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ABSTRACT: Analytical procedures and techniques employed to determine trace components
are objects of growing interest to analysts. The determination of those components in samples of
different matrix composition is becoming ever more common. Hence, attention should be paid

to problems involved in this type of activity.

The article presents specific problems connected with trace analysis. The problems and
solutions proposed are documented with data from the literature.

KEY WORDS: trace analysis, sources of error, prevention, wall memory effect, cross-contami-

nation.

I. INTRODUCTION

Even a cursory perusal of any analytical
journal must lead one to the conclusion that
trace and ultra-trace analysis is a domain of
chemical analysis that is gaining in impor-
tance recently. This conclusion is corrobo-
rated not only by the feelings and opinions
of analysts. By the current definition of the
term ‘trace component’ proposed by the
IUPAC, the limit from which we can talk
about trace analysis is the concentration of
100 ppm (100 png/g). Naturally, this limit is
purely conventional and is not a constant. As
recently as 30 years ago ‘trace analysis’ was
understood to denote activities aiming to de-
termine components at a concentration level
one order of magnitude higher (i.e., below
1000 ppm, or 0.1%).

Even today the determination of compo-
nents at a concentration level of 100 ppm,
even in samples with complex matrices, does
not pose major problems and is done rou-
tinely in many laboratories. This is mainly
due to the rapid development of instrumen-
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tation, or the science of the construction and
use of monitoring and measuring devices.
Hence, one may expect the definition of the
term ‘trace component’ to change again soon.
Table 1 presents a classification of analyti-
cal methods and techniques by analyte con-
centration in the sample examined.

Il. AREA OF APPLICATION OF
TRACE ANALYSIS

It is possible to distinguish three areas of
science and technology that spur the devel-
opment of analytical methods and techniques
employed in the determination of low and
very low analyte contents in samples of vari-
ous kinds. They are

 technologies of the production of high-
purity materials; to date, the purity of the
cleanest man-made material is denoted by
11 N, which means that the sum total of
all impurities it contains does not exceed
10-%, or 10 ppt;

271



12: 41 17 January 2011

Downl oaded At:

Table 1. Classification of analytical methods and techniques by analyte concentration in a

sample.
General name of Analyte Common term for Examples
analyte concentration | analytical procedure
Sub-microtrace <1ppt Determination of dioxins in samples of
component (< 10%%) various matrices
) Determination of trihalomethanes in
Ultra-mlcrottrace (< }Opg’?) drinking water and human urine.
componen < W% Determination of volatile organic
TRACE ANALYSIS compounds in indoor air
Microtrace component <1 P_Eom Determination of carbon monoxide in
(< 104%) ambient air
<100 ppm Determination of methane in ambient
Trace component (< 0.01%) i
Secopdary component <1% SEMI- Determination of carbon dioxide in
(admixture) MICROANALYSIS ambient air
. Determination of oxygen in waste
Primary component 1-100% MACROANALYSIS gases.
Determination of oxygen in flue gases.

 genetic engineering and biotechnology;
» environmental protection.

The determination of ever lower con-
centrations of analytes has brought into com-
mon use special ways of expressing such
concentrations. Table 2 lists the units em-
ployed to denote concentrations in trace
analysis.

Efforts to determine analytes at ever
lower concentration levels in samples with
complex matrices that additionally exhibit a
high degree of nonhomogeneity are the most
important tendency in the development of
modern chemical analysis.'?> Advances in
this field are connected primarily with three
types of activity:

« the use in analytical practice of new kinds
of detectors and sensors (including
biosensors) characterised by:

—a low threshold of detectability and
determinability
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—high selectivity, and often even speci-
ficity of response;
the designing of techniques of sample prepa-
ration for the stage of final determination.
There is no doubt that this avenue of research
opens up especially many new possibilities
of determination of trace and ultratrace com-
ponents. Table 3 lists the main tasks of the
stage of sample preparation for analysis;
the use of hyphenated techniques in analy-
sis. Their development is connected with
the growing significance of speciation
analysis. Complex analytical systems have
been devised which are often composed
of three elements connected on-line:3-
—a system for preliminary sample prepa-
ration, usually involving the technique
of extraction to the solid phase (Figure
1 shows a diagram of the basic stages
of sample preparation using the SPE
technique);
—a separation system. Here a special role
is played by chromatographic methods
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(mainly GC and HPLC). They are usu-
ally employed to separate mixtures into
individual components;

—a suitable detection system. For ex-
ample, Figure 2 presents combina-
tions of separation techniques and
spectroscopic detection systems that
are most widely used in analytical
practice.®

lll. MAIN SOURCES OF ERROR IN
TRACE ANALYSIS

Obviously enough, the determination of
components that occur in a sample at very
low concentrations presents a completely dif-
ferent challenge to analysts. The various op-
erations performed on the sample during its
preparation for the stage of final determina-
tions can be a source of many errors cru-
cially affecting the final result of the analy-
sis.

The chief sources of error are changes
in the composition of the sample under
study brought about by a variety of fac-
tors. In Table 4 three principal kinds of
error distorting the result of analysis are
presented.

The bias of the final determination result
caused by the errors listed (Table 4) may be
due to various processes occurring in the
sample and due to the influence of the exter-
nal environment on the sample. By way of
example, Figure 3 presents diagrammatically
the sources of error that can distort the result
of determination of a trace component in a
liquid sample. The intensity of the processes
and phenomena shown in the figure can vary
depending on:

o the temperature of the sample and its
changes,

« the presence and intensity of solar radia-
tion, and

« the presence of living organisms in the sample.
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The contact of analytes present in both
gas and liquid mixtures with the walls of
vessels, tubing and appliances crucially af-
fects the concentration levels of trace and
ultratrace components. It is the result of
adsorption and desorption of analytes on
the surface of a solid. These phenomena
distorting the sample composition are de-
scribed collectively as ‘the wall memory
effect” and ‘cross-contamination’. Table 5
shows diagrammatically the magnitude of
polar organic analyte-wall surface interac-
tion.

What gives rise to many misunderstand-
ings is the use in analysis of water of suitable
purity. Table 6 lists data concerning the ef-
ficiency of some water-purifying methods,
while Table 7 gives specific electrical con-
ductance values for water with various de-
grees of purity.

Obtaining ultrapure water, which is the
basic reagent in laboratories performing trace
analysis, is usually a multistage process. In
the installation for the production of water of
this level of purity the following processes
are employed:

 preliminary filtering to remove most sus-
pended matter;

« activated-carbon filtering to remove free
chlorine (to a sub-1-ppm level), small par-
ticles of suspended matter (1 to 5 um) and
most organic matter (to a level below
1 ppm of carbon);

o preliminary chemical processing, con-
sisting in the neutralization of water with
acid or alkalies, as required, and in the
transformation of dissolved CO, into car-
bonates and bicarbonates;

« ionic exchange, during which ions present
in water, including those introduced in the
processing, are exchanged for hydrogen
and hydroxyl ions on the cation and anion
exchangers;

« membrane filtration — microfiltration,
ultrafiltration, reverse osmosis;
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Table 3. Stages of sample preparation for final determinations.

Task

Way of implementation

Ensuring sample stability during transport and
storage

Chemical conservation
Thermal conservation
Lyophilization

Sample homogenization

Grounding
Mixing
Screening

Removal of interfering components

Dust removal (gaseous samples)
Suspension removal (liquid samples)
Sample drying

Sample deoxidation

Removal of reactive components

Chemical conversion of analytes (derivatization)
into forms easy to:

- isolate

- separate mixture components

- detect and quantitate

In situ derivatization (while sampling
analytes)

Derivatization in column
Derivatization in eluate

Exchange of sample matrix for one 'friendly’ to
measuring device used

Extraction of analytes from sample using:

- stream of washing gas

- suitable solvent (including supercritical

fluids)
- membrane devices
- thermal desorber

Increasing analyte concentration in examined
sample to level enabling quantitative analysis

Use of wide variety of analyte enrichment
techniques (in many cases this is connected

with matrix exchange)

Reducing amount of reagents used (including
solvents)

Use of so-called solvent-free techniques of

sample preparation
Reduction of determination scale

Introduction of Total Chemical Analysis

System (TAS) into analytical practice
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FIGURE 1. Diagram of the main stages of extraction to the solid phase.

1 - conditioning of sorbent bed, 2 - adsorption (passing stream of sample through sorbent bed), 3

- rinsing and

cleaning of sorbent bed, 4 - elution of analytes (obtaining of solvent concentrate)

E SEPARATION TECHNIQUES

DETECTION TECHNIQUES

Thermal desorption
Gas

chromatography
GC

Packed columns

Capillary columns

Reverse phases High-perfomance

lon exchange liquid
chromatography
Exclusion HPLC

Capillary zone electrophoresis

Micellar kinetic
electrochromatography

Elektro-
phoresis

Gel elektrophoresis

N

Flame excitaction

Atomic absorption
Graphite-oven spectrometry
excitation
Flame
excitation
Microwave-induced Emission
plasma (MIP) spectrometry
Induction-coupled
plasma (ICP)
Electron
impact (El

pact (ED Mass

Induction-coupled spectrometry
| plasma (ICP)

FIGURE 2. Combination of separation techniques and spectroscopic detection techniques most widely used

in analysis.
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Table 4. Sources of error affecting the ultimate result of analysis.

Source of error Name of error
“‘Delivery” of additional quantities of analyte to sample Positive error
Loss of analyte Negative error
“Appearance” of additional components in sample Interferences

A
. vV v v v Vv _
Ff@ - ®)
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FIGURE 3. Diagrammatic presentation of factors that can affect concentration
levels of trace components in a liquid sample.

1 - contact of sample with laboratory air; 2 - residues of components of dishwashing
mixtures; 3 - distilled water; 4 - reagents and solvents employed; 5 - contact with
analyst; 6 - vaporization of the most volatile components; 7-8 - processes of
adsorption-desorption (wall memory effect); 9 - adsorption of analytes on suspen-
sion; 10 - precipitation of sediment; 11 - leaching of components from vessel; 12-
13 - permeation of solution components through vessel walls; 14 - reaction of
analyte with vessel material; 15 - chemical reactions among solution components.
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Table 5. Comparison of the polar organic analyte-wall surface interaction for various

construction materials and ways of preparing vessel walls.

Construction material

Magnitude of analyte-wall
interaction

Chromium-molybdenum steel
Teflon-coated steel

Aluminium

Glass (after washing with acid)
Aluminium (after surface cleansing)
Electropolished stainless steel

Glass (after silanization)

Electropolished stainless steel (after surface cleansing)

Table 6. Comparison of the efficiency of some water-purifying methods.

Pollutant

Water-purifying techniques i
purifying % colloids 0 ions bacteria
substances
Sorption on activated carbon 1 0 0
Reverse osmosis 2 1 3
lonic exchange 1 3 0
Filtering through filter with pores 0 0 3
0.2 um in diameter

unsatisfactory purification
satisfactory purification
good purification

very good purification

W = o

Table 7. Comparison of specific electrical conductance values
of raw, distilled and deionized water.

Kind of water

Specific conductance, uS/cm

Raw water

300 - 1000 and over

Distilled water:
- distilled once
- distilled twice from quartz
- distilled twice from glass

4-6.5
0.5
1.0

Deionized water

0.2 - 0.1 or under (to 0.055)
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« water degassing to remove oxygen and
carbon dioxide, and to reduce the content
of volatile organic compounds to a level
below 1 ppb;

o UV sterilization, which ensures a re-
duction of bacteria in water to a level
below 1 bacterium/100 cm? of water,
and the oxygenation of the remaining
part of organic matter to a level below 1
ppb;

« water ozonation to further reduce the con-
tent of organic matter.

For years the amount of organic matter
in water (usually expressed by the total con-
tent of organic carbon) has been considered
the chief measure of quality of high-purity
water.

Analytic work in the field of trace
analysis should be carried out not only
with the use of highest-purity reagents,
but also in rooms conforming to the ‘clean
room’ standards. Such a room is a space
separated from ambient air and only ac-
cessible through a sluice. A stream of air
cleaned by a system of filters is pumped
into the room under a slight positive gauge
pressure. The excess is removed through a
lattice floor. The HEPA filter that is part
of the system stops dust particles of more
than 0.3 wm with an efficiency of up to

99.99%. With the air cleaned in this way,
controlled humidity and temperature, and
suitable working rules of the personnel,
the risk of sample contamination is re-
duced to a minimum in such a laboratory.
There has appeared a first mention of the
so-called ultraclean chemical laboratory
(UCCL) in the literature. In its case the air
quality must meet even more stringent cri-
teria. Unfortunately, a significant limita-
tion to ‘clean rooms’ is the very high cost
of such an investment. That is why it is
much more common for laboratories to
utilize much cheaper ‘clean boxes’ with a
laminar flow of an inert gas. They can be
used successfully in sample processing.
The introduction of the robotization and
automation of sample processing into ana-
lytical practice may be a solution to many
problems connected with the cleanness of
the laboratory environment.

The quality of the air is defined through
the number of dust particles in a unit vol-
ume. The American standards set in the U.S.
Federal Standard 209 distinguish six classes
of laboratory air on the basis of the number
of particles from 0.5 to 5.0 wm in diameter
contained in 28.32 dm? of air. The classifica-
tion is presented in Table 8.

In Table 9 some measures are presented
which can eliminate, or at least reduce the

Table 8. Cleanness classes of laboratory air. The number of particles in

28.32 dm?® of air.

Farticle diameter

0.1 0.2 0.3 0.5 1.0 5.0
Class of air cleanness
1 35 7 3 1 -
10 350 75 30 10
100 750 300 100
1,000 1,000 - 7
10,000 - - 10,000 - 70
100,000 - - 100,000 - 700
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Table 9. Ways of eliminating or reducing the influence of factors affecting concentration
levels of trace components in a liquid sample (see Fig. 2).

Factor affecting concentration of trace
component in 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 out
operations involved in sample preparation for
analysis

2. Residues of components of dishwashing
mixtures

- use of proper dishwashing agents and suitable
(tested) procedures of cleaning, washing and drying
of vessels

3. Water used in sample preparation
operations

- proper techniques of water preparation
(deionization, distillation, etc.)

4. Reagents and solvents employed

- use of high purity reagents (HPRs)

- use of reagents from same manufactured unit

- addition of reagents in justified excess

- reducing scale of determinations

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

5. Contact with analyst

- use of protective clothes (headgear, gloves, etc.)

6. Vaporization of volatile components

- making sample preparation operations air-tight

- storage of solutions and samples in vessels filled up
to stopper

- use of vessels of appropriate capacity

7-8. Processes of adsorption-desorption of
trace components on walls (wall memory
effect)

- use of vessels made of suitable materials
- special preparation of vessel surface (deactivation)
through:
- electropolishing
- electropassivation
- silanization
- lowering of storage temperature of samples and
solutions
- rinsing of vessels with bit of sample or solution

9. Adsorption of components (primarily organic
analytes) on surface of teflon-coated mixer

- another way of mixing sample
- use of glass-coated mixer

10. Adsorption of analytes on suspension

- preliminary suspension removal through:
- decanting
- filtration
- centrifugation

11. Precipitation of sediment

- acidification of sample

12. Leaching of components from vessel

material

- use of vessels made of suitable materials
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Table 9 (continued)

13. Permeation of air components to solution

- use of vessels made of materials of low permeability
to gases

14. Permeation of solution components outside

- use of vessels made of materials of low permeability
to solution components
- use of thick-walled plastic vessels

15. Reaction of analytes with vessel material

- special preparation of vessel surfaces as in points 7-
8

16. Chemical reactions among solution
components

- lowering of solution temperature
- preliminary sample preparation through
derivatization of reactive components

17. Photodegradation

- storage of samples in the dark

18. Biodegradation

- addition of biocides

intensity of, factors likely to affect the con-
centration levels of trace components in a
liquid sample. In the case of gaseous or solid
samples, there will appear not only their spe-
cific sources of error, but also those (or at
least some of those) characteristic of liquid
samples.

In the literature one can find plenty of
more detailed information about sources of
error in trace analysis. There have appeared
comprehensive overviews devoted to these
issues” %, They deal primarily with inorganic
trace analysis.

The available literature also supplies
much information (of various levels of de-
tail) concerning problems and sources of error
involved in the determination of trace com-
ponents in samples with complex matrices.
In Table 10 the relevant information is listed
that concerns trace analysis, while Table 11
provides data about specific issues related to
trace analysis in three basic types of sample
(gaseous, liquid, and solid).

SUMMARY

Trace analysis is an important part of
chemical analysis and is becoming an object
of interest to ever growing ranks of analysts.
In solving analytical tasks in this field, more
and more complicated monitoring and mea-
suring equipment is used. Unfortunately, this
does not always go hand in hand with the
level of knowledge of the personnel that
operates such devices. There have been a
growing number of cases when an analytical
device is treated like a typical black box into
which it suffices to put a sample to get the
required analytical information. This ap-
proach is, of course, false and the determina-
tion results obtained in this way are often a
source of misinformation. The author hopes
that the present article will be useful in point-
ing out several problems relevant in deter-
mining components occurring at low and
very low concentrations in samples with com-
plex compositions.
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