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Abstract: - By the recent EU-activities, like the White Paper or like REACH, the interest in priority setting of chemicals is renewed. Risk assessment is to be performed on the basis of the model EUSES, developed in commission of the EU. However, the set of Exposure models and the PEC/PNEC-concept need a full developed database, by which each chemical can be characterized according to the needs of EUSES. The data availability hampers the application of EUSES severely, albeit Quantitative Structure Activity Relationships Models are widely accepted. Therefore a prescreening is needed to find out the most important chemicals. Processes like transport, reactions and (adverse) effects of chemicals in the environment require a set of characteristic properties in order to estimate the extent of these processes. Hence a multi-criteria approach is the appropriate tool to rank chemicals according to their potential impacts on the environment. As in further steps a careful analysis of the selected chemicals is done, it does not seem justified to include subjective preferences by stakeholders into the multi-criteria approach. It is shown by a simple transport model EXWAT that the descriptors derived from the model can be used to get a generalized ranking scheme by partial order.
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1   Introduction

1.1
Risk assessment of chemicals

The publication of the White Paper [1] of the EU and of REACH (see for example [2]) has renewed the interest on prescreening procedures for chemicals. The reason is that the risk assessment is to be performed by means of the EU-model EUSES [3,4] which calls for an extensive data sampling for each chemical. EUSES is a harmonized quantitative risk assessment tool for chemicals. As such, it is designed to support decision making by risk managers in government and industry and to assist scientific institutions in the risk assessment for these substances [3]. In order to save time and money it is therefore a good strategy first to find out the most important chemicals and apply then the model EUSES. However, what is an important chemical? The behavior of a chemical with respect to its exposure in the environment is controlled by transport, distribution among different targets and reaction processes. There is no chemical, which is not transported, remain exclusively in one target, say surface waters and decomposes in harmless substances immediately after its use! Hence, different criteria are important in order to rank chemicals correctly. 

1.2
Ranking of chemicals

Ranking under different aspects is a typical field of Multi Criteria Assessment or Decision Support Systems like MAUT, NAIADE, PROMETHEE, ELECTRE (for an overview, see e.g. [5-8]). All these methods need the interaction with stakeholders in order to formulate preferences. However, taking into account that the ranking is only a preliminary step it seems not justified to include in such early stage of evaluation of chemicals subjective preferences. As the reactivities of chemicals depend also on the targets they are accumulating, the argument that the persistence of chemicals is the leading factor is not appropriate. Thus, all properties have to be taken into account simultaneously. How can we do this? In this paper an approach from DISCRETE MATHEMATICS is applied, namely the concept of partially ordered sets. partial orders have a long tradition in Mathematical Chemistry,  mainly in the context of investigations of Quantitative Structure Activity Relationships (QSARs) [9]. There are many possibilities to define a partial order among objects, for example among chemicals. For example the subset-set relation can be used to define a partial order among sets [10]. A daily example in chemistry is the cluster analysis [11], and dendrograms are a typical visualization of partial orders however seldomly recognized as a partial order. Here the product (or component-wise) order is applied (see later) because all characteristic properties governing for example the exposure of chemicals should be simultaneously taken into regard when a sorting of chemicals is to be done. Transport, partitioning of a chemical among different targets and reactivity are competitive processes. Hence, the substance properties must be combined in an appropriate way in order to extract adequate information about chemicals. Therefore, a simple exposure model is introduced which couples some few substance properties in order to map these on some few descriptors about the environmental behavior. These descriptors are the basis for the subsequently performed application of partial order.

The text therefore includes a model description, the partial order procedure, a section about data handling, and its role in a fate-classification of chemicals.

2   Methods

2.1
Exposure Model EXWAT

When a compound enters the environment, different processes are competing. Therefore, the substance data alone cannot be used to calculate the hazard [12] due to exposure. Instead, a deterministic mathematical exposure model is needed, by which the environmental parameters are coupled with substance parameters in the correct way. The mathematical basis of such model is the differential mass balance, i.e.

dc/dt = Input - Output 


(1)

If different targets are to be considered, equation (1) is not sufficient. Each target, for example sediment on the one side and water body on the other side of a surface water gets its own differential equation. For details, see [13]. In rivers the chemical will mainly be transported by advection. Partitioning of the chemical is to be considered among: water body and sediment (diffusion processes and deposition of suspended materials), and water body and air. The chemicals in the sediments may be sorbed on particles of the sediment or may be dissoluted in interstitial water. In all kinds of speciation of the chemical degradation processes may occur. If, for example, the photolysis is a main sink for a chemical, however the chemical accumulates in sediments, then the photosensitized pathway plays a minor role. If the Henry law coefficient is large enough, then accumulation in sediments will be overcompensated by volatilization processes. Their extent in turn depends on environmental parameters like hydraulic parameters, wind speed, temperature, depth of the river. Figure 1 shows schematically one segment of the model EXWAT. A full river is modelled by analyzing a series of segments, which may vary with respect to the environmental circumstances.
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Figure 1: One of the segments of EXWAT. Each segment consists of two compartments, the water body, W, and the sediment, S. There is an inflow (1) with an upstream concentration of the chemical, and an outflow, with the resulting concentration due to the processes within the segment. In the water body suspended material is transported (small circles) which can be deposited or resuspended (4). It is assumed that the dissolved chemical is in equilibrium with its sorbed form on the suspended material (5). By dispersive forces the dissolved chemical enters the interstitial water (6). As sinks there are volatilization (2), degradation (3) (not specified according to the speciation of the chemical and sediment burial (7). 

A rather good overview about the fate of chemicals in stationary systems can be found by the exposure map [13]. The model EXWAT couples all substance parameters and environmental data one can deduce fate descriptors (if the input of chemicals and the temporal behaviour of the environmental system is ignored) from the solution of equation systems like equation (1). In the case of EXWAT four descriptors are derived:

· sedimentation (hydrophobicity of the chemical, properties of the sediments and of the river) 

· volatilization (Henry law coefficient  and properties of the river)

· persistence (depending on chemical's partitioning) and 

· advection (downstreams transport of the chemical ).

These four descriptors have the dimension of [M/T], hence they can be interpreted as environmental fluxes of the chemical.

EXWAT is a part of the evaluating model system E4CHEM [13] and gets the needed substance properties either from an input window or from another module of E4CHEM, namely DTEST which consists of a system of property-property relationships by which missing data can be estimated from other available data [13]. 

2.2
Partial Order

As we mentioned in section 1 evaluation of chemicals must be on its very basis a Multi Criteria Analysis. A partial order is introduced by simultaneously regarding all descriptors as follows:

Let ci be a chemical out of a set C and let qj be a quantitative property, taken from the set IB, the information base of the evaluation. Then it can be defined:

ci1 ( ci2 : ( qj(ci1) ( qj(ci2) for all qj of IB.
(2)

The notation qj(ci1) means : value of the jth property, taken the i1th chemical. If only one property is regarded, then for all chemicals a "less than or equal"-relation can be established. In general, several properties do not perfectly correlate. Hence, for -at least- some chemicals equation (2) cannot be established. These chemicals are called "incomparable". The definition (2) is called a product- (or component-wise ) order. Equation (2) obeys the axioms of order, namely 

· reflexivity (a chemical can be compared with itself)

· antisymmetry (if a chemical c1 is better than c2, then c2 is worse than c1) (or more precisely: c1 < c2 and c2 < c1 implies c1 = c2) and

· transitivity (if c1 < c2 and c2 < c3 then c1 < c3; c1,c2,c3 ( C).

A standard text about this kind of order relation can be found in [14]. Equation (2) can be used to derive a digraph, where the vertices are the chemicals and after reducing relations, due to transitivity, all remaining relations correspond to an arrow. Often this digraph is drawn in a way that a chemical cx worse than cy is located above cy. Hence the direction of the arrow (pointing to the worse chemical) can be derived from the location of cx and cy. These kind of visualization is known as Hasse diagram [14]. 

2.3
Data Handling

As a result of taking the set C of chemicals and the set IB of properties, a data matrix results. The application of (2) allows drawing a digraph. Then the system of lines of a Hasse diagram will be controlled by even smallest differences of the qj - values. Let q1,... qj-1, qj+1,... ,qm (m = |IB|) have the same values for c1 as for c2, if then qj(c1) = qj(c2) + (j then the equation (2) is fulfilled although (j has a negligible value. Similarly let q1,... qk-1, qk+1,... qj-1, qj+1,... qm of c1 have smaller values than those of c2, however qk(c1) = qk(c2)-(k and qj(c1) = qj(c2) + (j then both chemicals are incomparable, even if (k and (j have both negligible values.

It is a challenge for the mathematical chemist to improve this situation. He can do a classification for each of the properties and apply equation (2) only for class-scores sj ( IB instead of the original values of qj. This produces a particular order for each property. By this procedure equivalence classes arise, where the equivalence relation, A is:

ciAcj : ( sk(ci) = sk(cj) for all k.

(3)

Instead of ordering C, a partial order for C/A, the quotient set, is found. On the other hand, the researcher also can perform a cluster analysis (CA) by regarding all properties simultaneously. In the case of each element has (in general) a different set of qj properties it is possible to find similarities among the elements c ( C, where for each level of similarity c belongs to one cluster. A hierarchical order arises and it is possible to consider the map of classes (dendrogram) as a Hasse diagram. Once again an equivalence relation BS can be defined:

ciBScj : ( ci, cj belong to the same cluster
(4)

By the index S different maps (S: C ( C/BS according to the selected similarity level are indicated [10]. In mathematical terms these ci’s are equivalent, however the analyst knows that they are different by a degree, which depends on the similarity level.

The equivalence classes by (4) can be ordered applying equation (2) on their representatives. Hence a set of partial orders arise, depending on (S. Which of these partial orders solve at best the evaluation problem remains up to now open. Beyond this, a hierarchical CA may be not the most appropriate multivariate tool, however we can also use a non-hierarchical CA. In this case appear elements belonging to more than one cluster simultaneously (at the same level of similarity), then the construction of a Hasse diagram cannot be done. In general, when we apply CA (hierarchical) we add to the system, beside the topological structure due to the order relation, a structure of a tolerance space [15] or of a metric space due to in the majority of CA studies the similarities are calculated using metrics (distances) among the objects [16-18]. In both cases, previous classification of properties and classification of chemicals, some kind of arbitrariness results [11]. This fact is not to be seen in a critical view per se, as it may be the aim to find such a classification which reveals the clearest structure for a digraph, exhibiting the best  insight into the chemicals of set C. However, it is a very important step to understand the interplay between classification, the resulting digraph and the conclusions one can draw from the digraph.

3   Results

3.1 Application of EXWAT

The river Main in Germany was investigated with respect to its typical organic chemicals. In total 19 chemicals, PAHs, PCBs, chloroalkanes, NTA, EDTA and others were found. The data availability for all these chemicals was very poor. The general situation concerning the data availability of chemicals on the market can be characterized by their lack of data in environmental parameters. Significant in publicly available knowledge of existing chemicals were demonstrated already in 1999 by Allanou where the contents of the IUCLID (International Uniform Chemical Information Database) were evaluated [19]. A recently performed study on the availability of 27 environmental parameters in 12 large publicly available Internet databases revealed an alarming situation [20]. Confronted with that situation, the E4CHEM module DTEST had to be applied to fill up the gaps in the data set. After this, a data matrix with 19 chemicals and the following chemical properties results:

· Molecular weight

· log KOW (logarithm of the n-octanol-water partition coefficient, a measure for the hydrophobicity of a chemical)

· Henry law coefficient 

· Bulk degradation rate (known only for some few substances)

Together with environmental properties like the river morphometry, river currence, average wind speed, depth of the water body, organic carbon content in suspended matter as well as in sediments, porosity, etc. the model EXWAT could be applied and stationary solutions obtained. From EXWAT four descriptors were calculated, namely, volatilization, sedimentation persistence and advection. A chemical having high values in all four descriptors is considered as a prior chemical as it may exert harmful effects everywhere: A chemical time bomb due to accumulation in sediment, a global chemical due to high degree of volatilization, a chemical hazardous for the sea and no chance for degradation at all. As the fluxes have to balance out the input fluxes this situation may be considered as impossible, as a high value in one descriptor induces a low value in at least one other. However this balance is no more valid as the degradation flux has got a negative sign, in such a way that a high degradation flux is equivalent with a low persistence. By this manipulation it is guaranteed that for all descriptors a high numerical value indicates a potential adverse effect on the environment.

3.2 Classification

Now a data matrix results, consisting of 19 chemicals and four descriptors, and equation (2) can be applied and consequently a digraph constructed. However as a preprocessing step a classification was performed in order to avoid irrelevant data differences. In contrast to the use of models for prognosis this classification can be rather coarsely as the main characteristics of the chemicals are of interest. 

The descriptors were considered as random variables, where the values by the 19 chemicals are realizations by which a distribution function can be estimated. With the exception of the persistence, quartiles were calculated. If a realization falls in the first quartile the class-score got the value 0, in the second quartile, the class-score got the value 2 etc. Thus the following table results:

Table 1: Classification results of the descriptors

	Id
	name
	volat.
	sedim.
	persist.
	advect.

	1
	na
	3
	2
	2
	3

	2
	ph
	3
	2
	2
	4

	3
	py
	3
	3
	2
	4

	4
	fl
	2
	3
	2
	4

	5
	nt
	1
	1
	0
	1

	6
	ed
	1
	1
	1
	3

	7
	ch
	4
	1
	2
	2

	8
	tt
	4
	1
	2
	3

	9
	tn
	4
	1
	2
	3

	10
	tr
	4
	2
	2
	2

	11
	pe
	3
	2
	2
	3

	12
	12
	3
	3
	2
	2

	13
	13
	2
	3
	2
	2

	14
	14
	2
	4
	2
	1

	15
	15
	2
	4
	2
	1

	16
	16
	1
	4
	2
	1

	17
	17
	1
	4
	2
	1

	18
	at
	1
	2
	2
	4

	19
	no
	2
	3
	2
	2


3.3 Partial order applied on chemicals of river Main

Each row of Table 1 represents a chemical by the values of four scores. These four scores are examined with respect to equation 2. Instead of a boring table of (-relations the Hasse diagram is drawn (Fig. 2):

[image: image2.png]



Figure 2: Hasse diagram, based on the data of Table 1 and the order relation, equation (2). Only representatives of equivalences classes are shown (see text).

By the data handling procedures an equivalence relation, 'equality in the values of the descriptors' arises. Hence, the Hasse diagram shown in Fig. 2 the order relation is applied on the quotient set under this equivalence relation. The 14 equivalence classes are shown in Table 2:

Table 2: Equivalence classes due to the data handling procedure. All five classes contain only two equivalent chemicals.

	No
	Chemical members
	No
	Chemical members

	1
	tn, tt
	8
	fl

	2
	na, pe
	9
	nt

	3
	14, 15
	10
	ed

	4
	13, no
	11
	ch

	5
	16, 17
	12
	tr

	6
	ph
	13
	12

	7
	py
	14
	at


The digraph, (Fig. 2) can be schematically drawn as shown in Figure 3:
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Figure 3: Schematic representation of the digraph (Fig. 2).

Fig. 3 expresses that the digraph has three branches, mainly given by halocarbons (HC): tn, tt, tr and ch; PAH: py, ph, fl, na and pe; and PCB: coded by 12, 13, no, 14, 15, 16 and 17; and finally OTH: na, pe, ed, at and nt. The branch "HC" is related to chemicals with a high tendency to volatize. No other processes are of importance. The branch PCB is related to chemicals with a high tendency to sorption and by deposition processes to accumulate in the sediments. The branch PAH is the branch of "multimedia" chemicals. They have a moderate tendency to accumulate, however at the same time they are volatilizing. In the lower part of the digraph (Fig. 2) are the chemicals, subsumed under "OTH". These are chemicals which remain in the water body or which are degraded.

4    Summary and Discussion

Prescreening of chemicals cannot be done on the basis of the pure substance properties. The chemicals do not exert their activity in some kind of "Nirvana" but in concrete environmental realities [12]. The only way to combine substance properties is to use deterministic simulation models, by which a coupling of environmental and substance properties results. As output of such a model descriptors are generated, which are the basis for an analysis by partial order. The result of applying the component order as specified by equation 2 is a digraph which exhibits a characteristic fate structure together with a chemical's classification relating structural properties with relevant environmental processes. Although the data handling can be criticized as an arbitrary process the result seem to confirm this kind of data preprocessing. The general procedure of posets in chemistry is the definition of the ci’s through their qj’s. Second step is the preprocessing of the data to try to find equivalence classes in order to simplify the problem. One way to do this is the use of a classificatory system where the equivalence classes found are governed by the similarities among the properties qj of the ci’s. In this case the equivalence relation is a similarity relationship. Once we have a subset of C that contains similar ci’s then we select one of these ci’s ( subset as a representative of the equivalence class.  Finally this representative determines the topology of the Hasse diagram [16,21]. Although, due to the fact that there are several ways to do classifications, it is possible to say that the preprocessing (A) determines the Hasse diagram because different A’s may change the order relations (IB, it means A ( (IB. In order to be precise, the digraph is not only the visualization of "the" partially ordered set (C, (IB) where the index IB specifies the kind of order relation but (C, A ( (IB,). In other words, A is a aspect to consider in order to try to establish the mathematical structure [22] of the set C under study.

Let the digraph be as it was found, then still other questions arise, which are worth to discuss. Adding a greatest element, the mathematical structure of a lattice is revealed. By poset theorems [23] it can be deduced that this lattice has the partial order dimension 2. That means that instead of four descriptors two -hitherto unknown- latent variables are sufficient to construct an isomorphic lattice [14]. What are these latent variables and how can we characterize them? These questions are still open. An attempt to try to solve this is the use of principal component analysis [24], where the latent variables are linear combinations of the original variables qj. Another useful approach is the statistical technique of POSAC (partially ordered scalogram analysis with coordinates). The POSAC method reduces the data-matrix in finding a two-dimensional space preserving most of the original comparabilities. A given percentage of information is lost by this method. As theoretically an exact solution with two coordinates should be possible, there may be still numerical difficulties, such that POSAC does not find the correct solution. The background of the POSAC method as well as the mathematics in it, is described the textbook, entitled "Multiple Scaling" [25].  When only the volatilization and the sedimentation as descriptors are used (thus the IB is changed) a rather similar digraph results. Hence the role of degradation plays a minor role and advection may approximately be expressed by the other two fate processes. Thus, finally only two descriptors suffices, which may explain the 2-dimensionality of the partial order (shown in Fig. 2). 

This paper was motivated by the task, how a prescreening of chemicals can be done on a most objective way. The digraph (Fig. 2) is the answer. The chemicals which have no upper neighbor are obviously the most important one and are candidates for a more detailed analysis, including an ecotoxicological investigation. The Hasse diagram in Fig. 2 still allows favoring different protection aims. It was assumed that the relevant scenario is the scenario "river". A justification for this was that these chemicals are indeed found in the river Main. One may now argue that chemicals in rivers may exert only a local or rather restricted regional problem. In that case the hazard by volatile chemicals may not be as important than the hazard of chemical time bombs due to sedimentation. By such kind of additional information one can select one or two branches of major concern. 

It is felt that therefore this kind of analysis should be very helpful. 

References:

[1] EU, White Paper on the Strategy for a future Chemicals Policy, http://europa.eu.int/comm/environment/chemicals/whitepaper.htm.

[2] Ahlers, J., Schwarz-Schulz, B. and Stolzenberg, H. C. 2001. Strategie für eine zukünftige Chemikalienpolitik - Das neue EU-Weißbuch. UWSF - Z. Umweltchem. Ökotox. Vol. 13, No.2, 2001, pp. 75-78.

[3] Attias, L., Boccardi, P., Boeije, G., Brooke, D., Bruijn, J. de, Comber, M., Dolan, B., Fischer, S., Heinemeyer, G., Koch, V., Lijzen, J., Müller, B., Murray-Smith, R., Rikken, M., Tadeo, J. and Vermeire, T. 2005. European union system for the evaluation of substances: the second version. Chemosphere Vol. 59, ,2005, pp. 473-485.

[4] Heidorn,C. J. A., Hansen, B. G., Sokull-Kluettgen, B. and Vollmer, G. 1997. EUSES - a Practical Tool in Risk Assessment. In: Alef,K., J.Brandt, H.Fiedler, W.Hauthal, O.Hutzinger, D.Mackay, M.Matthies, K.Morgan, L.Newland, H.Robitaille, M.Schlummer, G.Schüürmann, and K.Voigt (eds), ECO-INFORMA'97 Information and Communication in Environmental and Health Issues, ECO-INFORMA Press, Bayreuth, pp. 143-146.

[5] Schneeweiss,C. Planung 1 - Systemanalytische und entscheidungstheoretische Grundlagen, Springer-Verlag, 1991

[6] Munda,G., Multi-criteria Evaluation as a Multidimensional Approach to Welfare Measurements. In: J. V. D. Bergh, and Straaten, J. V. D. (eds), Economy and Ecosystems in Change - Analytical and Historical Approaches, Edward Elgar, Cheltenham, 1997.
[7] Brans, J. P. and Vincke. P. H. A Preference Ranking Organisation Method (The PROMETHEE Method for Multiple Criteria Decision - Making). Management Science Vol. 31, 1985, pp. 647-656.
[8] Roy,B., 1990. The outranking approach and the foundations of the ELECTRE methods. In: Bana e Costa (ed.), Readings in Multiple Criteria Decision Aid, Springer-Verlag, 1990.

[9] Randic,M., The nature of chemical structure. J. Math. Chem. Vol. 4, 1990, pp. 157-184.

[10] Restrepo, G.; Llanos, E. J.; Villaveces, J. L. Trees (Dendrograms and Consensus Trees) and their topological information, in: Basak, S.; Sinha, D. K. (Ed.), Proceedings of the Fourth Indo-US Workshop on Mathematical Chemistry, University of Pune, Pune, India, 2005, pp. 39-62.

[11] Everitt, B. S. Cluster Analysis. Arnold Publishers: Cornwall, 2001; pp. 1-6.

[12] Schummer, J. The Chemical Core of Chemistry I:  A Conceptual Approach. HYLE 4-2, 1998, 129-162.

[13] Brüggemann, R. and Drescher-Kaden, U. Einführung in die modellgestützte Bewertung von Umweltchemikalien - Datenabschätzung, Ausbreitung, Verhalten, Wirkung und Bewertung, Springer-Verlag, 2003

[14] Brüggemann, R., Halfon, E., Welzl, G., Voigt, K. and Steinberg, C. 2001. Applying the Concept of Partially Ordered Sets on the Ranking of Near-Shore Sediments by a Battery of Tests. J. Chem. Inf. Comp. Sc. Vol. 41, 2001,pp. 918-925.

[15] Basak, S. C. and Grunwald, G. D. 1995. Tolerance Space and Molecular Similarity. SAR and QSAR Environ. Res. Vol. 3, 1995, pp. 265-277.
[16] 76. Restrepo, G.; Mesa, H.; Llanos, E. J.; Villaveces, J. L. J. Chem. Inf. Comput. Sci. Vol. 44, 2004, 68-75.

[17] Willett, P.; Barnard, J. M.; Downs, G. M.; J. Chem. Inf. Comput. Sci. Vol. 38, 1998, 983-996.

[18] Bock, H. H. Automatische Klassifikation, Vandenhoeck&Ruprecht, 1974.
[19] Allanou, R., Hansen, B. G. et al. Public Availability of Data om EU High Production Volume Chemicals, European. Commission, Joint Research Centre, Report EUR 187996 EN, 1999, pp. 1-21.

[20] Voigt, K., Brüggemann, R., Pudenz, S. (2004). Chemical Databases Evaluated by Order Theoretical Tools. Anal Bioanal Chem. 380, 2004, pp. 467-474.
[21] Restrepo, G.; Mesa, H.; Llanos, E. J.; Villaveces, J. L. J. Math. Chem. In press.

[22] Potter, M. Set Theory and its Philosophy. Oxford: Oxford, 2004; p. 72.

[23] Trotter, W. T. Combinatorics and Partially Ordered Sets Dimension Theory; John Hopkins Series in the Mathematical Science; The J. Hopkins University Press: Baltimore, 1991.

[24] Dunteman, G. H. Principal Components Analysis (Sage University Paper series on Quantitative Applications in the Social Sciences, No. 07-069). Sage Publications: Newbury Park, 1989; 96 pp.

[25] Shye S. Multiple Scaling. Elsevier Publishers, 1985























































































