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1. Introduction

The recent decades have witnessed a sharply gralemgand for information. This
also pertains to the information on various matestgects that can be obtained in the
course of analytical examination of collected saapl Therefore, the analytical
information resulting from the work of analystsaigesponse to society's demands, as is
pictured in the diagram shown in Figure 1.

The desire to satisfy the need for analytical déitaulates actions towards:

- developing new analytical methodologies,
- designing and implementing new technical solutiforsthe measuring instruments
used in analytical practice.

Analytical methodologies and measuring instrumeants the tools for obtaining
reliable data on the composition of the materigéots being studied.

The science on the construction and operating afl@seasuring instruments is often
referred to as “instrumentation”. The consecutiegas of this science development can
be easily discerned. Figure 2 presents a diagranheffactors that influence the
development of measuring instruments.
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Access to a variety of information sources fadditadecision making not only in
politics, but also in the economy and technologyated to control over the processes of
manufacturing consumer goods). A new type of madeeise, where information is
bought and sold [1].

Analytical data on the studied material objectsaaspecific kind of information. This
information is not usually obtained through an gsial of the whole object, but is based
on the analyses of appropriate samples. Therefoeesamples have to be collected in
such a way that the most important criterion is, ieatepresentativeness.

In order to satisfy the growing demand for anabjtidata, more and more intense
research is taking place with the aim of developiagy methodological and instrumental
solutions so that the analytical results are ac®for as much information as possible,
that is - in other words - are characterized bygteatest information capacity possible.

Measurement results must be reliable (credibledt ih they must accurately (both
precisely and truly) reflect the real content (amtpwf analytes in a sample that is
representative of the material object under resedrhis leads to the conclusion that all
developments in analytical chemistry are deriveainfrthe desire to obtain in-depth
analytical data. Analytical chemistry uses a verpad spectrum of measurement
methods and techniques. Table 1 presents the tlasaification only.

Table 1
The basic classification of modern chemical analysethods
Basis for Cate- Types of analytical Additional explanation
gorization methods
1 2 3
Relation primary methods used for direct measurement of units in the Slesyst
to the curren
international relationship methods Isotope Dilution Mass Spectrometry (IDMS)
system of unitg
Sl (location in| secondary methods
the comparisor
chain  ensuring
traceability)
absolute methods based on such units as mass, volume, time, elextrient
intensity, which do not require calibration
Measurement
principle relative methods by comparing signals from analytes in the model dam
and in the examined sample; the calibration stage i
necessary
direct methods an appropriate measurement device (sensor) is ¢place
directly in the examined object in order to obtairalytical
data (measuring of pH and electrical conductivity)
indirect methods in most cases used because of:
Means of - very low analyte concentration levels
examining the - complicated matrix composition and the presencg of
sample INTERFERANTS; it is necessary to prepare the
sample properly, and measuring analyte concentratio
is done in an appropriate extract
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1 2 3
methods for determiningmethods used in examining the quality of the emvitent
the momentary concentraand determining individual exposure
tion of analytes in the
examined material object
Type of

analytical data

determinin
concentrg
taking the

methods for
time-weighted
tions while
sample

Location of the
analysis process

methods of makingn situ
measurements

laboratory methods

appropriate mobile laboratories, movable or po#:
measurement devices are used

abl

Means of
obtaining
analytical data

device
th
q

methods  using
which  can read
amount/concentration
analyte directly

methods with previousl
prepared samples and ft}
amount/concentration ¢
analyte calculated based
laboratory measurements

susually used in field research, in order to quicihtain
panalytical data (often semi-quantitative)

Means of taking
a representativi
sample

sedimentation methods
| isolation methods

aspiration methods

a sample of analytes is collected by way of fregration
of analyte onto the collecting surface

sample is put into a container (probe) with a dt
volume

analyte samples are collected by running a stre
medium through a trape§ sorption tube)

Level of
automation

manual methods

automatic methods

monitoring methods

most of the operations and actions (both in fiehd @n
laboratory) connected with preparing the sample peare
formed manually

all or part of the operations are performed withtiu
participation (intervention) of an operator (anglys

specific type of automatic methods; the devicesl usast
have the following features:

they must be able to obtain data in real time dh
only a slight time delay

they must be capable of performing continu
measurements

they must be able to operate autonomously
extended periods of time

i

DUS

for

Depending on the objective of the measurementpaepiure has to be chosen from
two main (Fig. 3). The first is the classical prdaee recommended and even required by
the official text for regulation monitoring, based sampling and laboratory analysis,

including several

steps between

sampling and asalysonditioning,

storage,

transportation and pretreatment. The other proesdiarried out on site, is based on the
existence of on-line measurement systems or omigbeof field-portable devices or test
kits. Actually, the two approaches are often comabijntaking into account either the
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scientific relevance of some practicesy pn-site measurement of dissolved gases and

temperature), or the availability of systems foflioe monitoring [2].

The problem of preparing samples for analysis le@nlaliscussed in a vast number of
both original and review publications [3-29]. Thepablications present universal
problems in chemical analytics as well as problamd challenges concerning properly
preparing samples of certain materials for analysisd specific requirements in
preparing samples for analysis using a specifitytinal technique [30, 31].

- It must be remembered, however, that despitbdurdevelopment in instrumentation
(the science of building measuring instruments, #r&dr operating principles) and
the availability of many complex hyphenated deviass the market, the basic
principle that a device should only be a necesaads useful tool in the process of
obtaining analytical data is often forgotten. Pess® the tool itself will not solve
any analytical problems. Without understandinggdhemism of the analysis process,
no reliable and credible results can be obtaineshple who treat the analytical
device as a typical black box deserve to be cathperators of analytical devices”
rather than “chemical analysts”. In this case aiwdly misinformation may occur
easily, despite the amount of work and time spetiié process of analysis.

- Educating specialists who will be able to make afsithese innovative methodologies
and devices.

Figure 4 diagrammatically presents the division tethnical competences in
a research laboratory.

(On-site measurement

/_H

Cff-line
Field test
J\l Laboratory ancalysis
On-line Sampling | >
Conditioning
wtorage
Transpariation
Freireatment
Wi stewater

Fig. 3. Measurement procedures for wastewater tyuabnitoring
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Fig. 4. Division of technical competences in a agsk laboratory

Analytical research draws on various proceduresaaradytical techniques. Some of
the measurement devices used are referred to asittirsy. These devices should have
the following operating parameters:

- high measurement sensitivity,

- delivery of analytical information about the invgsted or with only slight time
delay,

- high resolution of results characterized by a shesponse time,

- long period of unsupervised operation.
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Qualitative data
1. Isthe analyte presentin the sample? YES/NO

Quantitative data
1. Is thelevel of analyte present in the sample higher than acceptable?Y ES/NO

2. What 15 the am ount/concentration of analyte in the sample?
3. What 1s the physical or chemical form of analyte in the sample?

|

SPECTATION AWALYTICS

4. In what part of the examined object is the analyte present?

DISTRIBUTIOIN ANATYTICS

5. What are the time-fluctuations related to analyte concentration 7

Fig. 5b. Types of analytical data contained inahalytical results
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Next, monitoring poses several requirements cofigrn
- instrument zeroing and calibration,
- protecting the instrument against power surges,
- providing the instrument with an independent posigiply,
- automatic filing up with solution and reagents ¢lechemical monitors),
- installation of devices preventing the flame frortirguishing (in certain detectors,
egFID and FPD),
- exchange and regeneration of spent filters.
Figure 5 diagrammatically shows two main tasksnaflgtics and their dependence on
quality of analytical process and different analgtiparameters.

2. Types of analytical data

Data obtained through analysis of samples may prseful in various fields of
science, technology and human life. They play diqdarly vital role when it is
necessary to:

- describe the condition of the examined materiaéaband find out what changes it
undergoes,

- confirm a new theory or scientific hypothesis,

- make a decision concerning the law, the econonity court,

- plan and implement educational campaigns in o@eaise social awareness.

Various types of data may be obtained as a refaltalyzing samples.

There is no doubt that quantitative data (amountarcentration of analyte in the
sample) are most important in the majority of ca3éwerefore it is worth learning the
basic terminology of chemical metrology with reface to the quantitative determination
of analytes. The diagram in Figure 6 will help hese terms in the correct order on the
analyte concentration axis (expressed in the samits as the standard deviation of
analytical noised)).

Many elements and compounds occur in a variety afrioes at levels that were
undetectable, for analytical methods that weré fiesveloped in the nineteenth century.
As analytical technology improved, and it becamevim that elements were present at
these very low levels, the term “trace” was coitedlescribe them. Although modern
analytical methods allow accurate, repeatable détation of elements at such low
levels, the generic terms “trace” and “trace elethare still in use.

The boundaries of trace analysis are describetidgéfinition of “trace element” in
the IUPAC Compendium of Chemical Terminology, setadition: “Any element
having an average concentration of less than ab@Qitparts per million atoms and less
than 100 pg/y As analytical techniqgues have become more sophistic detection
capabilities have improved and, in several fietdis upper boundary of the definition of
“trace” is now too far away from the capabilities analysis that new terms such as
“ultra-trace analysis” are in common use. Thersdgsagreement about the range of
ultra-trace analysis and no rigorous definitiontiWi the literature, the term is used for
the definition of elements at mass fractions lbss t10° and 10° (1 ppm and 10 ppb).
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3. Speciation analytics - an important task for anlytical chemists

Attempts at environmental or health protection gi@fd only dubious results, if any,
if they are based on suspicious data. Thereforegid quality control program is
required for speciation analysis. Species altematibave to be avoided or minimized.
Information on the degree of possible species abmngust be elucidated [32-39].

In general, there are at least three approacheseirof term “speciation analytics” in
the analytical context:

- local concentration differences of a particulanmaat or compound in a given structure
of a material,

- physical distribution of an element or compoundifferent phases that are in contact
with each other,

- presence of different chemical conditions or bigdstates of a particular element
within a single phase.

Initially, speciation analytics was only associateith biogeochemical cycles of
metal in water environments. Even in the 1950’'gchemistry distinguished between
two forms which metals could assume:

- metals in dissolved form,
- metals bound to suspended matter.



Preparing samples for analysis - the key to arwtiuccess 177

At that stage, filtering water samples throughlterfiwith pores 45 um in diameter
was sufficient to properly separate the two phdsater, due to the development of elec-
trochemical analytical methods, it was possiblédentify different forms which metals
assumed in a dissolved state - free metal ionsamngblex ion forms.

Simultaneously conducted simulation studies onpthesible equilibria between ions
and organic or non-organic ligands have lead toctiveclusion that a wide variety of
chemical compounds in metals could exist in watefirenments. In this day and age,
speciation analytics deals not only with metalst hiso with other elements and in
different types of tests.

It is well known that the toxicity of many elementspends on the physico-chemical
forms which they assume. Determining the total eohof a certain element in a sample
is definitely not sufficient to determine its toiicfor example. A good example may be
selenium, which in small amounts is essential fier htuman body. However, transition
from the necessary amount (about 70 pug of selememday for an adult person) to
a toxic dose (about 800 pg of selenium per dagdisparatively easy.

For instance, a fatal dose of Se(IV) compounds afoat amounts to 3.2 mg/kg of
body mass, while for dimethyl selenide it is 160@/kg of body mass. Non-organic
selenium compounds [Se(IV) and Se(VI)] are belietedbe the most toxic ones,
whereas in the environment selenium occurs mostnemmty bound to amino acids
(selenomethionine and selenocysteine). The leadt forms seem to be the volatile
methyl compounds of selenium, which are metabotifesdetoxication process.

The question concerning what “speciation” meanseiy often asked. The answer
can be found in IUPAC recommendations.

In Table 2 the most often used terms are presented.

Table 2
The terms connected with speciation analytics

Term Definition

Specific form of an element defined according totdpic composition,

Chemical (species . L
(sp ) electronic or oxidation state, and/or complex oteoolar structure

Speciation Distribution of an element amongst fitsmical species in a system

Analytical activities of identifying and/or measugi the quantities of one gr

Speciation analysis S o
more individual species in a sample

Classification process of an analyte or a grougnaflytes from a certain samp)
Fractionation (according to physical size, solubility) or chentid@onding, reactivity)
properties

0]

Generally, speciation analytics plays a very imgattole in:
- studies of the geochemical cycles of elements Aecthical compounds,
- determination of the toxicity and ecotoxicity ofesged compounds,
- quality control of food products,
- research on the impact of technological instalietion the environment,
- examination of occupational exposure,
- control of medicines and pharmaceutical products,
- clinical analysis.
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Different chemical species and its physical forrehdve differently in geochemical,
ecological and metabolic cycles. This refers paldidy to:
- deposition,

- accumulation,

- mobility/transportation,
- phase transfer,

- (re)mobilization,

- (bio)availability,

- resorption/excretion,

- essentiality/toxicity.

Physico-chemical properties of particular spectesngly influence their behaviour
in complex multiphasic systems such as specifisystems. Special attention should be
paid to:

- solubility > mobility, remobilization, resorption, deposition,
- volatility = phase transfer, transportation,

- oxidation state> bioavailability, essentiality, toxicity,

- reactivity-> remobilization, bioavailability,

- polarity/charge> accumulation, bioavailability,

- molecular weight> mobility, phase transfer, deposition.

A search of the literature allows one to distinguseveral types of speciation
analytics:

3.1. Physical speciation

Physical speciation takes place when different foohthe same chemical species
have to be determined in a sample. Examples inchaderbed forms, dissolved forms,
complex forms, etc.

3.2. Chemical speciation

Chemical speciation occurs when different chenmspaicies should be determined in
the sample under investigation.
It is possible to distinguish five types of chenhigpeciation:

- screening speciatiomeans detection and determination of one partiardatyte, for
example one known for especially high environmetuteicity;

- group speciationdetermination of the concentration level of a sfieajroup of
compounds, or of elements existing in different poomds at a specific oxidation
level, and their physical forms;

- distribution speciationtakes place when the same chemical species neells to
determined in different compartments of the mak@idgect under investigation;

- chiral speciatiordetermination of the enantiomers of the given clsahtompound;

- individual speciationis the most difficult type of speciation analyti@svolving the
broadest range of analytical work. Its purposeoisdparate, detect, determine and
identify all species of an element in a sample.
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Specialists in speciation analytics are interestedarious chemical specimens and

the physical forms which certain elements assumereHare the examples
of physico-chemical forms of trace element speitiegater bodies:
dissolved: - simple hydrated ions,

- inorganic complexes,
- organic complexes,
- molecules and polymeric compounds,

- ion-pairs,

colloidal: - mineral substances,
- products of hydrolysis and precipitation,
- biopolymers,

suspended particles: - mineral substances,

- precipitates and agglomerated colloides,
- plankton,
- bacteria and microorganisms.
There are a set of important factors affecting floemation, stability and

transformation of dissolved elemental species @ shmples under investigation. They
are as follows:

shift of pH,

change of redox-potential,

presence of reactantsg(inorganic and organic ligands),

catalytic effects,

presence of particulate matter and micro-organisniadsorption and
biotransformation).

Speciation Analysis is dealt with mainly in envin@ntal, nutritional and biomedical

research. The sample matrices are generally hightyplex and requirements for reliable
(trace) element determinations are high (evendta amounts).

The most important challenges are connected with Bsues as:

concentration of the individual species often beiagy low,

large concentration differences amongst the elestheptcies,

small structural differences in elemental species,

low thermodynamic and kinetic stability of the sies¢

preserving the integrity of the sought speciesughmut the analytical procedure,
existence of not (yet) identified species,

non-availability of suitable reference materials.

There is some specific analytical methodology fpedation analytics. The most

common are:

direct in situ detection of speciesed lon Selective Electrodes, Electron
Spectrometry),

chemical derivatization of individual species (@ptiMolecular Spectrometry),
separation of individual species and element-sjgeditection (extraction, sorption,
ion-exchange, gas-permeation, electrolysis),

separation of all species and their determinatiochrgmatographic and
electrophoretic methods).

Chromatographic techniques constitute the techsigof choice for speciation

analytics. In specific cases, there is a needHerapplication of non-chromatographic
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techniques with respect to the characteristic ptogse of the analytes. They are as
follows:
» differentiation of oxidation states of inorganictalecompounds:
- electrochemical methods,
- selective derivatization and molecular spectrometry
- ion exchange separation of anionic and cationicispe
» separation of inorganic ions from organic species:
- solvent extraction,
- solid phase extraction using reversed phase rabser
» separation of volatiles from non-volatiles:
- (isothermal) distillation,
- dynamic headspace analysis (purge-and-trap);
» separation of low and high molecular weight comptsun
- membrane techniques (dialysis, ultrafiltration).
Speciation is one of the driving forces of develepmin the field of chemical
analytics and instrumentation. New approachesigfigldd can be distinguished:
- highly resolving separation techniques in hyphematwith high-sensitivity detectors
(two dimensional separations),
- separation techniques in hyphenation with elucithatiof the structure of
organo-metallic compounds (ESI-MS, MALDI-MS),
- newin situ techniques with enhancements in sensitivity atecteity (sensors based
on molecular imprinted polymers),
- selective sampling for species, making use of galal receptors”,
- (new) reference materials and round robin tests/fatity control.

4. Problems associated with the trace element analg

The task that many analysts face is to determiaectimtent of trace and micro-trace
components in samples with complex and often vgrymatrix compositions. There is no
doubt, then, that this kind of analytical work pesespecial challenge. The end result of
analysis is influenced by a number of additionatdes, which are not taken into account
when the presence of higher content componentsteyined. These issues have been
discussed in a great many publications [40-52]. [Ho& of awareness of those specific
requirements when performing analytical researclvanious types of samples for trace
elements may lead to situations where the obtaigedlt, instead of being a source of
analytical data, will cause disinformation.

Contamination of the sample with the analyte antiieses of the analyte from the
sample are the most important systematic errottsctina occur during preparation steps
such as [53]:

- sampling,

- storage,

- sample pretreatment,

- separation ofonstituents,
- final determination.
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The first steps of analytical procedures have bedargely neglected area in trace
analysis for a long time. Research was mainly fedusn the development of sensitivity
and selectivity. Over the last 20 years, analystognized more and more that the
majority of systematic errors might be introducegrin the analytical step at the
beginning of a combined analytical procedure, and during final measurements.
A good analytical strategy also includes a samptiracedure free of contamination and
losses, and proper stabilization and storage ofstiraple. As analytical chemistry is
a discipline that helps other disciplines solveirth@oblems, close cooperation is
necessary.

In practice, the analytical chemist is often notolved in the sampling procedures;
the analyst is mostly not even informed of the iorigf the sample. Therefore, severe
systematic errors in these first steps of an aicalyprocedure are the consequence.

The influence of contamination and losses on thalysinal results becomes
increasingly important with decreasing concentratiof the analyte (tab. 3). These
effects depend not only on the concentration rabgealso on the nature of the analyte.
One should keep in mind that contamination andésisés can never be completely
eliminated, but they must be reduced to an accipl@b level.

Table 3
The basic sources of sample contamination for dicg@mples

Source of errors Physico-chemical process responkgtfor contamination

Phase transition Solvatation
Crystallization

Transition into vapor

Component transformation | Hydrolysis
Crystallization
Reduction

Adsorption

Component degradation Radiolysis
Autocatalysis
Photolysis

Return to equilibrium

Component release Vaporization
Permeation
Diffusion

Rinsing the gaseous space over the liquid

In Figure 7, the sources of error that can dedtneyresults of determination of trace
components in liquid samples are presented scheatigti
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Fig. 7. Diagrammatic presentation of factors tteat affect concentration levels of trace components
in a liquid sample: 1 - contact of sample with legiory air, 2 - residues of dishwashing
mixture components, 3 - distilled water, 4 - reageamd solvents employed, 5 - contact with
analyst, 6 - vaporization of the most volatile cements, 7, 8 - process of
adsorption-desorption (the wall memory effect), @idsorption of analytes on suspension,
10 - precipitation of sediment, 11 - leaching ofnpmnent’s tram vessel, 12, 13 - permeation
of solution components through vessel walls, 1éaction of analyte with vessel material,
chemical reaction among solution components

The intensity of the processes and phenomena simotlve Figure 7 can depend on:
- the temperature of the liquid sample and its chenge
- the presence and intensity of solar radiation,

- the presence of living organisms in the sample.

Contact of analytes present in liquid mixtures wilie walls of vessels, tubing and
appliances can crucially affect the concentrati@vels of trace and ultratrace
components. It is the result of adsorption and ge&m processes of the analyte on the
surface of the solid. These phenomena destroymgample composition are described
as the “wall memory effect” and “cross-contaminatio

The materials of vessels and tools are of greabitapce in trace element analysis.
Contaminants can be leached out of the materialdesorbed from impurities on the
surface of vessels and tools. Table 4 shows pezfematerials and their use in trace
element analysis [54].
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Table 4
Preferred materials and their use for trace elermealysis
pp | ($200°C)| (£ 250°C)| (< 250°C)| (< 250°C) (> 500°C)| (> 500°C)
Storage containers + + +
Beakers and flasks + + + +
Separatory vessels + + +
Vessels for wet digestion + + +
Vessels for bomb digestion + + + + +
\(esse}s for microwave . N N .
digestion
Crucibles +
Boats + +

In Table 5 some measures which should be undertaken one wants to reduce the

intensity of factors likely to affect the conceniva levels of trace constituents
in a liquid sample are listed.

One by one, new publications appear which pressslts of research into specific

sources of errors connected to the analytics ofetraomponents. The following
examples can be named:

the Midas touch effect [55]. The most common typeantact between two different

materials that can transfer micro-amounts of ontera to another occurs with the

use of human hands and fingers. Among many elencemistantly used in industry,

the rarest ones are the noble metals. Therefovestigations into the ubiquity of

gold and silver should be particularly informatiae to their transfer and the role of

human fingers,

influence of factors in the reagents used on theeliatility of trace component

measurements [56, 57],

migration of volatile organic components from plagtippetes (HDPE, PEX, PVC)

into a liquid mediumégwater) [58],

sorption and adsorption processes of organic dorstis of water sample on surface

of plastic materials [59], and on suspended m&@}, [

reducing interactions between the analyte and #wsel walls polystyrene coated

glassware use a means of reducing metal lossescim inetal speciation [61],

influence of the sampling marine waters tractiopadfticulate trace metals [62],

artifact formation during:

- storage of samples in different conditions [63],

- extraction (fractionation) of different groups afadytes from water use of solid
sorbents [44, 64],

reduction of matrix effect connected with the u$alifferent techniques at the final

determination step for analytes [65],

changes in the amounts of volatile organic compsundwvater samples and stored

standard solutions [66],

influence of the quality of water used as an amayimedium [50].
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Ways of eliminating or reducing the infl

Table 5

uence dftfars affecting concentration levels

of trace components in a liquid sample (see Fig. 8)

Factor affecting concentration of trace
components in a liquid sample

Countermeasures

1. Contact of sample with laboratory air

-making all activities and operations air-tight
use of clean boxes and clean rooms to carry
operations involved in sample preparation
analysis

out

2. Residues of dishwashing mixture components

use of proper dishwashing agents and suitg
(tested) procedures of cleaning, washing &
drying of vessels

ble
nd

3. Water used in sample preparation operations

proper technigues of water preparation (deid
zation, distillation etc.)

4. Reagents and solvents employed

use of high purity reagents (HPRSs)

use of reagents from sample manufactures u
addition of reagents in justified excess
reducing scale of determinations

use of the so-called solvent-free techniques
sample preparation

t

h

for

5. Contact with analyst

- use of protective clothes (headgear, gloves, &

tc.)

6. Vaporization of volatile components

-making sample preparation operations air-tig
storage of solutions and samples in ves:
filled up to stopper
use of vessels with an appropriate capacity

=3

h
sels

7-8. Processes of adsorption-desorption of tn
components on walls (the wall memory effed

ace use of vessels made of suitable materials

ty}  special preparation of vessel surface (deact
tion) through:

a) electropolishing

b) electropassivation

c) silanization

lowering of storage temperature for samp
and solutions

rinsing of vessels with a bit of sample or so
tion

9. Adsorption of components (primarily organ
analytes) on the surface of a teflon-coated mi

ic-
ef

changing method of the sample mixing
use of a glass-coated mixer

10. Adsorption of analytes on suspension

preliminary suspension removal through:
a) decantation

b) filtration

c) centrifugation

11. Precipitation of sediment

- acidification of sample

12. Leaching of components from vessel materig

| use of vessels made of suitable materials

13. Permeation of air components into solution

use of vessels made of materials with a |
permeability to gases

pw

14. Permeation of solution components outside

use of vessels made of materials with a |
permeability to solution components
use of thick-walled plastic vessels

pw

15. Reaction of analytes with vessel material

special preparation of vessel surfaces as
points 7-8

ith

16. Chemical reactions among solution compo- lowering of solution temperature
nents - preliminary sample preparation through de
vatization of reactive components
17. Photodegradation - storage of samples in the dark

18.

- addition of biocides

Biodegradation
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5. Sample handling

Analytical data on material objects are usuallyaoi®d through analysis of samples
which represent a minute part of material objectberefore, for the obtained
measurement data to be a good source of informadimh not analytical disinformation,
the samples taken must be representative of théewhaterial object. There are four
basic criteria that determine representativenessaaiples [32, 67-72]. Examples of
locations from which isolated samples that mak¢hepaggregate sample are taken.

This process, called random sampling, allows tlez a§the resulting analytical data
to make statistical generalizations based on pribtie® Selecting truly random samples
is difficult, for random in this context does not eam haphazard.
A recommended method for a population consistingumifs such as pharmaceutical
tablets is to use random numbers selected by uaserafidom number generdtoBulk
materials may be divided into random of real ordmary segments; the segments may
be areas on a two-dimensional surface, or volumea three dimensional population.

Data obtained by measurements on random samplebecamalyzed by statistical
methods to identify whether systematic relationsvben results exist due to trends or
biases in the measurements. A Geiger-Miller tubetéfaced with a computer and the
time between successive pairs of radioactive decayeasured and provided as bytes.

A proper way of homogenizing and reducing the m@sdume) of the aggregate
sample in order to obtain a sample for analysisrigial part of the sample handling.
Figure 8 presents the hierarchy of terms relatezbliecting samples.

£ small portion of the product taken by

Incremental samples a sampling dewice

il

Several incremental samples mixed

A garegate satnple together
ll Apgpregate sample divided into some
Reduced sample tdentical portions
Prepared from the aggregate or reduced
lL sarnple by grinding, sieving mixing, drying

or rather appropriated treatment and then

Laboratory samples divided into some identical portions for

delivery to seller/s, buyer’s and reference
i/'. laharatones
Test sample Sample prepared for analytical studies
lL - A part of the test sample used ina
Test portion

single teat or detetrnination

Fig. 8. Hierarchy of sampling terms

! Random numbers may be obtained from several seume the Internet. A good example is
www.fourmilab.ch/hotbits, which generates sequenaesandom numbers based on radioactive decay of
krypton-85
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Stable composition of samples during the entiréogdeirom handling of samples to
analysis of the test portion - at this point, itnecessary to stress the importance of
appropriate sample transport, maintenance andgetdeghniques.

In chemical measurement, the term “taking samptas’be understood in two ways:
(a) as taking a representative portion of material ftbenexamined object;
(b) as takingn portions of material from a sample delivered ® Idboratory.

Consequently, in order to meet a client's requinetheand to ensure their full
satisfaction and trust, the laboratory ought tonimguously discuss with the clients the
aims of the study and explicitly define the meadugeantity. It should also be settled
which measuring method will be used, what the sizthe sample will be and how the
sample will be taken. A decision has to be madiiatstage to determine whether the
results will pertain to the sample delivered toolattory only or to the whole material
object. In the first case, the laboratory is regitde only for the delivered sample and
should state in the report that the results anditineliability assigned to it are applicable
to the delivered sample only, and cannot be appli¢de entire object.

Nonetheless, any endeavors by the laboratory gignhate in order to understand
the problems clients deal with and the aim of tiueliss. Even if the laboratory does not
participate in taking samples from a given objettcan actively support clients in
negotiating the arrangements related to the relseard the required unreliability of the
measurements. It is worth defining, with the hefptte clients, what the aim of the
measurement is, whether knowledge of the delivesamiple’s properties (up-to-date
information) or knowledge of the whole examinedealbjs properties is significant. In
the latter case, an appropriate way of samplingothject (when and where the samples
were taken) has a significant influence on whatgiees are made on the basis of the
results obtained.

In this context, the term ,SAMPLE” can have two miggs, as a sample in
possession of the laboratoig,a portion of the examined object delivered bydhent,
or as a sample in its natural statgsoil in a field, water in a running stream, origria
a train car. If the portion of material deliveredlaboratory is supposed to represent an
object, the basic requirement is that the sampdeldibe representative of the features of
the examined object.

Table 6
Classification ofanalytical techniques with regard to the need éongle pretreatment

Classmcatlon_of analytical Definition Examples
technigues
X-ray fluorescence
Neutron Activation
Direct techniques Allow direct sample analysis Thermogravm_1etry .
Spectrographic techniquegs
lon Selective Electrodes
Immunoassays
Sample preparation prior to fir
Indirect techniques determination of analytes |All other techniques
needed

Following this, it is worth remembering that exting samples and the related unre-
liability may pertain to the process of extractmgepresentative sample of material from
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the examined object (sample in the natural statelhe process of extractimgportions
of material from the delivered sample (sample iagession of the laboratory).

There are only a few analytical techniques thawalhtroduction of the sample to the
analytical instrument without any preparation. Gifigation of existing techniques with
regard to the necessary omission of the sampleapagon step is presented in Table 6.

At present, we can still not state that the util@a of chemical analysis always
attains the needed quality level in this field,this respect, it is first necessary to adapt
an analytical strategy, represented by the follgvpaints:

- rigorous definition of the problem to investigate,

- selection and collection of samples related toghiblem (sampling),
- appropriate sample preparation,

- accurate determination of elements associatedthétinitial problem,
- validation and evaluation of analytical results,

- interpretation of results as a function of the stigated problem,

- relevant conclusions.

In a usual chemical analysis, the objective ofghmple preparation stage is to bring
all available means into play in order to deternasereadily as possible the elements to
be investigated. These means are:

- conversion of the sample to a form compatible vifie measurement technique
utilized (generally a dissolution),

- destruction and simplification of the matrix (miakzation: wet digestion, dry
ashing),

- analyte separation or preconcentration (topicslisuussed here).

It is evident that the sample preparation stepofparamount importance in ensur-
ing good quality for the whole analysis. Contamimatrisks increase with temperature,
pressure, long-term contact of solutions with tlessels and with decreasing analyte
concentration. To minimize them, a number of pples must be fulfilled:

- consult established procedures specified in thegalitre and take into account the
real objective of the analysis. The most complecpdure is not always the best,

- ensure a clean environment in the laboratory (hoadens, muffle furnaces,
microwave devices...),

- for grinding, milling and homogenization, use dedaade of appropriate material
to avoid sample pollution,

- limit the mass of the sample to be analyzed and/¢heme of the vessels to be used

(to minimize contact area with the solution),

- use only water and reagents of high purity andeedbe amounts used,

- carefully clean all vessels (a soak in acids foldvby a liberal rinse with deionized
water),

- do not use old vessels in order to avoid adsorgiteenomena of trace elements on
any worn-out surfaces,

- simplify handling; avoid filtrations and transfeysolutions if they are not absolutely
necessary,

- perform several blank procedures with the sameemag vessels and operating
conditions to evaluate possible contaminationsamcect the results,

- check recoveries for the whole procedure usingreefie materials of similar
composition to those of the samples analyzed.déveries are incomplete, find the
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reason by distinguishing preparation steps (resplendactor: procedure) and

measurement steps (responsible factor: interfejence

Table 7 presents basic documentation related tsttyge of extracting environmental
samples (air, water, soil, bottom deposits, bifdapgnalysis [73].

Table 7

Main documentation related to the environmentalaraxtraction stage [73]

Characteristics of the sample
extraction stage

Sample labels

Chain-of-custody

Matrix of the sample

Sample extraction techniques
Sample extraction sequence

Types of probes used

Identification numbers

Type of preservative used
Parameters measured during analysi
Parameters measured while extractin
the sample (temperature, pH, electrig
conductivity, etc.)

Calibration data of instruments used

Name of probe
Sample extraction data
Extraction time
Sample number

point

5 Sample type
gAnalytes
alPreservation method

n

Location of the sample extractio

Sample number
Sample extraction date
Sample extraction time
Sample type

n Sample identification
method

Number of sample con-
tainers

Analytes

Signature

field work

Carrier and method of delivering
samples to the laboratory
Internal temperature of cooled contain
ers (at the extraction and transport
stages)

6. Preservation and storage of samples

6.1. Sample preservation

Selection of an appropriate method for sample pvesen before subsequent steps,
that is, transfer to laboratory and storage, majuce unfavorable sample changes.
Changes of particular sample components differ deipg on the degree and rate of the
reaction. The reactions usually proceed very guiekld can change sample composition
in a very short period of time. Therefore, it ifommended to take individual samples
only for determining a given parameter. Severaéaesh groups have tested different
sampling techniques and sample pretreatment proegdo revise the probability of
degradation of any contaminants in water samplis.rfiain aim of this study was to find
out the maximum time between sampling and analysighich sample changes are
negligible considering the composition of the samphd the accuracy of the data
monitored. Special care was taken with the experiatedesign in order to control the
experimental arrangements and to eliminate diffeenwhich could interfere with
interpretation of the results. However, preventitige samples from changing
composition appears to be difficult, and no singteversal method to preserve water
sample composition has yet been established. Theepration method should be
compatible with the analytical technique to be uded final determination of
components of interest. [43, 74]. Suitable pregs@matechniques play a vital role in
speciation analytics [75-78].
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6.2. Physical preservation

Application of passive preservation techniquesighlly advantageous. No chemical
compounds are introduced into the sample, so theréfs composition reflects the real
state of the medium studied. Physical preservasiachieved by:

- selection of a container and its preparation methpgropriate for the kind of
compounds to be determined,

- proper filling of containers (filling containers tbe top is generally recommended so
that no air bubbles are present between the watfce and the container stopper),

- maintaining appropriate temperature: sample coalimgn to a temperature of 2°C to
5°C, freezing to a temperature of —20°C, or deep4ing to —70°C,

- sample filtration or centrifugation to remove susped solids, deposits, algae, and
other micro-organisms (filtration is usually perfaed with 0.40 to 0.45 um filters);

- exposure to UV rays for sterilizing the sample @an pose a threat of
photodegradation of other chemical compounds pteserthe sample and thus
change sample composition).

6.3. Chemical preservation

Changes of trace and ultratrace concentrationseo$ample components may also be
prevented by adding a small amount of chemicaleeigto the sample. Among the most
important methods of chemical preservation of watmnples are the addition of acids,
sulfides, solvents, toxic metal ions, azides, fddehydes, and others. The acidification
of the sample to pH = 2 through the addition ofda@lCl, H,SO,, HNG;) prevents
precipitation, flocculation, complexing of samplengponents which are the same, and
inhibits the growth and biological activity of mamrganisms. When storage of samples
at low temperatures is not possible for any reag@naddition of compounds inhibiting
the biological activity of microorganisms (biocijdés nowadays often applied. Among
a variety of additives used for sample preservatioe most common are:

- mercury chloride (HgG) - this agent acts by inhibiting the growth of tea@ in
water sampleslt is, however, highly toxic and the Internatiorélandardization
Organization (ISO) recommends the use of mercunypounds as preservatives only
where it is indispensable,

- chloroform - it is also a perfect preservation dgarhibiting biological processes in
the sample. It prevents chemical hydrolysis andblgioal degradation of compounds
through the extraction of analytes. Chloroform magwever, be a source of carbon
for duplicate types of bacteria that stimulate tlggbwth and, in consequence, the
biodegradation of other sample components. Als@nadetermining phosphates, the
use of chloroform is not recommended,

- formaldehyde - this chemical compound also inhililie biological activity of
microorganisms; it can be applied for the detertmmaof low-molecular aromatic
hydrocarbons,

- thymol - in professional literature - mentions wemnade of the application of thymol
as an effective biocide. No significant changes ehadeen observed in the
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composition of precipitated water samples presemvéti thymol and stored for

a period of 50 days.

When determining specific sample components, thditiad of other reagents is
necessary for their preservation, for example, determination of oxygen, typical
cyanides, and sulfides requires an appropriate oamgbto already be added at the stage
of sampling inh situ). In practice, the addition of the following reducingagents is
mostly used: iodocyclohexanol (indicates the presef oxidizing substances); salts, for
example, copper nitrate Cu(N)@or sodium thiosultate; gold, which, due to itsligpto
form an amalgam with silver, stabilizes the santbteugh amalgam formation; and also
reagents influencing water surface tension.

6.4. Physico-chemical preservation

Storage of samples is replaced with storage of ttemcentrates of many organic
analytes received after their separation and emecth. Storage of extracts is
advantageous in many aspects. The extracts haw laumes (10 to 1000 times) than
the original water samples. In such an approaehwtiter sample matrix is replaced with
an appropriate solvent, or the analytes, in adsbftwen, are stored on the solid sorbent.
Among the numerous techniques of separation andhenent of organic analytes from
the water samples, the following methods are wortmentioning:
Liquid-Liquid Extraction (LLE), Solid-Phase Extramt (SPE), Solid-Phase
Micro-Extraction (SPME), lyophylization and deriizstion.

Liquid-Liquid Extraction(LLE) is a commonly used method for the separation and
enrichment of the organic compounds from the wagenples, and consists of shaking
the sample together with the organic solvent imibiecwith the sample. The analyte
extracts in organic solvents are more stable thawater samples preserved chemically
or stored at low temperatures due to the inhibittbrdevelopment of microorganisms
that can cause degradation of analytes.

Solid Phase ExtractionSPE is a method of receiving an extract of organic
compounds adsorbed on the adsorbent placed inumnabr disk. Because the sizes of
columns or extraction disks used in this methodsanall, they can be easily transferred
in greater numbers to the laboratory and stored imefrigerator. After sorption, the
columns and disks are to be carefully dried to enéypossible hydrolysis reactions and
the development of microoganisms.

Solid-Phase Micro-ExtractioSPME is a type of solid-phase extraction.
Lyophylizationof water samples is another method contributingstabilizing the
tested compounds. After being lyophilized and stoa¢ a temperature of —20°C for
3 months, the water samples in which pesticide® weesent did not show any changes

in pesticide content.

Derivatizationof the water sample before its transport to th@datory and storage
may be an alternative to chemical preservation h&f sample. Aldehydes such as
formaldehyde, acetaldehyde, and others may be celdjdo derivatization just after
sampling, and stored in a container widh2,3,4,5,6pentafluorobenzylhydroxylamine.
The stability of samples preserved in this wayosiparable with the stability that occurs
when biocides are added.
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and physico-chemical parameters

Table 8
Methods for the preservation of water and wasteveztmples for the determination of inorganic comytsu

Type of preservation Parameters _Holdlng Ref. *
and storage of samples time max.
Cooling to 2+6°C Ammonium nitrogen, Kjeldahl niterg free an 6 h ISO
ionized ammonia
Odor, iodide 24 h ISO, EPA
BOD, cationic, surfactants, nitrate, nitrite, 48 h EPA
phosphate, color, turbidity, solids (settleable)
Solids (total and suspended) 7 days EPA
Acidity and alkalinity 14 days EPA
Silicate, silica, conductivity, sulfate, bromide,28 days EPA
chlorine, chloride, fluoride
Acidification pH < 2 H,SOs | Permanaganate index 48 h ISO
Ammonium nitrogen, Kjeldahl nitrogen, 28 days EPA
free and ionized ammonia, nitrate, CAD,
oil and grease, organic carbon, orggnic
halides total (TOX), phosphorus total
dissolved
HNOs | Metals, total hardness 6 months ISO, EPA,
UKSCA
Addition  of  sodium Sulfide, total cyanide, iodide 28 days APHA
hydroxide to pH > 12 14 days EPA
Addition  of  organid Chloro- | Nitrate(V), nitrate(lll), suspension A few days UKSCA
reagents form
Formal- | Non-ionic surfactants 48 h ISO
dehyde
Addition of copper sulfate Phenol-index 24 h ISO
Addition of zinc acetate qrSulfide 7 days EPA
cadmium acetate

*EPA - Environmental Protection Agency, ASTM - Argan Society for Testing and Materials, APHA -
American Public Health Association, UKSCA - Unit&ihgdom Standing Committee of Analysis, ISO —
International Standarization Organisation

6.5. Preservation techniques of water and wastewateamples
for determination of inorganic components and physio-chemical parameters

The water and waste samples intended for the ditation of inorganic components
and other physico-chemical parameters must be ikepbntainers made of polymers:
polyethene (HDPE), polypropene (PP), fluorinatekaré propene copolymer (FEP),
perfluoroalkoxy polymer (PF A), or of glassgPyrex borosilicate glass). Generally, for
the preservation of water and wastewater samptes,06 the following methods (or an
equivalent one) are recommended:
cooling to a temperature of 2 to 5°C,
acidification with sulphuric acid to pH < 2,
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- alkalization with a sodium hydroxide solution to pH 1,
- addition of chloroform or formaldehyde.

Table 8 shows the suitability of each of the abowethods for water and waste
sample preservation. Recently, a detailed spetificaof the preservation techniques
actually used has been published [79].

6.6. Preservation techniques of water and waste safas for determination
of organic compounds

Due to the intensive growth of industry, differamaters become more and more
polluted with toxic compounds, either organic oorganic. Major sources of water
pollution with organic substances are industri@imestic, and agricultural wastewater.
Among the organic compounds most frequently foumavastewater are aliphatic and
aromatic hydrocarbons, polycyclic aromatic hydrboas, pesticides, phenols, and
halogenated compounds. The organic compounds, oargy® human beings as well as
to fauna and flora, are the most common anthrogogenater pollutants. Therefore,
permanent monitoring of water polluted with suchmpounds is necessary. Various
methods of preservation and storage of the watapkes to be subjected to analysis for
organic compounds are nowadays applied by analystschoice depends on the type of
organic compounds taken into consideration [80].

7. Stages of the analytical procedure

Every analytical procedure is a series of stageshwvbecur in a specific sequence.
So, analytical procedure can be compared with @namade up of a great number of
links, where it is obvious that the entire chairass strong as its weakest link. This is
presented diagrammatically in Figure 9.

The last step (interpretation and evaluation ofyaigresults) should eventually pro-
vide an answer to the starting problem, genera#lied by a client of the laboratory. If
the answer is not satisfactory, the analysis cyale be followed again, after a change or
adaptation of one or more steps. Sometimes thisléa the development of a new
method or (part of it) procedure in order to, foample, achieve better separation of
certain components, or to attain a lower detedtioit for specific compounds.

Generally in a chain of chemical analysis the wetkek in an analytical process is
not the one usually recognized as a part of chénaigalysis such as chromatographic
separation or spectrometric detection, but ratherpreceding steps, often taking place
outside the analytical laboratory such as the tele®f object(s) to be sampled, the
design of the sampling plan, and the selection @s® of techniques and facilities for
obtaining, transporting, and storing samples [81].
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Fig. 9. Graphical representation of the analytprakcedure in chain form, where subsequent links are
particular stages and operations

When the analytical laboratory is not responsilite the sampling, the quality
management system often does not even take intouact¢hese weak links in the
analytical process. Furthermore, if preparatioriréetion, clean-up, etc.) of the samples
has not been carried out carefully, even the mdstarced and quality controlled
analytical instruments and sophisticated compugehriiques cannot prevent the results
of the analysis from becoming questionable. Finaillpless the interpretation and
evaluation of results have a solid statistical béses not clear how significant these
results are, which in turn greatly undermines thagrit. We therefore believe that
quality control and quality assurance should inecdll the steps of chemical analysis as
an integral process, of which the validation of #malytical methods is only one, though
an important, step. In laboratory practice, quatitigeria should concern rationality of
the sampling plan, validation of methods, instruteesnd laboratory procedures, the
reliability of identifications, the accuracy andepision of measured concentrations, and
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the comparability of laboratory results with relatanformation produced earlier or
elsewhere.

Based on many opinions, it can be stated that @kicpand preparing samples for
analysis are the weakest links of this chain, preeskin Figure 9. This leads to one very
obvious conclusion: it is necessary to pay paricattention to these two stages, so that
the outlay of time, labor and money produces thaired effect,ie reliable analytical
data, which is in great demand. The extracted sssnplst be appropriately prepared for
the final stage of analysis. The various operatipesformedin situ and/or in the
laboratory result in a sample for analysis whicbharacterized by appropriate values of
the following parameters:

- size (mass, volume),

- state of matter,

- analyte concentration range,
- presence of interferants.

Table 9
Typical operations and measurements from the sapmpfgaration stage
Sample type
Operations and activities Gaseous Liquid Solid
samples samples samples

Carried out in situ
- Dust removal +
- Drying +
- Removal of interferencegg deoxygenation)
- Suspended particulate matter (SPM) removal + +
- Preservation (chemical) +
- Derivatization +
- Isolation and/or preconcentration + + +
- Transport + + +

Carried out in laboratory
- Drying + +
- Grinding +
- Homogenization and mixing + + +
- Preservation (thermal and/or chemical) + +
- Sieve analysis +
- Mineralization + +
- Isolation and/or preconcentration + + +
- Derivatization + + +
- Analyte extraction + + +
- Purification and removal of interferences + + +
- Sample fractionation and partioning + + +
- Calibration and verification of the instrument and

methods + + +
- Sample introduction to the instrument + + +

Figure 10 diagrammatically presents the differemttipns of the preparation stage
(preparing samples for analysis) within the entireertainty budget and the analysis
duration. The information used for preparing thewbdiagrams has been collected in
a questionnaire sent to over 250 respondents (@@liaboratories in Central European
countries).
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Table 9 compares typical operations and measursnfigm the sample preparation

stage.
Error sources
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Fig. 10. Portions of the sample preparation staii@mthe whole uncertainty budget and the analysis

duration

Table 10

Main tasks of sample preparation for chromatog@aphalysis

Aim

Operation

Assuring sample stability and homogeneity dur
sample transportation and storage

Grinding
Homogenization
Sieve analysis

Drying

Freeze drying
Chemical preservation
Thermal preservation

Removing interferences

Dust removal from gaseous samples
Drying of gaseous samples

Oxygen removal from gases

SPM removal from water

Analyte conversion into a form suitable for:
Isolation and concentration,
Separation,

Detection.

In-situ derivatization
On-column derivatization
Post-column derivatization

Matrix exchange for instrument compatible one

Analyte extraction using:

Gas stream

Supercritical fluid

Organic solvent

Membrane processes

Thermal desorption to transfer analytes fr
solid sorbent bed to chromatographic column

m

Increasing analyte concentration to an instrum
detectable level

efgolation and preconcentration of analytes
increase concentration with respect to ma
components (effectiveness characterized by con
tration factors)

X
cen-

Reducing solvent consumption

Solventless sampleapagion
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Information on selected

Table 11

isolation and/or enrichntenhniques for organic compounds

Extraction technigue

Description

Gas-phase extraction headspg
(HS) techniques

cBlS is based on the partition of analytes betweenlitiuid phase.
The concentration of analytes in the condensedeplsadetermined
by analyzing the headspace - the gaseous phasmiact with the
sample. The most effective release of analyteshgused for volatile
and semivolatile nonpolar or moderately polar orgatompounds
[82-84].

Static headspace

Both phases are in contact - agjigample) and gaseous (receivi
matrix) are stationary. The analysis proceeds m steps: the exam
ined sample is placed in a closed container ahataat temperature
the system is brought to thermodynamic equilibriamg a sample o
headspace is collected manually or automatically.

ng

Dynamic headspace (TLHS)

The gaseous phase ischasséinually through or over a samp
(concurrently or countercurrently) and the analg@sied with it are
retained in a trap with a sorbergg(water). This technique is ofte
combined with direct aqueous injection (DAI) onlte tGC column of
a chromatograph equipped with an electron captetectbr (ECD).

le

=

Purge and trap (PT)

A stream of gas is bubbledutitrahe analyzed liquid sample. T
purged analytes are then retained in a trap, frdmchwthey are
subsequently released, most often thermally, intgaa chroma-
tographic column. This technique is widely used tfer determina-
tion of volatile and semivolatile organic compoundsa variety of
aqueous matrices.

0]

Distillation techniques

These techniques are usedHe isolation of volatile, more polg
compounds from liquid matrices. They enable theemeination of
analytes in a sample with a high content of inoigaor high-
molecular-weight organic compounds, which would eotfise re-
quire an extensive pretreatment procedure priathtomatographic|
analysis. The basis for the separation of a mixiieecomponents ig
the diverse partition of individual components begw the liquid
phase and the gaseous phase equilibrated withét.gaseous phag
is enriched in more volatile components, whichdeihg condensa-
tion becomes a concentrate of these componentstilade. Thin
layer distillation (TLD) permits analyte transfeom the matrix in
a flow injection configuration [85].

=

Liquid-liquid extraction (LLE)

The principle of isolation is based on partitionasfalytes betwee
the liquid phase (sample) and an organic solveolvefts immis-
cible with water are used for extraction. The ateydissolve bette
in the solvent than in water. This technique isdufse semivolatile
and nonvolatile compounds [86].

Solid-phase extraction (SPE)

Solid phase extractimolves transfer of analytes from a liqu
sample to a solid sorbent, followed by their reeasing extraction
with a solvent of high elution strength or, lessqiently, thermal
desorption. A large selection of solid sorbentsiess the obtainmen
of proper selectivity and an optimal enrichmentdaof the analytes
Typical sorbents used for analyte retention inclymeous polymers
such as styrene-divinylbenzene copolymers; carbmbests; and
silica gels with chemically bonded stationary plsas®ntaining
various functional groups. SPE enables isolatioth @mrichment of]
analytes with a wide range of volatility and paiafB7-102].

Solid-phase microextraction
(SPME)

In SPME, the sorption medium constitutes a layeliqefid or solid
coating on a fused silica fiber. This ensures adramnsportion of
the analyte from the sample to the sorbent andlgiegpintroduction
of analytes into a chromatographic column [103-105]
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organic compounds from liquid samples

Table 12
Advantages and drawbacks of the most commonly tesgthiques of isolation and/or enrichment of vigati

Technique

Advantages

Drawbacks

Liquid-liquid extraction (LLE)

simplicity;
inexpensive apparatus;

tediousness;

need to use large volumes
solvents of high purity;

an often small enrichmen
factor of the analyte;

low selectivity of the
process;

possible  formation  of
emulsions which are

difficult to separate;
difficulties with handling
large-volume samples;

pf

b

Solid phase Solid-phase - possible to store enriched- possibility of low analyte
extraction extraction (SPE) analytes on the solid sorbept  recovery (due to either mg
(analytes sorbed on the solld  trix-sorbent interactions o
sorbent can be transported  breaking through of the so
and stored); bent bed);
- reduction of the volume of - sometimes poor reproduc|
toxic solvents used; bility resulting from differ-
- emulsion formation not 3 ences in various batches
problem; the sorbent;
- much larger enrichment - clogging of the sorben
factor of the analyte comt (both in columns and in e
pared to LLE traction disks) by particle
- ease of automation; suspended in the sample;
Solid phase - elimination of solvents; - sensitivity of the PDMS
microextraction | -  short analysis time; fiber to the presence of su
(SPME) - simplicity of operation; pensions;
- low cost; - low efficiency of the proces:
- ease of automation; resulting from the smal
amount of stationary phas
present on the fiber;
Gas Static headspaceg - simplicity of operation; - relatively low sensitivity;
extraction analysis - ease of automation;
- elimination of solvents;
Dynamic head- | - low detection limit; - expensive apparatus;
space analysis | - relatively short analysis time] - problems with  foaming
- good precision of determing- samples;
tions;
- elimination of solvents from
the procedure;
- possibility to analyze large
volume samples and complex
organic matrices;
- ease of automation;

Keeping proper documentation is a significant eletmaf the sample preparation

stage [73].

Chromatographic and related techniques play a rafal in chemical analytics. They

should be regarded as a tool of a very high decsitipo potential. Appropriately
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prepared samples for analysis may still extendpttaetical range of applications for
chromatographic techniques. Table 10 presentsabie asks of the sample preparation
stage for chromatographic analysis.

In analytical practice, analytes in organic sampldsich are often characterized by
very complex and changeable matrix compositions, iaolated and enriched using
a wide spectrum of techniques based on the massptwe phenomenon [106, 107].

In Tables 11 and 12 basic information on seleatetirtiques for the isolation and/or
preconcentration of organic analytes and their athges and drawbacks are presented,
respectively.

Figure 11 schematically/diagrammatically presehts practical applications of the
known extraction techniques before chromatograpgbtermination of a broad spectrum
of organic components.

M Matrix X
““-\ Solid Semi-liquid Liguid
Analytes
SOLVENT EXTRACTION
Morn-volatile
S0OLID PHASE
EXTRACTION
Mid-wolatile
“alatile GAS PHASE EXTRACTION
E (PT, CLSA, HS5)

Fig. 11. Practical application of the known analgtgraction techniques before chromatographic
separation and determination

8. New methodological developments in preparing sgrtes
for analysis

Table 13 compares published information on the nethodological solutions for
preparing samples with complex matrices for firgletiminations.

Table 13
General information on new methodological developt®én preparing samples for analysis
No. | Innovation examples (new solu{ Operations related to the sample | Literature reference
tions) preparation stage
1 2 3 4
1. [Cloud point phenomenon (Clo|Extracting analytes (both organic g 108-115
Point Extraction - CPE) inorganic) from water samples
2. |Pressure assisted chelating ex{idavel technique for the digestion 116
tion (PACE) metals in solid matrices
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1 2 3 4
3. |Sequential solid phase edtionExtraction of nonsulfonic acids frg 59, 117, 118
(SSPE) coastal water samples
4. |Development of matrix solighasq¢Extraction of organic xenobiotics fro 119-124
dispersion (MSPD) concerning: |a variety of solid, senmselid and viscou
- new sorbents, environmental and biological matrices|
- temperature and pressure of
extraction,
- clean-up of extracts,
- __miniaturization
5. |Application of pressurized hot waj- Extraction of moderately a 125-127
(subcritical water) as the extract| non-volatile thermdy stable organi
medium pollutants from a variety of solid a
semi-solid environmental matrices
- Extraction of metals such as cop| 128
and lead from used industrial ¢
with acidified PHWE
6. [New achievements and devetmgniExtraction of different microcontami- 126, 129-134
of new techniques: Pres&ednants in a variety of semi-solid samples
Liquid Extraction - PLE (Accelef-
ated Solvent Extraction -ASE,
Pressurized Fluid Extraction - PFE)
7. |Microemulsion mediatedin situ[Derivatization - extraction of acidi 135
derivatization - extraction (INDEX)compounds in water matrix wi
alkylbromides in homogenous a reac
mixture generated by mixing wat
hydrophilic alkyl bromide and co-solvgnt
8. |Enzyme catalyzed esteriftean of{Derivatization of phenolic acid in wat 136
phenolic acids in a surfentlesyprior to its chromatographic determina-
microemulsion system (SLME) |tion
9. |Application of UV radiation gPost-column UV irradiation in der tg 137
different stages of sample prepadestroy the structure of organic cgm-
tion pounds leasing the chrotographig
column
Oxidizing organic matter containeah|i 126, 138
the sample
Hybrid photocatalysis/membrane 139
treatment of water
UV digestion of the sample 140
10. | New achievements in wet digjes|Sample matrix digestion with use 140-144
techniques chemical agents
11. |New application of supaiticallln situ derivatization reactions prior 145
fluids SFE with CQ
Sequentional Supercritical Fluid Extrac- 146
tion (SSFE) for estimating the availabil-
ity of PAHs in a solid
Supercritical water oxidation techiogly| 147

(SCWO) applied to the treatment
industrial wastes and sludges
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2

3

4

12.

Application
(sonochemistry)

of

ultrasoun

Ultrasonic treatment of wastes and w.
activated sludges

New ultrasound-assisted exttan
techniques for both an inorganic §
organic sample constituent un
investigation

cold

Ultrasounds  assisted

generation

va|

Focused sonic probe for
analytics

speciat

Mineralization of organic copounds b
a heterogeneous ultrasound/tyt
process

Ultrasonic atomization technique app]
to the removal of Endocrine Disrupti
Compounds (EDC's) from an aque
environment

Sonosorption as a new technique for
removal of lead ions from amqueou
solution

UV disinfection of water

148, 149

31, 34, 150-158

159

157

160, 161

162

163

164

13.

Miniaturization of extraction wit]

use of solvent

Single drop extraction of different typ
of analytes from liquid andgaseou
matrices

Liquid-liquid microextraction of orgda
micropollutants from water

165-172

173,174

14.

Application of new types of me
brane based devices as suit
techniques for the extrdon of g
wide spectrum of amges from

various matrices

brane Devices for the evaluation of
bioavailability of POPs in water

Permeable  Environmental Leaub
Capsules (PELCAPS) fan situ evalua
tion of contaminant immobilizeon in
soll

Application of cellulose membranend}
chelator for differentiation of labile a
inert metal species in aquatic systemg

Supported liquid hollow fiber melonang
microextraction of analytes from wal
samples

New type of heated membrane introd
tion mass spectrometry interface

New achievemats in the application
Permeation Liquid Membrane (PLM)

pplication of semipermeable Mem-

175

176

177

178-183

184

185, 186
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3

4

Application of different types of filtrg
tion to evaluate the distribution of si
fractionated particulate matter

Chromatomembrane dglas a unit fg
advanced sample pretreatment for
monitoring of different types of orgar
compounds in water

\-
ye-

187-191

192

15.

Derivatization of analytes with t

use of new agents

Optimization of different derivatizen
approaches for the detemation o
pentahlorophenol (PCP) in wastewa
irrigated soil

Application of ionpair extraction an
derivatization of analytes from groups
aliphatic and aromatic amines in vari
environmental matrices prior to G@S
determination

193

194

16.

New solutions in the applitan of
the Solid Phase Extraction (SH

technique

Solid Phase Microestraction (SPME)
a useful tool for the sapling of analyte
from different matiges and introductig
to the analytical device

Application of the Stir Bar Sotjve
Extraction (SBSE) technique in en|
ronmental analytics

Miniaturization and automation of S
devices

Validation of the Fluidized-Bed Extra
tion (FBE) technique for the determi
tion of POPs in solid samples

Molecularly Imprinted Polymers for tl
extraction of organic copounds fron
environmental and biological samples

Development and characterization of|
immunoaffinity Soil Phase Extréon
sorbent for trace analysis

Extraction syringe, a device conned|
sample preparation and gas chromg
raphy

Evaluation of multiwalled carbo
nandubes as an adsorbent for trapy
volatile organic compounds from en
ronmental samples

Studies of extraction techniques b3
on the application of Polimethylosild
ane (PDMS) as a trapping medium

na-

61, 151, 195-203

204-210

63, 80, 211-213

113, 214

215-222

223

224, 225

tog-

226-228

229-231
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1 2 3 4
Hemicelles and admicellesased soli 232, 233
phase extraction of linear alkyltmame
sulfonates (LAS'’s) and phthalate es
from water

Application of Colorimetric Solid Pha: 234
Extraction (CSPE) in speciation apa-

lytics

New extraction materials used for
isolation of analytes from compl
samples and the cleaning-up of extrag

—

- Polymeric materials 235-246
- Inorganic sorbents 66, 247-250
- Natural sorbents 17, 66, 248, 250, 251

9. Application of membrane techniques

In the simplest approach, a membrane can be treetedselective barrier between
two phases. The phase in which mass transfer ti&es is called the donor phase, while
the other phase is called the acceptor phase [106].

A general principle for the separation of liquid xtore components using
membranes is shown schematically in Figure 12.

Donar phase Acceptor phase

[Water+analytes) Mermbrane (s ent)
e O e
P o e
O%e ® e
Y O —
[ ] O ®

Drriving farce in the
process

Fig. 12. Schematic representation of transportuiinanembranes

The main factors affecting mass transfer acrossngrmbrane are:
- type of membrane,
- driving force of the extraction process.
There are a number of criteria used for the clasgibn of membranes. The ones
most often taken into consideration when charagdteyimembranes are [106]:
- membrane state,
- membrane morphology (closely related to porosity iaternal structure),
- membrane shape.
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A diagram illustrating membrane classification ading to the above criteria is
shown in Figure 13. Information on the morpholodyvarious types of membranes
which could find use in environmental analyticaéohstry is compiled in Table 14.

Table 14

Information on the morphology of membranes usedgsses

Porous membranes

symmetric

Asymmetric

capillary or irregular pores;
identical porosity in the direc-
tion perpendicular to external
surfaces;

preparation methods:
sintering,

radiation with etching,
phase inversion.

increase in porosity perpendicular to the surfaces;
smallest porosity in the surface layer;

separation layer - surface layer;

support layer (reinforcing)

the rest of the membrane;

methods of formation:

thermal gelation,

vapor adsorption,

Loeb-Sourirajan phase inversion

Composite asymmetric membranes

two- or multilayer;

different composition of individual layers;

formed by coating a layer of selective propertiggo
a porous protective layer.

Dynamic asymmetric membranes

formed dynamically;

formed by coating colloids or macromolecular compisi
onto a porous bed under pressure;

support - filtration foil made from an organic maaé
plate, tube or molder made from a ceramic, carlyonesal
sinter;

Nonporous membranes

in the membrane material.

lack of conventional pores (pores of molecular digiens);
continual variations in the number, size and lazatf pores as a result of thermal molecular matio

solid

liquid

inorganic membranes:
material: metals, metal alloys,
sintered ceramics, glass
Organic membranes:
material: natural and synthet
polymers, eg cellulose acetats

silicone rubber, polyethylene.

ic

thin liquid layer with a dissolved mediator;
separates a donor solution from an acceptor salutio
kinds:

thick-layer,

emulsion,

reinforced.

lon-exchange membranes

kinds:

exclude anions,

exclude cations.

nonporous, microporous and porous membranes of syricnor asymmetric structure;
cationic (cation exchange) - cations pass towdrdsathode through a constant electrical field

anionic (anion exchange) - anions pass towardarbee through a constant electrical field and

and

Separation of components in the membrane procasstgdrom differences in the
transfer rate of chemical compounds across theebalt is a nonequilibrium process, in
which the flow of a component depends on the dgifarce. Some basic information on
the driving forces for the membrane processesvisngin Table 15.
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Membranes
|
[ I |
State Morphology Shape
|
I |
> Solid Porous Nonporous > Planar
™ Liguid N Symmetric Tapes
™ Two phases L, Asymmetric Sheets
> Gel Composite Tubes
Dynamic Capillary
Holow fibers

Fig. 13. Classification of membranes with respedheir state, morphology, and shape

Table 15
Basic information on the driving forces in membranecesses
Driving force of the Name and mathemat|cal forr_n of Membrane techniques in which the
No. . the equation used to describe :
extraction process mass transfer equations are used
mass transfer
1 Concentration Fick’s law of diffusion: dialysis, membrane extraction
gradient Jm=—D'A(dC/dx)
2 Pressure difference Hagen-Poiseuille equation: | filtration
Jy= —K" A(dP/dx)
3 Potential difference | Ohm’s law: electrodialysis
J.= —R™ A(dE/dX)

diffusion coefficient
hydrodynamic permeability

resistance

diffusion surface (membrane surface)

Various analytical
(semipermeable) membranes. For porous membranpsrasen of components is

accomplished as a result of a sieving effect (sizdusion),ie the membrane passes
through molecules with diameters smaller than thembrane pore diameter. The
selectivity of such a membrane is thus dependeiiisquore diameter. The operation of

techniques make use

of both w®roand nonporous

nonporous membranes is based on differences ibitland the diffusion coefficients

of individual analytes in the membrane materiap@ous membrane impregnated with
a liquid or a membrane made of a monolithic matesiach as silicone rubber, can be
used as nonporous membranes. Basic information embrane techniques used in

analytical practice is provided in Table 16.
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Table 16
Basic information on types of membrane techniques
. Kind of I - . . .
Technique Principle Driving force Mainly combined with
membrane
Filtration porous size-exclusion Pressure diffegend LC
Dialysis porous size-exclusion concentration gradie LC
Electrodialysis porous size-exclusion angd Potential difference CE
selective ion transport
Membrane nonporous | difference in partitignconcentration gradient LC, GC, CE
extraction coefficient
9.1. Filtration

The general term “membrane filtration” includesrfpuocesses:

microfiltration,
ultrafiltration,
nanofiltration,
reverse osmosis.

The driving force behind these processes is thesspre difference across the
membrane in a membrane module. Under the pressadiegt applied and due to
selective operation of the membrane, some compsnehta solution penetrate the
membrane, while others remain in the solution [252].

Individual membrane filtration processes differtwiespect to:

the size of molecules retained by the membrane,
the kind of membrane used,

the kind of solutions being separated,
the magnitude of the pressure difference acrossnirabrane. The classification of

membrane filtration techniques with respect togizes of molecules being separated
and the range of pressures used is shown in Table 1
The membrane filtration techniques are often disedsin papers dealing with
membrane extraction; however, it should be pointedl that they are not strictly
membrane extraction techniques.

Table 17

Classification of filtration techniques based oa $iize of the molecules being separated and thye rain
pressures applied

Filtration technique Size of molecules being sepa- Pressure gradient
rated [nm] [MPa]
reverse 0smosis 0.1+1.0 >1
Nanofiltration ~1.0 ~1
Ultrafiltration 1.0+10.3 0.2+1
Microfiltration 10.3+10.5 <0.2

Filtration benefited significantly from developmerih synthetic chemistry that added

new polymers for filter manufacturing. These newtenals have properties that are
more suitable for filtration. Examples are polymkaving a low adsorption of particular
analytes €g polyethersulfones or polytetrafluoroethylene (PYFEhat have
a low adsorption of proteins) polymers with a higdsistance to solvented PTFE),
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which is practically insoluble in any solvent), ygrure polymers that have no residual
chemicals to act as contaminants, etc. Papersfilbepregnated with a stabilized silicone
that lends a hydrophobic property to the filteatlow the retention of an aqueous phase
while passing the solvent phases through. Suchea @ian be used for the separation of
a mixture of water and a hydrophobic solvent, givinsolvent phase that is completely
free of the aqueous phase.

A list of common filter materials used today in gdenpreparation is given in Table
18. As seen in this table, old materials such dlslose, cellite, and porcelain are still
used together with new polymers as filtration mater Further progress in materials
science has also helped filtration technology. Tenufacturing of membranes with
homogeneous pores, and with “unidirectional poreas found in asymmetric
membranes, allows faster and better filtration,s lesisorption of macromolecular
materials in filters, and sharper differentiatioh raolecules based on their size by

ultrafiltration [256].

* MF = microtitration and UF = ultratitration,

** Bonded with polyethylene

Table 18
Common materials used for filters
Filter material Solution type Pore size [um] Appliation*
Cellulose Water, organic 1,5,10,20 Prefiltration
Cellulose acetate Water 0.22, 0.45, 0.80 Biolddloals, MF, UF
Cellulose triacetate Water 0.22, 0.45, 0.80 Bimlalfluids, MF, UF
Cellulose nitrate Water 0.2,0.45,0.8 Biologithaids, MF
Glass microfiber Any Various Prefiltration
Mixed cellulose ester Water 0.22,0.44 Biologidaids, MF
Nylon Water, organic 0.22, 0.45 Water or solveniutons,
MF, UF
Polyacrylonitrile Water, organic Water, solveniti;
Polycarbonate Water etc. 0.2, 0.4 etc. MF
Polyesters Organic, water MF
Polyethersulfone Water 0.1,0.22,0.45 Biologitais, MF, UF
Polyimides Water Biological fluids, MF
Polypropylene filaments Organic, water 1,5, 10, 20 Water, solvents, MF
Polypropylene hydrophilic MF
PTFE hydrophobic Organic 0.45, 0.50 Aggressiveestty, MF
PTFE hydrophobic** Organic 0.45, 0.50 Aggressivivents, MF
PTFE hydrophilic Organic, water 0.45, 0.50 Water smivent solution,
MF
Polyvinyl chloride Water 0.45, etc Water solutidm:, UF
Polyvinilydene fluoride Water 0.22,0.44 Biologidhlids, MF, UF,
Porcelain Water or solvent solutions,
MF
Regenerated cellulose Water, organic 1,5,10, 20 refiltPation
Si0,, cellite, diatoma-| Organic, water Various particle Prefiltration, water or
ceous earth, celaton size solvent solutions
Fuller's earth
Surfactant-free  cellulos¢ Water 0.22, 0.45, 0.80 Biological fluids, MF, UF
acetate
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9.2. Membrane extraction

The membrane extraction process mostly makes usengforous membranes. Such a
membrane can be a liquid or a solid phase (polympregnated with a liquid), which is
placed between two other phases, usually liquit sbmetimes also gaseous. Based on
literature available, it can be concluded thattéren “membrane extraction” includes the
foIIowmg apparatuses and procedures [106, 257:260]

supported liquid membrane extraction (SLM),

- microporous membrane liquid-liquid extraction (MME),
- polymeric membrane extraction (PME),
- membrane extraction with a sorbent interface (MESI)

Basic information on these techniques is providedable 19.

Table 19
Basic information on the membrane extraction teghes which find use in the analysis of liquid saespl
Acronym Name of technique Type of Combination of phases used
membrane Donor/membrane/acceptor
SLM Supported liquid membrane extraction Nonporous Ageforganic/agueous
Microporous membrane liquid-liquid Nonporous Agueous/organic/organic
MMLLE ) ; h B
extraction (microporous) Organic/organic/aqueous
PME Polymeric membrane extraction, NONDOTOUS %qruZ(r)]liics//pgIynTeer;{:quueeoouuss.;
MASE Membrane assisted sorbent extraction P 9 poly! q e
Agueous/polymer/organic
MESI Membrane extractlon with a sorbent Nonporous Ggsepus/polymer/gaseous;
interface Liquid/polymer/gaseous

10. New aspects of the liquid-liquid extraction tetnique

Solvent extraction is another field in which praggein new materials has helped
significantly [256]. Although most extractions as@ll carried out with solvents such as
methylene chloride otert-butyl methyl ether, a continuous effort is madeetioninate
these organic solvents. Among the new types ofaetith media is the aqueous
polymeric solution.

Table 20
Examples of new materials used in an aqueous enlag an extraction media
Agent Type Solvent system Application
Palmitoyl modified . Water/supercritical Extract anionic
. Dendrimer ;
poly(propylene imine) CO; species
Fluorinated acrylate/ functional- . Water/supercritical |  Extract copper and
: Dendrimer I
ized styrene CO, europium ions

Temp_erature re- Water/polymer Hydrophobic_ species
sponsive polymer separation
Pyrene, polycyclic
Water/surfactant aromatic hydrocar-
bons

Poly(N-isopropylacrylamide)

Anionic surfactant (dodecyl
sulfate, dodecylbenzenesulfoniq
acid, etc.)

pH responsive
agent

The precipitated polymer can incorporate organimpounds such as polycyclic
aromatic hydrocarbons (PAHSs), alkylphenols, chlemtens, chlorophenols, phthalate
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esters, and steroid hormones, yet hydrophilic camgde such as inorganic ions and
polysaccharides remain in the bulk aqueous solutitlowing separation. The solution
of the polymer in the hydro-organic mobile phasawfHPLC system does not typically
influence separation. A few new polymeric materigded in LLE are shown in Table 20.

10.1. Matrix solid-phase dispersion - MSPD

In 1989 solid sorbents were used in the extraatioanalytes from solid samples for
the first time. Samples were placed in a glass an@ahd blended with modified silica
[14]. Sorbent was added in order to [261]:

- grind the sample evenly (sorbent acts as an alerasaterial),

- bind solvents that cause lysis of cellular membsdoe biological material,

- improve mechanical properties of the sample blendiéd sorbent, which enables to
provide a possibility of performing fractionatedtraxtion of analytes (the mixture of
sample and sorbent is a new type of filling).

The liquid extraction technique from ground solaihnples may be used to isolate
analytes from solid. This extraction method is igatarly useful when extracting
analytes from dense materials, such as food sappie# and animal tissue samples, or
fat samples.

The extraction column with a paper filter at thettbm was filled with sample
prepared as described above. The deposit was dewitlte a paper filter at the top as
well and the whole was compressed with a specsbpi Next, the column was filled
with a known volume of solvent for extraction. Tealvent flow was forced by using a
rubber pipette syringe and the solvent was coltkdte special receivers. A scheme
presenting the extraction method with the MSPD nelre is shown in Figure 14.

ol Step | Step ll Step Il 6

—ARAN
sorbent | E U
: C{ E

sample E;

sample and sorbent powdering column packing extraction

Fig. 14. Representative scheme of MSPD extraction

This method of extraction is different from soliigse extraction (SPE) in that for
SPE the samples put in the column must be in tima & a liquid solution. Interactions
between particular components of the dispersed Isaanp stronger and partly different
compared with SPE. Specific interactions amonglelnents of the systerag analytes,
interferants, the sample matrix, the solid sorbemdded to the sample and the solvent
used for extraction, have been observed. The adatagxtracts were purified using SPE
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or were subjected to final analysis using chromapkic techniques without
purification.

The described extraction technique is similar tassic sample homogenization
techniques, which usually consist of grinding, pding or crushing samples. The effects
of mechanical grinding are often enhanced by addoigents, acids, alkalis, detergents
or chelating agents, which usually leads to thetiglaextraction of analytes - an
unintended effect. The extracted compounds mayrbdso the walls of the vessels and
instruments used. Forming emulsion may be anotbgative effect. In such a case it is
necessary to centrifuge and re-extract analytes ttee sample, which is an additional
obstacle to carrying out an analytical procediedium Pressureliquid Extraction
(MPLE) is an extraction technique between MSPD ASE. In this case, the ground
sample mixed with solid sorbent fills the chroma#gzhic column through which the
solvent is pumped with a special, low-pressure pudgdumn discharge (extract) may be
subjected to final analysis without further pufion.

10.2. Supercritical fluid extraction - SFE

A supercritical fluid is a substance resulting aftee exceeding of the so-called
critical point, when it shows characteristics ottba gas and a liquid at the same time,
being neither one nor the other. Figure 15 presardsagram explaining the notion of
a supercritical fluid. The first researchers to sipercritical fluid for analytical purposes
were Klesper, Corwin and Turner (in 1962). Supéoai fluid was used in high-pressure
fluid chromatography, where it was part of the nmbphase. Extraction with
supercritical fluid was first accomplished in 19388d since then the SFE technique has
been undergoing active development, finding marnyliegtions in laboratory analysis
and industry [262].

Ppressure

Fluid in
supercritical
state

Py

teraperature

Tr

Fig. 15. Phase diagram explaining a concept ofl flmisupercritical status
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After exceeding the critical point the substancewshcertain characteristics of both

a gas and a liquid at the same time, but also dauof properties characteristic only for

this form of matter, which are as follows:

- it does not subject itself to condensation,

- it does not boil,

- it does not form a meniscus (property characteristigases); it is marked by the
capability to dissolve, which is characteristidiqtids,

- high "diffusibility": dissolved substances spread supercritical fluid with speeds
between liquids and real gases,

- lack of surface tension, because of which supésatitfluid penetrates even the
smallest pores of the sample matrix,

- low viscosity of supercritical fluids ensures effee penetration of the entire sample.
A combination of the aforementioned properties w@fescritical fluids accounts for

the fact that they penetrate the sample matrix ¢jgs and at the same time dissolve

analytes like liquids. Physical properties chanastie of liquids, supercritical fluids and

gases are shown in Table 21.

Table 21
Physical properties of liquids, gases and fluidsupercritical status
Physical feature Liquids Fluids in supercriti- Gases
cal status
Density [g/cn] 1 0.2+0.9 10°
Viscosity [g/(cms)] 107 10%10° 10
Diffussion coefficients [cm/s] <10 103107 10

Every substance has its own, individual valuesriifcal pressure and temperature
that are often difficult to obtain in laboratory nchitions. Because of this, despite
attempts to use various substances as extractidmrdering the development of SFE,
most of those substances have proven useless.

Table 22
Critical parameters of selected substances usidi@s in supercritical status
Substances T [°C] P [atm] Pe [10° kg M

CO, 31.3 72.9 0.47
N2O 36.5 72.5 0.45
Sk 45.5 37.1 0.74
NH3 1325 1125 0.24
CoHs 32.2 48.2 0.2

n-CsH10 152 37.5 0.23
n-CsHiz 197 33.5 0.23
Xe 16.6 58.4 11

CClF 112 40.7 0.56
CHR 25.9 46.9 0.52
H,O 374 227 0.35
CH:OH 239.4 79.9 0.27

Table 22 lists critical parameters of substancestmommonly used as solvents in
SFE. Properties that need to be taken into acoshih selecting supercritical fluids for
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extraction using SFE (apart from those mentionedrable 22) are: combustibility,
toxicity and price.

A substance that has favorable critical paramettwes and best matches the other
aforementioned criteria is carbon dioxide (O he critical temperature of carbon diox-
ide is +31.3°C, which is especially important ftbetmally unstable analytes, and its
critical pressure of 72.9 bar (1 bar =Hn) is easy to obtain in laboratory conditions.
Moreover, carbon dioxide is non-flammable, non-tpxdoes not pose any additional,
serious threat to the environment, and is relatirxpensive. Foon-line solutions it is
important that C@is compatible with most chromatographic detectors.

Because C®has weak dissolving capabilities, it is suitatdeaa extraction medium
in SFE only for compounds of small and medium malec mass and low polarity.
As a result, suitable modifiers must be added ideprto extract polar substances.
Modifiers are polar organic solvenige with non-zero dipole moment (methanol,
acetonitrile, tetrahydrofuran or water are most wmmly used) which enhance the
diffusibility of polar analytes in nonpolar extramt mediums such as GO

SFE is carried out above the solvent critical poiahd the properties of
a supercritical fluid depend on pressure and chatmgg with its density. These criteria
determine the selectivity of the extraction medidme fluid can therefore be used to
extract a whole series of compound groups (depgndmthe pressure in the system,
temperature, extraction medium volume flow, andawtion time), and to separate the
obtained extract into appropriate fractions. Seledractionation is used for example in
separating olfactory and gustatory substances @ dktraction of hops for beer

production.
ﬁ extractional cell in
furnace

cooling medium 2

receivers

modifier

Fig. 16. Scheme of apparatus used for SFE

Fractions of three groups of substances used in freeluction are extracted from
hops using supercritical GOThe first fraction, the so-called oil essences watained
via extraction with C@ at a density of 0.30 g/chand a temperature of 50°C. Bitter
substances were collected as the second fractiarC&d density of 0.70 g/ci(50°C);
that fraction scarcely coincided with the third dast fraction of neutral fats, extracted at
a CQ density of 0.90 g/ci(50°C).
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The extraction medium in SFE is supplied from anddr to a pump where it is
compressed to a desired pressure of critical raNggt, in this form, the fluid reaches
the vessel with a sample situated in a chambeetidatthe critical temperature. Here,
the substance, already in the supercritical fltides extracts analytes, and the extract is
collected in a special receiver. A diagram of thetruments used for SFE is shown in
Figure 16.

The sample for extraction is situated in a spewmigitainer which is then driven into
the chamber. These are the two preparatory stagesures taken before sample
extraction. For solid samples, an additional homaggion stage is necessary, which
facilitates the diffusion of analytes in the whaample volume. Desiccants, such as
NaSQO, or MgCl, are often added to a sample in order to removestom@. Soils and
sediments usually contain certain amounts of orgalfr compounds which decompose
under the influence of temperature, and productghaf decomposition may cause
fluctuations in flow volume and even choke the loutffrom the extraction chamber. To
avoid such complications, acid-cleaned copper desnwvhich react with organosulfur
compounds to produce copper sulfide, are put irsémeple-containing chamber.

Supercritial fluid extraction may be carried outhiath off-line and on-line systems
In the off-line case, the receiver can be an emptytainer, a trap, an analytical column
with which further analysis will be performed, ocantainer with the solvent. There exist
several variants of SFE in an off-line system: &otion in a dynamic or static system, or
in a supercritical fluid recirculating system.

Extraction in static conditions consists of flooglithe sample with a supercritical
fluid, where it is 'drenched' for some time, andrttihe solvent, together with enriched
analytes, is taken to a receiver. The “drenchinggs is useful when the analytes are
difficult to isolate from the matrix due to a sméiksolution rate or a compact structure
of the sample. In a supercritical fluid recircubati system, one dose of a solvent is
pumped many times through the sample containeerAfbme time, the solvent with the
isolated analytes is entirely or partly collectedthe receiver. Foon-line SFE, the
extract in the container is not collected in thatamer, but is directly supplied into the
analytical apparatus.

In a dynamic extraction system, the supercritidaidf is pumped through the
container with the sample to the receiver only omeehe receiver, the liquid is subject
to vaporization, leaving concentrated analytes whie then dissolved in a small volume
of the solvent. Such extracts are subjected toyaisalthe aim of which is to determine
the selected analytes. This manner of extracti@ffective if the analytes dissolve well
in the solvent and the sample matrix is penetraBjgart from the aforementioned
possibility of fractionated extraction, SFE haany other advantages as a result of the
special properties of supercritical fluids:

- aconsiderable reduction in the amount of solveainpared with “classical” methods
of extraction such as extraction by shaking, orHetxextraction) which are usually
harmful to the environment and human health,

- small samples for extraction; shorter extractioratian,

- decrease in the costs of the process (comparedaldtssical” techniques),

- usage of low temperatures (which favors extraabibthermally unstable
compounds).
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11. Unique phase separation behavior of surfactamhicelles

Aqueous solutions of neutrale(non-ionic or zwitter-ionic) surfactants can form
micellar assemblies in which a certain number ofestiant molecules aggregate to form
an assembly possessing a central core region cssapof long alkyl (or alkylaryl)
hydrocarbon chains with their more polar polyethglexide (or zwitter-ionic)
headgroups extending outward and interacting wighbiulk water [263].

Aqueous solutions of neutral surfactants have tadiqularly important properties
(ie their solubilization ability and phase separati@havior) that can be exploited in
order to develop a new viable extraction-precorregion technique.

Firstly, it is well known that micellar aggregatieswater can solubilize and bind
hydrophobic solute molecules that are typicallyolable or only sparingly soluble in
bulk water. For example, whereas the solubilitypgfene and anthracene in water is in
the 0.1+0.6 micromolar range, their solubility caasily be increased to the
10 millimolar range by the presence of micellese Bmount of solute solubilized and
bound to the micellar aggregate in an aqueousisolig typically proportional to the
surfactant concentration up to the limiting value.

In view of its superior solubilizing power, the atitth of a known volume of solution
containing micellar surfactant to either a givetuwee of an aqueous sample solution or
a given mass of a solid sample provides micellgalole of binding and concentrating
(in the former) or desorbing and then binding (ie fatter) in the micellar entity the
organic species which was originally present in aélggieous or solid sample. For the
extraction technique for solids, an aqueous comatytt neutral surfactant micellar
solutionis merely put in contact with or passed through tHel sample containing the
organic component(s). The organic solute(s) preiseddsorbed and solubilized into the
micelles in the bulk solution which are then furttenriched (as will be described
shortly) by the phase separation behavior of thdastant solution. The desorption
process is thought to be simildo the molecular mechanism reported for the
solubilization of water-insoluble solids by micellaolutions, which involves direct
micelle diffusion to and from the surfactant-moelifi solid surface, in series with
interfacial steps including adsorption and desorptof the micellar-organic species
[264-266].

A significant advantage of this bulk micellar extian technique is that once the
initial “extraction” from the solid matrix has be@erformed, the organic component(s)
now present in the extractant micellar solution che further enriched and
preconcentrated prior to final quantization of therkup (as can be any organic species
originally present in an aqueous borne sample ticlwé small amount of a concentrated
surfactant micellar solution has been added). phésoncentration is made possible by
the phase separation ability of micellar solutiohgueous solutions of neutral surfactant
micellar compositions can exhibit the so-calledicai phenomena and clouding upon
temperature alteration. That is, upon increasing tbmperature of such isotropic
aqueous micellar solutions, a critical temperatisreventually reached at which the
agueous solution suddenly becomes turbid (cloupaigt) due to a diminished solubility
of the surfactant micelles present in the bulk watdter some time interval (which can
be speeded up by centrifugation), separation imtottansparent liquid phases occues (
formation of a wet surfactant-rich micellar phaseequilibrium with almost pure water
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with the same surfactant molecules). Any organiecis present which can bind and
partition to the micellar entity will be extractéato and thus concentrated in the small
volume element of the surfactant-rich micellar ghabhis property forms the basis of
surfactant micelle phase separation, or the clooidtpextraction technique which is
schematically depicted in Figure 17.

original aqueous

organic-containing
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Fig. 17. Schematic representation of the proposeadcpoint extraction scheme using a non-ionic
surfactant micellar system

A plot of the temperatures required for cloudirgsurfactant concentration typically
exhibits a minimum in the case of non-ionic sudats (or maximum in the case of
zwitter-ionics) inits coexistence curve, with the temperature anthstant concentration
at which the minimum (or maximum) occurs being mefd to as the critical
concentration and temperature, respectively. Ttie bf behavior is exhibited by as well
as others not non-ionic surfactants, showrie non-ionic  polymers,
n-alkylsulfinylalcohols, hydroxymethyl or ethyl celbses, dimethylalkylphosphine
oxides, or most commonly, alkyl (or aryl) polyoxygiene ethers. Likewise, certain
zwitter-ionic surfactant solutions can also exhitittical behavior in which an upper
rather than lower consolute boundary is presemviBusly, metal ions (as metal chelate
complexes) have been extracted and enriched frarecag media using such a cloud
point extraction approach with non-ionic surfacsafixtraction efficiencies in excess of
98% for such metal ion extraction techniques wetdesved with enrichment factors in
a range of 45+200. In addition to metal ion enriehis, this type of micellar cloud point
extraction approach has been reported to be usafithe separation of hydrophobic
from hydrophilic proteins, both originally preseint an aqueous solution along with
a preconcentration of the former proteins.

12. Microwave enhanced chemistry - MEC

The literature underlines the increasing importamtemicrowave radiation in
chemical laboratory. 2450 MHz radiation was firgipked in microwave ovens, but
some time later it was observed that this radiati@am be used to warm different liquids
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and solids. It may be said that microwave oven®wlee precursors of this new direction

in analytics. In an analytical laboratory, in diffat stages of preparation of samples for

analysis, microwave radiation [28, 267] supporte ffrocess of analyte extraction.

Microwave-assisted extraction was introduced tositientific community in 1986 [43].

Microwaves, initially used in the food and agricuwétl industries for conditioning food

products, have been used for sample digestion ghmeemid-1980s. They have even

more recently been used in the solvent extractfarganic analytes from a solid sample.

Enhancement is based on the absorption of microwaeegy by molecules of chemical

compounds. The solvents most used include dichletoame and acetone-hexane

mixtures.

Microwave-assisted extraction can be performedvinways:

- Pressurized MAE in closed vessels. This first tépe employs
a microwave-transparent vessel for the extractioth a solvent of high dielectric
constant (electric permittivity). Such solvents @lssmicrowave radiation, and thus
are heated to a temperature exceeding the sohahibg points under standard
conditions. Boiling does not occur because theeleasspressurized. This mode of
operation is very similar to ASE - elevated pressand temperature facilitate
extraction of the analyte from the sample,

- Atmospheric MAE system. The second technique enspleglvents with low
dielectric constants. Such solvents are essentmityowave-transparent, and thus
absorb very little energy, and therefore extractian be performed in open vessels.
The temperature of the sample increases duringaidn, because it usually contains
water and other components with high dielectric stants: this leads to an
enhancement of this process. Because extractioditzms are milder, this mode of
operation can be used to extract thermolabile temly
This technique is called Focused Microwaves (FM#Ad it also gives satisfactory

results for polycyclic aromatic hydrocarbons, palgeinated biphenyls, organochlorine

pesticides, and alkanes with the same advantagescafity and ease of manipulation.

Microwave heating is very efficient and can basgyché explained by the interactions
of an electric field with charged particles andgsaholecules in a solution involving two
mechanisms of energy absorption, that is, ionicdootance and dipole rotation.
However, problems arise in MAE when using apolalvestts, because microwave
energy can only be effectively absorbed by molectiaving the dipole moments. For
the extraction of organic contaminants this isandrack, but this problem can be solved
by increasing the polarity.

The most important instruments for microwave extoeicare: a microwave radiation
source, a waveguide, a resonant cavity and an ersengrce. Thanks to waveguides
made of materials that strongly reflect electrongdignwaves €g metal foils or metal
sheets), microwave radiation is led from a magmetm the receiver (resonator). The
resonant cavity (resonator) is a part of the mieevapparatus from which microwave
radiation is repeatedly reflected from its wallsheT container with the sample for
extraction is placed in the resonator. The MAE téghe may use both solvents that
absorb the microwave energy and have a high diaemtnstant, and those with a low
dielectric constant which do not absorb microwanergy [268].

Table 23 presents properties of several of the rfnegtiently used organic solvents,
important in microwave radiation applications.
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Table 23
Characterization of solvents used in MAE extraction
Solvent Dielectric Boiling point | Temperature at closed

constant [°C] vesset
Hexane 1.89 68.7 -
Dichloromethane 8.93 39.8 140
Acetone 20.7 56.2 164
Methanol 32.8 64.7 151
Acetonitrile 37.8 81.6 194
Cyclohexane 2.02 80.7 -
Ethanol 24.3 78.3 164
2-propanol 18.3 82.4 145
Acetone-hexane - 52 156
(1:1 viv)
Acetone - cyclohexane (70:30 v/v) - 52 160
Acetone - petroleum ether (1:1 v/v) - 39 147

2. pressure 175 p.s.i. (2.54 kP%)temperature 20°C; temperature 25°C

In analyte extraction, using solvents with a higivel of microwave radiation
absorption (with a high dielectric constant valulg extraction process takes place in
high temperatures. The solvents’ temperature, dudigh pressure in the extractive
container, usually exceeds the boiling point ofgbhkvent, even up to 300°C. Given that,
the container with the sample and solvent, muse Ispecial properties. One ought to pay
attention to: (1) the chemical and thermal resistanf the material the container is made
of, (2) its permeability to microwave radiation,da¢8) its resistance to the action of the
solvent. The aforementioned requirements are ledfil by containers made of
polytetrafluoroethylene (PTFE), quartz and somepasiie materials.

Microwave-assisted extraction has several advastage
- shorter heating and extraction time,

- compact devices,

- easy control of the sample-heating process,

- reduction of the amount of solvent used for exiomgt

- efficient energy use (energy is used exclusivelgdat the sample and solvent).

It should be pointed out that several additionadrafions must usually be performed
before the final determination:

- separation of the extract from the matrix (by ditton or decantation),
- concentration of the extract (removal of excesgest),
- purification, drying of the extract.

Using the dynamic approach for extraction is geheealvantageous, especially with
respect to partitioning the solvent into the exitacmedia. This can be highly efficient
when fresh solvent is continuously introduced itite extraction cell, that is, the rate
constant for description need not be large compartdthe rate constant for the adsorp-
tion for efficient removal of the target solute.

Dynamic microwave assisted extraction has beendfdoitbe an efficient technique.

Another new approach is combining MAE with the wfean aqueous surfactant
solution as the extracting phase. This new tectmnicu called microwave assisted
micellar extraction (MAME). This procedure is basmd the well-known solubilization
capacity of aqueous micellar solutions toward watsoluble or sparingly soluble
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organic compounds. As a general rule, non-ionidastants are usually the most

effective, showing larger solubilizati
solubilization kinetics as the cloud-point

on capacitighat rapidly
temparatof the solution is raised.

increase with

Table 24 presents information on the application notrowave radiation as
an enhancing factor for other operations associaitdsample preparation for analysis.

Table 24
Applications of microwave radiation in sample pnegpi@mn for analysis
Sample preparation operation References

Desiccating The process may be carried out both under nofmal
pressure and in a vacuum. Polar water particles are
selectively heated [249, 269] and water evaporates
[270, 271]

Water (moisture) content determination Special rimeents are used - microwave scale
dryer

Quick sample heating

Microscopic sample preparation Microwave radiatigreatly enhances the fixing
process of biological material

Sample incineration and melting Microwave oveng asramic heaters, which afe
remotely heated with microwave radiation
[270]

Plasma incineration Plasma induced by microwadéatimn (pressurg
of 10 mbar [1 kPa]) significantly decreases the
temperature of incineration

Activation of sample components in plasma To tmd,ehe Microwave Inducted Plasma (MIP)
is used

Performing chemical reactions including derivatiMicrowave radiation may be used to accelerate|the

zation rate of chemical reactions [112, 272, 273]

Steam distillation [148, 274]

Pyrolysis [74, 275, 276]

Digestion of sample Oxidation takes place in theirenment of active
reagents (nitric acid, hydrofluoric acid, hydrogen
peroxide) [277-281]

Evaporization of aqueous solutions [270]

Microwave thermal inertisation of wastes Appliedagbestos containing waste [282]

Heating of GC column It is possible to employ negattemperature
programming for an enhanced separation | of
compounds during the separation process [283]

Microwave assisted extraction MAE of samples Beeao$ the high efficiency of this type qf
extraction process, it can be applied to the
extraction of a wide spectrum of analytes frgm
various matrices [72, 284-289]

The main characteristics of commercially availafleused-microwave technology

are:
safety due to operation at atmospher

working with organic materials,

glass, quartz, and PTFE,

ic pressure,

any time during the digestion, which allows a senja¢ acid attack,

a handling of large samples that can generate a hugpunt of gas, mainly when
the use of various types of materials to constre@ttion vessels, such as borosilicate

a programmable addition of reagents (or samplaswidl be discussed later on) at
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- a low-power focused-microwave field can be emplog#her to accelerate leaching
of organometallic species without affecting carlmoetal bonds, or to extract organic
compounds (specific examples will be discussed)e Tbcused nature of the
microwave energy lends high efficiency and avoldsrieed for high power,

- multiple methods for different samples can be siamdously applied, allowing the
possibility of operating each reaction vessel irahefently.

13. Application of ultrasounds (US) in the sample rgparation
process

Sound waves are mechanical vibrations in a sdlidjd or gas and are intrinsically
different from electromagnetic waves. While theda{radio waves; infrared, visible or
ultraviolet light; X-rays; gamma rays) can pasotigh a vacuum, sound waves must
travel through matter, as they involve expansiod aompression cycles traveling
through a medium. Expansion pulls molecules ap#rereas compression pushes them
together.

Ultrasound (US) is simply sound with a frequencghleir than the range audible to
humans (> 16 kHz). The lowest US frequency is ndlymiaken to be 20 kHz. The top
end of the frequency range is limited only by tihdity to generate the signals, so fre-
guencies in the gigahertz (GHz) range have beethinsome applications.

The use of US in scientific areas has increaseddent years, including areas such as
medicine and industry, where US has had the mgs&ém This increase is continuing,
and new uses are frequently appearing. Analyticahtstry has not been excluded from
using US energy, as analytical chemists have etggldivo aspects of it [109]:

a) for facilitating the development of different stejpsthe analytical process, mainly
related to the preliminary steps involving solidngdes, and,

b) for improving detection or even using US as themse# detection.

There are two common US devices for sample-preiparapplications: bath and
probe units. Although US baths are more widely usigely have two main disadvantages
that substantially decrease experimental repeétabiid reproducibility [290]:

a) a lack of uniformity in the distribution of US eiggr(only a small fraction of the total
liquid volume in the immediate vicinity of the USwsce experiences cavitations);
and,

b) a decline in power with time.

US probes have an advantage over US baths in hlegt focus their energy on
a localized sample zone, thereby providing moreiefit cavitations in the liquid. It has
been demonstrated that, because standing wavestftgrtocal intensity in a flask fixed
in an US cleaner is highly susceptible to changesxperimental conditions, so precision
is considerably affected as a result. Most US-tssisample-preparation applications are
developed in discrete systems; nevertheless, aantgapproaches mean that a given
step can be automated, as it can be interfacedot¥iirs that are also automated.

The performance of baths and probes in US-assdigggbstion under soft or strong
conditions depends on various factors that arelyraoptimized in developing
US-assisted digestion methods. Variables affecti®yassisted digestion common to
baths and probes are [291]:
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the shape of the vessel containing the target aadnsiystem; a factor which is
usually ignored. Flat-bottomed vessetg Conical flasks) are preferred because the
energy transfer is more efficient,

stirring the target suspension can be advantagdmcause this ensures effective
contact between the solid and the liquid duringcation,

the temperature of the medium can have a stromgeimie on assisting digestion. In
the case of thermolabile analytes, operation oway \short periods of time or
circulation of thermostate cold water in the tamn de alternatives in controlling
temperature,

the influence of pressure on US-assisted digediem hardly been studied at all.
There are only a few cases of chemical reactiorlacation where high pressure has
been applied in closed ultrasonic reactors. Thesdceds can also be used as
ultrasonic digestors,

solvent properties affect US-assisted digestiorthag impose a cavitation threshold
above which sonochemical effects are “felt” by theedium. Therefore, any
phenomenon altering same solvent property can msdith a threshold,

radiation amplitude is directly related to the amtoof energy applied to the system.
Exhaustive treatments require high irradiation atugés, for which probes are more
suitable than baths,

particle size is a key variable, and so digesti@cmanisms are influenced by particle
diameter. In fact, depending on particle size, #mme@ous microstreaming and
microjetting or same other effect can dictate tifieiency of US-assisted digestion to
a variable extent.

There are other specific physical variables thfiuémce digestion assisted by an

ultrasonic probe, namely [291]:

the depth of immersion into the sample vessel ¢h loantaining the transmitting
liquid has a decisive influence on the effect dfadonic probes. This is because
virtually no sonication exists alongside the tipadsove it. Therefore, if the probe is
only slightly immersed, it will cause foaming aethquid surface, resulting in a loss
of US energy. On the other hand, if the probe imérsed to an excessive depth, the
energy supplied will be inadequately transmittetbtigh the liquid and digestion
efficiency will suffer as a result,

the probe-tip/sample-cell distance should be camedl when the probe is not
inserted into the sample vessel. The shorter th@mmkie, the less attenuation occurs
and the higher the energy applied to the sampéerasult,

when ultrasonic energy is applied in a pulsed mqudse duration can be an
important variable.

Ultrasound can be used as an enhanced agent ddifflegent steps of sample

preparation for analysis:

extraction of analytes [168, 204, 221, 292, 29S}assisted extraction is an effective

way ofremoving a number of analytes from different typesamples, as it combines

several effects, namely:

a) extremely high effective temperatures, which resulincreased solubility and
diffusivity,
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b) high pressures, which favor penetration and tramsgahe interface between an
agueous or organic solution subject to US energg, @ organic or agueous
phase, or a solid matrix (which is more commonj an

c) the oxidative energy of radicals created duringobais of the solvent (hydroxyl
and hydrogen peroxide for water).

- digestion [283],

- dissolution [294],

- homogenization and emulsification [133, 206]

- filtration [295],

- analytical reactionse@y derivatisation) [186],

- reagent generation [36],

- slurry formation [109],

- cleaning [46],

- degassing [296].

It is worth emphasizing two main constraints imgsus in the field:

a) US energy can lead to undesirable deterioratiosanfiple components, so special
care must be taken to ensure that only the desifedt is produced in a US-treated
system,

b) the use of the appropriate US device is key toininig a given effect which cannot
be produced by devices designed for other, diftetasks. For example, US baths
may be designed for cleaning purposes, for whichepastability or uniformity in the
distribution of US energy is not mandatory.

Even considering that microwave technology has awed some traditional opera-

tions in chemistry, there is still a long road aheice only some 10% of laboratories

thoughout the world are equipped with laboratorgigieed microwave ovens [280].

14. Green chemistry - introduction of conception ofustainable
development to chemical laboratories

14.1. History

The term green chemistry was first used in 199P Ay Anastas in a special program
launched by the US Environmental Protection AgefteiyA) to implement sustainable
development in chemistry and chemical technology ibglustry, academia and
government. In 1995, the annual US Presidentiale@r€hemistry Challenge was
announced. Similar awards were soon establishdeumpean countries. In 1996, the
Working Party on Green Chemistry was created, gctitthin the framework of the
International Union of Applied and Pure Chemistdne year later, the Green Chemistry
Institute (GCI) was formed with chapters in 20 doies to facilitate contact between
governmental agencies and industrial corporationth wniversities and research
institutes to design and implement new technologié® first conference highlighting
green chemistry was held in Washington in 1997c&that time, other similar scientific
conferences have been held on a regular basis.fifdiebooks and journals on the
subject of green chemistry were introduced in 880k, including thdournal ofClean
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Processes and Produc{Springer-Verlag)Green Chemistrywhich was sponsored by
the Royal Society of Chemistry. Other journals, hsas Environmental Science and
Technologyand theJournal of Chemical Educatiorhave devoted sections to green
chemistry. The actual information may also be foandhe Internet.

The concept of green chemistry appeared in theedritates as a common research
program resulting from the interdisciplinary coagtérn of university teams, independent
research groups, industry, scientific societies goekernmental agencies, each of which
have their own programs devoted to decreasing toatlu

Green chemistry incorporates a new approach tostmghesis, processing and
application of chemical substances in such a maamés reduce threats to health and the
environment. This new approach is also known as:

- environmentally benign chemistry,
- clean chemistry,

- atom economy,

- benign-by-design chemistry.

Green chemistry is commonly presented as a sewalf/¢ principles proposed by
Anastas and Warner. The principles comprise instmus for professional chemists to
implement new chemical compounds, new synthesesnamdtechnological processes
[83].

Green chemistry is not a new branch of science & new philosophical approach
that, through its application and extension of giptes, can contribute to sustainable
development. It is easy to find many interestingmegles of the use of green chemistry
rules. In addition, in chemical laboratories nevalgtical methodologies are still being
developed which may be realized according to gotwmistry standards. They are use-
ful in conducting chemical processes and in thduedi@n of their effects on the envi-
ronment.

14.2. Green analytical chemistry

The irony is that the analytical methods used ®ess the state of environmental
pollution and analytical chemists in laboratoriéerough uncontrolled disposal of
reagents and solvents or chemical waste, may inbla@ source of emission of a great
amount of pollutants that negatively influence #mvironment. This is connected with
the necessity of using considerable amounts of @@mmompounds in successive steps
of applied analytical procedures. Sampling and @sflg preparation for their final
determination is frequently connected with the fation of large amounts of pollutants
(vapors, reagent and solvent wastes, and solideyvasherefore, it is necessary to
introduce the rules of green chemistry into chemalzoratories on a large scale.

Considering the Twelve Principles of Green Chemjstris easy to indicate the di-
rections that may decide the “green” character r@lydical chemistry. The following
issues should be treated as priorities [297, 298]:

- eliminating or minimizing the use of chemical reaige particularly organic solvents,
from analytical methods,
- eliminating chemicals with high toxicity and ecoim#y from analytical procedures,
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- reducing steps that demand a lot of labor and gnérgarticular analytical methods
(per single analyte),

- reducing the impact of chemicals on human health.

Development of analytics and environmental moniigpieads to better knowledge of
the state of the environment and the processes t#kat place in it. Due to the
introduction of new methodologies and new measutéafpniques for the identification
and determination of trace and micro-trace comptném samples with complex
compositions into analytical practice, discoverytd following important facts has been
enabled:

- acidifying particular elements of the environment,

- the existence of a stratospheric ozone depletiemgmenon,

- designation of long-term trends in the changesradet components in atmospheric
air,

- increased concentration levels of the so-calledigtent organic pollutants (POP),
compounds belonging to dioxins (PCDD, PCDF), pdigthated biphenyls (PCBs)
and others,

- examination of pollutant bioaccumulation in thestiss of organisms on different
steps of the trophic chain.

This branch of analytical chemistry creates marsllehges. The most important are
as follows:

- low and very low concentration levels of analytes,

- the existence of time and space fluctuations ofyte®in the investigated media,

- a broad range of concentrations of analytes behgndd the same group of
compounds,

- the possibility of the presence of interfering campds, frequently with similar
chemical structures and properties.

The techniques of sample preparation, extractisoldtion) and/or preconcentration
of analytes are usually used in the analysis afettomponents of gaseous, liquid, and
solid samples. During this operation, the transpdranalytes from primary matrices
(donors) to the secondary matrix (the acceptorgsgilace. Nevertheless, it should not
be forgotten that the extraction and preconceomatsteps can be a source of
environmental pollution. Techniques of sample prafian introduced in the article have
the following advantages [299]:

- they are solvent free or virtually solvent freeolvent usage per one analysis is
reduced to a minimum,

- the transport of analytes to the matrix is charamd by simplicity of composition
compared with primary matrices, and more suitabhel @ompatible with the
analytical technique used at the final determimegtistep,

- removal, or at least reduction, of interferencesaa®sult of selective transfer of
sample components to the acceptor matrices,

- increased concentration of analytes in the acceptirix to levels over the limit of
guantitation for the chosen analytical technique.

There is an urgent necessity to evaluate the uselytaal methods not only with
respect to the reagent, instrumental costs andytaral parameters, but also to their
negative influences on the environment. A good fookuch evaluation may be the Life
Cycle Assessment (LCA).
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Introduction of the Life Cycle Assessment technicqagee a tool in examining the
environmental burden of various analytical teche&umay revolutionize the field of
analytics. In rating analytical techniques accagdim their influence on the environment,
one should apply a holistic approach and include:

- the output of raw materials,

- production of reagents and energy,

- transport of raw materials and final products,

- the influence of a given reagent on the envirortrmethe process of its usage,

- storage and utilization of chemical waste andajftdate reagents.

It can be stated that green analytical chemisttigsessential element of green chem-
istry. The constant development of new solventtesfiniques is a good example of
activities in this field. The following direct aryical techniques (a preparation step is
not necessary) may be treated as typical examplesooedures that are friendlier to the
environment:

- X-ray fluorescence,

- a surface acoustic wave (SAW) used during detetimimaof volatile organic
compounds (VOCs),

- immunoassay.

In addition, the other techniques in which the antoof reagents and solvents is
limited (calculated per one analytical cycle) arartpof environmentally benign
procedureseg
- solid phase extraction (SPE),

- accelerated solvent extraction (ASE),

- solid phase microextraction (SPME),

- liquid-liquid microextraction (MLLE), and other migextraction techniques,
ultrasonic extraction,

- supercritical fluid extraction (SFE),

- extraction in automated Soxhlet apparatus,

- vacuum distillation of volatile organic compounds,

- mass spectrometry with membrane interface (MIMS).

The extraction of pesticides from soil samples gisincelerated solvent extraction is
a good example of an analytical procedure fulfijlithe rules of green chemistry. This
procedure is characterized by many advantagesmpanson with classical extraction
techniques used for extraction of analytes frommemmatrices.

The main advantages considering green chemistrgsafellows:

- reduction of used solvents (up to 95%),

- shortening of analysis time (from 16 hours to 1@utgs),

- energy savings (the heating of the extraction eein ASE instrument to 100°C in
10 minutes in comparison with 16 hours heating glae in a Soxhlet apparatus),
decreasing exposure to solvents due to shorteriegtmaction time and the smaller
amounts of applied solvents,

- similar analytical characteristics (precise andlygeaecoveries) for smaller samples
(ASE).

This procedure can be treated as an alternativeotomonly used extraction
in a Soxhlet apparatus.
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Table 25 compares various solvent extraction teples, with regards to the
duration and the amount of the solvent used (mamiple).

Table 25
Comparison of solvent extraction techniques
. . Amount of solvent used Mean duration of the extrac-
Extraction technique 3 .

[cm’] tion process
Soxhlet extraction 200+500 4+48 h
Automated Soxhlet extraction 50+100 1+4 h
Ultrasound enhanced solvent extraction 100+300 BG-Inh
Microwave enhanced solvent extraction 25+50 30 rhih+
Accelerated solvent extraction 15+40 12+18 min
Supercritical fluid extraction 8+50 30 min+2 h

Figure 18 presents basic information on main groopsolvent-free techniques
concerning sample preparation for analysis.
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Fig. 18. Classification of solvent-free technigqaeacerning sample preparation for analysis

Using thermal desorption enables the exchange dfemsb into a more
environment-friendly stream of gas in the stageebéasing analytes into an adequate
trap (sorption tube, denuder, passive dosimeter).
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Figure 19 presents the basic mechanisms of thentietesorber.

1

Capillary GC column Capillary GC column

Fig. 19. Thermal desorber diagram

The ability to rapidly assess or monitor the disjas of environmental contaminants
at purported or existing hazardous waste sitesnisessential component of green
chemistry. Soil samples have to be collected framiase to ground water and then
shipped off-site for analysis, with waiting periods excess of several months. Soll
samples, which represent approximately half thaltoiumber, are extracted with
solvents, then further separated using additionblest to produce chemical-specific
fractions. Each fraction is then analyzed usingappropriate method. A proposed
technology by Professor Albert Robbat from Tuftsivénsity, Massachusetts, USA is
aimed at reducing or eliminating solvent usagerduthe sample collection and sample
analysis processes by collecting and detecting nicgpollutants in depth without
bringing the actual soil sample to the surfacehérinal extraction cone penetrometry
probe coupled to an |ultra-fast gas chromatograpdsgm spectrometer
(TECP-TDGC/MS) has been developed to collect andlyaa subsurface organic
contaminantsin situ. The TECP is capable of heating the soil to 300&@ich is
sufficient to collect volatile and semi-volatilegamics bound to the soil, in the presence
of a soil-water content as high as 30%. Rather tiging solvents to extract organics
from soil, the TECP uses heat, then traps the hpbur in a Peltier-cooled thermal
desorption GC sample inlet for on-line analysis.atidition, the proposed technology
reduces solvent usage when decontaminating sarafdetion probes and utensils used
to homogenize samples. No other technology existd ts capable of thermally
extracting organics as diverse as PCBs, explosiwe$AHs under these conditions.
When combined with the ION Fingerprint Detection Bftware, ultra-fast TDGC/MS
is capable of analyzing complex environmental saspi less than 5 minutes.

The next important challenge of green analyticanoistry is in-process monitoring.
Developing and using the in-line or on-line analgzallow us to determine analytes in
real time, in turn enabling us to detect disturlesnin the course of a process in the
initial steps. Such means of analysis gives rapfdrimation and a chance for proper
reaction - stopping the technological process @nging the operational parameters -
and improves overall efficiency.
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The application of green chemistry rules in designjreener analytical methods is
key to diminishing the negative effects of anatichemistry on the environment. The
same ingeniousness and novelty applied earliebtaio excellent sensitivity, precision
and accuracy is now used to abate or eliminatepipiication of hazardous substances in
environmental analytics.

15. Quality control and quality assurance (QC/QA)
of analytical results

The final effect of the chemical analyst's work @iddbe authoritative information on
the chemical composition of the examined matefiak source of this information is the
analysis of samples obtained and prepared in aguatdke fashion to determine the
selected analytes. Incorrect action at any stagtheofanalytical procedure may cause
misinformation. Thus it is necessary to apply d#fe types of actions aimed at [1]:

- assuring the representativeness of obtained samplbsrelation to the examined
material,

- assuring the stability of the sample compositiamfithe moment of obtaining it until
final determinations,

- checking analytical characteristics, or validatihg individual stages and the entirety
of the analytical procedure,

- determining the uncertainty budget.

The first two tasks are part of good laboratorycfice, and the remaining two are
connected with the monitoring and quality of ariabit measurements.

For a considerable period of time, a suitable QCKYAtem has been a significant
part of analytical activities [300-305].

Results of analytical measurement can be the sonfraeliable and authoritative
information only when they are obtained with an lempented QC/QA system.
According to many opinions [306], such a systenfiedéntiates chemical analysis from
modern chemical analytics.

CHEMICAL QC/ QA CHEMICAL
ANALYSIS + SYSTEM = ANALYTICS

Quality Control (QC) in analytical chemistry consists in utilizing spiecmeans of
conduct in order to assure precision and accuracgviery stage of an analytical
procedure, and in turn to obtain high quality resul

Quality Assurance (QA)is a detailed description of conduct - from thermeat of
taking samples until the processing of obtainedltes concerning the monitoring of
activities assuring high quality of the analyticakults. A program of such activities
should be introduced in written form.

Figure 20 presents a diagram with quality systempmments.
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Quality of analytical
measurements

Traceability Valitirn of Uncertianty

2 analytical &%,

procedure
T 9T
Reference
materials

I I
Interlaboratory
p research —j

Fig. 20. Quality system components

Below, we will elaborate on basic problems conrgetéh the diagram above [1].

Traceability
In the search for adequate quality of analyticaults, greater and greater attention is
paid to the traceability of results. Traceabilityd feature of a measurement result or
a standard value which provides a possibility deming this value to national or
international standards using an uninterrupted rclidi comparisons, given that the
uncertainty values, connected with all the knowarses of errors, are known.
Moreover, it is assumed that:
- all indispensable actions to diminish error soura®d the size of measurement errors
have been taken,
- wherever possible, corrections were made in caiomaf the final results.
This definition refers to all types of measuremeniacluding analytical
measurements.
The following are applied to achieve traceability:
- calibration of basic measurement instruments bycigfsts from a suitable
metrological center,
- application of patterns and reference materialshieck the methods and analytical
techniques used.
Traceability of a specific measurement methodolisggssured when one complies to
the code of conduct presented in Figure 21.
An important part at this stage is played by refeeematerials, and by using them
one can assure conformation to standards, tradgalsihd consequently a worldwide
agreement of measurements.
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Fig. 21. General scheme of analytical conduct §suang traceability

The Figure 22 presents three basic types of trdigdbols for assuring quality.
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Fig. 22. Schematic presentation of relationshipsveen the quality of analytical results and the
traceability to international standards
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Reference values should originate from specialiledmbratories with international
reputation in a given field.

In the case of trace analysis, traceability foygidal analytical procedure requires
application of a matrix and certified reference enials. The principles of traceability
realization are presented in Figure 23.

Matrix reference materials

Carrect Losses? Reliability of efficiency? , losses? efficiency?, losses?

Pracedure? Cantamination? weighing Recovery (%7 Recovery(%)?
Sampling Sample Sample preparation Analyte Analyte Remaving

preparation for analysis extraction sabiity interferents —|

Transformation efficiency Interferences, matrix effect?

Changes of the analyte Changes of the analyte FIM AL

phase (g Due to Analyte phase (g Dueto DETERMINATION
| chemical or enzymatic stabilty | chatical of enzymatic il RESULTS
reaction) reaction)

Certified reference materiaks (for
instument calibration)

Fig. 23. Scheme of traceability requirements fayical analytical procedure with regards to trace
analysis

Validation

In order for a laboratory to be able to deliverialglle and repeatable results, it is
necessary to perform systematic calibration ofyditall instruments and validation of all
the analytical procedures. The term validation firasly entrenched itself in analytical
nomenclature. Analysts ‘owe' its introduction taraditation and certification managers,
and it means the determination of a methodologlgaracteristics, entirely covering the
previous notion of 'methodology applicability' (sfiity, selectivity, correctness,
accuracy, precision, repeatability, limit of detent measuring range, linearity range,
etc.). In order to monitor the quality of a laboargt reference material samples are
subject to the same processing and determinatiorss raal samples.
A comparison of the obtained results with the aitent of the analyte in a reference
material sample determines the reliability of thalgtical works in a given laboratory.
Figure 24 presents the components concerning thétyjof an analytical process, and
Figure 25 shows a general scheme of a system agshe quality of analytical results.
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Fig. 25. General scheme of the system assuringuhkty of analytical results

Reading the literature on the subject may lead fes® conviction that “validation”
serves to determine new tasks which must be rebdiaghat a given analytical procedure
can be applied in practice. It is quite to the camt however - this term was
introduced to describe actions that were previogsljed “evaluation of an analytical
procedure”.

Validation is most frequently performed when:

- anew analytical procedure is prepared,

- an attempt is made to increase the applicability wll-known analytical procedure,
egdetermination of a given analyte, but in a différmatrix,

- the quality inspection of an applied procedure sheariability of its parameters over
time,
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- an analytical procedure is to be used in anothd&ortory (different from
a laboratory where it has already been validatedyith different instruments, or
determinations are to be performed by a differeatyst,

- a new analytical procedure is compared with anothegll-known method of
reference.

Reference materials
The range of parameters, the determination of whlabuld underlie the validation

process for a given analytical procedure, dependb® following:

- the character of the analytical research to beiethrout using a given analytical
procedure (qualitative or quantitative analysisigle sample analysis or a routine
analytical investigation),

- requirements for a given analytical procedure,

- time and costs, which can be spent during the atitid of an analytical procedure.

BASIC SI UNITS

metre, kilogram, ..., mol

!

PRIMARY STANDARDS

]!

CERTIFICATED REFERENCE
MATERIALS

REFERENCE MATERIALS

'T\\ ;
STANDARDS SAMPLES
(TEST SAMPLES)

Fig. 26. Hierarchy of different types of referemoaterials

The more parameters involved in the validationrofaalytical procedure, the more
time is needed for its completion. Additionallyetimore restrictive the assumptions for
limiting (expected) values for respective parangténe more frequent should calibra-
tions, controls and even revisions of the analjficacedure occur. It is not always nec-
essary to perform the entire validation processaforanalytical procedure. One should
determine which parameter should be included mpghbcess.

Table 26 compares parameters which, in complianite iecommendations by the
International Conference on Harmonisation and Thidd States Pharmacopeia, should
be engaged in the validation process.
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Table 26
Parameters of an analytical procedure that areesuty) validation according to recommendationshey t
International Conference on Harmonisation and Thi¢dd States Pharmacopoeia

Parameters ICH USP
Precision - repeatability +
- indirect precision
- reproducibility

+

Accuracy

Limit of detection
Limit of determination
Specificity/selectivity
Linearity

Measuring range
Resistance

Elasticity

4|+ |+ [+ ]+ +

|+ ||+ ]+ +

Standards and reference materials are importats toomaintaining suitable quality
of analytical measurement results. Figure 26 pteshierarchically different types of
standards and reference materials.

Figure 27 presents the hierarchy of reference ai&m@ chemical analytics [307]
with special regard to the reference materials.
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Fig. 27. Hierarchy of some elements of referencehiemical analytics
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In order for the substance to be treated as adiass standard, it must fulfill the
following requirements:
- accessibility in trade,
- high chemical purity (100 £ 0.02%),
- high stability,
- homogeneity,
- non-hygroscopicity and resistance to erosion,
- dissolubility,
- high molecular mass or low analytical coefficigitd minimize weight errors),
- quantitative and stoichiometric plot of reactiamidg titration.

Uncertainty
In many fields, not only scientific ones, an immensimber of decisions are based on
analytical findings. Obviously, their quality is dmming increasingly important. The
uncertainty of measurement is a component of uaiceytfor all individual stages of an
analytical procedure. Hence the need to deterntiaesburces and types of uncertainty
for each individual stage of an analytical procedur
Uncertainty is a basic property of every measureéniealways occurs and in every
stage of every measurement procedure. Thereforshduld not produce additional
difficulties in the measurement process.
Basic sources of uncertainty in sample analysisguai suitable analytical procedure
are:
- incorrectly or imprecisely determined parameters,
- unfulfilled requirements of representativenessfiertaken sample,
- incorrectly applied determination methodology,
- human errors in readings of analog signals,
- ignorance of the influence of external conditioms the results of analytical
measurements,
- uncertainty connected with the calibration of thgpleed control and measuring
instrument,
- resolution of the applied instrument,
- uncertainties connected with applied standardsoameference materials,
- uncertainties of parameters determined in separsasurements and applied in
calculations of the final result, determinationstsas physico-chemical constants,
- approximations and assumptions associated withude of a given instrument
applied during the measurement,
- oscillations in repeated measurements under segniifemtical external conditions.
The difference between measurement error and wertshould be pointed out
here. An error is a difference between the detezthiand expected values, while an
uncertainty is a range in which the expected valmr be found with some probability.
Thus, the level of uncertainty cannot serve toexirthe obtained measurement result.
The difference between an error and uncertainpyésented in Figure 28.
The influence of individual parameters on the vadfi¢he combined uncertainty for
a measurement result is usually presented on abfisk diagram, also called
an Ishikawa diagram (after the Japanese chemis$tatigtician) (Fig. 29).
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Fig. 29. An Ishikawa diagram representing the ieffice of individual parameters of an analytical
process on the combined uncertainty of analyteecdrdetermination (y) in an investigated
sample

A QC/QA system is associated with all stages ofable analytical procedures car-
ried out bothin situand in a laboratory [72].
QC/QA comprises the following elements:
- monitoring and estimation of analytical result psemn through performing periodic
examination of control samples,
- estimation of analytical result accuracy through,
- analysis of certified samples of reference matgrial
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- comparison of results obtained with a referencehotit
- analysis of samples augmented with a standard,
- inter-laboratory research,
- control cards,
- audits.
Figure 30 can help to understand [308] the mosbiamt aspects of the quality as-
surance system for analytical measurements pertbromerepresentative samples ob-
tained from an examined material object.
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Fig. 30. The most important aspects of quality esste for analytical measurement results

Figure 31 presents the location of individual QC/@/tem elements, necessary for
the quality of analytical results in general anabttconduct [73].
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results

Table 27
General characteristics of suitable control samfolethe purpose of quality control of analyticatasurement

Short description of background
and manner of preparation

Stage of the procedure

Application of the obtained
analytical information

Background of operations pel
formed in the field (field blank). A
sample is prepared on the standal
matrix basis without addition o
any analyte. Such samples 4
included into the sequence
samples obtained in the field.

-Sampling in the field

rd-
f
re
Df

Determination of contaminati
associated with the sampling tec
nigue, an analytical procedure, fie
conditions, sample containers, p
servatives, transport and storage
samples, sample preparation ted
nigues and measurement of analytg

Transport background (trip blank|
Samples are prepared in the field
a laboratory, and are transport
together with the ‘real' samples.

. Sampling in the field
or
ed

Determination of contaminati
associated with the sampling, pr
servatives, and the techniques
sample preparation and analy
determination.

Method  background  (metho
blank). Samples are prepared usi
a standard matrix without a
analyte. Used to determine co
taminants from the laboratory.

d Sample preparation fo
n@nalysis and analyte dg
n termination
N

Determination of contaminatio
-associated with sample preparati
and analyte determination.

Reagent  background (reage|
blank). Determination of analyti
levels in reagents used in samy
preparation and analyte determin
tion.

ntSample preparation foj
e analysis and analyte de
leéermination
a_

r Determination

of contaminatio
-associated with specific reagen
used in sample preparation a
analyte determination

n
ts
nd

Instrument background (instrume
blank). Determination of analyte
in a sample, using a standa

htAnalyte determination
S
d

matrix without analytes.

Determination of contaminati
associated with the measuring i
struments.

h
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16. Final conclusion

Analytical research is usually labor- and time-aongg as well as expensive, and
thus its result should provide authoritative anihbde information. Because of this, the
following conditions must be fulfilled:

- asample must be representative with regards texhmined object material,

- asample must be properly prepared for analysis,

- a sample analysis should be carried out with slgtalontrol and measurement
instruments which cannot be treated as a black.
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PRZYGOTOWANIE PROBEK DO ANALIZY - DROGA DO SUKCESU

StreszczeniePrzedstawiono i dokonano krytycznego omoéwieniarmggji literaturowych na temat poszcze-

goélnych etapow przygotowania préb&odowiskowych do etapu oznadzkoncowych analitow wyspuja-

cych w tych prébkach na niskich poziomach zawvéaito

Szczegdéla uwag; zwrécono na:

v/ wyzwania zwjzane z analityk specjacyja,

v" nowoczesne techniki ekstrakcji i wzbogacania abalit

v mozliwosé zastosowania ultradiekdéw oraz promieniowania mikrofalowego na poszczeggh etapach
procedur analitycznych,

v' wprowadzenie zasad zwanych z koncepgj zrownowaonego rozwoju do pracy laboratoriow
analitycznych.

Stowa kluczowe:przygotowanie prébek do analizy, konserwacja probekstrakcja i/lub wzbogacanie
analitéw, wykorzystanie ultraavigkw i promieniowania mikrofalowego w laboratorium
analitycznym, analityka specjacyjna, zielona cheamalityczna



