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1. INTRODUCTION TO ATOMIC ABSORPTION
SPECTROMETRY (AAS)

1.1 Atomic absorption process

Atomic Absorption is that If light of just the right wavelength impinges on a free,
ground state atom, the atom may absorb the light as it enters an excited state.
The guantity of interest in atomic absorption measurements is the amount of
light at the resonant wavelength which is absorbed as the light passes through
a cloud of atoms. As the number of atoms in the light path increases, the amount
of light absorbed increases in a predictable way. By measuring the amount of
light absorbed, a quantitative determination of the amount of analyte element
present can be made. The use of special light sources and careful selection of
wavelength allow the specific quantitative determination of individual elements
in the presence of others.

EXCITATION EMISSION |
— —— —— —
(1) Energy + —_ 1) — 4 f\J
Ground Exciled Excited Ground  Light
State State Stite Sale  Energy
Aom Atom Atom Mom
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1.2 Principles of Quantitive Analysis by Atomic Absorption

Light at the resonance wavelength of initial intensity, lo, is focused on the flame
cell containing ground state atoms. The initial light intensity is decreased by an
amount determined by the atom concentration in the flame cell. The light is then
directed onto the detector where the reduced intensity, (l), is measured. The
amount of light absorbed is determined by comparing (I) to (lo).

Beer's Lambert law
lo=lat+le+(1r+1s)
|o=|a+|t |a= IO'lt

* Lambert law: The rate of decreasing intensity of incident light is
proportional to cell thickness (L)

Log lo/ k=KL .. 1

* Beer’slaw: The rate of decreasing intensity of incident light is proportional
to concentration of the solution in the cell

Log lo/ l:=K/C......2
From 1and 2
A=log lo/I =K K/ CL=£CL
A= £CL
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1.3 Atomic Absorption Spectrometry (AAS)

The aim of this type of devices is to determine the concentrations of the metals

in different concentration levels and different matrices.

1.4 Types of Atomic Absorption Techniques

A. Flame Atomic Absorption (the operation instructions depends on the
manufacturer manual and the analytical application is based on SM3111)

DRAN

B. Electrothermal Atomic Absorption, Graphite Furnace AA (the operation
instructions depends on the manufacturer manual and the analytical
application is based on SM3113)

Sample
Injection Port
LI STy S

i

S Atomization
Light Chamber Monochromator Detector
Source Graphite Furnace

C. Hydride Generation Atomic Absorption (the operation instructions
depends on the manufacturer manual and the analytical application is
based on SM3114)
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1.5 The main components of AAS
1.5.1 Light Source

The most common light source used in atomic absorption is the “Hollow
Cathode Lamp - HCL”. It is an excellent, bright line source for most of the
elements determinable by atomic absorption. It is composed of Cathode/Anode,
filled with an inert gas (Ne or Ar) and the exit window composed of Pyrex or
quartz depending on wavelength produced. The best alternative for HCL is
Electrodeless Discharge Lamp — EDL that described as the most sensitive lamp
but it is limited to some metals only.

/e optical
Ay window

o

1.5.2 The Atomic Absorption Atomizer
A. For Flame Atomic Absorption Spectroscopy Technique:

Atomization occurs in a flame created by mixing a fuel with an oxidant.
Sample solution is aspirated through a nebulizer and sprayed as a fine aerosol
into the mixing chamber. Here the sample aerosol is mixed with fuel and oxidant
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gases and carried to the burner head, where combustion and sample

atomization occur.

Burner head

Burner head
locking ring

Auxillary Flow spoiler
oxidant retaining screw
4 _ Pressure
relief vents

Fuel

“\_Flow spoiler

Nebulizer (Panton plastic)

adjusting knob

Sample 1 S5
capillary ! . Nebulizer
To waste oxidant

Only a portion of the sample solution introduced into the burner chamber by
the nebulizer is used for analysis. The finest droplets of sample mist, or aerosol,
are carried with the combustion gases to the burner head, where atomization
takes place and the excess sample is removed from the premix chamber through
a drain.

B. For Graphite Furnace Atomic Absorption Spectroscopy Technique:

the atomization in this technique is taken place by thermal energy. The sample
is introduced to the Graphite Tube (the heart of the graphite furnace)
surrounded by stream of Argon. The thermal program is applied to get free
atoms of the analyte. The atomization process is achieved and temperature is
rigorously controlled using a series of heating steps Dry (remove water), Ash or
Char (destroy organics) and Atomize

Internal gas flow
Graphite tube

Graphite
furnace t
Window Window
To 1 ‘
spectro- -L}. Il _ o ll;lght
photometer | |J| cam
O ring | O ring

External gas ﬂow/] [
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C. For Hydride Generation Atomic Absorption Spectroscopy Technique:

This technique makes use of the property that the metalloid elements (i.e.: As,
Se, Sb, Bi, Se, Te, Sn and Hg) exhibit, i.e. the formation of covalent, gaseous
hydrides which are not very stable at high temperatures. The hydrides of these
metals are pushed by Argon gas to a quartz tube which heated by electric or
flame. The heating energy gained from the heater or flame is enough to destroy
the hydrides and give free atoms. In some cases this atomization is occurred in
low temperature and called “ Cold Vapor Atomic Absorption”

¢+ Upper slot, 5 cm

—

To detector

Lght —»t o~

from HCL :_7'—--—J P—

Lower slot, 11 cm

ol

1.5.3 Monochromator

The main function of this part is to select the desired wavelength by analyzing
of the light. The most common devices used for this purpose are prism and
grating.

e

N = d(sin(i) + sin (r))
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1.5.4 Detectors

The transmitted radiation is detected to calculate the absorbed part which
related to the concentration of the analyte. The most common detectors are
Photomultiplier Tube (PMT) and Solid State Detector (CCD).

Light

Photocathode 200 W 400 W
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2. INTRODUCTION TO INDUCTIVELY COUPLED PLASMA
OPTICAL EMISSION SPECTROMETRY (ICP-OEYS)

Absorption spectrum

T —"

Emission spectrum

2.1. Principles of atomic emission spectrometry

It is a method of chemical analysis that uses the intensity of light emitted from
a plasma at a particular wavelength to determine the quantity of an element in
a sample. The wavelength of the atomic spectral line in the emission spectrum
gives the identity of the element while the intensity of the emitted light is
proportional to the number of atoms of the element. The high temperature of
the plasma has dual functions: i) removing the solvent from the sample then
atomization of the particles ii) ionize the atoms and excite both the atom and
the ion. The excited atoms and ions emit specific wavelengths that used to
identify the atom and quantify the amount of these atoms in the sample.
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2.2. Purpose of ICP-OES

Inductively coupled plasma/optical emission spectrometry (ICP/OES) is a
powerful tool for the determination of metals in a variety of different sample
matrices. With this technique, liquid samples are injected into a radiofrequency
(RF)-induced argon plasma using one of a variety of nebulizers or sample
introduction techniques. The sample mist reaching the plasma is quickly dried,
vaporized, and energized through collisional excitation at high temperature.

The atomic emission emanating from the plasma is viewed in either a radial or
axial configuration, collected with a lens or mirror, and imaged onto the
entrance slit of a wavelength selection device.

Single element measurements can be performed cost effectively with a simple
monochromator / photomultiplier tube (PMT) combination, and simultaneous
multi element determinations are performed for up to 70 elements with the
combination of a polychromator and an array detector.
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Spectrometer Multi-element
Plasma detector

Sample

@ (]

2.3. The main components of ICP-OES
2.3.1. Sample compartment:

The part in which the sample is converted from liquid to mist and then to a
plasma. It consists of two main parts

i) Sample introduction system in which the sample is converted from liquid to
mist and it consists of pump, spray chamber and nebulizer.

_-—
-
e -

o — s . o
S

q\

wpical pray chambeny used wift ICP-OES. & - oot doutie pana -
Eype, 1 - conical ungie-pams e i mpact bess

ii) the second important part of the sample compartment is the plasma torch in
which the sample is atomized and excited.

3.2 Polychromator

The next step in ICP-OES is the differentiation of the emission radiation from one
element from the radiation emitted by other elements and molecules. The
discrimination of this emission may be done in several ways. The physical

enaal) el s ol ol Al A0 il gl lesall aslall o iy



R A2l — oo e
% Inorganic Instruments %

dispersion of the different wavelengths by a diffraction grating is by far the most
common. Other devices less commonly used include prisms, filters and

interferometers.
Harabolic < bk
Colimaior 4 . Cross
r|_ s U Chig el g i
._rr..l" .. 3 .
7 A ) |
Ergrance y - 7 ."";.-_ .‘_.-"
£ . r y e & Fy
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3.3 Detectors
A. Photomultiplier Tubes PMT

The photomultiplier tube (PMT) is a radiation detector in which the incident
radiation falling on a photocathode causes the emission of primary electrons
(outer photoelectric effect) which are released into the surrounding vacuum
resulting from the applied dynode voltage each primary electron is accelerated
so rapidly that when it strikes a dynode two to ten secondary electrons are
emitted, leading to a cascade effect.

..-:{j,. -—
T RRRAR.
4 &

-'*:.h ; F F I ;B
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B. Solid state detector

These devices are based on the light-sensitive properties of solid-state silicon
and belong to the broad class of silicon-based devices called charge transfer
devices (CTD). To illustrate the principals associated with CTDs, a block of very
high purity crystalline silicon is considered (Onto this silicon substrate is grown.
an insulating layer of silicon dioxide (SiO 2 ). As shown in the pictorial, each
silicon atom in the substrate is bonded to its adjacent silicon atom in a three-
dimensional lattice.

& 6 & & &
TP o7 67 6% o
PP e e %6
PP P 0P 67 o
L ) ) )]
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3. INTRODUCTION TO ION CHROMATOGRAPHY (IC)
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3.1. A General Description of Chromatography

The term chromatography is difficult to define rigorously because the name has
been applied to such a variety of systems and techniques. All of these methods,
however, have in common the use of a stationary phase and a mobile phase.
Components of a mixture are carried through the stationary phase by the flow of
a gaseous or liquid mobile phase, separations being based on differences in
migration rates among the sample components.

Name of
Nature i
Mature of Mechanism Technique Chrom atographic
Stationary of Method
Phase Separation
Gas Liguid

Liguid I_‘ Fartition Chromatography
(GLS

Gas Solid

Solid l_‘ Adsorption |—| Colurmn }7 Chromatog rapby
(H5C)

Classical Ligquid-Liguid
Calumi
Chrarmataaraphy (LLC

of
Mobile
Phase

Gas
Chromatographry

4| Liguid H Partitian }_
Thin-Layer

Chromatography (TLC)
CHROMATOGRAPHY
High Performance

Ligguid Chromatography
(HPLC)

Bonded It odified
Liguid Partitian

High Performance T hin-
Layer Chromatography
{HPTLC)

Classical Liquid-Solid
Ligquid || Chramatograpty (LSC)
Chromatography

High Performance Liquid
Chromatography
HPLZ)

Chromatography (TLC)

High Performance
Liguid Chromatography
HPLC)

Paper Chromatograp by
(PC

Ion Exchange
Chraomatagraphy (EC)

lon Exchange

Erom: Figure 15.7 Exclusion
"Separation Process Chromatography (EC)

Principles”, p.792

Gel Permeation
Chrarmatadraphy (GPC)

Figure A: Chromatography Classification
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3.2. lon Chromatography in Environmental Analysis
lon chromatography (IC) is a subset of liquid chromatographyapplied to the

determination of ionic solutes, such as inorganic anions, cations, transition

metals, and low molecular weight organic acids and bases. Although
thesesolutes can be analyzed using a number of separation anddetection
modes, ion-exchange is the primary separationmode and suppressed
conductivity is the primary method of detection in IC. Normally, such
separations are performed on a column packed with a solid ion-exchange
material. But if we define chromatography broadly as a process in which
separation occurs by differences in migration, capillary electrophoresis may also
be included.

Positively Charged
Analyte [Cation]

Atiracted to
Negative Surface

Negatively Charged
Analyte [Anion]

Attracted to
Positive Surface

Figure B: Ion-Exchange Chromatography

IC is well established as regulatory method for the analysis of inorganic anions
in environmental samples as there are few alternative methods which can
determine multiple anions in a single analysis. However, there are relatively few
regulatory methods for cation analysis which use 1C. Methods for cation analysis
tend to be based upon spectroscopic techniques, although IC offers the advantage
of providing information on metal speciation.
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3.3. Components of an IC Instrument:

The hardware is similar to that used for high pressure liquid chromatography
(HPLC) but does have important differences. Readers who are familiar with
HPLC will recognize the similarity and the differences to IC hardware.

The hardware requirements for an IC include :

e An optional Supply of eluent(s).

e High pressure pump (with pressure indicator) to deliver the eluent.

e Pulsation Dampener (to minimize base line noise).

e An optional Autosampler.

¢ Injector for introducing the sample into the eluent stream and onto
the column.

e Column to separate the sample mixture into the individual
components.

e An optional oven to contain the column.

e An optional Suppression Unit.

e Detector to measure the analyte peaks as elute from the column.

e Data system for collecting and organizing the chromatograms and

data.

IC SET-UP

Pump Purge Injection Column Detector

valve valve

Suppressor

Pulsation
A dampener Peristaltic
pump

- i O

Eluent Sample Regeneration Waste
and rinsing

Schematic of an lon Chromatography System

L@ K
— 1

eluent  pump injector column detector

Suppression in lon Chromatography
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— ] 11T
eluent pump injector column suppressor conductivity

detector

Metrohm Suppressor Modul(Chemical Suppression):

The suppressor used in anion chromatography is simply a cation exchanger and
its job is to remove cations and replace them with an H+. So a sodium carbonate
eluent (~800uS) would be converted to carbonic acid (~18uS) by the suppressor
and the analyte, for example NaCl (~126uS without suppression) would become
HCI (~426uS with suppression). The suppressor converts the analyte to the free
acid form and the background is reduced whilst the sample signal is enhanced.
The anion chemical suppression can be taken a stage further with a secondary
CO; suppressor instrument (fitted after the MSM) which removes carbon
dioxide from the suppressor reaction and carbonate from the sample, which
means that the mobile phase is converted to water instead of carbonic acid so a
background conductivity approaching 1uS is then achieved. This is known as
Sequential Suppression and gives a greatly minimized injection peak, no system
peak (from eluent), super linearity and an enhancement in the peak areas allowing
lower limits of detection to be achieved.
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METROHM SUPPRESS0R

1) Eluent with sample

MODUL s

Connection piece
with cock disc

front view

y 2) Regenerating
phase

3) Rinsing phase

Suppressor rear view

Screw-nut

The MSM is a Suppressor unit with chemical regeneration. To column, detector

1) Eluent with sample is flowing through the suppressor ‘; / andbottes
material — lowering the background conductivity.

2) The inside is being washed around by an acidic
regeneration agent e.g. diluted sulfuric acid (H,SO,)

3) The regeneration agent is rinsed by means of water (H,O).

©2005-2008 MetroService, Metrohm AG, CH-Herisau
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Suppressors

Metrohm Suppressor Module «MSM»

Packed bed suppressor

Na* — H* / Na,CO; — H,CO;
Me* — H* / MeCl — H* + CI-
Suppression

« H,SO,

Regeneration

<« H,0
Rinsing

-+

N VIR “Ilm

©2005-2008 MetroService, Metronm AG, CH-Herisau

lon analysis

680
670

MODUL

660
650

[Condﬂcﬁvity (puS/em)

chemical
suppression

| EFluent - Pump

T
injection

The Metrohm Suppressor Modul (MSM)
is an optional component to improve the

detection of the analyte.

The MSM chemically suppresses the high
background conductivity of the eluent.
Thus enabling a more sensitive detection of
the analyte.
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Injection Valve Separation column

L
|
I
Loop Chem.
l Suppressor
Waste I
1 CO5
Suppressor
IC Pump
Detector
T T
Sample Eluent Waste

Dionex Suppressor Modul(Electrolytic Suppression):

Anion Self Regenerating Suppressor (ASRS?)
(Electrolytic Suppression)

Anode N s
Anoge Cathode
Waste/vent Wasteent

—~  XinKOHElent

....
''''''

The sodium hydroxide eluent flows through the channel in the suppressor
between the cation exchange membranes. Under the influence of the electric
field, the sodium eluent ions cross the cation exchange membranes and migrate
towards the cathode. They are replaced by the hydronium ions that are
continuously being generated at the anode through the electrolysis of water.
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After passage through the suppressor, the eluent and the analyte anions pass
through the conductivity cell. In the recycle mode the eluent stream then passes
through the regen side of the suppressor, where it provides the source of
hydronium ions and sweeps the sodium counterions away to waste.

Autosuppession is a form of continuous suppression, meaning fresh regenerant is
continuously being supplied with no interruptions in chromatography required.
The advantages of continuous suppression, as opposed to "batch™ suppression in
which the suppressor must be periodically regenerated off-line will be discussed
in the next few slides.

Everything on the high pressure side, from the pump outlet to the end of the
column, must be strong enough to withstand the pressures involved. The
wetted parts are usually made of PEEK and other types of plastics although
other materials, such as sapphire, ruby, or even ceramics are used in the pump
heads, check valves, and injector of the system. PEEK and other high

performance plastics are the materials of choice for ion chromatography.

Stainless steel can be used provided the system is properly conditioned to
remove internal corrosion and the eluents that are used do not promote further
corrosion. (Almost all IC eluents are not corrosive.) Stainless steel ICcomponents
are considered to be more reliable than those made from plastics, but require
higher care. The stainless steel IC is normally delivered from the manufacturer
pretreated so that corrosion is not present. The reader is advised to consult the
IC instrument manufacturer for care and upkeep instructions.

Dead Volume:

Dead volume is any empty space or unoccupied volume. The presence of too
much dead volume can lead to extreme losses in separation efficiency due to
broadening of the peaks. Eluent entering the pump should not contain any dust
or other particulate matter. Particulates can interfere with pumping action and
damage the seal or valves. Material can also collect on the inlet frits or on the
inlet of the column, causing pressure buildup. Eluents or the water and salt
solutions used to prepare the eluents neither are normally filtered with a 0.2 or
0.45 p nylon filter.

Degassing the Eluent
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Degassing the eluent is important because air can get trapped in the check valve

(discussed later in this section), causing the pump to lose its prime. Loss of prime
results in erratic eluent flow or no flow at all.

Another reason for removing dissolved air from the eluent is because air can
result in changes in the effective concentration of the eluent. Carbon dioxide
from air dissolved in water forms carbonic acid. Carbonic acid can change the
effective concentration of a basic eluent, including solutions of sodium
hydroxide, bicarbonate and carbonate. Usually, degassed water is used to
prepare eluents and efforts should be made to keep exposure of eluent to air to
a minimum after preparation.

Modern inline degassers are becoming quite popular. These are small devices
that contain two to four channels. The eluent travels through these devices from
the reser- voirs to the pump. The tubing in the device is gas permeable and
surrounded by vacu- um. Helium sparging can also be used to degas eluents.
Extended sparging may cause some retention shifts, so sparging should be
reduced to a trickle after the initial few minutes of bubbling. Finally, it is best to
change the eluents every couple of days to keep the concentration accurate.

Pumps

IC pumps are designed around an eccentric cam that is connected to a piston.
The rotation of the motor is transferred into the reciprocal movement of the
piston. A pair of check valves controls the direction of flow through the pump
head. A pump seal surrounding the piston body keeps the eluent form leaking
out of the pump head.

In single-headed reciprocating pumps, the eluent is delivered to the column for
only half of the pumping cycle. A pulse dampener is used to soften the spike of
pres- sure at the peak of the pumping cycle and to provide a eluent flow when
the pump is refilling. Use of a dual head pump is better because heads are
operated 180° out of phase with each other. One pump head pumps while the
other is filling and vice versa.
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PULSATION DAMPENER
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The pulsation dampener (also pulsation
absorber) smoothens the pressure
variations caused by the pump and the
injector valve. This protects the
separation column and reduces
disturbing pulsations during the
conductivity measurement.

6.2620.150 Pulsation dampener

It can be operated in both directions. The pulsation dampener is accessory. It
must not be disassembled and is therefor a
con-sumable.
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IC pump head, piston, and cam.
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Figure 1.5. Check valve positions during intake and delivery strokes of the
pump head piston.

Gradient Formation

Isocratic separations are performed with an eluent at a constant concentration
of eluent buffer or salt solution. While it is desirable (simpler) to perform IC
separations with single isocratic eluent, it is sometimes necessary to form a
gradient _of weak eluent to concentrated, strong eluent over a

chromatographic run. This allows the separa- tion of anions that may have a

wide range of affinities for the column. Weakly adhering anions elute first and
then, as the eluent concentration is increased, more strongly adhering anions
can be eluted by the stronger eluent.

Detection and Data System:
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The most common and useful detector for ion chromatography is conductivity;

however, UV and other detectors can be quite useful. The results of the
chromatographic separation are gen- erally displayed on a computer, although,
in some older systems, recorders and integrators are used. The computer uses
an AID (analog to digital) board to convert the analog signal from the detector
to digital data. The digital information is stored and manipulated to report
results to the user.

The type of information that is most useful are the retention times of the various
peaks and the peak areas (in a few cases, peak heights are used). Retention
times are used to confirm the identity of the unknown peak by comparison with
a standard. Peak area is compared to standards of known concentration to
calculate analyte concentrations. This calculation can be performed by the use

of a

simple ratio:

Unknown concentration = unknown peak area

Known concentration known peak area

Therefore:

Unknown concentration = known concentration x unknown peak area

Known peak area

It is usually better, however, to draw a calibration curve of known peak area vs.
known concentration, to find the unknown peak area on the curve and to
measure the unknown concentration on the axis.

For the data system to measure peak area, the baseline of the peak must be
accurately drawn. The software program will attempt on its own to draw a
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baseline for the peak, but frequently the user must manually mark the baseline

start and finish points to accurately draw the peak baseline.

3265
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Chromatogram showing an anion exchange separation followed by
direct conductivity detection (non-suppressed)

Some modern IC Instruments...

Modular system | Compact IC Advanced IC Online IC Professional IC

pres
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ICS-3000 - System Accessibility
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