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Environmentall  chemists study the behaviour of substances in the environment. 
Twoo ways can be distinguished. Firstly the behaviour of the substance in the 
presencee of other ones in air, water, soil, organisms can be studied. It is the 
chemicall  behaviour, the main focus in this thesis. Secondly the behaviour and 
effectss of substances on organisms can be studied, the toxicological one, not dealt 
withh in this thesis. 

Thee chemical behaviour is studied by measuring concentrations of substances in 
thee environment or in lab experiments. A disadvantage of the latter is the 
decouplingg of the process in study from other ones occurring simultaneously in the 
environment.. Special attention is given to these coupling aspects. Often 
concentrationss are very low, which has lead to the development of specific 
analyticall  methods. Direct functions of the concentrations of substances lead to the 
definitionn of chemical endpoints. 
Ann estimated 20 million substances are known presently of which around 125 000 
aree marketed in Europe. Owing to this large number mainly organic micro-
pollutantss are considered in this thesis like chlorobenzenes and haloalkanes. For 
mostt of these (marketed) substances the important environmental parameters, 
calledd endpoints, are not experimentally determined yet. It has lead to the 
developmentt of estimation methods, so-called quantitative structure-activity 
relationshipss (QSARs). 
Thee knowledge of the type of important environmental processes is integrated into 
fatee models. A fate model is in principle the reversed way. Given the endpoint(s), 
thee specific concentration relationship (s) and the total concentration, the 
concentrationn of the substance in each compartment can be calculated. This 
relationshipp can be simple like in a two-compartment system of e.g. «-octanol and 
waterr or complex including time aspects where many compartments and chemical 
processess are introduced. The latter is usually called a fate model and has the 
specificc character that it could incorporate coupling effects. These effects are 
dividedd in this thesis into a physical or irreversible and a chemical one. The former 
iss caused by the non-ideal behaviour of the chemicals and the latter by the presence 
off  the same substance in different chemical process equations. 
Fatee models, like EUSES used by the EU, estimate the risk of a chemical for men 
andd environment. This knowledge has often been obtained from other areas in 
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chemistryy and physics like thermodynamics. It has become an important one in 

environmentall  chemistry and forms the main focus in this dissertation. 

Summarizing,, the main objectives in this thesis are to introduce and evaluate 

thermodynamicc concepts and approaches for the environmental chemistry of 

organicc pollutants in: 1) the endpoints and their definitions, 2) explanation of their 

variancee using QSARs and 3) environmental coupling processes and fate models. 

Endpointss are classified into equilibrium partition and reaction ones and kinetic 
partitionn and reaction ones (Chapter 1.2). Endpoints can be well or ill-defined and 
off  a simple or composite nature. Many of the relevant endpoints are ill-defined and 
off  composite character. This makes the explanation of a sequence of endpoints in 
termss of a model difficult. 

AA sequence of endpoint values is obtained by measuring the concentrations of 
chemicals,, usually but not necessarily from the same class, in a single phase or from 
aa chemical in different phases. If these values differ statistically significantly it is the 
aimm to explain this variation. In this thesis thermodynamic concepts wil l be used. 
Thermodynamicss relate the endpoint to the energy content of the system and thus 
theirr variation is governed by the variation of thermodynamic functions and 
parameters.. In addition to the law of mass conservation it is based on three 
principles,, the conservation of energy, a distinction between reversible 
(equilibrium)) and irreversible (non-equilibrium) conditions of systems or processes 
andd the unattainment of the absolute zero temperature. The distinction between 
reversiblee and irreversible processes is based on the variation of the entropy which 
iss zero in the former and increases in the latter one. The latter is based on the 
balancedd entropy equation. Reversible processes are time invariant, they can be 
reversedd without loss of energy, while irreversible processes are not. 

Oftenn a thermodynamic model is not known to explain the variation of an 
establishedd sequence owing to e.g. the ill-defined character of endpoints. In that 
casee descriptors are selected and a correlation is looked for based on 
thermodynamicc concepts (Chapter 1.3). In general such a correlation is called a 
Quantitativee Structure-Activity Relationship (QSAR). Many different types of 
descriptorss and correlations are known. Descriptors can be based on the 
knowledgee of a model or are of a black box type. Correlations can be linear and 
non-linear.. The first one is generally selected when a model is lacking completely or 
thee exact model is not known. Statistical parameters like e.g. the regression 
coefficients,, confidence and prediction interval, determine the quality of the 
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correlation.. When a correlation is established it is sometimes possible to interpret 
thee derived regression coefficients, B's, by comparing the QSAR with an existing 
model.. However, their main function is the estimation of new values, necessary in 
policyy regulations or fate models. 

Bothh the endpoints and the descriptors in the correlations are related to 
thermodynamics.. Four types of thermodynamics can be distinguished in these 
correlationss (Chapter 1.4) which also make up Chapter 2 to 5 of this thesis: I) 
extra-,, II ) equilibrium-, III ) pseudo-equilibrium and IV) non-equilibrium 
thermodynamics. . 
Extraa thermodynamics is realized by the translation of the variation of the 
endpointss into a similar energy variation by thermodynamics. Such a correlation is 
calledd an extra thermodynamic one, since the correlation cannot be derived directly 
fromm the energy variation in the endpoints. It is especially applicable in case littl e 
informationn on a model is known. It is quite popular in environmental chemistry. 
Equilibriumm thermodynamics regard the environmental system, its endpoints and 
theirr descriptors as being in equilibrium. The fust advantage is that the 
correspondingg variation in the energy change can be subdivided into several well-
definedd parts. A second advantage is that other thermodynamic parameters can be 
derivedd by measuring the change in an endpoint value due to a system variable. For 
examplee a change in the temperature of the system leads to the entropy and 
enthalpyy value of the underlying process in the endpoint. 
Pseudo-equilibriumm thermodynamics is used for chemical kinetic endpoints. The 
chemicall  reaction is characterized by a reaction coordinate and an activation energy. 
Byy assuming that at each point of the reaction coordinate, including the Transition 
State,, local equilibrium prevails, thermodynamic equilibrium concepts can be 
introduced.. For many chemical reactions this is fortunately possible. Very few 
thermodynamicc relations are known that can relate the variation of the kinetic 
endpointss with other macroscopic equilibrium descriptors. However, with the 
introductionn of Quantum Mechanics the understanding of kinetic processes 
increasedd tremendous!.̂ Thus the variation of the chemical kinetic cndnoi.nts for a 
sequencee of substances are most often correlated to Q.M. derived descriptors for 
thee molecular system. However, these ones are of microscopic nature, making it 
difficul tt to relate them directly to their experimental values. 

Finallyy non-equilibrium thermodynamics includes all kinetic and equilibrium 
endpoints.. The kinetic processes are defined by the existence of forces and fluxes 
(bothh partition and chemical) with the specific property that the entropy of the 
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systemm should increase. If some forces are balanced a steady-state system is present. 
However,, the specific character of non-equilibrium thermodynamics is that forces 
aree coupled to each other. These coupling processes can be divided into a physical 
andd a chemical one. 

Ann important aspect in the four different types is that extra, equilibrium and 

pseudo-equilibriumm thermodynamic concepts are in general applied to closed 

systems.. This is not the case in non-equilibrium ones where open systems are used. 

Althoughh more complex, these open systems approach the environmental systems 

moree accurately. 

I tt is customary to divide the descriptors into three groups, macroscopic, 
microscopicc and ensemble types (Chapter 1.5). 
Macroscopicc descriptors can be measured or derived from other macroscopic 
thermodynamicc descriptors. Examples are the octanol-water partition coefficients 
orr the aqueous solubility as single and well-defined descriptors (or as endpoints) or 
thee reaction energy as a composite but well-defined descriptor. They are treated n 
thiss thesis. 
Microscopicc descriptors are obtained by solving the different Schrödinger 
equationss for the molecular system, by molecular mechanical force field 
calculationss or by simply dissecting the molecule into fragments. The latter are 
quitee remote from thermodynamic concepts and are not used in this thesis. Many 
approximationn methods are known for the electronic part of the Schrödinger 
equation,, which is the part mosdy used to derive the microscopic descriptors. 
Whilee each method calculates an exact value, different approximation methods lead 
oftenn to large differences in the value of the same descriptor. They are not used in 
thiss thesis. 
Ensemblee descriptors incorporate many-molecular phenomena necessary for a 
systemm at finite temperature and with or without molecular interactions. In this case 
aa Gibbsian ensemble of many identical states is defined and is used in the 
derivationn of the expectation value of the descriptors. Such descriptors approach 
thee macroscopic value but are only confined to equilibrium ones owing to the 
specificc nature of the Gibbsian ensembles. To include kinetic or time-dependent 
endpointss or descriptors non-Gibbsian ensembles need to be constructed. Kinetic 
ensemblee descriptors are more complex and are not used in this thesis whereas 
equilibriumm descriptors are. 

170 170 



Summary Summary 

Extraa thermodynamics, used in Chapter 2, compares the energy change of the 
processs to a similar one. It is the only type where correlations between both ill - and 
welll  defined, kinetic and equilibrium endpoints can be used and compared to well 
definedd thermodynamic descriptors. The main emphasis in extra thermodynamic 
correlationss is on their accuracy. In this thesis the well-defined endpoints of the 
octanol-waterr partition coefficients, KgHt and their aqueous solubilities, S  ̂ of fatty 
acidd esters were translated directly to their corresponding thermodynamic 
equilibriumm values. These thermodynamic values were correlated with the well-
definedd chromatographic capacity factor descriptor. The error in the established 
correlationn was found to be due to the correlation itself and not to the error in the 
endpoints.. Despite the good statistics obtained, small but significant differences 
weree found in the selected model compounds by simple residual analysis, violating 
thee assumption that errors should only be random. A good correlation gives a good 
estimationn of unknown values. Despite the good statistics, it was shown that the 
errorr of a new endpoint, the Henry's Law constant, was still quite substantial, 
renderingg it less suitable to be used in a fate model. The main cause is that the error 
inn the prediction value is (much) larger than the error in the derived correlation. 
Inn extra thermodynamic correlations the endpoints are related directly to their 
thermodynamicc parameter, neglecting the possible influence of the activity 
coefficient.. In the example used it was shown that the Kow and S  ̂ together still 
correlatedd significantly with the capacity factor, which is sometimes explained by a 
modell  including the activity coefficients (Muller et ai 1985). Outliers in a properly 
establishedd correlation are often interpreted as points that do not obey the model. 
Thuss the endpoint value contains a part where an unexpected property has 
appeared.. Such deviations are therefore useful to acquire new information on the 
modell  or the substance(s). Extra thermodynamic correlations are especially useful 
inn fate models since input data of ill-defined endpoints often are required, which 
onlyy need to be compared to other well defined equilibrium descriptors. 

Earlyy fate models were based on thermodynamic equilibrium concepts. They use 
bothh well and ill-defined endpoints. The last ones, therefore, need to be 
approximatedd as much as possible to well defined endpoints. The use of well-
definedd endpoints in equilibrium thermodynamics has specific advantages. In a first 
examplee (Chapter 3.1) the well-defined endpoints of the reaction free enthalpy of 
thee dechlorination processes of chlorobenzenes are derived and used to create a 
thermodynamicc model to calculate specific isomer ratios. In this model it is 
assumedd that all reactions proceed sufficiently slowly and that the reaction 
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mechanismm is similar for all dechlorination processes. The calculated isomer ratios 
aree then compared to literature results. It was shown that these calculated 
distributionn patterns correlated very well to values from abiotic dechlorination 
reactions.. Isomer ratios from biotic reactions seem to differ but the experiments 
weree not accurate enough to render such a conclusion. In this part two other 
exampless were given of the use of thermodynamics in this model. It was shown 
thatt the thermodynamic model could well explain the observed ratio change on 
temperaturee and that thermodynamics could explain why oxidation of a 
chlorobenzenee favours over a chlorination process under aerobic conditions. 
Inn a second example the specific role of the activity coefficient (Chapter 3.2) is 
highlighted.. In this case a model was used that incorporated the activity 
coefficientss of the substances in the GC-column material. The model could 
establishh pressure-temperature relationships, not only within the measured 
temperaturee range but also outside. This is especially important in environmental 
chemistryy where input endpoints in fate models need to be established at room or 
evenn lower temperatures. In the example given it was shown that both 
extrapolationn to lower and higher temperature lead to insignificant errors in the 
liquidd vapour pressure at room temperature and the boiling points of the group of 
fattyy acids that were derived from other independent methods. 

Chemicall  kinetic endpoints can also be modeled by thermodynamics. It is then 
assumedd that the kinetic process is governed by a sequence of thermodynamic 
equilibriumm steps and therefore relates the Transition State to thermodynamic 
equilibriumm properties. Owing to the increase in computer capacity the reaction 
coordinatee can be simulated on a molecular scale. The reaction coordinate is 
establishedd based on experimental data, followed by a simulation on a molecular 
scale.. At each position of the reaction coordinate, including the Transition State, 
thee time-independent Schrödinger equation is solved. In the Transition State the 
molecularr descriptors are obtained and correlated to the endpoints. 
However,, the incorporation of molecular interactions is not yet accounted for. 
Thereforee many Q.M. programs include a statistical thermodynamic interaction 
model,, neglecting molecular interactions, and thus accounting only for a finite 
temperaturee distribution of the molecules over the accessible energy' states. 
Molecularr interactions are sometimes accounted for in the Many-electron 
Hamiltonian.. Thus the QM semi-empirical program AM I includes in its 
Hamiltoniann a procedure to account for solvent interactions (COSMO). Using the 
statisticall  procedure a macroscopic value of specific thermodynamic descriptors 
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cann be calculated like the solvation energy of the reacting system in the Transition 
State. . 

Suchh a procedure has been ut-cd in Chapter 4 to establish a good correlation 
betweenn the experimental and calculated activation free enthalpy values of 
eliminationn reactions of small haloalkanes in water. It was, however, shown that the 
errorr in the established correlations remains quite large, making it unsuitable to 
predictt accurately specific isomer distributions or a preference of e.g. 
dechlorinationn over denomination. It was also shown that the established 
correlationn could not be related to the well-known Marcus model based on the 
statisticall  results. Another problem is that the values of the ensemble descriptors 
andd endpoints obtained from the QM-AM 1 package, varied significantly with the 
experimentallyy one derived from a thermodynamic cycle. Thus correlations 
betweenn experimental and theoretical endpoints or descriptors are not easily 
establishedd or used for estimation purposes. 

Inn Chapter 5 a start was made to investigate the nature and size of an irreversible 
andd partitioning processes for a specific environmental system, the gas-water 
exchangee process near equilibrium. In that case it was assumed that linear coupling 
effectss are present. It was showrn that the exchange rate depends mainly on the 
drivingg force, the difference in pressure between the two phases and the mass 
accommodationn coefficient, the number of effective collisions on the liquid surface 
leadingg to solvation. These factors could be derived for slightiy soluble substances 
byy a QSAR from the solvation energy, another example of an extra thermodynamic 
relationship.. The mass accommodation factors appear in the jump coefficients 
(Eqs.. 5.6), J3, from which the coupling coefficients where determined. Coupling 
effectss were quite small (<1% of the uncoupled value) for the chosen example of 
hexachlorobenzene,, something that can be expected since these coupling 
phenomenaa are based on the non-ideal behaviour of the substance in its 
environment. . 

Thee linear non-equilibrium thermodynamic model leads on a molecular scale to the 
definitionn of a Knudsen number. It is the resistance of the non-equilibrium gas 
layerr compared to the liquid one. This number is more appropriate to replace the 
unknownn values of the surface thickness layers in the well-defined model of Liss 
andd Slater. It was also shown how the resistance of the layer influenced the overall 
exchangee process for hexachlorobenzene and carbon dioxide. 
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Inn Chapter 6 the main conclusions are drawn with respect to the three objectives 
off  this study: the introduction and evaluation of thermodynamic concepts and 
approachess in, 1) the endpoints and their definitions, 2) explanation of their 
variancee using QSARs and 3) environmental coupling processes and fate models. 
Onn the endpoints and their definition the relation between the endpoint and 
thermodynamicss gives mainly three advantages. The first one is that the 
correspondingg energy change can be partitioned into well known other ones. The 
secondd one is the explicit treatment of interactions, either in equilibrium or in the 
kineticc process. The third one is the possibility to establish new thermodynamic 
endpointss by varying e.g. the temperature of the system. Such a procedure yields 
thee corresponding enthalpy and entropy of the process. 

Thee following limitations are found; the first one is the quality of the experimental 
endpointss and iil-definiteness of data. The confidence interval of the endpoints 
themselvess is often ignored in established correlations. Bad experimental data may 
hamperr the fundamental requirement that the error in the variation of the 
endpointss should be due to the error in the established correlation and not in the 
endpointss themselves, although this aspect is not specific to a thermodynamic 
approach.. It also hampers the interpretation of outliers in the correlation. The 
secondd one is the complexity of thermodynamic relationships, like the ones used in 
Chapterr 3.2. These complex relationships are also based on certain assumptions or 
requiree the knowledge of additional data like the vapour pressure and heat of 
vaporizationn of «-alkanes. Complexity in the relationships also arises due to the 
largee number of thermodynamic standards or reference states. Finally a specific 
errorr in thermodynamic correlations mav occur if the enthalpy and entropy values 
off  a process are established from the same plot. A direct correlation needs to 
distinguishh a chemical variation from a statistical compensation effect. 

Onn the explanation of the variation in endpoints using QSARs the following 
generall  conclusions could be drawn. As stated before, any QSAR hinges on the 
assumptionn that the error in the variation of the endpoints should be due to the 
errorr in the correlation and not to the error in the endpoints. Both well- and ill -
definedd endpoints, however, can often be measured accurately. The choice of 
descriptorss is based on thermodynamics in this thesis. It should be kept in mind 
thatt the actual fitting process establishes a series of constants, B's, that cannot be 
foundd from thermodynamics, but may be compared to thermodynamic models. All 
relationshipss therefore, bear an extra thermodynamic character. QSARs are mainly 
usedd in the prediction of endpoints necessary in fate models. They should be of 
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veryy high accuracy. This demands highly accurate endpoints and descriptors. This 
mightt be difficult to achieve in some cases. Especially in kinetic process the 
accuracyy in established relationships is often poorer than in equilibrium ones. In 
chemicall  reactions, like the formation of different isomers, a variation in error of 
100 kj in the reaction free enthalpy leads to a variation in formation of a pertinent 
isomerr between 1% and 99%. If one of the isomers is much more toxic than the 
otherr such a high variation may have large consequences. Such an error is easily 
obtainedd and, as shown in Chapter 3.1 and Chapter 4, one should be careful in the 
interpretationn of these types of QSARs. 

Macroscopicc descriptors are determined or derived from experimental values and 

ass such profit or suffice from the same type of advantages or limitations as the 

thermodynamicc definition of endpoints. In addition their accuracy should be higher 

thann of the endpoints. 

Thee advantage of microscopic descriptors is that they are calculated and therefore 
aree exact. Their value is unique, although it might sometimes be necessary to 
includee the statistical aspect of the wave function itself. However, the disadvantage 
iss that many calculation methods exist, leading often to a large variation in the 
descriptorr values. Such a large variation in possibilities makes it often difficult to 
reproducee the established correlation. Microscopic descriptors ignore the many-
bodyy interactions. The latter arise from the fact that the system is not fully isolated 
andd of a finite temperature. All atomic or molecular systems are either bosons or 
fermionss and should therefore be treated by quantum statistical mechanics. 
However,, for a finite temperature system of many particles and of low density and 
noo interaction, the quantum effects can be ignored and the classical procedure can 
bee used. Such a procedure is often incorporated in Q.M. calculation methods. 
Sometimess the Hamiltonian of the molecular system includes a correction term for 
solventt interactions. However, the ensemble descriptor in this case is found by 
usingg a non-interaction picture. Despite its conceptual drawback acceptable 
correlationn were found in Chapter 4 in the dechlorination or debromination 
T-MrHnnn of cm^l] ^al^alkanes in water thoueh not suited vet for predicting 
purposes. . 

Givenn the endpoints, including their concentration function, and the total 

concentrationn at / = 0, the fate model seeks to calculate the concentration of the 

chemicall  in specific compartments at different time. Extra and pseudo 

thermodynamicss are mainly used to obtain input parameters for the fate models. 
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Presentt fate models are based on the law of mass conservation. Earlier models (e.g. 
Mackayy I and II) relate the thermodynamic concept of the chemical potential to the 
fugacityy concept. In equilibrium all fugacity differences are zero. In addition the 
modelss assumed an instantaneous establishment of the equilibrium situation in 
definedd environmental system. Later models (e.g. Mackay III ) assumed a constant 
differencee in fugacity between the defined compartments in the environmental 
systemm or the concept of fugacity was completely abolished (e.g. Mackay IV or 
Simplebox).. The latter ones include specific time aspects (persistence or half time, 
DT50). . 

AA complete thermodynamic approach for fate models may have certain advantages. 
Suchh a model can include in a consistent way the characteristics of a real 
environmentall  systems like temperature, pressure and chemical potential of a 
compoundd in the defined compartments. Equilibrium and steady state conditions 
aree easily defined. Bulk constants and interactions (activity coefficients and 
couplingg constants) with other substances or heat flows can be included. In 
additionn the definition of endpoints is consistent with present fate models and a 
logicc connection between field and lab situations can be made (Section 1.4.4). 
Limitationss are, as for all models, the inaccuracies and ill-definiteness of endpoints 
andd specifically a higher complexity than current fate models. 
AA linear non-equilibrium themrodynamic (LNET) model showed that coupling 
coefficientss for contaminants are in general small, < 1% (Chapter 5). However, 
thesee effects could be higher in case of higher concentrations and inclusion of the 
influencee of sunlight or, in case of air-water exchange processes, the presence of 
non-perpendicularr flows in the boundary layer. It seems therefore that the physical 
couplingg phenomena are small for contaminants and thus the chemical coupling 
processes,, as included in current fate models, remain the most important ones. 
Inn addition non-equilibrium statistical thermodynamics defines the system in terms 
off  a reduced description because not all information can be retrieved from the 
system.. Depending on the interaction present, a hierarchy of time windows can be 
established.. Lately these time windows have emerged in environmental chemistry 
(e.g.. the fast/slow ad/desorption phenomena of chemicals to sediment). Both the 
conceptss of a fundamental lack of all information and the appearance of time 
windowss in statistical non-equilibrium thermodynamics could be useful in an 
applicationn to environmental systems. 
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