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1. Introduction

The purpose of sampling is to estimate the amount or properties of bulk material, which could be of many different types. Samples are taken from a continuous stream, an individual lot or a sequence of lots. A sampling standard is thus necessary, because of the potential for numerous sources of variations within the bulk material, resulting from the sampling procedure employed, the preparation of composite samples and measuring errors. 

Sampling is a complex procedure for characterisation of bulk material using individual samples (e.g. ISO 11648 Statistical aspects of sampling from bulk materials(1)). The individual steps in this process are as follows:
· formulation of the terms of reference for the purpose of the sampling,
· specification of the selection criteria (quality characteristics) for assessing the bulk material,
· creation of a model of temporal and spatial variability of the properties of the assessed bulk material (quality variation), from which the sampling scheme follows,
· selection of suitable instruments for taking individual samples and operating requirements on sampling (the sampling procedure),
· and requirements and instructions related to methods and criteria for dividing the sample (sample preparation procedure).
Relationships and basic principles connected with sampling are given in Figure 1. The bulk material may consist of strata (mutually exclusive and exhaustive sub-populations considered to be more homogeneous with respect to the characteristics investigated than the total population), or of samples (subset of a specified population made up of one or more sampling units). 

Here figure 1
Basic terms in sampling of materials
Sampling is undoubtedly the most important part of an analytical procedure; its importance was fully manifested in the concept of analytical uncertainty and fundamentally affects the magnitude of the expanded uncertainty of the method. Sampling does not consist in just any taking of a sample, but rather in a scheme that is subordinate to the purpose and is purposefully elaborated on the basis of knowledge of the properties of the evaluated bulk material, obtained during organized experimental sampling. Standard processes offer various recommended sampling procedures, whose final form and scope form the subject of customer-contractor agreements and contracts. The importance of the results of sampling that are not part of a quality system constitute only expensive information noise, whose production should be suppressed to the maximum possible degree.
Sampling is employed to ensure a representative sample. The purpose of the sampling procedure is to ensure the correct probability of sampling, i.e. to fulfil the requirement that all the parts of the bulk material have the same probability that they will be sampled and appear in the sample for testing. Any deviation in this basic requirement may lead to unacceptable bias and the creation of a sample that is not representative.
There are various sampling procedures:
· simple random sampling – sampling where a sample of n sampling units is taken from a population in such a way that all combinations of n sampling units have the same probability of being taken,
· systematic sampling – sampling according to a methodical plan,
· routine sampling – sampling for commercial purposes carried out by the stipulated procedures in the specific International Standard in order to determine the average quality of the lot,
· experimental sampling – non-routine sampling where special-purpose experimental design is employed to investigate sources of variance and/or sampling bias.
In the framework of all the sampling procedures, an "increment" sample is taken; the complex "composite" and "gross" sample is created from these increments and, from this, the "test" sample is taken for a certain type of testing or analysis.
Technical standard regulations, including sampling standards, do not have legal force by law. Standard regulations are generally valid recommendations that may govern contract relations. The use of issued standards is voluntary and their undoubted authority follows from their high technical level.
The above text indicates the scope and difficulties entailed in sampling, and the problem of preparing a general, unique sampling procedure for all potential cases. For a specific case of sampling, the sampling procedures are the subject of a contract agreement between the contractor and the customer.
National standards generally refer to international standards by stating that "This standard is the national version of International Standard ISO XXXXX-X:YYYY. International Standard ISO XXXXX-X:YYYY has the status of a “National" Standard".  Under these conditions, mutual comparability of the recommended principles and procedures is achieved and thus contract regulation in exchange of goods and services is easier and less ambiguous.
A correct sampling scheme, i.e. the system of procedures and techniques specified by sampling plans, must enable determination of errors and individual acts in sampling and variations in the quality of the bulk material itself. 
2. Creation of a sampling scheme
The process of sampling is usually divided into three steps, where each step has its own variance:
1. the process of taking increments, with the variance caused during increment sampling, sS2,
2. the process of sample preparation, with variance caused during test sample preparation, sP2 and
3. the process of measurement, with variance characterising the precision of the measuring method (analytical method) used, sM2.
The overall variability of the monitored characteristic for z individual samples and nM repeated analyses is equal to sT2 and it holds that
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The whole of the bulk material is generally heterogeneous and its mass is distributed in three-dimensional space. Consequently, in creating each sampling scheme, it is necessary in the first stage to determine the heterogeneity of the material in the framework of the total mass and its distribution in space. 

The probability of exact determination of the quality characteristic, characterised by variance sT2, increases with the amount of analysed material (e.g. mass, volume, time, number of items, etc.). The ratio of the amount of analysed material m and the total amount of material mT is characterised as the sampling efficiency Φ. It holds that
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Here, the amount of analysed material m can be expressed as the product of the number of samples z and their mass mi. It holds that
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where the heterogeneity of the material sS2 is caused by two contributions. It holds that
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The first term of rhs of Eq. 5 can be designated as the short-term quality variation and is a consequence of the different compositions of the individual samples taken in successive, shortest possible intervals (20 to 40 individual samples). This short-term quality variation corresponds to variance value sS12.
The second contribution is designated as the long-term quality variation and is a consequence of temporal and spatial changes during sampling. This long-term quality variation corresponds to variance value sS22.
Repeated analysis of individual samples and evaluation of the results in the form of a variogram (the variogram is a plot of the variance as a function of the intervals between the original data values. The interval between consecutive data values is called lag one, that between every second data value is called lag two, etc.) enables determination of the regression coefficients A (which is a function of sS12) and B (which is a function of sS22) and the variance of the evaluated material as a consequence of the segregation and aggregation sG2, which is a function of the particle size d. These quantities are further used in Eq. 6, for determination of the mass of the increment mi and the number of increments z for sampling of bulk material with an overall mass of mT. It holds that
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These relationships indicate the broad variability of the sampling scheme. Economic aspects are the main criteria in decision-making in selecting a scheme, both from the standpoint of the price of the sampled material (for expensive material, mi will be small and z large) or the price of the analysis (for expensive analysis, z will be small and the mass of the increments mi will be large). It is also apparent that mechanical sampling leads to a large number of samples z and is especially suitable for bulk material with a large overall amount mT.
2.1Experimental sampling
As the processes of sampling, sample treatment and measurement are experimental procedures, and each of them is accompanied by an experimental error, which should have random distribution and thus its magnitude should not significantly affect sampling. However, it may occur that the sampling scheme, sampling procedure or sample treatment employed will be accompanied by a systematic error. Such errors can be discovered and their magnitude can be determined only by comparative procedures, which form the basis for experimental sampling. The procedures of experimental sampling are generally based on the factorial design of the experiment. 

Determination of the individual sources of errors in the sampling and heterogeneity of the material is made possible through creation of a suitable sampling scheme according to Fig. 2 and should precede systematic sampling. 

Here Fig. 2
Full factorial design for experimental sampling
The variability of the individual phases of sampling can be calculated on the basis of an experiment carried out according to Fig. 2. Table 1 indicates the magnitude of variances in the individual phases. The variance values determined in this procedure are then used for calculation of the required sampling efficiency (Eq. 4) and for the required number of increments (Eq. 6). 

Table 1

Analysis of variances of sampling steps carried out in accordance with Fig. 2 for bulk material comprising  z  lots.
	Step
	Source of variability
	Degree of freedom
	Expected variance

	1
	Between lots
	z - 1
	sL2 + sS2 + sP2 + sM2

	2
	Sampling within lot
	z
	sS2 + sP2 + sM2

	3
	Sample preparation within sampling
	2z
	sP2 + sM2

	4
	Measurement within sample preparation
	4z
	sM2


The above principles are generally valid for materials in all states and for all applications. A priori simplification and the use of unverified values for the scattering variables for the individual stages of sampling leads, not only to erroneous determination of the magnitude of the quality characteristic, but also to limited usefulness of the determined values and wasting of finances. As the creation of a sampling scheme is a key task, it is advisable to consult this step with a professional and to ensure that the scheme is approved in the framework of contractor-customer relations. 

3. The reason for sampling
The creation of a sampling scheme is always subject to the predefined purpose. For a given material, the sampling scheme will differ for the case of determination of the mean value of the quality characteristic of the material at the time of delivery (e.g. the water content in a delivery of coal) and for regulation of the quality characteristic of the material (e.g. the water content in coal for used in cake for coke production). 

A large number of parallel standard regulations with similar internal structure exist not only for sampling of production processes and products. The politically highly topical area of the environment can serve as an example. Thus, we can find a standard for taking samples for measuring pollution levels in the air, a standard for the method of stratified sampling for evaluating the quality of ambient air, a standard for sampling for automatic determination of the mass concentration of gaseous components, standards for determination of the components of stationary emission sources, e.g. determination of the mass concentrations of PCDD/PCDF, HCl, sulphur dioxide, sulphur oxide, sulphuric acid and the total content of sulphur oxides, ammonia, hydrogen sulphide, carbon disulphide, nitrogen oxide, fluorine, etc. A similar situation exists for sampling of water and particulate matter.
It is obvious that the principles of the sampling scheme must be similar for all the above examples. The numerous, one purpose standards create the impression of separate, special sampling methods rather than a joint, global approach.  In addition, a narrowly defined standardized approach can ignore the mutual interaction of the individual components of the bulk material and can thus lead to undesirable biased evaluation of the quality characteristic in question.
All sampling plans have a specified number of samples, sampling sites, type of sampling and the necessary technical equipment and also describe the means of preserving the sample for subsequent analysis. However, specification of the site of taking the individual increments requires a procedure that will differ from case to case. Knowledge of the properties of the material and its behaviour during deposition is very useful in creating a sampling plan. When carrying out the sampling, a sampling protocol is filled out; this usually has prescribed information that must be entered by the person carrying out the sampling. Under these conditions, the sampling conditions are documented and feedback to the description of the monitored quality characteristic of the bulk material is facilitated. 

3.1 Gas phase sampling 
The amount of component i in the gas phase is given by its partial pressure pi, which is a function of the properties of the monitored component and the properties of other, simultaneously present substances and also of the ambient temperature and pressure. The composition of a gas phase is characterised by great complexity (all the chemical substances have the final vapour pressure value without regard to their polarity), instability (slow reactions take place between oxidizing and reducing substances simultaneously present) and low concentration levels (frequently below the detection limit in the in situ state).  In addition to gases, the gas phase also contains suspended particulate matter and solid dust particles. 

3.1.1 Ambient air
Ambient air pollution is understood to consist in human activity, during which one or more pollutants are introduced into the air. The pollution limit value is the highest permissible level of pollution of the air expressed in mass units per unit volume at normal temperature and pressure. The ambient air is most frequently sampled using methods of automatic continuous sampling, carried out by drawing the air directly into the analyser or through a filter for analysis of dust and particulate matter (EN 12341:2000 Air Quality - Determination of the PM10 fraction of suspended particulate matter). In discontinuous sampling, sampling bottles and large-volume plastic sacks can be used. 

3.1.2 The air quality in the working environment 

The air quality in the working environment is generally regulated by law. The impacts of dust, chemical substances and biological factors are usually of concern. The method of personal passive sampling is used extensively in connection with control of the working environment; here, the collector is located close to the nose and mouth of the worker.
Table 2

Sorption materials employed: S- styrene, DVB - divinyl benzene, EVD - ethyl vinyl benzene, CAN - acrylonitrile, DPPO - 2,6-diphenyl-p-phenyl oxide, PVP - polyvinyl pyridine, EGDMA - ethylene glycol dimethyl adipate, NP - nonpolar, MP - medium polar, SP - strongly polar

	Composition
	Name
	Physical properties

	
	
	Surface area
m2 g-1
	Pore s.

nm
	Limit
0C
	Polarity

	
	
	
	
	
	

	Poly-S
	Chromosorb 106
	700-800
	50
	250
	NP

	Poly-S cross-linked
	Chromosorb 103
	15-25
	3500
	250
	NP

	S-DVB copolymer
	Amberlit XAD-2
	290-300
	90
	200
	NP

	
	Amberlit XAD-4
	750
	50
	200
	NP

	
	Chromosorb 101
	50
	3500
	275
	NP

	
	Chromosorb 102
	300-400
	90
	250
	NP

	
	Porapak P
	100-200
	
	250
	NP

	EVD-DVB copolymer
	Porapak Q
	630-840
	75
	250
	MP

	ACN-DVB copolymer
	Chromosorb 104
	100-200
	700
	250
	MP

	
	Separon CHN
	650
	
	220
	MP

	Poly DPPO
	Tenax GC (TA)
	19-30
	720
	450
	NP

	DPPO + 23% graphite
	Tenax GR
	500
	720
	450
	NP

	PVP
	Porapak S
	450-600
	76
	250
	SP

	EGDMA
	Porapak T
	300-450
	90
	190
	SP

	carbon
	Ambersorb XE-340
	400
	300
	
	NP

	
	Carbosieve B
	1000
	
	
	NP

	
	Carbopack B
	100
	3000
	
	NP

	
	Carbopack C
	12
	2000
	
	NP

	
	Carbosphere
	20
	1200
	
	NP


Several sampling techniques can be used here. These consist in analysers for continuous sampling and measuring of the substances of interest, and also pumps and collectors utilising adsorption, chemisorption and dissolution to capture the substances to be determined (see Table 2). These methods, in which the analytes are captured by a solid material, are termed solid phase extraction.  

When any type of collector is used, sampling leads to concentration of the individual substances and thus to an undesirable increase in the rate of reactions amongst them. In addition, when collectors are used, the homogeneous gas phase is changed into a heterogeneous environment with a certain level of chemical and surface activity. 

Another problem connected with the use of collectors is their capacity to retain the sorbed substance in the collector during subsequent passage of analysed air. There is a maximum volume of air passing through the collector for each substance on the given amount of sorbent at the given temperature and pressure, for which the sorbed substance will not be flushed out of the collector. This volume is termed Vmax and is specified for 1 gram of sorbent and a temperature of 20oC; these values are mostly tabulated. This value can be determined experimentally by the gas chromatographic method. If the retention volume of the captured substance VR in a chromatographic system with n theoretical plates is known, then it holds that

[image: image6.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

=

n

V

V

R

2

1

max

 

                                                                                                  (7)

These materials are usually placed in closed tubes, e.g. NIOSH®. During sampling, the tubes are open and the sampled air is drawn through them. The volume of air drawn through the tube (of the order of litres) varies in dependence on the analyte to be determined, as follows from Equation (7). The material in the tube is divided into two parts. The first part of the detector is used to collect the sample, while the separate connected second part is used to control the sampling conditions (the determined analyte must not be present in the control part). 

Here Fig. 3

Schematic of air sampling tube; 1 – sealing cap, 2- air inlet, 3 – mechanical frit, 4 – sampling compartment filled with adsorbent, 5 – foam separator, 6 - control compartment filled with adsorbent, 7 – air outlet connected to socking pump.

A miniature variant of the above procedures consists in placing the sorption material on fibres. These collectors are called SPME (solid phase micro-extraction devices) and are suitable for sampling smaller volumes because of the smaller amount of sorbent.
3.2 Liquid phase sampling 
Water sampling is similar to all special-purpose sampling and is divided into three large groups: sampling surface waters, sampling drinking water and sampling waste waters. Standards of the EN 25667 and ISO 5667 series are the basic documents for water sampling.
3.2.1 Surface water 

is classified as:
Water courses - flowing water, consisting in rivers, streams and canals.
Water reservoirs - still water, consisting in lakes, dam lakes and fishponds.
Seas and oceans.
Glaciers and ice fields.
Sampling of surface waters consists in taking a representative part of the water body or other component of the environment (water, fluvial deposits, sediments, biological material) to determine various, exactly defined quality indicators. This list indicates the great variability of sampling plans.
3.2.2 Sampling drinking water
There are very detailed standards for sampling drinking water and the national systems are based on the above-cited international standards. Control is carried out of water from water taps (intended for human consumption), at the outlets of wells and reservoirs and at the sites of filling packages and containers. Drinking water is also sampled at the input and output of water tanks, water treatment facilities and in water mains and swimming pools. 

The manner of taking samples and treating them, including preservation, depends on the analyte to be determined and, in general, on the quality characteristic. More than 40 quality characteristics are monitored in drinking water in relation to chemical compounds and physical properties, along with biological characteristics and toxicity tests. This variability in the monitored quality characteristics corresponds to a large number of sampling plans, a significant part of which consist in sample treatment and preservation prior to subsequent analysis. The instructions thus encompass heating the tap outlet with a flame to disinfect it, rinsing the sample bottle with the sampled water to suppress sorption from the sample on the walls of the vessel, warnings about not shaking and not mixing the sample to prevent release of dissolved gases, etc.
The technical equipment for taking samples is determined by the sampling site and requirements on the number of analyses and analytical methods employed. This mostly consists in bottles that are either closed, and then opened at the sampling site (on the surface or at a certain depth) by opening the stopper (i.e. are not flow-through), or are open and rinsed by the surrounding water and then closed at the sampling site after a certain time. While the mechanical design of the sampling bottle is not decisive for the sampling, the chemical properties of the sampling bottle can lead to alteration of the sample. Consequently, clear and dark plastic (PE, PTFE, PVC, PET) or glass (hard glass, soft glass) bottles are used.  

3.2.3 Sampling waste waters
Waste waters are discharged into surface waters on the basis of a permit that specifies both their volume and their degree of pollution. The purpose of sampling waste waters and sludges consists in monitoring indicators of the quality of treatment, management of treatment and monitoring of the permitted limits. The sampling plans sometimes also prescribe the number and frequency of sampling, sample treatment and statistical procedures for determining the monitored quality characteristic (for waste waters, the following are monitored - chemical oxygen demand determined by the chromate method, undissolved substances, phosphorus, ammonia, nitrites, nitrates, absorbed organic halogenated substances, mercury and cadmium). Because of the large content of solid substances in the sample, these are removed during preliminary treatment (homogenisation and filtration). In contrast to surface and drinking waters, wastewaters must be analysed within 24 hours of sampling. During sampling, account must always be taken of potential infections, and thus gloves should be used during sampling, the sampling equipment should not be used for sampling other materials, etc.
3.3 Solid phase sampling 
Materials in the solid phase are characterised by the highest degree of heterogeneity and thus they are frequently sampled. Important groups of sampled materials include especially those that affect the environment and human health. Consequently, great emphasis is placed on sampling wastes, ash from combustion of coal, welding sands, sludges from waste water treatment plants, soils and rubble, ash from waste incinerators, fishpond sediments, etc., from the standpoint of evaluating their hazardous properties, e.g. by determining their extractability or determining pollutants in dry matter. Sampling in agriculture, of agricultural products, plants, soils and fertilisers, genetically modified organisms, etc. is not only justifiable, but is necessary for analysing foodstuffs and the entire food chain. There is no doubt about the necessity of analysing industrial materials in the form of individual items or free-flowing materials.
All these groups of materials are characterised by a high degree of heterogeneity of the monitored characteristics in both the spatial and temporal arrangement of the sampled material. The sampling plans for solid materials are most complex because of these properties of the bulk material. 

Solid materials are frequently sampled using the methods of continuous measurement on conveyor belts, in pipeline conveyors, etc. Under these conditions, the efficiency of sampling according to Eq. 2 is high and the variance sS22 caused by spatial and temporal changes between subsequent sampling of increment samples is small and the monitored changes in quality correspond to the heterogeneity of the material sS12 (see Eq. 5). Manual, discontinuous sampling methods have very low sampling efficiency and lead to greater variability in the monitored quality characteristic according to Eq. 4.
4. Conclusions
The purpose of sampling is to estimate the amount or properties of bulk material, which could be of many different types. Sampling does not consist in just any taking of a sample, but rather in a scheme that is subordinate to the purpose and is purposefully elaborated on the basis of knowledge of the properties of the evaluated bulk material, obtained during organized experimental sampling. The sampling plan ("sampling plan – specification of the type of sampling to be used combined with the operational specification of the increments to be taken, the samples to be constituted and measurements to be made") is based on the probability approach. This is reflected in the characteristics of the sampling equipment (e.g. rate of movement of the equipment, slit width, control compartment, etc.) and intensive use of statistical methods.
The subject of sampling has been elaborated in various forms, in books(3,4), in international ISO standards and European EN standards, and in the regulations of national and international organisations(5).
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