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Abstract 

To be finished after the final Guide compilation 

Introduction 

Human health and the global environment are the most discussed issues for the past 40 

years. No doubt that special attention dedicates to chemicals, released into environment by 

direct input either as industrial chemicals or as unwanted by-products of industrial processes 

or combustion. Substances referred to as Persistent Organic Pollutants (POPs) play a 

significant role. There are hundreds of studies available about the fact that both humans and 

wildlife are exposed to these highly toxic chemicals.  

The PCBs, PCDD/Fs, pesticides as well as HCBs, and PBDEs dominantly represent the 

group of chemical, manifesting the persistence, bio-accumulation and bio-concentration (with 

effect of bio-magnification), long-range transport in the environment. As a consequence of 

inputs by various pathways, their concentrations in fatty tissue can be magnified by up to 

70,000 times1-7 with respect to the background levels. Fish, predatory birds, mammals, and 

humans are high up the food chain and exhibit the greatest concentrations. 

POPs could damage central and peripheral nervous systems, cause reproductive disorders 

and disruption of the immune system. Many of POPs are also considered to be endocrine 

disrupters, which, by altering the hormonal system, can damage the reproductive and 

immune systems of exposed individuals. Consequently, those compounds cause cancer or 

allergies. 

Several actions were established within the UNEP program for international prohibition of 

POPs in 1998-2000, e.g. under UN agencies (UNEP, UNIDO, etc.…). Nowadays, Stockholm 

Convention became one of the most important POPs global treaty acts to protect human 

health and the environment. This Convention was adopted at the Conference of 

Plenipotentiaries (held 22 to 23 May 2001 in Stockholm, Sweden) and opened for signature. 

The Czech Republic belongs to one of ratifying countries. As for the Czech Republic, there 

have been many studies realised from the time of first interest in POPs issue. Hand to hand, 



  

FOKS Guide for Passive sampling 

technology for water assessment 
 

 

 

 - 4 - 

some of legislative rules have also been adopted. The Convention entered into force on 17 

May 2004 in accordance with paragraph 1 of Article 26 by signature majority of countries. 

Stockholm Convention on POPs thus has become an international law, launching a global 

campaign to eliminate 12 hazardous chemicals: pesticides (aldrin, chlordane, DDT, dieldrin, 

endrin, heptachlor, hexachlorobenzene, and industrial chemical and unintended by-product), 

mirex and toxaphene, industrial chemicals – PCBs (unintended by-products) and unintended 

by-products – dioxins and furans.  

Main goals of the force are possible to sum up into following tasks: 

 reducing or eliminating the carcinogenic chemicals known as dioxins and 

furans, which are produced unintentionally as by-products of combustion, 

 assisting to countries in malarial regions to replace DDT with the increasingly 

safe and effective alternatives, 

 supporting efforts by each national government to develop an implementation 

plan of the Convention,  

 measuring and evaluating the changes in the levels of POPs in the natural 

environment and in humans and animals in order to confirm that the Convention 

is indeed reducing releases of POPs to the environment, 

 establishing a POPs review committee for evaluating additional chemicals and 

pesticides to be added to the initial list of 12 POPs, 

 finalizing the guidelines for promoting BEP and BAT that can reduce and 

eliminate releases of dioxins and furans. 

From this survey of priority tasks, the importance of data on high-priority organic pollutants in 

adequate quality is apparent. Data reliability is challenging; even from the point of sampling, 

analysis and data evaluation. Application of standard methods for sampling and analysis, 

proven laboratory experience and good documentation are pre-requisites for high information 

quality. No doubt, that sampling procedure plays an important role for data quality. Whereas, 

analytical methodology has been developed and transferred into accepted standard. 

However, many differences have been found among sampling methodologies, causing so 

many problems with both measurement and data comparison. Typically, for POPs, where 

levels are very low, some rigid criteria should be met. Therefore, many sampling methods, 

relevant for POPs were subjected to standardisation, however only for grab sampling in 

water8-18, sampling by biotic organisms or sediments19-25. 

Assessing of environmental pollutants exposure, especially targeting the POPs, is closely 

connected with applications of an in-situ passive sampling approach. Passive dosimeters are 



  

FOKS Guide for Passive sampling 

technology for water assessment 
 

 

 

 - 5 - 

mostly applied to monitor air and water environment. Passive sampling technology offers a 

lot of advantages over the standard sampling methods23, 26-35. 

A new, integral, passive sampling technology for POPs reflecting aquatic exposure is based 

on the use of semipermeable membrane device (SPMD). This has been shown as highly 

effective dosimeter of hydrophobic, lipophilic organic contaminants (and their mixtures) in 

water of very low concentration due to bioaccumulation ability. This feature makes it suitable 

for sequestering previously mentioned contaminants for subsequent human and 

environmental risk assessment. 

Due to rapid information’s revolution, we have a lot of data available today from which, by 

modern methodologies (software databases and search engines) and powerful tools 

(hardware and internet connections) it is possible to yield information of particular interest. 

Univariate (marginal) data analysis brings useful information about quality of data, however 

related to single variables only. Multivariate data analysis (MVDA) is understood as the 

complex of methodologies for mining information and dependencies hidden in measured 

data; MVDA deals with extracting sample from large tables of data from diverse kind of 

information.  

Many of persistent compounds are toxic, with various adverse effects. A standard toxicity 

and genotoxicity assays are often used to assess the effects of POPs in environment 36-41. 

This approach has some advantages giving complementary information to organic pollutants 

detected by analytical chemistry methods. However, it accounts to some extent for multiple 

interactions between components of complex mixtures. Moreover, the bioavailability of a 

particular chemical compound depends upon its hydrophobicity, molecular weight and 

dimensions and the “shape” of the molecule as well as other parameters 7, 42-49. 

Nowadays, data analysis is mainly based on statistical principles. For a complex evaluation 

of multivariate data matrix distinctive for POPs, the usage of well described and robust 

methodology is a must, if classical statistics do not pass data normality. However, when 

using statistical approach, we are mostly limited to large data matrices. Main tool to prove 

statistical statements, The Central Limit Theorem, assuming randomness, independence and 

stationary conditions50-54 with an a priori required data model, makes complication in small 

scale and non-normal data. Complementary to statistical data analysis are methods based 

on gnostic approach55-58, with its own procedures suitable also for small data sets, with 

recent successful applications in economy and medicine59-62. This methodology is filling gap 

between treatment of very small and medium set of data, namely when normality of data 

distribution is not met. 
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In this guide, some applications were carried out to reveal basic objectives about POPs 

sampling. Both conventional (grab) and SPMDs (passive, long-term) monitoring method were 

performed, consequently introduced into routine monitoring. Moreover, the linkage among 

chemical parameters and battery of selected toxicity tests applied on extracts from SPMDs 

and there are also discussed. As a new fundamental approach, toxicity from the point of view 

of molecular structure and their planarity is discussed. Based on validated analytical 

background (coming from the laboratory where PS were accredited for sampling and 

analysis), some important conclusions to QA/QC were defined. Each data sample was 

subjected to data treatment, followed with marginal and multivariate data analysis was 

applied with the use of classical statistical and/or robust (statistic, gnostic) procedures.  

Passive sampling methodology 

In recent years, in-situ passive sampling techniques have been developed, in parallel to 

conventional techniques, mentioned above. Main advantage of passive sampling systems 

(PS) is an integration of chemicals over exposed time as a result being at the time weighted 

average (TWA) level19, 21-25, 29, 35, 97, 98. Moreover, during exposure of PS by a contaminant, the 

total concentration reflects integral amount of analyte and thus reduces problems arising 

from its short time concentration peaks. Passive samplers provide reliable sampling 

efficiency at very low concentration level, even for application in glacial or mineral water 

assessment99, 100. Assessing of POPs is generally based on risks evaluation. For this 

purposes QSARs methodology have also been developed. This methodology attempts to 

predict the toxicity of compounds based on physicochemical properties and descriptors of 

compounds, in both aquatic and terrestrial species101-103. The standardisation and result 

comparison, e.g. in the form of intercalibration studies means upcoming challenge104-109.  

The evaluation of contamination levels, risk estimation, interrelation among observations and 

parameters of truly dissolved phases by means of different statistical methods110, 111 (from 

exploratory to marginal analysis and Principal Component Analysis (PCA), FA (Factor 

Analysis), Cluster Analysis (CLU), or alternative robust methods (gnostic analysis112, 113) is 

discussed on practical results later. 

Strategy for identification source of contamination 

In a study noticed below (see application Chyba! Nenalezen zdroj odkazů.), the sampling 

strategy was also suited for identification of POPs’ contamination sources. For this 

application, judgemental sampling strategy played important role. For proper selection of 

reasonable, cost-effective strategy, all sources and migration pathways were considered 
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before the sampling locations were chosen. The strategy was developed for various typical 

applications (see Figure 1), with (i) pre-identification of all potential sources, (ii) description of 

migration of targeted contaminants, and (iii) design steps of detailed identification from the 

main stream, including the tributaries. For proper design of strategy for POP source, 

following fundamentals were important to be accounted for:  

 Current status of each contaminant in selected profiles, including the recent 

trends (if available). For POPs, it was also important to consider sampling and 

analytical methods used. The older data, the less reliability was attached to 

the strategy design. 

 Site topographic features (possible sources, water flows of the streams of 

concern, and their changes upon various climatic conditions). 

 Upcoming meteorological conditions during identification were taken in 

account (mainly the temperature; occasionally wind direction, wind speed, 

humidity), as common parameters registered during sampling. 

 Human/wildlife activities on or near the site. 

A basic proposal for practical identification of relevant sources of POPs by SPMDs was 

designed and applied: 

 General description of the system (depth, width, flow, possible sources), 

 Identification of the main stream (toxicity and all chemicals of  interest), 

 Identification of the tributaries (of the main stream); toxicity and indicating 

chemicals, relevant POPs based on fingerprinting from the point above. 

If a positive response in identification of some contamination at downstream was obtained, 

then identification of the rest of sub-tributaries was proposed with toxicity parameters and 

selected (indicative/fingerprints) POPs parameters. When a source was found, all its 

chemicals of interest had to be identified. 
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Figure 1  Identification of sources of POPs by SPMDs 

 

Identification of sources is an expensive, time consuming process. For that reason, the 

methodology was realized stepwise. Such approach requires preliminary requirements and 

format for data comparability to be defined. Some results of this methodology can be seen in 

application below. 

Arrangement of deployment devices 

All arrangements described below, were adopted from various applications. Practical 

arrangements using standard membranes can be seen in the Figure 3. General requirements 

about conditions for deployment apparatus were recently described100, 126, 192, 211, 212. Mostly 

applied sampling arrangements for surface and underground water are shown in the Figure 

2. 

For surface water, SPMDs were inserted and stretched in sampling racks (by means of 

hooks and spiral springs), put in amount of maximally five into protective shrouds.  

For underground water¸ SPMDs were inserted and stretched in a sampling holder (also by 

means of hooks and spiral springs). A new protective shroud was developed for two SPMDs 

sampling devices (e.g. one for chemical parameters and one for toxicity). This system is 

subjected to patent pending (on the time of submission of this project). 

Because uptake rate (RS) depends on temperature (see Eq. 7 above), temperature was 

measured during whole deployment before using SPMDs in the most recent studies. 
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Temperature measurement for applications described below, has been carried out by means 

of Tiny Talk® (by INTAB Interface-Teknik AB, Sweden). This data-logger continuously 

registers the temperature at set up intervals1.  

Fully equipped sampling system was mounted into secured place, by rod or rope (see Figure 

3). The sampling equipment was placed in such a way that a flow of contaminants from 

sediment was omitted. Under a high water flow (see WWTP application), protective shrouds 

were inserted into special stainless-steel box having function of flow-splitter.  

Arrangement for surface water Arrangement for underground 

water 

 

 

 

 

 

Figure 2 Sampling arrangements – protective shrouds for SPMDs  

For surface water: SMPDs are inserted and stretched in sampling racks (left); for underground water SPMDs they are inserted and stretched 

in sampling holder (right) 

 

                                                 
1 Mostly 1-2 hours. In some cases (see application Chyba! Nenalezen zdroj odkazů. below), passive 

sampling devices for heavy metals and polar organics were used (such DGTs or POCIS respectively), 

and mounted to protective shroud as well. 
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Figure 3 Overall configuration for SPMDs deployment 

 

General sampling strategy for PS 

All published studies of passive sampling by SPMDs were derived from generally accepted 

strategies for active (grab) sampling, and compared with other studies213-218. Due to special 

character and complexity of passive sampling of POPs, judgemental and random strategies 

are mostly applied and published. This strategy was also applied within this project.  

Sampling by PS 

In general, the quality of chemical information depends on the adequacy of the sampling 

strategy, the effectiveness of sampling techniques (sampling devices, capability of persons, 

supporting technical equipment, etc.…) and methods for in-situ sample treatment89-94. The 

objective of representative sampling is to ensure that a sample or a group of samples 

accurately characterizes site conditions in a representative manner. Sampling procedures 

should be designed to minimize the sampling error and to document an estimate of the 

overall error, which includes (i) sampling error, (ii) sample-handling error, (iii) analytical error, 

(iv) data treatment error. Planning for sampling and assessment of sampling methods should 

be given the same care as analytical data validation. Active sampling techniques is the most 

widely used approach for the collection of representative portion of sampling object, and 

those are subjected to wide standardisation, e.g. 95, 96.  
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Active sampling technique for water has distinctive features of the total content of chemical in 

all waterborne phases, e.g.: dissolved phase, various inorganic and organic particles, micro-

organisms and algae.  

 

Rationale and design of selected PS 

1.1.1. Non-polar organics - SPMDs 

Passive sampling methodology for POPs operates on the partitioning principle of particular 

contaminant with passive sampling device, called Semipermeable Membrane Device 

(SPMD). Application of SPMDs is dominantly based on those factors 59, 114:  

 physicochemical properties of the chemical of interest (e.g. molecular weight, 

size, polarity),  

 environmental conditions (e.g. temperature, velocity of the medium),  

 physicochemical properties of assessed system and its total composition (e.g. 

phase compositions, TOC, DOC), 

 properties and behavioural characteristics of sampling system (e.g. construction 

for synthetic system, anatomical character for biotic systems).  

 

Toxicological evaluation of POPs should distinguish between generally less bio-available 

residues in other waterborne phases and waterborne residues represented in dissolved 

phase. Many states and environmental protection authorities adopt only general rules for 

grab sampling methods of POPs, mainly PCDD/Fs, PCBs dioxin-like, PBDEs. However, no 

special attention is put to sampling with respect to POPs. A standard protocol for sample 

collection and on-field sample treatment, of particular samples, needs with respect to POPs a 

special attention of each laboratory responsible for analysis. Due to lack of general rules of 

sampling strategies for sampling of POPs, special attention must be given to preparation 

steps, reflected in sampling plan. 

Due to very complex phenomena of active sampling, only general rules for passive sampling 

by SPMDs of POPs are given in following parts.  

Since the development of SPMDs, there were various arrangement used. Applications 

described in this project used triolein based SPMDs as the best choice for all applications 

due to:  

(i) Its commercial availability,  

(ii) Low LDPE permeability due to high molecular weight,  
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(iii) Presence of triolein in many organisms as a storage lipid,  

(iv) Well correlated and comparable results among other applications world-wide,  

(v) Sequestration ability up to 0C (due to freezing point about -4C), 

(vi) Applicability to toxicity tests on the same SPMDs, exposed for chemicals. 

For all experimental work considered below, following standard design of SPMDs was used: 

the lay flat thin-walled tube of nonporous (with transient cavities) material LDPE, filled with 1 

ml of synthetic lipid – triolein, neutral triglyceride (1,2,3-tri-[cis-9-octacenoyl]glycerol) of high 

purity (>97%), which makes a thin film in membrane. Exploded view of overall SPMDs is 

given in Figure 4. The SPMDs as a whole as well as quality of used LDPE is protected by 

patent pending (see above). The selection of nonporous LDPE layflat tubing for SPMDs was 

based on its resistance to organic solvents, abrasion and defined surface. Transports of 

contaminants were through transient pores, with specific diameter approx. 10-9m (similar to 

postulated size of transient cavities in biomembranes is 9.8 10-9m)112, 113, 177. The SPMDs had 

following dimensions: width 2.5 cm (lay-flat), overall length 91 cm and wall thickness 75 -

90µm, overall sampling area is about 460 cm2, total mass is about 4.5 g. 

Since then, after SPMDs postulated as a standard membranes designed with previously 

mentioned parameters, the SPMDs were commercially manufactured, with own QA/QC, 

which made them possible to compare measured results. Since introduction of SPMDs, 

majority of presented applications (as well as those within the framework of this project) have 

been provided on the standard design. However, some applications were found on non-

standard membranes, with limited reproducibility and applicability of calibration data, despite 

some attempts for calibration100, 118, 120, 181, 182, using own membranes or as a tool for effective 

method of separation of organic contaminants from lipids183, 184, based on SPMDs. 

Main characteristic of partitioned non-polar organic compounds (POPs), expressing high 

tendency to partition from the aqueous phase to natural organic phase, is the partition 

coefficient KOW, which quantifies concentration of compound in n-octanol (CO) and water 

(CW). As example, KOW defined as 1000 means that the total amount of the contaminant in 

the octanol phase is 1000-times higher than in an equal amount of the contaminant in the 

aqueous phase. KOW are often given as Log KOW. This value is one of critical parameters, 

which enables prediction of capability to sample (sequestrate) a given compound99, 100, 115-121.  
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Figure 4  Exploded view of standard SPMDs 

 

 Applicability of SPMDs 
First passive sampling devices (like SPMDs) were being made from cellulose, vinyl chlorides, 

polyvinylidene fluoride, and polytetrafluoroethylene, since the introduction of SPMDs in. As 

a sequestrant, a non-polar solvent was used. Similar construction, based on cellulose 

membrane and filled up with hexane was developed later122-125. This device was limited for 

narrow scale of sequestered chemicals, mainly PCBs and OCPs. By further research 

problematic differences were shown in their uptake rates, given, most probably by (i) 

uncontrolled dissipation, (ii) not well specified thickness and structure of membrane wall, (iii) 

mass transfer resistance. Until now, cellulose membranes have not found too much practical 

applications for routine monitoring of POPs. Next generations of sampling membranes were 

introduced by nonporous polymeric membranes based on LDPE, PP, PVC, silicone, 

polyacetate. As major sequestrant,  hexane, ethyl acetate, dichloromethane, isooctane  were 

used. Best results, from the point of comparability, were exhibited by LDPE and PP. Further 

development and testing on various membranes and sequestrants optimized the design, 

which was introduced in 1989, and consisted of 99% triolein as sequestrant, filled in layflat 

LDPE 99, 126. Just triolein has been selected as a standard sequestrant for SPMDs design. 

However, fish lipid and silicone fluids exhibited good results for sequestering non-polar 

compounds 100.  

The application potential of the SPMDs is quite broad: various authors demonstrated their 

applicability for  various applications, e.g. 127-129. Stockholm Convention pollutants (PCBs, 
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OCPs, PCDD/Fs), PBDEs, PAHs, other pesticides (such as pyrethroids, endoulfan, diafon), 

PCNs, PCBs, PCP.  

The SPMDs technology has been roughly standardised in those aspects: design, 

manufacture, general procedure for various applications, and application of conventional 

analytical procedures. The SPMDs are subjected to US Government101, 130-137. The US 

Department of Commerce granted a private company Environmental Sampling Technologies 

(abbreviated as EST; 1717 Commercial Drive, St. Joseph, MO, USA, www.est-lab.com) for 

exclusive license to manufacture and sell SPMDs in the USA. The applications related to an 

aquatic systems are described below.  

 Uptake modelling 
In general, there are two types of models available for uptake of hydrophobic organic 

chemical in SPMDs: (i) chemical reaction kinetics (based on chemical reaction principle), (ii) 

mass transfer coefficient (based on Fick’s law of diffusion). For the objective of given list 

chemicals, mainly POPs, the chemical reaction uptake kinetics was used precisely described 

below. This modelling is derived from the assumption that the uptake process obeys first-

order kinetics (see Figure 5).  
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Figure 5 Typical uptake of sampled POPs in SPMDs 

This uptake has three phases. Time on each phase depends on physicochemical properties of POPs to be sampled and on other conditions 

(mainly: SPMDs design, linear velocity, temperature, TOCs) 

As in reaction kinetics, there are two directions (both first order kinetics): contaminant (i) 

uptake (forward), given by uptake rate constant (kU), and dissipation (backward), given by 

dissipation rate constant (kD). The rate of change of the contaminant (i) concentration in the 

SPMDs (CS) by time (t), from its concentration in water (CW) is given by: 
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iSDiWU
iS CkCk

dt

dC
,,

,   Eq. 1  

By integration at initial conditions, CS = 0, t = 0, by substitution by SPMD-water partitioning 

coefficient, KSW= kU/kD, it is possible to write: 

 )exp(1,, tkCKC DiWSWiS   Eq. 2  

Equation 2 describes basic uptake of contaminant (i) in SPMDs. From this equation, there 

are two marginal situations derived mostly applied in practical use: 

Integrative sampling (linear uptake model) 

This is the case of short exposure time and/or highly hydrophobic compounds, where kDt<<1, 

where the CS,i is given by Eq. 3. It holds: 

tkCKC DiWSWiS ,,   Eq. 3  

In this case the CS,i increases linearly with the time and exposure is called as „linear uptake 

model“ and sampling is integrative. 

Equilibrium sampling (equilibrium model) 

This is the case of long-term exposure, when concentration in SPMDs gradually increases 

with time until equilibrium is attained, where kDt >>1, and it holds for the CS,i: 

iWSWiS CKC ,,   Eq. 4  

In this case, the exposure mode is called as “equilibrium sampling”.  

As for curvilinear phase, there is a transition state from linear to equilibrium model. This case 

is not practically used for evaluation CS,i  or CW,i , respectively. 

If substituted for CS,i=nS,i/VS, where nS,i is the amount of contaminant (i) in SPMDs and VS is 

volume of SPMDs, then we can rewrite the Eq. 4 into following form. It holds: 

tCRn iWiSiS ,,,   Eq. 5  

where RS,i is given by: 

DSWSiS kKVR ,  Eq. 6  

The calculations of ambient concentration were usually performed from the following 

equation, derived from equation 5 and 6. It holds: 

tRVCC iSSiSiW ,,, /  Eq. 7  

The term RS,i is the sampling rate parameter of contaminant i and provides a conceptual link 

between classical extraction techniques and passive sampling with SPMDs. Term RS,it  can 

be understood as a volume of water, in which contaminant CW,i is dissolved. Sampling rate is 
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in L.d-1, which can be interpreted as  the volume of water (L), dialysed per day, for particular 

contaminant (i) and time(t). 

Sampling rates were used for calculation of ambient concentration of contaminant CW,i. They 

have been determined for a large number of compounds, given in application survey below: 

PAHs115, 116, PCDDs/PCDFs130, 136, 149, 185-197, PCBs100, 136, 148, 195, 197-203 and a number of polar 

pesticides136, 197, 198, 203-205. Their values were determined for various temperatures, practically 

within the range from 2C to 30C. Those sampling rates were also used for calculation of 

ambient concentration within applications given below. For temperature correction, Arrhenius 

equation were used; RS can also be estimated as a function log KOW, found in publication for 

15±4C. All those approaches are available in detailed description in publications100, 150, 201, 

206. This approach was practically used, until PRCs (Performance Reference Compounds) 

approach was not used. Within this project, both approaches were used. However, for 

SPMDs is only PRCs alternative. In use DGTs, POCIS or CD, current research and 

applications count with calibration data (DGT, POCIS) and theoretical model (CD). 

 The PRCs approach 
The method has been generally applied to assess behaviour of SPMDs and of a contaminant 

during real exposure, under given condition in a water ecosystem. This approach was mostly 

applied within this project, data with temperature based Rs were not all recalculated. If 

compared on selected data sets, data were well comparable. Principle of this approach is 

similar to use of an internal standard, uptake rates of contaminants in SPMDs devices were 

calibrated in-situ. Such standards were added to SPMDs triolein prior to an exposure. All 

those compounds were introduced into standard SPMDs device in given quality and 

concentration level prior deployment. Using PRCs approach, temperature logging were not 

further required. 

Dissipation of the PRCs was derived from equation 8. It holds: 

)exp(.,0 tknn DPRCPRC  , Eq. 8  

where nPRC is the amount of the PRC in SPMDs at time t,  and n0,PRC is the amount of the 

PRC in the SPMD at the beginning of the sampling. Both parameters (nPRC, n0,PRC) were 

measured and evaluated. Solution of Eq. 8 results in equation for dissipation rate constant 

kD. It holds: 

tRVCC iSSiSiW ,,, /  Eq. 9  

Assuming that the uptake in the SPMDs was linear and integrative, the estimated kD were 

used for calculation of CW,i, according Eq. 9. It holds: 
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SSWPRCD

iS
iW tVKk

n
C

,

,
,   

Eq. 10  

More detailed descriptions of PRCs and various approaches are given in 123, 136, 149, 186, 207-210. 

1.1.2. Polar organics – POCIS 

Industry developed less persistent, more water soluble polar or hydrophilic organic 

compounds (HpOCs), which generally have low bioconcentration factors. However, evidence 

is growing that the large fluxes of these seemingly more environmentally friendly compounds 

(e.g., pesticides, prescription and non-prescription drugs, personal care and common 

consumer products, industrial and domestic-use chemicals, and their degradation products) 

into aquatic systems on a world-wide basis may be responsible for incidents of acute toxicity 

and sublethal chronic abnormalities. 

Within this project, various polar pesticides are focused into main concern of applications, 

occurred in Jaworzno dump site. 

The classification of a compound as an HpOC is based on the presence of one or more polar 

functional groups (e.g., hydroxyls) or a significant molecular dipole moment. The n-octanol–

water partition coefficient (Kow) provides a convenient but somewhat arbitrary means of 

discriminating between HpOCs and HOCs. For example, volatile organic compounds may 

have relatively low Kow values but they are generally non-polar. In this chapter, we use a log 

Kow value of 3.0 as the cutoff point between HOCs and HpOCs However, it is important to 

have some overlap in the compounds sequestered by samplers for HOCs and HpOCs to 

ensure holistic sampling of organic contaminants.  

The POCIS has been shown to sample a wide variety of HpOCs as well as some HOCs with 

log Kow values between 3.0 and 4.0. The POCIS consists of a disk-like configuration 

of a solid-phase sorbent or a mixture of sorbents sandwiched between two microporous 

polyethersulfone (PES) membranes. Stainless steel rings are used to form a compression 

seal to prevent sorbent loss. Exploded overview of POCIS  is given on the Figure (ref). 
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Figure 6 The POCIS exploded view. 

The microporous PES membrane acts as a semipermeable barrier between the sorbent and 

the surrounding environment. It allows dissolved HpOCs to pass through to the sorbent, 

while particulates, microorganisms, and macromolecules with cross-sectional diameters 

greater than 100 nm are selectively excluded. Without the protection of the membrane, 

biofouling of POCIS sorbents is very likely during extended exposures (42 weeks) in surface 

waters. 

For a typical POCIS disk used in field studies, the effective surface area of the membranes in 

contact with exposure waters is 41 cm2 and the sorbent mass is about 228 mg. Herein we 

have used a standard POCIS having a surface area to sorbent mass ratio of E180 cm2/ g 

 Uptake modelling 
Accumulation of chemicals by passive samplers generally follows firstorder kinetics, which is 

characterized by an initial integrative phase, followed by curvilinear and equilibrium 

partitioning phases. For all phases of uptake sampling rates (Rs; units of L or mL/day) and 

sorbent–water (SW) partition coefficients (Ksw) are independent of exposure concentrations. 

During the integrative phase of uptake, a passive sampling device acts as an infinite sink for 

contaminants, and assuming constant exposure concentrations, residues are accumulated 

linearly relative to time. Based on results to date, POCIS remains in the integrative phase of 

sampling during exposure periods of at least 30 days. An advantage of integrative samplers 

over equilibrium partition samplers is that TWA concentration of contaminants can be 

determined from sampler concentration data (assuming appropriate calibration data are 

available). Unlike samplers that rapidly 

achieve equilibrium (characterized by very high surface area to sorbent volume or mass 

ratios), chemical residues from episodic release events are retained by integrative samplers 
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at the end of the exposure period. Thus, integrative samplers have very small analyte loss 

rates and times to reach equilibrium are very large. 

Huckins et al. (Ref) formulated equation (7) for integrative (i.e., linear) sampling by a passive 

sampling device (similar for SPMDs, see above, derived for POCIS): 

tRMCC iSSiSiW ,,, /  Eq. 11  

Where MS  is the mass of the sorbent. The Rs is dependent, how the uptake is controlled. 

Sampling rates for selected chemicals have been determined using a static renewal scheme. 

Specific details regarding the calibration procedure have been described by Alvarez et al. 

(Ref) and from sources (Ref). 

Handling, sampling and analysis – the protocol for PS 

Standard method of sampling, handling and analysis was considered as the main 

prerequisite of producing comparable results of appropriate quality. A general scheme for 

overall proceeding with the SPMDs has been recently proposed as a base for particular 

adoption in analytical laboratories224, on which the method was adopted in NRL, where all 

SPMDs within this project were analysed. The scheme showing application relevant for 

quality data production can be seen in following Figure 7, with detailed description in the 

Table 1.  
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Figure 7 Overall SPMDs processing (the “SPMDs clock”) 

Legend: SP=sampling plan; 1) manufacture, storage before using; 2) transport to deployment; 3) exterior cleaning after retrieval; 4a) dialysis; 

4b) discard; 5) dialysate; 6) clean-up; 7) fractionation; 8) pre-concentration for chemical analysis; 9) chemical analysis; 10a) immunoassay, 

toxicity; 10b) bioassay; 11) reporting, data analysis 

Each laboratory has to pass through each analytical step with the aim to provide: (i) 

appropriate validation, (ii) uncertainty description, (iii) adopting the appropriate QA/QC 

(blanks). Within all applications, the QA/QC protocol was developed, and used for 

accreditation. It can be seen as a recommendation, as a result from practical use in various 

water ecosystems, as described and applied (see below).  
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Ref Operation 

Description/ Requirements /Blank  

(frequency) site/project/lot/sample set  

*= if applicable; see details in the Appendix () 

1 Fabrication of SPMDs Defined QA/QC conditions / FaBl (0/1*/1*/0) 

1 Storage --/Air-tight can, about -10C/PrBl (0/1*/1*/0) 

2 Transport --/Air-tight can, ≈0C/ TrBl (1/1*/0/0) 

2 Deployment/Retrieval SPMDs into or from the rack or holder/short time/FBl 

(1/1*/0/0) 

2 Exposure Up to 30 days/security of sampling site, temperature 

recording/No blanks required 

3 Exterior cleaning Removal of all external impurities/rinsing by water, 

fast operation/ReBl (0/1*/0/0) 

4a Dialysis 250 ml solvent, 2 exchange/24 hour per one 

solvent/FaBl*, PrBl (0/1*/1*/0) 

5 Dialysate (chemicals) 

Dialysate (bioassay) 

Collection of all solvent/spike by isotopic 

standards/see 4a 

Collection of all solvent/no spike, taking of aliquot/ 

see 4a 

6 Clean-up Oligomers, impurities removal/by analytical 

method/see 4a + ReBl (0/0/0/1) 

7 Fractionation 

(chemicals) 

Fract. (immunoassay) 

Isolation of analytical fractions/by analytical 

method/see 6 

Isolation of analytical fractions/by analytical 

method/see 6 

8 Pre-concentration 10µl/nonane solvent/see 6 

9 Chemical analysis Quantification of chemicals/by analytical method/see 

6 

10 Immunoassay/bioassay Toxicological response/by analytical method/see 6 

11 Data analysis, reporting Ambient concentration by Rs/PRCs; PCA, FA, 

GA/data pre-treatment/Evaluation of QA/QC, 

including blanks 

SP Sampling plan New definition of sampling plan based on new 

foundations/given from 11 and new project 
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Ref Operation 

Description/ Requirements /Blank  

(frequency) site/project/lot/sample set  

*= if applicable; see details in the Appendix () 

purposes/given from 11 

Table 1 Abbreviated protocol for handling, sampling and analysis of SPMDs 

 QA/QC 
In general, quality requirements for sampling are given by following points23, 98: 

Precision: measurement of variability in the data collection process,. 

Accuracy (bias): measurement of bias in the analytical process. 

Completeness: percentage of sampling measurements which are judged to be valid. 

Representativeness: degree to which sample data accurately and precisely represent the 

characteristics and concentrations of the site contaminants. 

Comparability: evaluation of the similarity and conditions under which separate sets of data 

were taken. 

To ensure that the analytical samples are representative of site conditions, quality assurance 

measures must be associated with each sampling and analysis event.  

The data quality objectives (DQOs) state the level of uncertainty that is acceptable for data 

collection activities and define the data quality necessary to make certain decisions. As the 

general conditions for POPs assessment, following question must be answered by the data:  

 Why analytical data are needed and how the results will be used. 

 Time and resources of data collection. 

 Descriptions of the analytical data to be collected. 

 Applicable model or data interpretation method used to arrive at a conclusion. 

 Detection limits for analytes of concern. 

 Sampling and analytical errors. 

Within this project, the sampling plan (SP) with these QA measures and DQC and this 

strategy has been incorporated as a general guideline into (accredited) methods for passive 

sampling realized in NRL. 

All applications were performed upon accredited system – see below in part of applications. 

Despite of already emphasized importance of uncertainty of all the parts of environmental 

measurements, calculation of uncertainty has not been finished yet. Results will be published 

later. 

 Sampling procedures 
SPMDs 
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Both standard and performance reference compounds (PRC) SPMDs were purchased from 

Exposmeter AB. SPMDs have a standard dimension (2,5x91,4cm, filled by 1 ml of triolein). 

Since 2005 SPMDs with spike of PRC were used for in situ calibration of the sampling rates. 

The mixture of the 68 native PCBs (BP-GC Wellington laboratories) is used for quantification 

of the PCBs. Those PCBs, which are not present in the quantification standards, are 

quantified on the RF of PCBs with the most similar MS/MS spectrum. Developed method 

was validated using certified reference materials with wide range of PCB congeners NIST 

1944 and NIST 1588a. 4 12C13 labelled PCBs (PCB 3, 8, 37 and 54) were used as PRC. 

Standard sampling arrangement was used, if used for surface water99, 125, 126, adopted as a 

combination of several SPMDs in one cage (standards not spiked, PRC and SPMD designed 

for toxicity tests). The samplers were installed at float and sunk approx. 0.5-1 m in water.  

Two PRC SPMDs were exposed to air and light at the same conditions as sample SPMDs. 

These field controls were used as reference (starting) values of PRC. 

After collecting and sampling, all of samples were stored at -18°C until analysis started. 

SPMD sampling was performed according to recommended good SPMD practice, compiled 

from publications discussed above.  

Placement and exposure SPMDs 

On the sampling point, SPMDs were placed in a perforated stainless steel container to 

protect the membranes against mechanical damage and to restrict water flow velocity at the 

membrane. Numbers of exposed SPMDs per one site were given according to tested 

parameters and QA/QC aspect; in this research, 5 membranes per a site were used. With 

the SPMDs set deployed, other SPMDs were exposed to ambient air during the deployment 

(trip/field blanks) at the sampling places to monitor possible contamination from the air. Each 

container was equipped with a temperature logger (Tiny-Loggers, Intab, Stenkullen, 

Sweden), which registered water temperature every 15 minutes.  

SPMDs after exposure 

Membranes were transported in airtight metal cans. The membranes were cleaned and 

dialyzed with hexane in accordance with instructions in tutorial, as mentioned above. 

Combined dialyzates were adjusted to volume of 10 ml. Aliquots were used for different 

analysis: 0.3 ml aliquot was used for analysis of PAHs and their deuterated analogues; D10 

labelled PAH were added to aliquot, samples were evaporated to volume of approx. 100 µl 

and analysed by GC/MS in full scan mode. 

Aliquot of 4 to 6 ml was used for determination of mono to deca-PCBs. Samples were 

cleaned on the column with 5g of H2SO4 deactivated silicagel. The PCBs were eluted by 50 
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ml of hexane. Then the standard was added and volume of the samples was adjusted to 100 

µl. Analysis was performed during one GC/MS/MS run.  

Fish, fry and Dreissena samples were let to melt at room temperature. Homogenised muscle 

filet with skin was used as fish sample. Fry was homogenised as well. Muscle of Dreissena 

was separated from the shell and homogenized. The homogenized samples were dried by 

lyophilisation. 10 – 20 dry biota samples were Soxhlet extracted by hexane:acetone 3:1 

mixture. Extract was evaporated and its volume adjusted to 10 ml. Appropriate aliquot of the 

sample was spiked by ten 12C13 labelled PCBs. Clean up and analysis have been carried out 

in the same way as described above.   

After sampling, each sampler was rinsed by drinking water; the SPMDs were placed in a 

clean airtight steel can. Periphyton, minerals and rough particulates were removed from 

membrane surface with clean cloth and then rinsed by clean water. Exposed membranes 

were preserved at temperature –18°C until being analyzed. SPMD membranes were 

exposed in steel basins into what ground water of constant flow from 5 to 40 litres per hour 

during whole exposition was introduced. This flow of ground water was sufficient to provide 

proper concentration of POPs in SPMD. Duration of sampling was about 25-35 days. 

Exposed SPMDs were dialyzed with hexane (suprapure quality, MERCK) for 3 days resulting 

in two fractions of 200 ml each.. After dialysis the 13C-labelled isotopic internal standards 

(PCDD/Fs, PCBs – Wellington laboratories) or deuterated (PAHs) were added to the extract 

and analyzed in laboratory by accredited methods in accordance with ČSN EN/ISO IEC 

17025 standard. 

Analytical procedures 

Determination of PAHs was carried out by HPLC-FLD method, using methanol as solvent. 

PCDD/Fs, PCBs and OCPs were analyzed by GC/MS/MS on GCQ or PolarisQ 

(Thermoquest). Clean-up method and optimisation of MS/MS detection were described 

elsewhere225.  

A PAHs and PRCs were analysed by GC/MS in full scan mode at PolarisQ (ion trap) and 

DSQ (quadrupole) instruments (Thermo Scientific). An DB-5m column (30m x 0.25mm x 0.25 

µm) was used for separation of PAHs under following instrument set up: splitless injection of 

1µl for 1 min. at injector temperature 260°C, helium 6.0 was used as carrier gas with 

constant flow of 1.1 ml/min, GC oven was programmed as follows: 65°C for 1 min. then 

10°C/min to 260°C, then 20°C to 300°C and 5 min. isothermally. Ion source was operated at 

200 °C, transfer line at 280°C. Data were collected in full scan mode in the range 100 – 280 

m/z.  



  

FOKS Guide for Passive sampling 

technology for water assessment 
 

 

 

 - 25 - 

Multi-ortho PCBs were analyzed in 2% DCM in hexane fraction from Al2O3 column. Monortho 

PCBs and PCDD/Fs were analyzed in 50% DCM in hexane fraction from the same column 

after clean up on activated carbon column. PolarisQTM operating in MS/MS (tandem mass 

spectrometry) mode was used for PCB analysis. DB-5ms column (30 m x 0.25 mm x 0.25 

µm) was used for separation of PCB congeners under following instrument set up: splitless 

injection of 1µl for 1 min. at injector temperature 260°C. Helium 6.0 was used as carrier gas 

with constant flow of 1.1 ml/min. Oven program: starting temperature 75°C for 1 min, first 

ramp 20°C/min to 180°C, second ramp 2.5°C/min to 240°C, third ramp 10°C/min to 300°C 

hold for 2 min. MS interface was heated to 275°C. Ion source temperature was 200°C, flow 

of dumping He to ion trap was 1,05 ml/min.  

All procedures used were validated in accordance with EN ISO 170125 standard. 

 

Applications on pilot sites 

Data treatment, evaluation 

It must be stated that many of our environmental data, especially those measured in ultra-

trace concentrations, exhibit some distinctive features: 

 Data set could contain extremely large values that are of questionable origin. 

 Some measured values are very low or not detected, requiring treatment as 

low-censored. 

 Range of data can be either narrow or extremely broad. 

 Data sets are of a very low size (rarely more than 10 repeated measurements). 

 Distribution of data is seldom normal or log-normal. 

 Data can tend to polymodality (non-homogeneity). 

 Data are usually skewed to larger values. 

 Data analysis of such data requires very robust and reliable procedures based 

on the data transformation for both evaluation of relevant quantitative 

characteristics and interpretation. 

Those important key factors were also well described59, 112-114, 160. Statistical methods have 

been applied in environmental analysis very broadly. The list of all applications would be 

enormous in spite of the fact that a few of such methods could completely satisfy the specific 

needs mentioned above. Unlike these, gnostic analysis, based on novel fundamentals59, 114, 

160 (the theory of individual data), has already been successfully applied in economics and 
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elsewhere226-228; due to rigid fundamentals it hides strong potential for treatment and 

evaluation the environmental data 114, 158, 160, 161.  

Nowadays, the multivariate data analysis plays a very important role, alongside univariate 

data analysis. Some of multidimensional analysis is based on latent variables that are linear 

combinations of original variables. Source matrix of data is arranged in columns (variables) 

and rows (observations). Main goal of this analysis is to identify clusters of observations with 

similar properties (variables). The similarity is based on a distance of objects: the closer 

distance, the closer similarity. One frequently used method for identification of model and 

variables structure with reduction of the number of variables is the Principal Component 

Analysis (PCA) and Factor Analysis (FA), in combination to Cluster Analysis (CLU), 

commented below. The insight and various applications are published. 

Within the frame of this project, both statistical multivariate and gnostic univariate and 

Multivariate methods were used for supporting evaluation along with all tested parameters, 

from various monitoring data.  

1.1.3. Descriptive statistics 

Many statistical programs offer a list of the estimates of various point parameters of location 

and spread but rarely help the user to choose the statistically adequate parameter for an 

actual sample batch. Only the exploratory data analysis and an examination of sample 

assumptions will find an answer to this question. Therefore, a rigorous procedure of the 

statistical treatment of univariate data with the exploratory data analysis was first carried out 

to evaluate the actual sample distribution. A curve of the probability density function for each 

analyzed parameter was examined and the analysis was based on histogram, symmetry plot, 

halfsum plot, Box-and-whisker plot, quantile plot and rankit Q-Q plot while the coefficient of 

skewness measures the asymmetry of the observations. Jarque-Berra test (α = 0.05) was 

preliminary used to test the normality of concentration distribution within each element. This 

test mostly revealed the lack of normal distribution. Moment coefficients of skewness and 

kurtosis describe how the shapes of sample frequency distribution curves differ from the 

ideal Gaussian curves, showing asymmetry of the upper and lower halves of the curve 

around the mean. The data from ultra trace monitoring were not ideal and did not fulfil all 

basic assumptions about a sample. Original data were then transformed to improve the 
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symmetry of data distribution and variance stabilization. The proper data transformation 

leaded to a symmetric data distribution, stabilizes the variance or makes the distribution 

closer to normal. Furthermore, possible outliers were identified because strongly skewed 

distributions and outliers can contribute to biased conclusions in statistical analyses. For 

transformation, a Box-Cox112, 113, 176, 229 was used, as the most frequently applied 

statistical method.  

Transformation leading to approximate normality may be carried out by the use of the 

Box-Cox transformation family, defined as: 
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x   
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Eq. 12  

where x is a positive variable and λ is real number. The Box-Cox transformation can be 

applied only to positive data. To extend this transformation means to make a substitution of x 

values by  

(x - x0) values which are always positive. Here x0 is the threshold value x0 < x(1). To 

estimate the parameter λ in a Box-Cox transformation the method of profile likelihood may be 

used, because for λ = ̂  the distribution of the transformed variable y is considered to be 

normal, N(μy, σ2(y)). The logarithm of the profile likelihood function may be written as: 
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where s2(y) is the sample variance of the transformed data y,. The function ln L = f(λ) is 

expressed graphically for a suitable interval, for example, -3 ≤ λ ≤ 3. The maximum on this 

curve represents the maximum likelihood estimate ̂ . The asymptotic 100(1 - α) % 

confidence interval of parameter λ is expressed by 
2
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χ21-α(1) is the quantile of the χ2 distribution with 1 degree of freedom. This interval contains 
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transformation is less suitable if the confidence interval for λ is too wide - and if the sample 

size is small then the confidence interval for the parameter will be wide. When the value λ = 1 

is also covered by this confidence interval, the transformation is not efficient.  

After an appropriate transformation of the original data {x} has been found, such that the 

transformed data give an approximately normal symmetrical distribution with constant 

variance, the statistical measurements of location and spread for the transformed data {y} 

are calculated. These include the sample mean y , the sample variance 
2(  y )s , and the 

confidence interval of the mean 1- / 2 ( -1) ( )/  y   n   s y nt  . These estimates must then be 

recalculated for the original data {x}. More correct re-expressions are based on the Taylor 

series expansion of the function y = g(x) in a neighbourhood of the value y . The re-

expressed mean Rx  is then given by: 

22
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The variance is then expressed as follows: 
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, Eq. 15  

where individual derivatives are calculated at the point x = Rx . Because almost all the Box-

Cox transformed data sets follow the normal distribution, they were used for further 

multivariate statistical analysis as described below. 

1.1.4. Principal component analysis (PCA) 

In many ways, this analysis is denoted as one of important statistical multivariate techniques. 

The method was applied to analyses for simplifying data matrix of large number of observed 

variables to set of linear combinations of the original variables, especially for POPs, where 

number of variables exceeded 100 (including congeners of PCDD/Fs and PCBs). Application 

of PCA enables (i) to reduce the number of variables and (ii) to describe structure in the 

relationships between variables. Results are described in the application part below. 

The PCA can be modelled according to the equation 16. It holds:  
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where the X is a model for source data. The first part of the right hand side ( '1x ) represents 

the variable averages. The T represents the column of score vectors (graphical 

representation as score plot). This parameter characterises the relation between objects 

(samples, experiments). The P is denoted as the loading vectors (graphical representation as 

loading plot) that reflects relation between variables (compounds). It means that TP is the 

model’s structure. The E is the residual matrix (errors or noise). 

Approximation for a particular variable in the data matrix can be interpreted as it holds:  





M

i
ikimik eptxx

1
mk'  Eq. 17  

where the xik are descriptors of particular compounds compiled in the multivariate 

characterisation (i are compounds, k represents experiments/observations). The score tim 

describes the weight of compound’s contribution to the m-th PC (principal component). The 

loading p’mk reflects how much the k contributes to PC. All PCs are ordered with respect to 

their variance: PC1 describes the largest part of variance; the latest PC reflects the smallest 

variance of source data. The notion of explained variance ranged from 0 (no explanation) to 

1 (complete explanation of variable) provides information, how a combination of particular 

variables fits to analyzed data. In applications described below, only the first two principal 

components were used to explain the X% variance of considered data. This has been an 

important conclusion with the trade-off between goodness of fit and predictability. The PCA 

procedures are based on linear combinations of the variables and their correlations. PCA 

was based on the correlation matrix, with no factor rotation. For simplicity, graphical method 

of projection was used to reveal “important” PC, called Cattell’s scree graph.  

1.1.5. Factor analysis (FA)  

The method was carried out to determine the basic latent data structure using the following 

settings: the analysis was based on the correlation matrix and the obtained factors were 

rotated using Varimax normalized algorithm, which allows an easier interpretation of the 

factors loadings and the maximization of the variance explained by the extracted factors. FA 

creates a new set of uncorrelated variables, which are the linear combinationations of the 

original ones with the same amount of information. Since the FA is conducted if the original 

variables have significant linear intercorrelations, the first two factors will include the largest 

1 ' ' EX x TP    Eq. 16  
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part of the total variance. Elements belonging to a given first factor F1 were defined by factor 

matrix after Varimax rotation, with those having strong correlations grouped into factors. 

Factor analysis was performed by evaluation of principal components and computing the 

eigenvalues higher than 1 (Kaiser criterion). Afterwards, the rotation of factors was carried 

out by Varimax normalized algorithm which allows an easier interpretation of the principal 

component by both maximizing the variance of the extracted factors and reducing 

uncertainties that accompany initial unrotated factor loadings.  

1.1.6. Cluster analysis (CA) 

This technique was considered as an exploratory data analysis technique for solving 

classification problem. It comprises an unsupervised classification procedure that involves 

measuring either the distance (or the similarity) or the correlation coefficients between 

objects to be clustered. The information obtained from the measured variables is used to 

reveal the natural clusters existing between the studied soil samples. Soils are grouped in 

clusters in terms of their similarity so that the degree of association is strong between 

members of the same cluster and weak between members of different clusters. The initial 

assumption is that the nearness of soils in the space defined by the element contents reflects 

the similarity of their properties. The similarities in this case were quantified through the 

Eucliden distance measurement. The CA is complementary method to PCA and FA. Results 

are shown in a dendrogram where steps in the hierarchical clustering solution and values of 

the distance between clusters are represented. 

1.1.7. Correlations of vectors/variables 

An attention with respect to further application in multivariate techniques (like PCA, FA) was 

paid to analysis of association between two samples of data expressed by correlation 

coefficients. Four methods were applied for estimation: 

1. Pearson’s correlation of classical statistics, 

2. Kendall’s correlation of robust statistics, 

3. Spearman’s correlation of robust statistics, 

4. Gnostic correlation based on data probabilities taken from the distribution functions. 
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The first one was used as an implicit method. For comparison, the first three statistical 

methods and gnostic estimate of the correlation coefficient of the data samples was used, as 

the use of the theoretically based linear relation between probability and data irrelevance 

(data error). In this way, robustness with respect to outliers and to the censored data was 

enabled. 

1.1.8. Gnostic analysis 

It is the first time that gnostic theory was applied to environmental data mentioned below. 

Results achieved demonstrate a strong potential for evaluation of data from environmental 

monitoring, as well as for applications in Human Risk Assessment evaluation. The basic 

rules of advanced data analysis (in general and within this project) are as follows: 

 Avoiding transformation and “violation” of the data by subjecting them to 

unjustified a priori models or distribution functions (despite mathematically 

rigorousness by transformation in statistical approach), 

 Using of all available data, including censored data, as well as adequately 

weighted outliers (exclusion of data is allowed only after proving their negligible 

impact on results). 

 Respecting data limitation by estimating the bounds of data supports, with 

testing of outliers/inliers (the `membership' problem) and of sample's 

homogeneity while considering the structure of inhomogeneous data. 

 Using distribution functions, as a complex approach to the point estimations of 

data characteristics. 

 Comparing only objects which behave in accordance with the same 

mathematical model. 

 Explaining causes of behaviour of data instead of reference to randomness.  

 Preference of robust estimation and identification methods over no robustness. 

 Comparison of statistical and gnostic approach 
The original mathematical background of gnostics59, 114 was first applied in pilot 

environmental studies within this project158-161, further extended and completed into the 

practical guide230. The main goal of gnostic development was to make an expansion of 

alternative methodology for practical applications to small data sets. Nowadays this method 

is supported by the Web-based Open-Source system (R-project based on the R-

language231). 
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The differences between statistical and gnostic approaches can be summarised in Table 2. 

Problem/aspect 
Approach 

Statistics Gnostics 
Quantity of data to be 
treated 

Mass data, large data samples Individual data and small 
samples 

A priory given statistical 
model of data 

Required Not used. Data assumed to 
satisfy algebraic requirements 
of measurement theory. Model 
to be applied results from data 
only. 

Main theoretical tool Additive measure over a sigma-
algebra 

Non-additive measure over 
two bi-algebras 

Axiomatic Formal, based an the Central 
Limit Theorem 

Based on laws of Nature 

Notion of probability Formally defined Derived mathematically from 
the Clausius’ deterministic 
data entropy 

Notion of information Formally introduced Derived mathematically from 
the Clausius’ deterministic 
data entropy 

Inherent geometry Euclidean geometry Riemannian geometry 
determined by data 

Optimality criterions of 
estimation 

Formal (e.g. least squares or 
max. likelihood) 

Minimum information loss or 
entropy increase determined 
by variation principle 

Variation features Non-existent Variation theorems for data 
errors, information and 
entropy 

Bounds of a data sample Ambiguous, dependent on a 
subjective decision 

Uniquely and objectively 
determined by data 

Robustness of an estimate In classical statistics – not 
available 
In robust statistics achievable by 
means of an artificial 
superstructure over the basic 
theory  

Resulting from the basic 
theory as its inherent and 
natural feature 

Convergence of the two 
theories 

Unknown Proved for the case of high 
quality data  

Ties with existing theories of 
Nature 

Not defined Proved close relations to 
classical thermodynamics, 
relativistic mechanics and 
both classical and robust 
statistics.  

Table 2 General comparison of statistical and gnostic approach 

 

1.1.9. Some fundamentals of gnostic approach 

Gnostic analysis is concentrating on real data: as numerical structures mapping the 

structures of real (existing) quantities. The paradigm of real data accepted by the classic 

theory of measurement represents the measured data as elements of a numerical structure 

with the same strictly defined algebraic features as the structure of their originals (natural 
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quantities mapped by the measurement). However, the measurement theory is dealing only 

with precise quantification, leaving the data uncertainty to statistics. In gnostic theory, the 

data uncertainty is not something random; it is a result of lack of knowledge of unfound 

factors that influence the observed values. It is not surprising that these (uncertain) factors 

are considered as (some others) real quantities that could be also quantified as the true 

quantities and which have the same structure. In gnostic, real data are represented by points 

in a two-dimensional plane (true value, uncertainty) observed only as a one-dimensional 

projection. Important result of this theory is the isomorphism of its model of uncertainty of an 

individual uncertain data item with the energy-momentum tensor of the Einstein’s special 

relativity theory. Gnostic formula of information born by an individual data item derived from 

the Clausius’ classical entropy can be viewed as an independently derived and far-reaching 

generalization of Boltzmann’s and Shannon’s entropy formulae. Convergence of gnostic 

characteristics of uncertainty to statistical ones in special cases of very weak uncertainties is 

also proved.  

Within this project, gnostic methodology was used to evaluate data from various studies, 

using passive sampling tools, as well as biotic monitoring of water contamination and POPs 

in blood (see below). 

 One-dimensional analysis 
Gnostic marginal (one-dimensional) analysis is based on a consequent usage of the program 

for estimation of four types of gnostic distribution functions, upon those conditions: 

No a priori assumptions on the distribution function. 

 Application to both additive and multiplicative data. 

 Applicability to three types of censored data. 

 Application to compressed data (such as a histogram). 

 Applicability to homoscedastic and heteroscedastic data. 

 Robust estimation of scale parameters. 

 Robust estimation of bounds of the data support. 

 Test of data homogeneity and classification of outliers. 

 Robust estimation of the location parameter (mode). 

 Robust estimation of probabilities and densities of probability for arbitrary data. 

 Robust estimation of quantiles to given probabilities. 

 Objective robust estimation of membership bounds of a homogeneous sample. 

 Robust monitoring, filtering and prediction of time series. 
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 Robust cross-section filtering of data. 

 Robust marginal cluster analysis. 

 Classification of data sub-samples. 

 Evaluation of the degree of similarity between two samples. 

 Robust estimation of covariance and correlations. 

The problem of membership bounds deserves a special comment because of its relation to 

diagnostics.  

 Quantitative diagnostics 
 A frequently used method of establishing the bounds of the membership interval for a data 

set d  to accept values is based on the equation: 

BMI = )()()( dSTDpKd   Eq. 18  

where BMI  are the bounds, )(d  is the mean and )(dSTD  the standard deviation of the set 

of data d. A crucial role is played by the multiplier )( pK , which depends on the probability of 

rejected candidates for membership (significance of the test).  Such a method is subjective 

not only because of the hidden assumption of normal (Gaussian) data distribution but also 

due to a “freedom“ in choosing the multiplier. The outcome of such a test is not what data 

say but what the user wishes.  

Gnostic membership intervals are based on the unique feature of the global distribution 

function of a homogeneous data sample: its density function has only one maximum. If one 

considers a fixed data sample extended by additional data x , then there exist exactly two 

x ‘s values (the lower and upper bound) at which inflexions appear in the density of the 

extended sample. The procedure includes: extraction of a homogeneous sub-sample of the 

data sample, optimization of its data support bounds and of its scale parameter and finally 

finding the values of the fictitious extension x causing the density’s inflexions. Results of 

these operations are determined only by data, they are objective. Both found bounds are 

unique characteristics of the data sample. 

 Multi-dimensional analysis 
As already mentioned, the use of gnostic criterion functions opens the way to robust 

estimation of parameters of both linear and non-linear multi-dimensional models. Gnostic 

programs have been developed for solving the most frequently tasks of MD-analysis: 

 Robust estimation of parameters of an MD linear regression of four types: 

o Explicit regression of data. 

o Implicit regression of data. 

o Explicit regression of data probabilities. 
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o Implicit regression of data probabilities. 

 Robust estimation of correlation matrices. 

 Robust extraction of homogeneous kernels from non-homogeneous MD objects 

applicable to the cluster analyses in MD space. Robust cluster analysis of 

inhomogeneous objects. 

 Cross-section analysis and monitoring of MD objects. 

 Robust monitoring and prediction of MD time series. 

 Robust ordering of MD objects. 

The ordinary (explicit) form of the regression model was based on a (hidden) assumption: it 

is possible to choose one variable (that is to be explained) and which is “only dependent“ on 

the other variables assumed to be explanatory ones. Such an assumption can rarely be 

applied to real multi-dimensional objects or processes because of feed-back existing 

between all variables For such cases the implicit form of the regression is suitable: all 

variables are explanatory jointly explaining a constant (eg 1). Solution of the equation system 

reveals the relative contributions of individual variables to the constant. 

The probabilistic regression is also worth attention: if data are interdependent, so their 

probabilities do as well, but in a non-linear way. Gnostic probability p  can be defined such 

as: 

2/)1( ip   Eq. 19  

This is a simple linear function of the estimating irrelevance i that can be interpreted as a 

non-linear (Riemannian) generalization of the error measured by the deviation of the data 

item‘s irrelevance from zero. Recall that estimating irrelevance is a non-linear function of a 

datum, which is robust with respect to outliers). As shown in gnostics, the robust estimate of 

a covariance can be obtained as a product of irrelevances (in an analogous manner like in 

classical non-robust case of errors). It is well known that the classical solution of the linear 

regression task is determined by covariance. It was therefore natural to use the gnostic 

method of the regression in probabilities instead of traditional data regression. An additional 

advantage is obtained in that all variables as well as the model coefficients are dimension-

less. This makes the interpretation and usage of results easy.  

All four mentioned regression models are robust when a gnostic criterion function is applied 

to calculate them instead of the classical applications of the least squares method. 
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 Used software packages for statistical and gnostic computing 
Statistical computing was realised in combination of following software: 

 Adstat™, v. 1, 25 (Trilobyte®, Ltd.), 

 QC.Expert™, v. 2.51(Trilobyte®, Ltd.), 

 Statistica Cz™, v. 9.0, (StatSoft® CR, Ltd.), 

 S-Plus®, v. 6.2, (Insightful® Corp.), 

 NCSS 2007™ (Dr. J. L. Hintze). 

For gnostic computing, following programs were used230: 

 S-Plus™ ver. 6.2 (Insightful® Corp., Seattle) – at the stage of first applications, 

 R-project®2 - since 2007, within the EU project 2-FUN (Full-chain and UNcertainty 

Approaches for Assessing Health Risks in FUture ENvironmental Scenarios). 

For data handling and preparation of some graphical outputs, MS Excel™ and Corel Quattro 

Pro™ packages were used.  

 

                                                 
2  The R-project® is an open-source version of the mathematical and statistical environment 

using the R language. This project was started in the 1980s and has been in widespread in the 

statistical community.  Environment R is implemented on wide variety of UNIX platforms (Linux), 

MacOS X and also Windows. There is also a base documentation and links to other resources as the 

best known CRAN (Comprehensive R Archive Network). The R-language is the interpreter. 
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