamics govern the behaviour of all species in solution. Every
reaction depends upon the thermodynamic properties of the species involved. Where the solvent
association reaction or temperature change those properties, the behaviour will alter.
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The use of solvents for analytical work is determined by their
properties, as shown in Table.

Solvent Beiling point (°C) Density, Dielectric
(g em™) constant, &,

Water 100 1.00 786
Ammonia -34 0.68 22.0
Ethanol 78 0.79 24.3
n-hexane 69 0.66 1.88
Diethyl ether 34 0.71 4.33

Note: density at 25°C or at BP; dielectric constant = relative permittivity

Solvents with high dielectric constants, for example, water and ammonia,
are referred to as polar and are ionizing solvents, promoting the
formation and separation of ions in their solutions, whereas such as
diethyl ether, tetrachloromethane and hexane are nonpolar and are
nonionizing solvents.

There are also many solvents whose behavior is intermediate between
these extremes.

Notes:

The action of solution changes the properties of both solute
and solvent. The solute is made more mobile in solution,
and its species may solvate by attraction to the solvent.

The solvent structure is also disrupted by the presence of
species different in size, shape and polarity from the solvent
molecules.

Ideally, the behavior should depend on the concentration C
(in molarity, mole fraction or other units), but often this must
be modified and the activity a used:

a=f-C

Notes:

The coefficient of activity of substances and ions
characterises the degree of deviation of the properties of a
real solution from the properties of an ideal one, where
there is no interaction.

The activity coefficient is a function of the concentration of

a solution, the nature of an electrolyte, the temperature and
the ionic strength of a solution.

It can be said that activity is an imaginary concentration.
This value is denoted by the letter a and calculated by the
formula: a=f-C,

where f is the coefficient of activity, C is the molar
concentration of a substance.

Notes:
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Notes:
The ionic strength of the solution (u) is half the product
of the concentrations of all ions in the solution (C;) and
the square of their charges (z):

1
U= —(C1212 + C2222 +...+ann2)
2

It is believed that, if the ionic strength of a solution is
constant, the coefficients of activity of ions also
remain constant and do not depend on the ion
concentrations.

Notes:

Since there are no direct methods for determining the
coefficients of activity, their values can be found by
calculation. In particular, Debye-Hitickel's formula can be
used to calculate them:

0.5z%./n
1+/p

it 1<01 then Igf, =-0.52%/n

Notes:
Example: Calculation of lonic strength of a) 0,01 M NaNO;
b) 0,010 M Na,SO,; and c) 0,020 M KBr

Solution:

(@) p =F{[Na"] - (+1)* + [NO3 ] - (= 1)’}
=3010-1+0.10-1} =0.10M
(b) b = F{[Na™] - (+1)* + [SO}7] - (=2)%)
=%{(l}.020 - 1)+ (0.010 - 4)} = 0.030 M
Note that [Na™] = 0.020 M because there are two moles of Na™ per mole of Na,50,.
(©) p=F{[K'] - (+1)* + [Br ]+ (=1)* + [Na"] - (+1)* + [SOF ] - (=2)")
= 2{(0.020 - 1) + (0.020 - 1) + (0.020 - 1) + (0.010 - 4)} = 0.050 M
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Example: Find the activity coefficient of Ca?*in a solution of

3,3 mM CaCl,.

Solution: The ionic strength is
b= (G122 4 (O] (1))

1
= 2 {(0.0033) -4 + (0.0066) -1} = 0.010M

In table on the next slide you may see activity coefficient for

aqueous solution at 25°C.

Ca?*is listed under the charge +2 and has a size of 600 pm.

Thus f=0,675 when ionic strength is equal to 0,010 M.

Notes:

Most reactions will eventually reach equilibrium. That is, the
concentrations of reactants and products change no further,
since the rates of the forward and reverse reactions are the

SAME. Lor the reaction aA + bB = ¢C + (ID‘

we write the 1 C d
equilibrium constant: K = [ C ] [D ]
[A] 4 [B ] b

where the lowercase superscript letters denote stoichiometry

coefficients and each capital letter stands for a chemical species.

The symbol [A] stands for the concentration of A relative to its
standard state (defined next).
By definition, a reaction is favored whenever K>1.

!:I::_ Tonie strensth (p, My
lon {ee, pmy [T LUXHITEY 0ol 0.0 0.1 .
Charge = %1 Activity coefficient () NOteS ’
H™ [ 0067 0933 0914 0.86 0.83
(T Hy)2aCHOO: . {CH N T R0 0066 003 0412 0.83 081
(0N CH20", (C3Hp):NH ™, CH;0C0H.CO5 700 0065 0030 0909 0.845  0.81
Lit, CoH,O05, HOMCH,CO5 , CICH,CO5, C.H.OH.COZ,
CH,—=CHCH-COy3, (CH3}:CHCH,COZ . (CHCHa 1N ™ (C;H7 ) NH 600 0063 092G 0907 0.835  0.80
C1CHCOS, C1;CC07, (CHCH2):NH™Y, (C3H,INHS 300 0064 D028 090 0.83 079
Na®, CdC1™. ClO5. 10y, HOO:, HoPOL, HSO:, HaAsDy
Col NH31,{NO,17 . CH;COZ, CICH-COL, (CHa M ™,
(CHCH=),NHY, HoNCHLO0: 450 0064 DO2E 0902 0.82 0.775
T HaNCHLCOLH, { CH5),NH ™. CHCH.INHS 400 0064 DO2T 0901 0815 037
QH™.F~. SCN~, DCN ™, H&~, Cl05 ., ClOL, BeOy, 105, Maly,
HCO; . Hacitrate—, CHaNHY, (CH).NH2 3s0 0064 0O26 0900 0.81 076
K., Be™, 17, CN™. NOS, NO7 300 0064 0025 DEX 0.E0S 0735
Rb".Cs* NHI.TI". Ag" 250 0064 0024 0EOE 0.50 0.75
Charge = £2 Activiry coefficient ()
MgZ", Be®" RO0 0872 0755 069 [ 045
CH{CH.CHLC O3 12, { CHCH,CHLO0% ) 700 0872 0755 0685 0.50 0435
Ca®t, Cu™™, Zn?", 80", Ma® 7 Fe®™, Ni*", Co*, CoHL(C0; 12,
HRC(CHCO3 15 (CH2CHCO5 )2 600 0870 0749 0675 0485 0.405
ST BaT, Cd®t, Hg™, 8775057, WO, HoCOC0s be, 1 CHAC0E )e,
(CHOHCO: 12 300 0868 0744 067 0465 0.3%
Pt 05T, 5057, MoDI™, ColNH;.CP Y Fel CNI.NO? ™ Ca05 .,
Heitrate®~ 450 0867 0742 0665 0455 0.37
Hei', S0I7. 8,037, 52087, S,08 . Se0i . Crd3 . HPOT™ 400 0867 0740 0660 0445 0.335
Charge = 23 Activity coelficienr ()
ALY Fe™_ CFT 53T, Y In® T, lanthanides® ] 0738 0354 0.445 0245 0.8
citrale®” 300 0728 051 0405 0.18 0.115
PO, Fed TN ™, CrlNH2 , ColWH: 3, Col NH; 1. H.0% 400 0725 0305 0395 0.6 0.005
Charge = =4 Activity coefficient ()
Th', Z*°7, Ce*™, Sa** 1100 0,588 035 0.255 0.10 0.065
FelCMNIE™ 300 0.57 031 0.20 04E 002l
Notes:

85




For the ratios [A] (1 M) and [D] (1 bar) to be dimensionless,
[A] must be expressed in moles per liter (M), and [D] must be
expressed in bars. 1 bar = 10° Pa; 1 atm = 1.01325 bar

If C were a pure liquid or solid, the ratio [C] (concentration of
C in its standard state) would be unity (1) because the
standard state is the pure liquid or solid.

If C is a solvent, the concentration is so close to that of pure
liquid C that the value of [C] is still essentially 1.

Notes:

Manipulating Equilibrium Constants Notes:
If two reactions are added, the new K is the product of the two
individual K values:
HA —— H' + A K =[H+][A_]
b [HA]
[CH™]
K +(C — CH' Ko=——"7"7""
[H™][C]
] AT][CH™]
HA + C—— A" + CH Ky=AlCH]
[HA]IC]
o .k, _DATIATT [CHT] _[ATIICH]
33— N = : =
[HAl  [¥"][c]  [HAIIC]
Notes:

Example: manipulating equilibrium constants

Given the reactions and equilibrium constants:
H,0 —— H + OW K,=1.0x 101
NH; +H,0 == NH," + OH KNH3: 1.8 x 10°

Find the equilibrium constant for the reaction:
NH4Jr —_— NH3 (CIQ) + H+

Solution: B{G:— H +9¥f K= Ky

NHy" +9ff — NH; (ag) + B K,=1/K,

NH," —— NH; (aq) + H' K=Ky *1/K,=5.6x10-10
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Chemical Equilibrium

Notes:
Le Chatelier’'s Principal
What Happens When a System at Equilibrium is Perturbed?
Change concentration, temperature, pressure or add other chemicals
Equilibriurn Equilibrium Products
- hereK=1
Reactants whereK=1 Products Reactants e
additional reactants
A Temy imbal
porary imbalance
Equilibrium is re-established
i forward
Reaction acqommodates g reaction addition of reactant
the change in products, E te ,?
reactants, temperature, o
pressure, etc. .E reverse reaction
‘G Bvarse rate starts to
Rates of forward and reverse o reaction catch up
reactions re-equilibrate = rate
time——»
What Happens When a System at Equilibrium is Perturbed? Notes:
Le Chatelier’s Principal: the direction in which the system
proceeds back to equilibrium is such that the change is
partially offset.
Consider this reaction:  CO (g) + 2Hy(g) == CH;0H(g)
A CO(g 2H
At equilibrium: ® 2202 CH30H(®)
A To return to
equilibrium
(balance), some
(not all) CO and H
Add excess CO(Q): added €0 cHsoTe are converted 0
C Q0 2H2 () CH;OH
== JA
If all added CO was converted to CH;OH, then reaction would be
unbalanced by the amount of product
Notes:

Example. Consider this reaction:

BrO; +2Cr” +4H,0 =—— Br + Cr,0;2 +8H'

_[BrCrof IH P

e = 1x10M at 25°C
[Broz][Cre*]

K

At one equilibrium state:
[H*]=50M [Cr,05]=0.10M [Cr**]=0.0030M
[Br ]=1.0M [BrO3]=0.043M
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Example. What happens when: Notes:

[Cr,0% Jincreased from 0.10 M to 0.20 M

According to Le Chatelier’s Principal, reaction should go
back to left to off-set dichromate on right:
BrO; +2Cr™ +4H,0 <= By + (Cr,0,2 +8H!

Use reaction quotient (Q), Same form of equilibrium
equation, but not at equilibrium:

[Br][CroZI[H*® (1.0)0.20)5.0)° T
= = =2x10"">K
[Broz][Cr3*1>  (0.043)0.0030)

. N :
Because Q > K, the reaction must go to the left to decrease otes

numerator and increase denominator.

Continues until Q = K:

If the reaction is at equilibrium and products are added (or
reactants removed), the reaction goes to the left

BrOy +2Cr +4H,0 <mm (Br + Cr,0,2 +8HY)]

If the reaction is at equilibrium and reactants are added
( or products removed), the reaction goes to the right

110, +20r3 +4H,0) == Br + Cr,0,2 +8H'

The pX notation Notes:

The concentration of species in solution may range from very
small to large. For example in a saturated aqueous solution of
silver chloride, the concentration of silver ions is about 10-5 M,
while for concentrated hydrochloric acid the concentration of
hydrogen and chloride ions is about 10 M. For convenience,
a logarithmic scale is often used:

pX =-log (X)

where X is the concentration of the species, or a related quantity.

Thus, for the examples above, pAg = 5 in saturated aqueous
silver chloride and pH = -1 in concentrated HCI.

Since equilibrium constants are derived from activities or
concentrations as noted below, this notation is also used for them:

pK =-log (K)
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There are many types of equilibria that occur in Notes:

solution, but for the important analytical conditions
of ionic equilibria in aqueous solution, four
examples are very important.

Acid and base dissociation

Complexation equilibria
Solubility equilibria

Redox equilibria

Acid and base dissociation Notes:

In aqueous solution, strong electrolytes (e.g., NaCl, HNO,;, NaOH)
exist in their ionic forms all the time. However, weak electrolytes
exhibit dissociation equilibria.

For acetic acid, for example:

HOOCCH, + H,0 —H,O* + CH,COO
Ka = (aH ’ aA)/(aHA' aw) = 17510-5

where HA, W, H and A represent each of the species in the
above equilibrium.

In dilute solutions the activity of the water a,, is close to 1.

For ammonia: Notes:

NH, + H,0 = NH,* + OH"

Water behaves in similar way:

2 H,0 = H,0"+ OH

Kw= (a0t - dor) = 107
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KA < K" +A”

Denote the concentrations of ions as [K*] and [A7], and the
concentration of non-dissociated molecules through [KA].
Then we write the equilibrium constant as follows:

k]
[KA]

Notes:

The smaller the value of K, the weaker the electrolyte
and vice versa, the more K, the better dissolves the
dissolved substance.

The dissociation constant does not depend on the
concentration of a solution but depends on the temperature.
It has the dimension of concentration in moles per litre.

Weak electrolytes, which consist of more than two
lons, dissociate stepwise.

Each degree of dissociation is characterised by a
certain magnitude of the dissociation constant. These
dissociation constants are stepped and denoted by

Ky, Ky oo K

Notes:

_ [H+]'[H2PO4_]

H,PO, & H" +H,PO,”, K= =71.107°
IH,PO, |
+ 2—

H2PO4_ O H + HPO42_’ K2 = [H ][HPO4 ]I 6210_8
H,PO,” |

HPO,” <> H" +PO,>, K; = ) lpo.” =5-107"

(HPO 2" |

Kom = KiK,K; =7.1.107°.6.2.107.5.10 ™% = 2.2.107%

Notes:
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Buffer is a mixture of a weak acid and its conjugate base.
A buffered solution is one that resists changes in pH when acids
or bases are added.
HCOOH + HCOONa
CH,COOH + CH,COONa
NH,OH +NH,CI
KH,PO, + K.;HPO,
K;PO, + K,HPO,

Buffer capacity 3 is a measure of the ability of a buffer to
resist changes in pH. The larger the buffer capacity, the greater
the resistance to pH change.

The definition of buffer capacity is § = dC,, / dpH = -dC_/dpH,
where C, and C, are the number of moles of strong acid or base
per litre needed to produce a unit change in pH. Also called
buffer intensity.

Notes:

Notes:
pH Buffer can be calculated by using equation:
Weak acid and its salt C .ag
pH:pKacid —lg
C salt
Weak base and its salt C e
pOH :prase _]g
C salt
C base
pH=l4_p0H=].4_pK base {'lg B
( salt
Notes:

1.Please, calculate the pH and a for 0,1 M solution of the HCN
(KHCN :7,2 '10-10)

2. a for 0,1M solution of NH,OH is equal to 1,33%.
Please, calculate concentration of the OH- and dissociation
constant K,

3. Buffer consist of KH,PO, and K,HPO, in molar ratio 16:1.

Please, calculate pH of the buffer.
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Hydrolysis “Reaction with water”

The reaction B + H,0 < BH* + OH~ is often called
hydrolysis of a base.

The degree of hydrolysis (h) of salt is the ratio of the

concentration of the salt subjected to the hydrolysis to its total

concentration.

Similar to the degree of dissociation, the degree of hydrolysis

can vary from 0 to 1, or from 0 to 100%.

Since hydrolysis is a reverse process, the mass action law can
be used for its characterisation and calculation of the equilibrium

constant — the constant of hydrolysis (Kh).

Notes:

To determine the relationship between K, and h, for example,
for a salt of a strong base and a weak acid, the ionic equation
of its hydrolysis is written as follows:

CN +H>0<«<>HCN +OH

If we denote the initial concentration of the salt in the solution
through C (mol/L) and the degree of hydrolysis h, then:

[KCNT, =[eN~ |, =¢
[oN=], =c-h =[HCN ] =[oH" ]

on]=c-co

Notes:

The equation for calculating the hydrolysis constant can be
written as follows:

2
[ oheh or o= oh
" ca-n) 1-h
The equation is simplified if h <<1:
Kn~C-h? 2 h o~ | Kn

C
Using equation, one can obtain:

h~ | Kno
C - Kd(acid)

Notes:
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The calculation of Ky, h and pH of a salt solutions Notes:

The hydrolysis constant of the salt formed by K
a strong base and a weak acid (CH;COONa) — AXHO
is equal to the ratio of the ionic product of h Kd _
water and the dissociation constant of an (acid)
acid.
I{ (o} . R‘H,O'R. d, acid
h — L [H'P] — N [
K o C . C salt
d, acid salt
PH=T+—pK _+—-1gC
2 , ac 2 sa
The calculation of K,,, h and pH of a salt solutions Notes:
The hydrolysis constant of the salt formed by Ko
a weak base and a strong acid (NH,CI), Kh -
is equal to e Kg,(g,m-g)
[ RHjO
heop =\ % . C
b;se zalt
) ||I K ", oC .. —
[H]=\|K—.:\;Rh 'Csalt
pase
H=7 ! K 1 lg C
JU __:-!U b, _:g salt
- baze =
One can write for a salt formed by a weak base and a weak acid: Notes:
KH,0
Kh =
Kd(base) - Kd(acid)
K,, 'K
K. +1 — w base
h = — [H ] Kacia
Kacid : Kbase

1 1
pH = 7 +E pKaad —_ E prase
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The solution contains 4.8 gram ammonium acetate in 0.5 L. Notes:

Please, calculate h and pH for this salt

0,05 M solution of the ammonium hydroxide contains 0,1 M
ammonium chloride. Please, calculate [OH"] in this solution

Name Formula K, pK,
Ammonia NH, 1.8 x107° 4.75
Name Formula Ka PK.1
Acetic acid H,CO,H 1.75-107° 4.756

Notes:

Solubility equilibria

If a compound is practically insoluble in water, this
is useful analytically because it provides a means of
separating this compound from others that are soluble.

The technique of gravimetric analysis has been
developed to give very accurate analyses of materials
by weighing pure precipitates of insoluble compounds
to give quantitative measurements of their
concentration.

For the quantitative determination of sulfate ions, SO, %, the Notes:
solution may be treated with a solution of a soluble barium salt
such as barium chloride BaCl,, when the following reaction

occurs. Ba2 + SO2 = BaSO, (s)
Conversely, if solid barium sulfate is put into water:
BaSO, (s) = Ba® + SO,2

The solubility product, K., is an equilibrium constant for this

reaction

sp?

K,=a(Ba™) .a(50,")=12x107"

bearing in mind that the pure, solid BaSO, has a = 1.
This means that a solution of barium sulfate in pure water
has a concentration of sulfate ions of only 1.1 - 10-° M.
The concentration of the barium ions is the same.
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AB,=nA+mB
Ksb (AnBm) = [A]n [B]m

[A]=nS and [B] = mS,
where S — molar solubility ( mol/L)

Ksb (angmy = (NS )" (MS)™

AnBm _ i m

nm

Notes:

If we place an insoluble compound such as Pb(IO;), in deionized
water, the solid dissolves until the concentrations of Pb2* and 105
satisfy the solubility product for Pb(IO,),. At equilibrium the solution is
saturated with Pb(10;),, with simply means that no more solid can
dissolve. How do we determine the equilibrium concentrations of Pb?*
and 105, and what is the molar solubility of Pb(IO3), in this this
saturated solution?

We begin by writing the equilibrium reaction and the solubility
product expression for Pb(10;),:

Pb(10,), (s) == Pb*" (ag) + 210 (aq)

As Pb(10;), dissolves, two 105 ions are produced for each ion
of Pb?*. If we assume that the change in the molar concentration of
Pb2* at equilibrium is X, then the change in the molar concentration
of 105 is 2x.

The following table helps us keep track of the initial
concentrations, the change in concentrations, and the equilibrium
concentrations of Pb%* and 105"

Notes:

Concentrations  Pb(IO3)2(s) = Ph2* (ag) + 2103 (ag)

Initial solid 0 0
Change solid +x +2x
Equilibrium solid x 2x

Substituting the equilibrium concentrations into equation
and solving gives:

(x)(2x) =4x> =2.5x107"
x=3.97x107°

Notes:
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Concentrations  Pb(IO3)2(5) — Ph2+ (ag) + 2103 (ag)
Initial solid 0 1]
Change solid +x 19

Equilibrium solid x 2x

Substituting the equilibrium concentrations into equation and
solving gives: (£)(2x)? = 4> = 2.5x 107"
x=3.97x107°

Substituting this value of x back into the equilibrium concentration
expressions for Pb?* and 10, gives their concentrations as:

[Pb*]=x=4.0x10" M
[0;]=2x=7.9x10" M

Because one mole of Pb(10;), contains one mole of Pb?*, the molar
solubility of Pb(10,), is equal to the concentration of Pb2*, or 4.0 x 10~ M.

Notes:

More complex problem

Calculating the solubility of Pb(10;), in deionized water is a
straightforward problem since the solid’s dissolution is the only source
of Pb?* and 105" But what if we add Pb(IO;), to a solution of 0.10 M
Pb(10,),, which provides a second source of Pb2*? Before we set-up
and solve this problem algebraically, think about the systems
chemistry and decide whether the solubility of Pb(10;), will increase,
decrease or remain the same.

We begin by setting up a table to help us keep track
of the concentrations of Pb?* and 105 as this system moves toward
and reaches equilibrium.

Concentrations  Pb(IO3)2(3) — b2+ (ag) + 21037 (ag)
Inital solid 0.10 0
Change solid +x +2x

Equilibrium solid 0.10 + x 2x

Notes:

Substituting the equilibrium concentrations into
(0.10+ x)(2x)* = 2.5x107"

and multiplying out the terms on the equation’s left side
leaves us with

4x° L 0.40x" =2.5x107"

This is a more difficult equation to solve than that for
the solubility of Pb(IO;), in deionized water, and its
solution is not immediately obvious.

Notes:
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How might we solve equation if we do not have access to a Notes:

computer?

One approach is to use our understanding of chemistry to
simplify the problem. From Le Chatelier’s principle we know that a
large initial concentration of Pb2* significantly decreases the solubility
of Pb(I03),. One reasonable assumption is that the equilibrium
concentration of Pb?*is very close to its initial concentration. If this
assumption is correct, then the following approximation is reasonable

[Pb2*] = 0.10 + x = 0.10 M

Substituting our approximation into equation and solving for x
gives
(0.1)(2x)? =2.5x 1013
0.4x>=2.5x10*%
x=7.91x 107

. . . Notes:
Before accepting this answer, we must verify that our

approximation is reasonable. The difference between the calculated
concentration of Pb?*, 0.10+x M, and our assumption that it is 0.10 M
is 7.9x107 M or 7.9x104% of the assumed concentration. This is a

negligible error.
Accepting the result of our calculation, we find that the equilibrium
concentrations of Pb?*and 10" are:

[Pb* ]=0.104+ x =~ 0.10 M
IO;]1=2x=1.6x10"M

The molar solubility of Pb(10;), is equal to the additional
concentration of Pb2* in solution, or 7.9x10“mol/L. As expected,

Pb(10,), is less soluble in the presence of a solution that already
contains one of its ions. This is known as the common ion effect.

_ ) Notes:
Common ion effect — a salt will be

less soluble if one of its constituent
ions is already present in the solution.

~——Pure water

104

10-°

Solubility of MgF, (mol/L)

10°8

0 0.040 0.080 0.120
Concentration of added NaF (mol/L)

Decrease in the solubility of MgF, by
the addition of NaF _PbCIz precipitate because the
ion product is greater than K,
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The solutions of 30 mL 0,003 mol/L K,CrO, and 20ml 0,0002 mol/L
AgNO; was mixed. How do you think a precipitate form?
K¢, (Ag,Cro,) = 8,8-10*?
The concentration of ions from both of reagents will change after
mixed. According to: C,/C,=V,/V, and
C,=C,-V,/V,, so:

C,= [K,CrO,] = 0.003-30/ 50 = 0.0018 = 1.8-103 mol/L
C, = [AgNO,] = 0.0002-20/ 50 = 0.00008 = 8-10°5 mol/L

K,CrO, <« 2K*+ CrO,*
AgNO; & Ag* + NOy

[Ag*] = 8-10° mol/L
[CrO,%]=1.8-103 mol/L

Notes:

. 5 Notes:
Ag,CrO, == 2 Ag™ + C10,~
Ky (agcro,) = [Ag'T [CrO4”]
8.8:107 =[Ag ] [CrO,”]
The conduct of the real concentrations of the ions is more
then constant solubility for salt (1.15-10! is more then Kg,=
8.8-1012
K a7 P
sh (amecro) <[AgT- [CrO47]
The precipitate of silver chromate will be form
Notes:

Complexation equilibria

The reaction between an acceptor metal ion M and
a ligand L to form a complex ML is characterized by an
equilibrium constant.

M(aq) + L(aq) = ML(aq)
K= (ap) /ay - ay)
For example, for the copper-EDTA complex at 25°C:

K, = 6.3-1018
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. . Notes:
The complexation reaction between Cd?* and NH,, for otes

example, has the following equilibrium constant (K; or K,).
o _ [CA(NH,)"]

=5.5x107
* [Cd™]INH, "

Cd”™" (ag) + NH, (ag) = Cd(NH,)*" (ag)
Cd(NH,)*" (49) + NH, (aq) = Cd(NH, )} " (aq)
Cd(NH,)>" (4g) + NH, (aq) = Cd(NH, )2 " ()

Cd(NH,);" (aq) + NH, (ag) = Cd(NH,);" (ag)

. N . . . Notes:
To avoid ambiguity, we divide formation constants into two

categories. Stepwise formation constants, which we
designate as K; for the ith step, describe the successive
addition of one ligand to the metal-ligand complex from the
previous step. Thus, the equilibrium constants for reactions
above are, respectively, K;, K,, K; and K,.

Overall, or cumulative formation constants, which we
designate as ;, describe the addition of i ligands to the free
metal ion. The equilibrium constant in equation is correctly
identified as B,, where

Bi= KKy Ky Ky

In general

Bi= K;-KyKs-...t K

Redox equilibria Notes:
When a species gains electrons during a reaction, it undergoes
reduction and, conversely, when a species loses electrons it
undergoes oxidation. In the total reaction, these processes
occur simultaneously, for example:

Ce™ + Fe** =Ce™ + Fe™

The cerium is reduced from oxidation state 4 to 3, while the iron
is oxidized from 2 to 3. Any general ‘redox process’ may be

written: Ox1 + Red2 =Red1 + Ox2

The equilibrium constant of redox reactions is generally expressed in
terms of the appropriate electrode potentials, but for the above
reaction:

K= (a(Ce*) . a(Fe™))/(a(Ce*) . a(Fe*)) = 2.2 x 10"
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Danielle Cell: Copper Deposition / Zinc Dissolution

Zinc anode Copper cathode

—~

o_ W e
Porous
disk

'\-._./\-__/\-._.-_-._./\-._/‘\-._,/
Zn g Cug

< it

ZnS0, (»0) CUSO, (5q)

Notes:

AG’ = -nFE’

AG — Gibb’s free energy.
Negative values are more thermodynamically
favorable

n — Represented in the book as v, is the coefficient in
front of the electrons for the balanced RedOx reaction.

F — Faraday’s constant, 96,480 J/mol-V or C/mol
E° — Standard potential of the reaction.

Notes:

aA + bB —» ¢C + dD

_[C]9D]¢
[A]4[B]®

Q

RT [C]eD]d
In

Ecell = Eocell B ﬁ [A]2[B]b

Notes:
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Notes:

RT I [C]D]¢
cell = nF n [A]4B]P

Een=FE

ZH(S) + Sn+2(aq) + 26- —>»> Zl’l+2(aq) +Sn(g) + 26- Ecce“=+0.62V
0.1M 05M
_05M
T 0IM
8.314 J/mol*K)(298 K 05M
B, = (062 V)-" mobK)2BK) 1
2(96.,480 J/molsV) 0.1 M

Ecell - 060 V

Standard potentials Notes:

A redox reactions standard potential, E®, provides
an alternative way of expressing its equilibrium constant
and, therefore, its equilibrium position.

Because a reaction at equilibrium has a AG of zero,
the potential, E, also must be zero at equilibrium.
Substituting these values into equation and rearranging
provides a relationship between E° and K.

_0.05916

Al

ECI

log K

. N :
We generally do not tabulate standard potentials for otes

redox reactions. Instead, we calculate E° using the
standard potentials for the corresponding oxidation half-
reaction and reduction half-reaction. By convention,
standard potentials are provided for reduction half-
reactions.

The standard potential for a redox reaction, E°, is

0 — (o] 0}

E°=E red ~ E oX

where E°., and E°, are the standard reduction
potentials for the reduction half-reaction and the
oxidation half-reaction.
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Because we cannot measure the potential tor a single
half-reaction, we arbitrarily assign a standard reduction
potential of zero to a reference halt- reaction and report all
other reduction potentials relative to this reference.
The reference halt-reaction is

2H,0% (ag) + 2~ = 2H,0() +H, ()

Reference books contain a lists of selected standard
reduction potentials. The more positive the standard
reduction potential, the more favorable the reduction
reaction under standard state conditions.

Thus, under standard state conditions the reduction of
Cu?*to Cu (E° = +0.3419 V) is more favorable than the
reduction of Zn?* to Zn (E° = -0.7618 V).

Notes:

Standard Reduction Potentials at 25°C {298 K) for Many Common Half-reactions

Half-reaction €° (V) Half-reaction Notes:
Fa+2e” — 2F° 2.87 O, + 2H,0 + 4e~ — 40H" 0.40
Ag*t +e” — Agt 1.99 Cu?* +2¢~ — Cu 0.34
Co’t + e~ — Co** 1.82 HgaCla + 2™ — 2Hg + 2CI° 0.27
H20; + 2H* + 2¢™ — 2H,O 1.78 AgCl+e™ — Ag+ CI™ 0.22
Ce*t* + e~ — Ce* 1.70 S04 + 4H* + 2¢” — HS01 + H,0 0.20
PbO, + 4H* + SO~ + 2e~ — PbSO, + 2H,O 1.69 Cu** +e” — Cu* 0.16
MnO,~ + 4H* + 3¢~ — MnO, + 2H,O 1.68 2H* +2e” — H, 0.00
1047 + 2HY + 2e~ — [0;” + H,0 1.60 Fe’* + 3e” — Fe —0.036
MnO4~ + SH* + 5S¢ — Mn** + 4H,0 1.51 Pb** + 2e” — Pb —-0.13
AWt 4+ 3¢ — Au 1.50 Sn?t + 2¢” — Sn -0.14
PbO, + 4H* + 2e~ — Pb** + 2H,0O 1.46 Ni?* +2e~ — Ni —-0.23
Cly + 2e™ — 2CI™ 1.36 PbSO4 + 2e” — Pb + SO, —-0.35
Cra0-2" + 14H* + e~ — 200" + THLO 1 Cd** +2e~ — Cd —0.40
O+ 4H* + 4¢” — 2H,O 1.2 Fe’* + 2e™ — Fe —0.44
MnQOs + 4H* + 2¢~ — Mn>* + 2H,0 1.21 Cr** + e~ — Cr?* —0.50
10;~ + 6H* + e~ — 51, + 3H,0 1.20 Cr** + 3¢~ — Cr -0.73
Bry + 2e” — 2Br~ 1.09 Zn** 4+ 2e” — Zn -0.76
VO, + 2HY + ¢~ — VO** + H,O 1.00 2H,O + 27 — Hiy + 20H™ —0.83
AuCly™ + 3e¢™ — Au+ 4Cl- 0.99 Mn** + 2e” — Mn —1.18
NO:~ + 4H* + 3¢~ — NO + 2H,0 0.96 AP* + 3e” — Al —1.66
ClO, + e~ — ClO,~ 0.954 H, + 2e~ — 2H- -2.23
2Hg>* + 2e” — Hg,?* 0.91 Mg?* + 2™ — Mg -2.37
Agt +e” — Ag 0.80 La** + 3e” — La —2.37
Hg»* + 2e” — 2Hg 0.80 Na* +e~ — Na -2.71
Fel* + 67 — Fe** 0.77 Ca** +2¢~ — Ca -2.76
O; + 2H* + 2e” — H,0, 0.68 Ba** + 2e~ — Ba —-2.90
MnO,~ +e” — MnO,*~ 0.56 K*+e¢~ — K -2.92
I+ 2e” — 217 0.54 Li* +e” — Li —3.05
Cut +e” — Cu 0.52

Notes:

Example 1. Calculate (a) the standard potential, (b) the equilibrium
constant,, and (c) the potential when [Ag*]=0.020 M and

[Cd?*]=0.050 M, for the following reaction at 25°C.
Cd() +2A0" (o) > 2Ag(5) + Cd*' (o)

In this reaction Cd is undergoing oxidation and Ag* is undergoing

reduction. The standard cell potential, therefore, is
E'=FE° - £ =0.7996—(—0.4030)=1.2026 V

AgTiag i
P =1206v =299V &
log X = 40.6558
Solving for K gives the equilibrium constant as K =4527%x10%

To calculate the potential when [Ag*] is 0.020 M and [Cd?]
is 0.050 M, we use the appropriate relationship for the reaction quotient,

Q,in

005016V [Cd™] 0.05916 V.  (0.050)
E=F— log E=12606V— I
" (AT 2 E0.0207
E =114V
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Summary Notes:
For ionic equilibria in solution, which are widely used in
analytical chemistry, a large equilibrium constant for the reaction
indicates that it will proceed practically to completion. If the
equilibrium constant is of the order of 1019, then the ratio of
products to reactants will be much greater than 1000 to 1. For

Sxample: H"+ OH =H,O K=10"
C(ag) + A(aq) = CA(solid) K=10"
M(aq) + L(agq) = ML(complex) ~ K=10"
Ox1 + Red2 = Red1 + Ox2 K=10"

Therefore, these reactions may be used for quantitative
measurements, for example by volumetric or gravimetric
techniques.

It should be noted that, in calculations involving solution
L . . Notes
equilibria, certain rules should always be considered.

* Electroneutrality. The concentrations of positive and
negative charges must be equal. Sometimes, ions that do
not react are omitted from the equations, although they must
be present in the solution.

« Stoichiometry. The total amounts of all species
containing an element must be constant, since no element
can be created or destroyed.

* Equilibria. All possible equilibria, including those
involving the solvent, must be taken into account.

Tasks to Section 4

1. Give definitions of these terms: solvent, activity, ionic strength, coefficients of activity of
ions, equilibrium constant, pX, pH, buffer, hydrolysis, solubility, Ks,, common ion effect, central
atom, ligand, stepwise and cumulative formation constant, redox reaction, standard potential

2. What is the ionic strength of 1 mM CacCl,? Find the activity coefficient of CI” in CaCl,?

5. Calculate the pH and a for 0,1 M solution of the HCN (Kucn =7,2 1079

6. a for 0,1M solution of NH,OH is equal to 1,33%. Calculate the concentration of the OH
and dissociation constant Ky,

7. 0,1 normal solution of the NH,OH contains 0,2 M NH,CI. Calculate [OH] and pH.

8. The buffer consists of KH,PO, and K;HPO, with molar ratio 16. Calculate the pH of the
buffer.

9. The solution contains 10,5 gram NH,CH3;COO in 0.25 L. Calculate h and pH of the salt.

10. Calculate the molar solubility for Hg,Cl, in 0.10 M NaCl. Compare your answer to its
molar solubility in deionized water.

11. The solutions of the 30 mL 0,003 mol/L K,CrO, and 20 mL 0,0002 mol/L AgNO; was
mixed. How do you think will a precipitate form? Ksb(Ag,CrO,)=8,8-10*

12. For the following reaction at 25 °C:

5Fe” (aq*MNOy (ag) + 8H' (ag) > 5Fe™ (ag) + MN*" (o) +4H,0y

Calculate (a) the standard potential, (b) the equilibrium constant, and (c) the potential under these
conditions: [Fe?*]=0.50M, [Fe*"1=0.10M, [MnO,]=0.025M, [Mn?*]=0.015 M, and a pH of 7.00. See
table before for standard state reduction potentials.
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Section 5: Concentration. Preparing Solutions

Contents:
Introduction
Concentration.
Converting between concentration units
Preparing solutions
Stoichiometric calculations
Solutions to practice exercises

YYYVYYY

Introduction

The solubility depends on the nature of a substance and a solvent. The empirical rule
says that similar dissolves in similar.

It can be explained from the standpoint of the nature of the chemical bonds. As a rule,
ionic compounds (salts, alkalis) or substances, whose molecules are polar, are well soluble in
polar solvents.

The best of polar solvents is water. Substances with a nonpolar molecular structure are
well soluble in nonpolar or low-polar solvents, poorly in water.

The solubility of most solids increases with temperature. The mutual solubility of the
liquids increases with increasing temperature until a temperature reaches, at which all liquids
begin to mix in any proportions. The solubility of gases decreases with increasing temperature.
The solubility of gases increases with increasing pressure and vice versa.

The composition of the solutions is determined by the content of the dissolved substance,
which is characterised by its concentration or fraction.

The amount of dissolved substance contained in a certain amount of solution or solvent is
called the concentration of the solution. Solutions with high concentrations of dissolved
substances are called concentrated (conc), with small — diluted (dil). The boundaries between
them are somewhat conditional. Quantitative characteristics are used for a complete
characterisation of the composition of solutions. The unit of volume of solution or solvent is a
cubic meter (m®) or cubic decimetre (dm?), which is equal to 1 litre (L).

All methods for expressing the contents of the dissolved substance are interconnected.
The composition of solutions can be presented in any form with the use of mathematical
calculations.

The molar concentration (C) is a physical quantity determined by the ratio of the number
of moles of the dissolved substance to the volume of solution. This term extends to any kind of
conditional particles (atoms, ions, molecules, parts of molecules, etc.). The molar concentration is
expressed in moles per cubic decimetre or moles of the dissolved substance in a litre of solution.
For example, C(HCI) = 0.1 mol/L. For some values of the molar concentration of solutions, the
special terms and designations are used: 1.0000 mol/L (1 M) — molar, 0.1000 mol/L (0.1 M) —
decimolar, 0.0100 mol/L (0.01 M) — centimolar.

The equivalent concentration or normality (Cy) is the number of equivalents of a substance
contained in one litre of solution.

To calculate the equivalent concentration, one must mention the notion of chemical
equivalents and their calculation methods. The index f is the equivalence factor. The molar mass
of a substance must be multiplied by the equivalence factor to get the equivalent of a substance.

The equivalence factor f is for:

— acids — a unit divided by the number of hydrogen atoms involved in chemical reactions;

— bases — a unit divided by the number of hydroxyl groups involved in chemical reactions;

— salts — a unit divided by the product of the number of metal ions (cations) and the value of
metal ion charge.

For oxidation-reduction reactions, the equivalence factor f of substances is defined as a
unit divided by the number of electrons involved in the oxidation or reduction of particles.

The equinormal substances (the same in normality) interact with no residue. It is an
illustration of the law of equivalents: the substances interact with each other in quantities
proportional to their equivalents. The mathematical expression of the law makes it possible to
calculate easily both the amount of substance entering into the interaction and the amounts
required for the preparation of solutions: C;-V; = Ci-Vs.

The values of molar and normal concentrations are calculated to within four decimal
places; these methods of expression of concentration are considered accurate and used for
chemical analysis. The weight of substances for the preparation of solutions with a concentration
expressed in moles per litre is necessarily weighed on the exact analytical scales.
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Concentration

A measure of the amount of solute dissolved in the solution

Molarity (C or M)
Normality (C; or N)

Molality (Cm or m)

Mole Fraction (x)

Percent by Mass (w or %)

Ways of expressing the composition of solutions are shown in

C = molarity =

liters of solution

This term extends to any kind of conditional particles (atoms,

ions, molecules, parts of molecules, etc.)

The molar concentration is expressed in moles per cubic
decimetre or moles of the dissolved substance in a litre of

solution, for example, C(HCI) = 0.1 mol/L.

For some values of the molar concentration of solutions, the

special terms and designations are used:

1.0000 mol/L (1 M) — molar,

0.1000 mol/L (0.1 M) — decimolar,
0.0100 mol/L (0.01 M) — centimolar.

the Table.
unit of measure
Value Symbol Equation main complementary Notes:
o= 1M sub Di onl
= imensionless,
Mass or percentage concentration |m (omega) m
g W= Wb 100 %o
-é Til'
- . b . .
m (mol ¥ (ksi) p=— dimensionless
Vegp TV
v, . .
bulk e (fi) ®= ‘i‘fb dimensionless
: Veub ya
molar C (s1) C= - mol/L mol/dm?
_5 normal (normmality, molar . 1 vy mol equivalent’L. |mol equivalent/dm?
= ion of squival C, (si—ef) Cy=—- /L v/
£ concentration of equivalents) £V —equiv/ —equiv/
2 m , a
§ mas p (ro) p= \—fub kgL kg/dm?
3 7
. Vaub
molal C, (siem) |Cp=—— molkg
M gpvent
moles of solute Notes:
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Notes:

moles of solute
liters of solution

C = molarity =

Vsub

V
? What mass of Kl is required to make 500. mL of a 2.80 M

C=

Kl solution?

MKI

C
— grams Kl

. Kl
volume of Kl solution —— moles KI

Preparing a solution of known concentration Notes:
— Meniscus
_— e
«==— Marker showing
known volume
of solution
(_———‘
({gr‘ifﬁ?i'i"‘;
[ Notes:

Flasks
There are four types of flasks having

different (mL) capacities

Flat Bottomed Round
Flask 1000 x
Conical ml
(Erlenmeyer) In20°C
flask . y

Volumetric Flask

Round Bottomed Flask
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Notes:
Flat bottomed round flasks:

Flat-bottomed round flasks are convenient
containers to heat liquids.

A gauze mat should be interposed
between the flask and flame.

These flasks are widely used in the
preparation of bacteriological culture
media.

Notes:
Round bottomed flasks:
Round bottomed flasks can with stand
higher temperatures than the flat-
bottomed type

They may be heated in a necked flame,
or in an electro-thermal mantle.

They can be used for boiling of different
kinds of solutions and to make titration.

Notes:

Conical (Erlenmeyer) flasks:

=
Conical (Erlenmeyer) flasks are useful for
titrations.
For boiling solutions when it is necessary
to keep evaporation to a minimum.
< >

Some have a side arm suitable for
attachment to a vacuum pump.
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Volumetric flasks: Notes:

Volumetric flasks are flat - bottomed, pear-shaped %
vessels with long narrow necks, and are fitted with | |
ground stoppers.

Most flasks are graduated to contain a certain
volume, and these are marked with the letter “C”.

Those designed to deliver a given volume are
marked with the letter “D”.

A horizontal line etched round the neck denotes
the stated volume of water at given temperature, for
example at 20°C.

They are used to prepare various kinds of

solutions. / i
The neck is narrow so that slight errors in reading | ml
the meniscus results in relatively small volumetric In20°C

differences (minimizes volumetric differences or
errors)

How do we present concentrations of solutions? Notes:

There are a number of different ways of expressing solute
concentration that are commonly used. Some of these are listed
below.

Molarity (C, M) = moles solute /litre of solution, mol/L or
mmoles/mL

Normality (C;, N) = moles equivalents of solute /litre of solution,
mol-eqv/L or meqg/mL

Formality (F)= is identical to molarity

Molality (C,,, m) = moles of solute /1000g solvent or moles
of solute / mass solvent

Weight % (W,, %, w) = (mass of solute/ mass of solution)-100%
Mass per volume (mg/L) = mass of solute/ litre of solution

Parts per million (ppm) = (mass of solute/ mass of solution)-10°
Mole fraction (x) = moles of solute/ total moles

Notes:
The equivalent concentration or normality C;

is the number of equivalents of a substance contained
in 1 litre of solution.

moles of equivalents of solute
liters of solution

C;=normality =

Cf — 1 .Vsub
f vV
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To calculate the equivalent concentration,
one must mention the notion of chemical
equivalents and their calculation methods.

The index f is the equivalence factor.

The molar mass of a substance must be
multiplied by the equivalence factor to get the
equivalent of a substance.

Notes:

The equivalence factors are:

for acids — a unit divided by the number of hydrogen
atoms involved in chemical reactions;

— a unit divided by the number of hydroxyl
groups involved in chemical reactions;

for salts — a unit divided by the product of the
number of metal ions (cations) and the value of metal
ilon charge.

Notes:

For oxidation-reduction reactions, the
equivalence factor of substances is defined as
a unit divided by the number of electrons
involved in the oxidation or reduction of
particles.

KMnO, + HCl,goney = MNCl, + Cl, + KCI + H,0

Mn*7 +58 — Mn*2 f=1/5

2KMnO, + 3MnSO, + 2H,0 — 5MnO, + K,SO, + 2H,S0,
Mn*7 +3& — Mn*4 f=1/3

Notes:
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Notes:

The features of the equinormal substances (the same in
normality) is that they interact with no residue. This is an
illustration of the law of equivalents: the substances interact
with each other in quantities proportional to their equivalents.

The mathematical expression of the law makes it possible
to calculate easily both the amount of substance entering into
the interaction and the amounts required for the preparation of
solutions:

Ci,-V, = Ci," V..

Dilution is the procedure for preparing a less Notes:
concentrated solution from a more concentrated solution.

. e ®o¢
Dilution ‘- ‘ ®
9 0 _0 o ®
PN g ® e
T 6% L) ®
® @
Moles of solute Moles of solute

before dilution (i) after dilution (n)

CV, = C.V,

Example: How would you prepare 60.0 mL of Notes:

0.200 M HNO4 from a stock solution of 4.00 M HNO,?
CiVi = CnVn
C,=400M C,=0.200M V;=0.0600L V,=?L

CiV; 0.200 M x 0.0600 L
V. = = : : = =
. c 200 M 0.00300 L = 3.00 mL

Dilute 3.00 mL of acid with water to a total volume of
60.0 mL.
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The values of molar and normal
concentrations are calculated to within four
decimal places; these methods of expression of
concentration are considered accurate and
used for chemical analysis.

The weight of substances for the preparation
of solutions with a concentration expressed in
moles per litre is necessarily weighed on the
exact analytical scales.

Notes:

For some values of the equivalent concentration
of solutions, special terms and designations are
used:

1.0000 mol equivalent/L = 1.000 equiv/L — normal,
0.1000 equiv/L — decinormal,

0.0100 equiv/l — centinormal.

Notes:

The molal concentration, molality (C,,) is the number of
moles of the dissolved substance in 1000 g of solvent. In the
general form,

C,, = 1000v, . /m

where is

Voup IS the number of moles of the dissolved substance;
m is the amount of solvent in grams

If you express the amount of solvent in kilograms, then the
equation transforms into

Cry = Vg /M

Notes:
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The molar fraction is the ratio of the number of moles
of a certain substance to the sum of the moles of all
substances contained in the solution.

The mass fraction w (formerly referred to as a
percentage concentration) is often used.

It is calculated as the ratio of the mass of the
dissolved substance to the mass of the solution, or the
number of grams of the dissolved substance contained in
100 g of solution.

Thus, a 9% solution of acetic acid corresponds to 100 g
solution, which contains 9 grams of glacial acetic acid.

Notes:

The mass concentration is the ratio of the mass of the
dissolved substance to the volume of solution (expressed
in kilograms per decimetre cubic or kilograms per litre).

Mass concentration, expressed in grams per millilitre, is
known as titre. This unit called the classical method of
analysis — titrimetry.

The percentage concentration should be calculated to
the nearest second decimal point. This way of expressing
concentration is considered less accurate than others.

It is most often used to calculate the number of
ingredients in different production processes.

Notes:

Example.

To make a 0.5-molar
(0.5 M) solution,
first add 0.5 mol of
solute to a 1-L
volumetric flask half
filled with distilled water.

Notes:

112




Swirl the flask carefully to  Fill the flask with water
dissolve the solute. exactly to the 1-L mark

Notes:

Solution dilution

Solutions can also be prepared by diluting a more
concentrated stock solution.
Concentrated solution + Solvent — Dilute solution

The initial molarity M; volume V; of a concentrated solution
are related to the final molarity M, and volume V, of a dilute
solution by equation:

Note that the units for volume and concentration do not
actually matter in this equation.

The total number of moles of solute remains unchanged upon
dilution.

Notes:

Example. How many millilitres of aqueous 2.00 M
MgSO, solution must be diluted with water to prepare
100.0 mL of aqueous 0.400 M MgSO,,?

To prepare 100 ml of 0.400 M
MgSO, from a stock solution of 2.000 M
MgSQO,, a student first measures 20 mL
of the stock solution with a 20-mL pipet.

She then transfers the 20 mL to a
100-mL volumetric flask.

Finally she carefully adds water to
the mark to make 100 mL of solution

Notes:
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Equivalent and Normal Solutions Notes:

By definition, a standard solution is one whose strength is
known.
1. amount of substance (moles) per unit volume -
moles/I or molar
2. amount of reactive species (Equivalents) per unit
volume - equivalents/l or normal

Think of N as meaning “equivalent in reactive strength”

HCI — H* +CI 1M = 1 mole H* per litre
H,SO, —» 2H* + SO,*> 1M - 2 mole H* per litre

Equal molarity does not give equal reactivity. However, one
equivalent of each substance in a unit volume will give
equivalence in reactivity.

Notes:

How can we calculate the equivalents
and normal concentration?

- The equivalent weight of an element is equal to its
atomic weight divided by the valence it assumes in
compounds. The definition is based on the reaction

type.
* The advantage is that the number of equivalents of

reacting constituents is equal to the number of
equivalents of product.

* The disadvantage is that a single substance can have
several different equivalent weights because the
substance is involved in different reactions

 One normal solution contains one equivalent weight of a
substance per litre of solution.

Example. Equivalents and Normal Concentration Notes:

« Oxygen has an atomic weight of 16.0 and always
assumes valence 2 in compounds, so its equivalent
weight is 8.0

« Iron (atomic weight 55.8) has an equivalent weight
of 27.9 in ferrous compounds (valence 2) and 18.6 in
ferric compounds (valence 3)

In general the normality is the molarity times n
where n is either the ion charge or number of protons,
hydroxyl ions or electrons transferred in a reaction

The normality of a solution is never less than
the molarity.
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Normal Solutions
1 Normal Solution is a solution containing 1 Equivalent Weight of a
substance per litre of volume.
For Acids
1N solution of HCI = My /n per litre = 36.5/1 per litre = 36.5g HCI per litre
1N solution of H,SO, = M,/n per litre = 98/2 per litre = 49g H,SO, per litre

For Bases (Alkali)

n equals the number of moles of H* (HCI) that would react with 1 mole of the
base.

NaOH +H" — Na' + H,0 n=1

Ca(OH), +2H'— Ca* + 2H,0 n=2
Equivalent weight of NaOH is My,/n = 40/1 = 40 g/equiv
Equivalent weight of Ca(OH), is M, /n = 74/2 = 37 g/equiv

Notes:

lonic Reactions (e.g. Precipitation Reactions) the value of n is based
on the ion charge.

Ca?* + CO4> — CaCO4(s) n=2
Equivalent weight of CaCO, is M, /n = 100/2
Ew: = 50g per equivalent

Al(SO,);— 2AB* + 3S0,2 n

1
»

Redox Reactions the Equivalent Weight is based on the change in
the value of the Oxidation Number.

Ew: = My/(number of electrons taking part in the half reaction)
O, + 4H* + 4ee— 2H,0 Ew = 32/4 = 8 g per equiv

Example. The method uses potassium dichromate (K,Cr,0O; ) to
oxidise the chemical constituents in the sample.

Cr,0,2 + 14 H* + 6e-— 2Cr3* + 7H,O (half reaction)
n==~o Ew: = 294/6 =49 g/equiv

Notes:

The molar fraction is the ratio of the number of moles of a certain
substance to the sum of the moles of all substances contained in the
solution. Calculate the molar fraction of solute xy,,. and solvent
Xsovent CAN DY using the following equation

Moles of solute
Moles of solution

Xsolute =

Moles of solvent
Moles of solution

Xsolvent=

X + X 1

solute solvent™

Notes:
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The mass fraction w (formerly referred to as a
percentage concentration) is often used.

It is calculated as the ratio of the mass of the
dissolved substance to the mass of the solution, or the
number of grams of the dissolved substance contained
in 100 g of solution.

Thus, a 9% solution of acetic acid corresponds
to 100 g solution, which contains 9 grams of glacial
acetic acid.

Notes:

The mass concentration is the ratio of the mass of the
dissolved substance to the volume of solution (expressed
in kilograms per decimetre cubic or kilograms per litre).
Mass concentration, expressed in grams per millilitre, is
known as titre. This unit called the classical method of
analysis — titrimetry.

The percentage concentration should be calculated to
the nearest second decimal point. This way of
expressing concentration is considered less accurate
than others. It is most often used to calculate the number
of ingredients in different production processes.

Notes:

The concentration of a solution in percent can be
expressed in two ways:

as the ratio of the volume of the solute to the volume
of the solution or

as the ratio of the mass of the solute to the mass of
the solution.

percent by volume(%(v/v)) = VOIumes"'“te -100%
VO I U mesolution

Isopropyl alcohol (2-propanol) is sold as a
91% solution. This solution consist of 91 mL of
isopropy! alcohol mixed with enough water to
make 100 mL of solution.

Notes:
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Weight Percent
ratio of the mass of the solute to the mass of the solution
weight
weight

weigh _ percent(w/w) = solute .1 00%

solution

Example. Determine the mass % of a NaCl solution if 58.5 grams
of NaCl was dissolved in 50 ml of water (assume the density of water
to be 1 g/ml) 1

1. Convert ml of water to grams (50 ml) Tr?ﬂ = 50 grams water

2. Determine total mass of solution
Mass of solution = mass of solute + mass of solvent = 58.5 + 50 = 108.5 g

3. Apply the definition of mass percent
mass % = 58.5(100) / 108.5 = 53.9% NacCl

Notes:

It is convenient to express exceedingly small
concentrations, such as food contaminants and
environmental pollutants, as parts per thousand (ppt),
parts per million, parts per billion (ppb).

One part per million (1ppm) represents a convenient
unit since it is the concentration of one milligram
(1/1000 gram) of one substance distributed throughout
one kilogram (1000 grams) of another, i.e. 1mg/kg

Notes:

Parts per million and parts per billion

Small concentration may be expressed as parts per
million (ppm) or parts per billion (ppb):

— m aSSsolute X 106
maSSsolution

ppm

ppb: maSSsqute 109
maSSsolution

Solution of 1 ppm is equivalent to a mass of 1 mg of
solute in 1 kg of solution

Notes:
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Expression of Analytical Results

Liquid Analyte

% (vol/vol) = (vol analyte/vol sample mL) x 102 %

pt (vol/vol) = (vol analyte/vol sample mL) x 102 ppt
ppm (vol/vol) = (vol analyte/vol sample mL) x 108 ppm
ppb (vol/vol) = (vol analyte/vol sample mL) x 10° ppb

Solid Samples:

% (wt/wt) = (wt analyte/wt sample)x 102 %

pt (wt/wt) = (wt analyte/wt sample)x 102 ppt
ppm (wt/wt) = (wt analyte/wt sample)x 108 ppm
ppb (wt/wt) = (wt analyte/wt sample)x 10° ppb

Liguid Samples

% (wt/vol) = (wt analyte/vol sample mL)x 102 %
pt(wt/vol) = (wt analyte/vol sample mL)x 103 ppt
ppm(wt/vol) = (wt analyte/vol sample mL)x 106 ppm
ppb(wt/vol) = (wt analyte/vol sample,mL)x 10° ppb

Notes:

Assuming the density of water to be 1 g/mL we
approximate the density of a dilute aqueous solution

to be 1 g/mL

g _lpg 19 _ Lug

1ppm =
PP 19

1g 1mL 1mL

1ppm =1 pg/mL=1mg/L

1ppb=1 ng/mL=1ug/L

Notes:

Example. Traces of iodide ion in the diet help prevent the
enlargement of the thyroid gland, i.e. goiter. To provide this
dietary iodide Kl is added to commercial table salt at about
7.6-10° g of KI per gram of NaCl.

Convert this concentration into ppm.

The concentration is 7.6 x 10° g KI / 1g NaCl
We want to know how many grams of Kl there are in 106 g of

table salt.

1 g NaCl 106

7.6x10°gKl ~10°

7.6 x 101 g Kl
1x10% g NaCl

= 76 ppm Kl

Notes:
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Density Calculations. How do we convert to Molarity? Notes:
Density = mass solute /unit volume
Specific Gravity = Do/ Dhzo
Dyp0 = 1.00000 g/mL at 4°C
Dyoo = 0.99821 g/mL at 20°C

Concentrations: Weight per volume (w/v)
Especially convenient when using aqueous (H,O) solutions
because:
Density of H,O =1 g/mL or 1kg/L
X ppm = X mg/kg or X mg/L

Remember: Molarity = moles/L
deci is 1/10 (101)
centi is 1/100 (10?9
milli is 1/1000 (103)

Example. Determine the ppm of a NaCl solution if 58.5 Notes:

grams of NaCl was dissolved in 50.0 ml of water (assume the
density of water to be 1 g/ml)

Convert ml of water to grams |(50 ml) 1lg| = 50 grams water
m

Determine total mass of solution

Mass of solution = mass of solute + mass of solvent =
=58.5+50.0=108.5(g)

Apply the definition of ppm 58.5-(10°) / 108.5 =
= 5.39-10° ppm NacCl

Notes:

Solution-diluent volume rations

The composition of a dilute solution is sometimes
specified in terms of the volume of a more concentrated
solution and the volume of solvent used in diluting it.

For example, usually 1:4 HCI solution meaning 4
volumes of water and 1 volume of concentrated
hydrochloric acid.
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Example. Calculating percent (volume/volume) Notes:
What is the percent by volume of ethanol (C,H;OH or ethyl
alcohol) in the final solution when 85 mL of ethanol is diluted to
a volume of 250 mL with water?
We known:
Volume of ethanol = 85 mL
Volume of solution = 250 mL.
We unknown: ethanol (v/v) = ?%

VO I U mesolute -100%

Percent _by _volume(%(v/V)) =
VO I U m esolulion

oo(v/v) = S2 ML ethanol , 5000 — 3496 ethanol (v/v)
250 mL

Evaluate: Does the result make sense?

The volume of the solute is about one-third the volume of the
solution, so the answer is reasonable. The answer is correctly
expressed to two significant figures

Tasks to Section 5:

1. Give definitions of these terms: molarity (C or M), normality (C; or N), equivalence
factor f, molality (C,, or m), mole fraction (x), weight per cent (w or %), volume per cent,
weight/volume per cent, parts per million, titre, solute, solvent, solution.

2. A solution has a volume of 2.0 L and contains 36.0 g of glucose (C¢H1,0s). If the molar
mass of glucose is 180 g/mol, what is the molarity of the solution?

3. How many moles of solute are in 250 mL of 2.0 M CaCl,? How many grams of CaCl,
is this?

4. How many millilitres of a solution of 4.00 M Kl are needed to prepare 250.0 mL of
0.760 M KI?

5. A bottle of the antiseptic hydrogen peroxide (H,O,) is labelled 3.0% (v/v). How many
mL H,O, are in a 400.0-mL bottle of this solution?

6. Calculate the molarity and molality of 48.42 % HNO; (density is 1.3 g/mL)

7. Calculate the formula mass of CaSO,. What is the molarity of CaSO, in a solution
containing 1.2 g of CaSO, in a volume of 50 mL? How many grams of CaSO, are in 50 mL of
0.086 M CaS0O,?

8. How many ppm of C,gHgo are in 23 M CygHgo?

9. Find the formula mass of anhydrous CuSO,. How many grams should be dissolved in
250.0 mL to make a 16.0 mM solution?

10. Calculate how many mL of 71.63 % nitric acid (density is 1.42 g/mL) should be diluted
to 0.250 L to make 3.00 M HNO3?

11. Calculate the molarity and normality of H,SO, using the density of 70.82 wt% H,SO,
(the density is 1.62 g/mL).

12. A solution with a final volume of 500.0 mL was prepared by dissolving 25.00 mL of
methanol (CH;OH, density is 0.791 4 g/mL) in chloroform.

(a) Calculate the molarity of methanol in the solution.

(b) The solution has a density of 1.454 g/mL. Find the molality of methanol.

13. The concentration of sugar (glucose, C¢H1206) in human blood ranges from about
80 mg/100 mL before meals to 120 mg/100 mL after eating. Find the molarity of glucose in blood
before and after eating.

14. What is the maximum volume of 0.25 M sodium hypochlorite solution (NaOCI, laundry
bleach) that can be prepared by dilution of L of 0.80 M NaOCI?
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Section 6: Qualitative Chemical Analysis

Contents:
Introduction
Systematic analyses
Separation of the metal ions by selective precipitation
Identification of metal cations in a solution

YVYYY

Introduction

Qualitative analysis is the process of determining the identity of the constituents of a
substance.

Qualitative analysis of compounds allows establishing the composition of both individual
compounds and their mixtures. Aqueous solutions of salts, acids and bases are electrolytes and
dissociate into ions. Therefore, a qualitative analysis of inorganic compounds is divided into an
analysis of cations and anions.

The analysis of the ion mixture can be performed in different ways. There may be a small
number of ions in the test sample, and they will not affect each other's determination. In this case,
the ion is determined in separate portions of the solution. Specific or selective analytical reactions
are used.

The reaction that allows determining the content of specific ions in solution in the
presence of other ions without first isolating them is called specific. For example, a specific
reaction to ammonium ions is their reaction with alkaline solutions when heated. The released
ammonia is determined by the smell or colour change of wet litmus paper.

Nonspecific or selective is a reaction that can be used in the presence of a limited number
of ions.

There are a few specific reactions. Selective or nonspecific reactions are most often used.
These reactions require the use of methods that eliminate the effects of other substances present
in the sample. Elimination of the effect of other ions is achieved by dividing the composition of the
solution into components. The precipitate and the solution are most often separated. Then the
ions that interfere with each other are in different phases. There are two methods of qualitative
analysis: fractional and systematic.

In the fractional analysis, the composition of the substance is determined by specific
reactions under certain conditions. The implementation of fractional analysis is carried out in two
stages. The first, the effects of interfering components are eliminated by chemical reactions. Then
reactions carry out to determine individual ions.

The systematic analysis is that a complex mixture of ions is divided into several simpler
ones by the action of group chemical reagents. Then, within each of these groups, individual ions
are detected by specific reactions.

lons are divided into groups and then detected in a predetermined sequence.

Analysis of anions is most often performed by the fractional method.

In the analysis of cations, the presence of some ions interferes with the determination of
others. There are a few specific reactions to individual cations.

Detection of cations is most often carried out using a systematic course of analysis. There
are several methods of systematic analysis of cations, depending on the use of group reagents.

a) hydrogen sulphide method with the hydrogen sulphide and ammonium sulphide as
group reagents;

b) ammonia-phosphate method - the group reagent is a mixture of (NH;),HPO, + NH3;

c¢) acid-base method - the group reagents are acids and bases.

As an example, in Section 5, acid-base method is used for the detection of cations.
Analytical groups of cations for this method correspond to the groups of the periodic table of
elements by DI Mendeleev.

There is no generally accepted classification of anions. In most cases, the anions are
divided into three analytical groups depending on the solubility of the Barium and Argentum salts
of the respective anions.
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Section 6. Qualitative Chemical Analysis

» Separation of the metal ions by selective precipitation
» |dentification of metal cations in a solution
» Systematic analyses

Learning Objectives

To know how to separate metal ions by selective
precipitation.

To understand how several common metal cations
can be identified in a solution using selective
precipitation.

Notes:

Aqueous solutions of salts, acids and bases are electrolytes.
Qualitative analysis of inorganic compounds is divided into the
analysis of cations and anions. Analysis of the mixture of ions
can be carried out in fractional and systematic methods.

If there is a small number of ions in the sample to be
analyzed, it is relatively easy to eliminate their interfering effects.
In this case, a fractional analysis is used. For example, the
content of anions is thus determined.

In the analysis of cations, the presence of some ions often
interferes with the determination of others. There are a few
specific reactions to determining the content of individual ions.

Notes:

Therefore, the detection of the content of cations is often
carried out using a systematic analysis.

This procedure used to separate and identify more than 20
common metal cations from a single solution consists of
selectively precipitating only a few kinds of metal ions at a time
under given sets of conditions.

Consecutive precipitation steps become progressively less
selective until almost all of the metal ions are precipitated, as
illustrated in Figure on the next slide.

Notes:
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SOLUTION OF CATIONS, GROUPS 1-5

StepS |n group 1 cations: Ag", pb*, Hg,2* NOteS
H group 2 cations: As37, Bi3*, Cd2*, Cu?®, Hg?~, Sb3*, Sn2*
a typlcal group 3 cations: Co?*, Fe2*, Fe3*, Mn2*, Ni2*, Zn2*, Al3*, Cr3*
q u a.l Itative group 4 cations: Mg2*, Ca2*, Sr2*, Ba2*
ana|ySIS gmupsmionsi: Li*, Na*, K%, Rb*, Cs™, NH,*
add HCl(aq) |
scheme | oo (ISR
for a solution insoluble chlorides
that contains sotion conining srote soluton from preciita
groups 2, 3, 4, ai cations
several metal —
ions - precipategroup 2catiens - As;S3, Bi;S3, CdS, Cus, HgS, Sb;S3, SnS
acid-insoluble sulfides
solution . separate solution fros
groups 3, 4, and 5 cations
precipitate group 3 cat . CoS, FeS, MnS, NiS, ZnS, Al(OH)s, Cr(OH);
b; insoluble sulfides and i
solution containing g 2} from precipit
groups 4 and 5 cations
wosteoi | .
\ Precipiiate groupAcations - MgCO,, CaC0,, StCO3, BaCO;
insolubl or
— - arate solution from precigt
groupSeations: | ¢
Classification of the cations by sulphide methods
- Notes:
5
e Cations Basic group reagent The solubility of the
e compounds
P R SU|ph|deS
Li*; Na*; K . :
,NH 7 not available carbonates *,
4 chlorides and
hydroxides * are
soluble in water
Mg?*; Ca?*; Sr¥; (NH4)2CO3 + NH3+ Carbonates are not soluble
! Ba?* NH4CI in water
pH =925
Ni?*; Co?; Fe?; Sulphides are not soluble
+ +
Fe®; AP Cr¥; (NHq)2S ElHa NH:Cl |3 water = and ammonia,
I Mn2*; Zn?* pH=9.25 but are soluble in HCI
Cu?; Cd*; Bi**; Sulphides are not soluble
v | Hg?; Astisa: H25 + HCI in water and HCI
Shi3+ 54 gpl2+ 44 pH=05
. . . HCI Chlorides are not soluble
V | Ag*; Pb?; Hga? in water and dilution acids
* _ with the exception of Mg?*.
** _ sulphides of AIR*; Cré* destroy by water
Notes:

Classification of the cations by ammonia-phosphate methods

O
3
(=] - - -
@ Cations Basic group reagent The solubility of the
compounds
Chlorides, nitrates,
| Na*: K*: NHs* not available | Phosphates dissolve in
water
L|+, Mgz+; Ca2+;
Sr2+§23_g2+; M?2+§ Phosphates are insoluble
I Fel2+ 3+ ; AP+ (NHa4)zHPO4 + NH3 (conc) | in water and in excess
cr*; Bi** ammonia
Phosphates do not
2+. (v g2+
Cu ;: Cd-z:’ dissolve in water but
i Hg**; Ni<*; NazHP O+ NH3 (conc) | dissolve in excess
Co?*; Zn?* ammonia to form ammonia
o s Oxidized to higher oxidation
Aste :.+];'- Sbt+ states, acid of Sband Sn are
"] Snlz"; s HNOs not soluble in water
Chloride are not soluble in
V | Ag*; Pb?; Hg** HCI water and acids
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Classification of the cations by acid-base methods

§ Compounds formed Notes:
o Cations Basic group The solubility of the |under the influence of
Q reagent compounds a group reagent
é:hllorqic:es, Solution contains:
1 Na*; K*: NHa* not available hydlriopj(igeisére Nar, e, NHa™
soluble in water
24 Chlorides are not | Perspirations:
Il | Ag*; Pb?'; Hg2 HCI soluble in water | AgCl, PbCI2, Hg2CI2
Sulphates are not Perspirations:
Il | Ba?*; sr2¥; ca?*| H2SO4+C2HSOH | “soiuple in water | 52504, S1SO4.
Solution contains:
[AI{OH)4]"- or
[AI(OH)E]*
AIP*; Zn2%; e, Excess | <fiie in water it | ortorian
+; 5+). .+ - . T -ar
v 2:((11-; i+)), fj_ﬂ;:: :2032 d|sso|v:| b|(r;mexr:ess %g;((%wﬁ];
[Sn(OH)E]>
As033 : AsOs
I.".“;2+; Mn2+; Bi3+; Hydroxides are not | Perspirations:
v Fel2+; 3+). Excess NH3-H20 ggé%glsépkgia;%ra Fe(OH)2:
sb(3% 54) cone. ammonia
24, . D4 Hydroxides are not Esgd?ﬂ?ﬂnst;g]ryfins:
wi g:2+;’ :;21-’; NHa-E;%eiinc. exiglgs? laﬁb;gli?\rgﬁrére EEE&NH'?S%?E
Hg2* solugﬁrhncgécess [CA(NH3)4P+
[Hg(NH3)4]**
. Notes:
The group reagent for each analytical group reacts
with the ions of this group specifically.
Group reagents must satisfy certain requirements:

- react with ions quantitatively (residual concentration of
half-life of interaction in solution should not exceed
10-% mol/dm3);

- the excess group reagent should not interfere with the
determination of the ions remaining in the test sample;

- the precipitate obtained must be dissolved in certain
reagents for further analysis.

Notes:

For

example,

analysis is shown as follows:

Group 1

the two-acid-two-alkali

Group I Sulfuric acid group: Ba?*, Ca?*, Pb?*

Group Il Ammonia group: Fe3*, Fe2*, Al3*, Mn?*,

Cr3+, B3+, Sbh3*, Hg?*, Sn?*
Group IV Alkali group: Cu?*, Co?*, Ni¢*, Mg2*, Cd?*
Group V Soluble group: K*, Na*, NH,*, Zn?*, As3*

systemic

Hydrochloric acid group: Ag*, Pb%*, Hg,?*

The next slide shows the example of practical work for the
determination of compositions in cations mixture.
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Mixed catiomie liguid
———— |
HC1 l l l l

o B NI Nt Notes:
(Respectively indentify firstly)
g:zfé:* | -~V group solution
PbCL ¥
(Group | ) H.50,
Hydrochloric acid group Alcohol
PLSOF  BasO, ¥ -V group solulwnl
Sr50, ¢ CaSO,f
(Group 1) H,0.
Sulfuric acid group WNH;H,O-NH,C1
L
Fe(OH); ¥ AI(OH)E* | V=~V group ;oluucml
Bi(OH)y Sb(OH):¥
MnO(OH)¥ Cr(OH); ¥ HCI acidizing
NaOH
HgNH,Cly Sn(OH).¥ v
. (Group III)
Example: two- Ammonia group
acid-two-alkali CuOH¥ CAOH), ¥ AsO K!
. . Co(OH), § Ni(OH), ¥ Na™, NHy
systemic analysis Me(OED, ¥ v
Efl{;?ipglr\o,?\p Soluble group
‘ NH, Specific identification 17[ NH,*, Mn®, Co?*, Ni*, Fe¥*, Cu® I
Oventons, Cenrfugnl sgersion Notes:
ot @ [ColNH, J6] >, [NifNH,)g]>*. [CulNH;),
itates 23 times HCI (6.1 VL)
Make the solution become acidic
(pH=3)
red
NaOH (60
Make ng basi
Centrif
{[:mmn.]— J [ Cototn,, Nitoi),
Take bits of
sample Wash the
\ ol e fsolved
E—
Phe l
. Conclusion: —_—
Practical work for
. ) sample sample
the determination e ]
of compositions in J J
cations mixture.
-
C ! C h
Notes:

Example: practical work for the determination of
compositions in cations mixture
The steps of analysis:
1. Identification of the ammonia ion, NH,*

This ion can be identified first before the system analysis.
(Identifying by the test tube: take the unknown 15~20 drops
of liquid, and identify it by the moist red litmus paper or pH
test paper in the mouth of the test tube. Do not touch the
liquid).

2. ldentifying of the copper ion, Cu?*
If the liquid contains zinc (Zn2*), cobalt (Co?*) and nickel
ions (Ni%*), the colour of the precipitate, copper
hexacyanoferrate (Cu,[Fe(CN)g]), may be transferred from
the reddish-brown to the cameo brown.
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Notes:
Example: practical work for the determination of

compositions in cations mixture

3. Identifying the manganese ion, Mn?*
The concentration of the Mn2* must below. If the MnZ*
cannot be identified in several drops of the solution, the
liquid can be diluted properly, and then perform the
identification.

Otherwise, the generated permanganic acid radical reacts
with the unoxidized Mn?* to yield the manganese dioxide
hydrate precipitate MnO,-nH,O. In addition, the hydrogen
peroxide should be removed by heating due to its
interference to the identification of the Mn?2*.

Notes:

Example: practical work for the determination of
compositions in cations mixture

4. ldentifying the cobalt ion, Co?*

The ferric ions or cupric ions can interfere in the
identification of the Co?*. Add a small amount of thiourea
SC(NH,), to mask the Cu?*. The interference can be removed
by the addition of the ammonium fluoride or sodium fluoride.

The Fluor ion plus ferric ion yield more stable ions [FeF¢]*,
which will eliminate interference.

5. The precipitates must be washed completely

Example: practical work for the determination of Notes:
compositions in anions mixture
Common anions in agueous solution are either single atom
anions or polyatomic anions usually containing oxygen.
Only ten of the many known inorganic anions will be
identified in this example:
chloride CI-; bromide Br-; iodide I-; sulfide SZ;
sulfite SO;%; sulfate SO,%; thiosulfate S,0,3%;
nitrite NO,"; nitrate NO5"; phosphate PO,%-.

Some of these anions show oxidizing properties, some
reducing properties. In most situations, there is no interference
with one another among the anions in the course of
identification. Many anions can be detected directly in the
sample solution by the addition of a single test reagent, so the
specific anion test is usually adopted.
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If specific anion tests are subject to interference from other ions,
some anion-detection procedures require a systematic removal of
the interferences before the use of the test reagent.

To characteristically identify an anion in a mixture, when some
interference among the anions happen, preliminary elimination, or
preliminary test, of the interferences is necessary and the proper
method should be adopted.

For example, a test for the presence of SO;? and S,04% requires
the prior remove of S2.

Elimination method: Add the PbCO, solid into the anions mixed
liquor, then the PbCO, precipitates are transformed into the PbS
precipitates with less solubility. After centrifuging and separating,
S0O;% and S,0,7 in clear liquid are identified respectively.

If ClI, Br and I ions are the coexistence, the separation and
identification of the anions are outlined in the flow diagram. Follow
the diagram as you read through the introduction and follow the
experimental procedure.

Notes:

CI', Br, I' mixed liquor

.A. 1di wi o~ . N
H_c\z%ﬁ:ed vith 5~6 drops of 6.0 molL Notes
Add 0.1 moll AgNO; untl the
precipitation is completed, heating in a
water bath.
‘Wash precipitates 1~2 times with 2
small amount of the water
Precipitate Discard the clear liquid
(NH.):CO: (12%), heating and stirring
Ag(NH.):~ | AgBri, Agli
Acidified with 3~5 drops A small amount of water
of 6.0 molL HNO, Zn powder
Acidified with 2.0 molL H.SO.
| White precipitates I Heat and stir
Cl |
Practical work for Br,I  Discand w«pﬁr
. . Add 3~4 drops of CCL
the determination Dropwise add chlorine water
e H scillate
of compositions in RN
anions mixture. Coutinue to 2dd chlorine wates
Oscillate
Violet disappear, orange, Br
Experimental procedures
P P Notes:

1. The identifying reactions of the specific anions

Sulfide anion S

Drop the Na,S to the well plate and add 1% Na,[Fe(CN)s;NO]. The appearance
of the fuchsia colour confirms the presence of sulfide ion in the solution.

Sulfite anion SOz*

Two drops of saturated ZnSO, are added to a well plate, and add one drop of
0.1 mol/L K,[Fe(CN)g] and one drop of 1% Na,[Fe(CN);NO]. Add one drop of
NH;-H,O until the solution is just neutral to pH paper. The red precipitate confirms
the presence of sulfite ion in the solution.

Yellow-green precipitates adsorb the Na,[Fe(CN)s;(NOSO;)] on the surface,
which leads to the red colour.

Thiosulfate anion S,0,

One drop of Na,S,0; is added to a well plate, then add two drops of AgNO;.
The colour of the precipitate changes from white to yellow, from yellow to brown,
and finally to black, confirming the presence of S,0,2 ion in the test solution.

Sulfate anion SO,*>
Add 3~4 drops of Na,SO, to a centrifuge test tube, and then add one drop of BaCl,.
After centrifugation, add several drops of 6.0 mol/L HCI to the precipitate.
The presence of insoluble precipitate confirms the presence of the SO, ion in the
solution.
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Chloride anion CI-

1 drop of 2.0 mol/L HNOj; is added into the 2 drops of 0.1 mol/L NaCl solution in
a test tube. Add two drops of 0.1 mol/L AgNO; to the aqueous solution and
centrifuge. A white precipitate indicates the likely presence of CI. Discard the
supernatant. To further confirm the presence of chloride ion in the test solution, the
addition of several drops of agueous ammonia quickly dissolves the precipitate if CI-
is present. Reacidification of the solution with drops of 6.0 mol/L nitric acid re-forms
the silver chloride precipitate.

Bromide ion Br-

Two drops of 0.1 mol/L NaBr in a test tube are added one drop of 2.0 mol/L
H,SO, and 5~6 drops of CCl,, then add the new chlorine water dropwise and agitate.
Observe the colour of the CCl, layer, confirming the presence of Br- ion in the test
solution.

lodide ion I

Two drops of 0.1mol/L Kl in a test tube are added one drop of 2.0 mol/L H,SO,
and 5~6 drops of CCl,, then add the new chlorine water dropwise and agitate.
Observe the colour of the CCl, layer, confirming the presence of I ion in the test
solution.

The yellow precipitate (Agl), which is insoluble in the diluted nitric acid, is
produced by adding AgNO; solution. Add chloride water and starch reagent. Then
the solution becomes blue.

Notes:

Nitrate ion NO;

As all nitrate salts are soluble, no precipitate can be used for
identification of the nitrate ion.

The nitrate ion is identified by the brown ring test.

The nitrate ion is reduced to nitric oxide by iron(ll) ions in the
presence of concentrated sulfuric acid. The nitric oxide combines
with excess iron(ll) ions, forming the brown FeNO?* ion at the
interface of the aqueous layer and the concentrated sulfuric acid
layer (where acidity is high) that underlies the aqueous layer. FeNO?%*
is more stable at low temperatures.

This test has many sources of interference:

(1) Sulfuric acid oxidizes bromide and iodide ions to bromine and
iodine, and

(2) sulfites, sulfides, and other reducing agents interfere with the
reduction of NO; to NO.

A preparatory step of adding sodium hydroxide and silver sulfate
removes these interfering anions, leaving only the nitrate ion in
solution..

Notes:

Decant 1.0 mL of 0.1 mol/lL KNO; into a
small test tube and add 1~2 pellets of ferrous ’

sulfate crystal and agitate.
Holding the test tube at a 45° angle with [ " ConcHaS0,

test tube tongs, add, with a dropping pipet,
slowly and cautiously, down its side, about / /
15~20 drops of concentrated H,SO,. /

Do not draw H,SO, into the bulb of the “fwe”/
dropping pipet. Do not agitate the solution. The X7 sroun ring
more dense concentrated H,SO, underlies the
aqueous layer. Use extreme care to avoid
mixing the concentrated H,SO, with the
solution.

Allow the mixture to stand for several
minutes. A brown ring at the interface between
the solution and the concentrated H,SO,
confirms the presence of the nitrate ion in the
test solution.

— Cone HzS0, layer

Test of a brown ring

Notes:
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Nitrite ion NO, Notes:
Decant one drop of 0.1 mol/L NaNO, into a small test tube and

acidify (to pH paper) with 6.0 mol/L HAc. Add one drop of p-

aminobenzene sulfonic acid and one drop of a-naphthylamine. The color

of solution become red immediately, confirming the presence of NO," ion

in the solution.

Phosphate ion PO *

3~5 drops of 0.1mol/L sodium phosphate in a test tube is acidified
with 10 drops of concentrated HNO (Caution!) Add ~1ml of Ammonium
molybdate. Shake and warm slightly in a warm water (~60°C) bath and
let stand for 10~15 minutes. A slow formation of a yellow precipitate
confirms the presence of phosphate ion in the test solution.

2. Separation and identification of the mixed halide anions ClI-, Br-, I-

Add 3~4 drops of 0.1mol/L NaCl, 0.1mol/L NaBr, and 0.1mol/L Kl
solution into three centrifuge tubes, respectively, and perform the
separation and identification anions with the method shown in the
experiment principles.

Tasks to Section 6:

1. Give definitions of these terms: qualitative analysis, specific and selective analytical
reactions, fractional analysis, systematic analysis, group reagent, analytical groups of cations,
analytical groups of anions.

2. What is the method of binding both ionic and extraneous ions called?

3. In two-acid-two-alkali systemic analysis method, why is a specific identification for NH,"
performed firstly?

4. Explain the effect of the presence of ions of different electrolytes on the solubility of the
precipitate. Why use the action of ions of the same name.

5. Why are the precipitates in the test tube needed washing after the centrifugal
separation? Explain how to wash them?

6. Explain how to wash the precipitates under the bottom of the centrifugal tube after
centrifugation?

7. In the neutral or basic-mixing anion solution, the white precipitate would generate when
the BacCl, solution is added. What are the possible anions of ten kinds of common anions?

8. To prepare for Practical work 1 write reactions to determine the content of each cation
in the solution. Use the diagram and the description in Section 6.

9. When identifying the anions SO,” and SO;* it is necessary to eliminate the
interference. When barium chloride is added to a mixture of such ions, white crystalline
precipitates of barium sulphate and barium sulphite are formed. How to distinguish these
sediments?

10. In identifying I” with the chlorine water, why cannot the purple colour in the CCl, layer
be observed if the chlorine water is added excessively?

11. The presence of the NO; ion interferes with the identification of NO3". Therefore, when
determining the content of NOj™ in the solution, it is necessary to get rid of NO,". Explain how to
do it?

12. Write the reactions to determine the content of each solution of the cation (a) or anion
(b) in the solution. Use the diagram and description of Examples of practical work to determine
the composition of the cationic or anionic mixture in Section 6.
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Section 7: Basics of Titration. Titrimetric Methods

Contents:

2 Introduction

2 Titrimetric methods

2= Equivalence points

2» Titration curves

2= Acid-base equilibria and titrations
>» p-Functions

Introduction

In titrimetric methods, the volume serves as an analytical signal. Titrimetry first appeared
as an analytical method in the early eighteenth century. Analysts of that era did not well receive
titrimetric methods. They could not provide accuracy that would be identical to the accuracy of
gravimetric analysis.

Unlike gravimetric analyses, the development and adoption of titrimetry required a deeper
understanding of stoichiometry, thermodynamics, and chemical equilibrium.

In titrimetric methods, we add a reagent, called the titrant, to a solution containing another
reagent, called the titrand, and allow them to react.

The type of reaction provides us with a simple way to divide titrimetry into the following
four categories:

— acid-base titrations, in which an acidic or basic titrant reacts with a titrand that is a base or an
acid;

— complexometric titrations based on metal-ligand complexation;

— redox titrations, in which the titrant is an oxidizing or reducing agent;

—  precipitation titrations, in which the titrant and titrand form a precipitate.

Despite the difference in chemistry, all titrations share several common features. During
studying this section, you need to focus on the similarities between different titrimetric methods.
You will find it easier to understand a new analytical method when you can see its relationship to
other similar methods.

If a titration is to be accurate, we must combine the stoichiometrically equivalent amount
of titrant and titrand. We call this stoichiometric mixture the equivalence point. A careful titration
requires that we know the exact volume of titrant at the equivalence point. The product of the
titrant’s equivalence point volume and its molarity is equal to the moles of titrant reacting with the
titrand.

If we know the stoichiometry of the titration reaction, then we can calculate the moles of
titrand.

To find the endpoint of the titration, we need to trace a particular property of the reaction,
which must change at the point of equivalence. For acid-based titrimetry, a simple method of
finding the equivalence point is constant pH control using a pH meter electrode. Also, we can add
to the solution an indicator that changes colour at pH 7.0.

The titration curve gives us an exact graphical representation of how the reaction property
changes when we add titrant to the titrated solution. A careful study of this titration curve gives
much information.

From an acid-base titration curve, we can deduce the quantities and pKa values of acidic
and basic substances in a mixture. In pharmaceutical chemistry, the pKa and lipophilicity of a
drug show how easily it will cross cell membranes.

With pKa and pH, we can compute the charge of a polyprotic acid. Usually, the more
highly charged a drug, the harder it is for that drug to cross a cell membrane.

In Section 7, we learn to plot the titration curves and to find endpoints with electrodes and
indicators.
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Titrimetric methods include a large and powerful group of Notes:
quantitative procedures based on measuring the amount of a
reagent of known concentration that is consumed by the
analyte.

Titrimetry is a term which includes a group of analytical
methods based on determining the quantity of a reagent of
known concentration that is required to react completely with

the analyte. ﬁ ﬁ ﬁ
_I‘,.. \‘~ Uﬁ:‘ﬁ-
1 A I
)V\ )!32 I
£ | I
There are three main types of titrimetry: Notes:

Volumetric titrimetry is used to measure the volume of a
solution of known concentration that is needed to react
completely with the analyte.

Gravimetric titrimetry is like volumetric titrimetry, but the
mass is measured instead of the volume.

Coulometric titrimetry is where the reagent is a constant
direct electrical current of known magnitude that consumes the
analyte; the time required to complete the electrochemical
reaction is measured.

The benefits of these methods are that they are rapid,
accurate, convenient, and readily available.

Notes:

Defining Terms

Titrimetry — determination of analyte by reaction with
measured amount of standard reagent

Standard Solution (titrant) — reagent of known concentration

Titration — slow addition of titrant to analyte solution from a
volumetric vessel (burette). This is performed by adding a
standard solution from a burette or other liquid- dispensing
device to a solution of the analyte until the point at which the
reaction is believed to be complete.

Equivalence Point — reached when amount of added titrant
is chemically equivalent to amount of analyte present in the
sample.

End Point — the occurrence of an observable physical
change indicating that the equivalence point is reached.
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Defining terms

Standardization — A process in which concentration of a volumetric
solution is determined by using it to titrate a known mass of a primary
standard. Process where the concentration of the titrant is determined
exactly using a primary standard

Primary standard — ultrapure reagent where the number of moles is
known exactly so it can be used to accurately measure the titrant
concentration, e.g.

2HCI + Na,CO; — CO, + H,0 + 2NacCl
Primary standard (MW =105.99) 99.99% pure

Standard Solution — A reagent of a known concentration which is used
in the titrimetric analysis.

Back-Titration — This is a process that is sometimes necessary in
which an excess of the standard titrant is added, and the amount of the
excess is determined by back titration with a second standard titrant. In this
instance the equivalence point corresponds with the amount of initial titrant

is chemically equivalent to the amount of analyte plus the amount of back-
titrant.

Notes:

0

Level of

L titrant aA + (T — products
analyte titrant

{
\

il

Buret

clamp\ﬂ
H,SO, + 2NaOH — 2H,0 + Na,SO,

Buret.__|

indicator — added compound that undergoes a
color change at the eq. pt.

[Ju]mﬁidnr‘m(m@lrlmﬁulm(n‘m(mﬁn(nnlnﬂn{nﬂnﬁm@ﬁ(

Stopcock end point — end of titration when analyte moles are

completely consumed and the indicator changes
Flask COIOr

! 4

equivalence point — theoretical end of titration as
Solution o calculated using stoichiometry,

of analyte Magnetic

) stiring @ 9.1 mol H,S0,/2 mol NaOH

s V' bar

K 2 ~ ] titration error — difference between the end point
S and the eq. pt. volumes

\\‘/F', Magnetic
stirrer

Notes:

Equivalence point

Quantity of added titrant is the exact amount necessary for
stoichiometric reaction with the analyte is an ideal theoretical
result

H 2+
5 o o + 2MnO," +6H'——10C0, +2Mn -+ 8H,0

Analyte Titrant
Oxalic acid (purple) {colorless) (colorless)
{colorless)

Equivalence point occurs when 2 moles of MnO, is
added to 5 moles of Oxalic acid

Notes:
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End point

What we actually measure:
Marked by a sudden change in the physical property of

the solution.
Change in color, pH, voltage, current, absorbance of

light, presence/absence ppt.

CucCl, Titration with NaOH

Before any addition of NaOH_ After the addition
of 8 drops of NaOH

Notes:

End point

Occurs from the addition of a slight excess of

titrant
Endpoint does not equal equivalence point

| -
5o c—on + 2MnO,” + 6H—— 10CO, +2Mn + 8H,0

Analyte Titrant
Oxalic acid (purple)
{colorless)

{colorless)  {colorless)

After equivalence point occurs, excess MnO,
turns solution purple = Endpoint

Notes:

Level of
Srant

o

Titration Error: Difference between endpoint and
equivalence point o

Corrected by a blank titration repeat procedure -
without analyte

ii. Determine amount of titrant needed to observe o
change

ii. Subtract blank volume from titration

Stopeock

Primary Standard

Accuracy of titration requires knowing precisely the
quantity of titrant added.

99.9% pure or better > accurately measure \

Flask

concentration =N L
. stimng
H ‘/\/ bar
2+ AT ~
SHo—e—©c—ou + 2MH04- +6H —— 10C02 + ZMI'I: + 8H20 A
onid oo (coloress){eololecs) O =

{colorless)

Notes:
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Standardization

Required when a non-primary titrant is used

- Prepare titrant with approximately the desired
concentration

- Use it to titrate a primary standard

- Determine the concentration of the titrant

- Reverse of the normal titration process!!!

Notes:

Titration =] stang =] sand

Standardization

titrant known

_ > titrant unknown
~~ concentration

concentration

concal |\ analyte unknown
|L— concentration

analyte known
L— concentration

e
while tle / sirrer white fle / stirrer |
I

Back Titration
Notes:

Add excess of one standard reagent (known concentration)

Completely react all the analyte

Add enough MnQO, so all oxalic acid is converted to
product

510 ” H o + 2MnOy~ + 6H— 10CO, +2Mn + SH,O

Analyte Titrant
Oxalic acid (purple)
{colorless)

{colorless} {colorless)

Titrate excess standard reagent to determine how much is
left.

Titrate Fe?* to determine the amount of MnO, that did
not react with oxalic acid

Differences is related to amount of analyte

Useful if better/easier to detect endpoint

Notes:

Basic principles of the volumetric analysis

Titration — What are the requirements?
1. Reaction must be stoichiometric

2. Reaction should be rapid

3. No side reactions
4

Marked change in some property of
the solution when reaction is complete

Equivalence point
6. Reaction should be quantitative

o
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Notes:

Primary Standards

A primary standard is a highly purified compound that
serves as a reference material in all volumetric and mass
titrimetric properties. The accuracy depends on the properties
of a compound and the important properties are:

1. High purity

2. Atmospheric stability

3. Absence of hydrate water

4. Readily available at a modest cost

5. Reasonable solution in the titration medium
6. Reasonably large molar mass

Compounds that meet or even approach these criteria are
few, and only a few primary standards are available.

Examples of primary standards

Notes:
Compound Formula mass Notes
ACIDS
CO,H 204.22 The pure solid is dried at 105°C and used to standardize
@[ base. A phenolphthalein end point is satisfactory.
CO.K CO2H CO3
Potassium hydrogen phthalate @ 4+ OH- — @ + HyO
CO3 CO3
KH(1O,), 389.91 This is a strong acid, so any indicator with an end
Potassium hydrogen iodate point between ~5 and ~9 is adequate.
BASES
H,NC(CH,OH), 121.14 The pure solid is dried at 100°~103°C and titrated
Tris(hydroxymethyl)aminomethane with strong acid. The end point is in the range pH 4.5-5.
(also called tris or tham)
H,NC(CH,0H), + H* —— H, 'NC(CHZOH)J
Na,CO, 105.99 Primary standard grade Na,CO, is titrated with acid to an
Sodium carbonate end point of pH 4-5. Just before the end point, the solution
is boiled to expel CO,.
Na,B,O, * 10H,0 381.37 The recrystallized material is dried in a chamber containing
Borax an aqueous solution saturated with NaCl and sucrose. This
procedure gives the decahydrate in pure form. The standard
is titrated with acid to a methyl red end point.
“B,0?" + 10H,0” + 2H* —— 4B(OH), + 5H,0
Standard Solutions Notes:

Standard solutions play a key role in titrimetric methods.

“‘Secondary Standard” — do not meet requirements for a
primary standard but are available with sufficient purity and
properties to be generally acceptable

Desirable properties of a Standard Solution:
* Prepared from primary standard
+ Stable
* Reacts rapidly and completely with analyte
* Reacts selectively with analyte
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Examples of Standard Materials

Primary Secondary

Potassium Acid Phthalate NaOH , KOH , Ba(OH),
KHCgH,0, HCI, HNO; , HCIO,
Benzoic Acid HSO3NH,

C¢H;COOH KMnO, , Na,S,04
Na,CO;, KH(1O,), Ce(HSO,),

Arsenious Oxide (As,0;)
Sodium Oxalate (Na,C,0,)
Kl , K,Cr,0O, , Fe (pure)

Notes:

Volumetric Analysis — Principles

Standardization - involves establishing the
concentration of a “standard solution”

Direct method:

dissolve carefully weighed quantity of primary
standard; dilute to known volume

Indirect methods:
 Titrate weighed quantity of primary standard
« Titrate weighed quantity of secondary standard

 Titrate measured volume of other standard
solution

Notes:

Principles of volumetric analysis

Titration Characteristics:

Increasing # moles titrant

| Decreasing # moles analyte |

i Excess titrant

Equiv'j Point
Volume Titrant

¥ moles

# moles | e ey
olor -4 Titrant

Analyte i\ Colorless ;
BN
I
l
;

[N

_End Point

N ' : 3
. ;
. i
~. !
|

Equiv. Point

Notes:
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Notes:
Stoichiometric ratios (mole ratio)
VC " CC = Vd " Cd

What are stoichiometric ratios (mole ratios)?
2 HCI + Ba(OH), > 2 HOH + Ba?* + 2 CI-

2 MnO, + 5 C,0,2 + 16 H* © 2Mn?* + 10 CO, + 8 HOH

Titration Types Notes:
1. Acid-base
HClI + NaOH — H,O + NacCl
2. Redox

5NaC,0, + 2 KMnO, +6H* — 10CO, + 2Mn?* +8H,O

3. Precipitation

Agr + X° — AgX(s) 0

4. Complex formation (EDTA) ?_40
/7 .

ethylenediaminetetraacetic acid NMO

Notes:

" Principle of a manual titration

Burette and flask indicators
O Phenolphthalein red (base) to
colourless (acid)

Titration to an end-point
Amount of titrant = amount of analyte

Colour indicator

- optical detection Amount must be defined in a

- manual control convenient form
- manual addition
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Name Colour

Notes:
[H]>[OH] [H*] = [OH] [OH] > [H7]
pH<7 pH=7 pH>7
litmus
phenolphthalein colourless colourless
methyl-orange pink
Koltgof’s multipurpose indicator
o1 2 3 4 5 B 7 8 9 10 M2
strong weak weak strong
acid neutral base
Titrations. Burette Evolution Notes:
Primary tool for titration
Gay-Lussac (1824)
Blow out liquid Mohr (1855)
Compression clip
Used for 100 years
Descroizilles (1806) Henry (1846) Mohr (1855)
Pour out liquid Copper stopcock Glass stopcock
Notes:

Titration steps

- sample preparation (homogeneity)

+ titrant preparation

 titer determination

* burette/ sample size choice

* correct arrangement in titration vessel
- stirrer rate

* method parameters

* results calculation

*  report
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Titration Curves Notes:
Example of a sigmoidal A titration curve is a plot of
titration curve once pH vs. the amount of titrant
calculations of data have
b added.
een computed . . :
Typically the titrant is a
strong and completely
dissociated acid or base.
. Such curves are useful for
. determining endpoints and
P e dissociation constants  of
4 .
2 weak acids or bases.
% 100 1% 200
ml NaOH odded
. . . Notes:
Algebraic relationship
H H. 14.004
At the equivalence point:
12.00+
Equivalent A = Equivalent B 000
If the reaction is 1:1 B
MOl A - MOl B o oo «— Equivalence point
4.004
2004
L
0.00 - - r T 1
0.00 10.00 20.00 30.00 40.00 50.00
Volume NaOH (mL)
Equivalence point evaluation Notes:

Vi

L
tangent method

Ui, g |

VimL

circle method

k/-

L L

derivative method

Ui, pH

12
i@ ) -
o]
1
15 7
5 3 4
Iz e g
5| T ¥
7 20
6 10
54 o
T T T T T T T T T T
n 4 i 6 b2 bz} 4 35 b3 )
valume of N20H imiL} valume of N2OH imiL
2aa0- () a5 (d)
4005
2000
o ‘E Bl
=2 £
=z =
L” or I'- = spas-
2000 reas /
D400
T T T T T T T T ) T
2 4 b3 13 7 2 24 = * I

Wolume of HaCtH {mL} Valume of MaOH{mL}
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Acid & Bases

Arrhenius: Acids are proton (H*) sources and bases are
hydroxide ion (OH") sources.

E.Q. HCl is an acid and NaOH a base

Broensted-Lowry: Acids are proton sources and bases
are proton acceptors.

E.Q. HCI is an acid and NH; a base, these
form the conjugate base CI- & NH,*

Lewis: Acids are electron pair acceptors and bases are
electron pair donors.

E.Q. AICI; & :NH; to form CI;Al:NH,

Notes:

Acids and Bases

Arrhenius
acids: generate H* in water
bases: generate OH- in water

Broensted-Lowry
acids: H* donors
bases: H* acceptors

HCI + H,O — CI' + H;0%
acid base

Notes:

Conjugate acid-base pairs
Conjugate base:
remains after H* is lost
acid: HCI conj. base: CI
Conjugate acid:
remains after H* is gained
base: NH; conj. acid:  NH,*

Conjugate Pair

Acid + Base — BaLe + Acid
—

Conjugate Pair

Notes:
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Notes:

Conjugate pairs in some acid-base reactions

Conjugate Pair
I 1
Acid + Balse = Base + Aclzid
Conjugate Pair

Reaction 1 HF + H,0 —— F- + H,0*
Reaction2  HCOOH + CN~ ===  HCOO~ + HCN
Reaction 3 NH," + COy;” ==_ NH, + HCO,
Reaction4  H,PO,” + OH —=—= HPO> + H,0
Reaction 5 H,S0, + N.H:* —=—=  HSO, + N,H?
Reaction6  HPO> + SO === PO> + HSO,

. Notes:
Strong and Weak Acids
Strong: 100% dissociation
good H* donor
equilibrium lies far to right (HNO,)
generates weak base (NOjy)
Weak: <100% dissociation
not-as-good H* donor
equilibrium lies far to left (CH;COOH)
generates strong base (CH;COO")
Dissociation of strong vs weak acids Notes:
Before After
dissociation dissociation
HA HA H,0" A~

]

=]

o€ =

%O

°©

o

HA HA H,0" A~

B Weak acid: HA(aq) + H,0(f) == H,;0*(aq) + A" (aq)
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Acid-base equilibria Notes:

For now, an acid is a proton (H*) donor and a base is either
a proton acceptor or a hydroxide (OH") donor. Water will be
the solvent throughout this discussion.

Water dissociates to give both a proton and a hydroxide
ion. This may be written several ways.

We choose to write it in the simplest, least correct, way
more often

For any other type solution, the hydrogen or hydroxide ion
concentrations will depend on BOTH the dissociation of water
and ions contributed by other components of a solution.

For example, if we make a 0.20 M solution of nitric acid the
hydrogen ion concentration would depend on the hydrogen ion
from the nitric acid and from the dissociation of water.

A standard acid/base reaction rlotes:
Acid + Base S conjugate base + conjugate acid
| f
ex:  CHZ;COOH + H,O0 5 CH,COO + H,0*
NH,+ H,O5 NH,* + OH-
Features of the strong acid - strong base titration curve Notes:

Titration of 40.00 mL of 0.1000 M HCI
with 0.1000 M NaOH

1. The pH starts out low, 14+
reflecting the high [H;07] of
the strong acid and increases 124
gradually as acid is neutralized )
by the added base. 10+ /p heblphi el
2. Suddenly the pH rises steeply. 8-
This occurs in the immediate . L ______ pH = 7.00 at
vicinity of the equivalence 2 6 equivalence point
point. For this type of titration 1T
the pH is 7.0 at the 4 ‘

equivalence point.

3. Beyond this steep portion, the
pH increases slowly as more
base is added.

1 1 T 1 T T 1 1
10 20 30 40 50 60 70 80
B Volume of NaOH added (mL)
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Strong acid-base titration curve Notes:
Volume of NaOH

added (mL) pH Titration of 40.00 mL of 0.1000 M HCI
00.00 1.00 with 0.1000 M1 NaOH
. - 14_
10.00 1.22
20.00 1.48 1
30.00 1.85 124 .
35.00 218 J
B 52 '
.5 3 ] Phenolphthalein
3975 350 L |~ £
39.90 3.90 1
39.95 4.20 8-
39.99 4.90 ;
(40.00 700 | T Taaaasaaaaaa pH =7.00 at
40.01 9.40 2 & equivalence point
40.05 9.80 . .
4010  10.40 1 2]
48.23 18.53 a4 TR
40.5 10.7
4100  11.09 1 Methyl red
45.00  11.76 2
50.00  12.05 .
60.00 12.30 1 —
70.00 1243 0 T T T T T T T 1
80.00 1252 10 20 30 40 50 60 70 80
A B Volume of NaOH added (mL)

Selected primary standards for the standardization of

. . Notes:
strong acid and strong base titrants
Standardization of Acidic Titrants
Primary Standard Titration Reaction Comment
NaxCO3 NayCO3 + 2H30* — HCO3 + 2Nat* + 2H;0 a
TRIS (HOCH2)3CNH; + H30* —=(HOCH;)3CNH3* + H,0
N828407 N828407 +2H30"+ 3H20—* 2Na*+4H3803
Standardization of Basic Titrants
Primary Standard Titration Reaction Comment
KHCaH404 KHCgH404 + OH- — K* + CgH304% + H0 G
CgHsCOOH CeHsCOOH + OH- — CgHsCOO- + H,0 d
KH(|03)2 KH(‘Og)z +OH = K* + 2|03' + Hzo
3aThe end point for this titration is improved by titrating to the second equivalence point, boiling the
solution to expel CO,, and retitrating to the second equivalence point. In this case the reaction is
NazCO; + 2H,0* — CO; + 2Na* + 3H,0
bTRIS stands for tris-(hydroxymethyl)aminomethane.
“KHCgH404 is also known as potassium hydrogen phthalate, or KHP.
dDue to its poor solubility in water, benzoic acid is dissolved in a small amount of ethanol before being
diluted with water.
Notes:

Sample calculation: Strong acid - strong base
titration curve

Problem. Consider the titration of 40.0 mL of 0.100 M HCI
with 0.100 M NaOH.

Region 1. Before the equivalence point, after adding 20.0 mL of 0.100 M
NaOH. (Half way to the equivalence point.)

Initial moles of H;O* - Moles of OH- added

amount (mol) of H,O" remaining
original volume of acid + volume of added base

[H30+] =
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Sample calculation: Strong acid - strong base Notes:
titration curve
Region 2. At the equivalence point, after adding 40.0 mL of 0.100 M
NaOH.
Initial moles of H;O* = 0.0400 L x 0.100 M = 0.00400 M H;0O*
- Moles of OH- added = 0.0400 L x 0.100 M =0.00400 mol OH-
[H.0"]= amount (mol) of H,O" remaining
: original volume of acid + volume of added base
Region 3. After the equivalence point, after adding 50.0 mL of 0.100 M
NaOH. (Now calculate excess OH")
Total moles of OH- = 0.0500 L x 0.100 M = 0.00500 mol OH- -Moles of
H;O* consumed = 0.0400 L x 0.100 M =0.00400 mol
_ amount (mol) of OH™ remaining
[OH"]=— :
original volume of acid + volume of added base
The four major differences HPr = Propionic Acid Notes:
between a strong acid - strong
base titration curve and a weak
acid-strong base titration curve o
Titration of 40.00 mL of 0.1000 M HPr
o o — with 0.1000 M NaOH
1. The initial pH is higher.
2. Agradually rising portion of 27
the curve, called the buffer 4, /Phem,pmha,em
region, appears before the N ocooooccood ' ,':_. =
steep rise to th? *7 ok, of HPr = a.89 A
equivalence point. G_/ ““e“eé\on »
3. The pH at the equivalence  ,| ¢
point is greater than 7.00. <
2— aas
4. The steep rise interval is e
IeSS pronounced' ° 110 2ID 3|0 4[0 SIO 6]0 7I0 810
Volume of NaOH added (mL)
TITRATION CURVES for weak acids or base Notes:

* At the beginning, the solution contains only a weak acid or a
weak base, and the pH is calculated from the concentration of that
and its dissociation constant.

« After various increment of titrant have been added, the solution
consists of a series of buffers. The pH of each buffer can be
calculated from the analytical concentration of the conjugate base or
acid and the residual concentration of the weak acid or base.

* At equivalence point, the solution contains only the conjugate of
the weak acid or base being titrated, and the pH is calculated from
the concentration of this product

* Beyond the equivalence point, the excess of strong acid or base
titrate represses the acidic or basic character of the reaction product
to such an extent that the pH is governed largely by the
concentration of the excess titrant.
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Finding the End Point with a visual indicator.

One interesting group of weak acids and bases are
derivatives of organic dyes. Because such
compounds have at least one conjugate acid-base
species that is highly coloured, their titration results in
a change in both pH and colour.

This change in colour can serve as a useful means
for determining the end point of a titration, provided
that it occurs at the titration’s equivalence point.

Notes:

Weak base — strong acid titration curve Notes:
pH Titration of 40.00 mL of 0.1000 M NH;
144 with 0.1000 M HCI
12 [NH,] = [NH,*]
104 Phenolphthalein
_ o ——lI"8gion /
8—\
pK,of NH, = 9.25
6 i f
4 T Methyl red
Ph =5.27 at ( \
equivalence 5
2+ point
0 I | I I | 1 1 1
10 20 30 40 50 60 70 80
Volume of HCI added (mL)
Notes:

Features of the titration of a polyprotic acid
with a strong base

1.The loss of each ek Polyprotic Acid Titration Curve

mole of H* shows up as Titration of 40.00 mL of 0.1000 M H,SO, with 0.1000 M NaOH
separate equivalence

. . pH = 9.86
point (but only if the two 124 at second

pK,s are separated by . gg}g\t’a'ence

more than 3 pK units).

2.The pH at the
midpoint of the buffer 6-
region is equal to the
pK, of that acid species.

[HSO; ] = [8032‘]

equivalence
point

n
Buffer 1¢9'°

24

3.The same volume pk,=18-—"

of added base is required 4 20
to remove each mole of H*

40 60 80 100
Volume of NaOH added (mL)
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Weak polyprotic acid titration curve

Notes:
T1i5ration of 40.00 mL of 0.1000 M H,SO, with 0.1000 ¥ NaOH
pH =9.86
12 at second
equivalence
10
pam71o 8] [HSOF1=[SO
e et el e o & D
Q.
6 -
[H,S0,] =[HSO;]
i at first
equivalence
2 SR : oint
pK, =1 85/ Buffer \'e9‘°“ P
0 1 1 U U 1
20 40 60 80 100
Volume of NaOH added (mL)
. . . Notes:
pH range of acid-base indicators
pH
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Crystal violet| N
Thymol blue E ) =
2,4-Dinitrophenol
Bromphenol blue -
Bromcresolgreen -
Methyl red | =
Alizarin | -
Bromthymol blue =
Phenol red |
Phenolphthalein |
Alizarin yellow R .
Acid-base indicators and the measurement of pH Notes:

» Definition: A weak organic acid, Hin that has a different color
than its conjugate base, In-, with the color change occurring over a
specific and relatively narrow pH range.

+ Typically, one or both forms are intensely colored, so only a tiny
amount of indicator is needed, far too little to perturb the pH of the
solution.

+ Since the indicator molecule is a weak acid, the ratio of the two
forms governed by the [H;0*] of the test solution:

Hin(ag) +H,0() =H,0"(ag)+In"(ag) K, of Hin= —[HS[ﬂlll]n_]

erefore: [Hin]_ [H3O+]
e in ]~ )
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Notes:

Titration calculations

Example: Calculating the Molarity of standard solutions

Describe the preparation of a 5.0 L of 0.10 M Na,CO, (105.99 g/mol)
from the primary standard solution.

Amount Na,CO; = n Na,CO; (mol) = Volume solution x ¢ Na,CO, (mol/ L)
=5 L x 0.1 mol Na,CO; = 0.5 mol Na,CO; / L

Mass Na,CO; = mNa,C0O;=0.5 mol Na,CO; x 105.99 g Na,CO, =
=53 g Na,CO,

The solution is prepared by dissolving 53 g of Na,CO, in water and
dilutingto 5 L

How to deal with titration data Notes:

The following two examples show the two types of
volumetric calculations.

The first involves computing the molarity of solutions that
have been standardized against either a primary standard or
another standard solution.

The second example involves calculating the amount of
analyte in a sample of titration data.

Example: Molarity of solutions that have been
standardized.

A 50mL volume of HCI solution required 29.71mL of
0.01963 M Ba(OH), to reach an end point with bromocresol
green indicator.

Calculate the normality of the HCI.

Method of a separate samples Notes:

M = (Ceqe) * Vip) - Meqqay) / 1000

Method pipet
M a) = (Ceqe) * Vi) Mequa)* Vi) I (Vaa)* 1000),

where

Ceqe) OF Ngy— normality of a titrants solution, mol-eq/L
V(g — volume of a titrants solution, mL

Megq(a) OF Eeqay— mass of the 1 mol substance, g/mol
V;— volume volumetric flask, mL

Vaa) — Volume aliquot of a substances solution, mL
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The problem. Calculate the weight of KOH contained in 250.0 ml of Notes:
solution if 21.35 ml of 0.05316 normal sulfate acid solution is consumed for
a titration of 25.0 ml of the solution mentioned above.

The solution.

The product of N(H,SO,) x V(H,SO,) vyields the number of
milliequivalents of sulfuric acid that reacts with KOH in a volume of 25.0 ml.
This volume contains the same quantity of milliequivalents of KOH. If we
multiply them by the mass of the equivalent, then we get the mass of alkali
in this volume.

mygoy = N(H,50,) x V(H,50,) X EKOH (mg)

__ N(H,50,)xV(H,S0)XEKOH
Mgon = 1000 (8)

In a volume of 250 ml the mass of KOH will be 250/25 times greater.
In other words, taking into account the dilution, the mass of alkali in the
flask is equal to:

_ N(H,50,) X V(H,50,) X EKOH X Vg,
"MKoH = V, x 1000

m _ 21.35x0.05316x56.1x250
koH — 25 x1000

=0.6367 g

Tasks to Section 7:

1. Give definitions of these terms: titrimetric method, titration, equivalence point, endpoint,
titration curve, direct titration, back titration, acid-base titration, p-function, volumetric titrimetry,
gravimetric titrimetry, coulometric titrimetry, standard solution, primary standard, titration error.

2. Distinguish the terms endpoint and equivalence point.

3. Why does an acid-base titration curve (pH versus volume of titrant) have an abrupt
change at the equivalence point?

4. Sketch the general appearance of the curve for the titration of a weak acid with a strong
base. Explain (in words) what chemistry governs the pH in each of the four distinct regions of the
curve.

5. Why is it not practical to titrate an acid or a base that is too weak or too dilute?

6. You have a standard solution of 0.01 M Na+. How would you prepare three diluted
standard solutions, each of 50 mL in volume, that contain 0.005 M, 0.002 M, and 0.001 M Na®,
respectively, using this standard?

7. The solution contains 0,1 normal ammonium hydroxide and 0,2 molar ammonium
chloride. Calculate [OH] and pH of the solution.

8. The water solution contains 10,5 gram of ammonium acetate in 0.25 L. Calculate h and
pH of the solution.

9. Calculate the pH at each of the following points in the titration of 50.00 mL of
0.0100 M NaOH with 0.200 M HCI. Volume of acid added: 0.00, 1.00, 2.00, 3.00, 4.00, 4.50, 4.90,
4.99, 5.00, 5.01, 5.10, 5.50, 6.00, 8.00, and 10.00 mL. Make a graph of pH versus volume of HCI
added.

10. Calculate the pH at each point listed for the titration of 50.0 mL of 0.050 0 M formic
acid with 0.050 0 M KOH. The points to calculate are Vb 0.0, 10.0, 20.0, 25.0, 30.0, 40.0, 45.0,
48.0, 49.0, 49.5, 50.0, 50.5, 51.0, 52.0, 55.0, and 60.0 mL. Draw a graph of pH versus Vb.

11. Consider the titration of 50.0 mL of 0.050 0 M malonic acid with 0.100 M NaOH.
Calculate the pH at each point listed and sketch the titration curve: Vb 0.0, 8.0, 12.5, 19.3, 25.0,
37.5,50.0, and 56.3 mL.

12. Finding the endpoint from pH measurements. Here are data points around the second
apparent endpoint:

Vb (D) [pH [ Vb (D) [pH
107.0 | 6.92 | 117.0 | 7.89
110.0 | 7.12 | 118.0 | 8.10
113.0 | 7.36 | 119.0 | 8.34
114.0 | 7.46 | 120.0 | 8.59
115.0 | 7.57 | 121.0 | 8.79
116.0 | 7.71 | 122.0 | 8.95
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Section 8: Complexometric and Redox Titration

Contents:

Introduction

Complexation

Complexometric titration
Chemistry and properties of EDTA
Quantitative applications

Solubility and redox equilibria
Redox titrations
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Introduction

Practical analytical application of the method of complexometric titration developed slowly.
Many metals and ligands form many metal-ligand complexes. It is challenging to develop a
selective complexometric method. The earliest examples of complexometric titration are the
determination of cyanide and chloride ions using solutions containing Ag* and Hg*".

Liebig titration for cyanide ions was successful because cyanide and Argentum ions form a
single stable complex. Interaction gives a single endpoint that is easy to identify. Other metal-
ligand complexes, for example between Cadmium and lodide ions, are not analytically useful.
They form several metal-ligand complexes of variable composition. Therefore, the endpoint of the
titration is very difficult to determine.

In the early 20th century, Schwarzenbach has been used amino carboxylic acids as ligands.
Now the ethylenediaminetetraacetic acid or EDTA is the most widely used of these new ligands.
EDTA is a merciful abbreviation for ethylenediaminetetraacetic acid. This compound forms strong
1:1 complexes with most metal ions, binding through four oxygen and two nitrogen atoms.

EDTA finds wide use in guantitative analysis. Using EDTA allows obtaining an identifiable
endpoint of the titration quickly. Application of EDTA as a ligand has made complexometric
titrimetry a practical analytical method.

EDTA plays a larger role as a strong metal-binding agent in industrial processes and
products such as detergents, cleaning agents, and food additives that prevent metal-catalysed
oxidation of food.

A redox titration is based on an oxidation-reduction reaction between analyte and titrant.

In addition to the many common analytes in chemistry, biology, and environmental and
materials science that can be measured by redox titrations, exotic oxidation states of elements in
uncommon materials such as superconductors and laser materials are measured by redox
titrations. For example, chromium added to laser crystals to increase their efficiency is found in
the common oxidation states +3 and +6, and the unusual +4 state. A redox titration is a good way
to unravel the nature of this complex mixture of chromium ions.

This chapter introduces the theory of redox titrations and discusses some common reagents.
A few of the oxidants and reductants can be used as titrants. Most reductants used as titrants
react with O, and, therefore, require protection from the air.

The number of redox titrimetric methods increased in the mid-1800s with the introduction of
MnO,, Cr,O,*, and |, as oxidizing titrants, and of Fe** and S,03*" as reducing titrants. Even with
the availability of these new titrants, redox titrimetry was slow to develop due to the lack of
suitable indicators. A titrant can serve as its own indicator if its oxidized and reduced forms differ
significantly in colour. For example, the intensely purple MnO, ion serves as its own indicator
since its reduced form, Mn?*, is almost colourless. Other titrants require a separate indicator. The
first such indicator, diphenylamine, was introduced in the 1920s. Other redox indicators soon
followed, increasing the applicability of redox titrimetry

Although other analytical methods have replaced many quantitative applications of redox
titrimetry, a few essential applications continue to be relevant. In this section, we review the
general application of redox titrimetry with an emphasis on environmental, pharmaceutical, and
industrial applications. We begin with a brief discussion of selecting and characterizing redox
titrants, and methods for controlling the titrant's oxidation state.

149



Complexometric titrations Notes:

Complexometry: is the type of volumetric analysis
involving the formation of complexes which are slightly
ionized in solution, like weak electrolyte and sparingly
soluble salt.

Complex is formed by the reaction of metal ion (M"*)
with either an anion e.g. [Ag(CN),]- or neutral molecule,

e.gd. [Ag(NH,),]*
The metal ion is known as Central metal atom.

The anion or neutral molecule is known as Ligand.

Notes:

A coordination complex is the product of a Lewis acid-
base reaction in which neutral molecules or anions (called
ligands and mark L) bond to a central metal atom (or ion) by
coordinate covalent bonds.

K[Fe(CN)l

'

Counter ion Coordinate sphere

Notes:

K,[Fe(CN),] € 4K * +[Fe(CN)]*

Central metal atom Ligand
! !
K4 [Fe (CN)6] «—Coordination number
T ‘ '
Counter ion %

Coordination sphere (entity)
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M* + L =—> ML Notes:
Ag* +2CN = [Ag(CN),]

Cu?* +4CN- = [Cu(CN),)*

Ag* +2NH; == [Ag(NH,),]*

Cu?t +4 NH; = [Cu(NH3)4]2+

Central metal atom acts as Lewis acid (electron
acceptor)

Ligand acts as Lewis base (electron donor)

Coordinate bond (dative) = The bond is formed
between central metal atom (ion) (acceptor) and the
Ligand (donor)

Dative bond is similar to covalent bond (that is Notes:
formed by two electrons)

But in dative bond the electrons pair are donated
from one atom to the other. The atom gives electron
pair is known as donor, while the atom accept electron
pair is known as acceptor.

The bond is represented by an arrow (——) from
donor to acceptor.
NH,

J
NH; —> Cu «— NH;
T

NH,

The number, indicating how many ligands are coordinated Notes:
around the central atom, is called
the coordination number (c.n.).

The coordination number is often twice as much as the
oxidation degree of the complexing agent.

For example, if the oxidation degree of the complexing agent
is+1,thenc.n.=2

+1

[Ag(NH:%)zr +2

[Zn(OH).1>.
+3
[C O (N(:)Q)G]B_
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Characters of coordination number

Notes:
2 Ag*
4 Ni*, Cu®
6 Fe3,Cr3
The charge of a complex is the algebraic sum of the
charges of the central ion and ligand
[Ag(CN),] - 2»Ag* + 2CN-
[Fe(CN)s]* = Fe3* + 6 CN-
The higher the valence of metal ion the more stable the
complex. Ferricyanide is more stable than Ferrocyanide
Classification of ligands according to the number of Notes:
sites of attachment to the metal ion
Unidentate (Monodentate) Ligand or "Simple Ligand"
The ligand attached to metal at one site e.g. H,O, NH;, CN -, Cl -, |,
Br- (i.e. forming one coordinate bond, or capable of donating one unshared
pair of electrons)
H;N: - Ag <« : NH;
— : NH3 - 2+
l
Cu?t + 4NH; < |H3;N: » Cu «:NH;
T
| . NH3 |
Notes:

Bidentate Ligand
The ligand attached to metal at two sites.

.NHZ i NH, HzN,\ ]
H2C/ \ HZC/.\C / CH,
2 | +Cu’ > | / u |
HC.. H,C_ .. ~_CH;,
\NHZ i \NHz HoN

Ethylene diamine
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Tridentate Ligand: Notes:
The Ligand attached to metal at 3 sites

H,C-CH
NH~ 2\
:NH Diethylene triamine
‘NH,._
CH,—CH,

Tetradentate Ligand:
The Ligand attached to metal at 4 sites

NH—CH,—CH,—NH

HzT CHz Triethylene tetramine
H,C CH,
\i\il-lz NH2/
Chelat|0n Notes:

Chelate: It is a complex formed between the ligand
containing two or more donor groups and metal to form ring
structure. (heterocyclic rings or chelate rings).

Chelating agents: organic molecules containing two or
more donor groups which combine with metal to form complex
having ring structure.

Chelates are usually insoluble in water but soluble in
organic solvent.

Sequestering agent: Ligands which form water soluble
chelates e.g. EDTA.

Factors affecting stability of complex

Effect of central metal ion:
lonic size (metal radius):

The smaller an ion (small radius of metal) the greater its
electrical field —— more stable complex

lonic charge (metal charge):
Metal of higher charge give more stable complexes.

Ferricyanide [hexacyanoferrate Ill] is more stable than
Ferrocyanide [hexocyanoferrate ll].

Electronegativity:

The higher acidity (electronegativity) of metal (M"*) the higher
stability of complex.

Metal which has incomplete outer shell (has high acidity)
have more tendency to accept electrons = more stable complex.

e.g. Ca?*, Ni%*, Zn?* , Mn?* | Cu?*

Notes:
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Effect of Ligand: Notes:
Basic character:

The higher the basicity (strong base is good electron

donor) the higher the ability of ligand to form complex.
e.g. ligand contain electron donating atom.
N>O0>S>I">Br>Cl>F
The extent of chelation:

Multidentate ligands form more stable complexes than

monodentate.
Steric effect:

Large, bulky ligand form less stable complexes than
smaller ones due to steric effect.

e.g. ethylene diamine complexes are more stable than
those of the corresponding tetramethyl ethylene diamine.

COMPLEXOMETRIC TITRATION Notes:

Complexometric titration is a form of volumetric
analysis in which the formation of a colored complex is
used to indicate the end point of a titration.

Complexometric titrations are particularly useful for the
determination of a mixture of different metal ions in
solution.

An indicator capable of producing an unambiguous
color change is usually used to detect the end point of the
titration.

Complexones Notes:

Amino polycarboxylic acid compounds used as complexing
agents for many metal ions.

Complexone I: HsY
H—N—CHCOOH
Nitrilo triacetic acid
(ammonia triacetic acid)
HOOCH,C CH,COOH
Complexone Il AN / H,Y

N—CH,—CH,—N

I-DOCHzC/ \m-lzouuu

Ethylemediamine tetra acetic acid
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Complexones

Complexone |l

Notes:

l-llﬂCl-lzc\ /CI-Izcuul-l
N—CH,—CH,—N
H,Y |-noc|-|,c/ \CI-IZCDDI-I
Ethylene diamine tetra acetic acid
Complexone I I-IJDCI-IZC\ CH,COOH Na
N—CH, CH,—N
NaZHZY ZHZO Na I-I](K:HZC/ \CI-IZCDIII-I-ZHZO
Sodium ethylene diamine tetra acetate
Complexone llI: Na,H,Y -2H,0 Notes:
(@) OH

Na* O N‘\; . ZHZO
N OH

Titration involving EDTA known as complexometric titration

EDTA is a hexadentate ligand, containing 4 oxygen and
2 nitrogen donor.

It reacts with most cations (divalent, trivalent,
tetravalent) forming freely stable complexes.

The formed complexes contain the metal and EDTA in
the ratio of 1:1 irrespective to the charge of the metal ion.

The general reactions for the formation of metal —
EDTA complexes are as follows:

M2t + H,YZ  <==MYZ + 2 H*
M3* + H,Y2 == MY- + 2 H*
M% + H,Y2  <==MY° + 2 H*

MM+ HYZ == (MY) + 2 H

Notes:
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The basic form of EDTA (Y#) reacts with most metal ions to

Notes:
form a 1:1 complex
H\ /H Table 12-2 Formation constants for metal-EDTA complexes
Ton log K; Ton log K; Ton log K;
L/ Li* 295 V3+ 25.94 TP+ 353
¢ = Na* 1.86 Cr3+ 23.4¢ Bi** 27.8¢
K* 0.8 Mn?* 25.2 Ce3t 15.93
Be2* 9.7 Fe* 25.1 P+ 16.30
Mg2* 8.79 Co’* 414 Nd3* 16.51
Ca?* 10.65 Y i 29.3 Pm?* 16.9
Sr2+ 8.72 Hf** 29.5 Sm’* 17.06
N Ba’* 7.88 vO?+ 18.7 Eu?* 17.25
Wre Do @c @V Ra?* 74 VO; 155 Gd** 1735
Sc3+ 23.14 Ag* 7.20 Tb3* 17.87
Y3+ 18.08 bl b 6.41 Dy** 18.30
La’* 15.36 Pd** 25.6° Ho** 18.56
V2 12.72 Zn* 16.5 Er3+ 18.89
Cr2t 13.64 Cd** 16.5 Tm?* 19.32
Mn2* 13.89 Hg* 21.5 Yb3* 19.49
Fe* 14.30 Sn?* 18.3% Lu* 19.74
Co?* 16.45 Pb?* 18.0 Th#* 23.2
Ni2* 18.4 AP* 16.4 U+ 25.7
Cu?* 18.78 Ga’* 21.7
Tid+ 213 In* 249
) . ) ) Notes:
EDTA Ethylenediaminetetraacetic acid
One of the most common chelating agents used for
complexometric titrations in analytical chemistry.
EDTA has 6 Nitrogen and Oxygen atoms in its structure
giving it 6 free electron pairs that it can donate to metal ions.
High K values
6 acid-base sites in its structure
HO,CCH K, = 0.0 (CO,H K, = 2.69 (CO,H
HNCH,CH,NH pK, = 15(COH)  pK; = 6.13 (NH")
HO,CCH,— e NCH,CO,H  pk, =200(COH)  pK, = 1037 (NH*)
6
pK applies at 25°C and . = 0.1 M, except pK, applies
atp=1M
EDTA Complexes Notes:

The basic form of EDTA (Y#) reacts with most metal ions to
form a 1:1 complex. Other forms of EDTA will also chelate
metal ions

n-4
MY oy k= M
MY ]

Recall: the concentration of Y4 and the total concentration of
EDTA s solution [EDTA] are related as follows:

This reaction only involves Y#, but not the other forms of
EDTA A
[Y*~1=ay .+ [EDTA]

where ay,_is dependent on pH
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EDTA Complexes Notes:
Substitute [Y#] into K equation
MY n-4
¥ =aye [0 K=
. AL
n-4
[MY ] where [EDTA] is the total

f=— .
+ concentration of EDTA
[M ]aY4' [EDTA] added to the solution not

bound to metal ions

If pH is fixed by a buffer, then a,. is a constant that can be
combined with K;

Conditional or effective . MY n-4]
formation constant: Ki =K =Ksay4 = ———
(at a given pH) [M"T][EDTA]
EDTA Titration Curves Notes:
M™ + EDTA —— MY™  Ki=Kiae

The titration of a metal ion with
EDTA is similar to the titration of a

—_ n+ Region 3
strong acid (M*) with a weak base pM =-lg[M™] Exfess EDTA
(EDTA) 16 e

14 /_

The Titration Curve has three 12
distinct regions: Region 1
Before the equivalence point 10 Excess M™

A

(excess M) 8
At the equivalence point

[EDTA]=[M™] €
After the equivalence point 4

(excess EDTA) 2

Region 2
Equivalence
point

TTTTTINNTTTTTTI

f\

S O O [ A0 [0 |
0O 10 20 30 40 50 60 70
Volume of EDTA added (mL)

Auxiliary Complexing Agents
lllustration: Titration of Cu?* with EDTA
Addition of Ammonia Buffer results in a dark blue solution
Cu(lh)-ammonia complex is formed
Addition of EDTA displaces ammonia with corresponding
color change

Notes:
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pH Limitation
Note that the metal — EDTA complex becomes less stable
as pH decreases
K; decreases
K{Fe3*] =5.4x10" atpH 2.0
K{Fe3*] = 1.4x101? at pH 8.0

In order to get a “complete” titration pH=5
(K¢ 2108), EDTA requires a certain
minimum pH for the titration of
each metal ion

Potential

End Point becomes less
distinct as pH is lowered,
limiting the utility of EDTA as
a titrant

i0.040 V 2mL

>

Volume added (mL)

Notes:

EDTA Titrations

o . Minimum pH for

pH Limitation » Effective Titration of
By adjusting the pH of an EDTA xx _ N

titration: el

one type of metal ion (e.g. Fe3*)

can be titrated without interference

from others (e.g. Ca?*)

Potential

Io.o-zo V oamL
2

Volume added (mL) ? E 4 8 10 2

Notes:

Determination of EDTA Titration End Point
Four Methods:

Metal ion indicator .
Potential

Mercury electrode Measurements

pH electrode
lon-selective electrode
Metal ion indicator is a compound that changes colour when it
binds to a metal ion

Similar to pH indicator, which changes colour with pH or as the
compound binds H*

PonNPE

For an EDTA titration, the indicator must bind the metal ion less
strongly than EDTA
Needs to release metal ion to EDTA

End Point indicated by a color Mgln + EDTA —— MgEDTA +In

change from red to blue red colorless colorless

Notes:

158




EDTA Titrations Notes:
Metal lon Indicators
Titration of Mg?* by EDTA
Eriochrome Black T Indicator
Addition of EDTA
Common Metal lon Indicators
Most are pH indicators and can only be used over a given pH range Notes:
Common metal ion indicators
Color of free Color of metal
Nam Structure pK, indicator ion complex
OH HO —
Calmagite - :.:. h,'so‘ gﬁz?-;.‘ :i‘,.,: :Im“::gc Wine red
OH OH
e ,fjj,” 00 MIfe g e
NO,
; N Onm - Hyln~ red-violet Yellow (with
R W mmgme G
(HyIn")
CH;  CH, Hyln~ yellow
o OH . K, = 2.32 02~ yellow
e S OW @ C o N 5~
orange 2 SO; 2 S HIn'~ violet
e S il
- OH OH oR
Pyrocatechol ‘ © g’,ﬁ;:‘,’;i :::: ;ce‘:low
violet SO; pK; = 9.8 H,In?~ violet Blue
© ’ pKy = 11.7 HIn*~ red-purple
Notes:

EDTA Titration Techniques

Almost all elements can be determined by EDTA

titration.

Needs to be present at sufficient concentrations.
Some Common Techniques used in these titrations

include:

Direct Titrations
Back Titrations

Displacement Titrations

Indirect Titrations
Masking Agents
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EDTA Titration Techniques
Direct Titrations
> Analyte is buffered to appropriate pH and is titrated directly with
EDTA.
> An auxiliary complexing agent may be required to prevent
precipitation of metal hydroxide.

Back Titrations
A known excess of EDTA is added to analyte.
Free EDTA left over after all metal ion is bound with EDTA.
The remaining excess of EDTA is then titrated with a standard
solution of a second metal ion.
Approach necessary if analyte:
- Precipitates in the presence of EDTA
- Reacts slowly with EDTA
- Blocks the indicator
» Second metal ion must not displace analyte from EDTA

Kt (analyte)@y 4- > Kt (second metal ion )@, 4-

Notes:

) ] ) Notes:
Displacement Titration

» Used for some analytes that don’'t have satisfactory metal ion
indicators
» Analyte (M™) is treated with excess Mg(EDTA)?, causes release

of Mg?*.
Requires: Kf(M”*)aY4‘ > Kf(MgZ+)aY4‘

Mg™ + MgY® —— MY"™"+Mg*'

Amount of Mg?* released is then determined by titration
with a standard EDTA solution
Concentration of released Mg?* equals [M"]

Masking and demasking agent

Masking agents: are reagents which prevent interfering ion from
reaction without physical separation.

Notes:

These reagents form complexes with interfering ions which are
more stable than complexes formed with ind. & EDTA.

Examples of masking agent:
KCN: It is used as masking agent for Ag* , Cu?* , Cd?*, Co?*
Ni2+, Zn2*
M+ + 2CN- —> [M(CN),] -
M* + 4CN- ——> [M(CN),]*

Fluoride NH,F: It is used as masking agent for Fe3* and Al®* to
give
hexafluoro complex [FeFg]3 and [AlIF]*

lodide KI: It is used as masking agent for Hg?* to give tetraiodo
complex Hgl,
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Demasking agents: are reagents which regain the ability
of masked ion to enter the reaction with ind. and EDTA.

Example:
The masking by CN- can be removed by:
mixture of formaldehyde — acetic acid

on addition of demasking agent to [Zn(CN),]*, Zn is
liberated and titrated.

Notes:

Detection of End Point

Metal indicator

Acid-base Indicator

Specific Indicator

Turbidity end point (appearance of turbidity)
Instrumental method

Notes:

Murexide: Ammonium salt of Purpuric acid or
ammonium purpurate

It can be represented by H, Ind

OH - OH-
H,Indc = H;Ind> — H, Ind*
H* H+
Reddish violet Violet Blue
pH : <9 9-11 >11
complex indicator
Ca2* Pink Violet
Cu 2+ Orange Violet
Co 2+ Yellow Violet
Ni 2+ Yellow Violet

Notes:
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Eriochrome Black T (EBT)

It can be represented by H,Ind- The color of Ind
change with the change of pH. EBT contains two
replaceable phenolic hydrogen.

OH - OH-
H, Ind- = HlInd* =  Ind*
H* H*
Wine red Blue
pH: <7 7-11 > 11

ETB cannot be used for the determination of Cu?*,
Fes3*, Al3* Co?* and Ni 2*

Notes:

Direct determination of water hardness
Water hardness is due to the presence of Ca?* and Mg?* salts.

EDTA forms complex with Ca?* & Mg?*, Ca-EDTA complex is
more stable than Mg-EDTA complex. At pH 12 EDTA forms complex
with Ca?* only.

Total Ca?* and Mg?* determined by titration with EDTA at pH 10
using ammonia buffer and EBT as ind.

Upon titration with EDTA, Ca?* will be chelated first, then Mg?*.

For Ca?* only: direct titration with EDTA at pH 12 using 8%
NaOH and Murexide.

Mg?* is pptd. as Mg(OH), leaving Ca?* which is titrated with
EDTA.

For Mg?*: Total — Ca?* = Mg?*

Notes:

OXIDATION- REDUCTION TITRATION

A titration which deals with a reaction involving
oxidation and reduction of certain chemical species.

The act of adding standard solution in
small quantities to the test solution till the
reaction is complete is termed titration.

Notes:
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How does this relationship concern our
experiment?

Titration of unknown sample of Iron with KMnO,:

The unknown sample of iron contains Iron in Fe?*
oxidation state. So we are basically doing a redox
titration of Fe2* with KMnO,

Notes:

N .
initial Vfinal' VinitaI: Vused (ln ml—)
KMnoO Important requirement:
4 The concentration of
Viina KMnO, should be
known precisely
End point:
Pale Permanent
Pink color

Notes:

Moles of MnO, = Molarity of MnO, xV,j, .. .. (in L)

Moles of Fe? =5x[moles of MnO, ]

55.85 g of Fe*

Lol fI:2+><moleso1‘ Fe*
mole of Fe

Grams of Fe* =

gramsof Fe™
massof sampleingrams

x100%

% Feinsample =

Notes:
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Common Redox Reagents Notes:
Common Titrants for Oxidation Reactions
> Potassium Permanganate (KMnQO,)
Strong oxidant
Own indicator

pH=1
= = MnO; +8H' +5¢ = Mn*2+4H,0 E°=1.507V
) \ ) \ Violet colorless
| / \
pH neutral or alkaline
MnO, +4H" + 3¢ == MnO,(s) +2H,0 E°=1.692V
Violet brown
Before _ Near _ After pH strolngly alkaline
Equivalence point MnOy + ¢ Mn04'2 E° = 0.56 V
Violet green

Notes:
Problem with KMnO,
Unfortunately, the permanganate solution, once
prepared, begins to decompose by the following
reaction:
4 MNOy 5q)+ 2 HyOp 2 4 MNOyy+ 3 Oyyy + 4 OH
So we need another solution whose concentration
is precisely known to be able to find the precise
concentration of KMnQO, solution.
Titration of Oxalic acid by KMnO, Notes:
Primary
standard

16 H' g + 2MNO, aq + 5C,0420g > 2 Mn*2,, +10 CO,y + 8 H,0,

(ag) (aq)

5 C,0,% ions are oxidized by 2 MnO, ions to 10 CO,
molecules. Conversely 2 MnO, is reduced by 5 C,0,% ions to
2Mn2*ions.
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5 moles of C,0,% ions are oxidized by 2 moles
MnO, ions to 10 moles of CO, molecules. Conversely
2 moles of MnO, is reduced by 5 moles of C,0,*
ions to 2 moles of Mn?*ions.

5 Moles of C,0,” =2 moles of MnO,”

1 Moles of C,0,* = 2{ x moles of MnO,”

Notes:

Finding the End point with an Indicator

Three types of indicators are used to signal a redox
titration’s end point.

The oxidized and reduced forms of some titrants, such
as MnQO,, have different colors. A solution of MnO, is
intensely purple. In an acidic solution, however,
permanganate’s reduced form, Mn?*, is nearly colorless.

When using MnO,  as a titrant, the titrand's solution
remains colorless until the equivalence point.

The first drop of excess MnO, produces a permanent
tinge of purple, signaling the end point.

Notes:

Some indicators form a coloured compound with a
specific oxidized or reduced form of the titrant or the
strand.

Starch, for example of a specific indicator, is
thiocyanate, SCN-, which forms the soluble red-coloured
complex of Fe(SCN),* in the presence of Fe3*

The most important class of indicators are substances
that do not participate in the redox titration, but whose
oxidized and reduced forms differ in colour.

When we add a redox indicator to the titrand, the
indicator imparts a colour that depends on the solution’s
potential.

As the solution’s potential changes with the addition of
titrant, the indicator eventually changes oxidation state
and changes colour, signalling the end point.

Notes:
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Notes:

To understand the relationship between potential
and an indicator’s color, consider its reduction half-
reaction

Ny, + Ne” 1IN

where In, and In,, are, respectively, the
indicator’s oxidized and reduced forms. The Nernst

equation for this half-reaction is

. 0.05916 , [In_ ]
E - Elnox/lnred n [ITl ]

ox

Another method for locating a redox titration’s end Notes:
point is a potentiometric titration in which we monitor
the change in potential while we add the titrant to the
titrand.

The end point is found by examining visually the
titration curve. The simplest experimental design for a
potentiometric titration consists of a Pt indicator electrode
whose potential is governed by the titrand’s or the titrant’s
redox half-reaction, and a reference electrode that has a
fixed potential.

Other methods for locating the titration’s end point
include thermometric titrations and spectrophotometric
titrations.

Methods for Finding the End point Notes:

Titration curve for titration
of 50.0 mL of 0.100 M Fe?* 1] —
with 0.100 M Ce**.

The end point transitions 14
for the indicators
diphenylamine sulfonic acid < " ;’"‘:/’[fe”""“
and ferroin are superimposed = N
on the titration curve.

. diphenylamine
Because the transition for .| / sulfonic acid
ferroin is too small to see on
the scale of the x-axis, it 06+
requires only 1-2 drops of 0 20 4 6 8 100

titrant. The color change is Volume of Ce™* (mL)
expanded to the right.
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4. There should be a marked change when the reaction is complete. For
example, this reaction is self-indicating. The titrant (KMnO,) is deep purple.
The analyte (Na,C,0,) and products (Mn?*, H,O, and CO,) are nearly
colorless. The titration is done when the first fraction of a drop of excess
MnO,~ changes the solution from nearly colorless to a faint and stable pink.

REQUIREMENTS FOR A TITRATION

(a) (b) (©

Notes:

REQUIREMENTS FOR A PRIMARY STANDARD

A primary standard should be 100.00% pure; although a
0.01% to 0.02% impurity is tolerable if it is accurately
known.

A primary standard should be stable at drying
temperatures, and it should be stable indefinitely at room
temperature. (A primary standard is always dried before
weighing unless it is a hydrate.)

It should be readily available.

It should have a relatively large formula weight. Therefore,
a relatively large mass of it will be weighed for titration.
This will reduce error.

Notes:

-
r

Common Titrants for Oxidation Reactions
Cerium (IV) (Ce#*)
Commonly used in place of KMnO,
Works best in acidic solution
Can be used in most applications in previous table
Used to analyze some organic compounds
Color change not distinct to be its own indicator

Cett + e Ce3"

Yellow colorless

Ce** binds anions very strongly results in variation of formal potential

1.70V in 1 F HCIO,

Formal potential 4 1.61Vin 1 F HNO; Measure activity
1.47Vin 1 F HCI not concentration

1.44V in 1 F H,S0,

Notes:
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Notes:

Common Titrants for Oxidation Reactions

> Potassium dichromate (K,Cr,0)
Powerful oxidant in strong acid
Not as strong as KMnO, or Ce**
Primarily used for the determination of Fe2*
Not an oxidant in basic solution
Color change not distinct to be its own indicator

Cr0,2 + 14H" + 660 —— 2Cr™ + 7H,0

orange green to violet
E°=1.36V
Common Titrants for Oxidation Reactions Notes:

> lodine (Solution of I, + I)

I, is actual species used in titrations with iodine

The solubility of iodine in water is small, so the determination of
oxidants must be carried out in the presence of a large excess of Kl, which
forms a soluble unstable complex compound with iodine: KI + 1, = K[l5]

12+1' 13' K=7x102
Either starch of Sodium Thiosulfate (Na,S,0;) are used as indicator

¢ %
I3+ 25,07 =3I +0=S|—S—S—S|=O
0~ (Ol
Thiosulfate Tetrathionate

Tasks to Section 8
1. Give definitions of these terms: complexometry, complexometric titration, complex,
coordination complex, central metal atom, ligand, coordinate bond, coordination number, Chelate,
complexones, EDTA complexes, metal ion indicators, masking agents, oxidation-reduction
titration, redox reagent, standard potential.
2. What are the names of complex compounds by the following formulas:
A. [Cu (NH3),](OH),,
B. [CO (NH3)5N02]C|2
Write the equations of their full dissociation. Can we use the chemical reaction between ammonia
hydroxide and metal ions in complexometry?
3. The amount of Fe in a 0.4891-g sample of ore was determined by titrating with K,Cr,0O-.
After dissolving the sample in HCI, the iron was brought into the +2 oxidation state using a Jones
reductor. Titration to the diphenylamine sulfonic acid endpoint required 36.92 mL of 0.02153 M
K,Cr,0O;. Report the ore’s iron content as %w/w Fe,0s.
4. A 25.00-mL sample of a liquid bleach was diluted to 1000 mL in a volumetric flask.
A 25-mL portion of the diluted sample was transferred by pipet into an Erlenmeyer flask
containing an excess of Kl, reducing the OCI™ to CI, and producing Is". The liberated |5~ was
determined by titrating with 0.09892 M Na,S,0s3, requiring 8.96 mL to reach the starch indicator
endpoint. Report the %w/v NaOCI in the sample of bleach.
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Section 9: Gravimetric Analyses

Contents:

2 |ntroduction

2» Gravimetric analysis

> Types of gravimetric methods

> Precipitation titrations

2 Quantitative and qualitative applications

Introduction

Gravimetry includes all analytical methods in which the analytical signal is a measurement of
mass or a change in mass.

All Gravimetric analyses rely on some final determination of weight as a means of quantifying
an analyte. These methods are among the oldest of analytical techniques.

Since weight can be measured with greater accuracy than almost any other fundamental
property, gravimetric analysis is potentially one of the most accurate classes of analytical
methods available. However, samples for gravimetric analyses need to be extensively treated to
remove interfering substances. As a result, only a very few gravimetric methods are currently
used in environmental analysis. Standards used to calibrate instruments are frequently derived
from gravimetric or titrimetric procedures.

In gravimetric analysis, the mass of a product is used to calculate the quantity of the original
analyte (the species being analyzed).

In precipitation titrations, the quantity of titrant required for complete precipitation of analyte
tells us how much analyte was present.

In combustion analysis, a sample is burned in excess oxygen, and products are measured.
Combustion is typically used to measure C, H, N, S, and halogens in organic matter. Organic
matter is burned in a closed system to measure other elements. Products and ash (solid residue)
are then dissolved in acid or base and measured by inductively coupled plasma with atomic
emission or mass spectrometry.

There are four fundamental types of gravimetric analysis.

They differ in the preparation of the sample before weighing of the analyte.

Precipitative gravimetric analysis.

As the name implies, precipitative gravimetric analyses build on the chemical precipitation of
an analyte. Its most important application in the environmental field is with the analysis of
sulphite.

Thermogravimetry.

With thermogravimetry, samples are heated, and changes in sample mass are recorded.
Volatile solids analysis is an actual example of this type of gravimetric analysis.

Electrodeposition.

Electrodeposition involves the electrochemical reduction of metal ions on a cathode and
simultaneous deposition of the ions on an anode.

In electrogravimetry, we deposit the analyte as a solid film on an electrode in an
electrochemical cell. The deposition of PbO, at a Pt anode is one example of electrogravimetry.
The reduction of Cu® to Cu at a Pt cathode is another example of electrogravimetry.

When we use thermal or chemical energy to remove a volatile species, we call the method
volatilization gravimetry. In determining the moisture content of bread, for example, we use
thermal energy to vaporize the water in the sample. To determine the amount of carbon in an
organic compound, we use the chemical energy of combustion to convert it to CO,.

Finally, in particulate gravimetry, we determine the analyte by separating it from the sample’s
matrix using filtration or extraction. The determination of total suspended solids is one example of
particulate gravimetry.

In Section 9, we will consider specific gravimetric methods. Before that, we will take a
moment to develop a broad survey of gravimetry. The descriptions of specific gravimetric
methods will focus on their similarities and their differences. It is easier to understand a new
analytical method when you can see its relationship to other similar methods.
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General Gravimetric Procedure

Notes:
aAag) + rRiaq) — AaRr(s)
analyte precipitating precipitate
reagent {in excess)
weight A
%A — 9 x 100%
weight sample
welght of Adetermined using stoichiometric ratio between A and AR,
Stoichiometry Calculations
mass moles M mass A
AR, AR,
FM stoichiometric  fp
ratio
. : : Notes:
Gravimetric Analysis
One form: isolation of a precipitate.
Typical steps:
* Determine mass of unknown solid
* Dissolve unknown in water
« Combine with excess amount of known substance to
form a precipitate (excess drives reaction to completion)
* Filter, dry and weigh the precipitate
« Use formula and mass of ppt to find % of ion in
unknown solid
Representative gravimetric analysis Notes:
Su'\N;ILyI::d Precipitated form Form weighed Some interfering species
K* KB(CgHy), KB(C4Hy), NH,", Ag*, Hg?*, TI*, Rb*, Cs*
Mg?! Mg(NH)PO, - 6H,0 Mg,P,0, Many metals except Na* and K"
Ca?* CaC,0, * H,0 CaCO, or CaO Many metals except Mg?*, Na*, K*
Ba2t BaSO, BaSO, Nat, K¥, Li*, Ca®*, APt, Cr*t, Fe't, Sr2+,
Pb2*, NO;
Crt PbCrO, PbCrO, Ag*, NH/
Mn?* Mn(NH)PO, - H,O Mn,P,0, Many metals
Fel* Fe(HCO,), Fe,O, Many metals
Co?* Co(l-nitroso- CoSO, (by reaction Fe?*, Pd?*, Zr*+
2-naphtholate), with H,SO,)
Ni2* Ni(dimethylglyoximate), Same Pd?*, p*, Bi*t, Au?!
Cu?t CuSCN CuSCN NHY;, PO, Hg?t, Ag?
Zn?t Zn(NH)PO, - H,O Zn,P,0, Many metals
Al Al(8-hydroxyquinolate) Same Many metals
Sntt Sn(cupferron), SnO, Cu?*, Pb2*, As(111)
Pb2! PbSO, PbSO, Ca?", Sr?', Ba?', Hg?', Ag", HCI, HNO,
NH*, NH,B(C¢H,), NH,B(C Hy), K*, Rb*, Cs*
cl- AgCl AgCl Br~,1-, SCN-, §27, 5,027, CN~
Br AgBr AgBr Cl7,17,SCN", 8?7, 5,0{ ,CN
1 Agl Agl Cl~, Br, SCN™, §27,5,027, CN
SCN CuSCN CuSCN NH", Pb>*, Hg?*, Ag*
CN AgCN AgCN Cl",Br,1,SCN", §27,5,02".
B~ (CHy),SnF (C4Hg),SnF Many metals (except alkali metals),
Sioj~, coz-
clo; KCIO, KCIO,
SO? BasO, BaSO, Na*, K7, Lit, Ca?*, APt Cr3Y, Fe¥*, Sr2*,
Pb2t, NO,;
PO} Mg(NH PO, - 6H,0 Mg,P,0, Many metals except Na*, K*
NO; Nitron nitrate Nitron nitrate Clo,;, 17, SCN-, CrOZ~, ClO;, NO;,

Br-, C,02
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Common organic precipitating agents

Notes:
Name Structure Some ions precipitated
N—OH
Dimethylglyoxime I Ni?*, Pd**, Pi*+
“N—OH
/N=O
Cupferron N\ Fe*, VO, Ti*F, Zrt*, Cett, Ga**, Sn**
O~NH]
8-Hydroxyquinoline (oxine) O Mg?*, Zn2", Cu*, Cd**, Pb**, AI**, Fe', Bi**,
N Ga**, Th**, Z**, UO2*, TiO?*
OH
N¢O
1-Nitroso-2-naphthol OH Co?*, Fe3*, Pd?+, Zr*t
N NCgH5
Nitron ) NO;, CIO;, BF;, W02~
NN :
VAR N
CgHs CeHs
Sodium tetraphenylborate Na*B(C.H,), K*,Rb*, Cs*, NH*,, Ag*, organic ammonium ior
Tetraphenylarsonium chloride (CgHy),AsTCI™ Cr,037, MnO7,, ReO;, MoO}~, WO?2~, CIO, 15
-H Notes:
OH o’ o
I’!l | |
N N
Z N N
Ni2*t + 2 — /Ni\ + 2H*
x P
SN N N
Lol
o .0
DMG Bis(dimethylglyoximate)nickel(ll)
FM58.69  Em116.12 FM 288.91
OM heat
ea
ABt — Al — Al,04
O
0.85549
FM 26.982 FM 101.961
Impurities such as Ag*, Mn?*, Zn?*, Cd?*, Hg?*, Fe?*, and Notes:

Ga3* are masked using -

cl
<<:>2_>7N\
0 OH

N-p-Chlorophenylcinnamo-
hydroxamic acid (RH)
(The two oxygen atoms that bind
to metal ions are bold.)
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Selected Analyses and "Masking" Notes:

Species Precipitated Form Some Interfering Species
Analyzed Form Weighed
Cl AgCl AgCl Br, I, SCN-, S%, S,0,%, CN-
Br- AgBr AgBr Cl, I, SCN-, 8%, S,0,%, CN-
I Agl Agl Cl, Br, SCN-, S, S,0,%, CN-
SO,> BaSO, BasSO, Na*, K*, Li*, Ca2*, Al¥*, Cr3*, Fe3*,
Sr?*, Pb?*, NOy

Precipitates Notes:

elarge particle size ‘ ease of filtering

ecolloids 1-500 nm, charged (migrate in an electric field), don't settle out
(suspended by Brownian motion), pass through filter paper

*need to promote particle growth over nucleation

L . . Fe**-hydroxide
Precipitation mechanisms are still
poorly understood, but they do depend on -
1. solubility

temperature

Fe3*-phosphate Fe3*-silicate

2
3. reactant concentrations
4

Relative number of particles
1T 111117 17T 17T 1T

rate of mixing

pm—
-
=1 1 Y= I

200 240 280
Particle diameter (nm)

Precipitation in the presence of electrolyte
(e.g. 0.10 M HNOy)

Notes:

* we want the particles to coagulate together to make bigger
particles

* since the colloids are charged however, they repel each other

 the charge on the colloid depends on which lattice ions are in
excess in solution, e.g. for AgCl the lattice ions are Ag* and CI-

« if excess Ag* in solution, then + colloids
« if excess CI- in solution, then - colloids

« if unknown = CI- and it's being precipitated out with Ag*, then
initially the excess lattice ion is ClI- and the colloids are
negatively charged.

« after all of the CI is precipitated out, adding more Ag* will
change the colloid charge to +
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An AgCI colloid growing in a solution of excess CI- will Notes:
be negatively charged -

The added electrolyte
HNO; = H* + NOy
adds to the region around
the colloid which is called
the "ionic atmosphere".

NO3
NO3

® ®®©.
3 'o @%8@
® %@@O'

® No;

The added electrolyte
shrinksthe ionic atmosphere
and makes it easier for
colloids to "stick" together

Boundary of
ionic atmosphere

A 0.825 g sample of an ionic compound containing Notes:
chloride ions and an unknown metal is dissolved in water
and treated with excess silver nitrate. If 1.725 g of

AgCl precipitate forms, what is the percent by mass of
Cl in the original sample?

Steps in solution:
* Find the % of Cl in AgCI

« Multiply the % of Cl by the mass of the precipitate to obtain
the Cl in the sample

» Divide the mass of Cl in sample by total mass of sample
(multiply by 100 for %)

Notes:

35.45 gCl
143.35 g AgCl

% Cl= x 100 =24.7%

0.247 x 1.725g AgCl ppt = 0.427 g Cl 1n sample

0427 g Cl
0.825 g sample

% Cl 1 unknown = x 100 = 51.7%Cl
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Thermogravimetric Analysis

Thermogravimetry and combustion analysis involve the
heating of a sample to 500° C or more with the oxidation
and/or volatilization of some of the sample constituents.

Either the change of sample weight is determined
(thermogravimetry), or the combustion gases are trapped and

weighed (combustion analysis).

With thermogravimetric methods, it is especially important
to return the sample to room temperature before weighing.

The former method is used for volatile solids analysis in
engineering. The latter is used in many fields of science for
the determination of total carbon and hydrogen in solids.

Notes:

Thermogravimetric Analysis Notes:
The mass of the sample is measured as a function of
temperature
OH HO OH HO
~200°C
@ @ - HO0 @ @
COZCa02C COZCEOZC
Calcium salicylate monohydrate (CaCyqH1406)
(CaC,,4H, 405 H,0)
~300°C
o\
~700°C ~500°C Ca
Ca0 <«—— (CaCO; <— |
Calcium oxide Calcium carbonate 0
o
(CaC,H,0,)
OH HoO ) OH HO Notes:
@: j@-ﬂzoﬂ-@ j@ N I N N I I
€0,€a0,C €0,€a0,C 0 cac14H1006. |-|20 -

Calcium salicylate monohydrate (CaCyqH100¢)
(CaCy4H,(0¢° H,0)
~300°C

~700°C ~500°C Ca
Cd0 —— (aC0; «— |

Calcium oxide Calcium carbonate

(CaC,H,0,)

o
Mass loss (%)

For this gravimetric analysis,
the precipitate must be heated to at
least 800 °C in order to drive off all
the water, volatilize the HNO;, and
reduce the sample to CaO.

="heating to constant weight"

100 .

| I I T

200 400 600 800 1000
Temperature (°C)
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Notes:

Precipitation titration

Titrations with precipitating agents are useful for
determining certain analyte. Example: CI- can be
determined when titrated with AQNO,

Conditions for precipitation titration :

Precipitate must be practically insoluble

Precipitation reaction must be rapid

Precipitation reaction must be quantitative

No interference by adsorption effect (co-precipitation)
Able to detect equivalent point during titration

ahowbdE

Detection of end point in precipitation titration

Notes:
__— Initial volume
) o l! reading
1. Formation of coloured precipitate o 5@4/ B
2. Formation of soluble coloured compound ll
S A ‘: AgNO;4

3. Use of adsorption indicator e i/ ,
4. Turbidity method

Formation of coloured precipitate

Chlorides are present in all types ;
of water resources at a varying concentration
depending on the geo-chemical conditions in
the form of CaCl,, MgCl, and NaCl.

Chlorides are introduced into the water resources from the
discharge of effluents from chemical industries, sewage disposal
and seawater intrusion in coastal region.

The concentration of chloride ions more than 250 ppm is not
desirable for drinking purpose. The total chloride ions can be
determined by argentometric method (Mohr’s Method)

Detection of end point in precipitation titration Notes:

In this method, first the analyte react with the titrant after the
analyte is reacted completely the next drop if titrant react with
indicator and formed small quantity of colored precipitate which
indicate end point of titration (Mohr’s method)

Example:

Assay of NaCl with silver nitrate with dilute potassium chromate
solution as indicator.

Kep(AgCl) = 1.2 x 1010 = [Ag+] [CH]
Ksp(AQ,Cro,) =1.7 x 1012 = [Ag*]? [CrO,*]

We expect that the salt with smaller Ky, should precipitate first,
this is true if both salt dissociate to yield same number of ions. But in
this case the chloride ions are in excess than that of chromate ion
and concentration of chromate ion very dilute i.e. 0.0014M, hence the
chloride precipitate first and then chromate will precipitate as colored
comnotind
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Detection of end point in precipitation titration

Reactions in the Mohr’s Method are given below
In this method CI- ion solution is directly titrated against AGQNO,
using potassium chromate (K,CrO, ) as the indicator.

AgNO; + CI- AgCl | + NO;-
in water white precipitate

At the end point, when all the chloride ions are removed, the
yellow colour of chromate changes into reddish brown due to the
following reaction.

yellow reddish brown

Notes:

Detection of end point in precipitation titration

Conditions for Mohr’s method
1. Very dilute solution of pot chromate should be used.
2. The titration should be carried out neutral or slight alkaline
condition i.e. pH 6.5 to 9. In acidic condition, hydrogen chromate will
be formed and in highly alkaline condition silver hydroxide
(Ksp =2.3:108).
3. Solubility product of silver chromate increase with rise in
temperature.

Ammonium salt, iodide salts and thiocyanate salt cannot be
done by Mohr’s method because:

1. In the presence of ammonium salt, the ammonia do have effect
of solubility of silver salt due to increase in pH ;

2. Agl and AgSCN adsorb chromate strongly hence false, indistinct
end point results.

Notes:

Detection of end point in precipitation titration

Assay of sodium chloride by Mohr’s Method:

Preparation and standardization of 0.1 N silver
nitrate solution

Preparation of potassium chromate indicator
solution

Application: determination of NaCl, KCI

Notes:
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Formation of soluble Precipitate. Determination Notes:
of chloride by Volhard Method

This is an indirect method for chloride determination where an
excess amount of standard Ag* is added to the chloride solution
containing Fe3* as an indicator. The excess Ag* is then titrated with
standard SCN- solution until a reddish-brown colour is obtained
which results from the reaction:

NaCl + AgNO; — AgCl + NaNOs + excess Ag*
Excess Ag® + SCN — AgSCN |
Fe3* + SCN- = Fe(SCN)?*
yellow reddish-brown
The boiling of solution for 10 min is essential to coagulate the
precipitate of silver chloride. Nitrobenzene is added in this method

which prevents the interactions between silver chloride and
ammonium thiocyanate by forming coat over the silver chloride.

Differentiate between _
Notes:

Direct titration of halide with silver Indirect titration or back titration

nitrate

Indicator — Pot Chromate Indicator Ferric ammonium
sulphate

End point- red precipitate of silver End point- red soluble complex of

chromate ferric thiocyanate

Condition for titration : Neutral to Condition for titration : Acidic

alkaline (pH 6.5 - 9.0) solution

Titration of lodide and cyanate is Can be used for determination of

not possible chloride, bromide and iodide

As solubility of silver chromate As the color of ferric thiocynate

increases with rising temp, complex fades above 25°C, the

titration are carried out at RT titration are carried below 20°C

Tasks to Section 9
1. Give definitions of these terms: gravimetric analysis, physical gravimetry, thermogravimetry,
precipitative gravimetric analysis, electrodeposition, precipitation titrations, method volatilization
gravimetry, particulate gravimetry, electrogravimetry

2. A 10.00-mL solution containing ClI was treated with excess AgNO; to precipitate
0.4368 g of AgCIl. What was the molarity of CI” in the unknown?

3. Marie Curie measured the atomic mass of the element radium, which she discovered.
She knew that radium is in the same family as barium, so the formula of radium chloride is RaCl,.
When 0.09192 g of pure RaCl, was dissolved and treated with excess AgNO3, 0.08890 g of AgCI
precipitated. How many moles of CI” were in the RaCl,? From this measurement, find the atomic
mass of Ra.

4. The piperazine content of an impure WanW -
commercial material can be determined by N HN:+ 2CHCOH = HN — NHy(CH,CO,),
precipitating and weighing the diacetate: Piperazine Acetic acid Piperazine diacetate

FM 86.136 FM 60.052 EM 206.240
In one experiment, 0.312 6 g of sample was dissolved in 25 mL of acetone, and 1 mL of acetic
acid was added. After 5 min, the precipitate was filtered, washed with acetone, dried at 110°C,
and found to weigh 0.7121 g. Find wt% of piperazine in the sample.
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Appendices

A. Dissociation constants and pK, values for acids at 25°C

Name Formula Ka pKa Kaz pPKaz  [Kaz pPKaz  |Kaa PKaa
Acetic acid CHCOH 175107 4.756

Arsenic acid HsASO, 55107 2.26 171077 6.76 511077 11.29
Benzoic acid CeHsCOzH 6.2510°° 4.204

Boric acid H3BOs 5410+ 9.27* >1-107* >14*

Bromoacetic acid CH,BrCO,H 1.3107° 2.90

Carbonic acid H,COs 45107 6.35 4710 10.33

Chloroacetic acid CH,CICO,H 1.3107° 2.87

Chlorous acid HCIO, 11107 1.94

Chromic acid H,CrO, 1.8107 0.74 3.2107 6.49

Citric acid CeHgO- 74107 3.13 1.7-107° 4.76 4.0107" 6.40
Cyanic acid HCNO 351077 3.46

Dichloroacetic acid CHCI,COzH 451072 1.35

Fluoroacetic acid CH,FCO,H 2.6:107° 2.59

Formic acid CH,0, 1.8107° 3.75

Hydrazoic acid HN3 25107 4.6

Hydrocyanic acid HCN 6.210 7 9.21

Hydrofluoric acid HF 6.3107" 3.20

Hydrogen selenide H.Se 13107 3.89 1.0-10" 11.0

Hydrogen sulfide H.S 8.9-10° 7.05 11077 19

Hydrogen telluride H.Te 2.510°F 2.67 110" 11

Hypobromous acid HBro 2.8107° 8.55

Hypochlorous acid HCIO 4.010° 7.40

Hypoiodous acid HIO 3.210 " 10.5

lodic acid HIO; 1.7-107 0.78

lodoacetic acid CH,ICOzH 6.61107" 3.18

Nitrous acid HNO, 56:107" 3.25

Oxalic acid C,H,0, 56107 1.25 151077 3.81

Periodic acid HIO, 2.3:107 1.64

Phenol CeHsOH 1.0-107° 9.99

Phosphoric acid HsPO, 6.9107° 2.16 6.210° 7.21 4810 ° 12.32
Phosphorous acid H3PO3 5.0-10 > 1.3* 2.01107"* 6.70*

Pyrophosphoric acid H4P,0; 12107 0.91 7.9107° 2.10 2.011077 6.70 481070 9.32
Resorcinol CgH4(OH), 48100 9.32 7.91077 11.1

Selenic acid H,SeO, Strong Strong 2.0107 1.7

Selenious acid H,SeO; 24107 2.62 48107 8.32

Sulfuric acid H,SO,4 Strong Strong 1.0-1072 1.99

Sulfurous acid H,S0s 14107 1.85 6.3:107° 7.2

meso-Tartaric acid C4Hs0s 6.8:10" 3.17 12107 4.91

Telluric acid H,TeO, 2.110°%F 7.68" 1.0-10F 11.07

Tellurous acid H,TeOs 54107 6.27 3.7:107° 8.43

Trichloroacetic acid CCI3;COH 22107 0.66

Trifluoroacetic acid CF3CO,H 3.0107 0.52

* Measured at 20°C, not 25°C.
I Measured at 18°C, not 25°C.

B. Dissociation constants and pKj, values for bases at 25°C

Name Formula Kp pKp
Ammonia NH; 1.8x10° | 4.75
Aniline CeHsNH, 7.4x10"° | 9.13
n-Butylamine C4HoNH, 4.0x10"° [ 3.40
sec-Butylamine | (CH3),CHCH.NH, | 3.6 x 10 | 3.44
tert-Butylamine | (CH3)sCNH, 48x10" [3.32
Dimethylamine | (CH3),NH 54x10" | 3.27
Ethylamine C,HsNH, 45x10" | 3.35
Hydrazine N,H, 1.3x10° | 5.9

Hydroxylamine | NH,OH 8.7x10° | 8.06
Methylamine CHsNH, 46x10" [ 3.34
Propylamine C3H;NH, 35x10" | 3.46
Pyridine CsHsN 1.7x10° | 8.77
Trimethylamine | (CHs)sN 6.3x10° | 4.20
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C. Solubility-product constants (Ksp) for compounds at 25°C

Compound Name Compound Formula | Ksp
Aluminium phosphate AlPO, 9.84 x 10°°'
Barium bromate Ba(BrOs). 243 x10"
Barium carbonate BaCO3 2.58 x 10~
Barium chromate BaCrO, 1.17x10°"°
Barium fluoride BaF, 1.84 x 10~
Barium iodate Ba(IO3)2 4.01x10°
Barium nitrate Ba(NOs), 4.64 x107°
Barium sulfate BaSO4 1.08x 107"
Barium sulfite BaSOs; 50x10"°
Beryllium hydroxide Be(OH), 6.92 x 10~
Bismuth arsenate BiAsO4 4.43x10°"
Bismuth iodide Bils 7.71x10 "
Cadmium carbonate CdCOs 1.0x10°"
Cadmium fluoride CdF, 6.44 x 107°
Cadmium hydroxide Cd(OH), 7.2x10 "
Cadmium iodate Cd(103)2 25x10°
Cadmium phosphate Cd3(POy)> 253x10°>°
Cadmium sulfide Cds 8.0x 107
Calcium carbonate CaCOs 3.36 x10°
Calcium fluoride CaF 3.45x107"
Calcium hydroxide Ca(OH), 5.02 x 10°
Calcium iodate Ca(l03); 6.47 x10°
Calcium phosphate Cas(POy)> 2.07 x 107>
Calcium sulfate CaS04 4.93x10°
Caesium perchlorate CsClO, 3.95x10°
Caesium periodate CslO,4 5.16 x 10°
Cobalt(ll) arsenate Co3(AsO,)2 6.80 x 10>
Cobalt(ll) hydroxide Co(OH), 5.92x 10"
Cobalt(ll) phosphate Co3(POy)2 2.05 x 10>°
Copper(l) bromide CuBr 6.27 x 10
Copper(l) chloride cucl 1.72 x 107’
Copper(l) cyanide CuCN 347 x10°7°
Copper(l) iodide Cul 1.27x10° "
Copper(l) thiocyanate CuSCN 1.77x10°"°
Copper(ll) arsenate Cus(AsOa), 7.95 x 10°°
Copper(ll) oxalate CuC,04 4.43x107"°
Copper(ll) phosphate Cus(POy)> 1.40 x 107
Copper(l) sulfide CusS 6.3x107°°
Europium(ll) hydroxide Eu(OH)3 9.38 x 107/
Gallium(ll) hydroxide Ga(OH)3 7.28 x10°°
Iron(ll) carbonate FeCOs 3.13x107"
Iron(1l) fluoride FeF, 2.36 x10°
Iron(1l) hydroxide Fe(OH), 4.87 x10° "7
Iron(lll) hydroxide Fe(OH)s 279 x 107>
Iron(lll) sulfide FeS 6.3x10°"°
Lanthanum iodate La(103)s 7.50 x 10"
Lead(ll) bromide PbBr; 6.60 x 10°
Lead(ll) carbonate PbCO; 7.40x10 "
Lead(ll) chloride PbCl, 1.70 x 107
Lead(ll) fluoride PbF, 3.3x10°
Lead(ll) hydroxide Pb(OH), 1.43x 1077
Lead(ll) iodate Pb(103), 3.69x10 "
Lead(ll) iodide Pbl, 9.8x10"°
Lead(ll)selenite PbSeO, 1.37 x 107’
Lead(ll) sulfate PbSO, 2.53x10°
Lead(ll) sulfide PbS 8.0x10™%°
Lithium carbonate Li,CO3 8.15x 10"
Lithium fluoride LiF 1.84x10°
Lithium phosphate LisPO4 2.37x10°"
Magnesium carbonate MgCOs 6.82 x 107°
Magnesium fluoride MgF, 5.16 x 107"
Magnesium hydroxide Mg(OH)2 5.61x10 7
Magnesium phosphate Mgs(PO4), 1.04 x 107
Manganese(ll) carbonate MnCOs 2.24x107"
Manganese(ll) iodate Mn(I103)2 4.37 x 10’
Mercury(l) bromide Hg.Br2 6.40 x 10 ~°
Mercury(l) carbonate Hg2COs 3.6x10 "
Mercury(l) chloride Hg.Cl, 1.43x10°"°
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Compound Name Compound Formula | Ksp
Mercury(l) fluoride HgF2 3.10x10°
Mercury(l) iodide Hgaly 52 x10%
Mercury(l) oxalate Hg2C204 1.75x10°"°
Mercury(1) sulfate Hg2S04 6.5x 10’
Mercury(l) thiocyanate Hg2(SCN), 3.2x107
Mercury(ll) bromide HgBr; 6.2 x 10
Mercury (I1) iodide Hgl, 2.9x10%
Mercury(ll) sulfide (red) HgS 4x107>°
Mercury(ll) sulfide (black) HgS 1.6x10™>
Neodymium carbonate Nd2(CO3)s 1.08 x 10>
Nickel(ll) carbonate NiCO3 1.42 x 10~
Nickel(ll) hydroxide Ni(OH) 5.48 x 107 "°
Nickel(ll) iodate Ni(103); 471 %107
Nickel(Il) phosphate Niz(PO.)2 4.74 x 10°*
Palladium(ll) thiocyanate Pd(SCN); 439 x 10 %
Potassium hexachloroplatinate | K;PtCle 7.48 x 10°
Potassium perchlorate KCIO4 1.05 x 10°°
Potassium periodate KIO4 3.71x10™"
Praseodymium hydroxide Pr(OH); 3.39x 107
Rubidium perchlorate RbCIO, 3.00 x 10~
Scandium fluoride ScFs 5.81 x 10>
Scandium hydroxide Sc(OH)s 2.22 %10
Silver(l) acetate AgCH3CO; 1.94x10°
Silver(l) arsenate AgzAsO4 1.03x 107
Silver(l) bromate AgBros; 538 x 10"
Silver(l) bromide AgBr 535x10 "°
Silver(l) carbonate Ag>COs 8.46 x 10 °
Silver(l) chloride AgCl 1.77 x10°"°
Silver(l) chromate Ag2CrO, 1.12x10° 7
Silver(l) cyanide AgCN 597 x 10"/
Silver(l) iodate AglO; 3.17x10°
Silver(l) iodide Agl 8.52x10 "/
Silver(l) oxalate AgC,04 540 x 10 "~
Silver(l) phosphate AgzPO, 8.89 x 10"’
Silver(l) sulfate Ag>SO, 1.20x107°
Silver(l) sulfide Ag,S 6.3x10"°
Silver(1) sulfite Ag;SO03 1.50 x 10""*
Silver(l) thiocyanate AgSCN 1.03x10 "7
Strontium arsenate Sr3(AsOy)2 429x10 "
Strontium carbonate SrCOs 5.60 x 10"
Strontium fluoride SrF, 4.33x10"°
Strontium iodate Sr(10z), 1.14 x 10°"
Strontium sulfate SrS0O4 3.44 %10
Thallium(l) bromate TIBrO3 1.10 x 10"
Thallium(l) bromide TIBr 3.71x10°
Thallium(l) chloride TICI 1.86 x 10"
Thallium(l) chromate TI,CrO4 8.67x10 "°
Thallium(1) iodate TIO;3 3.12x10°
Thallium(1) iodide Tl 5.54x10°
Thallium(1) thiocyanate TISCN 1.57 x10™°
Thallium(l11) hydroxide TI(OH)s 1.68x 10"
Tin(ll) hydroxide Sn(OH), 5.45 x 10~
Tin(1l) sulfide snS 1.0x107°%°
Yttrium carbonate Y,5(CO3)3 1.03x 107"
Yttrium fluoride YFs 8.62 x 10~
Yitrium hydroxide Y(OH)3 1.00 x 107
Yttrium iodate Y(103)s 1.12x10 "
Zinc arsenate Zn3(AsOa), 2.8x10°%°
Zinc carbonate ZnCOs 1.46 x 107"
Zinc fluoride ZnF, 3.04x10°°
Zinc hydroxide Zn(OH), 3x107"
Zinc selenide ZnSe 3.6 x10°°°
Zinc sulfide (wurtzite) ZnS 1.6 x10*
Zinc sulfide (sphalerite) ZnS 25x107
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D. Standard reduction potentials at 25°C

Half-reaction E° (V)
Ac” +3e” > Ac -2.20
Ag' +e — Ag 0.7996
AgBr+e — Ag + Br 0.07133
AgCl+e — Ag + CI° 0.22233
Ag2CrO,4 + 2 — 2Ag + CrO4° 0.4470
Agl+e > Ag+ 1~ -0.15224
Ag,S +2e” > 2Ag + S© -0.691
AgyS + 2H" + 2e” - 2Ag + H,S -0.0366
AgSCN + e — Ag + SCN~ 0.08951
AP+ 3e” 5 Al -1.662
Al(OH),” + 3e” - Al + 40H~ -2.328
Am°" +3e” > Am -2.048
As + 3H" + 3e” — AsH3 -0.608
HsAsO4 + 2H™ + 2™ — 0.560
HAsO, + 2H,0

Au'+e — Au 1.692
AU” +3e - Au 1.498
HsBOs + 3H" + 3e” — B + 3H,0 -0.8698
Ba’ +2e — Ba -2.912
Be” +2e” — Be -1.847
Bi*" + 3e” — Bi 0.308
BiO" + 2H" + 3e” — Bi + H,O 0.320
Bry(aq) + 2e” — 2Br_ 1.0873
Bra(l) + 2 — 2Br_ 1.066
BrOs + 6H" + 5" — 1/2Br, + 3H,0 1.482
BrOs +6H" + 6e” — Br + 3H,0 1.423
CO, + 2H" + 2e” — HCOzH -0.199
Ca” +2e — Ca -2.868
Ca(OH), + 2e” — Ca + 20H~ -3.02
Cd*" + 2e”" — Cd -0.4030
CdSO, + 2e” — Cd + S04~ -0.246
Cd(OH)s* + 2e” — Cd + 40H" -0.658
Ce** +3e — Ce -2.336
Ce” +e — Ce” 1.72
Cly(g) + 2e” - 2CI° 1.35827
HCIO + H" + e — 1/2Cl, + H.0O 1.611
HCIO + H" + 2e” — CI” + H,O 1.482
ClIO™ + H,0 + 2e” — CI” + 20H~ 0.81
ClO; + 6H" + 5" — 1/2Cl, + 3H,0 1.47
ClO; +6H' + 6e” — CI” + 3H,0 1.451
ClO4 +8H' + 7e” — 1/2Cl, + 4H,0 1.39
ClO, + 8H' + 8" — ClI” + 4H,0 1.389
Co”  +2e — Co -0.28
Co” +e” — Co™" 1.92
Crr" +2e” — Cr -0.913
Ccri+e —Cr -0.407
crrf+3e” > Cr -0.744
Cr,07 + 14H" +6e” — 2Cr" + 7TH,O | 1.232
CrO,~ + 4H,0 + 3e” — -0.13
Cr(OH)s + 50H"

Cs'+e —Cs -3.026
Cu' +e — Cu 0.521
Cu+e »Cu 0.153
Cu®" +2e” — Cu 0.3419
Cul, +e —»Cu+2I” 0.00
Cu,0 + H,0 + 2e” — 2Cu + 20H~ -0.360
Dy +3e” — Dy -2.295
Erf +3e” — Er -2.331
Es®* +3e” — Es -1.91
Eu” +2e” — Eu -2.812
Eu® +3e” — Eu -1.991
F, +2e” — 2F 2.866
Fe’" +2e” - Fe -0.447
Fe®* + 3e” — Fe -0.037
Fe®" + e~ — Fe® 0.771
[Fe(CN)s]” + e — [Fe(CN)e]*™ 0.358
Fe(OH); + e” — Fe(OH), + OH~ -0.56
Fm® +3e” — Fm -1.89
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Half-reaction E° (V)
Fm* +2e” — Fm -2.30
Ga®* +3e” > Ga -0.549
Gd* + 3e” - Gd -2.279
Ge®" +2e” - Ge 0.24
Ge™ +4e” - Ge 0.124
2H" +2e” > H, 0.00000
H, + 2e” — 2H" -2.23
2H,0 + 26~ — H, + 20H~ -0.8277
H,0, + 2H" + 2e” — 2H,0 1.776
Hf*" + 4e” — Hf -1.55
Hg™ + 2e” > Hg 0.851
2Hg”" + 2e” — Hg,”" 0.920
Hg.Cl; + 2" — 2Hg + 2CI° 0.26808
Ho’" + 2e” — Ho -2.1
Ho " + 3e” — Ho -2.33
I, + 2e” — 21 0.5355
Is +2e — 3 0.536
2105 + 12H" + 10e” — I, + 6H,0 1.195
105" + 6H" + 6e” — |” + 3H,0 1.085
In"+e —In -0.14
In°* +2e” > In* -0.443
In®* +3e” > In -0.3382
I +3e" > Ir 1.156
Kr'+e 5K -2.931
La> +3e — La -2.379
Li'+e —Li -3.0401
Lr* +3e —Lr -1.96
Lu® +3e > Lu -2.28
Md® + 3e” — Md -1.65
Md=" + 2e” - Md -2.40
Mg”~ + 2e” — Mg -2.372
Mn“ +2e” — Mn -1.185
MnO, + 4H" + 2e” — Mn” + 2H,0 1.224
MnO4 + 8H™ + 58" — Mn?" + 4H,0 1.507
MnO4 + 2H.0 + 3e” — 0.595
MnO, + 40H"

Mo° + 3e” — Mo -0.200
N, + 2H,0 + 6H" + 6e” — 2NH,OH 0.092
HNO, + H" + e~ — NO + H,0O 0.983
NO; + 4H" + 3e” — NO + 2H,0 0.957
Na'+e — Na -2.71
Nb>* + 3e” — Nb -1.099
Nd® + 3e” — Nd -2.323
NiZF + 2e” — Ni -0.257
No>* + 3e” — No -1.20
No*" + 2e” — No -2.50
Np~" +3e” > Np -1.856
0, + 2H" + 2e” — H,0» 0.695
0, + 4H" + 4e” — 2H,0 1.229
O, + 2H.0 + 2e — H,O, + 20H" -0.146
O3+ 2H" +2e” — O, + H.0 2.076
0sO4 + 8H" + 8e” — Os + 4H,0 0.838
P + 3H,0 + 3e” — PHs(g) + 30H" -0.87
PO,> + 2H,0 + 2™ — -1.05
HPOs> + 30H"

Pa’* +3e — Pa -1.34
Pa’ +4e — Pa -1.49
Pb’* +2e” > Pb -0.1262
PbO + H,O + 2e” — Pb + 20H" -0.580
PbO, + SO4°” + 4H" + 2¢” — 1.6913
PbSO, + 2H,0

PbSO, + 2e” — Pb + SO, -0.3588
Pd“" + 2e” — Pd 0.951
Pm°" +3e” > Pm -2.30
Po™ +4e” — Po 0.76
Pr¥* +3e” — Pr -2.353
Pt +2e” — Pt 1.18
[PtCl]* + 2e” — Pt + 4CI 0.755
Pu® +3e” — Pu -2.031
Ra’ +2e” — Ra -2.8
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E. Properties of water

Half-reaction E° (V)
Rb*+e — Rb -2.98
Re’" +3e” > Re 0.300
Rh®* + 3e” > Rh 0.758
RU +e” — Ru*" 0.2487
S+2e — 87 -0.47627
S+ 2H" + 2e” — H»S(aq) 0.142
2S +2e” — S5 -0.42836
H,SOs + 4H™ + 4™ — S + 3H,0 0.449
S04 + H,0 +2e” — S0O3° +20H | -0.93
Sb + 3H" + 3e” — SbHs -0.510
Sc® +3e” — Sc -2.077
Se + 2e — Se”” -0.924
Se + 2H" + 2e” — H,Se -0.082
SiFe" + 4e — Si+ 6F -1.24
Sm> + 3e” — Sm -2.304
Sn” +2e” — Sn -0.1375
Sn* +2e” — Sn”* 0.151
St +2e” — Sr -2.899
Ta* +3e - Ta -0.6
TcO4 +4H' + 3e” — TcO, + 2H,0 0.782
TcO4 +8H' + 7e” — Tc + 4H,0 0.472
Tb® +3e” > Tb -2.28
Te +2e — Te” -1.143
Te™ + 46 > Te 0.568
Th* + 4e” — Th -1.899
T +2e > Ti -1.630
T +e - Tl -0.336
TP +2e > TI" 1.252
TP +3e =TI 0.741
U +3e > U -1.798
VO, + 2H" + e~ — VO™ + H,0 0.991
V,0s + 6H" + 2 — 2VO™ + 3H,0 0.957
W,0s + 2H" + 2e” — 2WO, + H,0 -0.031
XeOs; + 6H" + 6e” — Xe + 3H,0 2.10
Y +3e oY -2.372
Yb¥* +3e” - Yb -2.19
Zn"* +2e” — Zn -0.7618
Zn(OH)s*” + 2e” — Zn + 40H" -1.199
Zn(OH), + 2e” — Zn + 20H" -1.249
ZrO, + 4H" + 4™ — Zr + 2H,0 -1.553
Zr" + 46" — Zr -1.45

Density: 0.99984 g/cm® at 0°C

0.99970 g/cm® at 10°C

0.99821 g/lcm® at 20°C

0.98803 g/cm® at 50°C

0.95840 g/cm® at 100°C

Enthalpy (heat) of vaporisation: 45.054 kJ/mol at 0°C

43.990 kJ/mol at 25°C

42.482 kJ/mol at 60°C

40.657 kJ/mol at 100°C

Surface tension: 74.23 J/m?® at 10°C

71.99 J/m? at 25°C

67.94 JJm? at 50°C

58.91 J/m” at 100°C

Viscosity: 1.793 mPa-s at 0°C

0.890 mPa:s at 25°C

0.547 mPa:s at 50°C

0.282 mPa:-s at 100°C

lon-product constant, Ku (or Kizo): 1.15 x 10”° at 0°C

1.01 x 10 * at 25°C

5.31 x 10 " at 50°C

5.43 x 10" "° at 100°C

Specific heat (Cs): 4.2176 J/(g-°C) at 0°C

4.1818 JI(g-°C) at 20°C

4.1806 J/(g-°C) at 50°C

4.2159 J/(g-°C) at 100°C
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Vapour pressure of water

T(°C) P(kPa) P(mmHg) | T(°C) P(kPa) P(mm Hg)
0 0.61129 | 4.585 60 19.932 | 149.50
5 0.87260 | 6.545 65 25.022 | 187.68
10 1.2281 9.211 70 31.176 | 233.84
15 1.7056 12.793 75 38.563 | 289.24
20 2.3388 17.542 80 47.373 | 355.32
25 3.1690 23.769 85 57.815 | 433.64
30 4.2455 31.844 90 70.117 | 525.91
35 5.6267 42.203 95 84.529 | 634.01
40 7.3814 55.364 100 101.32 | 759.95
45 9.5898 71.929 105 120.79 | 905.99
50 12.344 92.59 110 143.24 | 1074.38
55 15.752 118.15 115 169.02 | 1267.74

F. Physical constants

Selected Physical Constants

Atomic mass unit

1amu = 1.6605389 x 10 ~" g

1g=6.022142 x 10 amu

Avogadro’s number

N = 6.022142 x 10°/mol

Boltzmann’s constant

k = 1.380651 x 10 > J/K

Charge on electron

e=1.6021765x 10 " C

Faraday’s constant

F = 9.6485338 x 10" C/mol

Gas constant

R = 0.0820575 (L atm)/(mol K)

= 8.31447 J/(mol K)

Mass of electron

me = 5.485799 x 10 * amu

=09.109383 x 10 g

Mass of neutron

m, = 1.0086649 amu

=1.6749273 x 10 “* g

Mass of proton

mp = 1.0072765 amu

=1.6726217 x 10 " g

Pi

= 3.1415927

Planck’s constant

h =6.626069 x 10 >*J s

Speed of light (in vacuum)

Cc = 2.99792458 x 10° m/s (exact)

G. Formation constants for complex ions in aqueous solutions

Complex ion Equilibrium equation Kst
Ammonia complexes  [[Ag(NH3)2]" Ag’ + 2NH3 < [Ag(NHa3),]" 1.1 x 10°
[Cu(NH3) ]~  |Cu™ + 4NH3 — [Cu(NH3)s" 2.1x10"
[Ni(NHa3)e]™ Ni“" + 6NH3z « [Ni(NH3)e]” 5.5 x 10°
Cyanide complexes [Ag(CN)2]” Ag® + 2CN” < [Ag(CN)2]” 1.1 x 10"
[NI(CN)J* Ni“" + 4CN” « [Ni(CN)JJ* 2.2 x10%
[Fe(CN)e]*™ Fe® + 6CN™ — [Fe(CN)g]” 1x10%
Hydroxide complexes  [[Zn(OH)J* Zn** + 40H o [Zn(OH)4]* 4.6 x 10
[Cr(OH)4] Cr¥* + 40H™ & [Cr(OH)4] 8.0 x 107
Halide complexes [HgClJ* Hg™ + 4CI” o [HgCls]* 1.2 x 107
[Cdl]” Cd™ + 4l & [Cdl]* 2.6 x10°
[AIFs]” AP+ 6F o [AlIF]> 6.9 x 10™
Other complexes [Ag(S203)2]"  |Ag™ + 25,05 o [AQ(S202)2]° [2.9 x 107
[Fe(C204)3]> |Fe™ +3C,04° — [Fe(C204)3]°  [2.0 x 107

*Reported values are overall formation constants
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H. Densities of acids, alkalis and some other substances

Acids
HCI Hydrochloric acid, Mw=36.46g/M; 20°C

% (w/w) M g/L p
0.36 0.0987 3.60 1
1.36 0.3749 13.67 1.005
2.364 0.6549 23.88 1.01
3.374 0.9393 34.25 1.015
4.388 1.2276 44.76 1.02
5.408 1.5204 55.43 1.025
6.433 1.8173 66.26 1.03
7.464 2.1188 77.25 1.035
8.49 2.4217 88.30 1.04
9.51 2.7257 99.38 1.045
10.52 3.0296 110.46 1.05
11.52 3.3334 121.54 1.055
12.51 3.6370 132.61 1.06
13.5 3.9434 143.78 1.065
14.495 4.2539 155.10 1.07
15.485 4.5657 166.46 1.075
16.47 4.8787 177.88 1.08
17.45 5.1929 189.33 1.085
18.43 5.5098 200.89 1.09
19.41 5.8294 212.54 1.095
20.39 6.1517 224.29 1.1
21.36 6.4736 236.03 1.105
22.33 6.7982 247.86 1.11
23.29 7.1224 259.68 1.115
24.25 7.4493 271.60 1.12
25.22 7.7818 283.73 1.125
26.2 8.1201 296.06 1.13
27.18 8.4611 308.49 1.135
28.18 8.8111 321.25 1.14
29.17 9.1606 334.00 1.145
30.14 9.5066 346.61 1.15
31.14 9.8647 359.67 1.155
32.14 10.2256 372.82 1.16
33.16 10.5956 386.31 1.165
34.18 10.9683 399.91 1.17
36.23 11.7256 427.51 1.18
38.32 12.5071 456.01 1.19
40 13.1432 479.20 1.198

HCIO, Perchloric Acid, Mw=100.46g/M; 20°C

% (w/w) M g/L p
1 0.1000 10.05 1.005
3.61 0.3665 36.82 1.02
6.88 0.7122 71.55 1.04
10.06 1.0615 106.64 1.06
13.08 1.4062 141.26 1.08
16 1.7519 176.00 11
18.88 2.1049 211.46 1.12
21.64 2.4557 246.70 1.14
24.3 2.8059 281.88 1.16
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HNO3

26.82
29.26
31.61
33.85
36.03
38.1
40.1
42.02
43.89
45.71
47.49
49.23
50.9
52.51
54.03
55.55
57.06
58.54
60.04
61.52
63
64.5
66.01
66.76
67.51
68.26
69.02
69.77
70.15

Nitric Acid, Mw=63.01g/M;

% (wiw)
0.3296
3.982
7.53
10.97
14.31
17.58
20.79
23.94
27
30
32.94
35.93
39.02
42.14
45.27
48.42
51.71
55.13
58.78
62.7
66.97
71.63
76.71
82.39

3.1503
3.4951
3.8388
4.1782
4.5190
4.8545
5.1891
5.5212
5.8543
6.1881
6.5236
6.8606
7.1947
7.5268
7.8523
8.1838
8.5198
8.8573
9.2038
9.5532
9.9084
10.2727
10.6447
10.8321
11.0209
11.2113
11.4049
11.5982
11.6963

M
0.0523
0.6446
1.2429
1.8455
2.4528
3.0690
3.6954
4.3313
4.9706
5.6182
6.2733
6.9568
7.6789
8.4267
9.1963
9.9898
10.8328
11.7242
12.6870
13.7321
14.8799
16.1426
17.5309
19.0905

316.48
351.12
385.64
419.74
453.98
487.68
521.30
554.66
588.13
621.66
655.36
689.22
722.78
756.14
788.84
822.14
855.90
889.81
924.62
959.71
995.40
1032.00
1069.36
1088.19
1107.16
1126.29
1145.73
1165.16
1175.01

20°C
g/L
3.30
40.62
78.31
116.28
154.55
193.38
232.85
272.92
313.20
354.00
395.28
438.35
483.85
530.96
579.46
629.46
682.57
738.74
799.41
865.26
937.58
1017.15
1104.62
1202.89

1.18
1.2
1.22
1.24
1.26
1.28
1.3
1.32
1.34
1.36
1.38
14
1.42
1.44
1.46
1.48
15
1.52
1.54
1.56
1.58
1.6
1.62
1.63
1.64
1.65
1.66
1.67
1.675

1.02
1.04
1.06
1.08
1.1

1.12
1.14
1.16
1.18
1.2

1.22
1.24
1.26
1.28
1.3

1.32
1.34
1.36
1.38
14

1.42
1.44
1.46
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89.07 20.9211 1318.24 1.48

96.73 23.0273 1450.95 1.5

97.23 23.1772 1460.39 1.502

97.74 23.3298 1470.01 1.504

98.25 23.4827 1479.65 1.506

98.76 23.6359 1489.30 1.508

99.26 23.7871 1498.83 1.51

99.77 23.9410 1508.52 1.512

100 24.0121 1513.00 1.513

H3PO, Phosphoric Acid, Mw= 98.00g/M; 20°C
% (w/w) M g/L p
1 0.1024 10.04 1.0038
2 0.2060 20.18 1.0092
4 0.4163 40.80 1.02
6 0.6312 61.85 1.0309
8 0.8506 83.36 1.042
10 1.0747 | 105.32 | 1.0532
12 1.3037 | 127.76 | 1.0647
14 1.5377 | 150.70 | 1.0764
16 1.7770 | 174.14 | 1.0884
18 2.0219 | 198.14 | 1.1008
20 2.2722 | 222.68 | 1.1134
24 2.7906 | 273.48 | 1.1395
28 3.3329 | 326.62 | 1.1665
30 3.6138 | 354.15 | 1.1805
35 4.3429 | 425.60 1.216
40 5.1184 | 501.60 1.254
45 5.9372 | 581.85 1.293
50 6.8112 | 667.50 1.335
55 7.7393 | 758.45 1.379
60 8.7306 | 855.60 1.426
H>SO, Sulfuric Acid, Mw=98.08g/M; 20°C
% (w/w) M g/L p
0.261 0.0266 2.61 1

3.242 0.3372 33.07 1.02
6.237 0.6613 64.86 1.04
9.129 0.9866 96.77 1.06

11.96 1.3170 129.17 1.08
14.73 1.6520 162.03 11
17.43 1.9904 195.22 1.12

18.76 2.1614 211.99 113
23.95 2.8570 280.22 1.17
25.21 3.0330 297.48 1.18
27.72 3.3915 332.64 12

30.18 3.7540 368.20 1.22
32.61 4.1228 404.36 1.24
35.01 4.4976 441.13 1.26
37.36 4.8757 478.21 1.28
39.68 5.2594 515.84 13

41.95 5.6458 553.74 1.32
44.17 6.0346 591.88 1.34
46.33 6.4242 630.09 1.36
48.45 6.8170 668.61 1.38
50.5 7.2084 707.00 14

52.51 7.6024 745.64 1.42
54.49 8.0002 784.66 1.44
56.41 8.3971 823.59 1.46
58.31 8.7988 862.99 1.48
60.17 9.2022 902.55 15

62 9.6085 942.40 152
63.81 10.0191 | 982.67 154
65.59 10.4323 | 1023.20 | 1.56
67.35 10.8496 | 1064.13 | 1.58
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69.09 11.2708 | 1105.44 | 1.6
70.82 11.6974 | 1147.28 | 1.62
72.52 12.1261 | 1189.33 | 1.64
74.22 125617 | 1232.05 | 1.66
75.92 13.0042 | 1275.46 | 1.68
77.63 13.4554 | 1319.71 | 1.7
79.37 13.9189 | 1365.16 | 1.72
81.16 14.3983 | 1412.18 | 1.74
83.06 149047 | 1461.86 | 1.76
85.16 15.4552 | 1515.85 | 1.78
87.69 16.0932 | 1578.42 | 1.8
91.11 16.9066 | 1658.20 | 1.82
91.56 17.0088 | 1668.22 | 1.822
92 17.1093 | 1678.08 | 1.824
92.51 17.2230 | 1689.23 | 1.826
93.03 17.3388 | 1700.59 | 1.828
93.64 17.4716 | 1713.61 | 1.83
94.32 17.6177 | 1727.94 | 1.832
95.12 17.7865 | 174450 | 1.834
95.72 17.9085 | 1756.46 | 1.835
HCOOH Formic Acid, Mw=46.03g/M; 20°C

% (wiw) M g/L p

5 1.0990 50.59 1.0117
10 2.2262 102.47 1.0247
16 3.6129 166.30 1.0394
22 5.0366 231.84 1.0538
30 6.9933 321.90 1.073
38 9.0150 414.96 1.092
42 10.0515 462.67 1.1016
50 12.1747 560.40 1.1208
58 14.3419 | 660.16 1.1382
62 15.4535 711.33 1.1473
70 17.7258 | 815.92 1.1656
74 18.8947 869.72 1.1753
80 20.6144 | 948.88 1.1861
86 22.3772 | 1030.02 | 1.1977
90 23.5509 | 1084.05 | 1.2045
92 24,1423 1111.27 1.2079
94 24.7467 1139.09 1.2118
96 25.3588 | 1167.26 | 1.2159
98 25.9403 | 1194.03 | 1.2184
100 26.5327 | 1221.30 | 1.2213

CHs;COOH Acetic Acid Glacial, Mw=60.05g/M; 20°C

% (w/w) M g/L p

5 0.8372 50.28 1.0055
10 1.6863 101.26 1.0126
15 2.5466 152.93 1.0195
20 3.4175 205.22 1.0261
25 4.2981 258.10 1.0324
30 5.1872 311.49 1.0383
35 6.0826 365.26 1.0436
40 6.9862 419.52 1.0488
45 7.8939 474.03 1.0534
50 8.8052 528.75 1.0575
55 9.7187 583.61 1.0611
60 10.6331 | 638.52 1.0642
65 11.5463 | 693.36 1.0667
70 12.4566 | 748.02 1.0686
75 13.3601 | 802.28 1.0697
80 14.2535 | 855.92 1.0699
82 14.6057 | 877.07 1.0696
84 14.9549 | 898.04 1.0691
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86 15.3010 | 918.82 1.0684
88 15.6422 | 939.31 1.0674
90 15.9767 | 959.40 1.066
92 16.3057 | 979.16 1.0643
94 16.6241 | 998.28 1.062
96 16.9283 | 1016.54 | 1.0589
98 17.2157 | 1033.80 | 1.0549
100 17.4804 | 1049.70 | 1.0497
Alkalis
KOH  Potassium Hydroxide, Mw=56.1g/M; 20°C
% (w/w) M g/L p
0.197 0.0351 1.97 1
2.38 0.4327 24.28 1.02
4.58 0.8491 47.63 1.04
6.74 1.2735 71.44 1.06
8.89 1.7114 96.01 1.08
11.03 2.1627 121.33 |11
13.14 2.6233 147.17 | 1.12
15.22 3.0928 17351 | 1.14
17.29 3.5751 200.56 | 1.16
19.35 4.0701 228.33 | 1.18
21.38 4.5733 256.56 | 1.2
23.38 5.0844 285.24 | 1.22
25.36 5.6054 31446 | 1.24
27.32 6.1360 344.23 | 1.26
29.25 6.6738 374.40 | 1.28
31.15 7.2184 404.95 | 1.3
33.03 7.7718 436.00 | 1.32
34.9 8.3362 467.66 | 1.34
36.73 8.9042 499.53 | 1.36
38.56 9.4853 532.13 | 1.38
40.37 10.0745 |565.18 |14
42.15 10.6690 | 598.53 | 1.42
43.92 11.2736 | 632.45 | 1.44
45.66 11.8830 | 666.64 | 1.46
47.39 12.5022 | 701.37 | 1.48
49.1 13.1283 | 736.50 | 1.5
49.95 13.4447 754.25 1.51
50.8 13.7640 772.16 1.52
51.64 14.0836 | 790.09 | 1.53
52.05 14.2418 | 798.97 | 1.535

NaOH Sodium Hydroxide, Mw=40.0g/M, 20°C

% (w/w) M g/L p
0.159 0.0398 1.59 1
1.94 0.4947 19.79 1.02
3.74 0.9724 38.90 1.04
5.56 1.4734 58.94 1.06
7.38 1.9926 79.70 1.08
9.19 2.5273 101.09 | 1.1
11.01 3.0828 123.31 | 1.12
12.83 3.6566 146.26 | 1.14
14.64 4.2456 169.82 | 1.16
16.44 4.8498 193.99 | 1.18
18.25 5.4750 219.00 | 1.2
20.07 6.1214 244.85 | 1.22
21.9 6.7890 27156 | 1.24
23.73 7.4750 299.00 | 1.26
25.56 8.1792 327.17 | 1.28
27.41 8.9083 356.33 | 1.3
29.26 9.6558 386.23 | 1.32
31.14 10.4319 | 417.28 | 1.34
33.06 11.2404 | 449.62 | 1.36
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35.01 12.0785 | 483.14 | 1.38
36.99 12.9465 | 51786 |14

38.99 13.8415 | 553.66 | 1.42
41.03 14.7708 | 590.83 | 1.44
43.12 15.7388 | 629.55 | 1.46
45.22 16.7314 | 669.26 | 1.48
46.27 17.2356 | 689.42 | 1.49
47.33 17.7488 | 709.95 |15

48.38 18.2635 | 730.54 | 151
49.44 18.7872 | 751.49 | 1.52
50.5 19.3163 | 772.65 | 1.53

Other substances
O, Hydrogen Peroxide, Mw=34.01g/M; 18°C

% (w/w) M g/L p
1 0.2947 10.02 1.0022
2 0.5915 20.12 1.0058
4 1.1915 40.52 1.0131
6 1.8002 61.22 1.0204
8 2.4174 82.22 1.0277
10 3.0435 103.51 1.0351
12 3.6783 125.10 1.0425
14 4.3218 146.99 1.0499
16 4.9745 169.18 1.0574
18 5.6360 191.68 1.0649
20 6.3070 214.50 1.0725
22 6.9875 237.64 1.0802
24 7.6777 261.12 1.088
26 8.3779 284.93 1.0959
28 9.0891 309.12 1.104
30 9.8106 333.66 1.1122
35 11.6567 | 396.45 1.1327
40 13.5678 | 461.44 1.1536
45 15.6117 | 530.96 1.1799
50 17.5919 | 598.30 1.1966
55 19.7101 | 670.34 1.2188
60 21.9041 | 744.96 1.2416
65 24,1805 | 822.38 1.2652
70 26.5448 | 902.79 1.2897
75 28.9966 | 986.18 1.3149
80 31.5343 | 1072.48 | 1.3406
85 34.1575 | 1161.70 | 1.3667
90 36.8653 | 1253.79 | 1.3931
95 39.6564 | 1348.72 | 1.4197
NH: Ammonia, Mw=17.03g/M; 20°C
% (w/w) M g/L p

0.0465 0.0273 0.46 0.998
0.977 0.5703 9.71 0.994

1.89 1.0987 18.71 0.99
3.3 1.9068 32.47 0.984
4.27 2.4572 41.85 0.98
5.75 3.2886 56.01 0.974
6.75 3.8447 65.48 0.97
8.29 4.6926 79.92 0.964
9.34 5.2651 89.66 0.96

10.95 6.1341 104.46 | 0.954
12.03 6.7108 114.29 | 0.95
13.71 7.5997 129.42 | 0.944
14.88 8.2133 139.87 | 0.94
16.65 9.1316 155.51 | 0.934
17.85 9.7478 166.01 | 0.93
19.67 10.6724 | 181.75 | 0.924
20.88 11.2799 |192.10 | 0.92
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22.75 12.2099 | 207.94 | 0.914
24.03 12.8405 | 218.67 | 0.91
26 13.8015 | 235.04 | 0.904
27.33 14.4433 | 245.97 | 0.9
29.33 15.3970 | 262.21 | 0.894
30.68 16.0336 | 273.05 | 0.89
32.84 17.0467 | 290.31 | 0.884
34.35 17.7499 | 302.28 | 0.88
NH,OH Hydroxylamine, Mw=33.03g/M; 20°C

% (w/w) M g/L p

1 0.3028 10.00 1.0002
2 0.6069 20.05 1.0023
4 1.2189 40.26 1.0065
6 1.8360 60.64 1.0107
8 2.4581 81.19 1.0149
10 3.0857 101.92 | 1.0192
12 3.7184 122.82 | 1.0235
14 4.3564 143.89 1.0278
16 5.0001 165.15 | 1.0322
18 5.6490 186.59 | 1.0366
22 6.9630 229.99 | 1.0454
26 8.2998 274.14 1.0544
28 8.9781 296.55 | 1.0591
30 9.6612 319.11 | 1.0637
35 11.3965 | 376.43 | 1.0755
40 13.1698 | 435.00 | 1.0875
45 14,9823 | 494.87 | 1.0997
50 16.8362 | 556.10 | 1.1122
55 18.7313 | 618.70 | 1.1249

CH3OH Methanol, Mw=32.04g/M; 20°C

% (w/w) M g/L p
0 0.0000 0.00 0.9982
5 1.5443 49.48 0.9896
10 3.0634 98.15 0.9815
15 4.5599 146.10 | 0.974
20 6.0337 193.32 | 0.9666
25 7.4844 239.80 | 0.9592
30 8.9092 285.45 | 0.9515
35 10.3045 | 330.16 | 0.9433
40 11.6667 | 373.80 | 0.9345
45 12.9944 | 416.34 | 0.9252
50 14.2884 | 457.80 | 0.9156
55 15.5387 | 497.86 | 0.9052
60 16.7528 | 536.76 | 0.8946
65 17.9217 | 574.21 | 0.8834
70 19.0403 | 610.05 | 0.8715
75 20.1124 | 644.40 | 0.8592
80 21.1461 | 677.52 | 0.8469
85 22.1255 | 708.90 | 0.834
90 23.0393 | 738.18 | 0.8202
95 23.9042 | 765.89 | 0.8062
100 24.7097 | 791.70 | 0.7917

C>HsOH Ethanol, Mw=46.1g/M; 20°C

% (w/w) M g/L p volume %
4.02 0.8642 39.84 0.991 5.05

8.05 1.7195 79.27 0.9847 | 10.04
12.14 2.5778 118.84 | 0.9789 | 15.06
16.21 3.4234 157.82 | 0.9736 | 20.00
20.4 4.2840 197.49 | 0.9681 | 25.03
24.64 5.1429 237.09 | 0.9622 | 30.03
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28.93 5.9969 276.46 | 0.9556 | 35.02
33.33 6.8540 315.97 | 0.948 40.03
37.83 7.7096 355.41 | 0.9395 | 45.03
42.47 8.5686 395.01 | 0.9301 | 50.04
44.32 8.9044 410.49 | 0.9262 | 52.01
46.23 9.2470 426.29 | 0.9221 | 54.01
48.15 9.5872 441.97 | 0.9179 | 56.00
50.15 9.9375 458.12 | 0.9135 | 58.03
52.12 10.2782 | 473.82 | 0.9091 | 60.03
54.1 10.6158 | 489.39 | 0.9046 | 62.01
56.12 10.9562 | 505.08 | 0.9 64.00
58.22 11.3055 | 521.19 | 0.8952 | 66.02
60.29 12.8218 | 591.08 | 0.9804 | 68.02
62.4 11.9859 | 552.55 | 0.8855 | 70.01
64.59 12.3351 | 568.65 | 0.8804 | 72.04
66.79 12.6800 | 584.55 | 0.8752 | 74.06
69 13.0217 | 600.30 | 0.87 76.05
73.53 13.7043 | 631.77 | 0.8592 | 80.04
75.85 14.0446 | 647.46 | 0.8536 | 82.03
78.24 14,3887 | 663.32 | 0.8478 | 84.04
80.68 14,7324 | 679.16 | 0.8418 | 86.05
83.17 15.0752 | 694.97 | 0.8356 | 88.05
85.69 15.4130 | 710.54 | 0.8292 | 90.02
88.62 15.7940 | 728.10 | 0.8216 | 92.25
91.02 16.0953 | 742.00 | 0.8152 | 94.02
93.86 16.4387 | 757.83 | 0.8074 | 96.02
96.8 16.7773 | 773.43 | 0.799 98.00
100 17.1193 | 789.20 | 0.7892 | 100.00
CsHsO Isopropyl Alcohol (2-Propanol) Mw=60.10g/M; 15°C

% (w/w) M g/L p

5 0.8240 49.52 0.9904
10 1.6366 98.36 0.9836
15 2.4402 146.66 | 0.9777
20 3.2329 194.30 | 0.9715
25 4.0108 241.05 | 0.9642
30 4.7666 286.47 | 0.9549
35 5.5010 330.61 | 0.9446
40 6.2116 373.32 | 0.9333
45 6.9035 414.90 | 0.922
50 7.5740 455.20 | 0.9104
55 8.2253 494.34 | 0.8988
60 8.8542 532.14 | 0.8869
65 9.4656 568.88 | 0.8752
70 10.0562 | 604.38 | 0.8634
75 10.6285 | 638.78 | 0.8517
80 11.1774 | 671.76 | 0.8397
85 11.7077 | 703.63 | 0.8278
90 12.2121 | 733.95 | 0.8155
95 12.6867 | 762.47 | 0.8026
100 13.2962 | 799.10 | 0.7991
C3H3O5 Glycerol, Mw=92.09g/M; 20°C
% (w/w) M g/L p

5 0.5484 50.51 1.0101
10 1.1099 102.21 1.0221
15 1.6850 155.18 1.0345
20 2.2739 209.40 1.047
25 2.8768 264.93 1.0597
30 3.4945 321.81 1.0727
35 4.1275 380.10 1.086
40 4.7758 439.80 1.0995

192



45 5.4377 500.76 1.1128
50 6.1152 563.15 1.1263
55 6.8074 626.89 1.1398
60 7.5142 691.98 1.1533
65 8.2371 758.55 1.167
70 8.9756 826.56 1.1808
75 9.7274 895.80 1.1944
80 10.4932 | 966.32 1.2079
85 11.2736 | 1038.19 | 1.2214
90 12.0668 | 1111.23 | 1.2347
95 12.8764 | 1185.79 | 1.2482
100 13.6920 | 1260.90 | 1.2609
(CH3),CO  Acetone, Mw=58.08g/M; 25°C
% (w/w) M g/L p
5 0.8523 49.50 0.99
10 1.6925 98.30 0.983
15 2.5207 146.40 | 0.976
20 3.3368 193.80 | 0.969
25 4.1365 240.25 | 0.961
30 4.9277 286.20 | 0.954
35 5.6947 330.75 | 0.945
40 6.4532 374.80 | 0.937
45 7.1823 417.15 | 0.927
50 7.8857 458.00 | 0.916
55 8.5606 497.20 | 0.904
60 9.2252 535.80 | 0.893
65 9.8597 572.65 | 0.881
70 10.4735 | 608.30 | 0.869
75 11.0537 | 642.00 | 0.856
80 11.6116 | 674.40 | 0.843
85 12.1470 | 705.50 | 0.83
90 12.6446 | 734.40 | 0.816
95 13.1181 | 761.90 | 0.802
100 13.5331 | 786.00 | 0.786
CsH 1504 Glucose, Mw=180.16g/M; 20°C
% (wiw) M g/L p
2 0.1117 | 20.12 1.0058
4 0.2251 | 40.55 1.0138
6 0.3402 | 61.30 1.0216
8 0.4572 | 82.37 1.0296
10 0.5760 | 103.77 | 1.0377
12 0.6967 | 125.52 | 1.046
14 0.8192 | 147.59 | 1.0542
16 0.9437 | 170.02 | 1.0626
18 1.0702 | 192.82 | 1.0712
20 1.1987 | 215.96 | 1.0798
22 1.3293 | 239.49 | 1.0886
24 1.4619 | 263.38 | 1.0974
26 1.5967 | 287.66 | 1.1064
28 1.7334 | 312.28 | 1.1153
30 1.8728 | 337.41 | 1.1247
C12H22011 SUCFOSE, MW=342309/M, 20°C
% (w/w) M g/L p Refraction index
2 0.0587 | 20.10 1.005 | 1.3359
4 0.1184 | 40.52 1.013 | 1.3388
6 0.1790 | 61.26 1.021 | 1.3418
8 0.2405 | 82.32 1.029 | 1.3448
10 0.3032 | 103.80 | 1.038 | 1.3478
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12 0.3667 | 125,52 | 1.046 | 1.3509
14 0.4311 | 14756 |1.054 | 1.3541
16 0.4969 |170.08 | 1.063 | 1.3573
18 0.5637 19296 |1.072 | 1.3605
20 0.6316 | 216.20 | 1.081 | 1.3638
22 0.7006 | 239.80 | 1.09 1.3672
24 0.7706 | 263.76 | 1.099 | 1.3706
26 0.8416 | 288.08 | 1.108 | 1.3740
28 0.9145 |313.04 |1.118 |1.3775
30 0.9877 |338.10 |1.127 |1.3811
32 1.0629 | 363.84 | 1.137 | 1.3847
34 1.1383 | 389.64 | 1.146 | 1.3883
36 1.2158 | 416.16 | 1.156 | 1.3920
38 1.2944 | 443.08 | 1.166 | 1.3958
40 1.3742 | 47040 |1.176 | 1.3997
42 1.4564 | 498.54 | 1.187 | 1.4036
44 1.5387 | 526.68 | 1.197 | 1.4076
46 1.6234 | 555.68 | 1.208 | 1.4117
48 1.7094 |585.12 |1.219 | 1.4158
50 1.7967 | 615.00 | 1.23 1.4200
52 1.8852 | 645.32 | 1.241 | 1.4242
54 1.9751 | 676.08 | 1.252 | 1.4285
56 2.0663 | 707.28 | 1.263 | 1.4329
58 2.1604 | 739.50 | 1.275 | 1.4373
60 2.2542 | 771.60 | 1.286 | 1.4418
62 2.3510 |804.76 | 1.298 | 1.4464
64 24493 |838.40 |1.31 1.4509
66 2.5490 |872.52 |1.322 | 1.4555
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Y KHU3i NpeAcTaBneHi OCHOBHI PO34inyM aHaniTM4HOI Ximil, Taki 9K skicHUM Ta
KinbKicCHMA XiMiyHMIA aHanis, Bigbip nmpob Ta nigrotoBka npob, obGpobka CTAaTUCTUYHUX
OaHuX, MeToauM po3fineHHs. Po3rnaHyTo cydacHi  (isuko-xiMmiyHi - mMeToau  aHaniay.
BuknageHo TeopeTudHi OCHOBWM MeTOoAiB, BM3HAYEHO YMOBM Ta ranysi ix npakTU4HOro
3acTocyBaHHsA. KOHTPOSbHI 3anuMTaHHA Ta 3aBAaHHs, NodaHi B KiHUI KOXHOro posginy,
AOMOMOXYTb KOPMUCTYBadYaMm 3akpinuTn BUBYEHUI MaTepian.

KHura npusHadeHa p[ns CTyOeHTiB  cheuianbHOCTEN: XiMidHa TexHornoria Ta
iHxXeHepis, GioTexHonoris Ta 6ioiHxeHepis, dapmMadis Ta npomucrioBa dapmadisi. KoHcnekT
nekuii cknagaetTbCsl 3 ABOX YacTuH. [lepwa yacTvHa BKMYae posginu 1-9 Ta oxonstoe
3aranbHi NUTaHHS aHaniTUYHOI XiMil, PIBHAHHS Ta piBHOBarW, KMNacuyHi MetToau XiMiyHOro
aHanizy. [pyra 4actuHa Bkntodae posginn 10-18 i oxonntoe iHCTpyMeEHTanbHi MeToau
XiMiYHOro aHanisy.
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