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UNIT-I
QUALITATIVE AND QUANTITATIVE ASPECTS OF ANALYSIS

Fundamental Concepts in Chemistry and Measurements

Accurate measurement is essential in science, particularly in chemistry, where the properties
of substances are determined quantitatively. The International System of Units (SI Units)
provides a standardized method for measuring physical quantities such as mass, volume,
temperature, and concentration. The fundamental SI units include the meter (m) for length,
kilogram (kg) for mass, second (s) for time, kelvin (K) for temperature, and mole (mol) for the
amount of substance. These units ensure uniformity and precision in scientific research and

industrial applications.

A crucial distinction in measurement is between mass and weight. Mass refers to the amount
of matter in an object and remains constant regardless of location. It is measured in kilograms
(kg). Weight, on the other hand, is the force exerted by gravity on an object and is measured in
Newtons (N). Since weight depends on gravitational acceleration, it varies from place to place,
such as on Earth, the Moon, or other celestial bodies. Mass is measured using a balance, while

weight is determined using a spring scale.

The mole is a fundamental concept in chemistry, defined as the amount of substance containing
6.022 x 102 entities (atoms, molecules, or ions). This number, known as Avogadro’s constant,
serves as a bridge between atomic-scale measurements and macroscopic quantities. In practical
applications, smaller units like millimoles (mmol), which equal 103 moles, are frequently used.
Another related unit is milli equivalence (mEq), which is particularly important in medicine

and pharmaceuticals, as it considers both the amount and charge of ions in a solution.

Various concentration units are used to express the amount of solute in a solution. Molality (m)
is defined as the number of moles of solute per kilogram of solvent. It is temperature-
independent and often used in colligative property calculations. Molarity (M) refers to the
number of moles of solute per liter of solution and is widely used in laboratory preparations.
Normality (N) expresses the number of gram-equivalents of solute per liter of solution and is

essential in acid-base and redox titrations. Additionally, percentage concentrations are



expressed in terms of weight/weight (% w/w), weight/volume (% w/v), and volume/volume (%

v/v), which describe the relative amounts of solute in different solution forms.

For trace substance analysis, scientists use parts per million (ppm) and parts per billion (ppb)
to express extremely small concentrations. These units are commonly applied in environmental
science to measure pollutants, heavy metals, and toxic substances in water, air, and soil. PPM
represents one part of solute per million parts of solution, while PPB denotes one part per

billion, making these units crucial in maintaining safety and regulatory standards.

Another significant aspect of chemical measurements is the density and specific gravity of
liquids. Density (p) is defined as mass per unit volume, usually expressed in g/cm? or kg/m?,
and is a key property for identifying substances. It determines material properties, such as
whether an object will float or sink in a liquid. Specific gravity (SG) is a dimensionless quantity
that compares the density of a substance to that of water. Since water has a density of 1 g/cm?
at standard conditions, the specific gravity of a liquid indicates whether it is heavier or lighter
than water. This property is widely used in industrial applications, including fuel analysis,

pharmaceuticals, and food processing.

Understanding these fundamental concepts in chemistry is essential for conducting precise
measurements, preparing accurate chemical solutions, and analyzing substances in both
laboratory and industrial settings. By mastering these principles, scientists and engineers

ensure consistency and reliability in their experimental and analytical work.
Stoichiometry Calculations

Stoichiometry is a fundamental concept in chemistry that deals with the quantitative
relationships between reactants and products in a chemical reaction. It is based on the law of
conservation of mass, which states that matter is neither created nor destroyed in a chemical
reaction. Using balanced chemical equations, stoichiometry helps determine the amounts of

reactants needed or products formed in a reaction.
The key principles of stoichiometric calculations include:

e Mole Ratios — Derived from the coefficients of a balanced chemical equation to

determine reactant and product relationships.

e Limiting Reactant — The reactant that is completely consumed in a reaction,

determining the maximum amount of product formed.



o Excess Reactant — The reactant that remains after the reaction has completed.

e Theoretical Yield — The maximum amount of product that can be obtained from a given

number of reactants.

e Actual Yield and Percentage Yield — The actual yield is the amount of product obtained

experimentally, while the percentage yield is calculated as:
Percentage Yield= (Actual Yield Theoretical Yield) X100

Stoichiometry is widely applied in chemical manufacturing, pharmaceuticals, environmental

science, and food processing to optimize reactant use and minimize waste.
Sampling and Evaluation of Analytical Data

Sampling is the process of collecting a representative portion of a material for analysis.
Accurate sampling is crucial to ensure that the analytical results reflect the actual composition
of the whole batch. Depending on the nature of the sample, different sampling techniques are
used, such as random sampling, systematic sampling, composite sampling, and stratified

sampling.

Once a sample is collected, the data obtained from analytical measurements must be evaluated

for accuracy, precision, and reliability. This involves several statistical methods, including:

e Accuracy — The closeness of the measured value to the true value. It is assessed using

methods such as standard reference materials and calibration curves.

e Precision — The reproducibility of measurements when repeated under identical

conditions. It is often measured using standard deviation or relative standard deviation.

e Errors in Analysis — Errors in analytical data can arise due to instrument limitations,
human errors, or environmental factors. They are classified as systematic errors
(consistent deviations due to faulty equipment or methods) and random errors

(unpredictable variations in measurements).

o Significant Figures and Rounding Off — Ensuring that numerical results are reported

with appropriate precision to avoid misleading conclusions.

o Data Validation — Analytical results are validated by comparing them with standard

values, replicating experiments, or using control samples.



Accurate sampling and analytical data evaluation are essential in scientific research, quality
control, and regulatory compliance in industries such as pharmaceuticals, food safety,
environmental monitoring, and forensic science. By applying proper stoichiometric principles
and analytical techniques, chemists can ensure precise and reliable results, leading to improved

decision-making and product quality.

Errors in Analytical Measurements

Errors are an unavoidable part of any scientific measurement. They can arise from various
sources, including instrumentation, human limitations, and environmental factors.
Understanding the types of errors and methods to minimize them is crucial for ensuring

accuracy and reliability in scientific and industrial applications.
Types of Errors
Errors in measurements can be classified into three main categories:

1. Systematic Errors — These errors occur consistently in the same direction and can be
identified and corrected. They result from flaws in experimental procedures,

instruments, or human mistakes. Systematic errors include:

o Instrumental Errors — Caused by faulty or uncalibrated instruments, such as a

misaligned balance or incorrect sensor readings.

o Method Errors — Arise from incorrect experimental techniques, improper

chemical reactions, or sample contamination.

o Personal Errors — Result from human mistakes like misreading instruments,

improper handling, or calculation mistakes.

2. Random Errors — These errors are unpredictable and arise due to uncontrollable
variations in measurement conditions. Unlike systematic errors, they do not follow a
consistent pattern. Examples include slight fluctuations in temperature, variations in
instrument sensitivity, or differences in human perception while taking readings.
Random errors can be minimized by taking multiple measurements and calculating the

average.

3. QGross Errors — These errors are severe mistakes that occur due to carelessness or

negligence, such as recording wrong values, using the wrong reagent, or misinterpreting



results. These errors are often avoidable through careful experimental design and proper

training.
Accuracy and Precision

In scientific analysis, the quality of measurements is evaluated based on accuracy and

precision:

e Accuracy refers to how close a measured value is to the true or accepted value. A high
degree of accuracy means that the measurement is correct. It is usually improved by

calibrating instruments and using standardized methods.

e Precision describes how reproducible and consistent repeated measurements are. Even
if the measurements are not accurate, they may still be precise if they are close to each
other. Precision is improved by minimizing fluctuations and ensuring consistency in

techniques.

For example, if a balance consistently gives readings of 9.8 g for an object that truly weighs 10
g, the balance is precise but not accurate. If it gives different readings like 9.8 g, 10.1 g, and
10.2 g, it is neither accurate nor precise. A good measurement system should be both accurate

and precise.
Minimization of Errors
To reduce errors and enhance the quality of results, the following strategies are used:

o Proper Calibration of Instruments — Regularly calibrating instruments against known

standards ensures accurate readings.

e Use of Standardized Methods — Following established protocols and procedures

reduces method errors.

o Taking Multiple Measurements — Repeating experiments and calculating averages help

minimize random errors.

e Eliminating Parallax Errors — When using measuring instruments like burettes and

thermometers, taking readings at eye level prevents errors.

e Proper Training and Skill Development — Ensuring that analysts are well-trained

reduces human-related errors.



e Environmental Control — Controlling factors like temperature, humidity, and vibrations

helps stabilize measurements.

o Data Validation and Cross-Checking — Comparing results with reference standards or

conducting duplicate analyses ensures reliability.

Significant Figures

Significant figures (also known as significant digits) refer to the number of meaningful digits
in a measurement that contribute to its accuracy. They indicate the precision of a measurement
and help in properly representing numerical values in scientific calculations. The concept of
significant figures is crucial in experimental sciences, particularly in chemistry, physics, and

engineering, where precise measurements are essential.
Rules for Identifying Significant Figures
1. All nonzero digits are significant.
Example: 123 has three significant figures.
2. Zeros between nonzero digits are significant.
Example: 10203 has five significant figures.
3. Leading zeros (zeros before the first nonzero digit) are not significant.
Example: 0.0056 has two significant figures.
4. Trailing zeros in a number with a decimal point are significant.
Example: 45.600 has five significant figures.
5. Trailing zeros in a whole number without a decimal point are not significant.
Example: 2500 has two significant figures, but 2500. has four because of the decimal point.

6. Exact numbers (such as those from counting objects) have an infinite number of

significant figures.
Example: 12 apples (considered as an exact value).
Significant Figures in Mathematical Operations

When performing calculations, the number of significant figures must be considered to

maintain proper precision.



Addition and Subtraction

e The answer should have the same number of decimal places as the measurement with

the fewest decimal places.
Example: 12.34 (2 decimal places) + 3.2 (1 decimal place) = 15.5 (rounded to 1 decimal place).
Multiplication and Division

o The result should have the same number of significant figures as the measurement with

the fewest significant figures.
Example:
= 4.56 (3 sig. figs) x 2.1 (2 sig. figs) = 9.6 (rounded to 2 sig. figs).
Importance of Significant Figures

e They ensure that calculated results do not imply more precision than the measurements

allow.
e They help maintain consistency in scientific reporting and data analysis.
o They prevent misleading conclusions by controlling rounding errors.

Methods of Expressing Precision

Precision refers to the reproducibility of a set of measurements. Several statistical methods are
used to express precision, ensuring that scientific data is reliable and meaningful. Below are

individual notes on various methods used to express precision.
1. Mean (Arithmetic Mean)

The mean is the average of a set of values and is calculated as:

&I;
Mean(z) = 2T
n
where:
1 represents individual values,

n is the total number of values.



Importance:
e The mean provides a central value of the data set.
o [tisused in most scientific and statistical analyses to summarize data.

2. Median

The median is the middle value in a data set when arranged in ascending or descending order.
o Ifthe number of observations (n) is odd, the median is the middle value.
e Ifnis even, the median is the average of the two middle values.

Importance:
o The median is useful when data contains outliers, as it is not affected by extreme values.
o It gives a better central value for skewed data distributions.

3. Average Deviation

The average deviation measures the dispersion of data from the mean and is calculated as:

Average Deviation = M
n

where:

o I4-1 represents the absolute difference between each value and the mean.
Importance:

o It gives a simple measure of how much values deviate from the mean.

o It is useful when a straightforward measure of dispersion is needed.
4. Standard Deviation (o or s)

The standard deviation quantifies the amount of variation in a dataset. It is calculated as:



For sample standard deviation:

where n — 1 is used in samples to account for the degree of freedom.

where n—In-1n—1 is used in samples to account for the degree of freedom.
Importance:
o A smaller standard deviation indicates that values are close to the mean.
e A larger standard deviation shows greater variability.
o Itis widely used in scientific experiments to assess precision.
5. Coefficient of Variation (CV%)

The coefficient of variation (CV) expresses standard deviation as a percentage of the mean:

CV% = (‘_’

;) x 100

Importance:

o It is useful for comparing variability across different data sets, even if their units are

different.
e Alower CV% indicates greater precision.
6. Confidence Limits

Confidence limits provide a range in which the true mean is expected to lie within a certain

probability. They are given by:

Ttitx (%)

where t is the t-value from statistical tables based on the confidence level (e.g., 95%

confidence).



Importance:
e It helps estimate how well a sample mean represents the population mean.
o [t is widely used in research to determine reliability.

7. Q-Test (Dixon’s Q-Test)

The Q-test is used to detect and eliminate outliers in a small data set. It is calculated as:

_ | Xoutlier Xnea.rest ‘
©= X,
range

where:
o Xoutlier 1S the suspected outlier,
o Xpearest 18 the closest value to the outlier,
e Xinge is the total range of the data.

If the computed Q value is greater than the critical value from the Q-test table, the outlier can

be rejected.

Importance:
e It helps in identifying and removing anomalous data points.
o Itis useful for small sample sizes.

8. F-Test (F-Ratio Test)

The F-test is used to compare the variances of two datasets to determine if they are significantly

different. The formula is:

where 612 and o, are the variances of two datasets (the larger variance is always placed in the

numerator).

If the calculated F-value is greater than the critical F-value from the F-distribution table, the

variances are significantly different.



Importance:
o It is widely used in hypothesis testing.

o It helps determine whether two methods or conditions provide significantly different

results.
9. T-Test (Student’s T-Test)

The t-test is used to compare the means of two datasets to determine if they are significantly

different. It is given by:

where:

e XjareX» sample means,

e Si%and S,? are sample variances,

e njand n; are the sample sizes.
A t-test can be paired (for related samples) or unpaired (for independent samples).
Importance:

o Itis used in hypothesis testing to compare experimental results.

o It determines whether differences between two means are statistically significant.
The Least Squares Method for Deriving Calibration Plots

The Least Squares Method is a statistical technique used to determine the best-fitting straight
line for a set of experimental data points. It is commonly applied in calibration plots, where an
analytical signal (such as absorbance, intensity, or concentration) is plotted against a known

variable (such as concentration of a standard solution).
Principle of the Least Squares Method

In many scientific experiments, data points do not fall exactly on a straight line due to

experimental errors or variations. The least squares method minimizes the sum of the squares



of the vertical deviations between the observed data points and the fitted line. The equation of

a straight line is:
y=mx+c

where:

e y is the dependent variable (measured response),

e x is the independent variable (known concentration),

e m is the slope of the line,

e cis the y-intercept (the value of y when x=0).
Mathematical Formulation

For a set of experimental data points (x1, y1), (X2, y2),...,(Xn,¥n), the best-fit straight line is

determined by solving the following equations:

1. Slope (m) Calculation:

o Y D Ty
ny ol (%)’
2. Y-Intercept (c) Calculation:
Yy -myw

where:
e 1 is the number of data points,
e Y xjand )Yyi are the sums of x-values and y-values, respectively,
e YXyi is the sum of the product of corresponding xxx and yyy values,
e Yxi? is the sum of squared xxx-values.
Application in Calibration Plots

A calibration plot is a graphical representation used in quantitative analysis where the

instrument response (y) is plotted against the known standard concentrations (x).



Steps to derive a calibration plot using the Least Squares Method:

1.

2.

Prepare standard solutions of known concentrations.

Measure the response (such as absorbance in spectrophotometry or peak area in

chromatography).

Plot the data points on a graph with concentration on the x-axis and instrument response

on the y-axis.
Apply the Least Squares Method to determine the best-fit line.

Use the equation y=mx+c to determine unknown concentrations from measured

responses.

Importance of the Least Squares Method in Calibration

Ensures the best possible linear relationship between measured response and

concentration.
Reduces error in predicting unknown sample concentrations.

Provides a statistically reliable method for data analysis in analytical chemistry,

physics, and engineering.

This method is widely used in spectrophotometry, chromatography, and other instrumental

techniques for accurate quantitative analysis.



UNIT-II
ATOMIC ABSORPTION SPECTROSCOPY

Atomic Absorption Spectroscopy (AAS)

Atomic Absorption Spectroscopy (AAS) is a widely used analytical technique for determining
the concentration of metals in various samples. It is based on the principle that free atoms in
the ground state absorb light of a specific wavelength, which corresponds to the energy required

for electronic transitions.
Principle of Atomic Absorption Spectroscopy

When light of a particular wavelength passes through a vaporized sample, atoms absorb some
of the light. The amount of light absorbed is directly proportional to the concentration of the

element in the sample. This follows Beer-Lambert’s Law, which states:
A=log (?) =ecl

where:
A = Absorbance,
o= Intensity of incident light,
I = Intensity of transmitted light,
€ = Molar absorptivity,
¢ = Concentration of the analyte,

| = Path length of the sample.



Instrumentation of AAS
Atomic Absorption Spectroscopy consists of several essential components:
1. Light Source (Hollow Cathode Lamp)

e Ahollow cathode lamp (HCL) emits light of a specific wavelength characteristic of the

element to be analyzed.
e Some instruments use an electrodeless discharge lamp (EDL) for higher sensitivity.
2. Atomizer
e Converts the sample into free atoms in the gaseous state.
o Two types of atomizers are commonly used:
o Flame Atomizer: Uses air-acetylene or nitrous oxide-acetylene flame.

o Graphite Furnace Atomizer (Electrothermal Atomization): Provides higher

sensitivity by heating the sample in a small graphite tube.
3. Monochromator

o Selects the specific wavelength absorbed by the analyte and removes unwanted

wavelengths.
4. Detector (Photomultiplier Tube or Photodiode Array)
e Measures the intensity of absorbed light and converts it into an electrical signal.
5. Data Processing System

o Converts electrical signals into absorbance values and determines the concentration of

the element using a calibration curve.
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Applications of AAS

o Environmental Analysis: Detection of heavy metals like lead, cadmium, and arsenic in

water and soil.

e Clinical and Pharmaceutical Analysis: Measurement of trace metals in biological

samples like blood and urine.

e Food and Agriculture: Determination of essential minerals and toxic metals in food and

beverages.

e Metallurgical Analysis: Analysis of metal alloys and ores.
Advantages of AAS

» Highly sensitive and specific for metal analysis.

e Can detect metals at very low concentrations (ppm to ppb levels).

e Requires minimal sample preparation.
Limitations of AAS

e Can only analyze metals and a few non-metals.

e Requires careful calibration and matrix matching.

o Interference from other elements can affect accuracy.



Atomic Absorption Spectroscopy remains a crucial technique for metal analysis in various

scientific and industrial applications due to its accuracy, sensitivity, and reliability.

Choice of Source

The light source in AAS should emit radiation at specific wavelengths corresponding to the

element being analyzed. The commonly used sources include:
e Hollow Cathode Lamp (HCL):
o Most commonly used light source in AAS.

o Contains a cathode made of the element to be analyzed, ensuring characteristic

line emission.
o Provides narrow spectral lines, reducing interference.
e Electrodeless Discharge Lamp (EDL):
o Used for elements that do not perform well with HCL (e.g., arsenic, selenium).
o Provides higher intensity and longer lifespan than HCL.
o Requires a radio-frequency or microwave power supply for excitation.
Monochromator

The monochromator in AAS isolates the desired wavelength of radiation corresponding to the

element being analyzed and removes unwanted wavelengths.
e Types of Monochromators:

o Prism Monochromator: Uses dispersion through a prism to separate different

wavelengths.

o Grating Monochromator (preferred): Uses a diffraction grating to provide better

resolution and precise wavelength selection.
Key Considerations in Choosing a Monochromator:
o High resolution to separate spectral lines.
o Low stray light to prevent signal interference.

o Proper bandwidth to ensure sufficient energy reaches the detector.



Choice of Detector

The detector in AAS converts light intensity into an electrical signal, which is then processed

to determine the absorbance of the sample.
e Photomultiplier Tube (PMT) Detector (Most Common):
o Highly sensitive to low light intensities.
o Provides fast response time and accurate detection of weak signals.
e Photodiode Array (PDA) Detector:
o Allows simultaneous detection of multiple wavelengths.
o Less sensitive than PMT but useful for high-throughput analysis.
e Charge-Coupled Device (CCD) Detector:
o High sensitivity and good for multi-element analysis.
o Used in advanced spectrometers with array-based detection.
Choice of Flame

The flame in AAS is responsible for atomizing the sample into free atoms, allowing them to
absorb radiation from the source. The choice of flame depends on the element being analyzed

and its ionization potential.
e Air-Acetylene Flame (Most Common):
o Temperature: 2300-2500°C.
o Suitable for most metals like copper, zinc, and iron.
o Produces a stable and moderate-temperature flame.
e Nitrous Oxide-Acetylene Flame:
o Temperature: 2600-2900°C.

o Used for refractory elements like aluminum, titanium, and vanadium, which

require a higher temperature for atomization.

o Reduces chemical interference in some metal analyses.



e Hydrogen-Air Flame:
o Lower temperature (~2000°C).
o Used for elements with high volatility like alkali metals (sodium, potassium).
Burner Designs

The burner in AAS ensures proper mixing of fuel and oxidant, producing a uniform flame for

consistent atomization. Different burner designs include:
Slot Burner (Most Common):

Provides a long optical path for better signal detection.
Ensures laminar flame for stable operation.

Used in flame AAS for high sensitivity and minimal noise.
Total Consumption Burner:

Simple design but produces turbulence in the flame.

Less efficient than slot burners.

Premix Burner (Laminar Flow Burner):

Ensures homogeneous mixing of fuel and oxidant before combustion.
Reduces turbulence, providing a more stable flame.

Techniques of Atomization

Atomization is the process of converting a sample into free atoms. This is achieved using
different techniques:

(a) Flame Atomization (FAAS — Flame AAS)
The most common method used in AAS.
The sample solution is nebulized into fine droplets and introduced into a flame.

The heat from the flame evaporates the solvent, leaving solid particles that decompose into
free atoms.

Commonly used flames:
Air-acetylene (2300-2500°C) — Suitable for metals like Cu, Zn, Fe.
Nitrous oxide-acetylene (2600-2900°C) — Used for refractory metals like Al, Ti.



Advantages: Simple, rapid, and cost-effective.
Limitations: High detection limits, interference from flame composition.
(b) Electrothermal Atomization (ETAAS — Graphite Furnace AAS)

Uses a graphite furnace instead of a flame for atomization.

The sample is deposited into a small graphite tube and heated in three steps:
1. Drying (100-150°C) — Removes solvent.
2. Ashing (400-1200°C) — Eliminates organic and volatile substances.
3. Atomization (1200-3000°C) — Converts elements into free atoms.

Advantages:

Requires very small sample volumes.
Higher sensitivity than flame AAS (ppb-level detection).

Limitations:

e Slower analysis time.
e More expensive instrumentation.

(c) Hydride Generation Atomization (HGAAS)
Used for elements that form volatile hydrides (e.g., As, Sb, Se, Te, Bi).
The sample reacts with sodium borohydride (NaBH.) to generate volatile hydrides:
As**+NaBHs— AsH31+Byproducts
The hydride gas is transported to a heated quartz cell where atomization occurs.
Advantages:

o Extremely low detection limits.
o Reduces matrix interferences.

Limitations: Limited to hydride-forming elements.
(d) Cold Vapor Atomization (CVAAS)
o Used exclusively for mercury (Hg) analysis.

o The sample is treated with a reducing agent (stannous chloride, SnClz), which reduces
Hg?* to elemental Hg (0):

He?'+Sn>' —Hg’+Sn*"
The elemental mercury is volatilized and transported to a quartz absorption cell.
Advantages:
o High sensitivity (ppt-level detection).

o No need for high temperatures.



Limitations:
o Only applicable for mercury analysis.
2. Techniques of Sample Introduction

Proper sample introduction ensures efficient atomization and reproducibility in AAS. The
main techniques include:

(a) Pneumatic Nebulization
e Most common method in flame AAS.
e A nebulizer converts the liquid sample into an aerosol, which is carried into the flame.
Types of nebulizers:
o Concentric nebulizer (most common).
o Cross-flow nebulizer (used for high-solids samples).
Advantages:
o Simple and widely used.
Limitations:
o Large sample volume required (~1-5 mL).
(b) Electrothermal Sample Introduction
e Used in graphite furnace AAS.
e A small amount of liquid (~1-50 pL) is placed inside the furnace for heating.
Advantages:
o Higher sensitivity.
o Requires minimal sample volume.
Limitations:
o More time-consuming than flame AAS.
(c) Hydride Generation Sample Introduction
e Used for hydride-forming elements (As, Sb, Se).
o The volatile hydrides are produced in a reaction vessel and carried to the atomizer.
e Advantages: Enhances sensitivity and reduces interferences.
o Limitations: Only applicable for specific elements.
(d) Cold Vapor Sample Introduction
e Used exclusively for mercury detection.

e The mercury vapor is directly introduced into the absorption cell.



o Advantages: Extremely high sensitivity for Hg detection.
o Limitations: Only applicable to mercury analysis.

Methods of Background Correction in Atomic Absorption Spectroscopy (AAS)

Background correction in Atomic Absorption Spectroscopy (AAS) is essential to eliminate
unwanted absorption from molecular species, flame gases, and matrix effects, ensuring
accurate measurement of the target element. Several techniques have been developed for

effective background correction in AAS.
1. Deuterium Lamp Background Correction
Principle:

Uses a deuterium (D) lamp, which emits a broad spectrum of UV radiation. The D2 lamp and
element-specific hollow cathode lamp (HCL) alternately illuminate the sample. The total
absorption (analyte + background) is measured with HCL, and only background absorption is

measured with D2. The difference gives the corrected analyte signal.

Advantages:

e Effective for continuous background absorption from molecular species.

e Widely used in flame AAS.
Limitations:

o Ineffective for background absorption at wavelengths above 320 nm.

e Does not correct for structured background interferences (overlapping spectral lines).
2. Zeeman Effect Background Correction
Principle:

e Based on the Zeeman Effect, which splits atomic spectral lines in the presence of a
strong magnetic field.

e A strong electromagnet is applied to the sample in a graphite furnace.

e The atomic absorption signal is split into 7 (central) and o (shifted) components.

e Only the m component is absorbed by the analyte, while the ¢ components represent
background absorption.

e The difference between total and background absorption gives the analyte signal.



Advantages:

e Highly effective for graphite furnace AAS (GFAAS).

e Corrects for both continuous and structured background interferences.
Limitations:

e Requires expensive and complex instrumentation.

e Not suitable for flame AAS due to the need for a strong magnetic field.
3. Smith-Hieftje Background Correction (Self-Reversal Method)
Principle:

Uses a pulsed high-current mode in the hollow cathode lamp (HCL). At low current, the HCL
emits narrow atomic lines (absorbed by the analyte). At high current, self-reversal broadens the
spectral line, covering both analyte and background absorption. The difference between normal

and broadened signals is used for background correction.
Advantages:

e Effective for structured background interferences.

e Works well for graphite furnace AAS.
Limitations:

e Less effective for strong molecular absorption.

e Not widely available in all spectrometers.

4. Continuum Source Background Correction
Principle:
Uses a continuous radiation source (e.g., Xenon arc lamp) instead of a hollow cathode lamp.

The entire wavelength spectrum is measured, and the analyte absorption is extracted from the

background signal.
Advantages:

e Provides real-time background correction.

e Corrects both structured and continuous background absorption.



Limitations:

e Less commonly used due to complex optics.

e Requires high-resolution monochromators.
Sources of Chemical Interferences and Their Methods of Removal

In Atomic Absorption Spectroscopy (AAS), chemical interferences occur when unwanted
chemical reactions affect the atomization of the analyte, leading to inaccurate results. One
major source of interference is the formation of stable compounds such as oxides, sulfates, or
phosphates, which do not dissociate easily in the flame. For example, calcium can form calcium
phosphate (CaPO.) or calcium sulfate (CaSOa4), reducing the availability of free calcium atoms
for absorption measurement. Another interference arises from ionization effects, where
elements like sodium (Na), potassium (K), and calcium (Ca) ionize at high temperatures,
reducing the number of neutral atoms available for detection. Additionally, chemical reactions
in the flame can produce unwanted molecular species, such as aluminum forming aluminum
oxide (Al2Os), which reduces the absorption signal. Matrix effects can also influence the
results, where variations in viscosity, surface tension, or droplet formation impact the

efficiency of sample introduction into the flame.

To minimize these interferences, several techniques are used. One effective method is the use
of releasing agents, which bind with interfering species to free the analyte. For instance,
lanthanum chloride (LaCls) or strontium chloride (SrClz) can prevent phosphate interference in
calcium analysis. Another approach involves protective agents, which form volatile complexes
with the analyte, preventing the formation of stable compounds; for example, EDTA
(Ethylenediaminetetraacetic acid) protects metal ions from reacting with interfering
substances. lonization suppressors, such as potassium (K) or cesium (Cs), are also used to
prevent the ionization of easily ionizable elements by providing excess electrons. Adjusting
flame conditions is another strategy, where selecting a nitrous oxide-acetylene flame instead
of an air-acetylene flame can help reduce the formation of stable oxides, particularly for
elements like aluminum and titanium. Additionally, matrix matching and the standard addition
method help correct for matrix effects by ensuring that the standard solutions and samples have

similar compositions.

Techniques for the Quantitative Estimation of Trace-Level Metal Ions in Water Samples



The detection and quantification of trace-level metal ions in water samples are crucial for
environmental monitoring, industrial quality control, and public health assessments. Since
metal ions are often present in very low concentrations, highly sensitive and selective
techniques are required for accurate estimation. Several analytical techniques are commonly

used, each with its own advantages and limitations.

One of the most widely used techniques is Atomic Absorption Spectroscopy (AAS), which
includes Flame AAS (FAAS) and Graphite Furnace AAS (GFAAS). FAAS is suitable for
detecting metal ions at parts per million (ppm) levels, while GFAAS offers higher sensitivity
and can detect metals at parts per billion (ppb) levels. AAS is highly selective and widely used

for metals such as lead (Pb), cadmium (Cd), and arsenic (As).

Another powerful technique is Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). This method uses a high-temperature plasma source to excite metal atoms, and the
emitted light is measured to determine the concentration of metal ions. ICP-OES is capable of
detecting multiple elements simultaneously with high precision and sensitivity. For even lower
detection limits, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is employed. ICP-
MS provides extremely high sensitivity, allowing trace metals to be detected at parts per trillion

(ppt) levels, making it ideal for environmental and toxicological studies.

Electrochemical methods such as Anodic Stripping Voltammetry (ASV) and Differential Pulse
Voltammetry (DPV) are also used for trace metal analysis. These methods involve the pre-
concentration of metal ions on an electrode surface, followed by electrochemical stripping,
which provides high sensitivity and low detection limits. ASV is particularly effective for heavy

metals like lead, mercury, and copper.

X-ray Fluorescence Spectroscopy (XRF) is a non-destructive technique used for the rapid
detection of metals in water. Although it is less sensitive than ICP-MS and AAS, it is useful for

on-site analysis and screening applications.

For organic metal complexes, High-Performance Liquid Chromatography (HPLC) coupled
with Mass Spectrometry (MS) is used to separate and quantify metal ions in complex samples.
Similarly, Spectrophotometric Methods, involving colorimetric reactions with specific metal-
chelating agents, provide a cost-effective approach for detecting trace metals, though they

generally have higher detection limits.



Each technique has its own strengths, and the choice of method depends on factors such as the
required sensitivity, the number of metal ions to be analyzed, sample complexity, and available
instrumentation. By selecting the appropriate technique, accurate and reliable quantification of
trace metals in water samples can be achieved, ensuring environmental safety and regulatory

compliance.

UNIT-III
UV-Visible and IR Spectroscopy

Origin of Spectra:

Spectroscopy is the study of the interaction between electromagnetic radiation and matter. The
origin of spectra in UV-Visible (Ultraviolet-Visible) Spectroscopy and Infrared (IR)
Spectroscopy is based on the absorption of light by molecules, leading to electronic or

vibrational transitions.

UV-Visible Spectroscopy
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UV-Visible spectroscopy is based on the absorption of ultraviolet (200-400 nm) and visible
(400-800 nm) light by molecules, causing electronic transitions. When a molecule absorbs UV
or visible radiation, electrons in lower-energy molecular orbitals are excited to higher-energy
molecular orbitals. The most common electronic transitions occur in molecules containing

conjugated double bonds or non-bonding electrons. These include:
e 7 — 7* transitions (involving conjugated double bonds)
e n — 7* transitions (involving lone pair electrons in heteroatoms such as O, N, or S)
e ¢ — o™ transitions (requiring high-energy UV radiation, usually below 200 nm)

The absorption spectrum in UV-Visible spectroscopy provides information about the structure
of molecules, including conjugation and functional groups. The position and intensity of

absorption bands depend on factors such as solvent polarity and molecular environment.
IR Spectroscopy

Infrared spectroscopy deals with the absorption of infrared radiation (4000-400 cm™), which
causes vibrational transitions in molecules. Unlike UV-Visible spectroscopy, which involves
electronic transitions, IR spectroscopy focuses on the vibration of chemical bonds. Molecules
absorb infrared radiation when the frequency of the IR light matches the natural vibrational

frequency of the bonds, leading to a change in the dipole moment of the molecule.
The main types of molecular vibrations include:
o Stretching vibrations, where bond lengths change (e.g., C=0, O-H, N-H stretches)

e Bending vibrations, where bond angles change (e.g., scissoring, rocking, wagging,

twisting)

Each functional group in a molecule absorbs IR radiation at a characteristic frequency, allowing
IR spectroscopy to be used for functional group identification and structural analysis. The IR
spectrum of a compound provides a "fingerprint" region (below 1500 cm™) that is unique to

each molecule.

Interaction of Radiation with Matter: UV-Visible and IR Spectroscopy

When electromagnetic radiation interacts with matter, different types of transitions occur
depending on the energy of the radiation. UV-Visible Spectroscopy and Infrared (IR)



Spectroscopy involve different regions of the electromagnetic spectrum and correspond to
distinct types of molecular transitions.

UV-Visible Spectroscopy: Electronic Transitions

UV-Visible spectroscopy involves the absorption of ultraviolet (200-400 nm) and visible (400-
800 nm) light, leading to electronic transitions in molecules. When UV-Visible light interacts
with a molecule, it provides sufficient energy to excite electrons from lower-energy molecular
orbitals to higher-energy orbitals. The main types of electronic transitions include:

e 1 — m* transitions (common in molecules with conjugated double bonds)

e n — m* transitions (in molecules with lone pairs on heteroatoms like oxygen, nitrogen,
or sulfur)

e 0 — o* transitions (require higher energy and usually occur in the far-UV region)

The extent of absorption depends on the molecular structure, solvent effects, and conjugation.
The absorption spectrum provides valuable information about electronic configurations,
chromophores, and molecular interactions.

IR Spectroscopy: Vibrational Transitions

IR Spectroscopy Instrumentation
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Infrared spectroscopy involves the absorption of infrared radiation (4000-400 cm™), which
induces vibrational transitions in molecular bonds. Unlike UV-Visible spectroscopy, which
excites electrons, IR radiation causes bonds to stretch and bend. For a molecule to absorb IR
radiation, the vibration must lead to a change in dipole moment. The main types of vibrational
transitions include:

o Stretching vibrations (changes in bond length, e.g., C=0, O-H, and N-H stretching)

e Bending vibrations (changes in bond angle, e.g., scissoring, rocking, wagging, and
twisting)

Different functional groups absorb IR radiation at characteristic frequencies, creating an IR
spectrum that acts as a molecular fingerprint. The intensity and position of absorption peaks
depend on factors such as bond strength, atomic mass, and molecular environment.



Fundamental Laws of Spectroscopy and Selection Rules
Fundamental Laws of Spectroscopy

Spectroscopy is based on the interaction of electromagnetic radiation with matter, governed by
fundamental laws that describe how radiation is absorbed, emitted, or scattered.

Beer-Lambert Law

o This law relates the absorption of light to the concentration of the absorbing
species in a solution.

o Mathematical expression:
A= ¢ecl

where,
A = Absorbance

€ = Molar absorptivity (L mol™ cm™)

¢ = Concentration of the absorbing species (mol L™)

1 = Path length of the sample (cm)

This law is the foundation of quantitative analysis in UV-Visible spectroscopy.
Planck’s Law

Describes the energy of electromagnetic radiation in terms of discrete packets called quanta or
photons.

Formula:
E=hv

where,
E = Energy of a photon

h = Planck’s constant (6.626 x 1073 J-s)

v = Frequency of radiation

This principle explains why molecules absorb radiation at specific frequencies.
Bohr’s Frequency Condition

States that radiation is absorbed or emitted when a molecule undergoes a transition between
two energy levels.

Formula:
AE=hv

This explains the quantized nature of energy absorption and emission in spectroscopic
techniques.



Einstein’s Law of Spontaneous and Stimulated Emission

Describes the probability of emission of photons from an excited state. Spontaneous emission
occurs naturally without external influence, while stimulated emission occurs when an
incoming photon triggers emission, which is the principle behind lasers.

Selection Rules in Spectroscopy

Selection rules determine whether a particular transition is allowed or forbidden based on
quantum mechanical principles. Different spectroscopic techniques follow specific selection
rules.

Electronic Spectroscopy (UV-Visible) Selection Rules

Laporte Rule: In centrosymmetric molecules, transitions within the same symmetry class
(e.g., g — g or u — u) are forbidden. However, in asymmetric molecules, these transitions
may occur.

Spin Selection Rule: Transitions between states of different spin quantum numbers are
forbidden (e.g., singlet — triplet transitions). However, spin-orbit coupling can relax this rule,
leading to weak absorption bands.

Vibrational Spectroscopy (IR and Raman) Selection Rules

IR Selection Rule: A vibration is [R-active if it causes a change in the dipole moment of the
molecule.

Raman Selection Rule: A vibration is Raman-active if it causes a change in the
polarizability of the molecule.

Mutual Exclusion Principle: In centrosymmetric molecules, vibrations that are IR-active are
Raman-inactive and vice versa.

Rotational Spectroscopy Selection Rules

A molecule must have a permanent dipole moment to exhibit a pure rotational spectrum in
the microwave region.

The allowed transitions follow the rule:
AJ=+1

where J is the rotational quantum number.
validity of Beer-Lambert’s law

The validity of Beer-Lambert’s law depends on several conditions being met for accurate
absorbance measurements. This law states that absorbance (A) is directly proportional to the
concentration (C) of the absorbing species and the path length (L) of the sample, given by the
equation A = ¢CL, where ¢ is the molar absorptivity. However, deviations from Beer-Lambert’s
law can occur due to instrumental, chemical, and physical factors.

Factors Affecting the Validity of Beer-Lambert’s Law:



1. Concentration Limitations: At very high concentrations, molecular interactions such as
aggregation, scattering, or changes in refractive index can cause deviations.

2. Chemical Interactions: Changes in pH, complex formation, or dissociation of the
absorbing species can alter the absorbance behavior.

3. Monochromatic Light Requirement: The law is valid only if the incident light is
monochromatic and the absorption remains constant across the wavelength range used.

4. Stray Light and Instrumental Errors: Imperfections in the spectrophotometer, such as
scattered light, detector noise, and improper calibration, can lead to inaccuracies.

5. Homogeneous Sample Distribution: The absorbing species must be evenly distributed
in the solution to avoid errors caused by non-uniformity in concentration.

UV-Visible Spectrometry

Principle

UV-Visible spectrometry is based on the principle of electronic transitions that occur when
molecules absorb ultraviolet (UV) or visible light. When a beam of light passes through a
sample, certain wavelengths are absorbed while others are transmitted. The amount of absorbed
light is measured and used to determine the concentration of the absorbing species in the

sample.

This technique follows Beer-Lambert’s law, which states that absorbance (A) is directly
proportional to the concentration (C) of the absorbing species and the path length (L) of the

sample:
A=¢CL

where ¢ is the molar absorptivity, a constant specific to each substance. The absorption of UV
or visible light excites electrons from a lower energy state (ground state) to a higher energy
state (excited state). The energy absorbed corresponds to the difference between these
electronic energy levels. Different functional groups in molecules absorb at characteristic
wavelengths, making UV-Visible spectrometry a valuable tool for identifying compounds,

determining concentrations, and studying molecular interactions.
Instrumentation of UV-Visible Spectrophotometry

The instrumentation of a UV-Visible spectrophotometer consists of key components such as a
light source, monochromator, sample holder, detector, and signal processor. The design may
vary between single-beam and double-beam spectrophotometers, each with specific advantages

in analytical applications.



1. Choice of Light Source:

The light source should provide a stable and continuous emission across the UV (200—400 nm)

and visible (400-800 nm) ranges. Common sources include:
e Deuterium Lamp — Emits in the UV region (160—400 nm).
o Tungsten-Halogen Lamp — Covers the visible and near-infrared region (320-2500 nm).
e Xenon Arc Lamp — Provides a broader spectral range and high-intensity output.

2. Monochromator:

The monochromator selects a specific wavelength from the light source and directs it toward

the sample. It consists of:
o Entrance slit — Controls the amount of light entering the system.

e Dispersion element (Prism or Diffraction Grating) — Separates light into its component

wavelengths.
o Exit slit — Selects the desired wavelength to pass through the sample.

Diffraction gratings are commonly used due to their ability to provide high-resolution

wavelength selection with minimal stray light interference.
3. Detector:

Detectors convert transmitted light into an electrical signal, which is then processed to

determine absorbance. Common detectors include:

e Photomultiplier Tubes (PMT) — Highly sensitive, ideal for detecting low light

intensities.

e Silicon Photodiodes — More stable and compact, commonly used in modern

instruments.
e Charge-Coupled Devices (CCD) — Enable multi-wavelength detection simultaneously.
4. Single-Beam vs. Double-Beam Spectrophotometers:

e Single-Beam Instruments: Measure the intensity of light before and after passing
through the sample separately. They are simpler and more affordable but require

frequent calibration.



e Double-Beam Instruments: Split the light beam into two paths—one passing through
the sample and the other through a reference. This design compensates for fluctuations

in light intensity, improving accuracy and stability.
Basic Principles of Quantitative Analysis

Quantitative analysis is a fundamental aspect of analytical chemistry that focuses on
determining the amount or concentration of a substance in a sample. It involves precise
measurements, mathematical calculations, and calibration techniques to obtain accurate and

reproducible results. The key principles of quantitative analysis include:
1. Selection of an Analytical Method

The choice of the appropriate analytical method depends on factors such as nature of the
sample, required sensitivity, accuracy, and instrumentation availability. Common quantitative
techniques include titrimetry, gravimetry, spectroscopy, chromatography, and electrochemical

analysis.
2. Calibration and Standardization

For accurate results, instruments and reagents must be calibrated against known standards.
Calibration curves, based on Beer-Lambert’s Law in spectrophotometry or external standards

in chromatography, are essential to quantify unknown samples.
3. Sensitivity and Detection Limits

A method must have sufficient sensitivity to detect and measure low concentrations. The limit
of detection (LOD) and limit of quantification (LOQ) define the smallest quantity that can be

reliably measured.
4. Accuracy and Precision
e Accuracy refers to how close the measured value is to the true value.

e Precision refers to the reproducibility of measurements under identical conditions.
Both are evaluated using statistical tools such as standard deviation and confidence

intervals.

5. Error Minimization



Errors in quantitative analysis can be systematic (instrumental, methodological, or human
errors) or random (uncontrollable variations). Proper calibration, replication, and controlled

experimental conditions help minimize these errors.
6. Stoichiometric Calculations

Chemical reactions in quantitative analysis follow stoichiometric principles, ensuring the exact
mole ratio between reactants and products is used for accurate calculations, as seen in titrations

and gravimetric analysis.
7. Data Interpretation and Validation

Quantitative results must be statistically validated to ensure reliability. Tests like standard

deviation, t-tests, F-tests, and confidence limits assess data consistency and significance.
Estimation of Metal Ions from Aqueous Solution

The estimation of metal ions from an aqueous solution is essential in environmental, industrial,
and pharmaceutical analysis. Various techniques are used depending on the metal ion

concentration and required sensitivity:

1. Spectrophotometric Methods — Metal ions form-colored complexes with reagents (e.g.,
EDTA, dithizone) and are analyzed using UV-Visible spectrophotometry based on

Beer-Lambert’s law.

2. Atomic Absorption Spectroscopy (AAS) — Measures the absorption of light by free
metal atoms in a flame or graphite furnace, providing high sensitivity for trace metal

analysis.

3. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) — Detects
multiple metal ions simultaneously by analyzing emitted light from excited atoms in a

plasma state.

4. Electrochemical Methods — Techniques such as voltammetry and potentiometry

estimate metal ion concentrations using electrochemical reactions at electrodes.

5. Titrimetric Methods — Complexometric titrations using EDTA are widely used for metal

ion estimation, particularly for calcium, magnesium, and transition metals.

Geometrical Isomers



Geometrical isomerism occurs in compounds with restricted rotation, such as alkenes and

coordination complexes, leading to distinct spatial arrangements of atoms or groups.

1. Cis-Trans Isomerism — Found in alkenes and square-planar or octahedral coordination

complexes:
o Cis-isomer: Identical groups are on the same side (e.g., cis-[Pt(NH3):Clz]).
o Trans-isomer: Identical groups are on opposite sides (e.g., trans-[Pt(NHs).Cl:]).

2. E-Z Isomerism — A more advanced system used when different substituents are present,

based on Cahn-Ingold-Prelog priority rules.

Geometrical isomers have different physical and chemical properties, affecting reactivity,

polarity, and biological activity.
Keto-Enol Tautomerism

Keto-enol tautomerism is a dynamic equilibrium between two structural isomers—keto form

(C=0) and enol form (C=C-OH)—where a proton shifts along with electron redistribution.
Key Features:

1. Keto Form — Dominates in most cases due to greater stability (e.g., acetone,

CH:COCH).

2. Enol Form — Stabilized by hydrogen bonding, conjugation, or aromaticity (e.g., phenol,

acetoacetic ester).
Significance:
o Influences reactivity in organic synthesis and biochemical reactions.
o Important in biological systems, such as tautomerism in DNA bases (guanine, thymine).
Infrared Spectroscopy
Principle

Infrared spectroscopy is based on the interaction of infrared radiation with molecules, causing
them to undergo vibrational transitions. The absorbed IR radiation corresponds to the specific
vibrational frequencies of chemical bonds, which provide a unique molecular fingerprint for

compound identification.



The fundamental principles of IR spectroscopy include:

1.

Molecular Vibrations — Molecules absorb IR radiation, leading to stretching and

bending of bonds.

Selection Rules — Only vibrations that result in a change in dipole moment are IR-

active.

. Fingerprint Region — The 4000—400 cm™ range contains unique absorption bands

specific to different functional groups.

Choice of Source in IR Spectroscopy

The IR source must provide continuous, stable, and intense radiation over the mid-IR (4000—

400 cm™) and far-IR (400—10 cm™) regions. Common IR sources include:

1.

Globar Source (Silicon Carbide Rod)

o Heated electrically to 1300—1500°C, emitting radiation similar to a black body.

o Suitable for mid-IR (4000400 cm™) applications.
Nernst Glower (Zirconium Oxide and Rare Earth Oxides)

o Operates at 1200-2200°C, producing high-intensity radiation.

o Covers a broad IR range, including mid and far-IR.
Tungsten-Halogen Lamp

o Commonly used for near-IR (140004000 cm™") spectroscopy.

o Provides continuous emission but is less efficient for mid and far-IR regions.
Mercury Arc Lamp

o Used in far-IR spectroscopy (below 400 cm™).

o Emits radiation through an electric discharge in mercury vapor.
Carbon Dioxide Laser

o Provides intense radiation at specific far-IR frequencies.



o Used in high-resolution IR applications and selective molecular studies.
1. Monochromator in IR Spectroscopy

A monochromator is an optical device that selects specific wavelengths from a broad-spectrum
IR source before they interact with the sample. It ensures accurate measurement by isolating

the desired IR frequencies.
Types of Monochromators:

e Prisms (Lithium Fluoride, Sodium Chloride, Potassium Bromide) — Used in early IR

spectrometers but limited by material absorption.

o Diffraction Gratings — Most commonly used; provide high resolution by dispersing

light based on wavelength.

o Interferometers (Michelson Interferometer in FTIR) — Used in Fourier Transform
Infrared Spectroscopy (FTIR) to process all IR frequencies simultaneously, improving

speed and accuracy.
2. Detectors in IR Spectroscopy

Detectors measure the intensity of transmitted or absorbed IR radiation after interaction with

the sample.
Types of Detectors:

e Thermal Detectors (Bolometers, Thermocouples, Pyroelectric detectors) — Measure

temperature changes due to absorbed IR radiation.

o Photodetectors (Photoconductive & photovoltaic detectors) — Provide faster response

times and higher sensitivity, commonly used in FTIR systems.
3. Single and Double Beam IR Spectrometers
o Single Beam IR Spectrometer:
o Measures the intensity of IR radiation passing through a sample.

o Requires separate blank (reference) and sample measurements, leading to

longer analysis time.

e Double Beam IR Spectrometer:



o Simultaneously measures the sample and reference intensities.

o Improves accuracy by compensating for source fluctuations and environmental

factors.

Advantage of Double Beam: Higher precision due to continuous correction of intensity

variations.
4. Sampling Techniques in IR Spectroscopy

The choice of sampling technique depends on the physical state of the sample (solid, liquid, or
gas).

A. Solid Samples:

e KBr Pellet Method — Sample is mixed with potassium bromide (KBr) and pressed into

a transparent pellet.

e Mull Technique (Nujol Mull) — Sample is ground with a liquid paraffin (Nujol) and
spread between NaCl plates.

e ATR (Attenuated Total Reflectance) — Directly measures solid samples without

complex preparation.
B. Liquid Samples:
e Thin Film Method — A drop of liquid is sandwiched between two NaCl or KBr plates.

e ATR Technique — Liquid samples can also be analyzed directly using ATR without

solvent interference.
C. Gas Samples:

e Gas Cells with NaCl or KBr Windows — Used for volatile compounds; requires a long

path length for effective absorption.



UNIT-1V

THERMAL AND ELECTRO-ANALYTICAL METHODS OF ANALYSIS

TGA

Thermogravimetric Analysis (TGA) is a thermal analysis technique used to measure changes
in the mass of a sample as a function of temperature or time under a controlled atmosphere. It
is primarily used to study thermal stability, decomposition, oxidation, and moisture content of

materials.
Principle of TGA
The basic principle of TGA involves:

1. Heating the Sample — The sample is placed in a small crucible inside a furnace, and its

temperature is gradually increased at a controlled rate.

2. Continuous Mass Measurement — A highly sensitive balance continuously records the

mass of the sample as it undergoes thermal changes.

3. Controlled Atmosphere — The analysis is conducted under different gases (e.g.,

nitrogen, oxygen, or argon) to study decomposition in inert or oxidative conditions.

4. Mass Loss Interpretation — The recorded weight loss corresponds to physical or

chemical changes like moisture evaporation, decomposition, or oxidation.

Typical TGA Profile



A TGA curve plots mass (%) vs. temperature (°C) and shows distinct weight loss steps, which

indicate different thermal events:
e Step 1: Evaporation of water or volatile compounds.
e Step 2: Decomposition of organic materials or polymers.
o Step 3: Oxidation or formation of stable residues (e.g., metal oxides, ash content).

TGA is widely used in material science, polymers, pharmaceuticals, and environmental studies

for characterizing thermal stability, composition, and degradation behavior of materials.

TGA — Instrumentation
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A typical TGA system consists of several essential components. The microbalance is a highly
sensitive weighing device that continuously measures small mass changes in the sample. The
furnace provides controlled heating at a precise rate, ensuring uniform temperature increase. A
sample holder is used to place the test material, and an atmosphere control system regulates the
gas environment (e.g., inert gases like nitrogen or reactive gases like oxygen) inside the
chamber to study oxidation or thermal decomposition reactions. A computer system records
and analyzes the data, producing a thermogram that plots weight percentage against

temperature.

Differential Thermal Analysis (DTA) — Principle
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Differential Thermal Analysis (DTA) is another thermal analysis technique that measures the
temperature difference (AT) between a sample and an inert reference material while both are
subjected to the same heating program. This method helps identify endothermic (heat
absorption) and exothermic (heat release) reactions occurring in the material. Endothermic
peaks correspond to processes like melting, dehydration, and phase transitions, whereas
exothermic peaks indicate oxidation, crystallization, or decomposition. Unlike TGA, which

records weight loss, DTA focuses on heat energy changes within the sample.
DTA - Instrumentation

The DTA setup includes a furnace for uniform heating of both the sample and reference
materials. The sample and reference holders are designed to ensure accurate thermal
comparison. Thermocouples are embedded in both holders to measure temperature differences,

and a data acquisition system records the generated thermal curves.
Methods of Obtaining Thermograms

Thermograms are graphical representations of TGA and DTA data, showing how mass or

temperature differences change with temperature or time.

e TGA Thermogram: A plot of mass (%) vs. temperature (°C). The curve shows weight
loss at different temperatures, indicating decomposition steps, moisture loss, or

oxidation processes.



DTA Thermogram: A plot of temperature difference (AT) vs. temperature (°C). Peaks
on the graph correspond to thermal transitions such as melting, crystallization, or

decomposition.

Factors Affecting TGA/DTA Results

Several factors influence the accuracy and interpretation of TGA and DTA results.

Heating rate: A higher heating rate can shift decomposition temperatures and affect

reaction kinetics.

Sample size: A large sample may lead to uneven heating, while too small a sample may

provide low signal intensity.

Atmosphere and gas flow rate: Using an inert gas (e.g., nitrogen) prevents oxidation,

whereas oxygen can facilitate combustion reactions.

Crucible material: The choice of crucible affects thermal conductivity and reaction

behavior. Alumina and platinum crucibles are commonly used.

Thermal Analysis of Silver Nitrate, Calcium Oxalate, and Calcium Acetate

TGA and DTA are useful in analyzing the thermal decomposition behavior of various
compounds.

Silver Nitrate (AgNOs) undergoes decomposition into silver (Ag), nitrogen dioxide
(NO»), and oxygen (O-) at high temperatures.

Calcium Oxalate (CaC204-H20) undergoes stepwise weight loss, first losing water, then
converting to calcium carbonate (CaCOs), and finally decomposing into calcium oxide
(Ca0).

Calcium Acetate (Ca(C2H302)2) decomposes into calcium carbonate and later forms
CaO with CO: evolution.

Differential Scanning Calorimetry (DSC) — Principle

Differential Scanning Calorimetry (DSC) is a technique used to measure heat flow differences
between a sample and a reference material as both are subjected to controlled heating. This
method is widely applied to study melting points, crystallization, phase transitions, and glass
transition temperatures (Tg). Unlike DTA, which measures temperature differences, DSC
provides quantitative information on heat capacity, enthalpy changes, and reaction kinetics.

DSC - Instrumentation
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The DSC system consists of sample and reference pans, where the sample undergoes heating,
and the reference remains thermally stable. Heat flow sensors detect exothermic and
endothermic reactions, while a temperature-controlled furnace ensures uniform heating. A
cooling system is included for low-temperature studies, such as analyzing polymers and
biomaterials.

Applications of DSC

e Determining melting and crystallization temperatures of materials.

o Studying polymeric transitions (glass transition temperature, Tg).

o Evaluating thermal stability of pharmaceuticals and drug formulations.

o Measuring specific heat capacity (Cp) of substances.
Electroanalytical Methods: Polarography and Cyclic Voltammetry
Polarography — Principle
Polarography is an electroanalytical technique used to study redox reactions of electroactive
species in solution. It is based on the measurement of current as a function of applied voltage
in an electrochemical cell. The key feature of polarography is the use of a dropping mercury
electrode (DME) as the working electrode, which provides a fresh electrode surface with each
mercury drop, minimizing surface contamination. As the voltage increases, reduction or
oxidation of the analyte occurs at the electrode surface, generating a diffusion-controlled
current known as the limiting current (I1). The resulting polarogram (current vs. voltage plot)

provides qualitative and quantitative information about the electroactive species.
Polarography — Instrumentation

A polarographic system consists of the following components:



1. Dropping Mercury Electrode (DME): The working electrode, where reduction or
oxidation of the analyte occurs. Mercury is ideal due to its high hydrogen overpotential

and renewable surface.

2. Reference Electrode: Usually a saturated calomel electrode (SCE) or silver/silver

chloride (Ag/AgCl) electrode provides a stable reference potential.
3. Auxiliary Electrode: A platinum wire is typically used to complete the circuit.

4. Electrolyte Solution: Contains the analyte and a supporting electrolyte (e.g., KCl) to

maintain conductivity.

5. Voltage Source and Function Generator: Applies a linearly varying potential to the

working electrode.

6. Current Detector and Recorder: Measures and records the current response to applied

voltage, producing a polarogram.
Applications of Polarography

e Analysis of metal ions: Used in detecting and quantifying trace levels of heavy metals

(e.g., Pb*", Cd*, Zn*).

e Pharmaceutical analysis: Determines active ingredients in drugs and their degradation

products.

e Organic compound analysis: Detects oxygen, peroxides, and functional groups in

organic molecules.

o Environmental monitoring: Used for water quality assessment and detecting pollutants

in wastewater.
Derivative Polarography

Derivative polarography is an advanced modification where the first or second derivative of
the polarographic wave is recorded. This improves resolution and sensitivity, making it easier
to distinguish between closely spaced redox peaks, particularly in complex mixtures. The first
derivative of the current vs. voltage curve enhances peak sharpness, allowing precise

determination of half-wave potentials and concentrations.



Cyclic Voltammetry — Principle

Cyclic Voltammetry (CV) is a powerful electrochemical technique used to study redox
properties, reaction kinetics, and electrode processes. In CV, the applied potential is cycled
back and forth between two limits while recording the resulting current. This method provides
detailed information on electron transfer mechanisms, reversibility of reactions, and diffusion

coefficients.

During the forward voltage sweep, an analyte undergoes oxidation or reduction, generating a
peak current at its characteristic potential. As the voltage is reversed, the reaction is reversed
(e.g., a reduced species is oxidized back), forming a second peak. The shape, position, and

intensity of these peaks help characterize the redox behavior of the analyte.

Cyclic Voltammetry — Instrumentation
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Electrode Flow Electrode
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Analyte Solution

1. Working Electrode: A solid electrode (e.g., glassy carbon, platinum, or gold) where

redox reactions occur.

2. Reference Electrode: Typically, an Ag/AgCl or SCE electrode provides a stable

reference potential.
3. Counter (Auxiliary) Electrode: A platinum or graphite electrode completes the circuit.
4. Potentiostat: Controls the applied voltage and measures the resulting current.

5. Electrolyte Solution: Contains the analyte and supporting electrolyte to enhance

conductivity.
6. Data Acquisition System: Records and analyzes the cyclic voltammogram.

Applications of Cyclic Voltammetry



e Characterization of redox systems: Determines formal redox potentials, reaction

reversibility, and electron transfer kinetics.

o Study of electrocatalysts: Evaluates catalytic activity for applications like fuel cells and

Sensors.

e Organic and inorganic reaction mechanisms: Explores intermediate species in electron

transfer reactions.

o Biosensors and drug analysis: Used in pharmaceutical and biochemical research for

enzyme and drug interaction studies.

UNIT-V

SEPARATION AND PURIFICATION TECHNIQUES

Separation and purification techniques play a crucial role in scientific research, industrial
applications, and pharmaceutical processes. These techniques are essential for isolating pure
substances from complex mixtures, removing impurities, and ensuring the quality of chemical
compounds. The choice of a suitable technique depends on several factors, including the nature

of the sample, the desired purity level, and the specific properties of the components involved.

The classification of separation techniques is based on different principles, including physical,
chemical, and physicochemical properties. Physical separation methods involve techniques
such as filtration, centrifugation, and distillation, which rely on differences in particle size,
density, or boiling points. Chromatographic techniques, including Thin Layer Chromatography
(TLC), Gas Chromatography (GC), and High-Performance Liquid Chromatography (HPLC),
are widely used for separating complex mixtures based on differential adsorption or
partitioning between a stationary and mobile phase. Additionally, electrochemical methods
such as electrophoresis and ion-exchange chromatography separate charged molecules based

on their movement under an electric field.

The effectiveness of these techniques depends on several key principles. One fundamental

principle is phase separation, where components are selectively retained in different phases, as



seen in extraction and chromatography. Another important principle is solubility differences,
which govern techniques like crystallization and precipitation, allowing selective removal of
impurities. The molecular size and shape of compounds influence separation in techniques such
as dialysis and ultrafiltration, while differences in volatility and boiling points form the basis
of various distillation methods. Electrical properties, such as charge and potential differences,

are critical in electrochemical techniques used for protein purification and DNA separation.

Several factors influence the efficiency of separation and purification. The physical and
chemical properties of substances, including solubility, polarity, and volatility, determine the
suitability of a particular technique. Temperature and pressure also play a significant role, as
some methods require specific conditions to achieve optimal separation, such as vacuum
distillation. The choice of solvents or media affects the partitioning of components in extraction
and chromatography, and proper selection is crucial for achieving high-purity products.
Additionally, parameters like flow rate, pH, and ionic strength can impact the resolution and

efficiency of chromatographic and electrochemical techniques.
Solvent Extraction: Principle, Process, and Applications
Introduction

Solvent extraction, also known as liquid-liquid extraction (LLE), is a widely used technique
for separating and purifying compounds based on their differential solubility in two immiscible
liquids. This method is commonly applied in chemical, pharmaceutical, and metallurgical

industries to isolate valuable substances from mixtures.
Principle of Solvent Extraction

The principle of solvent extraction relies on the distribution of a solute between two immiscible

liquid phases:
e Aqueous Phase (usually water-based)
e Organic Phase (a non-polar organic solvent such as ether, chloroform, or hexane)

When a mixture containing the target compound is introduced into a two-phase system, the
solute selectively partitions between the two phases according to its solubility and affinity for
each solvent. The distribution ratio (D) is determined by the partition coefficient, which

depends on factors such as polarity, temperature, and solvent interactions.

Process of Solvent Extraction



1. Selection of Solvent: The organic solvent must be immiscible with water, selectively

dissolve the target compound, and be easily removable.

2. Mixing of Phases: The mixture is vigorously shaken or stirred to allow the solute to

transfer from the aqueous phase into the organic solvent.

3. Phase Separation: The two layers are allowed to settle, and the denser phase (aqueous

or organic) is separated using a separating funnel.

4. Solvent Recovery: The extracted compound is recovered by evaporating or distilling

the solvent, leaving behind the purified substance.
Factors Affecting Solvent Extraction
o Solvent Selection: The efficiency depends on the polarity and selectivity of the solvent.

e pH Control: Adjusting pH can enhance or suppress the ionization of solutes, improving

separation.

e Temperature: Higher temperatures can affect the solubility and partitioning behavior of

compounds.

e Multiple Extractions: Performing repeated extractions with fresh solvent increases

yield and purity.
Applications of Solvent Extraction

o Pharmaceutical Industry: Used for purifying drugs and isolating active ingredients from

natural sources.

e Metal Extraction: Applied in hydrometallurgy to extract metals like uranium, copper,

and rare earth elements.

o Environmental Science: Used for removing pollutants, such as organic contaminants,

from wastewater.

e Food Industry: Extracts flavors, essential oils, and natural pigments from plant

materials.
Liquid -Liquid Extraction

Introduction



Liquid-Liquid Extraction (LLE), also known as solvent extraction, is a separation technique
used to transfer a solute from one liquid phase to another. It is widely used in chemical,
pharmaceutical, and environmental industries for the purification and isolation of compounds.
The process is based on the differential solubility of substances in two immiscible liquids.
Principle of Liquid-Liquid Extraction
The principle of LLE relies on the partitioning of a solute between two immiscible liquid
phases:
e Aqueous Phase (Polar Solvent) — Typically water or an aqueous solution.
e Organic Phase (Non-Polar Solvent) — A non-polar organic solvent such as chloroform,
ether, or hexane.
When the two phases are mixed, the solute distributes itself between them according to its
solubility and partition coefficient. The efficiency of extraction is governed by the distribution
coefficient (Kd dd), which is the ratio of solute concentration in the organic phase to that in
the aqueous phase.
Process of Liquid-Liquid Extraction
1. Selection of Solvent — The solvent must be immiscible with water, highly selective for
the target compound, and easily removable after extraction.
2. Mixing the Two Phases — The aqueous and organic solvents are mixed to allow the
transfer of the solute into the preferred phase.
3. Separation of Phases — The two immiscible liquids are allowed to settle in a separating
funnel, where they form distinct layers.
4. Solvent Recovery — The organic phase containing the extracted solute is separated, and
the solute is recovered by evaporation, distillation, or re-extraction.
Factors Affecting Liquid-Liquid Extraction
e Solvent Selection — The solvent must selectively dissolve the target compound while
being immiscible with the aqueous phase.
e pH Adjustment — The ionization state of the solute can be controlled by adjusting pH,
enhancing its transfer to the organic phase.
o Temperature — Changes in temperature can affect solubility and distribution ratios.
e Multiple Extractions — Performing multiple extractions with fresh solvent increases
efficiency and improves yield.
Applications of Liquid-Liquid Extraction
e Pharmaceutical Industry — Used for the extraction of drugs, antibiotics, and active

ingredients from plant materials.



e Metal Recovery — Applied in hydrometallurgy to extract metals such as uranium,
copper, and rare earth elements.

e Environmental Science — Used for removing organic pollutants, pesticides, and heavy
metals from wastewater.

e Food Industry — Extraction of flavors, essential oils, and natural pigments from raw

materials.

Chromatography: Principles, Types, and Separation Mechanisms

Chromatography is a powerful analytical technique used for separating, identifying, and
quantifying components in a mixture. It plays a crucial role in various scientific disciplines
such as chemistry, pharmaceuticals, biotechnology, and environmental science. The
fundamental principle of chromatography is the differential migration of sample components
through a stationary phase under the influence of a mobile phase. The interaction between the

sample, stationary phase, and mobile phase determines the separation efficiency.

Principle of Chromatography

The principle of chromatography is based on the selective distribution of different components
of a mixture between two phases:

1. Stationary Phase: A solid or liquid phase that remains fixed within the system.

2. Mobile Phase: A liquid or gas that carries the sample through the stationary phase.
As the sample moves with the mobile phase, its components interact differently with the
stationary phase based on adsorption, partition, or ion-exchange properties, leading to their
separation. The extent of interaction determines the retention time of each component, allowing

for effective separation and analysis.

Classification of Chromatography

Chromatography is broadly classified based on two factors:

1. Based on the Physical State of the Mobile Phase:
e Liquid Chromatography (LC): Uses a liquid mobile phase.
e Gas Chromatography (GC): Uses a gaseous mobile phase.

2. Based on the Separation Mechanism:



e Adsorption Chromatography: Separation occurs based on the differential adsorption of
sample components onto the stationary phase.

o Partition Chromatography: Components separate based on their differential solubility
in the mobile and stationary phases.

e Jon-Exchange Chromatography: Charged molecules interact with oppositely charged
groups in the stationary phase.

e Size-Exclusion Chromatography: Molecules are separated based on their size as they
pass through a porous stationary phase.

o Affinity Chromatography: Specific interactions between biomolecules (such as

antigen-antibody or enzyme-substrate interactions) facilitate separation.

Types of Chromatography

1. Column Chromatography
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Column chromatography is a fundamental separation technique where the sample mixture is
passed through a column filled with a stationary phase. The separation occurs as different
components interact with the stationary phase to varying degrees.
e Choice of Adsorbents: Common adsorbents include silica gel, alumina, and cellulose.
o Solvent Selection: The mobile phase is chosen based on polarity, with common solvents

being ethanol, hexane, methanol, and acetone.



e Elution Mechanism: Components elute from the column at different rates depending on
their affinity to the stationary phase.
Applications:
e Purification of chemical compounds.

e Separation of plant extracts and pharmaceutical products.

2. Thin-Layer Chromatography (TLC)

—-—

TLC Chamber

Spotting line ——]

I TLC Plate

£

Mobile phase

@

TLC is a simple and rapid technique for separating and identifying compounds in a mixture. It
employs a thin layer of stationary phase (silica gel, alumina) coated onto a glass, plastic, or
metal plate.
e Process: A small amount of the sample is spotted on the TLC plate, which is placed in
a solvent system. The mobile phase travels up the plate via capillary action, separating
components based on their interaction with the stationary phase.
e Detection Methods: UV light, iodine vapors, and chemical stains are used to visualize
separated compounds.
Applications:
e Drug analysis.
e Quality control in pharmaceuticals.

e Forensic science.

3. Paper Chromatography
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Paper chromatography is a cost-effective method mainly used for qualitative analysis. It
involves a strip of filter paper as the stationary phase and a liquid solvent as the mobile phase.
o Separation Principle: Components migrate at different rates due to differences in
solubility and interaction with the paper.
e Types: Ascending, descending, and radial chromatography.

e Applications: Identifying amino acids, sugars, and plant pigments.

4. Gas Chromatography (GC)
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Gas chromatography is an advanced separation technique for analyzing volatile and thermally
stable compounds. It uses a gas mobile phase (carrier gas) to transport analytes through a

column.



e Principle: Separation occurs based on boiling points and interaction with the stationary
phase.
e Choice of Carrier Gas: Common gases include helium, nitrogen, and hydrogen.
e Detectors Used: Flame Ionization Detector (FID) and Thermal Conductivity Detector
(TCD).
Applications:
e Environmental monitoring (air pollution analysis).

e Drug and food safety analysis.

5. High-Performance Liquid Chromatography (HPLC)
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HPLC is a sophisticated chromatographic technique used for high-resolution analysis of
complex mixtures. It involves a liquid mobile phase that carries the sample through a packed
column under high pressure.
o Types:
o Normal-Phase HPLC: Uses a polar stationary phase and a non-polar mobile
phase.
o Reverse-Phase HPLC: Uses a non-polar stationary phase and a polar mobile
phase.
o Advantages: High sensitivity, accuracy, and faster analysis.
Applications:
o Pharmaceutical analysis.

e Biotechnology and quality control.



6. Electrophoresis
Electrophoresis is used to separate charged molecules like proteins and nucleic acids based on
their movement in an electric field.

o Types: Gel electrophoresis, capillary electrophoresis.

e Applications: DNA sequencing, protein analysis, and forensic investigations.

Choice of Adsorbents and Solvents
e Adsorbents: Selection depends on the polarity and nature of the sample. Common
adsorbents include silica gel, alumina, and cellulose.
e Solvents: The choice of solvent affects separation efficiency. Non-polar solvents like
hexane are used for non-polar compounds, while polar solvents like ethanol or methanol

are used for polar compounds.

Preparation of Column
o Packing: The stationary phase is packed into a column, either by dry packing or wet
packing.
e Sample Introduction: The sample is applied at the top of the column before allowing
the mobile phase to pass through.
o Elution: Components elute at different rates based on interaction with the stationary

phase.

Elution Mechanism of Separation
1. Adsorption Chromatography
o The sample components adhere to the surface of the stationary phase.
e Used in TLC and column chromatography.
2. Partition Chromatography
e Separation occurs based on differential solubility between the mobile and stationary
phases.
e Used in paper chromatography and liquid-liquid extraction.
3. Ion-Exchange Chromatography
o Ions in the sample exchange with oppositely charged ions in the stationary phase.

e Used in water purification and protein separation.



Development of Chromatograms and Rf Value

Chromatography is a technique used to separate components of a mixture based on their
interaction with the stationary and mobile phases. Once the separation occurs, the result is
recorded as a chromatogram, which visually represents the movement of different components.
The Rf value (Retention factor) is a crucial parameter used in Thin Layer Chromatography

(TLC) and Paper Chromatography to quantify the separation efficiency.

Development of Chromatograms

The development of a chromatogram involves allowing the mobile phase (solvent) to move
through the stationary phase, carrying the sample components at different rates. The process
consists of the following steps:

1. Sample Application: A small amount of the sample mixture is spotted onto the
stationary phase (TLC plate or chromatography paper).

2. Solvent Selection: A suitable solvent or mixture of solvents is chosen based on the
nature of the sample.

3. Chromatogram Development: The plate or paper is placed in a sealed chamber
containing the mobile phase. The solvent rises through capillary action, separating the
components.

4. Detection: After the solvent front reaches an appropriate height, the chromatogram is
dried, and the separated spots are visualized using UV light, iodine staining, or chemical
reagents.

The chromatogram provides qualitative and quantitative information about the sample,
including the number of components, their interaction with the stationary phase, and their

polarity.

Retention Factor (Rf Value)

The Rf value is a numerical representation of how far a compound travels relative to the solvent
front. It is calculated using the formula:

Rf=Distance traveled by the compoundDistance traveled by the solvent front

Rf = frac{Distance travelled by the compound Distance travelled by the solvent
front} Rf=Distance traveled by the solvent front Distance travelled by the compound

Key Points About Rf Value:

e The Rf value ranges between 0 and 1.



A higher Rf value indicates lower interaction with the stationary phase and higher
solubility in the mobile phase.

A lower Rf value suggests stronger binding to the stationary phase and less movement
with the solvent.

The Rf value helps in identifying compounds by comparing them with reference

standards.

Factors Affecting Rf Value:

1.

Nature of the Compound: Polar compounds interact more with the stationary phase,
leading to lower Rf values, while non-polar compounds travel further.

Type of Stationary Phase: The composition of the stationary phase (e.g., silica gel,
cellulose) affects adsorption and separation.

Mobile Phase Composition: The choice of solvent influences the movement of analytes.
A more polar solvent can increase the Rf value of polar compounds.

Temperature and Humidity: Variations in temperature and humidity can alter solvent
flow and affect Rf values.

Thickness of the Stationary Phase: A thicker layer may cause stronger adsorption,

reducing Rf values.

Significance of Rf Value and Chromatograms:

Used for qualitative analysis in forensic science, pharmaceuticals, and biochemical
studies.

Helps in identifying unknown compounds by comparing with reference substances.
Assists in monitoring chemical reactions and purity analysis.

Used in food quality testing and plant compound analysis.



