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GeneralGeneral Introduction 

Generall  introduction 

1.1.. Introduction 

Thee production and consumption of substances (chemicals) have a great impact on 

mankindd and its environment both positively and negatively. Any production or 

consumptionn creates matter and energy flows, which can be considered in many 

wayss e.g. economically, juridically, socially and scientifically, as in this study. Often 

muchh research is put into their negative effects. This might be in terms of 

increasingg scarcity and as such in the required substitution of chemicals or in 

pollutionn effects of the substance on the environment. Both effects have an 

importantt time aspect as shown by the increase of carbon dioxide in the 

atmospheree that started already in the 19th century, but whose effects are predicted 

too emerge in the 21st one. 

Thee flow of matter or energy depends heavily on the type of system and its 

compartmentss or thermodynamic phases. These compartments may be artificial, as 

inn a production process, or natural as in the environment. In the latter case control 

overr the flow is much more difficult to obtain. In environmental chemistry 

fundamentall  and applied research is focused on the behaviour of substances in 

ecosystemss and their flows of matter (Govers 1989). This behaviour concerns both 

thee dose (concentration available for uptake) and the effect of a chemical. An effect 

inn a certain compartment is not dependent on the mere presence of a substance but 

onn its concentration. Thus analytical chemical aspects are of primary importance. 

Thee analytical method has to measure low concentrations in a matrix, which 

containss many other substances. 

Inn the past and even up till  today negative effects are studied only after the 

chemicals'' surge in the environment, but gradually society demands a better 

predictionn of these effects to prevent potential harmful substances to enter in the 

environmentt or on the market. This has led to the development of "green 

chemistry""  (Anastas 1998, Roon, van et al. 2001) and of fate models, which can 

explainn measured concentrations and predict harmful concentrations even before 

theirr actual occurrence in the environment (Mackay and Paterson 1992). 

Inn any (fate) model and subsequent risk assessment it is necessary to introduce 

data.. We need endpoints, environmental parameters, to be used in models to 
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ChapterChapter 1 

predictt the fate of the substance in its abiotic and biotic environment (Govers and 

Kropp 1998). These endpoints can be divided into two categories; a) chemical 

endpointss related to the concentration of the substances in the different 

compartmentss of the fate model, that are the main focus in this thesis, and b) 

toxicologicall  endpoints related to a toxicological effect of these substances in an 

organism.. The chemical endpoint of a substance is related to its thermodynamic 

activityy and the toxicological endpoints to its toxicological activity. The important 

chemicall  endpoints related to concentration will be defined and classified in the 

followingg section (1.2). In addition this section will define the main characteristic of 

fatee models. 

Normallyy a sequence of values of a specific endpoint is measured. The sequence 

mayy consist of either different substances from the same chemical class in one 

phasee or of a single substance in a sequence of different phases/compartments like 

aa contaminant in water or in different organ tissues of an organism. If the sequence 

off  values of the specific endpoints leads to a statistically significant variation, it is 

thee scientific objective to explain its variation. This explanation, utilizing the 

approachh of Quantitative Structure-Activity Relationships (QSAR) can be based on 

aa well-founded theoretical model or bear a rather black box character. This will be 

summarisedd briefly in section 1.3. 

Onee of the most successful theories to understand the cause of the variation in 

chemicall  endpoints and the fate of a chemical in an (eco-)system utilizes the 

conceptt of the energy content of the system. The description of this concept is 

foundedd in thermodynamics. Our thermodynamic description of energy and 

materiall  flows are summed up in only a small number of concise axioms or laws; 

thee conservation of energy and mass, the distinction between reversible 

(equilibrium)) and irreversible (non-equilibrium) conditions of systems or processes 

andd the impossibility to reach the absolute zero of temperature. All other aspects 

aree deduced from these. Of these die distinction between equilibrium and non-

equilibriumm conditions is made by the introduction of the entropy, S, which 

remainss constant in the former (AS ~ 0) and increases in the latter (AS>0). The 

correspondingg energy change has resulted in the definition of a number of energy 

functionss of which the Gibbs free energy, G, or free enthalpy is the most important 

one.. This function includes the entropy change in addition to the energy or 

enthalpyy change. Chemists are especially interested in the energy change 

accompaniedd with a mass change of a specific substance. Owing to its importance 
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GeneralGeneral Introduction 

thee concept of chemical potential, //, was introduced. The connection to 

thermodynamicss of chemical endpoints, their prediction and explanation, and 

selectedd fate modeling aspects will be given in section 1.4. 

Thermodynamicss has made it possible to systematize the macroscopic information 

fromm various experiments and allows us to draw conclusions about, or predict, 

otherr aspects of the macroscopic behaviour of the system than measured. It is 

independentt of any other model or theory for the nature of matter. However, 

modernn physical chemistry attempts to understand the nature of processes in 

conceptss of atomic and molecular theory. Although thermodynamics does not need 

too use these concepts, they have provided us much more insight into the nature of 

thee processes and especially into the character of entropy. The link between atomic 

andd molecular theories on one side and macroscopic thermodynamics on the other, 

iss given by statistical thermodynamics. The interpretation of the processes and 

endpointss is often based on it. Section 1.5 shortly summarizes the main molecular 

theoriess of environmentally important chemical endpoints and QSAR descriptors 

derivedd from these. 

Inn section 1.6 the scope and objectives of this thesis will be given. 

1.22 Definition of endpoints and fate models 

Inn environmental chemistry the main focus is on the concentration of a 

contaminantt in a specific compartment (air, water, biota, sediment etc.). 

Concentrationn may var}7 or remain constant in the time period considered. When 

concentrationn varies with time the system is in a non-equilibrium and non-steady 

state.. One or more non-compensating (balancing) kinetic processes within the 

systemm or between the system and its surroundings occur characterized by kinetic 

constantss (endpoints with symbol k). As there is no general law stating that kinetic 

processess will always compensate or that systems should be closed, the non-

equilibriumm and non-steady state will be often found under field conditions. 

Whenn the concentration remains constant in time the system wil l be either in a true 

equilibriumm state or in a steady state. Anticipating on the main aims in this thesis, 

thermodynamicss can clearly distinguish these two. Equilibrium in the compartment 

orr system is reached when all the thermodynamic potential differences (forces) 

havee vanished or when no matter and heat flows are present anymore either within 

thee system or between the system and its surroundings. The system can be 
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ChapterChapter 1 

consideredd as closed and only contains equilibrium processes, characterized by 

equilibriumm constants (endpoints with symbol K). Steady state presupposes the 

presencee of compensating flows caused by compensating thermodynamic forces 

eitherr within the system or between the system and its surroundings (See section 

1.4.4).. The system will be open and may contain both equilibrium and kinetic 

processes.. These conditions may occur both in field and laboratory systems, 

whereass true equilibrium will only be approached in closed laboratory or 

hypotheticall  systems. 

AA second important categorization is often made by asking whether the 

concentrationn is a consequence of a partition process (and as such the substance 

remainss unchanged) or of a chemical reaction (and as such the substance has 

changedd or is changing). 

Accordingg to these categorizations the chemical endpoints (from now on only 

calledd endpoints unless specifically mentioned) connected to concentrations are 

definedd according to Eqs. la-d. 

KK — Cj fc equilibrium, partition (1a) 

KKrr
 = c y.c  ̂ —ha.a

t'cba— equilibrium, chemical reaction (1b) 

dc/dtdc/dt = k.(c-cj kinetic,partition (1c) 

dejdt-dejdt- kfc"a kinetic, chemical reaction (1d) 

Inn short, equilibrium partition constants, K ^ are mostly defined as the ratio of the 

concentrations,, c of a compound in the pertinent phases (compartments) / andy at 

equilibrium.. A more elementary equilibrium partitioning process is the equilibrium 

betweenn a pure liquid solute and its dissolution in a solvent such as water (solubility). 

Ann alternative elementary process is the solvation of the component from the gas 

phasee to the solution, denoted by the ratio of the equilibrium vapor pressure or 

gaseouss concentration over the concentration in solution (Henry's Law constant). 

Inn a similar way equilibrium reaction constants, Kn are defined as the ratio of product 

concentrationss c c, ... over reactant concentrations c cb , ..., all of these to the 

powerr of their respective stoichiometric coefficients y, S, (3, CC.... 

Partitionn kinetic or rate constants, kp connect the concentration, r, of the partitioning 

compoundd with the rate, dejdt, with / as time, in the rate Eq. lc, here given for a 

desorptionn process with c as the concentration of the compound in equilibrium. A 

moree elementary kinetic partitioning process is the diffusion of a compound in a 
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GeneralGeneral Introduction 

solventt driven by its one-directional, x, concentration gradient, dc/dx, and defined by 

ann endpoint called diffusion coefficient or diffusivity, D, via Pick's law: deldt ~ 

Dfdc/dx). Dfdc/dx). 

Reactionn kinetic or rate constants, kn connect the reaction rate with one or more of 

thee reactant concentrations. The concentration function is a product and/or power of 

compoundd concentrations, determining the order, n, of the rate constant. 

Whenn a kinetic process proceeds both in a forward and backward direction and both 

thee forward, k,, and the backward, k.u rate constant is of first order, then the 

equilibriumm constant, X, of the process equals kj k_v 

Inn practice the situation is much more complex, since the nature of many 

environmentall  endpoints is not clear and/or of a complex (composite) nature. Thus, 

endpointss can also be distinguished as well- and ill-defined, and single and composite 

ones.. Single endpoints like the w-octanol-water partition coefficients, Koan or the 

aqueouss solubility, S , pertain to one single process and are well-defined. Composite 

endpoints,, however, refer to the occurrence of more than one process in the model 

assumedd explicitly or implicitly and are either well- or ill-defined. An example of an ill -

definedd and composite endpoint is the aqueous concentration at which 50% of a 

certainn aquatic test organism dies within a time period of 24 h (LCS0 at 24 h). 

Althoughh this mosdy will be considered by experimental toxicologists as a 

toxicologicall  endpoint, it can be viewed as a series of chemical processes. The death 

off  the organism is probably caused by an often unknown combination of partitioning 

processess and/or biochemical reactions in its physiological (compartment) system 

andd the destruction of that system itself. The overall process may be considered as a 

kineticc one with reference to die required specification of the period of 24 h (w£ the 

half-lifee time of a chemical reaction). The increased use of physiologically based 

pharmacokineticc (PBPK) compartment models and in vitro model systems (De Jongh, 

1998)) may lead to better definition of ill-defined endpoints of the biological type. 

Ann example of a well-defined and composite endpoint is the mass transfer coefficient, 

vvunun of a pollutant for its flow from the water to the air phase. In this case, the stagnant 

twoo film (compartment) model for the process learns that 11vm - sJDw + ^.K'H/Da 

holdss (Schwarzenbach et al. 1993 pp. 220-225), with ^ ^, Dm and Da as film 

thicknessess and diffusion coefficients of the water and air side films of the interface 

andd K'H = cjcwa as the local equilibrium Henry's Law constant of the pollutant at the 

interfacee (see Figure 1). The expression can be derived after equating the steady state 
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flows,flows, Fa and F  ̂ through the stagnant air and water films, respectively. 

Concentrationss are denoted by c. In this case vu is a well-defined kinetic partitioning 

constantt composed out of two outer kinetic partition constants (D's) and one 

equilibriumm partitioning constant (K'^. 

Fromm both examples it becomes clear, that the availability and use of an explicit 

compartmentt model is essential to the dieoretical (and experimental) definition of an 

endpoint.. It is important to realize that knowledge of a model can change an ill -

definedd composite endpoint into a well-defined composite one. 

wel l -mixedd air 

s tagnantt water 

we l l -m ixedd water 

c.c.  cw„  c 

Fig.. 1.1 Stagnant boundary layer compartment model for air-water exchange of chemicals leading 

too a well-defined composite endpoint of vB (see text). 

Tablee 1.1 Classifying endpoints in four categories according to equilibrium (K)/kinetic (k) 

andd partitioning (p)/reaction (r) constants (see text for explanation of symbols). 

Endpoint t 

Equilibrium m 

Kinetic c 

Partitioningg constants 

Octanol-1/water:: K„w 

Bioconcentration:: K,^ 

Recentorr binding: K^ 

Diffusivityy in water: D 

Water-airr mass transfer :vtl 

Uptakee by organism": 1̂  

"Compositee process, constant well-defined. 

**Compositee process, constant (often) ill-defined. 

Reactionn constants 

Acidd dissociation: K, 

Gass phase reactions: K 

Redoxx reactions: K^,^ 

Hydrolysis:: khvd' 

Biodegradation'' : k,,10 

Lethality":: LC^ 
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GeneralGeneral Introduction 

Inn conclusion, endpoints are macroscopic quantities defined in terms of 

concentrationss in the compartment model equations. Table 1.1 gives a short overview 

off  the different classes and possible endpoints, which belong to a certain class. 

Startingg with the need for models to define endpoints in a proper way, one can define 

thee main characteristics of a fate model as well. In the definition of endpoints bv Eas. 

1.11 a-d concentrations are measured, mostly in laborator)' experiments in order to 

findd a value of the endpoint. In fate models the objective is the reverse: starting with 

knownn endpoints (input data for fate models) the objective is to predict 

concentrationss in the compartments or phases of the model or to explain measured 

concentrationss in these. However, the sole reverse of the procedure is not the only 

difference.. Fate models also combine much more processes and compartments than a 

modell  such as the stagnant boundary model of Fig. 1.1. In addition to a large number 

off  processes of the type classified in Table 1.1, fate models include many 

compartments,, also called thermodynamic phases or media, such as air, water, several 

typess of soils and biota and their sub-compartments such as particles in air and water, 

poree water in soils and sediments. Thus fate models, as the ecosystem itself, tend to 

bee ver)- complex and composite. The combination of these processes in 

compartmentss is based on the chemical coupling of processes (See also section 1.4.4) 

referringg to the notion that there is only one concentration of a certain chemical in a 

certainn (sub-)compartment and that this sole concentration may return in all equations 

off  the type of Eqs. la-d holding for the pertinent chemical. Real ecosystems contain 

manyy pollutants, which may mutually influence their behaviour. The inclusion of this 

typee of interaction (synergism, antagonism or plain additivity of behaviour) in fate 

modellingg is one of the main challenges in current environmental chemistry as 

reflectedd e.g. in the study of competition between contaminant molecules at high 

concentrationss (Cornelissen eta/. 1999) 

Afterr experimental determination of the value of the endpoints as defined above, 

onee would like to use theories enabling the interpretation and prediction of 

endpoints.. Similarly, but at the higher level of combined endpoint processes, one 

wouldd like to explore theories enabling the interpretation and predictions of 

concentrationss by fate models. As stated before thermodynamics will be used for 

bothh purposes (See section 1.4) of this study. 
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1.33 Explaining the substance and phase variation in endpoints. 

Supposee that for each of the substances or phases the value of a specific endpoint 

hass been measured and has led to a significant variation in this sequence of values. 

I tt is the main scientific objective now to explain the variation. Two extreme ways 

aree open. 

Firstlyy a theoretically well-defined model equation, or even law, (formula) could be 

availablee for this endpoint (dependent variable) as a function of input data 

(descriptors,, independent variables) characteristic for the pertinent substance and 

phasee without further fitting to experimental sequence data. An example is again 

thee mass transfer coefficient, van of a pollutant for its flow from the water to the air 

phase.. In this case, the stagnant two film (compartment) model for the process learns 

thatt 1/vt6l - %JDW + zrK'H/Da holds as described in the foregoing section. 

Knowledgee of the substance independent and phase dependent film thicknesses, $ 

andd the substance and phase dependent diffusivities, D, and Henry Law Constant, 

KKHH,, is sufficient to direcdy finding v  ̂ These input data could have been determined 

experimentallyy or, in turn, by theoretical estimation. It is assumed that the model 

explainss all the variation together with the substance and phase characteristic input 

data. . 

Whenn no model is available or the model is complicated it is necessary to develop 

aa relationship (equation) between the endpoint and substance or phase 

characteristicc descriptors by regression techniques prior to the utilization of this 

equation.. This is always necessary in case of ill-defined endpoints, for no model is 

knownn to explain the variation, but can also be used for well-defined ones, as 

shownn below. In any of these regression cases the value of endpoint or dependent 

variable,, j'„  of each substance or phase, /', out of a sequence is related to n suitable 

descriptorss or independent variables, xlV xl2, x,„  and coefficients, B0> B„ 

By,...By,... B„,  , to be fitted by regression, according to Eq. 1.2: 

j .. = B0 + B, .x,, + B2 .x,)2 + + Bn.x-JtB (1 -2) 

Suchh a result is normally called a Quantitative Structure-Activity Relationship 

(QSAR),, even in the case that the descriptors are not true structural parameters 

(Goverss et al. 1998). Coefficients, B  ̂ B„  B2,... B„,  wil l be independent of the 
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individuall  members of the sequence, but are characteristic for the whole sequence 

itself.. The variation in the endpoint is completely explained now by the variation in 

thee descriptors and not by the (linear) form of the model equation as we do not 

knoww whether in reality there is a linear relationship between descriptors and 

endpoints.. The absence of a theoretical fundamental of a QSAR equation will be 

furtherr enhanced when also the descriptors do not originate from a sound physical 

chemicall  model for the pertinent endpoint. In that case the whole equation bears a 

blackk box character. 

Quitee a number of ill-defined endpoints in environmental chemistry are used as 

inputt parameters in fate models. As such the QSAR merely needs to predict the 

fatee model input value and predictive statistical aspects govern the relationship 

insteadd of understanding the QSAR relationship itself. However, the draw back of 

thesee black box QSARs for these purposes concerns the scope of the QSAR, i.e. 

thee type of substances or phases it will hold for, and the impossibility to find the 

causee of outliers in the predicted endpoints. 

Thee QSAR may also aim at explaining the variation of ill-defined endpoints in 

termss of a physical chemical model. In this case a physical chemical base of the 

mathematicall  form of the relationship and of the descriptors are hypothesi2ed. The 

statisticss of the relationship derived is important in that it demonstrates which 

descriptorss are significant. This might provide insight into those processes or 

phasess which make up the complexity of the endpoint. In that case the QSAR 

equationn will contribute to turning the ill-defined endpoint into a well-defined one. 

Inn this way it was found out that the «-octanol-water partition coefficient was a 

goodd descriptor to explain a larger part of the variation in some important ill -

definedd environmental and biological endpoints. This descriptor pointed at the 

importancee of organic material (e.g. in soils or biological membranes) to water 

partitioningg in the overall processes of sorption, bioconcentration, biodegradation 

orr lethality. 

Bothh predictive (black box or model based) and explanatory (model based) QSARs 

aree utilized in case of well-defined endpoints. Well-defined endpoints, in addition, 

cann be used as explanatory descriptors for another well-defined endpoint. In that 

casee the extent of similarity or analog}' between two types of endpoints or 
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processess will be elucidated. The two endpoints may be connected to quite 

differentt sciendfic areas such as aqueous solubility and chromatographic retention. 

Whenn the endpoints are direcdy propordonal to the descriptors, the QSAR, such as 

Eq.. 1.2, is linear. In case nothing or ver)' littl e is known of the cause of the 

variationn in the endpoints, linear QSARs are the only options. In case something of 

aa model is known, non-linear dependence of the endpoints on the descriptors can 

bee assumed. As an example, the stagnant two film (compartment) model as discussed 

beforee learns that the mass transfer coefficient, v  ̂ of a pollutant for its flow from the 

waterr to the air phase obeys the non-linear relationship 1/vM — Z.JD  ̂ + ZfK'H/Da
 o r 

ll\r:\r:  ~ 1! (\»lDv + ^K'H/DJ. When one assumes the film thicknesses, % to be 

independentt of the pollutant, a QSAR for the endpoint vM could be built with the film 

tiiicknesstiiickness as substance independent B coefficients to be fitted and the diffusivities, D, 

pluss Henry's Law constant, K!h as pollutant characteristic descriptors. 

Anyy good QSAR establishes a high explanation of the variation and leaves a small 

onee not explained by the model. The unexplained variation, normally called the 

errorr function, must show specific behaviour in order to decide whether the 

establishedd QSAR is a good one from a statistical point of view (Myers 1991). 

Severall  derived statistical parameters must hold for a reliable and accurate QSAR 

equationn such as the standard error of regression, the correlation coefficient, the F-

testt value and the confidence limits of the B coefficients derived (Myers 1991) 

Inn conclusion, in order to derive and utilize a quantitatively and qualitatively sound 

QSARR a procedure should be followed, which consists of a number of steps: 1) 

Formulationn of the objectives, 2) Definition and data collection of the endpoints, 3) 

Choicee of the descriptors, 4) Derivation and validation of the parameters, B, 5) 

Validationn of the correlation and 6) Application of the validated equation within its 

scope. . 

Onee of the objectives of this thesis is to relate the endpoints and descriptors using 

aa thermodynamic approach. Thus thermodynamic definitions of endpoints, 

descriptorss and general form of the QSAR relationships are required. However, the 

scness or sequence constants B0, B,, B2>... B  ̂ cannot be explained by or found from 

thermodynamics.. Therefore, our QSARs are essentially extra-thermodynamic 

relationshipss as will be explained in section 1.4.1. 
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1.44 Thermodynamic approaches for endpoints, their prediction and 
explanation,, and fate modeling 

Inn environmental chemistry up till today, mainly equilibrium thermodynamics, or 

noo thermodynamics at all, is applied with respect to processes, their endpoints, the 

predictionn and explanation of endpoints and fate models (Schwarzenbach et al. 

1993).. Four approaches are open for the introducdon of thermodynamics in 

environmentall  chemistry, here denoted by: 1.4.1 extra-thermodynamic 

relationships,, 1.4.2. equilibrium or reversible thermodynamics, 1.4.3. pseudo-

equilibriumm thermodynamics and 1.4.4. non-equilibrium or irreversible 

thermodynamics. . 

1.4.11.4.1 Extra-thermodynamic relationships. 

Endpointss can be transformed into equilibrium and rate constants and their 

associatedd free enthalpy changes, AG and AGn, as will be treated in sections 1.4.2. and 

1.4.3.. In case the endpoint is ill-defined it can be realized that many other processes 

mayy lead to similar or analogous free enthalpy changes. Thus a simpler and easier one 

cann be defined with similar changes in free enthalpy. Such a comparison is not 

prohibitedd in thermodynamics because only the energy content is considered, neither 

cann this comparison be derived from thermodynamics itself: it is called an extra 

thermodynamicc relationship. It can be applied to both equilibrium and kinetic 

endpoints.. As suggested in section 1.3. the comparison can be carried out in two 

ways,, either with respect to similarity in phases, p, of the endpoint process and of the 

analogouss descriptor process, q, or to similarity between one (endpoint) chemical, x, 

andd another (descriptor) chemical, y. Thus it focuses on the relationships among rate 

andd equilibrium constants of related processes and series of chemicals or phases. The 

bestt known ones are the linear free energy (enthalpy) relationships (LFERs) of the 

typee of Eq.1.3. 

AG;; = BQ +£/?, *AG;_X +£/?, * Acrp (1.3) 

Thee relationship is most useful when j approaches x or q approaches p as much as 

possible.. This is accomplished by using a range of similar substances and/or related 

butt well-defined similar phase changes. An example is the use of well-defined phase 
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changee of compound transfer from water to «-octanol (Kou/ AG0!i) as a descriptor for 

diee ill-defined phase change endpoint of transfer of the compound from water to an 

ill-definedd organic material phase of sediment or soil particles (K  ̂ AG J for a senes of 

chemicals.. Such types of QSAR relationships between equilibrium partitioning 

processess are commonly denoted as Collander relations (Brezonik 1990). Another 

examplee refers to the similarity between different kinetic processes with similar 

substituentss or a specific chemical reaction and different substituents like the 

Hammettt relationships (Brezonik 1990). The important point in these extra-

thermodynamicc relationships is that one should be aware of their limited scope and 

validity.. Extra-mermodynamic correlations are very popular in environmental 

chemistry,, mainly because environmental parameters are quite complex in character 

andd often ill-defined, and comparative, descriptor, parameters such as K0IV are easily 

determinedd for the pertinent substances. 

1.4.21.4.2 Equilibrium thermodynamics. 

Equilibriumm thermodynamics can be introduced straighdy into the equilibrium 

processs equations for partitioning (Eq. 1.1a) and reactivity (Eq. 1.1b) after 

substitutionn of equilibrium concentrations, c„  by equilibrium activities, at = y^xh with yi 

-- the activity coefficient of substance, /', in the pertinent phase and xt = the mole 

fractionn of this substance or another concentration measure. 

Here,, the activity coefficient accounts for intermolecular interaction and its effect on 

thee enthalpy (AH) and entropy (AS) change by the process. Since only the equilibrium 

statee of the system is regarded, it is called equilibrium thermodynamics. According to 

equilibriumm thermodynamics (Atkins 1995) K, the endpoint K  ̂ or Kr of Eq. 1.1a or 

1.1b,, is directly related to the Gibbs free energy or free enthalpy change, AG0, by Eq. 

1.44 on assuming that the activity coefficients remain constant (ideal behaviour): 

AGAG ~ AH -TAS and AG0 = -RT/nK 
(1.4) ) 

withh R = gas constant and T = temperature in Kelvin. AG0 refers to a difference 

betweenn a mole of products (reaction products or compound transferred to the 

otherr phase) and a mole of reactants (reactants of the reaction or compound in the 

onee phase before transfer to the other phase of the partitioning process). When the 

enthalpyy and entropy contributions to the free enthalpy are independent of 
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temperaturee within a certain range of temperatures, Eq. 1.4 directly learns that 

dlnK/d(1dlnK/d(1 /T) ) = - AH°/K This van 't Hoff equation offers a possibility to measure 

thee enthalpy contribution by plotting UK against 1/T. 

Forr a reaction, the Gibbs free energy, AGn is by definition related to the Gibbs free 

energiess of formation, AG* of the components from their elements according to 

Eq.. 1.5: 

AGAGrr =Y.AGf>c +S.AGp +... -aAGu -/3,AGf>b -... (1.5) 

Whenn the reaction takes place in a solvent (e.g. water) instead of the gaseous phase, a 

correctionn employing the respective Henry's Law constants is required (Krop et ai, 

1994;; Cramer and Truhlar, 1995). 

Equilibriumm conditions of a system or fate model, in which several equilibrium 

processess take place in a number of phases (compartments), refer to constant values 

off  the thermodynamic potentials, jl t = (dG/dmJpj^- = fi° +KTkal (with P = pressure, 

mm - mass and {if  - pure compound reference thermodynamic potential of each 

compoundd / in the Raoult convention), and to constant values of temperature and 

pressuree in each of the phases of the system. Moreover, for a reaction equilibrium the 

stoichiometricc sum of the thermodynamic potentials of products and reactants fi — 

y.jly.jlcc +djUj  +... -djUa -P.fJ.h -... = 0. Instead of the thermodynamic potential also the 

equivalentt concept of the fugacity of a compound in a certain phase may be used. 

Thus,, the influence of environmental conditions (T, P and concentrations) on K (and 

thee contributions of enthalpy and entropy to K) can be studied in addition to the 

equilibriumm concentrations in closed systems (Mackay and Paterson 1992). 

Inn addition, a main aspect of the conservation of energy in thermodynamics is the use 

off  thermodynamic cycles between thermodynamic states, characterised by state 

functionss such as (Gibbs) free energy. These state functions are independent of the 

wayy they were reached, leading to possibilities of indirect quantitation of their values 

(seee Fig. 1.2), provided standard (reference) states are defined properly (Grant and 

Higuchii  1990; Cramer and Truhlar 1995). 
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a.. Solubility and 
solvation n 

b.. Solvation and c. Compound and 
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Baqq Aaq R, , 
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Figg 1.2 The use of thermodynamic free energy (AG) cycles in order to define (a) the difference 

betweenn solvation (solv) from the gas (g) phase and solubility (s) from die liquid (1) phase of a 

compoundd A; (b) the influence of solvation of the gas phase reaction (r) A —> B into the aquatic (aq) 

phase;; and (c) the free energy differences between a compound A and a reference compound R in 

thee gas phase (AGt) and in the aquatic phase (AG,). 

I nn equilibrium thermodynamics well-defined free enthalpy differences are 

distinguished.. Such a distinction has the great advantage that the free enthalpy of the 

specificc process or a specific endpoint can be separated into other well-defined 

descriptorr steps and associated free enthalpy differences by the use of thermodynamic 

cycless or analog}' reasoning in QSAR (See section 1.4.1). Thus in equilibrium 

thermodynamicss the following type of QSARs are developed 

(Eq.. 1.6): 

AG,, = £0 + X F . * / (AG; ) (1.6) ) 

wheree AGX ' are other free energy descriptors directly related to the pertinent process 

andd ƒ refers to an arbritary function. 

1.4.3.1.4.3. Pseudo-equilibrium thermodynamics. 

Equil ibriumm thermodynamics may also enter into the kinetic endpoints. This is 

possiblee if one regards the kinetic process as a sequence of reversible processes. As 

inn the van 't Hoff equation for equilibrium endpoints, the kinetic endpoint of a 
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givenn process is measured at different temperatures and fitted to the Arrhenius 

equationn In k — In A - EJRT where A is the pre-exponential factor and Ea is the 

activationn energy of the process. However, A and Ea can only be linked to 

thermodynamicc energy funcdons with the use of some assumptions. These 

assumptionss must be fulfilled primarily before one can use equilibrium 

thermodynamicss in these cases and is therefore not valid for all kinetic processes. 

Becausee of the inclusion of extra (molecular) assumptions one speaks of pseudo-

equilibriumm thermodynamics. The extra assumptions are based on the concept of 

thee activated or Transition State (TS) of reactants or a partitioning solute (Connors 

1990)) to which (pseudo-equilibrium) thermodynamic properties are attributed such 

ass AGU, the Gibbs free energy of activation. It is postulated that the latter is related 

too the rate constants of Eqs. 1.1c-d via Eq. 1.7: 

AG*AG* = -RTlnk (+constant term) = AH* -TASn (1.7) 

I tt is assumed that in the TS local equilibrium prevails. Experiments have established 

thatt for many common chemical reactions such an assumption is justified. 

Thee constant term equals RT/nfkT/b), with k and h as Boltzmann's and Planck's 

constantt respectively. It stems from the vibrational mode in the transition state 

complex,, leading to transmission to the product. In the molecular picture one of the 

vibrationn of all possible vibrations has been omitted and is used to define the rate of 

productt formation. Through this vibration the characteristic time aspect enters in to 

thee equation. Similar to Eq. 1.4, AG* and AH* can be composed out of the differences 

betweenn formation properties of the transition state and the reactants in the case of a 

reaction.. Also the reaction rate constant will depend on the medium (solvent) in 

whichh the reaction proceeds. 

Pseudo-thermodynamicss regards the kinetic process as a sequence of reversible steps 

betweenn the reactants and products. It is therefore of no surprise that one may expect 

QSARR relationships between the experimental measured activation energy (AG*) and 

thee corresponding thermodynamic free enthalpy of the reaction under standard 

conditionss (AG0) for a series of compounds. One of the most successful relationships 

iss a quadratic one of the type (Eq. 1.8) 

AG*=BAG*=B00+BA(?+BA(?rr+B+B22(&C?(&C?rr))
22 (1.8) 
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thatt can be related to the Marcus equation (Connors 1990), Eq. 1.9: 

AGTT = AG; + 0.5AG°+-^-T(AG°r )2 (h 9) 
00 ' 76AGJ 

wheree AG J is the (electronic) reorganization energy; the activation energy associated 

withh a reaction free enthalpy, AG°„ of zero (0). Comparing Eq. 1.8 and 1.9 one can 

easilyy see that in the QSAR Eq. 1.8 B0 and B2 should, theoretically speaking, 

dependentt from each other, which would lead to a non-linear relationship of B2 = 

1/(16B1/(16B00). ). 

1.4.4.1.4.4. Non-equilibrium thermodynamics. 

Inn non-equilibrium or irreversible thermodynamics (Prigogine 1961, de Groot 1966) 

Gibbss free energies and other thermodynamic quantities are defined also for the non-

equilibriumm states in compartments with non-equilibrium values and gradients of 

thermodynamicc potentials (activity coefficients and concentrations) of compounds, 

pressuree and temperature. Rather than using the free enthalpy change, the entropy 

producdonn in time, (7 - dS/dt, is the central quantity. The change of entropy can be 

calculatedd from the normal equilibrium equation, TdS = dE +pdV -Z}J,^nt. Using this 

equationn it is assumed that equilibrium prevails under local conditions but not yet in 

thee complete system. All processes that occur under local conditions have already 

relaxedd to their equilibrium or steady state situation but not yet the complete system. 

Thee description of relaxation processes with inclusion of non-equilibrium processes is 

thee fundamental aspect in non-equilibrium thermodynamics. Deviations from 

equilibriumm values, c.q. concentrations as in Eq. lc, are considered as driving forces or 

affinities,, Xh for flows, ƒ,, of material (compounds) and heat. Internal entropy 

productionn is equated to the sum of XJI terms and is minimal or zero in the case of 

steadyy state and equilibrium, respectively. Irreversibility enters into entropy 

productionn equation by the assumption that each flow depends on all other forces 

presentt in the system. It is a consequence of the omnipresence of interaction 

potentialss and impossibility to define fully isolated systems. In the limit of linear non-

equilibriumm thermodynamics (LNET), flows are assumed to be linear functions of 

forces:: / , = L,,.X, +L I2.X2 + ..., where Lff are phenomenological or coupling con-

stants.. In simple cases, when only one ƒ X, term is present, the coefficients Ls can be 
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relatedd to the flux or rate constants, k. Simple cases are for example diffusion, 

vaporization,, heat conduction etc. In all these cases die resulting flow is vectorial, they 

havee a specific direcdon. 

Sincee in environmental chemistry chemical reactions are considered, die coupling 

pnL i l * j i i i ( _ I i . aa a l e IJU<JJ-C v^LnlijjiJ^tin-vj . U>_v_ai-0<_ i l u b \.*.I\*LI.XA\,UJ.  «„^v^j-ui^ , m.«.j  w^-v..-^ . 

However,, this is completely different from the physical or irreversible coupling in 

non-equilibriumm thermodynamics. To understand this difference we use die 

followingg reasoning, which is important to understand the relationship between 

laborator}'' systems or fate models and the real ecosystem. Suppose two chemical 

reactionss occur at the same time in an environmental system, A —> B and C —> D, 

andd the objective is to study in a lab system one of them, e.g. A —> B. Then in the 

fieldd to lab transfer we loose die possible coupling of the two processes. 

Firsdy,, physical or irreversible coupling is lost as follows. Since we are dealing with a 

chemicall  reaction a chemical flux occurs, given by ƒ . Its size is given by the 

differencee of the forward and reverse reaction rate, v+ - t\ Given in activities, a, of 

thee substances we may write (Eq. 1.10) 

JJchch=v=v++ -v-v =k+aA-k_aB. (1.10) 

wheree k refers to intrinsic rate constants for the pertinent process. We can define 

thee thermodynamic activity of the substance, A, in two ways, a chemical one and a 

thermochemicall  one. The chemical one is defined by aA^{AcA
nA, where yA is the 

activityy coefficient belonging to substance A, c its concentration in the pertinent 

phasee and nA is the order of the reaction for A. The thermochemical one is defined 

ass aA=yAcA
K4j where the difference is now that the exponent of the concentration is 

givenn by VA, the stoichiometric coefficient of the reaction. Thus only if die order of 

thee reaction for A is equal to its stoichiometric one and no other substance appears 

inn the rate equations, they can be related to the (time dependent) thermodynamic 

affinityy of the defined reaction (Garfinkle 1983). With this in mind we can write the 

twoo chemical fluxes of both processes 1 (A -» B) and 2 (C —> D) as follows: 

J?J? = v2+ -v2. =k2j /*  -k2ycc? =*; +c? -*;_ # 
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Inn Eqs. 1.11a and b, k \ refers to the experimental measured rate constants. In case 

off  an ideal solution, often approximated by a dilute one, the experimental rate 

constantt is equal to the intrinsic rate constant defined in Eq. 1.10. The activity 

coëfficiëntt of A, yA, in the environmental system is a function of the presence of all 

otherr substances present in the system, YA~f(cA, % cQ cD, c^J, where rv refers to the 

presencee of a solvent and/or inert gases present in the pertinent phase. If we 

transferr the process A —> B to the lab system, wTe loose the interaction term of yAi 

withh the substance C, D and N. This loss of coupling is called the physical coupling 

betweenn the two chemical reacdons and corresponds to the irreversible coupling 

discussedd here. It is thus fundamental to realize that this type of coupling is caused 

byy the non-ideality of the substances in the (environmental) system (Fishtik et a/. 

1996). . 

Secondly,, the loss of chemical coupling can be understood as follows. Chemical 

couplingg is caused by the fact that one or more of the substances A and/or B 

returnss in the other process, e.g. A might be equal to D or B to C etc. In that case 

wee loose the existing chemical coupling by the transfer to the lab. At the end of the 

labb studies we may combine the different chemical uncoupled reactions again to 

modell  the environmental system. This is the basis of the existing fate models, 

currentlyy used in environmental chemistry. Because of the possible large number of 

chemicall  reactions the pertinent substance is participating in the undefined 

environmentall  system, it still remains difficul t to approach reality in this aspect. 

Chemicall  reactions lead to a number of differential equations, wiiich can show, 

underr certain conditions, non-linear behaviour like chaos, instabilities followed by 

bifurcationss (Progogine 1961, Scott 1991). However, this type of behaviour is not 

studiedd in this thesis. 

Thee chemical flux, ƒ*, is usually defined in one phase, neglecting surface phenomena, 

andd as such is not regarded as a directional process. It is regarded as a scalar. In non-

equilibriumm thermodynamics one has to take into account the possible coupling of the 

differentt fluxes, J. In case of a chemical reaction and a heat conduction process the 

couplingg of the chemical reaction with the heat conduction process (Jc\f) has to be 

takenn into account. However, Jh is a scalar and fh is a vectorial flux and the resulting 

couplingg between the two vanishes, (fh,fh) = 0. Only fluxes with a similar symmetry-

cann lead to coupling phenomena. The coupling of the chemical reaction caused by the 
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non-idealityy is also a scalar but now coupling with other substances or the solvent 

mayy occur. In conclusion: in non-equilibrium thermodynamics the matrix L in J = 

LXX contains non-zero non-diagonal values in those cases where the pertinent fluxes 

possesss the same symmetry. It is possible to diagonalise the matrix, but the resulting 

elementss L 'fl contains then values of JL̂  and L,y. This is problematic in case of the 

establishmentt of a QSAR for this type of endpoints since die resulting descriptors 

mightt not be orthogonal anymore, an undesirable aspect in a QSAR. Thus non-

equilibriumm thermodynamics has no advantages with respect to the prediction or 

explanationn of endpoints by QSAR. However, it could have advantages in fate 

modelling.. In current fate models the physical or irreversible coupling is not 

accountedd for. Although non-equilibrium thermodynamics has perspectives for 

describingg non-equilibrium compartment models and coupling of processes 

(synergism,, antagonism, active membrane permeation) (Baranowski 1991, Doney 

1994,, Mclnerney and Beaty 1988) in a consistent way, it remains to be determined 

whetherr their magnitude corresponds to observable effects in environmental 

chemistry. . 

1.55 System levels of thermodynamic and related descriptors. 

Startingg with the level of fate models and their approach by equilibrium (Section 

1.4.2)) and non-equilibrium (Section 1.4.4) thermodynamics we may descend to the 

levell  of separate processes and their endpoints. We now ask what type of 

thermodynamicc and related descriptors are available for their prediction and 

explanationn of variance by QSAR (See also Sections 1.3, 1.4.1). The endpoints, 

definedd in Eqs. 1.1 a-d can all be converted into a macroscopic thermodynamic 

propertyy as shown in sections 1.4.2 and 1.4.3. They are the dependent parameter of 

ourr QSAR equation, which can be correlated by LFER to other macroscopic 

thermodynamicc descriptors as shown in section 1.4.1. 

Withh the development of kinetic theory at the end of the 19th century and the atomic 

theoryy at the first half of the 20th century a large number of electronic, atomic and 

molecularr descriptors were introduced, useful in the understanding and prediction of 

endpoints.. In addition, these descriptors can often be found by calculation, whereas 

thee macroscopic descriptors often have to be measured. It is therefore desirable to 

distinguishh a macroscopic and a microscopic (atomic, molecular) level of descriptors 

(independentt parameters) in QSAR and to understand the relationship between these 
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levelss based on the concept of an ensemble of possible structural configurations of 

thee system. 

Macroscopicc (1.5.1), microscopic (1.5.2) and ensemble (1.5.3) levels are fundamentally 

differentt and from a theoretical point of view should not be intermingled. 

Unfortunatelyy this is often omitted in the development of QSARs and one may 

encounterr in the same QSAR both macroscopic and microscopic descriptors like Koa, 

andd HOMO or LUM O energy. The section below will only review main 

characteristicss of the descriptors and is not meant to be exhaustive. 

1.5.1.1.5.1. Macroscopic level descriptors. 

Ass discussed before, macroscopic level energy or entropy descriptors are all derived 

fromm other macroscopic thermodynamic values. Thermodynamic deductions make 

thee connection from these descriptors to the endpoints. Many of these macroscopic 

modelss are found in Reid et al. (1987). They mostly refer to equilibrium endpoints 

andd descriptors using linear (LFER) or non-linear free enthalpy relationships. QSARs 

describingg kinetic endpoints with macroscopic thermodynamic descriptors are more 

limited.. Murdoch (1983) has reviewed a number of models to describe the free 

enthalpyy of activation, AG\ and extra thermodynamics is used in e.g. Bronsted 

models.. Important in these kinetic models is the separation of the experimental 

activationn energy, AG\ into an electronic and a reaction part. The electronic part, 

AG*AG*0>0> is generally called the (electronic) reorganization energy and corresponds to the 

activationn energy of the identity reaction, where AGr° = 0. One of the well-known 

modelss is the earlier introduced Marcus equation. If in Eq. 1.9 16 AG+0 >>  (AGr ƒ a 

linearr relation is predicted between AG* {In k) and AGr° (In X), similar as is obtained 

whenn extra thermodynamics is used in e.g. Bronsted models. Above all it is predicted 

thatt the slope of the line, dlnkj'dlnK, should then be equal to 0.5. Any deviations may 

bee caused by the inaccuracy of the Marcus model. 

Anotherr example is the development of the Mosaic approach for biological systems, 

wheree irreversible aspects and relations are dealt with by macroscopic energy 

parameterss of the pertinent compounds (Westerhoff et al. 1982). 

1.5.2.1.5.2. Microscopic level descriptors. 

Microscopicc level descriptors can be obtained in three ways: I) by solving the 

Schrödingerr equation of the microscopic system, II) by molecular mechanical force 

fieldfield calculations and III ) simply stated by a fragment. 
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11.5.2.1.5.2.1 Solving the Schrödinger equation 

Quantumm mechanics predicts only the probability of an event contrary to classical 

mechanics.. In order to make these predictions, a set of postulates is required. 

Quantumm chemists are interested in the translation of the postulates to the 

molecular/chemicall  system. Quantum mechanics defines, among others, 

(hermitian)) operators for dynamical variables, they speak of a wave function, f, 

associatedd with a particular system and its time evolution is governed by the time-

dependentt Schrödinger equation, //'fid^l'dt — Hep\F . H is the Hamiltonian 

operatorr on the total energy of the system (kinetic (Top) + potential (Ve/)). For 

quantumm chemists the wave function of the ground state of the molecular system, 

¥ ,̂,, is generally the most important one. 

AA molecular system is composed of a number of free moving electrons in a central 

potentiall  field of the nuclei without molecular interaction. Since the potential field 

iss time-independent, the Schrödinger equation leads to a stationary solution. The 

totall  Hamiltonian of the molecular system is always partitioned, leading to different 

Schrödingerr equations. Common partitioning is between the center of gravity and 

thee reduced mass system, a radial and two angular ones and the Born-Oppenheimer 

approximationn leading to electronic, vibration and rotation eigenvalues and 

eigenfunctions.. The solution of these different parts makes up the first possibility 

too obtain microscopic descriptors. Although all solutions of the different 

Schrödingerr equations for one molecular system are necessary for the calculation of 

ann ensemble value (see 1.5.3), the electronic part is often given the highest attention 

inn the development of microscopic descriptors. 

Inn a many-electron system with some two-particle (electron) interaction, moving in 

aa given local potential field, v(r), and with a restriction to systems that have non-

degeneratee ground states, a one-to-one mapping exists between the local potential, 

thee particle density p(r) and the ground state wave function, ¥0 (Hohenberg and 

Kohnn 1964). It implies that given a potential, the wave function and density that 

correspondd to it are uniquely determined (Eq. 1.12). 

p(r)<av(r)*=>¥p(r)<av(r)*=>¥ 00 (1.12) 
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Inn the electronic part of the Schrödinger equation the central potential that one 

electronn feels depend on its distance to the nuclei, since at a far distance a part of 

thee nuclear potential is screened off by the closer moving electrons. The starting 

pointt of calculations on many-electron systems is therefore the central-field 

approximation.. It is based on the independent-particle model, in which each 

electronn moves in an effective central potential V^(r), which represents the 

attractionn of the nuclei and the average effect of the repulsive interaction between 

thiss electron and all other ones. Eq. 1.12 shows there are two methods present; 

eitherr from Vjr) to the ground state wave function ^ that coincides with the 

well-knownn Hartree-Fock (HF) method or from a vtffr) to p(r) that coincides with 

thee still relatively unknown Kohn-Sham (KS) method. The former method is based 

onn wave functional theory, WTT, and the latter is based on the density functional 

theory,, DFT (see also 1.5.3). Since electrons belong to the class of fermions, they 

aree subject to states described by anti-symmetric functions. The wave function of 

thee electronic system in the independent-particle model is associated by a Slater 

determinant.. In case of the Hartree-Fock approximation the Slater determinant 

consistss of a set of orthonormal spin orbital and in the Kohn-Sham approximation 

off  orthonormal natural orbitals. 

Inn the HF-approximation the molecular orbitals (MOs) are expressed as linear 

combinationss of atomic orbitals. The set of MOs for the ground state wave 

functionn is obtained from a trial function (determinant) of selected atomic orbitals 

byy using a self-consistent field procedure, thus minimizing the energy expectation 

valuee of the determinant (Szabo and Ostlund 1989). It is a special application of the 

well-knownn variational principle. In this procedure four center atomic orbital 

integralss have to be calculated. If included one speaks of an ab initio method, if 

approximatedd by e.g. neglecting many of these overlap integrals one speaks of a 

semi-empiricalsemi-empirical method. Many semi-empirical methods have been developed, often 

leadingg to substantial differences in values of the same descriptor. Currently the 

AM II  method is widely used, which is also applied in chapter IV of this thesis. 

AA disadvantage of the HF-method is that it does not give a solution to the exact 

Hamiltoniann for the defined molecular system. The energy difference between the 

exactt and HF Hamiltonian, the so-called correlation energy, is calculated by 

incorporationn (often very many) of excited configurations (Szabo and Ostlund 

1989).. In a semi-empirical procedure, used in Chapter IV in this thesis, this is 
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omitted.. Another approximation made in both ab initio and semi-empirical methods is 

thatt the atomic orbitals are approximated by Gaussian functions (of the type cxp (-

r2))) since the exact function (of the type exp (-r)) is too cumbersome in the 

procedure.. One can then approximate the exact function by introducing more 

Gaussiann funcdons, generally known as the extension of the basis set. 

Ass described above the correlation of a measurable physical quantity- with the 

experimentall  value ignores quite some effects. The correlations are of the type of 

ann MO-energy e.g. the energy of the highest molecular orbital (eHOMQ) and die 

experimentall  ionization potential (IP) or the lowest unoccupied molecular orbital 

(£LUMO))
 a nd the experimental electron affinity (EA). In reality the establishment of 

suchh a correlation is really a pure QSAR. 

Inn the KS-procedure also an (auxiliary) effective central potential, v^frj, is defined 

wheree the N independent electrons are moving but that has the specific property 

thatt its wave function, a single Slater determinant of the lowest N natural spin 

orbitalss wil l yield the exact electron density of the interacting electron system with 

potentiall  V(r) (Baerends and Gritsenko 1997). In practice an iterative procedure is 

usedd similar to the HF-method starting from a trial density function based on 

solutionss of the kinetic energy operator in the Hamiltonian, but this one is more 

difficul tt to obtain then in the HF-method. The iteration procedure in the KS-

proceduree is different form the HF-method and is based on the variation of the 

chemicall  potential, jU, properly normalised to the N-electrons. All expectation 

valuess are thus functions of the electron density, including the correlation energy. 

Thee KS-procedure includes therefore the correlation energy automatically. As a 

consequencee the HOMO and LUM O energy values are the negative of the exact 

ionizationn potential (IP) and electron affinity (EA) contrary to the HF-

approximationn method for the defined electronic Hamiltonian. However, they must 

bee derived from the electron density function e.g. the ionization potential, IP (and 

thuss the HOMO energy), is connected to the long-range behaviour of the electron 

densityy function. While the HOMO and LUM O energies are quite important in 

manyy microscopic descriptors on particularly reactivity, their derived values in 

QSARss in the field of environmental chemistry always use the HF-meüiod. 

Althoughh quite appealing, the KS-procedure has not been used in this thesis to 

obtainn microscopic or ensemble descriptors. 
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Reactingg systems can be treated in three ways by respectively perturbation theory, 

introductionn of a reacting coordinate and by time-dependent solutions of the 

Schrödingerr equation. In the early days, when computers were not used yet, 

perturbationn theory was mainly applied, where the mutual perturbation of two 

molecularr systems was calculated. The two systems are positioned far away from 

eachh other so that perturbation theory is applicable. Depending on the type of 

interactionn its interaction potential can be defined in several ways Like, dipole and 

differentt types of polarizabilities. In the HF-method for chemical reactions it may 

leadd to the well-known Klopman equation (Klopman 1967)) when the two 

moleculess are still quite close to each other. If they are further away, it can be 

shownn that the interaction energy leads to an energy correction proportional to 

-- 1/R6 (Bransden and Joachain 2000). Thus perturbation theory has the possibility 

too obtain microscopic descriptors of the reactive system and to improve on 

microscopicc descriptors of the non-reactive system. 

AA second way developed when the calculating capacity of computers increased 

drastically.. On knowing the reactants and products a full reaction coordinate could 

bee followed and all kinds of pseudo equilibrium descriptors can be calculated in the 

transitionn state by assuming that local equilibrium still prevails. Thus the time 

independentt Hamiltonian of the reactive system is used at each point of the 

reactionn coordinate, but with different atomic coordinates. They represent then the 

changess in bond lengths of the atoms involved in the reaction. The transition state 

iss found at the highest energy along the reaction coordinate diagram. At this point 

thee reaction is mimicked by a single vibration energy level, introducing the time 

aspectt in the model. This single vibration energy appears as an imaginary frequency 

inn the results. Such a procedure is followed in Chapter 4 of this thesis to identify 

thee transition state. 

Thee third way is to use time-dependent approximations of the defined Schrödinger 

equation,, However, since the energy and time operator do not commute with each 

other,, they cannot be simultaneously measured exactly. Both the concepts and the 

calculationn methods are therefore quite complex and no use is made yet within 

environmentall  chemistry to derive specific descriptors. 

34 34 



GeneralGeneral Introduction 

Inn terms of microscopic descriptors of kinetic endpoints for (nucleophilic 

substitution)) reactions the model of Shaik (1992) is quite appealing. However, the 

modell  with its specific descriptors is not used in this thesis. 

Inn DFT chemical reactions are considered as changes from one ground state to 

another.. Although such changes lead to new and appealing microscopic descriptors 

noo use has been made in this thesis (Parr and Yang 1989). 

1.5.2.21.5.2.2 Molecular mechanical force field calculations 

Inn the second way, on a slighdy higher, but still atomic or molecular, level one can use 

molecularr mechanic force fields to derive the energy descriptors. These methods use 

thee potential energy functions of the vibrations, torsions, rotations, London-Van der 

Waalss and electronic electrostatic interactions between the atoms and the molecules. 

Thee parameters of these force fields are obtained either from WFT calculations or fits 

too empirical data. Although they may assume an ensemble of possible structural 

configurationss (see statistical thermodynamics below), the structure with the lowest 

energyy is selected that can subsequently be used in the establishment of the 

relationshipss (Govers et al. 2002). Compared to the real ensemble, the energy value is 

loweredd by a specific factor and entropy is neglected. If this factor is the same for all 

chemicalss the new QSAR only differs in the value of B0 in Eq. 1.3 compared to the 

ensemblee descriptor. 

1'1' .5.2.3 Yragments 

Inn the third way, the concept of the fragment method defines microscopic descriptors 

thatt provide much less insight into the endpoint and tend to be of the black box type. 

Thee fragment corresponds to an atom or a small group of atoms (functional group) 

withh a specific energy value. This value is always the same, regardless of its 

environment.. Values of each fragment are then combined to the macroscopic one 

accordingg to the structural formula. However, in many fragment methods additional 

interactionn parameters have to be incorporated for specific combinations of 

fragments.. As Bader (1990) pointed out, specific properties of the electron density 

functionn of the molecular system lead to a definition of an atom or fragment in a 

molecule.. However, these so-called atomic basins depend on its environment and are 

thereforee not constant for equivalent atoms in different chemicals. 
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Otherr descriptors are available, such as topological descriptors (De Voogt et al. 1991), 

burr these are rather remote from well-established thermodynamics. 

Owingg to rime constraints microscopic descriptors itself are not used in this thesis, 

butt i mlv the underlying concepts necessary in the calculation of ensemble descriptors. 

1.5.3.1.5.3. E nsemble lei -el descriptors. 

bromm the microscopic level of descriptors to an ensemble level of descriptors, 

representingg the macroscopic value of the descriptor, many-body interactions need to 

bee accounted for. This can be done in two ways by: I) quantum statistical mechanics 

andd II) classical statistical mechanics. The basic feature is the definition of an 

ensemble,, identical sub-systems, in the phase space. For the equilibrium situation 

Gibbsiann ensembles are defined, that differ on the basis of the incorporation of the 

integralss of motion (Lagrange multipliers). The ensemble may depend only on the 

averagee total energy (canonical ensemble) or may also include a variation of the total 

numberr of particles (grand canonical ensemble). Physical variables (descriptors) 

includee this distribution function and descriptors derived in this way, are called in 

thiss thesis ensemble descriptors. 

Inn 1.5.2. systems in the ground state are considered that can be described by a 

singlee state vector called a pure state. Because of the statistical interpretation of the 

wavee function one actually need to consider an ensemble of pure states. The exact 

preparationn of such an ensemble, called a pure ensemble, is impossible owing to 

thee presence of the electronic interaction term (approximated in section 1.5.2. by 

thee central field approximation) and, furthermore, the systems are not fully isolated 

soo that the Hamiltonian neglects additional degrees of freedom. Thus in quantum 

statisticall  mechanics one cannot deal with pure ensembles but has to use mixed 

ensembless based on incomplete data of the system. Such is thus the case for a 

systemm at finite temperature with or without interaction between the molecules. 

Mixedd states are handled by the use of the density matrix formalism or density 

functionall  theory (DFT)) (see e.g. Bransden and Joachain 2000). Two applications 

aree shortly highlighted. The first one is the use of a small ensemble of only three 

statess of N, N-l and N + l electrons. In the zero temperature approximation of the 

grandd canonical ensemble of these three states the chemical potenual, [i,  can be 

approximatedd by the negative of the Mulliken electronegativity, which is given by -
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11/2(IP+EA)/2(IP+EA) and the hardness of the system, //, given by 'AflP-EA). Owing to its 

importancee and simplicity these descriptors have often been obtained by the II P 

method,, but are closely linked to the concepts of DFT. 

AA second example is the calculation of properties of a system of a large number of 

(non)-interactingg objects (e.g. molecules, electrons etc). Three cases can be 

identifiedd for the non-interacting system. In the first case, known as die Maxwell-

Boltzmannn (MB) system, the objects (molecules) can be distinguished by its 

position.. The other two cases are those for which the objects (molecules) are 

identicall  and indistinguishable pardcles, for which the complete wave function of 

thee system must be either symmetric (bosons) or anti-symmetric (fermions) under 

thee interchange of any pair particles. For a MB-system the total wave function is 

justt the product of N-single pardcle wave functions. If all the energy levels are 

different,, each permutation of the particles leads to a different wave function. If 

somee of these energy levels have tiie same energy, interchanges between these 

particless does not alter the wave function and the number of distinct states is 

thereforee less. For bosons the number of distinct states is always 1 for each particle 

whilee for fermions it is either one or zero and different for each fermion. Owing to 

thee differences in the number of distinct states between the diree systems, the 

(grand)) partition function associated with the different ensembles is different for 

eachh system. However, one can show that at large number but low densitv of the 

moleculess the three systems become equivalent (Bransden and Joachain 2000). 

Thuss quantum effects due to the identity of the particles are unimportant in 

systemss with low particle densities and thus quantum effects can be ignored and 

thee classical view can be used. This is important since actually each atom or 

moleculee can be regarded only as a fermion or a boson. In the AM I software a 

Maxwell-Boltzmannn procedure without interaction phenomena is incorporated to 

obtainn the ensemble values of the thermodynamic energy descriptors used in 

Chapterr 4. Inclusion of interaction terms complicates the calculations considerably. 

Thee Gibbsian QSAR free enthalpy relationship of Eq. 1.3 is thus written as Eq. 

1.16: : 

Thuss in the ensemble the distribution function remains intact in the descriptors and 

itss value is denoted by an average energy or related property. 
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Thee distribution functions in statistical thermodynamics for equilibrium descriptors 

arcc the well-known Gibbsian ensembles. However they have the unpleasant 

characteristicc that the entropy constructed by Gibbsian ensembles cannot increase. 

Thuss for non-equilibrium processes other non-equilibrium distribution functions 

mustt be constructed, leading only in the time limit to the Gibbsian distribution 

functions.. The time behaviour of the non-equilibrium distribution function is 

governedd by the Liouvill e equation. To specify a solution a statistical distribution at 

somee initital instant of time must be given. This distribution is the so-called 

relevantt distribution constructed from relevant dynamical variables that are slowly 

varyingg in time and describing the partial equilibrium in the subsystems. These 

variabless coincide with the true non-equilibrium values of the macroscopic 

observables.. The non-equilibrium distribution function emerges from the principle 

off  equal probabilites of inititial states described by the relevant distributions in a 

sufficientt large time interval for the initial non-physical states to die out and for the 

necessaryy correlations in the system to emerge. In this time-limiting process it 

selectss a specific solution describing the irreversible evolution of the system. In 

combinationn with the dynamical variable, a set of generalized transport equations is 

obtained.. (Zubarev 1991 pp 127). However, such distribution functions have not 

beenn used in this thesis. 

Finally,, in force field methods mentioned in 1.5.2., ensembles of microscopic states 

withh associated kinetic and potential energy can be constructed, from which 

averagee thermodynamic descriptors can be derived using Newtonian Molecular 

Dynamicss or Monte Carlo type simulations of states (Frenkel and Smit 1996). This 

typee of ensemble descriptors was not used in this thesis. 

1.66 Scope and objectives. 

Inn environmental chemistry the study of concentrations of substances in the 

environmentt requires the definition of kinetic and equilibrium endpoints. When a 

furtherr study of the process is desired a transfer from the field to the lab is made. 

Inn this transfer the pertinent process is both physically and chemically decoupled 

fromm the environmental system. The main objectives in this thesis are therefore to 

introducee and evaluate thermodynamic concepts and approaches in: 1) endpoints 

andd their definition, 2) explanation of their variations using QSAR and 3) 
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environmentall  coupling processes and fate models. The advantages and limitations 

off  this introduction are studied. 

Ass shown in section 1.4 four different types ot thermodynamic approaches are 

available,, in addition to the three types of descriptor levels of section 1.5. Chapters 

22 to 5 of this thesis are dedicated to each of the four types of thermodynamic 

approaches.. Therefore it is necessary to explain for each chapter briefly the 

relationn of the pertinent type of thermodynamics to the three descriptor levels and 

off  its specific objectives. 

ChapterChapter 2 is dedicated to the extra-thermodynamic approach (See section 1.4.1). 

Environmentall  (chemical) endpoints are direcdy related to their thermodynamic 

counterpart.. Both well- and ill-defined, kinetic and equilibrium endpoints can be 

used,, since the main purpose is always a comparison of energy change of a well or 

ill-definedd endpoint to well-defined thermodynamic energy change given by its 

descriptor(s).. Thus all levels of descriptors may be used. A main objective of the 

establishedd QSAR tends to be the minimization of systematic variations in the 

predictionn of input parameters for fate models. Thermodynamic definition of 

endpointss or physical coupling of chemicals in fate modeling themselves are not 

directlyy important objectives. 

Inn this thesis extra-thermodynamics is used to quantify the well-defined 

thermodynamicc endpoints of the #-octanol-water partition coefficient, K0IIA and of 

aqueouss solubility, S  ̂ of a number of fatty acids with the well-defined HPLC 

chromatographicc capacity factor as a descriptor. The pertinent fatty acids are 

studiedd as environmentally healthy substitutes for synthetic solvents. The 

correlationn is an example of what is generally known as a Coilander type QSAR. 

Speciall  attention is given to the predictive statistical aspects of the correlations and 

too systematic deviations, because the resulting QSARs are often used to derive 

inputt parameters into current fate models. The role of the activity coefficients in 

thee endpoints is being clarified as connections between different scientific areas and 

differentt energy changes. Although it is the only type of thermodynamics that 

allowss the use of ill-defined endpoints, they do not return in Ch. 2. 

ChapterChapter 3 focuses on equilibrium thermodynamics (See section 1.4.2). 

Equilibriumm thermodynamics have created a wealth of thermodynamic QSAR 

descriptorss of mainly macroscopic, microscopic (Q.M-) and ensemble origin in 
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orderr to predict or explain well-defined equilibrium endpoints as an objective. The 

well-definedd equilibrium endpoints can only be related to well-defined (equilibrium 

thermodynamic)) descriptors of the same nature. It defines therefore quite well the 

scopee of the QSAR. Thermodynamic cycles can be used in order to calculate one 

descriptorr from another and in order to correct an available descriptor to a proper 

phasee {e.g. a gas to water correction). Also the temperature dependence of 

descriptorss and endpoints can be included. In addition, equilibrium 

thermodynamicss may contribute to the objective of an accurate experimental 

determinationn of endpoints and their dependence of temperature. Finally, 

equilibriumm thermodynamics is used in fate models where all compartments are in 

equilibrium,, and thus is capable of calculating equilibrium concentrations in, 

hypothetical,, closed environmental systems. Dependence of calculated 

concentrationss on temperature, pressure and other environmental conditions can 

bee included nicely. 

Inn this thesis equilibrium thermodynamics is used in two ways. 

Thee well-defined thermodynamic equilibrium descriptors of the reaction free 

enthalpyy of reductive dechlorination of all chlorobenzenes are established by a 

thermodynamicc cycle. These values were correlated to the experimentally observed 

abioticc and biotic isomeric product ratios. The use of thermodynamics could also 

establishh a temperature dependence of the isomer ratio. The main aspects of the 

relationshipss are therefore to test the assumption of the equilibrium 

thermodynamicc definiteness of the reaction instead of a kinetically controlled rate. 

Inn another study the specific role of the thermodynamic activity coefficient in the 

gaschromatographicc determination of the vapour pressure, boiling point 

temperature,, heat of vaporization and gas-liquid heat capacity difference of fatty-

acidd esters is elucidated. Explicit inclusion of the activity coefficient could lead to 

accuratee values of these (sub-cooled) liquid properties. Al l values result from one 

indirectt experimental method and can subsequently be compared to results 

obtainedd by direct methods and systematic deviations can be explained. 

Thee inclusion of coupling in fate models is not studied direcdy and only 

macroscopicc descriptors are dealt with. 

ChapterChapter 4 studies the pseudo-equilibrium thermodynamic approach (See section 

1.4,3;.. Pseudo equilibrium thermodynamics uses only well-defined kinetic 

endpoints.. It simplifies the kinetic process to a sequence of reversible processes. In 
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termss of non-equilibrium thermodynamics, the memory effects caused by the 

electronicc and nuclear changes during the process are neglected. The kinetic 

endpointt is then related to its thermodynamic equilibrium counterpart for the 

Transitionn State (TS). The activation free enthalpy, AG*, is therefore the key 

(pseudo)) equilibrium thermodynamic parameter. As a general problem it is well 

knownn from rate theories that the transition state is of a composite nature, making 

itt difficult to relate the activation free enthalpy to one conformational microscopic 

descriptorr (Eyring 1980). Microscopic, ensemble and macroscopic level descriptors 

aree possible for the pertinent QSAR objective. In order to define properly a kinetic 

endpointt by experiment, the Arrhenius equation enables the experimental 

determinationn of the activation enthalpy to the free activation enthalpy and the 

temperaturee dependence of kinetic endpoints. Transition state theory does not 

directlyy contribute to the elucidation of physical or chemical coupling in fate 

models. . 

Inn this thesis one study is included using pseudo-thermodynamics. The variation of 

thee well-defined kinetic endpoint of dechlorination of small haloalkanes in water 

wass correlated with macroscopic and ensemble thermodynamic descriptors. The 

mainn role of the QSAR derived is to find the accuracy of models. Attention is given 

too the predictive power of an established QSAR and the temperature dependence 

off  the kinetic endpoint. 

ChapterChapter 5 is dedicated to non-equilibrium or irreversible thermodynamics (See 

sectionn 1.4.4). Non-equilibrium thermodynamics deal with non-time reversed 

(irreversible)) relaxation processes. The translation of lab results to the 

environmentall  situation needs to take into account the coupling effects between 

flowss of chemicals and heat. In this thesis a distinction is made into physical and 

chemicall  coupling phenomena. Both are included via energy- (force-flow) terms in 

thee dissipation function, <7 = dS/dt, but emphasis is on physical coupling caused by 

molecularr interaction. In the knear approach (LNET) flows (/̂ ) are the result of all 

forcess pQ and associated phenomenological constants (L^. Material flows are 

massess of chemicals passing compartments or concentration changes per time unit, 

directlyy relevant to the prediction or explanation of concentrations by fate 

modeling.. Forces are gradients within compartments or differences between 

compartments,, in conditions such as temperature, pressure and thermodynamic 

potentialss of chemicals. Phenomenological or physical coupling constants, L , can 
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bee identified as kinetic endpoints similar to the uncoupled rate constants denoted 

byy k — Lu. These endpoints can be determined in laboratory experiments by 

measurementt of flows and forces based on the linear flow-force relationships of 

LNET.. Alternatively, they can be estimated by statistical thermodynamic 

techniquess (Bedeaux eta/. 1992) without specific contributions of QSAR techniques 

exceptt for the case of self-coupling constants, Lir Once coupling constants are 

known,, flows and their changes with respect to uncoupled flows can be calculated 

inn non-equilibrium thermodynamic fate models under known environmental 

conditionss (forces). 

Inn this thesis coupling between chemical fluxes and between chemical and heat 

fluxess across an air-water interface are calculated for the Hexachlorobenzene 

(HCB)) micropollutant, air components and heat in the environmental ecosystem of 

Lakee Superior in Northern America under seasonal temperature variation. Coupling 

constants,, or related jump coefficients, are derived from single component mass 

accommodationn coefficients, molecular masses, thermal conductivities and mole 

fractions. . 

Tablee 1.2 Overview of four thermodynamic approaches, three main objectives, the three 

levelss of thermodynamic descriptors and the choices made in this thesis (*). 

Thermodynamic c 

approach h 

(Chapter) ) 

Extra--

(2) ) 

Endpointt  determination 

(Symbol) ) 

Well-**  and ill-defined 

A G * * 

Explanat ionn of 

variancee by QSAR 

Descriptorr  level 

Macroscopic* * 

Microscopic c 

Ensemble e 

Fatee model ing 

Onlyy input parameters 

forr fate models 

Equilibriumm Well-*  defined Macroscopic*  Equilibrium 

(3)) AG Microscopic fate models 

Ensemble e 

Pseudo-- Well-*  defined Macroscopic*  Only input parameters 

equilibriumm AG* Microscopic for fate models 

(4)) Ensemble* 

Non-equilibriumm Well-*  defined Macroscopic*  Coupling of flows* 

(5)) LUJ] Microscopic in fate models 

Ensemble e 
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Masss accommodation coefficients, standing for the fraction of molecular collisions, 

whichh actually lead to passage of the interface, are estimated by a QSAR using the 

Henry'ss Law Constant as descriptor. The degree of coupling was quantified as a 

functionn of, among others, varying partial pressure differences across the interface. 

Ann explicit three layer compartment model is used, representing a local system 

withinn the total fate model of the lake. Flows are compared with results of the well-

knownn Liss and Slater model (1974). 

Thee four thermodynamic approaches (chapters 2 to 5 

),, their relation with the three main objectives and levels of descriptors are 

summarizedd in Table 1.2, together the specific focus of this thesis. 

Inn Chapter 6 general conclusion are drawn with respect to the objectives of this 

study. . 

References s 

(Seee full reference list) 
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Extra-thermodynamics Extra-thermodynamics 

#-Octanol-\vaterr partition coefficients, aqueous solubilities and 
Henry'ss Law constants of fatty acid esters. 

Hildoo B. Krop, M arun J.M. van Velzen, John R. Parsons and Harrie A.J. Govers 

(Chemospheree 34,107-119,1997) 

Abstract t 

TheThe aqueous solubility and n-octanol-water partition coefficient of fifteen fatty acid esters are 

determineddetermined by the RP-HPLC method. Aqueous solubilities decrease from 5.7 x 10's Mfor methyl 

capratecaprate to 5.3 x 10' '2 Mfor methylbehenate while the log Koa's increase from 4.4 to 10. 

SpecialSpecial attention is given to satisfying the statistical assumptions underlying the establishment 

ofof the calibration line. Residual plots show that in this case small systematic errors are introduced 

rapidlyrapidly even if the selected substances for the calibration line are similar in their pbysiscalproperties to 

thethe fatty acid esters. 

CombiningCombining previously determined vapour pressure data with the estimated solubility values 

allowsallows for the estimation of Henry's law constants. Although the calculated values are not very 

accurate,accurate, it can be concluded that they are in general lower than those of the halogenated hydrocarbon 

solvents. solvents. 

Introductio n n 

Inn the recently started project "Vegetable Oils and their Fatty Acid esters as 

substitutess for organic solvents in industrial Processes (VOFAPro)" the introduction 

andd use of fatty acid esters as possible substitutes for volatile organic (chloro)-

hydrocarbonss are investigated. Before their introduction onto the market an 

environmentall  risk assessment must be made. Therefore some environmentally 

importantt physical chemical parameters have to be estimated or measured which are 

subsequendyy used in a risk assessment program. 

Inn this paper the fatty*  acid esters used are divided into three groups: one 

consistingg of the esters of the saturated methyl fatty acids wim an even number of 

C-atomss ( from C12 to C ^, a second one of different length of «-alcohol groups of 

thee fatty acid lauric acid and a third group of methyl esters with different degree of 

unsaturationn of C18 fatty*  acids. 

47 47 



ChapterChapter 2 

Forr most of the fatty acid esters the environmentally important parameters are 

difficul tt to obtain. The «-octanol-water partidon coefficient (Kw) or (liquid) solubility 

(C/)) in water, for example, are difficult to measure direcdy because of the ease of 

formationn of emulsions or micelles (Harnish et al. 1983). These parameters, however, 

aree important in many fate models. While the (liquid) solubility is frequently used 

direcdyy in these models, the log Kou is often used as a descriptor to estimate other 

environmentallyy important parameters like the bioconcentration factor (Barron 1990, 

Dii  Toro et al. 1991), toxicity (McCarthy et al. 1992) or sediment-water partition 

coefficientt (Karickhoff 1984, Pignatello 1989). 

Too overcome the practical difficulties of the direct methods, indirect methods 

aree used. In this paper the K0!t, and Q are determined using the RP-HPLC-method 

whichh has been approved by the OECD (OECD) as method for estimating Kou for 

substancess in the log Kow range up to 6. This method essentially is a linear relationship 

(QSAR)) between the logarithm of die capacity factor (k) and the logandim of n-

octanol-waterr partition coefficient. The use of this method for higher log Kov values 

wass hampered by the lack of standards with reliable high log Kow values. The 

introductionn of the generator column method (Von Weil 1974, May and Wasik, 1978) 

orr the slow stirring method (De Bruijn 1991) improved the quality of the 

experimentallyy measured high values substantially and nowadays the RP-HPLC 

methodd is also used to estimate log K0Si > 6 (Rapaport and Eisenrich 1984, Brodsky 

andd Ballschnitter 1988, Burkhard et al. 1985). 

Inn the RP-HPLC method the capacity factor (k) is used, defined as the ratio of 

thee net retention time (tr-t0) and that of the unretarded component (t0). This ratio 

determiness the molecular distribution of die solute between the stationary and the 

mobilee phase. It is found that this distribution is to a first approximation linearly 

relatedd to the one between the n-octanol and water phases or to water and the 

compounds'' own phase solubility (McDuffie 1981, Opperhuizen et al. 1987, Mackay et 

al.al. 1980). A calibration line between direct expenmental values of the log Koa at 25°C 

andd the logarithm of the capacity factor is established. Preference is given to 

experimentall  values from the same class of substances, in our case the fatty acid esters 

withh carbon numbers higher dian 10. However a thorough literature search revealed 

ven'' few useful values for both log Koa. and C, (Sobotka and Kahn 1931, Tewan et al. 

1982).. Other values must then be chosen. 
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Inn addition, to use the established calibration line to predict other values, a 

numberr of statistical assumptions must be satisfied (Lyman et al. 1990, Stone and 

Jonathann 1993;. Attention will be paid to these aspects in this paper. 

Usingg the results of a recently established method to determine accurately the 

vapourr pressure of a substance at environmental temperature and the aqueous 

solubilityy found here, a Henry's Law constants of the chosen fatty acid esters can be 

calculated.. Comparison of this value to those of other solvents frequendy used in 

industriall  cleaning processes indicates whether a substitution of these solvents by fatty 

acidd esters will reduce the undesirable aspect of the formation of possible toxic 

vapours. . 

Materialss and methods 

Chemicals Chemicals 

Alll  esters, with the exception of 2-ethylhexyl laurate were purchased from 

Sigma,Sigma, Zwijndrecht, the Netherlands. The 2-ethylhexyl laurate was a gift of 

Unichema,, Gouda, the Netherlands. All chemicals were stored below 5°C. Purity was 

checkedd by GC and found to be higher than 99%. No peak interference was found 

onn the GC. HPLC-grade methanol and doubly distilled deionized water sparged with 

heliumm were used as solvents. 

Apparatus Apparatus 

AA LKB 2150 HPLC and a Bruker Refractive Index-detector were used. The 

chromatographh was equipped with a Promus autosampler. A Merck Lichrosphere 100 

RPP 18 colum (5 Jim) was used. The apparatus was operated with a flow rate of 1.0 

ml/minn under a pressure of 36 bar. The solvent for isocratic elution was 90% 

methanoll  in water. The column was thermostatted at 36  1 °C. At this temperature 

thee most retarded fatty acid ester took about 90 minutes to be chromatographed. The 

deadd retention time (t̂ ) was determined with formamide. 

Calculations Calculations 

Alll  retention time calculations, data storage and handling, and simple statistical 

calculationss were performed with Excel 5.0 for Windows. For more complex 

statisticall  calculations Statgraphics for Windows (Oasis, Nieuwegein, the Netherlands) 

wass used. 
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Results s 

CalibrationCalibration line 

Onlyy ver}- few experimental log K01l. and log C'rvalues at 25 °C determined by a 

methodd other man RP-HPLC one are available for the chosen group of fatty acid 

esters.. They are not included in the calibration line, but were used to validate the 

establishedd QSAR. A calibration line consisting of only fatty acid esters is therefore 

difficul tt to achieve. However, GC experiments showed (Krop et al. 1997) that the 

fattyy acid esters behave quite similarly to the corresponding alkanes (of equivalent 

mass). . 

Thiss seems reasonable since the chosen fatty acid esters all have a long carbon chain 

(nn > 12 - 22) which will strongly diminish the influence of the polar ester group. The 

calibrationn substances therefore include only apolar hydrocarbons. 

Tablee 2.1 shows the selected substances with their capacity factors, the corresponding 

loglog Km, and log C\ values with their 95% confidence interval (C.I.) if it was possible to 

retrievee the standard deviation and the number of data points from the original 

reference.. Solubility values used had been determined by the generator column or the 

vaporr phase methods at 25°C. Log Kow values had also been determined by the 

generatorr column and the slow stirring methods at 25 °C. If more values determined 

byy the chosen methods were found in the literature, they were also included in the 

calibrationn line if their 95% confidence interval showed an overlap with the otiher 

value(s).. This will improve the statistical quality of the line w^hich depends on the 

numberr of independent measurements (n). Table 2.1 shows that for the substances of 

whichh more than one value is known, only one solubility value (of chrysene) seems to 

falll  out of the 95% C.I. range of its other values. However, since the other solubility 

valuess from the same reference do not indicate a systematic deviation, the value for 

chrysenee was included in the calibration set. Solid solubility values determined by the 

generatorr column were converted to the liquid ones if the substance is a solid at room 

temperaturee using the fugacity factor (Mackay et al. 1992) exp{6.79 (1-TJT)} where 

TTmm is the melting point (above 25 °C). Log Kow values for octyl- and decylbenzene had 

beenn determined by the RP-HPLC method Haxnish et al. 1983) but since they were 

estimatedd from a calibration line consisting only of alkyl benzenes, these values were 

regardedd as reliable. 
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Tablee 2.1 Logarithms of the experimental capacity factors, literature values of the n-octanol-water 

partitionn coefficients and solubilities of the substances used in the determination of the calibration 

lines.. The 95% confidence interval is indicated in parenthesis. 

Substancee log k' log 1^.(95% CI.)*  {Kef) log C,7(mol/L)(95% C.I.) (R$ 

(n=5) ) 

t-Butylbenzenee 0.1073 4.11(0.10)b (//) -3.66(?)c (/) 

Fluorenee 0.1678 4.18(?) (10) -4.10(0.01) (i) -4.10(0.01) (S) 

-4.03(0.15)) (7) 

Hexanee 0.2482 4.11(0.12)0 -3.84(0.03)0 

Phenanthrenee 0.2528 4.51(0.06) (8) 4.57(?) (10) -4.50(0.02) (3) -4.50(0.02) (6) 

4.56(0.02)) (12) -4.58(?) (8) 

Pentylbenzenee 0.3339 4.90(0.15) (2) -4.59(0.02) (2) -4.64(0.07)0 

Heptanee 0.3854 4.66(0.14)0 -4.45(0.02)0 

Hexylbenzenee 0.4641 5.52(0.17) (2) 5.25(0.14) 0 -5.20(0.02) 0 -5.25(0.03) 0 

Octanee 0.5208 5.18(0.16)0 -5.02(0.02)0 

Chrysenee 0.6031 5.82(0.35)0 -5.83(0.13) (5) -6.07(0.05) (7) 

-5.911 CO 0 
Octylbenzenee 0.7303 6.29(0.20) 0 

Decylbenzenee 0.9951 7.33(0.20)0 -7.94(?) (4) 

(1)) Sutton 1975 (2) Tewan 1981 (3) Owens 1986 (4) Sherblom 1992 (5) May 1978 (6) Wasik 

19833 (7) Billington 1988 (8) Opperhuizen 1992 (9) Harnish 1983 (10) Miller 1985 (11) Sangster 

19899 (12) DeBruijn 1991 
11 When indicated, uncertainty in original reference is considered as standard deviation. 
bb Confidence interval of unknown percentage. 
cc (?) Only standard deviation given. No indication of the number of independent measurements. 

Al ll  the capacity factors were determined in quintupücate. A linear dependence 

betweenn the error and the capacity, k', is found, which is removed by a logarithmic 

transformationn (data not shown). Also the C.I. of the logarithm of the capacity factor 

iss suffkiendy small compared to the cited C.I. of the log Kow and the log C\ values of 
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thee reference compounds. This confirms two conditions (no systematics in the error 

off  the used values and a much smaller error in the corresponding x-values than the y-

values)) before a least square minimization can be performed. The estimated linear 

relationshipss for the log Kw or log C\ and the log k' are men as follows: 

 KJ95% C.J.) = (3.52  0.23) + (3.74  0.48) log k' 

(„(„  = U, f(adj) = 0.95, s.e.r. = 0.24, F = 208) 

(2.1) ) 

loglog Q (95% C.I.) = (-3.16  0.25) - (4.53  0.59) log k' 

(n=18,(n=18, r^(adj) = 0.94, s.e.r. = 0.29, F = 273) 

(2.2) ) 

o o 
l 0 2 K n n 

ioo (J 
M M 
O O 

l ogk ' ' 

Fig.. 2.1 Correlation of literature log K„ , and log C, data with experimental log k' values for the 

chosenn reference substances according to Eqs. 2.1 and 2.2. Curved lines mark the 95% prediction 

Figuree 2.1 shows both die calibration graphs with their 95% prediction interval. It can 

bee seen that the prediction interval is much larger than the error in the experimental 

values. . 
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Tablee 2.2 Estimated and literature aqueous solubilities and octanol-water partition coefficients of 

fattyy acid esters with their 95% prediction interval. 

Methyll  caprate 

Methyll  laurate 

Methyll  myristate 

Methyll  palmitate 

Methyll  stearate 

Methyll  arachi-

date e 

Methyll  behe-

natate e 

Methyll  linolenate 

Methyll  linolate 

Methyll  oleate 

Methyll  erucate 

Ethyll  laurate 

Propyll  laurate 

Butyll  laurate 

2-Ethylhexyll  lau-

rate e 

logg k' (exp) 

0.2397 7 

0.5042 2 

0.7710 0 

1.0320 0 

1.2896 6 

1.5427 7 

1.7940 0 

0.7389 9 

0.8809 9 

1.0491 1 

1.5472 2 

0.584Ó Ó 

0.6903 3 

0.7979 9 

1.2044 4 

qs(mol/L) ) 

5.70E-05 5 

(2.05E-05)1 1 

3.62E-05 5 

2.24E-07 7 

1.48E-08 8 

1.01E-09 9 

7.21E-11 1 

5.25E-12 2 

3.14E-07 7 

7.14E-08 8 

1.24E-08 8 

6.88E-11 1 

1.57E-0Ó Ó 

(3.1E-07)2 2 

5.21E-07 7 

1.70E-07 7 

2.45E-09 9 

+95%P.I. . 

2.61E-04 4 

1.53E-05 5 

3.12E-06 6 

8.72E-07 7 

2.64E-07 7 

8.36E-08 8 

2.69E-08 8 

3.68E-06 6 

1.80E-06 6 

8.04E-07 7 

8.19E-08 8 

8.84E-06 6 

4.78E-06 6 

2.72E-06 6 

3.91E-07 7 

-95%P.I. . 

1.25E-05 5 

8.58E-07 7 

1.61E-08 8 

2.51E-10 0 

3.85E-12 2 

6.233 E-l 4 

1.02E-15 5 

2.67E-08 8 

2.83E-09 9 

1.90E-10 0 

5.78E-14 4 

2.77E-07 7 

5.67E-08 8 

1.0ÓE-08 8 

1.54E-11 1 

log g 

4.42 2 

5.41 1 

6.41 1 

7.38 8 

8.35 5 

9.30 0 

10.2 2 

6.29 9 

6.82 2 

7.45 5 

9.32 2 

5.71 1 

6.11 1 

6.51 1 

8.03 3 

(  95%P.I.) 

(0.43) ) 

(0.46) ) 

(0.77) ) 

(1.20) ) 

(1.63) ) 

(1.90) ) 

(2.60) ) 

(0.73) ) 

(0.94) ) 

(1.22) ) 

(1.92) ) 

(0.53) ) 

(0.66) ) 

(0.82) ) 

(1.48) ) 

Ref. . 

4.44 V 

4.Ó23 3 

6.023 3 

6.593 3 

7.223 3 

7.813 3 

'Tewaril982 2 
22 Estimated from extrapolated values of ethyl esters of fatty acid esters from Sobotka 1931 
3Burkhardl985 5 
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Tablee 2.3 Liquid vapour pressure and Henry's Law constant (HLQ with their 95% 

confidencee interval of fatty acid esters at 298.15 K. 

Methyll  caprate 

Methyll  laurate 

Methyll  myristate 

Methyll  palmitate 

Methyll  stearate 

Methyll  arachidate 

Methyll  behenate 

Methyll  Unolenate 

Methyll  linolate 

Methyll  oleate 

Methyll  erucate 

Ethyll  laurate 

Propyll  laurate 

Butyll  laurate 

2-Ethylhexyll  laurate 

ïogp; ; 

4.50 0 

-2.50 0 

-3.47 7 

-4.43 3 

-5.36 6 

-6.26 6 

-7.17 7 

-5.07 7 

-5.06 6 

-5.14 4 

-7.00 0 

-2.83 3 

-3.29 9 

-3.74 4 

-5.22 2 

Pii  (Pa) 

4.18 8 

4.20E-01 1 

4.48E-02 2 

4.99E-03 3 

5.86E-04 4 

7.41E-05 5 

9.06E-06 6 

1.14E-03 3 

1.15E-03 3 

9.72E-04 4 

1.33E-05 5 

1.95E-01 1 

6.76E-02 2 

2.40E-02 2 

8.03E-04 4 

HLC C 

(Paa mVmol) 

73 3 

120 0 

200 0 

340 0 

580 0 

1000 0 

1700 0 

3.6 6 

16 6 

80 0 

190 0 

130 0 

130 0 

140 0 

330 0 

-95%% CI. 

19 9 

0.23 3 

0.12 2 

0.049 9 

0.019 9 

0.008 8 

0.003 3 

0.003 3 

0.006 6 

0.010 0 

0.001 1 

0.19 9 

0.12 2 

0.076 6 

0.018 8 

+95%% CI. 

290 0 

430 0 

2400 0 

17000 0 

133000 0 

1040000 0 

7700000 0 

37 7 

350 0 

4500 0 

200000 0 

610 0 

1000 0 

2000 0 

45000 0 

11 Krop 1997 

Thee main error in the predicted values stems mainly from the uncertainty of the 

calibrationn line. 

PredictedPredicted values. 

Tablee 2.2 shows the results of the calculation of the log Kow and Cj values at 25 

°CC using die calibration lines, their 95% prediction interval and the experimental 

valuess of log k' of the fatty acid esters at 309.15 K. The range of the P.I. of the 

aqueouss solubility on both sides of the value are different because of the log to linear 
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transformation.. The table shows that the few literature values available for the esters 

nearlyy all fall within this prediction interval. The C.I. of the cited values in case of 

directt methods or P.I. in case of indirect ones could not be traced. The sometimes 

largee prediction interval means that the real value cannot be predicted ver)' accurately, 

whichh in turn means that the use of these values, e.g. in fate models, is limited. 

Henry'sHenry's Law constants. 

AA recently developed method to estimate accurately the liquid vapour pressure 

(Kropp et al. 1997, Spieksma et al. 1994) has been used by us to measure these values 

off  the esters. With the estimated solubility values of the fatty' acid esters in water and 

theirr prediction intervals these Henry's Law constants and their 95% confidence 

intervall  can be calculated according to HLC = P/C/ (Table 2.3). 

Discussion n 

CalibrationCalibration line 

AA correcdy established calibration line should give a random pattern of 

residuals.. This random pattern is found if one makes a residual plot of the log k' and 

loglog Kow values. A similar plot versus the index, the independent members of each class 

off  substance, shows a difference (Fig. 2.2). Especially for the plot of log Q, and to a 

lesserr degree for that of log K01i, and the index, the residuals show a distinct pattern 

moree or less grouped around their respective class. Such a distinctive pattern actually 

prohibitss the use of the established calibration line to predict other values since the 

fundamentall  concept of the established relationship is based on the homogeneity of 

thee datapoints. However the measured effect is not large, which is also shown by the 

goodd overall statistical parameters of the calibration lines. 

Thee quality of the calibration line, although useful at the moment, can be improved 

byy separation of the classes. This is consistent with what has been pointed out in the 

past.. Systematic errors may be caused by the different interaction patterns of the 

chemicall  classes with the modifier percentage (Opperhuizen 1987, De Voogt 1991). 

Thee correct statistical pattern may be found when the modifier percentage is changed 

orr extrapolated to that of 100% water. However the OECD method does not take 

intoo account this effect since the reference compounds may include many different 

chemicall  classes and only a single modifier percentage is recommended. 
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Logg Kow 

Logg Cs 

0.25 5 
V. V. 
"a a 
|| 0.05 
"5. "5. 
i . . 

Si i 

-0.15 5 

-0.35 5 

z z 
j-butylbz z 

.pentylbz z 

octylbz z f lnnr: : 

phen. . 

phep. . 

hexvlbz z 

h ePl a nSS «octane 
hexane* * 

phen. . 
*chrys s 

66 9 12 15 18 

Index x 

= = — — 

0.55 5 

0.35 5 

0.15--

p p 
0.05--

0.25--

pentv v 

ntylb b 

t-but t 

octane e 
•• «heptane 

hexane e 

lbz z 
.hexylbzz «chrys. 

hexylbzz Vhr 
JJ fluor. 

• • __ IH!or- Dhen. . . h r v fluor.. . • • *cnr> phen. . 

122 16 20 

Index x 

Figg 2.2 Residual plots of log K^, and log C,s versus the index. 

I tt might be thought that the use of the fugacity factor can also cause these systematic 

errors.. However, this factor is only necessary in the class of polycyclic aromatic 

hydrocarbons.. The other two classes consists of substances which are all liquid at 

roomm temperature. Fig. 2.2 shows that especially the two liquid classes are separated 

inn both plots, reducing the possibility of the fugacity as a cause of the systematic 

error. . 

AqueousAqueous solubility and octanol-waterpartition coefficient. 

Tablee 2.3 shows that nearly all experimental values known from the literature 

falll  within the predicted interval, with the exception of that of methyl laurate. The 

causee of this deviation is unknown. However, the ethyl incrimental value of log Km. on 

goingg from methyl caprate to methyl stearate is consistently one log unit in this paper 
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whilee in the given refrerence (Burkhard 1985) it is only 0.6 log unit. In the same 

reference,, methyl caprate appears to be an outlier with a difference of 1.4 log unit 

betweenn methyl laurate and methyl caprate. However, the two values of methyl 

capratee do not deviate systematically from each other while this is not the case for 

methyll  laurate. The incremental values in both RP-HPLC methods suggests a 

possiblee systematic difference. 

Thee sometimes large prediction intervals are caused by the fact that for a 

numberr of fatty acid esters, extrapolation of the established calibration line took 

place.. Although the statistical parameters of tine calibration line are quite good, any 

extrapolationn rapidly leads to an increase in the prediction interval. The establishment 

off  reliable log Kou, and log C\ in the high areas and/or more reliable experimental values 

off  the calibration substances (higher value of n) will diminish the prediction interval. 

Inn a fate model, however, it is the sensitivity of the outcome to the value which 

givess us the tools to establish those properties which should be determined more 

accurately.. A larger interval may be tolerated as soon as the outcome is more or less 

insensitivee to the value. 

Theoryy indicates a close relationship between Kom and C[ values (Mackay et at. 

1992,, Lyman et at. 1990, Miller et at. 1985). Both calibration lines (Eqs. 2.1-2 ) can 

thereforee be combined into the following equation: 

loglog Kow + log Cl
s(95% CI.) ~ 0.41  0.23) - 0.83  0.50) log k'. (3) 

(n(n = 13, s.e.r= 0.18, ^(adj) = 0,50, F = 13) 

AA slight but significant solubility - «-octanol-water partition coefficient correlation 

withh tht capacity factor is found. A similar correlation was reported previously (Miller 

etet al. 1985) with the molar volume, which was related to a pseudo solubility factor, Q, 

off  the liquid chemical in «-octanol saturated with water. Since the capacity factor is 

relatedd to die distribution of the substance between the two phases such a 

dependencee may be expected. 

Henry'sHenry's law constants 

Thee Henry's Law constants (HLC) values in Table 2.3 are considerable 

uncertain,, which is mainly caused by the inaccurate values of the aqueous solubility. 

Tablee 2.4 shows a compilation of HJLC-data for different classes of substances 

frequentlyy used in cleaning processes in industry. HLC values for some chlorinated 
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hydrocarbonss exceed 100 000. It is difficult to establish the uncertainty in the values 

fromm the references. It seems that the HLC values of the fatty' acid esters are slightly 

lowerr than those of the volatile chlorinated hydrocarbons (Mackay et al. 1992) and as 

suchh the substitution of these substances by a fatty' acid esters may be desirable in 

termss of a risk factor because of their lower escaping tendency from water and 

thereforee lower risk of inhalation. 

Tablee 2.4 Range of log K^. and HLC -values for some classes of substances frequently found in 

industriall  cleaning processes. 

Substancess log K^ - values HLC-values (Pa m3/mol) 

aliphaticc hydrocarbons 3 - 5 

monoaromaricc hydrocarbons 2-5 

chlorinatedd hydrocarbons 1 - 3 

fattyy acid esters 5-10 

Inn general, policy-decision bodies accept a tolerance of a factor of 10, one log 

unitt in the value. Sometimes this tolerance can only be based on the established 

predictionn interval. When a QSAR is used, as in this paper, the results in Table 2.2 

showw that many fatty acid esters still have uncertainties in their aqueous liquid 

solubilitiess and log Kow values exceeding this factor although the established QSAR 

iss quite accurate. The uncertainty in the HLC-value increases more since the error of 

thee pressure still has to be incorporated in the calculation. 

Conclusion n 

Thiss paper has shown that prediction of log Kow and log C/-values by the RP-

HPLCC is method is possible but quickly leads to large prediction intervals. This is 

causedd by considering the quality of prediction of the model instead of the frequently 

usedd quality of fit  of the model. The established calibration line in the RP-HPLC 

methodd using the OECD guidelines, may still hide systematic errors. They become 

visiblee if the statistical assumptions underlying the calibration line, are better 

investigated.. Even when the calibration line was established by similar substances, 

55 000 - 300 000 

5000 - 3 000 

1000 - 3 000 (> 100 000) 

500 -1500 
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systematicc errors can be introduced rapidly as has been shown in this paper. Finally 

ann accurate relationship of the calibration line does not guarantee an accurate 

predictionn value, which may be used in fate models. 
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3.11 Prediction of redox potentials and isomer distribution yields 
forr reductive dechlorination of chlorobenzenes. 

Piildoo B.Krop, Laetitia C.M. Commandeur and Harrie A.J. Govers 

(SARR and QSAR in Env. Res. 2, 271-287,1994) 

Abstract t 

GibbsGibbs free energies of reductive dechlorination processes of chlorobenzenes are calculated from 

thermodynamicthermodynamic data. The results are utilised to predict redox potentials and isomer distribution 

yields. yields. 

TheThe model predicts a standard redox potentialof'0.680 Vfor the reduction of hexachloroben^ene 

toto pentachloroben^ene, tapering of to 0.535 Vfor the reduction of monochloroben^ene to benzene. It 

isis shown that under anaerobic conditions, reductive dechlorination is more likely to occur, while aerobic 

conditionsconditions favour the formation of chlorophenols. 

AnAn isomer distribution yield is predicted for each of the reductive dechlorination processes of 

chlorobenzenes.chlorobenzenes. Predicted yields correspond to experimental values within 10%. The model includes a 

possibilitypossibility to establish a temperature dependence of the relative isomer yields. 

Introductio n n 

Chlorinatedd benzenes (ClBzs) are widespread used as solvents, fungicides, insect 

repellantss and intermediates in the manufacturing of chemicals. They are of global 

concernn because of their toxicity for both humans and ecosystems at low concentrati-

ons.. Their fate in the environment is dependent on their physical and chemical 

properties.. These compounds often behave hydrophobically and persistently, which 

resultss in accumulation in hydrophobic environments like fat and organic matter. 

However,, their persistence is not absolute. Both oxidation and reduction reactions 

off  chlorobenzenes are known. In aerobic microorganisms oxidation can lead to the 

formationn of phenol- and catecholderivates (Commandeur and Parsons 1990). Reduc-

tiontion of chlorobenzenes has become of interest. In 1983 Bailey (1983) commented on 

concentrationss of chlorobenzenes obtained by Oliver et al.(\982) from sediment cores 

off  different age. This author argued that in anaerobic environments highly chlorinated 

benzeness disappeared, whereas less chlorinated congeners remained or even occurred 
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inn increased concentrations. It was suggested that the former were reduced by repla-

cingg a chlorine substiruent by a hydrogen atom. This process is referred to as reduc-

tivetive dechlorination, which in our case will take place in the aqueous phase (Eq. 3.1.1). 

CC66HH6r6rClClnn(aq)(aq) + U'(aq) + 2e -* C6H7.nClJaq) + Cl(aq) (3.1.1) 

Inn 1988 Fathepure and Vogel showed in laborator)- studies that these reactions 

indeedd take place and that anaerobic microorganisms catalyse them. A common result 

off  all reductive dehalogenation studies is that exposure to a mixture of halogenated 

pollutantss in first instance leads to degradation of the highly chlorinated ones 

(Holügerr et al. 1992). It is thought, but only proven partially (Fathepure and Vogel 

1988),, that complete reductive dehalogenation under optimal environmental circum-

stancess is possible. This has potential application in remediation of anaerobic ground-

waterr and soil. 

Inn this paper an important reactivity determining property for the reductive 

dechlorinationn of ClBzs, the Gibbs free energy of the reaction, will be calculated using 

thermodynamicall  quantities. The value of the Gibbs free energy of the process 

immediatelyy leads to a laboratory redox potential of the redox couple C^Bz/Cl^Bz. 

Byy introducing environmental conditions, an environmental redox potential can be 

calculatedd from it. Comparing the redox potential of the ClF^z/Cl^Bz couple with 

otherr ones, similar to calculations carried out by Dolfing and Harrison (1992), enables 

onee to find out which process will prevail. The behaviour of the reductive dechlo-

rinationn couple widi respect to other relevant redox couples will be discussed. 

Ass a result of dechlorination most ClBzs with more than two chlorine atoms form 

isomerss with different environmental properties. By comparing the Gibbs free energy 

off  the reaction of each isomer, a distribution pattern will be calculated. This pattern 

cann be compared to values obtained from model experiments in the laborator}- ex-

cludingg as much as possible the presence of interfering factors like enzymes, sedi-

mentss and sludge. Our thermodynamic model shows that the distribution pattern 

dependss on the temperature. An equation will be derived to express this behaviour. 

Itss consequences for the choice of descriptors used by others (Komenda and 

Janderkaa 1979, Benedetti et al. 1990) will be discussed. 
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Theoryy and Method 

Fig.3.1.11 Complete reductive degradation scheme of the chlorobenzene congeners. The numbers 

indicatee the position ot the chlorine atoms at the benzene ring. 

ReductiveReductive dechlorination mechanisms. 

Thee overall reaction, Eq. 3.1.1, does not show that in particular steps isomers are 

formed.. A complete scheme of all possible dechlorination processes and isomer 

formationss of ClBzs is displayed in Fig. 3.1.1. 
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Dechlorinationn of, e.g., hexachlorobenzene can proceed up to benzene. Complete 

degradationn will occur if a strong nucleophile or electrolysis is used during the experi-

mentt (Farwell eta/. 1975, Sugimoto eta/. 1988). 

Thee dechlorination processes can be considered as being derived from the identity 

reactionn of benzene with one to six chloride ions leading again to benzene and one to 

sixx chloride ions after passage of transition states, TS, (see Fig. 3.1.2). The transition 

statess depend on the number and position of hydrogen atoms exchanged by chloride 

ions.. Each one of these transition states corresponds to one of the 12 possible chlo-

robenzenee congeners. 

C6Cl66 + 6H+ + 12 e 

c6ci66 + 6cr 

.123456 6 
12345 5 
1234 4 

== 1235 
1245 5 

.123 3 
-135 5 

124 4 
-12 2 
-13 3 
-14 4 

1 1 

C6C166 + 6C1" 

- •• Reactioncoordinate 

Fig.. 3.1.2 Possible transition states of the identity reaction of benzene and chloride ions. Each 

statee is formed by an exchange of one of more chloride ions by hydride ions. The numbers 

indicatee the positions within the benzene molecule, which has been exchanged by a chloride ion. 
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Thee height of each TS barrier, AGT/t is assumed to be equal to the negative of the 

equilibriumm Gibbs free energy, AGn of the total dechlorination reaction ot the conge-

nerr under consideration. 

Consequentlyy the kinetic reaction constant of the identity reaction is linked to the 

equilibriumm reaction constant of the total dechlorination process and the process is 

thermodynamicallyy controlled. This assumption is based on experimental data from 

whichh it can be inferred that product formation does not change with time (Farvvell et 

al.al. 1975, Freeman et al. 1986). The transition states can be considered as associated 

withh the H+ +2e couple (the exchange of a proton plus two electrons), e.g. for 

hexachlorobenzenee (HCB) CC16 +6FT +12e. For energy-rich electrons, which applies 

too reaction mechanisms considered here, the FT + 2e couple is energetically equiva-

lentt to H". On dechlorination and formation of CI" this energy is gained. 

AA closer inspection of the energy-rich reduction mechanism, such as met in 

electrochemicall  reactions, of a chlorobenzene congener, or in general an arylhalide 

(ArX),(ArX), reveals two steps (Amatore et al. 1982). The first one (see Eq. 3.1.2) is the 

formationn of an aryl radicaler», and the second one (see Eq. 3.1.3) the formation of 

thee final product, ArH, from it. 

ArX+e->ArX-->ArArX+e->ArX-->Ar + X (3.1.2) 

ArAr + e -J Ar + H20 -^ArH + OH' 

or:: Ar + H20 ->ArH + OH (3.1.3) 

Thee formation of the negative radical ion, ArX', in the dechlorination process of 

ClBzss in the first step is doubtful. Electron capture detection experiments in the gas 

phasee suggest that for ClBzs, with the exception of penta- and hexachlorobenzene, 

thiss transition state undergoes attachment leading directly to dissociation (Hattori et al. 

1978).. It is regarded as the rate determining step in a concerted process of electron 

attachmentt and halide abstraction. The observed rate constant of formation of the 

dechlorinationn product is equal to the rate of attack of the electron donating particle. 

Thesee rate constants are quoted in the literature (Chambers et al. 1980). The second 

stepp is the formation of the product. The aryl radical may react in (two) different ways 

dependingg on the environment present. Hydrogen (if present in the solvent molecule) 

abstractionn is the main process. In the presence of water the strongly oxidizing hy-
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droxidee radical may be formed and one might expect some oxidation products. 

However,, littl e is known in the case of water (Criddle and McCarthy 1991). 

Ourr thermodynamic approach is based on the transition state scheme of Fig. 3.1.2, 

whereass quantum mechanical or topological descriptors (Komenda and Janderka 

1979,, Benedetti et a/. 1990) can be related to the rate determining step of the 

concertedd mechanism of Eq. 3.1.2. 

GibbsfreeGibbsfree energy oj reaction 

Too obtain die aqueous Gibbs free energy of the reduction of congener h to / (Eq. 

3.1.1),, AGr.h(aq), one has to calculate its standard value in water, AGrJ(aq). The 

contributionn of ET(aq) and 2e is zero by definition. A value of -131.3 kj/mol has to 

bee included as the Gibbs free energy of formation of the hydrated chloride ion 

(Weastt 1985). Then AGrJ(aq) can be calculated straightforwardly according to Eq. 

3.1.4. . 

AGJ(aq)AGJ(aq) = AGj:Jaq) - 131.3 = AHjJ® - TASfJfe) + KThiHsh - 131.3 (3.1.4) 

wheree AG,J(aq), AHfJ(g) and ASjJ(g) are standard Gibbs free energy, enthalpy and 

entropyy differences, respectively, which are associated with the formation of starting 

congenerr h and product congener / in the gas phase from their elements. T is the 

temperaturee in Kelvin, R the gas constant in kj mol"1 K/1 and lnHlh the difference 

betweenn the In of die Henry's law constant of i and h. Multiplied by RT the latter 

correctss for the transition from the gas phase (g) to the aqueous phase (aq) Abraham 

(1984). . 

Calculationn of the enthalpy of formation of a particular chlorobenzene h or / in the 

gasphase,, AblUs), starts with the combustion enthalpy of the substance involved 

underr standard conditions, AH*(s), usually accurately determined in the solid phase 

(s).. This value can be transformed by the reaction equation of the combustion into its 

standardd enthalpy of formation, AH°(s). For the change to the gas phase (g) one has 

too add to the latter the values of the enthalpy of melting and/or vaporization at 298.2 

KK of the congeners, AH J and/or AH". 

Thee calculation of the entropies of the congeners h and / in the gas-phase is easily 

carriedd out. Many thermodynamic programs include this part. The calculated values 

differr littl e from experimental values in the low temperature range, usually below 1000 

K.. The program THERM (Ritter and Bozzelli 1990) is applied. To obtain these values 
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itt is, however, necessary to include the entropy of the elements, since they have a 
discretee value ar 298.? K. 

Eq.. 3.1.4 is basic to both the calculation of redox potentials and isomer distribution 

yieldss treated in the following sections. 

RedoxRedox potentials 

Thee redox potential at standard conditions, E° in Volts (V), is calculated directiy from 

thee standard Gibbs free energy of the redox reaction of Eq. (3.14) by E° = 

-- AGrJ(aq)/nF. The number of electrons transferred in the reaction is «, two in the 

casee of reductive dechlorination, and F is the Faraday constant in Coulomb (C) per 

mol.. In this calculation it is necessary- to assume that the reduction process is reversi-

ble.. Environmental conditions for the dechlorination process are different from 

standardd conditions. After defining these conditions, one can use Nernsts law, Eq. 

3.1.5,, to calculate an environmental redox potential, Ecm. 

ETET = E - (2.303Rr/nF).logfal(aq).aa(aq)/ah(aq).aH+(aq)] 

andEandE = -AGJ(aq)/nF (3.1.5) 

wheree a is the activity in the solution. If the concentration is low, the activity may be 

sett equal to its concentration. As general environmental conditions can be chosen: 

7=298.22 K, pH-1, pCl=3 (Vogel et al. 1987). Then at equal concentrations of the 

startingg and product congeners h and /, the second term of Eq. 3.1.5 becomes 

0.1188 V. 

Redoxx potentials are powerful tools in predicting the possibility of reactions on 

thermodynamicc grounds. The behaviour of the chlorobenzene redox couple in 

differentt environmental conditions can be discussed by comparison with the values of 

otherr redox potentials. Important environmental redox couples are 02(g)/H20(aq) 

andd H,(g)/H+(aq). A chlorobenzene has in principle two different modes of reaction 

inn the environment, a substitution of cliiorine by hydrogen (reduction) or vice versa, 

Eq.. 3.1.1, or a substitution of hydrogen by hydroxide (oxidation) or vice versa, Eq. 

3.1.6. . 

CC66HH66..nnClClnn(aq)(aq) + H20 (I) -9 C6H5„Cl nOH(aq) + 2 FT + 2e (3.1.6) 
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Thee behaviour of both modes will be compared and combined to the environmental 

redoxx couples later on. 

ValuesValues of isomer ratios and their temperature dependence 

Inn the calculation of the distribution yields or concentration ratio, fij/p],  of the 

isomerss / andy resulting from a common parent congener />, the ratio of the rates of 

isomerr formation is the most important quantity. In our approximation this ratio can 

bee found from the ratio of the equilibrium constants , Klh/Kjh of the formation of the 

isomers.. The latter is directly related to the Gibbs free energies of the reactions, given 

inn Eq. (3.1.4), according to Eq. 3.1.7: 

[']/(/][']/(/]  = (sJsjfJ.(KJKjb)= (sjsjh).exp{- (AG J fa)- AGr;(aq))/RT] (3.1.7) 

Inn Eq. 3.1.7 s are statistical factors for the pertinent reduction processes, which 

accountt for the number of chemically equivalent chlorine atoms in the parent 

molecule.. Starting with 1,2,3-trichlorobenzene (123-TCB), e.g., twice as much 1,2-

dichlorobenzenee (12-DCB) {s = 2) is expected as 1,3-dichlorobenzene (13-DCB) (s = 

1)) as a consequence of the equivalence of the 1- and 3- positions in the parent 

compound. . 

Fromm Eq. 3.1.7 a temperature dependence of the isomer ratio can be calculated 

afterr substitution of Eq. (4) both for AGJfaq) and AGrjh°(aq). One obtains Eq. 3.1.8 

HiPlih)HiPlih)  = ¥hJ  ̂ - AHJP&ZRT + ASp;(z)/R - lnUg (3.1.8) 

Itt shows that in the change of entropy or enthalpy of formation and in the Henry law 

constantt contribution the values of the parent substance, h, disappear. Owing to the 

similarityy of the isomers /' andy, a temperature independence of AHfJ(g)y ASfJ(g) and 

InH,InH, is assumed. Then Eq. 3.1.8 is transformed into a linear dependence between the 

Inn of the ratio of the isomer yields and the inverse temperature. 

OtherOther descriptors op isomer yields 

Inn addition to the foregoing thermodynamic approach predictive relationships 

(QSARs)) for isomer yields can be founded on quantum mechanical and topological 

descriptors.. For quantum mechanical descnptors the procedure starts with the 
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mechanisticc pathway of Eq. 3.1.2. The electron attached to the ClBz will be injected 

intoo the lowest unoccupied energy level, usually the ;T*-energy level. By stretching the 

C-Cll  bond its unoccupied cT-andbonding energy level, <7, will become lower in 

energyy (Moreno et al. 1989) and the electron will cross to this level. The transition 

statee will be one with a nearly broken C-Cl bond and the chloride ion will leave the 

parentt molecule. A simple model tor the kinetics of this process applied to alkyi 

halides,, R-X + e —> R + X" with X ~ halogen and R the alkyi group, in polar sol-

ventss is described in the literature. The standard free energy of activation, directly 

relatedd to the rate constant, is thought to be composed of two contributions: the 

dissociationn energy of the R-X bond and a solvent reorganization factor (Saveant 

1987).. The bond energy can be divided into a covalent and an ionic part according to 

aa simple Pauling model. If the aryl halide (ClBz) is assumed to behave in a way similar 

too the alkyi halide and if the covalent part in the dissociating process is assumed to be 

equall  for isomers, the main difference lies in the ionic part. The latter results from the 

electronegativitiess of the carbon and chlorine atoms leading to non zero electronic 

chargess on these atoms. This enables the search for QSARs based on a linear 

relationshipp between, e.g., the charge on the chlorine atoms and the reaction rate 

(Komendaa andjanderka 1979, Benedetri et al. 1990). It should be mentioned here that 

withh respect to a nucleophilic attack the bond energy may not be a good descriptor in 

thee case of aryl halides. Bond polarizability may be a better one (Bartoli and Todesco 

1977).. The contribution of the solvent reorganisation factor is usually much lower 

thann the dissociation energy and is a constant in the calculations. However, its 

influencee on the yield calculations has not been studied sufficiendy. 

Topologicall  descriptors can be used if they distinguish between isomers. The Edge-

Weightedd Matrix Lack of Connectivity index, E\X7vlLC, meets this criterion 

(Benedetrii  et al. 1990). It is based on the distance or bond matrix of the chlorine and 

carbonn atoms. It simply is assumed that the index value of an isomer in a reaction is 

proportionall  to the isomer yield. 

Accordingg to the quantum mechanical and topological approach and after inclusion 

off  statistical factors Eq. 3.1.9 can be used for the prediction of isomer distribution 

yields: : 

PJ/D]PJ/D] = (sJsjl).(qlh/qjl) (3.1.9) 
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Inn Eq. 3.1.9 q are the charges on the chlorine atom in the parent chlorobenzene, 

whichh ran he calculated according to the AMI method, while the EWMLC indices 

aree calculated for each isomer formed. These q values are available in the literature 

(Komendaa and Janderka 1979, Benedetti et al. 1990). In contrast to the 

thermodynamicc approach these descriptors do not include explicitly entropy or 

temperaturee effects nor environmental conditions such as water,pH andpCI. 

Resultss and discussions 

GibbsfreeGibbsfree energy of reaction. 

Tablee 3.1.1 shows the required data to obtain the values of the aqueous Gibbs free 

energyy of formation of each QBz-isomer, AGj;h°(aq). Included is the Gibbs free energy 

off  formation of each isomer in the gasphase, AGp(g). Experimental values are cited, 

whichh are obtained as much as possible under equal experimental conditions. This has 

thee advantage that systematic errors will largely be cancelled in the calculation of 

AGAGrrJ(aq)J(aq) according to Eq. 3.1.4. This criterion could not be met for the entropy 

valuess which, as written before, were calculated by the thermodynamic program 

THERM.. In addition the required combustion enthalpy for the dichlorobenzenes 

andd benzene itself were not included in the cited list but were established already quite 

accuratelyy before (Dean 1985). 

Experimentall  values of the melting enthalpy are quoted at their melting temperature 

insteadd of 298.2 K. However calculations similar to Rordorf (1989) indicate a 

correctionn factor of less than 0.4 kj/mol for each ClBz except for HCB (- 1.6 

kj/mol).. This factor is considerably less than the cited total error in the measurements 

off  2 kj/mol. Together with other errors, of which the solvation enthalpy shows the 

mainn contribution of around 2 kj/mol, AGfJ(aq) wil l have a total error of 

approximatelyy 3.7 kj/mol. 

Thee value of AGJ(aq) is an indication of the stability of each ClBz compared to its 

elements.. It may be compared to the value of AHJ-fg) which is normally used in a first 

approximationn of stability of the compound. The two columns (AGj(aq) and AHJ(g) 

inn Table 3.1.1) show a nearly identical pattern. The only discrepancy is that 1,2,4-

trichlorobenzenee (124-TCB) is more stable at room temperature than 1,3,5-

trichlorobenzenee (135-TCB). This reversal is caused by a lower contribution of the 

entropyy of 124-TCB. 
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Tablee 3.1.2 Gibbs free energies of reaction, AG[^°(aq)) the difference of the Gibbs free energy 

off  formation of the congeners, AGfi!h°(aq), the redox potential, E°, and environmental redox 

potentials,, Emv, of dechlorination processes of chlorobenzenes. Each process is indicated by the 

changee of the chlorine positions in the molecule. 

Reaction n 

l - > 0 0 

122 —> 1 

13->> 1 

144 —> 1 

123—>> 12 

- M 3 3 

1244 ^ 12 

->13 3 

-»14 4 

1 3 5 ^ 13 3 

1234^124 4 

^^ 123 

12355 ^ 123 

^^ 124 

^ 1 35 5 

12455 -^ 124 

12345->> 1234 

-^^ 1235 

->> 1245 

123456->12345 5 

y2Cl2(g)) -> Cl (aq) 

AGr/(aq) ) 

(kj/mol) ) 

-103.2 2 

-110.5 5 

-106.3 3 

-104.4 4 

-107.1 1 

-111.3 3 

-100.8 8 

-105.0 0 

-107.0 0 

-108.5 5 

-129.3 3 

-123.0 0 

-115.0 0 

-121.3 3 

-117.8 8 

-115.9 9 

-118.0 0 

-126.0 0 

-131.4 4 

-130.8 8 

-131.3'7 7 

AGtjh°(aq) ) 

(kj/mol) ) 

28.0 0 

20.7 7 

24.9 9 

26.9 9 

24.1 1 

19.9 9 

30.4 4 

26.2 2 

24.3 3 

22.7 7 

1.9 9 

8.2 2 

16.2 2 

9.9 9 

13.4 4 

15.4 4 

13.3 3 

5.2 2 

-0.2 2 

0.8 8 

EU(V) ) 

0.535 5 

0.573 3 

0.551 1 

0.541 1 

0.555 5 

0.577 7 

0.522 2 

0.544 4 

0.554 4 

0.562 2 

0.670 0 

0.638 8 

0.596 6 

0.629 9 

0.610 0 

0.601 1 

0.611 1 

0.653 3 

0.681 1 

0.676 6 

0.680 0 

E™'(\7 7 

0.417 7 

0.455 5 

0.433 3 

0.423 3 

0.437 7 

0.459 9 

0.404 4 

0.426 6 

0.436 6 

0.444 4 

0.552 2 

0.520 0 

0.478 8 

0.511 1 

0.492 2 

0.483 3 

0.493 3 

0.535 5 

0.563 3 

0.558 8 

0.562 2 

a)a) Environmental conditions are chosen as pH-7, pCl-3. 
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Tablee 3.1.2 shows the results of the calculation of the Gibbs free energy of each 

reductivee dechlorination reaction, AGJ(aq), according to Eq. 3.1.4 and its redox 

potentiall  according to Eq. 3.1.5. The Gibbs free energy of reaction of any dechlorina-

tionn process, AGJ(aq), of a chlorobenzene is negative, indicating that each process is 

exothermic. . 

Itt is composed of two parts (Eq. 3.1.4), a normally positive value of AGph°(aq) 

indicatingg mat the substitution of a Cl-atom by a H-atom is an endothermic proces 

andd the formation of the hydrated chloride-ion (-131.3 kj/mol), a very strong 

exothermicc process, compensating more man sufficiently the endothermic substitu-

tion.. The value of AGfJ(aq) approaches zero when the chlorine content of the CiBz 

decreases,, indicating that the effect of the removal of a chlorine atom decreases when 

moree chlorine atoms are present in the parent molecule. The minimum value of 

AGAGphph
00(aq)(aq) is found when all positions of the benzene ring are occupied by chlorine. In 

thiss case its value is approximately zero which results in a AGrih°(aq) ~ -131.3 kj/mol, 

thee energy- liberated by the formation of the hydrated chloride-ion. 

I tt may be regarded as a maximum theoretical value of the Gibbs free energy of such a 

typee of dechlorination process in water. A similar maximum is expected for related 

compoundss like polychlorobiphenyls (PCBs) or polychlorodioxins or furans 

(PCDD/F). . 
AA chlorine shift converting one isomer to another more stable one is not prohibited 

onn diermodynamic grounds. However, its Gibbs free energy change AGfJ(aq) is 

considerablyy smaller (6 - 9 kj/mol) than the Gibbs free energy of the corresponding 
dechlorinationn process, AGJ(aq) (100-130 kj/mol). 

Thiss difference is probably even higher on kinetic grounds since both a C-Cl bond 

andd a C-H bond need to be broken. 

Thee Gibbs free energy- of any dechlorination from any ClBz congener indicates that 

thee equilibrium constant, Klh = exp - (AGJ(aq)/RT), of the process, Eq. 3.1.1, is 

extremelyy large ( ~/°). Consequendy the position of the equilibrium is completely to 

thee r>ht and a complete degradation of the congener is expected. 

TheThe redox potential. 

Bothh a standard and an environmental redox potential are included in Table 3.1.2. 

Estimationn of its error as a result of the error in AGfJ(aq) leads to a maximum 

valuee of 5.3 kj corresponding to 0.027 V. This could very well be less as discussed 

before.. Recent values published by Dolfing and Harrison (1992) are quite different 
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too ours. One of the reasons is their definition of environmental conditions which, 

unfortunately,, was impossible to follow. Another important difference is that their 

valuess will predict a complete different isomer distribution. This is discussed in a 

laterr section in this paper. Values as indicated in Table 3.1.2 permit one to predict 

intoo which direction important environmental reacdons may occur. Table 3.1.3 

showss relevant standard redox potentials of modes of reactions of 1,4-

dichlorobenzene,, 14-DCB, for an aerobic and anaerobic environment (see Eqs. 

3.1.63.1.6 and 3.1.1). In an aerobic environment, in the presence of redoxcouple nr. 1, 

14-DCBB possesses two modes of reactions. The first one is a combination of 

equationn nr. 1 and nr. 2, with a redox potential of AE° = E,° - E2° = 0.675, which 

correspondss to a chlorination process of 14-DCB. The second mode combines 

equationn nr. 1 and nr. 4, AE° = 0.907 V and is a phenolation process of 14-DCB. If it 

iss assumed that the reaction which liberates most energy will take place, having higher 

zlP-values,, a phenolation is preferred under standard aerobic conditions. 

Tablee 3.1.3 Environmentally relevant standard redox potentials of the redox 

processess of 1,4-dichlorobenzene (14-DCB). 124-TCB = 1,2,4-trichlorobenzene. 

Nr. . 

1 1 

2 2 

3 3 

4 4 

5 5 

Equation n 

02(g)) + 4H+ + 4e -> 2 H20(1) 

124-TCB(aq)) + 2 H+ + 2e -  14-DCB(aq) + Cl'(aq) 

H-DCB(aq)) + 2 H+ + 2e -> ClBz(aq) + CI (aq) 

2,5-dichlorophenol(aq)) + 2 H+ +2e -+ H-DCB(aq) + H2OQ 

22 H+(aq) + 2e — H2(g) 

E° ° 

+1.2299 V 

+0.5544 Vb 

+0.5411 Vb 

+0.3222 Vc 

0.0000 Vd 

a)) Weast 1985 b) this work c) Using Eq. 3.1.5 with AGf/(aq) of 2,5-dichlorophenol(aq) of 

Dolfingg and Harnson 1992 d) By definition. 

Inn an anaerobic environment, in the presence of redox couple 5 for example, 14-

DCBB can only be dechlorinated. However, in a mixture of 124-TCB and 14-DCB 

reductionn of the higher chlorinated ClBz, 124-TCB will occur primarly followed by 

reductionn of 14-DCB on similar grounds as discussed above. 

IsomerIsomer distribution and its temperature dependence. 

Tablee 3.1.4 shows the results of laborator)- distribution experiments of reductive 

dechlorinationn processes as found in the literature. Remarkable is the consistency of 
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thee yield pattern under different circumstances e.g. different polar solvents and 

electronn sources. This has been noted before (Chambers et al. 1980), Whether the 

reactionn is pertomed electrochemically (Farwell et al 1975, Sugimoto et al. 1988), 

photoinducedd (Freeman et al. 1986, Freeman and Ramnath 1991) or with a metal 

complexx (Gantzer and Wackett 1991), the pattern remains the same. One exception, 

however,, are the dechlorination yield percentages of the pentaclilorobenzene in 

DMSOO by cyclic voltametric experiments (Farwell et al. 1975). Its dechlorination pro-

ducts,, however, have been determined indirectly in this experiment contrary to the 

determinationn of the other dechlorination products. Therefore these yield percentages 

aree not included in the calcalculation of the average yield. The values of the kinetic 

experimentt are obtained from a nucleophilic attack of a methanoate-ion (CH30~) on 

thee reaction center. The outcome of the experiments included in Table 3.1.4 suggests 

thatt the rate determining step is the formation of the aryl radical of the parent 

congenerr when a single energy rich electron is donated (see Eq. 3.1.2). Recently 

experimentall  support is reported that single electron movement of the nucleophile 

OH""  during an attack on 2,4-dinitro-l-chlorobenzene in water might explain the 

kineticc results found (Bacaloglu et al. 1991) and new theoretical developments indicate 

thatt such a picture may be feasible (Shaik 1987). Overall the reductive dechlorination 

processs described in the reaction of Eq. 3.1.1 may be equal to the reaction of the 

strongg nucleophile, the hydride ion, with the chlorobenzene. The two electron 

reactionn is changed by a picture similar to that of the reaction of methanoate ion, 

superoxidee anion or the hydroxide ion already mentioned before. The average 

experimentall  distribution yields in Table 3.1.4 are compared to the results of several 

modell  calculations in Table 3.1.5. Each model shows the result of the calculation 

withoutt the statistical factor (the second factor of Eq. 3.1.7 or 3.1.9), which compares 

thee relative preference of each isomer formed and the calculation including the 

statisticall  factors, the complete Eq. 3.1.7 or 3.1.9), in order to be able to compare the 

percentagee of each isomer formed. The first type of calculation shows that a consis-

tentt pattern is obtained regarding the preference of each isomer to reductive 

dechlorination.. The only discrepancy exists in the tnchlorobenzenes formed after the 

reductivee dechlorination of 1,2,3,5-tetrachlorobenzene (1235-TeCB) based on the 

AM II  method. However this can be expected since these calculations do not include 

ann entropy contribution and it is this contribution, as mentioned before, which 

changess the stability of the trichlorobenzenes. 
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Thee second type of calculations shows that large discrepancies exist in the relative 

amountt of isomers formed by each method. A calculation of an average deviation of 

eachh model from the experimental values in Table 3.1.5 reveals that this deviation is 

leastt for the thermodynamic one developed in this paper. It is less than 10 %, which 

comparess favourably to the estimated errors in the experimental and calculated 

values.. The most substantial difference in isomer formation in the thermodynamic 

modell  is found for the formation of the 12-DCB and 13-DCB isomers after 

dechlorinationn of 123-TCB and to a lesser extent also of 124-TCB. However, the 

thermodynamicc values used in the calculations are cited from another source. The 

differencee in percentage of these two isomers indicates that the calculated difference 

inn AG.J(aq) ( =4.2 kj) is too large. A difference of ~2 kj would have yielded a 

distributionn ratio which is more consistent with experimental data. 

Usingg values of AG.J(aq) of Dolfing and Harrison (1992) in the calculation of an 

isomerr distribution pattern reveals substantial differences. E.g., the main isomer 

formedd after dechlorination of pentachlorobenzene (QCB) is 1235-TeCB or from 

1235-TeCBB is 135-TCB. This contradicts the abiotic experimental results. 

AA second source of error in the average experimental distribution yields could be the 

temperaturee since the kinetic results are obtained at substantial lower temperature. 

Usingg Eq. 3.1.8 and the values of Table 3.1.1, equations can be derived which express 

thee dependence of the concentration of isomers formed. Eq. 3.1.10 and Eq. 3.1.11 

weree obtained in this wav for die formation of the tetrachlorobenzene isomers from 

QCB. . 

InIn ([12351/[1245]) = - 0.04 - 440/T (3.1.10) 

InIn ([1234]/[1245]) = -0.77- 1180/T (3.1.11) 

Usingg Eq. 3.1.10 and 3.1.11 the change of isomer yield on going from 298 K to 266 K 

iss a merely 3% decrease of [1235] and 0.4% decrease of [1234] over [1245]. This 

differencee in isomer formation is insignificant compared to the possible variation of 

thee isomer distribution according to the error in the Gibbs free energies of the 

reactions.. Larger differences are expected if the temperature range increases. Those 

differencess have been reported in tetrahydrofuran (THE) (Freeman and Ramnath 

1991)) for the dechlorination process of QCB, 1234-TeCB and 124-TCB. According 
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too Eq. 3.1.8 only the contribution of the Henry's Law constant, In Ht„  can differ in 

waterr and THF, 

1/T*10E3 3 

-Inn ([1235]/1245]) from Eq. 3.1.10. 

-ln([1235]/[1245])THFexp.. values (Freeman 1992) 

ln([1234]/[1245])Eq.. 3.1.11 

-ln([1235]/[1245])) THF extrapolated exp. values (Freeman 1991) 

Fig.. 3.1.3 Theoretical dependence of the ratio of formation of the different tetra-ClBzs In [i]/[j ] 

withh temperature calculated according to the thermodynamic model (Eq. 3.1.10 and 3.1.11) and 

experimentall  values measured in T HF which are also extrapolated to higher temperatures. 

Figuree 3.1.3 compares the results of Eqs. 3.1.10 and 3.1.11 to its experimental 

valuess in THF and shows a similarity in the calculated and experimental values. 

Extrapolationn of the experimental line in THF indicates the possibility of a reversal 

inn isomer distribution at higher temperatures. While this is a logic consequence of 

thee thermodynamic model developed in this paper, it is difficult or not to 

incorporatee into the other models used. Including vibration levels in the calculati-

nn „u „_,.,,, :t ;c-„„.r. -- TT-KM-B onss Oi the Cuargc at the L^l-atom will change its value lnsigmiicantly. 1 here ts nu 

possibility,, however, to change the index of a topological descriptor. It should be 

concludedd that descriptors like the charge or a topological one may not be suitable 

forr this type of calculations. 

Congenerss with many more isomers like chlorinated PCBs or PCDD/Fs will increase 

thee complexity of the determination of isomer patterns. 
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Althoughh thermodynamic values are preferable, lack of accurate thermodynamic data 

frequendyy inhibits a calculation of isomer distribution patterns. Use of other 

descriptorss is considerably limited because of the indicated temperature dependance 

off  the yield ratios. Although they may have the advantage that they can be determined 

easilyy and accurately, their theoretical basis is questionable. This is not the case for the 

thermodynamicc model. 

Whilee the calculations are restricted here to a prediction of isomers formed after 

reductivee dechlorination, the values of the Gibbs free energy of each reductive 

dechlorinationn of a ClBz can be used to describe a complete dechlorination picture of 

aa reduction of hexachlorobenzene to benzene. This subject is currendy under 

investigation, , 

References s 

(Seee full reference list) 

82 82 



EquilibriumEquilibrium thermodynamics 

3.22 Determination of environmentally relevant physical chemical 
propertiess of some fatty acid esters. 

Hildoo B. Krop, Martin J.M. v. Velzen, John R. Parsons and Harrie A.J. Govers 

(JAOCS,74,, 309-315,1997) 

Abstract t 

FateFate models frequently use input parameters that are defined at environmentally conditions. In a 

recentlyrecently developed gas liquid chromatography method (GC-VAP), vapor pressures, heats of 

vaporisationvaporisation and heat capacity differences (gas-liquid) of fatty acid esters are determined over a large 

temperaturetemperature range including environmental temperatures. This method also allows an accurate 

determinationdetermination of the normal boiling point temperature of a substance. Literature values of vapor 

pressure,pressure, boiling point temperature and heat of vaporisation at 298.15 Kfor the chosen esters are all 

inin excellent agreement with those determined with the developed method. Correlations between carbon 

numbernumber and the heats of vaporisation are high. 

Introductio n n 

Fattyy acid esters of natural origin are promising products for use as fuels, lubrificants 

orr cleaning agents. The introduction and use of fatty acid esters as possible substitutes 

forr (chlorinated) hydrocarbons as industrial cleaning agents are being investigated in 

thee recently started project "Vegetable Oils and their Fatty' Acid esters as substitutes 

forr organic solvents in industrial PROcesses (VOFAiVö)- sponsored by the EU". As 

partt of this project an environmental and human risk assessment of the products is 

beingg carried out. Some environmentally important parameters like the vapor 

pressuress of the fatty acid esters are difficult to determine accurately at environmental 

conditionss because of their low volatility. The values in the literature are usually 

extrapolatedd from measurements at higher temperatures, often leading to substantial 

errors. . 

Indirectt vapor pressure measurement using gas liquid chromatography (GC) has 

severall  advantages over other methods. It is a fast and easy method where low 

concentrationss are used and relatively impure substances are tolerated. The method 

describedd in this paper is based on the use of relative retention times determined on a 

nonn polar stationary phase and isothermal conditions. The retention of a solute, 
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however,, depends on both its vapor pressure in the pure liquid phase and its activity 

inn the column stationary phase. In addition to the measured retention parameters the 

valuee of the activity coefficient is required (Spieksma et al. 1994). In an earlier version 

off  the GC-method this problem is solved by using one or two reference compound(s) 

withh known vapor pressure in the measured temperature range (Westcott and 

Bidlemann 1981, Eitzer and Hkes 1988, Hamilton 1980). In the thermodynamic 

relationshipp used to calculate the pressures at environmental conditions the heats of 

vaporizationn of the unknown substance and the reference compound appear, which 

aree assumed to be independent of the temperature. This leads to substantial errors in 

thee extrapolation to environmental conditions. 

Inn a novel version of the GC method (GC-VAP), reported by Spieksma et al. (1994), 

Kovatss retention indices and liquid «-alkanes as reference compounds are used. The 

Kovatss retention indices of these compounds are by definition independent of the 

temperature.. The retention of the unknown substance is expressed relative to those 

off  the //-alkanes eluting just before and after the compound. An expression is derived 

thatt relates the vapor pressure, P, of the unknown compound at a certain temperature 

too those of the corresponding nearest /7-alkanes and some correction factors. The 

differencee in activities to the column of the unknown substance and the nearest 

elutingg «-alkane is incorporated by the McReynolds number of a model compound. 

Inn this study the vapor pressures of a number of fatty acid esters are measured. The 

esterss are divided into three groups: (i) a series of methyl esters of different saturated 

fattyy acids with even carbon number (C12 - C ^, (ii) a series of esters of lauric acid and 

differentt alcohol groups and (iii ) a series of methyl esters of C18-acids with different 

degreess of saturation. Special attention is paid to comparison of the results 

extrapolatedd outside the measured temperature interval with values obtained by 

differentt methods. From the temperature dependence of vapor pressure, heat of 

vaporizationn and gas-liquid heat capacity differences are derived. 

Method. . 

PhysicalPhysical chemical model 

Detailedd descriptions of the method used can be found elsewhere ( Spieksma et al. 

1994,, Haelst et al. 1996, Govers et al. 1996). In short the Kovats retention indices of 

thee unknown substance (I) and the tf-alkanes are determined after correction by the 
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retentionn time of an unretarded compound (in our case methane) on a gas 

chromatographh at different temperatures. The index is defined as follows: 

ƒ,-- - 100[!og(tr/t0)-logtr  ̂ + 100K (3.2.1) 

wheree {trJ-Q is the net retention time (min) of the test compound, (/r„-/0) that of the 

«-alkanee and t0 is the retention time of the unretarded component at different 

temperaturess T(K) . the numbers of carbon atoms of «-alkanes eluting just before and 

afterr /are ^and %+1, respectively. 

Thiss index is then transformed into the compound's vapor pressure (P) and the 

activityy in the column stationary phase, yt. The vapor pressure of the unknown 

substancee is related to those of the nearest /7-alkanes and a correction factor. The 

correctionn factor takes into account that the Kovats retention index of the unknown 

substancee does not coincide exactly with those of the nearest «-alkanes and the 

differentt activities of the unknown substance and the nearest «-alkane in the column. 

Thee value of the correction factor in the pressure equation, which is the logarithm of 

thee ratio of the activity coefficients of the unknown substance and that of the nearest 

«-alkane,, is assumed to be constant in the derivation, while the ratio of the activity 

coefficientss of the «-alkane (with ^ carbon atoms) and the following one (with %+1 

carbonn atoms) is assumed to be 1.0. The constant ratio ft/j^is found from tabulated 

valuess based on the McReynolds number. For the fatty acid esters the value of 2-

pentanonee was chosen (Spieksma et al. 1995). The same procedure is used to derive 

equationss for the heats of vaporization and the heat capacity differences. The 

followingg basic equations can be derived (Govers et al. 1996): 

logP,logP, = log Pz + (100Z-IJ(logPelogPrt)/100 + log(YJyj (3.2.2) 

AHAHSS(T)(T) = AHK + (100^1)(AHZ-AH^)/100-

-2.30259RT-2.30259RT22(logP(logPzz-logP^)(dï-logP^)(dïll/cfr)/100/cfr)/100 (3.2.3) 

ACACPP/T)/T) = ACP>Z + (100z-IJ(ACPi+ACP f̂)-[RT(logPz-logP^) 

(dlJdTJ/SO+fAH^-AH^XdlJdTJ/(dlJdTJ/SO+fAH^-AH^XdlJdTJ/ lOO+RVtflogP^ogP^XcflJcfT2)/100] (3.2.4) 
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Eqs.. 3.2.3 and 3.2.4 can be derived from Eq. 3.2.2 by using the thermodynamic 

definitionss AHV = KT2(dlnP/dT) and AC=dAHJJT. 

Becausee the Kovats retention indices of the «-alkanes are by definition independent 

off  the temperature, a (small) correction is necessary if the substance is not an n-

alkane.. The nature of this correction is not known exactly, but good results are found 

usingg a simple quadratic relationship of the Kovats index and the temperature 

accordingg to the following Eq. 3.2.5: 

II II(T)(T) = I0 + I!*T
2 (3.2.5) 

Afterr determination of the Kovats indices of the unknown compound and the 

squaree of the temperature, I0 and J, can then be determined by linear regression . 

Thee next step is the calculation of log Pz of the «-alkanes by fitting T and ^ to 

experimentall  values of the vapor pressure, heat of vaporization and heat capacity 

differencess according to the following equation: 

logPlogPzz = Az + Bz/T+Cz/T
2 (3.2.6) 

withh AK- ) + z - 0.007281 2 

B^== 485.68961 ) -261.5436(10.47628)2 + 2 

CCKK-- -86487.5(155.09) + z - 2 

Thee corresponding equations of the heat of vaporization and heat capacity 

differencee for the n-alkanes can be found by using again the thermodynamic 

definitionss for these properties given before. 

A^A  ̂ B and C in Eq. 3.2.6 have been derived from independent measurements of 

vaporr pressures, heats of vaporization and heat capacity differences of the /7-alkanes. 

Thuss A„  B and C are empirical parameters for «-alkanes, Az and Bz being similar to 

constantss in the Clausius-Clapeyron equation. Heat capacity differences of the n-

alkaness at 298.15 have been used for the Cz factors, which span a range of ^ = 3 - 14. 

Thee B factors have been derived from calorimetric determination of the heats of 

vaporizationn of the «-alkanes at 298.15 K, spanning a range of ^ = 6 - 17 and the A„ 

factorss from 297 experimental P values in the range of ^ = 3 -35, determined at 150 -

7633 K {log P„  -values between -4.56 and + 3.31). No experimental values were 
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omitted,, even if the difference between the experimental value and the model was 

moree than three times the standard deviation. 

Thee error in log Ph AHfF) and ACPl(T) were calculated from the standard error of 

eachh factor (A  ̂ B  ̂ C„  fy. In the calculated error function the temperature and the 

retentionn index can still be found, resulting in an increase of the error with increasing 

temperaturee and retention index. 

Al ll  calculadons including the statistical ones were performed in the spreadsheet 

program,, Excel 5.0 for Windows (Microsoft, Redmond, WA). 

Experimental Experimental 

AUU the esters, with the exception of 2-ethyl-hexyl laurate were purchased from Sigma 

(Zwijndrecht,, the Netherlands). 2-Ethyl-hexyl laurate was a gift from Unichema, 

Gouda,, The Netherlands. The esters were stored at 5 °C. 

Thee even, C12-Clg, /z-alkanes were purchased from Polyscience (Niles, IL) , analytical 

standardd (purity >99%) and the even, C20 -C24, «-alkanes were from Sigma (purity 

>99%).. No peak interference was found on the GC. All substances were dissolved in 

trimethylpentanee (TMP) (Rathburn (glass distilled grade), Waikerburn, Scotiand). 

AA Hewlett-Packard model 5890 series II (Amstelveen, the Netherlands) equipped 

withh a Flame Ionization Detector was used. A 30 m x 0.32 mm DB1 column from 

JandWW Scientific (film thickness of 25 Jim) was applied. Helium was used as the 

carrierr gas. 

Thee injector was used in the split mode with a split ratio of 1 : 24.2. The column flow 

amountedd to 1.64 mL/min and the septum purge flow to 1.12 mL/min. 

Thee oven temperature of the isothermal runs depended on the volatility of the fatty 

acidd esters. For methyl caprate the temperature varied between 373 and 433 K in 

stepss of 10 K, for methyl laurate between 393 and 463 K, for methyl myristate from 

3933 to 473 K and the other esters from 433 to 525 K, all in steps of 10 K. The oven 

temperaturee was accurate to within 1% of the temperature in Kelvin. 

Retentionn indices of the saturated methyl fatty acid esters were measured in 

quadruplicatee for most temperatures and in sextuplicate for the end and middle 

temperaturee of the chosen range in order to improve the stability of the regression 

line.. For the other esters, aD indices were measured in quadruplicate. 

Att each temperature, all indices were checked for outliers, defined as the index value 

abovee or below the average and three times the standard deviation. None were found. 

Thee Fisher F-value of the average retention index at each measured temperature for 
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eachh fatty acid ester was calculated. Its value is found by dividing the square of the 

standardd deviation of the pertinent temperature over the same value of a reference 

temperature,, corrected for the number of degrees of freedom. 

Resultss and discussion 

Inn this study, the GC-VAP method was found to provide accurate vapor pressure 

dataa at different temperatures, which can be extrapolated to temperatures outside the 

measuredd range. Accurate measurements of the Kovats retention indices within the 

measuredd temperature range diminish the extrapolation error. The curvature of the 

vaporr pressure - temperature relationship (P - T model) determines the heat of 

vaporization,, AHV. This property is sometimes measured by a different, e.g. 

calorimetricc method at temperatures other than where the vapor pressures were 

determined.. Some values are available and they will provide an extra validation of the 

PP - T model. 

Thee heat of vaporization is an important parameter in the prediction of partitioning 

properties.. For example, its value can be used to calculate a total solubility parameter, 

S,S, frequendy used in relationships to predict solubility behaviour (Govers 1993). The 

heatt capacity differences (gas - liquid) under constant pressure (ACP) is derived from 

thee curvature of the heat of vaporization versus temperature relationship. Since the 

heatt of vaporization is an important thermodynamic property, a number of 

estimationn methods (QSARs) are known (Lyman et al. 1990). For the unsaturated 

methyll  esters a simple one is frequently found, where the number of C atoms of die 

fattyy acids is used as descriptor. This correlation will be reexamined. 

KovatsKovats Retention Indices at different temperatures 

Itt was noted that the F-values increased when the calculated retention index was 

derivedd from a retention time of the unknown substance which was less than twice 

thee unretarded component. These indices were omitted from the calculation. No 

otherr irregularities could be found in the measured values. The results of the 

regressionn according to Eq. 3.2.5 are summarized in Table 3.2.1. It shows that the 

temperaturee effect of the Kovats retention index (ƒ,) is extremely small, indicating that 

thee fatty acid esters behave very similarly to the corresponding nearest «-alkane on the 

GCC column. This leads to sometimes small correlation coefficients (r2) of the 

regressionn equation, whereas the calculated prediction interval of the retention index 
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off  the unknown substance at 298.15 K (the environmentally relevant temperature) 

neverr exceeds one and a halt unit, which is a sutticiently small error compared to the 

experimentall  error of the retention index. 

Noo significant temperature dependence could be found for methyl myristate and ethyl 

lauratee in the measured temperature range. As Table 3.2.1. shows, these fatty acid 

esterss mark the change of sign in the I, values in this series. The origin of this change 

inn sign is not known yet. 

Thermodynamicc properties 

VaporVapor pressure. 

Valuess of the vapor pressure, heat of vaporization and difference in heat capacity at 

298.155 K were obtained via Eqs. 3.2.2 - 3.2.4 (See Table 3.2.2). The standard errors 

turnedd out to be small. A comparison is made between these results and literature 

diagramss at 273.15 to 623.15 K (0 - 350 °C) for methyl myristate (Ohé 1975, Scott 

eta/.eta/. 1952, Spizzichino 1956) in Figures 3.1.1 - 3.1.3. The literature curves of Ohé 

(1975)) and Scott et al. (1952) are derived from the Antoine equation {log P - A -

B/(T+Q)B/(T+Q) while the curve of Spizzichino (1956) is obtained by application of a 

Rankinee type equation {log P - A + B/T + ClogT). The last equation can be defined 

rigorouslyy from thermodynamics assuming ideal behaviour of the vapor and a 

temperaturee independence of the heat capacities (Yalkowski et al. 1990). 

Al ll  curves are extrapolated outside their measured temperature range. Other fatty acid 

esterss for which Antoine or Rankine constants could be found in the literature (Ohé 

1975,, Scott etal. 1952, Spizzichino 1956) showed similar figures. The difference in log 

PP values in the measured temperature ranges amounts to a maximum of 0.1 log unit. 

Thee P-T curve closest to that from the GC-VAP method in the low temperature 

rangee is the one of Spizzichino (1956). However these data points are determined at 

3200 - 360 K which is much closer to environmentally relevant temperatures than of 

thee other curves. Consequently, these curves may deviate more when extrapolated to 

lowerr temperatures. 
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Tablee 3.2.1 GC Kovats retention indices (I,) as a function of the temperature according to Eq. 

3.2.5.. Regresson coefficients, correlation coefficients (r2), standard error of regression (s.e.r.), number 

off  temperature data points (NfT)) and number of measurements used for the regression (N ) are 

includedd in the table. 

Substance e 

Mee caprate 

Mee laurate 

Mee myristate 

Mee palmitate 

Mee stearate 

Mee arachidate 

Mee behenate 

Ethyll  laurate 

Propyll  laurate 

Butyll  laurate 

2-Ethvll  hexvl 

Io o 

1310.80 0 

1510.04 4 

1707.97 7 

1906.62 2 

2104.17 7 

2303.93 3 

2504.38 8 

1576.53 3 

1069.44 4 

1760.94 4 

2069.08 8 

I. . 

-2.63e-05 5 

-1.58e-05 5 

0.00 0 

1.10e-05 5 

2.69e-05 5 

2.94e-05 5 

3.18e-05 5 

0.00 0 

1.63e-05 5 

3.70e-05 5 

9.04e-05 5 

r r 

0.5Ó Ó 

0.39 9 

0.00 0 

0.13 3 

0.54 4 

0.90 0 

0.93 3 

0.00 0 

0.41 1 

0.91 1 

0.97 7 

s.e.r. . 

0.376 6 

0.410 0 

0.222 2 

0.850 0 

0.750 0 

0.210 0 

0.190 0 

0.490 0 

0.370 0 

0.260 0 

0.360 0 

T-range(°Q Q 

100-160 0 

120-190 0 

120-200 0 

190-250 0 

190-250 0 

190-250 0 

190-250 0 

150-210 0 

150-210 0 

150-220 0 

170-240 0 

NO) ) 

6 6 

8 8 

9 9 

7 7 

7 7 

7 7 

7 7 

7 7 

7 7 

8 8 

8 8 

N ^ ^ 

30 0 

38 8 

44 4 

34 4 

34 4 

34 4 

34 4 

28 8 

28 8 

32 2 

32 2 

laurare e 

Mee oleate 

Mee linolate 

Mee linolenate 

Mee erucate 

2045.06 6 

2024.75 5 

2022.87 7 

2458.84 4 

1.60e-04 4 

2.12e-04 4 

2.38e-04 4 

1.21e-04 4 

1.00 0 

1.00 0 

1.00 0 

0.97 7 

0.095 5 

0.138 8 

0.100 0 

0.520 0 

150-210 0 

150-210 0 

150-210 0 

190-250 0 

7 7 

7 7 

7 7 

7 7 

28 8 

28 8 

28 8 

28 8 

Noo Antoine constants could be found for the pertinent methyl esters, but some 

boilingg points under reduced pressure are available. Table 3.2.3 shows values 

comparedd to the boiling temperature calculated by the GC-VAP method. A good 

agreementt is found considering the possible error in the literature values, although it 

seemss that the GC-VAP method determines the boiling points under reduced 

pressuree a few degrees higher ( 2- 10 K). 
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Tablee 3.2.2 Sub cooled) liquid vapor pressures (log PJ, heats of vaporization (AH,) 

andd gas-liquid heat capacity differences (ACp4) at 298.15 K (25 °Q according to the 

GC-VAPP method. (Errors are given in parentheses) 

Substance e 

Mee caprate 

Mee laurate 

Mee myristate 

Mee palmitate 

Mee stearate 

Mee arachidate 

Mee behenate 

Ethyll  laurate 

Propyll  laurate 

Butyll  laurate 

2-Ethylhexyllaurate e 

Mee oleate 

Mee linolate 

Mee linolenate 

Mee erucate 

logg P./mm Hg 

-1.500 (0.05) 

-2.500 (0.05) 

-3.477 (0.06) 

-4.433 (0.06) 

-5.366 (0.07) 

-6.266 (0.07) 

-7.177 (0.08) 

-2.833 (0.05) 

-3.299 (0.05) 

-3.744 (0.05) 

-5.222 (0.06) 

-5.144 (0.06) 

-5.066 (0.06) 

-5.077 (0.06) 

-7.000 (0.08) 

AH,, (cal/mol) 

159822 (40) 

183466 (43) 

206911 (47) 

230477 (52) 

253899 (56) 

277622 (61) 

301377 (66) 

19132(45) ) 

202322 (47) 

213199 (48) 

249688 (55) 

246788 (55) 

244333 (55) 

244099 (55) 

295955 (65) 

ACpJJ (cal /mo 

-23.99 (0.2) 

-28.99 (0.3) 

-34.66 (0.6) 

-41.0(0.4) ) 

-48.11 (0.5) 

-55.99 (0.3) 

-64.66 (0.4) 

-30.77 (0.6) 

-33.44 (0.6) 

-36.33 (0.2) 

-46.88 (0.6) 

-46.00 (0.6) 

-45.44 (0.6) 

-45.33 (0.6) 

-62.77 (0.7) 

Thee GC-VAP method also allows an estimation of the normal (at 760 mm Hg) 

boilingg point temperature as well. Table 3.2.3 includes the results for the chosen 

esterss compared to literature data. Some data are close to the experimental value, 

althoughh our values are again slighdy higher than the literature values. Our values 

showw a calculated error of 2 K (around 0.06 log unit in pressure). The literature values 

(Tidee 1991) of the boiling points of methyl palmitate and methyl stearate at 747 mm 

Hgg seem to be out of the range. The origin of these values could not be traced. These 

resultss indicate that the GC-VAP method seems to obtain reliable normal boiling 

pointt temperatures which shows that the extrapolation of the log P - T-curve to 

higherr temperature and pressure is correctly made. 
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Fig.. 3.2.1 Literature and experimental (GC-VAP method) log P - T diagrams of methyl 

myristate.. The experimental temperature range is indicated in the legend. 
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Fig.. 3.2.2 Heats of vaporization curves of methyl myristate derived from the log P - T 

diagrams.Thee experimental temperature range is indicated for each curve. 
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Fig.. 3.2.3 Temperature dependences of die heat capacity difference (gas - liquid) of methyl 

myristatee derived from the log P - T relationships. The experimental temperature range is 

indicatedd for each curve. 

MeatMeat of vaporisation. 

Experimentall  values of the heat of vaporization at 298.15 K are known for some 

methyll  esters (Mansson et at. 1977, Fuchs and Peacock 1980). These values allow a 

validationn of the GC-VAP method at lower temperatures since the heat of 

vaporizationn can be determined from the curvature of the log P - T curve. 

Figuree 3.2.1 shows that in the lower temperature range the curvature of the 

differentt P - T diagrams deviate considerably, which is also shown in Figure 3.2.2 

wheree large deviations in the heat of vaporization at 298.15 K are found. The 

valuess of Spizzichino(1956) derived from the Rankine equation are close to the 

GC-VAPP method. The relationship used, however, gives values of the heat of 

vaporizationn that are linearly dependent on the temperature. 

AA maximum error of 9% in the values is cited in the reference. Table 3.2.4 compares 

thee results of the different experiments. The heat of vaporization at 298.15 K derived 

fromm the pressure temperature relationship of Spizzichino (1956) is the only one 

whichh is nearest to the the calorimetric values. The GC-VAP method determines a P-

TT relationship that not only derives the heat of formation at environmentally relevant 

temperaturee closest to the calorimetric ones but is also the most accurate one. 
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Tablee 3.2.3 Comparison of normal boiling point temperatures (in °C) and those under 

reducedd pressure for those fatty acid esters where no P - T relationship could be found 

determinedd with the GC-VAP method and the literature, 

Compound d 

Methyll  caprate 

Methyll  laurate 

Methyll  myristate 

Methyll  palmitate 

Methyll  stearate 

Methyll  arachidate 

Methyll  behanate 

Ethyll  Laurate 

Propyll  laurate 

Butvll  laurate 

2-ethylhexyll  laurate 

Methyll  oleate 

Methyll  linolate 

Methyll  linolenate 

Methyll  erucate 

*Beüsteinl9788 b 

Pressure e 

760 0 

766 6 

751 1 

747 7 

747 7 

10 0 

1.95 5 

760 0 

15 5 

3.75 5 

2.5 5 

760 0 

15 5 

8 8 

5 5 

760 0 

8 8 

4 4 

760 0 

18 8 

30 0 

4.5 5 

3 3 

760 0 

760 0 

760 0 

760 0 

760 0 

760 0 

Ltdee 1991 

(mmHg) ) Tbpp (GC-VAP) 

229 9 

265 5 

296 6 

322 2 

347 7 

228 8 

192 2 

369 9 

259 9 

226 6 

217 7 

393 3 

158 8 

145 5 

135 5 

275 5 

156 6 

142 2 

291 1 

187 7 

199 9 

156 6 

148 8 

304 4 

345 5 

346 6 

346 6 

347 7 

393 3 

Tbp(htr r 

224 4 

262 2 

295 5 

415-418 8 

442-443 3 

215.6 6 

188 8 

224-225 5 

215.5 5 

221 1 

154 4 

141 1 

121.7 7 

277 7 

155 5 

140 0 

180 0 

194 4 

153.5 5 

145 5 
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Tablee 3.2.4. T.iferanire values ofheats of vaporization (ral/mol) drtrrmined at 298.1 S K 

andd those obtained by the GC-YAP method, (In brackets the standard eror) 

Substancee GC-VAP GC-calonmetnc" calonmetnc*  P - T - diagram' 

Methyll  caprate 15982(40) 15846(120) 15956(141) 19262(1734) 

Methyll  burate 18346(43) 18300(170) 18448(129) 21326(1919) 

Methyll  myristate 20691(47) 20619(230) 20801(220) 23288(2096) 

Methyll  palmitate 23047(52) 25620 (2306) 

""  Fuchs and Peacock 1980,' Mansson eta/. 1977,' Spizzichino 1956 

I tt indicates that the curvature of the P-T diagram of the GC-VAP method is correct 

att 298.15 K. 

HeatHeat capacity differences. 

Noo experimental gas-liquid heat capacity differences at 298.15 K are known for the 

fattyy acid esters chosen. Furthermore, many P -T diagrams seem to estimate unrealis-

ticc values (Figure 3.2.3) at environmental temperatures. The values estimated by the 

GC-VAPP method seem to approach those expected on thermodynamic grounds. 

Theyy also approach, as the others do, the necessary high temperature limit. Because 

diee P-T relationship used by Spizzichino (1956) is a Rankine-type, heat capacities are 

independentt of the temperature. In a large temperature range, as indicated in die 

graph,, this is unrealistic. Its line is therefore omitted from the graph. 

SolubilitySolubility parameter. 

Sincee our method accurately predicts heats of vaporization at environmental 

temperatures,, me total solubility parameter, S, can be estimated according to & -

(AH(AHVV - RT)/VM if die molar volume, VM, of the pure substance is known. Liquid 

densitiess of all chosen fatty acid esters could be found in the literature or were 

obtainedd from the suppliers. Table 3.2.5 shows the results of the calculations. The 

valuess are in the same order of magnitude as those of similar fatty acid esters 

(Contrerass Claramonte et al 1993). That the parameter hardly varies in the chosen set 
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off  methyl esters of different fatty acids is remarkable. This change is more 

pronouncedd in the other ones. However, these changes are small. 

Tablee 3.2.5 Values of the parameters for the calculation of the solubility parameter at 298 K. 

Substancee AH/ (298 K) liquid density*  Molecular Molar 5 

(cal/mol)) (25 °C)(g/cm3) mass volume (cal/cm3)' 

Mee caprate 

Mee laurate 

Mee myristate 

Mee palmitate 

Mee stearate 

Mee arachidate 

Mee behenate 

Ethyll  laurate 

Propyll  laurate 

Butyll  laurate 

2-Ethyll  hexyl 

laurate e 

Mee oleate 

Mee linolate 

Mee linolenate 

Mee erucate 

15982 2 

18346 6 

20691 1 

23047 7 

25389 9 

27762 2 

30138 8 

19132 2 

20232 2 

21319 9 

24968 8 

24678 8 

24433 3 

24409 9 

29595 5 

0.8688 8 

0.8655 5 

0.8633 3 

0.8603-' ' 

0.8607--

0.8591 1 

0.8560 0 

0.8555 5 

0.860' ' 

0.8704 4 

0.8824 4 

0.8961 1 

0.850' ' 

186.30 0 

214.35 5 

242.41 1 

270.46 6 

298.52 2 

228.38 8 

242.40 0 

256.43 3 

312.54 4 

296.50 0 

294.48 8 

292.46 6 

352.60 0 

214.4 4 

247.7 7 

280.8 8 

314.4 4 

346.9 9 

265.8 8 

283.2 2 

299.7 7 

363.4 4 

340.6 6 

333.7 7 

326.4 4 

414.8 8 

8.472 2 

8.466 6 

8.460 0 

8.451 1 

8.455 5 

8.352 2 

8.328 8 

8.316 6 

8.19 9 

8.409 9 

8.452 2 

8.542 2 

8.36 6 

""  GC-VAP method, * Bonhorst et al. 1948,' Extrapolated values from Bonhorst et al. 1948, 
JJ Value from suppliers. 

Quantitativee Structure Activity Relationships (QSARs) 

Thee correlation of the heat of vaporization and the number of C-atoms of the fatty 

acidd esters is gready improved, compared to the calorimetric measurement (Mansson 

etet al. 1977) with the GC-VAP method as is shown in Figure 3.2.4. The calculated 
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predictionn interval of the established QSAR was tested by predicting the heat of 

vaporizationn of methyl octanate and methyl hexanate. Their literatures values 

(Manssonn eta/. 1977) are close to the extrapolated values of the QSAR. A methylene 

incrementall  value of 1179  3 cal/mol is found. This agrees with literature values 

(Manssonn et a!. 1977, Fuchs and Peacock 1980). A similar correlation is established 

betweenn the number of C atoms of the different alcohol groups and the heat of 

vaporizationn (Figure 3.2.5). A somewhat lower accuracy is found in the correlation 

withh an incremental value of 861  33 cal/mol per methylene group. This is caused 

byy the lower number of datapoints used in the equation. The most likely cause of the 

differentt incremental values of the methylene group is that the lower value is for a 

methylenee close to the ester bonds in contrast to the acid incremental value. 

Consequently,, the influence of the oxygen atoms is higher in the lower incremental 

value. . 

Wee conclude that the GC-VAP method accurately estimates the liquid vapor pressure 

off  the chosen fatty acid esters, not only in the measured temperature range but also 

extrapolatedd to lower and higher temperatures. This method may be used to 

accuratelyy predict the normal boiling point temperature which is frequently used in 

estimationn methods for other thermodynamic properties. It also predicts accurately 

thee curvature of the log P - T relationship and can therefore be used as an estimation 

methodd for the heat of vaporization at any relevant temperature. 

30000 0 

 Experimental values 

—— Estimated relationship 

/ / „„  (95% C.I.) = 4194 (  48) + 1179  * nC 

nn = 7, r2 =0.999995, F=l  090 000 

166 20 

nc-fattyy acid 

24 4 

Fig.. 3.2.4 QSAR for the heat of vaporization and the number of C-atoms in the saturated 

methyll  fatty acid esters (nC). The open marks are literature values not used in die derivation of 

thee QSAR 
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Thee model also includes an estimation of heat capacity differences of the substance, 

dependentt on the temperature. The GC-VAP method seems to be a promising 

methodd to determine a number of environmentally relevant thermodynamic 

parameters,, at both low and high temperatures. 

HH„„  (est) = 861 (  17308 (  ) 

n=n= 5, r2 = 0.996, F=685 

e e 

a a 
NN / % 

aa E 
gg ^= >>  a —— u 
oo ~~^ 

3.5E+mm -

3.0E-KMM --

2.5E4WW --

2.0E+O44 I 

1.5E+044 I 

1.0E+O44 i -
0 0 

AA Experimental values 
i i 

Estimatedd relatonship 

95%% Prediction 

44 6 

ricc - alcohol group 

10 0 

Fig... 3.2.5 QSAR for the heat of vaporization and the number of carbon atoms (nQ in the 

alcoholl  group of lauric acid esters. The 95% prediction interval is indicated in the figure. 
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Correlationn between the experimental and calculated (COSMO-
AMI )) activation free enthalpy of the hydroxide induced 

eliminationn reaction of small haloalkanes in water. 

HUdoo B. Krop,*  Chi L. Cheung and Harde x\J. Govers 

Q.Q. MOL. STRUC. (THEOCHEM; 505, 1-10, 2000) 

Abstract t 

TheThe hydroxide induced concerted elimination reaction of small haloalkanes was studied by the 

COSMO-AM1COSMO-AM1 method. Satisfactory correlations were found between the experimentally and 

calculatedcalculated activation free enthalpy of chloro and brom o eliminations. The established Quantitative 

Structure-ActivityStructure-Activity Relationship (QSAR) predicts several reactivity sequences correctly. Although 

thethe statistical quality is good, a large prediction interval is still obtained, making it less statable for 

predictivepredictive purposes. The established OSAR tends to an increased deviation for haloalkanes with 

highhigh activation energy. This is caused by an increased occurence of competition effects with SiS-

reactions.reactions. Although a correlation was found between the calculated values and derived 

reorganisationreorganisation energies from the Marcus equation, it could not be stated unequivocally that this 

typetype of reaction also obeys this equation. 

Introduction n 

Halogenatedd organic compounds (XOCs) with a limited number of carbon atoms 

(CC < 3) are widely spread in the environment both in the gas and water phase. A 

numberr of these XOCs are found on the priority pollutant list in several developed 

countries.. Environmental chemists have therefore measured degradation kinetics of 

aa number of XOCs in the solvent water by the hydroxide-ion and water itself (the 

neutrall  reaction) in order to determine their persistence and degradation pathways. 

Thee results have been compiled recently and analyzed by Roberts et al. (1993). 

Eliminationn and substitution by small nucleophiles are the main degradation 

pathways.. Hammett-type of correlations have been established with this set of data 

(Robertss et al. 1993). These types of correlations are examples of, what is generally 

knownn as quantitative structure-activity relationships (QSARs). 

Knowledgee of the degradation pathway is becoming increasingly important because 

thee toxic effects of products might be much larger than the reactants. Elimination 
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andd substitution reactivity in the gas and water compartments are quite different 

(Depuyy 1990). While in the gas phase elimination processes seem to be the major 

reactionn pathway between the XOCs and oxygenated nucleophiles, as is the case 

here,, in solvents substitution is more frequently observed. Both types of reactions 

are,, however, fundamental in organic chemistry and many theoretical studies have 

beenn devoted to them (Ingold 1969, Shaik et al. 1992, Pross and Shaik 1982, Marcus 

1997,, Dewar and Yuan 1990ab, Bach et al. 1979, Minato and Yamabe 1985 and 

1988,, Ito and Kakehi 1990, Gronert 1991 and 1992, Glad and Jensen 1994, 

Bickelhauptt et al. 1993, Maulitz et al. 1997, Hu and Truhlar 1996). Most of these 

paperss are dedicated to substitution reactions in the gas-phase, since these reactions 

involvee only the simultaneous change of two bonds instead of four as in 

eliminationn reactions. The work of Cram et al. (1956) and Bunnett (1962) has 

indicatedd that changes in bonding in an E2 elimination may be a concerted but 

non-synchronouss elongation of the C-H and C-halogen bonds. It leads to a variety 

off  transition states (TS) from a normal E2 through an attack at the H a (E2H) to an 

El-lik ee or ElcB-like one (scheme 4.1). Knowledge of the factors, which affect the 

positionn of the transition state and competition between the different reaction 

pathways,, is a fundamental aspect in physical organic chemistry. 

Schemee 4.1 

NN N 

\\ \ 
\ \ 

H, , \ \ 

Vss s\ *ye~~ c \ *¥~c ^ 
\ \ 

Hall  Hal 
Hal l 

El-lik ee E2H ElcB 

Experimentall  evidence of the degradation pathways in water of pertinent 

haloalkaness has indicated that both the elimination and substitution pathways for at 

leastt the chlorinated and brominated compounds seem to occur via a concerted bi-

molecularr mechanism. This is more difficult to assess for fluorinated ethanes, 

whichh seem to be very persistent in water (Jeffers and Wolfe 1996). The concerted 

104 104 



Pseudo-equilibriumPseudo-equilibrium thermodynamics 

mechanismm especially counts for the hydroxide-promoted elimination reaction but 

seemss also to be valid for the neutral process (by water itself) (Roberts et al. 1993). 

Highh level ab initio calculations have indicated that the ««ft-periplanar elimination is 

inn favor over the syn-one. (Hu and Trular 1996, Gronert 1991) in the gas phase 

(schemee 4.2) and it is expected that it also prevails in solution. 

Schemee 4.2 
NN N 

Hal l 

\ \ ^ cc C\ \\^c cs /̂ 

^4»//'-periplanarr JTy«-periplanar 

Kineticc isotope effects have established that most elimination reactions in both the 

gass and solvent phase show an ElcB-like TS for the type of nucleophile and 

electrophiless used here (Dewar and Yuan 1990b, Bierbaum et al. 1985). In this 

paperr the ««//-periplanar elimination by the hydroxide-ion in water of different 

XOCss has been modeled by the AM I (Stewart 1993) method. For this method is 

chosenn because it is frequently used in the QSAR-field and a calculated imaginary 

frequencyy of a similar E2-reaction was close to one with a high level ab initio 

methodd (Hu and Truhlar, 1996). It has also been used extensively to investigate 

otherr E2 reactions in the gas phase Dewar and Yuan 1990ab, Lee et al. 1992). A 

secondd aspect is that solvation effects are recently included in the MOPAC package 

throughh a dielectric continuum model, COSMO (Klamt and Schüürmann 1993), 

whichh obtains reasonable free energies of solvation (Maassen et al. 1995). Presently 

COSMOO is often used in QM calculations to account for solvation effects (Steffen 

etal.. 1997, Day et al. 1998). 

Thee calculated activation free enthalpies are correlated with the experimental 

activationn free enthalpies of Jeffers etal. (1989 and 1996) and Walraeven etal. (1974) 

(Seee Table 4.1). The first set has been obtained by following the concentration-time 

off  the haloalkane bv GC and the second set bv conductivity measurements. The 

105 105 



ChapterChapter 4 

experimentall  set by jeffers et al. often lacks product identification. However, if a 

highh correlation is found between the calculated values according to a certain 

mechanismm and the experimental ones, a strong indication is given that this 

mechanismm will also prevail for the other substances in the data set. 

AA number of the selected XOCs, Like 1,1,2-trichloroethane, have different 

eliminationn decay channels. Three different decay products are possible in this case; 

1,1-dichloroethenee and cis- or transA. ,2-dichloroethene. Although only the 

degradationn to 1,1-dichloroethene is nearly always observed with the hydroxide-ion, 

thee model should indicate why this is the case. In a previous paper, patterns in 

experimentall  free activation enthalpies of hydroxide induced and neutral 

eliminationn reactions have been interpreted (Krop et ai 1999). In a following paper 

QSARss will be established with quantum mechanical derived descriptors for the 

samee reactions and group of substances as in this paper. 

QSARss are used nowadays in fate models (Mackay and Paterson 1992). A variation 

off  a factor of 10 in the calculated concentration of a certain substance in one of the 

environmentallyy relevant compartments is allowed in policy decision. In this paper 

thee established model wil l also be examined on its predictive power. 

Theoryy and methods 

AA number of the chloro and bromo alkanes included in table 1 show elimination 

behaviourr in water (Roberts et al. 1993) and in these cases the Arrhenius equation 

{k{k — A exp(-EjRT)) has been applied. The experimental values of the pre-

exponentiall  factor, A, and the activation energy, Ea, can be transformed in to the 

activationn entropy, A'S, the activation enthalpy, A*H, and the activation free 

enthalpy,, AtG — A?H - TA*S, by standard methods (Connors 1990). In order to 

comparee AG - values of the hydroxide-induced E2 reaction, the reaction rate 

constants,, k, were corrected for statistical factors, the number of identical E2 

configurationss in the molecule. 1,1,1-Trichloroethane, e.g., has three identical 

eliminationn modes of the H-C-C-Cl moiety. 

Forr a number of ethanes, nearly every important thermodynamic parameter, like 

thee free enthalpy of formation, A.G0, and solvation in water, AsojG°, under standard 

conditions,, are also available from the literature. Thus the reaction free enthalpy, 

AArrG°,G°, of these E2 reactions in water could be determined (see Table 4.2). ArG and 

AArrG°G° are examples of parameters or endpoints often used in rate-equilibrium 
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relationshipss (Murdoch and Magnoli 1982, Murdoch 1983) of which the Marcus-

equationn (Eqs. 4.1a and b) is used most extensively nowadays. In its derivation it is 

assumedd that the reaction is adiabatic, which is normally the case in the reactions 

describedd here, that no diffusion control occurs and that one of the reactants is 

neutrall  so that in a first approximation no work energy terms enter Eqs. 4.1a and b 

Althoughh originally developed for electron transfer reactions, when the resonance 

energyy of the interaction states, B, is equal to zero, Eq. 4.1a and b seems to have a 

widerr scope (Ratner and Levine 1980), 

A?GA?G = ^ K ? + B) = A/4(1+ArG°/Af (4.1a) 

A?GA?G00 = Z^Po = M / 4 = A/4 (4.1b) 

Thee Marcus equation leads to the definition of AfG0 and is interpreted in terms of 

solventt and inner-sphere reorganization energies (A) (Connors 1990, Eberson 

1982).. Eqs. 4.1a and b has been applied successfully to proton transfer (Kresge 

1975),, alkyl shift (Albery and Kreevoy 1978, Albery 1980) and nucleophilic 

displacementt reactions, many of which are non-identity ones (Wolfe 1981). In these 

casess high level ab initio calculations have shown high correlations with the 

reorganizationn energies calculated via the Eq. 4.1a and b. 

Thee Marcus equation also leads to a definition of the position of the transition state 

onn the reaction coordinate, a, which is given by 

a=0.5(1+Aa=0.5(1+ArrG°/A)G°/A) (4.2) 

I tt is generally believed that Bronsted and Hammett correlations or other (non-

linearr free energy relationships ((N)LFER occur if A:G0 remains constant and 

(A(ArrG°flG°fl 4A is not too large. Eq. 4.1 then changes to A:G = AtG0 + a ArG° where a 

andd A:G0 are found by linear regression analysis. These types of correlations are still 

usedd when it is considerably difficult to model the mechanism by computer 

calculations. . 

Inn this paper the free enthalpy of activation, A:G the reorganization energy, AGQ 

andd the position of the TS, a, of the base induced E2 reaction of small haloethanes 

andd halopropanes will be calculated by COSMO-AMI and Eqs. 4.1a and b and 4.2, 

andd compared to literature data based on experiments. 
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Al ll  calculations are performed by the AM I method in the MOPAC93 package. For 

waterr an EPS value of 80 has been used. Configuration interaction has not been 

applied. . 

Al ll  reactions were forced into an ^//'-periplanar E2 mode by approaching the 

hydroxidee to the Ha-atom of the electrophile. Al l complexes were fully optimized 

andd TSs were located by the eigenvector following method and characterized by 

onlyy one negative eigenvalue of vibrational imaginary frequency, (keywords: AM I 

EPS=800 CHARGE=-1 NOINTERTS PRECISE). 

Forr the TS, an intrinsic reaction coordinate path (IRC) was followed both forwards 

andd backwards (keywords: DRC and IRC=1, ISOTOPE, LET, LARGE-1, X-

PRIORITY=0.4).. All but one gave the original reactants and products. The only 

exceptionn was the fluor elimination of l-fluoro-l,l,2,2-tetrachloroethane, where an 

ElcBB mechanism was followed. No IRC was followed for the 2-bromo elimination 

off  l,2-dibromo-3-chloropropane both by an attack on the hydrogen atom at CI 

andd C3 because of the high number of possible conformations to be checked. 

Molecularr (activation) enthalpies and entropies were calculated by subtracting the 

calculatedd entropy (enthalpy) of the separately calculated reactants and products 

fromm the TS complex at 298. For the monohalogenated propanes, TSs have been 

obtainedd for different conformations. In general the energetically lower one gave 

thee energetically lower TS and was used in the calculations. This was, however, not 

soo for the chlorine elimination at position 1 or 3 of 1,1,2,3,3-pentachloropropane 

andd 1,3-dichloropropane. In this case the conformation with the lower energy of 

thee reactant was used, which gave also the energetically lower (if possible) product 

conformation. . 

Al ll  statistical calculations were performed with Excel 97 for windows. The 95% 

confidencee interval (95% CI), prediction interval (95% PI) and the adjusted R-

squaredd (R~adj) were used as statistical quality indicators. 

Resultss and discussion 

Tablee 4.1 shows the selected XOCs used in the calculations. All calculations 

showedd the appearance of one activation barrier in water. In the gas phase a double 

welll  barrier is usually calculated and accepted. These two barriers are formed by the 

associationn of an electrostatic charge-dipole complex between the reactants or 

products.. This electrostatic dipole complex is replaced by interactions with the 
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solventt molecules in solution. In the strong solvating power of water, the first well 

seemedd to have disappeared completely at least when the dielectric continuum 

methodd is used in the calculations (Sola et al. 1991). It is expected, therefore, that 

thee calculated free activation barrier will correspond to the experimental one and 

noo correction is necessary for the calculated barrier. It turned out to be that the 

calculatedd (by COSMO-AMI) and experimental values of the free activation 

enthalpyy of the set of Jeffers et al. show a large discrepancy for the fluorinated 

compounds.. These calculated values are much lower than the experimental ones 

whilee for all the others they are substantially higher (data not shown). Unrealistic 

resultss of AM I calculations of the reorganization energies of the fluor methyl shift 

reactionss have also been reported before (Shaik et al. 1992). Therefore, all 

fluorinatedd substances were excluded in the subsequent regression analysis. 

StatisticalStatistical parameters of free activation enthalpy calculations 

Correlationss between the calculated values and the experimental sets of Jeffers et al. 

andd Wakaevens et al. (see Table 4.1 for the experimental values) are shown in Fig. 

4.1.. Very satisfactory correlation is found with the following equations (4.3a-c). 

Withh the set of Jeffers et al. without the fluor-compounds (Jeffers et al. 1989 and 

1996): : 

tfG^tfG  ̂ = 0.76  0.23) A?G (COSMO-AM1) + 0.87  6.70) (4.3a) 

(n=13,(n=13, s.e.r. = 1.89, F=53, R% = 0.81) 

wheree n is the number of datapoints, s.e.r. is the standard error of regression, F i s 

thee Fisher value and between brackets the 95% confidence interval of the value is 

indicated. . 

Withh the set of Wakaevens et al. (1974): 

tfG^tfG  ̂ = 1.2  0.4) A:G (COSMO-AMI) - 9.8  10.5) (4.3b) 

(n=6,(n=6, s.e.r. = 1.02, F=68, K2
adj = 0.93) 
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Tablee 4.1 Endpoin: values derived from literature and calculated activation free enthalpy 

fromm the established QSAR.(See text for its derivation). 

Namee and product of 

E22 reacuon (if necessary) 

1,1,1,2-tetrachloroethane e 

1,1,11 -trichloroethane 

1,1,2,2-tetrachloroethane e 

1,1,2,3,3-pentachloropropanee to 

1,1,3,3-tetra-chloropropene e 
1,1,2-tribromoethanee to 
1,11 -dibromoethene 
1,1,2-trichloroethancc to 

1,11 -dichloroethene 
1,1,2-trichloroethanee to 
cis-l,2-dich!oroethene e 
1,1,2-trichloroethanee to 
trans-1,2-dichloroethene e 
1,1,2,2-tetrachloro-ll  -fluoroethane 
too l-fluor-l,2,2-trichloroethene 

1,1-dibromoethane e 

1,1-dichloroethane e 

l,2-dibromo-3-chloropropane e 

1,2-dibromoethane e 

1,2-dibromopropanee to 
2-bromopropene e 
1,2-dibromopropanee to 

1-bromo-l-propene e 
1,2-dichloroethane e 

1,3-dichloropropane e 

1-bromo-l-chloro-ethanee to 

chloroethene e 
l, l ,2-trif luoro-l,2-dichloroethane e 
too trifluorochloroethene 
1-chloropropane e 

2-chloropropane e 

Chloroethane e 

Pentachloroethane e 

Abbreviation n 

inn this article 

1112-TCA A 

111-TCA A 

1122-TCA A 

11233-PCP-C12 2 

112-TBA-Br2 2 

112-TCA-C12 2 

112-TCA-C11--
cis s 

112-TCA-C11--
trans s 

l lc l f22CA-Cl l 

11-DBA A 

11-DCA A 

12db3cp-tot t 

12-DBA A 

12-DBP-Brl l 

12DBP-Br2 2 

12-DCA A 

13-DCP P 

11-BCA-Br r 

lc l l f2c2FA-Cl l 

1-CP P 

2-CP P 

CA A 

PCA A 

A* GG (lit.) (kcal/mo 
jj  Jeffers et al. 

(1989,, 1996) 

22.5 5 

N oo reacuon 

18.2 2 

16.2 2 

18.4 4 

21.3 3 

31.6 6 

27.2 2 

28.7 7 

23.8 8 

25.5 5 

26.4 4 

25.9 9 

21.0 0 

N oo reaction 

N oo reaction 

25.6 6 

15.6 6 

Walraevens s 
eta!.eta!. (1974) 

22.6 6 

18.0 0 

20.8 8 

24.4a a 

25.9 9 

15.6 6 

0 0 
Others s 

16.9b b 

18.0b b 

20.5C C 

23.3d d 

23.3d d 

24.5e e 

15.1f f 

A* GG (QSAR) 
Fromm Ec_43c 

20.6 6 

26.2 2 

182 2 

19.6 6 

19.9 9 

19.6 6 

232 2 

22.9 9 

(17.Ö) ) 

272 2 

28.0 0 

22.4 4 

23.7 7 

22.9 9 

23.6 6 

23.4 4 

2 63 3 

27.8 8 

(16.0) ) 

28.3 3 

28.9 9 

28.4 4 

17.7 7 

11 No distinction was made between the cis or trans product 

bb Cooper etal. 1987,c Burhnson 1982, d Vogel 1986,e Okamoto 1967,'Roberts 1991 
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30 0 

255 -

aa = 

20 0 

15 5 

A*GG (exp) vs A*G (COSMO-AMI) 

20 0 

00 / 

* * 
a a 

25 5 

* * 

30 0 

A ' GG (COSMO-AMI) 
(kcafmol) ) 

35 5 

 Data Jeffersetal (1989, 
19969) ) 

üü Data Walraevens et al. (1974) 

-- - - QSAR (Eq. 4.3a) 

QSARR (Eq. 4.3b) 

QSARR all data (Eq. 4.3c) 

Fig.. 4.1 Correlations between the calculated and experimental free enthalpies of activation. 

Bothh sets do not show any significant difference (95% CI) in both the slope and 

thee intercept and both sets may therefore statistically be joined into one overall set 

withh the following characteristics 

tfGtfGlxplxp = 0.77  tiG (COSMO-AM1) -0.88

(n-19,(n-19, s.e.r. = 1.87, F=73, K2
aJj = 0.80, withoutfluor-compounds) 

(4.3c) ) 

Noo other set of experimental values of free activation energies is available with a 

sufficientlyy large number of data. However, with the exception of the other data of 

1,1,1,2-tetrachlorethane,, all other data are close to both sets (see Table 4.1). 

Itt is noteworthy that the intercept of all correlations does not deviate significantly 

fromm zero. However the slope in Eqs. 4.3a and 4.3c seems to deviate significantly 

fromm 1 (one) albeit not ver)- much. The calculated free activation enthalpies in the 

higherr region seem to be too high. From a mechanistic point of view this is quite 

understandable.. The set of Jeffers et al. contains a number of substances where the 

eliminationn might still be doubtful since no product information is given contrary 
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too the set of Walraevens et al. (1974). This is especially important in the higher free 

activationn enthalpy region of, e.g., chloroethane. In this region competition with 

nucleophilicc substitution becomes more important. As such the experimental 

valuess might be partially caused by an increasingly important substitution process, 

leadingg to lower experimental values than calculated ones. Another point is that, 

althoughh the regression of both sets are not significandy different from each other, 

thee deviation between both sets seems to increase for the higher free activation 

enthalpyy (see Figure 4.1). 

Correlationss between the calculated and experimental activation enthalpy and 

entropyy were low for the activation enthalpy and not existent for the entropy. 

Inspectionn of the experimental data showed that the variation in data is much larger 

forr both the experimental activation enthalpy (e.g. 78 - 94 kj.mof1 for 1122-tca) 

andd entropy (e.g. -2 +40 J.mor'K"1 for 1122-tca) values than for the ones of the 

freee activation enthalpy (e.g. 75 - 76 kj.mol"1) (data not shown). 

Residuall  Plot 

3?? 2- f  * 
§§ 1 *
s || Or • - —*+ - • • i —i 
£eL2300 4 «25 30 $5 40 

AA -

A*G(OOSMOAM1) ) 

Fig.. 4.2 Residual plot of the complete data set. 

Thereforee it seems more beneficial to try to correlate activation free enthalpy values 

thann activation enthalpy and/or entropy ones. 

Too investigate whether the established QSAR might still possess a hidden 

correlation,, a residual plot is made (Figure 4.2). A small parabolic pattern might be 

possible.. To test thus hypothesis, the correlation between the calculated AMI and 

itss quadratic value are used as descriptors. A regression analysis shows a slight 

significantlyy dependence of the quadratic value. In order to investigate whether this 
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descriptorr is orthogonal to the AM I values, its collinearity is investigated by 

calculatingg the variance of inflation factor, VI F (Myers 1990). 

95%% Confidence and prediction intervals of established QSAR (Eq.4.3c) 

A'C(COSMO-AMl ) ) 
(kcal/mol) ) 

derivedd QSAR 

• 9 5 ** CI 

- 9 5 ** CI 

+95** PI 

-- - - 9 5*  PI 

OO Experimental values 

40 0 

Fig.. 4.3 Established QSAR (Eq. 4.3c) with its 95% confidence and prediction intervals. 

Forr the set of these descriptors a value of VI F - 82 500 is found. A perfect 

orthogonall  set of two descriptors should lead to value of 2. It can be concluded 

thatt the inclusion of a quadratic term leads to a very highly correlated second 

descriptorr with the first one and as such the quadratic term needs to be 

disregarded. . 

Thee established QSAR may be used to predict activation free enthalpies of E2 

processess or corresponding product concentrations. However prediction intervals 

aree usually larger than confidence intervals since the uncertainty of the single point 

shouldd still be taken into account. 95% confidence (CI) and prediction intervals 

(PI)) are indicated in Fig. 4.3. 

Sincee the lines are not curved too much, one value is taken for the 95% CI and 

95%% PI. 'with these values die relative variation oi product concentration can uC 

calculatedd with [A]/[B]  = kA/kB = exp[(A'GB - rfGJ/RT]. Based on the 

confidencee interval the product can var)' between 0.12 and 8 times the estimated 

valuee and for the prediction interval this is between 2.7E-3 and 3.8E+2. 
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Tablee 4.2 COSMO-AMI calculated values of endpoirus by Eqs. 4.1 and 4.2 

Abbreviation n 

1112-TCA A 

111-TCA A 

1122-TCA A 

11233-PCP-C12 2 

112-TBA-Br2 2 

112-TCA-C12 2 

112-TCA-Cll-trans s 

llclf22CA-cl l 

11-DBA A 

11-DCC A 

12-DBA A 

12-DBP-Brl l 

12DBP-Br2 2 

12-DCA A 

13-DCP P 

11-BCA-Br r 

lcllf2c2FA-Cl l 

1-CP P 

2-CP P 

CA A 

PCA A 

Calculatedd values 

A*G G 

kcal/mol l 

25.5 5 

32.7 7 

22.3 3 

24.2 2 

24.5 5 

24.2 2 

28.5 5 

20.9 9 

34.1 1 

35.0 0 

29.5 5 

28.5 5 

29.3 3 

29.1 1 

32.9 9 

35.4 4 

19.6 6 

35.4 4 

36.3 3 

35.6 6 

21.7 7 

ArG° ° 

kcal/mol l 

-39.0 0 

-35.8 8 

-35.6 6 

-36.2 2 

-43.7 7 

-27.8 8 

-31.6 6 

-41.3 3 

-41.7 7 

-29.3 -29.3 

-39.0 0 

-41.6 6 

-45.3 -45.3 

-26.2 2 

-27.3 3 

-41.7 7 

-38.4 4 

-27.1 1 

-28.0 0 

-21.8 8 

-39.8 8 

byy COSMO 

A*G0 0 

kcal/mol l 

(Eq.4.1) ) 

10.2 2 

11.7 7 

9.1 1 

9.6 6 

10.4 4 

8.8 8 

10.2 2 

9.3 3 

12.6 6 

11.6 6 

11.2 2 

11.2 2 

11.8 8 

9.8 8 

10.9 9 

13.0 0 

8.7 7 

11.5 5 

11.8 8 

11.0 0 

9.4 4 

-AM-1 1 

a a 
(Eq.4.2) ) 

0.02 2 

0.12 2 

0.01 1 

0.03 3 

-0.02 2 

0.11 1 

0.11 1 

-0.10 0 

0.09 9 

0.18 8 

0.07 7 

0.04 4 

0.02 2 

0.17 7 

0.19 9 

0.10 0 

-0.05 5 

0.21 1 

0.20 0 

0.25 5 

-0.03 3 

Literaturee values 

A rG°(Ut) ) A :G0 0 

(kcal/mol)) (kcal/mol) 

-25.7 7 

-26.0 0 

-23.2 2 

-20.9 9 

-21.9 -21.9 

-21.7 7 

-19.8 8 

-20.1 1 

-18.8 8 

-22.8 8 

-21.1 1 

-19.2 2 

-17.7 7 

-27.3 3 

(Eq.. 4.1) 

34.2 2 

28.7 7 

30.3 3 

34.5 5 

37.2 2 

37.9 9 

33.1 1 

34.3 3 

36.9 9 

33.9 9 

27.6 6 

a a 

0.41 1 

0.40 0 

0.41 1 

0.42 2 

0.43 3 

0.43 3 

0.42 2 

0.43 3 

0.43 3 

0.38 8 

AA statistically sound prediction of the concentration of a degradation product, 

withinn a factor of 10, based on the established QSAR is therefore still ver}- difficult, 

despitee of its satisfactory other statistical parameters. 
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A*G0(lit.)) vs A*GU(COSMO-AM1> 

A'G0(lit.)) =. 2.42 a'G0(C0SMO-AM 1 )  8.21 

R**  {adj)= 0 64 

A*G0(COSMO-AM1) ) 

Fig.. 4.4 Plot of the reorganization energies calculated by COSMO-AMI and derived from 

experimentall  values after Eqs. 4.1a and b. 

experimentalexperimental and theoretical reorganisation energies 

Thee success of the Marcus equation in a number of reaction families has been 

attributedd to the high correlation between reorganization energies calculated by ab 

initioinitio  and by applying Eqs. 4.1a and b to experimental data. A similar correlation, 

basedd on COSMO-AMI calculation and literature data derived from experiment, is 

shownn in Figure 4.4. Although a reasonable correlation could be established, it is 

nott as accurate as one would wish. In addition, the correlation strongly deviates 

fromm a unit slope. Analyzing the COSMO-AMI data, the much lower values of the 

calculatedd intrinsic barriers are caused by significant higher values of the calculated 

freee activation enthalpie and much more exothermic value of the free reaction 

enthalpiess (Table 4.2). These two differences in values also lead to unrealistic 

positionss of the TS, given by (X and derived from Eq. 4.2 (Table 4.2). Values of CC 

aroundd 0.40 for the elimination of chloro and bromo ethanes can be derived from 

literaturee data based on experiment (Krop ei al. 1998). 

Thee main cause is most likely the inaccurate calculations of the participating ions. 

Ass such the systematic errors, which one might expect in this type of correlations, 

aree apparently not cancelled. Lower values of reorganization energies are calculated. 

Onlyy more accurate QM calculations, using large basis sets and/or configuration 

interaction,, are necessary to give an answer on the validity of the Marcus equation 

forr E2 reactions. 
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ComparisonComparison with experimental patterns 

Thee established QSAR should predict certain experimental patterns. In Table 4.1 

thee free activation enthalpies of all the substances referred to in this reference are 

calcualtedd by the established QSAR. Table 4.1 shows clearly that fluorinated 

compoundss lead to irrealistic low activation free enthalpies and the established 

relationshipp should therefore not include fluorinated compounds. 

Thee formation of 1,1-dichloroethene from of 1,1,2-trichloroethane (112-TCA-C12) 

iss a factor of approximately 100 times faster (see Table 4.1) than the formation of 

trans-1,2-dichloroethenee from the same compound (112-TCA-C11). This agrees 

withh the experimental observation that littl e 1,2-dichloroethene has been measured 

(Walraevenn et a/. 1974). A similar difference is predicted for the elimination of 

1,1,2-tribromoethane.. Table 4.1 also explains correctly that more of the trans 

productt is formed than cis product. 

Thee sequence CA to 111-TCA displays experimentally a distinctive decrease in 

reactivityy but this behavior is not correctly predicted by the established QSAR 

(tablee 4.1). The calculated reactivity even increases slightly. It predicts, however, 

reasonablyy the increase in reactivity in the sequence 111-TCA to PCA. 

Thee QSAR shows that the reactivity of the mono chloropropanes is slightly lower 

thann for the chloroethanes. Experimentally the difference is seen to be larger (Table 

4.1)) (Jeffers 1989). 

Thee experimentally determined difference in reactivity of similar bromoethanes and 

chloroethaness like 11-DBA and 11-DCA is larger than the QSAR has established. 

Howeverr the differences are small (Table 4.1). 

Thee QSAR does not predict accurately the elimination behavior of 12db3cp 

(Burlinsonn 1982). The preferred process is elimination of the chlorine at position 

C-3,, favored ver}' slightly over the elimination of Br-1 (data not shown). The 

isomerr ratio of the products, 2,3-dibromo-l-propene and 2-bromo-3-chloro-l-

propene,, is calculated to be approximately 65% over 35% while experimentally a 

5%% over 95% is measured. The incorrect behavior is caused by the calculated 

activationn entropy differences (data not shown). Calculated activation enthalpies 

showw a correct reversal of the reactivity. However statistically the differences are 

completelyy negligible. Elimination of the bromine on the C2-position is 

substantiallyy less favored, as is experimentally observed. The QSAR correctly 

establishess a decrease in elimination reactivity of pep compared to pea. 
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Fluorinatedd compounds, ions and multiple chlorine bonds on the Ca especially 

whenn no halogen is present on the Cp-atom are problematic in these calculations. 

Noo systematic errors are made in these calculations. 

Conclusions s 
Activationn free enthalpies of elimination reactions of small XOCs (C<3) in water by 

thee hydroxide-ions are successfully correlated by COSMO-AMI calculations 

withoutt configuration interaction. The correlation is substantially better than with 

eitherr the calculated activation enthalpy or activation entropy. The correlation is 

nott suitable for fluoratinated XOCs, which calculates much lower activation free 

energiess than corresponding elimination of chlorine or bromine compounds. 

AA closer comparison of the established QSAR and experimental values indicates 

thatt a number of reactivity aspects are correctly predicted but the calculations 

cannott predict the substantially diminishing reactivity of the elimination sequence 

chloroethanee to 1,1,1-trichloroethane. 

Thee use of these types of correlation in predicting reactivity or the formation of 

degradationn products is still limited because of statistical constraints. Only if very 

highh correlations are found with standard error of regressions of a few tenth of 

kcal,, such QSARs are useful in policy decision making. Whether elimination 

processess also follow the Marcus equation, could not be established accurately. 

Althoughh a reasonable correlation was found between the calculated and derived 

reorganizationn energies by COSMO-AMI, it was too low for that purpose. 

Substantiallyy higher values of the free activation enthalpy and more exothermic 

reactionn free enthalpies were calculated than could experimentally be derived. This 

alsoo leads to an unrealistic position of the TS. As such the COSMO-AMI method 

iss less promising in calculating important physical organic properties for this type 

off  reactions. 

Optimizedd reactant and complex geometries as obtained in out-files are available 

fromm the authors on request. 

References s 

(Seee full reference list) 
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Modelingg fluxes across a gas/liquid interface 
withh inclusion of coupling 

(Applicationn to Hexachlorobenzene tor Lake Superior) 

Rüdoo B. Krop and Harrie A.J. Govers 
(inn preparation) 

Abstract: : 

AA linear non-equilibirum thermodynamics (LNET) model was used for the calculation of fluxes 

acrossacross a gas-liquid interface and their coupling coefficients. The highest coefficient is found for 

HexachlorobenzeneHexachlorobenzene (HCB) to water vapour, but its maximum value of around 1% is found 

underunder unrealistic high pressure of HCB. The primary flux of HCB was found to depend mainly 

onon the difference in chemical potential between the gas and water phase (A P) and the mass 

accomodation,accomodation, coefficient (a). It was shown that the latter can be obtained from the solvation free 

energyenergy for contaminants with a very low aqueous solubility. The LNET-model also estimated flux 

constantsconstants of condensation to be around 40 times higher than literature ones for C02 and N2. 

ValuesValues were found for the HCB mass flux at Take Superior similar to those of the model of 

LissLiss and Slater. Both models predicted also the correct change influx on change in temperature. 

TheThe molecular explanation of the LNET model defines a Knudsen number, which could replace 

thethe "stagnant" layers in the model'of'Liss and Slater. Introduction of the resistance of the interface 

inin the total resistance indicated that for HCB all resistance is found at the interface. It was shown 

thatthat the nature of the interface, modeled by the critical si^e theory, is incorrect and that surface 

tensiontension is an important factor. 

Introductio n n 

Environmentall  systems are open systems, where matter and energy can be freely 

exchanged.. In lab studies, a part of the system is often enclosed, limidng the 

Dossibilitvv of exchange. In order to translate the lab conclusions to the field, fate 

modelss have been introduced. They are primarily based on equilibrium 

thermodynamicss (Mackay et a^- 1992), but at a higher level time aspects are 

introduced,, pardy based on steady state assumptions and the fundamental equation 

off  the law of mass conservation in a purely kinetic model (Meent and de Bruijn 

1994). . 
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Non-equilibriumm thermodynamics (Prigogine 1961, De Groot and Mazur 1962, 

Zubarevv et al. 1996)) is different from equilibrium thermodynamics and purely 

kineticc models by the introduction of internal entropy production, <7 = dSJdt > 0, 

ass a consequence of force fields, like temperature or chemical potential gradients. 

Entropyy production, 67, or the related dissipation function, TcT, where T is the 

absolutee temperature, quantifies the amount of dissipated energy, inevitably lost 

duringg the process. The basic procedure is to set up the balanced equation for the 

entropyy from the law of conservation of mass, energy, momentum and the second 

laww of thermodynamics. 

Iff  for the second law of thermodynamics the Gibbs' equation is used equilibrium 

thermodynamicss will develop into non-equilibrium thermodynamics and the 

dissipationn function will lead to a sum of a set of generalized fluxes,/,, times forces, 

X,X, (Eq. 5.1) 

T-o-EAX,, (5.1) 
i i 

Thee non-ideality of any system creates a coupling of all the processes that take 

placee within this system. However, many processes take place within the 

characteristicc time of the experiment (often the instrumental resolution time). If all 

thee microscopic correlations decay over a time interval that is much smaller than 

thee time scale of the applied macroscopic forces, each generalized flux of the 

systemm can be written as a set of simple linear forces or vice versa, the 

phenomenologicall  equations (Eq. 5.3) (Zubarev et al. 1996) 

Heree L, are called the phenomenological coefficients or coupling coefficients, 

linkingg ] t to X-. Because of the assumed linearity', the model is called by linear non-

equilibriumm thermodynamics (LNET). Onsager showed that near steady state two 

constraintss apply: 1) the coupling coefficients are symmetric, L- — L , and because 

G>0,, 2) L,>0 and L^Lf. 

Thee dissipation function for heat and matter fluxes across the gas-liquid interface is 

quitee complex (Bedeaux 1986), because of the possible presence of e.g. extra 

viscouss forces, three dimensional heat and mass flows and chemical reactions. To 

simplifyy the model of the dissipation function only normal (to the interface) fluxes 

wil ll  be considered, no extra viscous terms are present and chemical reactions are 

omitted.. For such a model, Figure 5.1, the dissipation function has been derived 
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(Haasee 1969) and discussed recently by Doney (1994) for gas exchange at sea level 

(Doneyy 1995). In this model only temperature and pressure gradients are 

considered. . 

Thee dissipation function itself does not lead to values of the coupling coefficients, 

L,,L,, They must be found from experiments or from theoretical models. Cippola has 

derivedd coupling coefficients for the gas-liquid interface of a single substance based 

onn a kinetic model (Cippola eta/. 1974). This model has been extended by Bedeaux 

forr the presence of trace gases (Bedeaux et al. 1992) and by Young (1993) by 

includingg a non-Maxwellian molecular distribution. In these models the mass 

accommodationn coefficient, of, play a crucial role. This parameter is defined as the 

ratioo of the molecules that enter the liquid and the number of collisions with the 

surface.. Experimental values of the mass accommodation coefficient are difficult to 

obtain,, but are mainly confined to experiments using a liquid droplet in a gas 

streamm or a gas bubble in a liquid stream (Nathanson et al. 1996, Boniface et al. 

2000).. In these experiments bulk liquid and gas diffusion effects are accounted for 

andd only unilateral mass and heat fluxes are assumed. Recently mass fluxes of very 

slightlyy soluble and pure gases were also measured under different stirring speeds 

andd ver}' low values of or, and thus a high interfacial resistance, were observed 

(Noyess et al. 1992, 1996). In these experiments a constancy of the flux rate 

constantt was observed in a specific range of stirring speeds that was attributed to 

thee existence of a surface layer of saturated solution. However, values of the mass 

accomodationn coefficients of carbon dioxide between this method and a bubble 

trainn one differed by a factor of ~T00 (Boniface et al. 2000, Noyes et al. 1996). 

Inn this paper we will use the LNET-model as derived by Bedeaux (1992) and 

describedd by Doney (1994) for the contaminant HCB in a lake water body. We 

choosee for HCB because average water and air concentration, and its T-dependent 

Henry'ss Law constant in some lakes have been reported (Hoff et al. 1996). We will : 

1)) derive a quantitative structure-activity relationship (QSAR) to estimate the mass 

accommodationn coefficient of HCB to water and 2) discuss its importance in 

explainingg the different experimental outcomes. With the derived mass 

accommodationn coefficients, 3) the mass to mass and mass to heat coupling 

coefficientss for the interface will be calculated for a/o HCB in order to gain insight 

inn the importance of these coupling effects. Finally, 4) the main differences with 

thee frequendy used transport model of Liss and Slater (1974) and 5) the nature of 

thee gas-liquid interface will be discussed briefly. 
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Theory y 

Gass compartment 
Tj,Pi.2 2 

AJq-2 2 

f—tt  T— 
Jii  Jq(tOt) 

11 1 fJ^' 
Liquidd compartment 
T,,P,, , 

Fig.. 5.1 Heat and mass exchange in a simple gas/liquid system. The two compartments exchange 

masss and heat. The total heat flux, Jq(tot), contains components of enthalpy transport and 

conduction.. The conductive heat flux into the liquid and gas are given by j , and J ,. Mass, J„  and 
n e at>> JH, fluxes are positive if the transport results in a decrease in the liquid phase and an increase 

inn the gas phase 

Forr gas-liquid interface and assuming fluxes perpendicular to the interface only 

(Figuree 5.1), the dissipation function of the gas/liquid interface leads to driving 

forcess across the interface of the fractional temperature, X - -AT/T, where heat 

indicess are given by q and T is the mean temperature across the interface, and 

pressure,, X- = -IniTjP,,), where P is the pressure in atmosphere and different 

substancee indices are given by i andy'in respectively the liquid phase, 1, and the gas 

phase,, 2. Since the partial pressure difference across the gas/liquid interface can 

varyy largely for contaminants, no simplification for the pressure force has been 

appliedd yet. For (multicomponent) systems close to equilibrium the 

phenomenologicall  equations (5.3 a,b) can be established (Doney 1994): 
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-zz ^ AT AT 

JJ  , 2 = ~ L 
AT AT 

- -- Z LtJRT In 

~~ Z L«RT In 

.'.'  J 

Pu Pu 

(5.3a) ) 

(5.3b) ) 

Iff  only a single force is involved like a pressure difference die flux of a substance, /', 

e.g.e.g. is given by (Eq. 5.4) 

-L-L  ... RT In 
ii  ) 

(5.4) ) 

Nearr equilibrium die flux Ji can be experimentally determined by, e.g., a pressure 

differencee of the pertinent substance in the gas phase (air,2) and in the liquid phase 

(water,/),, according to Eq. 5.5 (Doney 1994). 

^=-^f-(P,2~Pu) ^=-^f-(P,2~Pu) (5.5) ) 

Heree k, is the flux constant, in analogy to the (chemical) rate constant, sometimes 

calledd piston velocity or exchange rate constant and Hpc the Henry's Law constant. 

Thesee flux constants or velocides depend also on the specific configuration of the 

system.. The phenomenological coefficient L,;y of the interface can then be 

determinedd near equilibrium via Eqs 5.4 and 5.5, since near equilibrium ln(Pl2/P,j) 

inn Eq. 5.4 may be approximated by APJP,,. 

Inn case more forces are present, e.g. a temperature and a concentration gradient, 

steadyy state condidons may be applied. Then, the internal entropy production, <T, of 

thee system is constant and minimal (Doney 1994) and the results can be used to 

obtainn experimentally the phenomenological constants of the coupling between the 

twoo forces. In order to estimate the coupling coefficients in Eqs. 5.4 and 5.5 a 

theoreticall  model is required. Kinetic theory of evaporation and condensation is 

oftenn used and has been applied for the gas/liquid interface. Cippola et ai. (1974) 

havee calculated the dimensionless jump coefficients, f3y for a single gas-liquid 

mixturee based on these kinetic arguments, which have been extended by Bedeaux et 

aiai (1992) to a multiple component system, with contaminants that are present in 

tracee amounts in both phases. The resulting equations for the jump coefficients, /?, 

aree (Eqs. 5.6 a-c), 

125 125 



ChapterChapter 5 

11 / / J , o- (, 4 4(1-a j)  ̂ x ( M. Y ' * 
pp = re  1] + 8d '\ 1 + — + A ~ 

'•••i-"i'-rr?^n n 

wheree S is the Kronecker delta. The ratio of At and A. the thermal conducti\ity of 

componentt /' and the total thermal conductivity A has been set equal to the mole 

fraction,, xt  ̂ of the substances present in the gas phase by Bedeaux et a/..(l992). Mt 

iss the molar mass and the symbol and CCt is the mass accommodation coefficient 

(thee ratio of the molecules that enter the liquid and the number of collisions with 

thee surface) of substance /. The factor ocf (1 - OC) is related to the free energy of the 

unknownn accommodation process (Nathanson et at. 1996). In previous calculations 

(Cippolaa et al 1974, Bedeaux et ai 1992), the mass accommodation coefficient has 

beenn taken as unity for a single component system assuming that all molecules 

enterr the liquid and thus that no interfacial energy barrier exists. The developed 

LNETT model refers to a planar surface, with absence of viscous terms, constant 

surfacee tension, slow evaporation/condensation rates and Maxwellian molecules. 

Thee inverse matrix of the jump coefficients, ft, leads to the dimensionless 

phenomenologicall  coefficients / (Doney 1994, Cippola et al. 1974, Bedeaux et al. 

1992)).. Multiplication of the dimensionless coefficient of the mass flux with Pv/RT 

andd the dimensionless heat flux coefficient with Pv, leads to the proper 

phenomenologicall  value. In this multiplication, v, is the mean speed, v - Ext£>n 

vvtt—(2RT/MJ''.—(2RT/MJ''. Cippola and Bedeaux have set the corresponding jump forces equal 

too the difference in temperature and pressure between the bulk phases. The mass 

too mass and the mass to heat coupling coefficient related flux ratio's, resp. 

öJ]j)x(^j).x(r}=oöJ]j)x(^j).x(r}=o  a n^ OJJq.2)xoj=o> c an n o vv t>e characterized in terms of the 

dimensionlesss coefficients, Eqs 5.7a and b. 

(5.6a) ) 

(5.6b) ) 

(5.6c) ) 
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00 n ) - I 

Ü./JÜ./J 2) = —^ 

Thee jump coefficients, Eqs 5.6a-c, are therefore the fundamental equations used in 

ourr model. Values of the mass accommodation coefficients are deduced from 

literaturee data. The average annual HCB concentration in air and water for Lake 

Superiorr has been measured (Hoff et al. 1996) and the water vapor pressure will be 

variedd around its maximum saturadon value. The total pressure is kept at 1 atm. 

Thuss the concentradon fractions, x&l>  of air(nitrogen), water vapour and HCB(g) 

cann be calculated. All elements of the matrix of j3 are subsequendy calculated and 

afterr inversion, the matrix of / i s obtained. The coupling effects of the fluxes are 

foundd by using Eqs. 5.7a and b. 

Results s 

DeterminationDetermination of the LNET modelparameters. 

Inn the experimental determinadon of the mass accommodation coefficient, the 

resistancee of the gas and liquid phase needs to be accounted for. Results of water 

solublee gases (alcohols, acids) lead to mass accommodation coefficients in the 

rangee of 0.23 - 0.03 (Nathanson et al. 1996), with the higher values for strong acids, 

andd for water at around 0.17 (Li et al. 2001). Values of a also decreased on an 

increasee of temperature. A simple model has lead to a value of 0.14 (Vitol and 

Orlovaa 1993) for water. For simplicity a value of 0.10 for water is used in the 

calculations. . 

Valuess of the mass acomodation coefficients of carbon dioxide by two different 

methodss differ b^ a factor of ~100. However the experimental conditions are quite 

different.. In the bubble train experiment a complex method of calculations based 

onn the penetration model and at least four apparatus constants need to determined 

beforee the value of the mass accomodation coefficient could be found. The 

reportedd value of carbon dioxide is also the lowest one in a sequence of 

measurements.. In the stirring experiment a flat surface and pure carbon dioxide 

wass used, reducing the resistance to the water and interface only. By varying the 

(5.7a) ) 

(5.7b) ) 
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stirringg rate a plateau was found that was attributed the absence of any resistance in 

thee liquid phase. Such a plateau cannot be found if diffusional boundary layers are 

stilll  existent. A simple two step kinetic model was proposed that lead in the ideal 

stirringg range to a one step model that was attributed to a surface layer. The very 

complexx method of calculation of the mass accomodation coefficient in the bubble 

trainn experiment and the rather simple picture in the stirring experiment favors the 

usee of the value found by the stirring experiment above the one of the bubble train. 

Thee same strirring behaviour is also observed in the experimental set-up of Smith et 

al.al. (1980J and corresponds also more to our LNET-model calculations. However, 

conclusionss may alter substantially if the higher value of the mass accomodation is 

usedd and only emphasises its importance and the need of proper values for the 

masss accomodation coefficient. 

Thee determination of the mass accomodation coefficient of carbon dioxide is 

interestingg because Smith et al. (1980) measured relative flux constants of 

volatizarionn (the reverse of condensation) to oxygen, for a number of volatile 

substancess including carbon dioxide. These relative flux constants did not deviate 

significantlyy from each other in the full stirring range. In the Appendix it is shown 

thatt under these experimental conditions the resistance of the volatization is 

controlledd by the interface and not by diffusion in the gas phase. Thus the relative 

condensationn flux constant can be found, because in equilibrium the ratio of the 

condensation,, kcl and volatization, kvl, flux constant is given by the Henry's Law 

constant,, kj kvt — RT/Hpc The mass accomodation coefficients can be calculated 

subsequentlyy from the condensation flux constant by Eq. 5.8 (Noyes et al. 1996) 

«,, =kj2jrM  t/RTf2 (5.8) 

Sincee CCC02 is known (Noyes et al.. 1996), all other values of (Xt of the dataset of 

Smithh et al. (1980) can be found relative to carbon dioxide. The values of the 

parameterss necessary to calculate the mass accomodation coeffients from the set of 

Smithh et al (1980) are indicated in Table 5.1. No experimental value of the Henry 

Law'ss Constant (H ) for dicyclopentadiene could be found in the literature and this 

onee is omitted from the literature data set. The values of the mass accomodation 

coefficientt can be represented as a free energy- function of the unknown 

accomodationn process, exp (-AGohJRT) (Nathanson et al. 1996) and a QSAR 

betweenn the logarithm of the resistance factor and another free energy related 
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parameterr can be looked for. An excellent one can be established between the 

logarithmm of the QT-values and the corresponding equilibrium factor (In H.) ovrr the 

fulll  range (Figure 5.2) including the previously determined value of nitrogen (Noyes 

etet ai 1992) for the data set of Smith et al. (1980J. Both logarithmic factors are free 

energyy terms and the relationship is thus nothing else than a LFER. 

Tablee 5.1 Henry's Law constants, Hp,., relative volauzaüon rate constants, kyJkvo (Smith et 

aiai 1980) and calculated mass accomodation coefficients, CX (see text). 

Compound d 

Benzene e 

Carbonn dioxide 

Carbon n 
tetrachloride e 
Chloroform m 

1,11 -dichloroethane 

Krypton n 

Propane e 

Radon n 
Tee trachloroethylen 

Trichloroediylene e 

Oxygen n 

Ethene e 

Nitrogen0 0 

(Paa m3/mol) 
557 7 

1630 0 

2990 0 

430 0 

630 0 

22163 3 

71600 0 

5984 4 

1730 0 

1030 0 

43611 1 

21700 0 

87147 7 

KJKo KJKo 
0.56 6 

0.89 9 

0.63 3 

0.57 7 

0.71 1 

0.82 2 

0.72 2 

0.70 0 

0.52 2 

0.57 7 

1.00 0 

0.87 7 

(M 0/M c)
V l l 

0.64 4 

0.85 5 

0.47 7 

0.52 2 

0.57 7 

0.62 2 

0.85 5 

0.38 8 

0.44 4 

0.49 9 

1.00 0 

1.06 6 

agl
c/a

glo o 

6.85E+01 1 

2.80E+01 1 

1.96E+01 1 

1.11E+02 2 

8.62E+01 1 

2.60E+00 0 

5.16E-01 1 

1.34E+01 1 

2.98E+01 1 

4.93E+01 1 

1.00E+00 0 

1.65E+00 0 

<*c c 

1.3E-07 7 

5.5E-08b b 

3.8E-08 8 

2.2E-07 7 

1.7E-07 7 

5.1E-09 9 

1.0E-09 9 

2.6E-08 8 

5.8E-08 8 

9.7E-08 8 

2.0E-09 9 

3.2E-09 9 

1.0E-09 9 

Inn Ctc 

-15.82 2 

-16.72 2 

-17.08 8 

-15.34 4 

-15.59 9 

-19.09 9 

-20.71 1 

-18.19 9 

-16.65 5 

-16.15 5 

-20.05 5 

-19.55 5 

-20.72 2 

Lnn H 

6.32 2 

7.40 0 

8.00 0 

6.06 6 

6.45 5 

10.01 1 

11.18 8 

8.70 0 

7.46 6 

6.94 4 

10.68 8 

9.99 9 

11.38 8 

'' Weast 1998. For gaseous compounds the solubility at P0 has been used to calculate the value of 

bb Noyes et ai 1996 
cc Noyes et ai 1992 

Thee correlation is much better than the one between the logarithm of the diffusion 

coeffientt given in the pertinent reference (Smith et ai 1980) and which is related to 

thee surface renewal model (R2 = 0.80)(data not shown). The QSAR is used to 

estimatee the mass accomodation coefficient of HCB (5.7E-06) based on the H 

valuee of 18.7 Pa m3 mol"1 (Hottetat. 1996) at T=282 K. The QSAR value for 

nitrogenn is also used in the model instead of the experimental one. Table 5.2 

summarisess all values used in the LNET model. 
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QSARR between the uptake coefficient (In a) and the 

Henry' ss Law constant (Ln Hpc/Pa m3/mol) 

LnH„ „ 
-15 5 

-166 6 

-17 7 

-IS S 

•19 9 

-20 0 

-2! ! 

Lnn a = -1.02 (+0.07) Ln H - 9.11 (+0.66)

N22 (Noyes 1992) 

Fig.. 5.2 QSAR on the mass accomodation coefficient and Henry's Law coefficient based on 

dataa from Smith et al. (1980). In brackets the 95% CI of the value. 

Tablee 5.2 Parameters kept constant in the LNET calculations 

Areaa (m ) Heightt of gas 
layerr (m) 

depthh of liquid 
layerr (m) 

Temp,, liquid 
phasee (K) 

100 0 10 0 282b b 

SUBSTANCES S 

Property y 

Molecularr mass (kg/mole) 
Totall mass in 

waterr (kg) 
Masss accommodation 

coefficients,, CC 

Air/nitrogen n 

0.029 9 

4.791 1 

9.7E-10 0 

waterr vapor 

0.018 8 

1.0E-01 1 

HCB B 

0.285 5 

2.00E-09b b 

5.4E-06 6 

Temperaturee dependent Henry Law's Constants, Hpc. 

HH Ninog™ _ 7 6 8 8 / T . 1 8 2 9 (Weast 1998) (R:
ldl =0.992, N=9) 

HpcT
HCB== 41*exp[-5900(l/293-l/T)] (Hoff etal. 1996) 

**  Maximum solubility of nitrogen under the given conditions (Weast 1998) 
bb Average winter temperature and an average water concentration of 1.00E-11 ng/1 as 

measuredd in Lake Superior (Hoff et al. 1996). 
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ModelModel calculations 

Onlyy the temperature of the gas phase, the mass accomodation coefficient of HCB, 

thee vapor pressure of the water and of hexachlorobenzene were varied to 

investigatee the change of the HCB flux, JHCB, and the possible change of the water 

too HCB coupling constant, lwM/lbcbM using Eqs. 5.4-7. To quantify the effect of a 

certainn generalized force, the pressure difference of HCB, on all fluxes and 

couplingg coefficients in the model aD other generalized forces were set to zero. 

Tablee 5.3 shows the results. 

Tablee 5.3 Calculated fluxes and coupling coefficients for HCB when all forces between the 

liquidd and gas phase are equal for T=283 K and Pg
eq (HCB) = 7.00E-15 atm except for the 

pressuree force of HCB (Pg=8.1E-15 atm). Remark that all fluxes have still a small non-zero value 

creatingg new thermodynamic forces. 

Flux x 

Jq.2 2 

U U 
JJ water  vapor 

Jhcb b 

U U 
Iq.HCB B 

iNitrogen.HCB B 

*waicrr  vapor.HCB 

^HCB.HC B B 

Value e 

1.08E-13 3 

-1.15E-25 5 

-6.48E-21 1 

-2.91E-17 7 

2.19 9 

-2.59E-13 3 

2.78E-25 5 

1.57E-20 0 

7.04E-17 7 

Dimensions s 

mol/rrf/s s 

J/m2/s s 

mol/m2/s s 

mol/m2/s s 

Despitee that all other forces were set to zero and did not contribute to a 

corresnondinp-- flux, the counlincr coefficients / rreare new small fliivps snd fnrres 

off  water vapour, heat and nitrogen. Table 5.3 shows that under the described 

experimentall  conditions the largest coupling coefficient of the HCB flux is with the 

waterr vapor. Results are in agreement with previous literature (Doney 1994). The 

neww fluxes were small because of the low concentration, mass accomodation and 

couplingg coefficients of HCB. 
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Thee corresponding equilibrium pressure of HCB at an average measured water 

concentrationn of 1.00E-11 ng/1 at 282 K(Hoff eta/. 1996) was found to be 7.0E-15 

atmm (PHCB - H * Oq
HCa in proper units) and the logarithm of its flux, although -°°, 

hass been arbitrarly set to -20. The variation of the mass flux with the vapor 

pressuree of HCB around its equilibrium value is shown in Figure 5.3. The 

assumptionn that the partial pressure difference across the gas/liquid interface is 

smalll  relative to the mean partial pressure is most likely not the case for many 

contaminants.. However, only in this range the LNET-model is valid. 

masss flux of HCB vs vapor  pressure of HCB 

aterr to air 

rr to water 

. . o - °D ° " " 
r P ' ' ' 

-177 -16 -15 -14 -13 -12 

logg PHCB (atm) 

Fig.. 5.3 Variation of the flux of HCB with its pressure across the gas/liquid interface. Al l other 

forcess are set equal to zero. The equilibrium pressure (zero flux) at T=282 is 7.0E-15 atm. The 

logarithmm of the zero flux has been arbitrarily set at -20. 

Figuree 5.3 shows that only in a small pressure range of 5E-15 - 9E-15 atm HCB 

fulfil ll  the LNET conditions. The measured average HCB concentrations at 282 K 

inn air indicates a pressure of 8.2E-15 atm., which is fortunately within the pressure 

rangee for the model. The same was found for the winter conditions (data not 

shown).. Such a coincidence is propably exceptional. In other cases, where the 

vaporr pressure is outside the linear range, linear irreversible thermodynamics may 

nott be valid anymore and as such the use of Eq. 5.3 is problematic. The linear form 

wil ll  develop into the nonlinear form, which is much more difficult to establish. 

—— flux of HCB from w 

aa - f lux of HCB from ai 
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However,, rather large pressure gradients across the system may exist, which might 

nott be valid for the interface. In that case the coupling coefficients may also be 

validd outside the calculated range (Rosjorde et al. 2000). On the contrary, the 

temperaturee differences are in general much smaller compared to the average 

temperaturee and as such the heat force can still be written as AT/T. 

Underr the same starting conditions the mass accomodation coefficient was varied 

betweenn 1 and 1E-12 to investigate the change of the HCB flux and water to HCB 

couplingg factor. Figure 5.4 shows the large dependance of the HCB flux to the 

HCBB mass flux and water-HCB coupling factor 
vs s 

HCBB mass accomodation coefficient. 

-5.00 -, 

-10.0 0 

-15.00 -

-20.0 0 

-25.0 0 

4 4 

logg aHCB 

-*r r -fcr r * * 

-- 0.00 

II -2.00 

~ * ^ f ll -4.00 

-- - - HCB mass flux vs HCB mass accomodation coefficient 

-A—— water-HCB coupling factor vs HCB mass accomodation 
coefficient t 

6.00 0 

ff  -8.00 

10.00 0 

ett  £ 

Fig.. 5.4 Plot of the variation of the HCB flux, JHCB, with the mass accomodation factor a and the 

waterr to HCB dimensionless coupling factor, L,hcb/lhcbj,cb  The total pressure has been kept 

constantt at 1 atm. 

chosenn value of the mass accomodation coefficient and as such its importance in 

establishingg correct values. The water to HCB coupling coefficient did not change 

withh a variation of the mass accomodation coefficient. 

Thee relative variation of the dimensionless HCB to water coupling constant, 

LMLM11'Ibcbjxt»'Ibcbjxt» ^ h r^ e saturation factor, P/P0, of the water vapour at the given 

temperaturee of 283K, is given in Figure 5.5. 
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0.12 2 

•?-- 0.08 

00 4» 

Waterr  to HCB coupling factor  (lwj,ci/lhcbjicb (%)) 
vs s 

waterr  vapor  saturation factor  (Sw) 

Fig.. 5.5 Plot of the dimensionless variation of the mass to mass coupling factor of water and 

HCBB and the water vapor saturation factor. 

Thee HCB to water coupling constant increases to around 0.1% on a variation of 

thee saturation factor to 5. The constant might increase to around 1% if the 

concentrationn of the HCB increases to the unrealistic value of around 50% of the 

totall  vapor pressure. Coupling coeffients are therefore ver)' small for (slighdy) 

solublee contaminants in water and fall easily within the experimental errors. 

Thee LNET-model was also used to calculate the flux rate constants of C02, N2 and 

HCBB with reported experimental values at 293 K. Using the literature values of the 

masss accomodation coefficient of C 02 and N2 (Noyes et al. 1992, 1996) the flux 

ratee constant of condensation of the LNET-model was ~40 times larger for C02 

andd -30 times larger for N2 than the calculated ones (see Table 5.5). A somewhat 

lesser,, but similar, discrepancy (~20) was found for flux constants of water 

evaporationn experiments (Bedeaux 1999). 

Tablee 5.4 Comparison of experimental and theoretical values of gas-liquid exchange rates of 

HCBB under environmental conditions (Hoff et al. 1996) and using the LNET-model for HCB, 

COzz and N, under specific lab. conditions. 
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Description n 

Annuall  mean gis phase concentration (pg/m ) 

Averagee water concentration (ng/dnv) 

Water/airr temperature (K) 

Averagee HCB gas pressure (atm) 

Reponedd flux rate constant, k 0 (m/d), based on 

modell  of Liss and Slater (1974). 

Averagee flux of HCB, J (mol /m2/s ), from air to 

waterr according to eq 5b and k^ values based on 

modell  of Liss and Slater (1974) 

Averagee flux of HCB, J (mol /m2/s ), from air to 

waterr according using eq 4 and setting all other 

forcess on zero and the pressure gradient as 

AP/P. . 

Valu ee in summer Valu ee i n winter 

9ö ö 

0.01 1 

282/289 9 

8.3E-15 5 

0.703 3 

6.52E-17 7 

1.37E-17 7 

275/263 3 

7.8E-15 5 

0.530 0 

8.38E-17 7 

8.72E-17 7 

Fluxx constants of condensation (kcJ) 

Carbonn dioxide (Noyes et aL 1996) 

Nitrogenn (Noyes tt al. 1992) 

LNET-model l 

2.2E-44 m/s 

3.0E-44 m/s 

Experimental l 

0.051E^m/s s 

0.09E-44 m/s 

HCBB fluxes in summer and winter for lake Superior have been given in the 

literaturee using the model of Liss and Slater (1974). Results of the use of the same 

dataa into the LNET model are given in Table 5.4. Both models predict that the 

fluxess are larger in winter than in summer. The magnitude of both fluxes is nearly 

equall  in winter and differs by around 5 times in summer. However, such a close 

valuee should probably be regarded as accidental since the model of Liss and Slater 

includess the effects of the turbulence in the bulk layers, but the presented LNET-

modell  was derived for the interface onlv. 

Discussion n 

TheThe mass accomodation coefficient and its correlation with H llpf pf 
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Thee established QSAR for the mass accomodation coefficient, using H as a 

descriptor,, has certain appealing features from a theoretical point of view. It 

explainss why in the reported results on nitrogen and carbon dioxide a high 

correlationn was found between the equilibrium solubility and the mass 

accomodationn coefficient (Noyes et ai 1992, 1996). In these cases the Henry's Law 

constant,, being the ratio between the vapour pressure and the solubility, is given by 

thee maximum solubility of the gas at P0. A second aspect is that, if it is assumed 

thatt the correlation does not change drastically with temperature, the value of the 

Henry'ss Law constant increases and thus the mass accomodation coefficient should 

decreasee on an increase in temperature. This is experimentally observed for the 

alcoholss and (organic) acids (Nathanson et ai 1996). We have shown for the first 

timee that the mass accomodation coefficients for highly insoluble contaminants can 

bee derived from its Henry's Law Constant. 

ComparisonComparison of the LNET and Liss and Slater models. 

Thee model of Liss and Slater, like ours, assumes only a flux perpendicular to the 

surface.. It, however, defines five compartments, two turbulent bulk layers, two 

stagnantt layers and an interface where instantaneous equilibrium is established. 

Thee thickness of both stagnant layers is a constant point of research. In the LNET-

modell  of evaporation and condensation based on kinetic theory a collision free 

zone,, the Knudsen layer, is defined above the liquid interface (Young 1993). The 

liquidd bulk effects are often ignored and the model then applies for the surface and 

thee gas continuum. In order to distinguish between kinetic and diffusion control, 

thee LNET-model defines a Knudsen number, Kn -XI2  ̂ where X is the mean free 

pathh length, defined by kinetic theory, and £ is the thickness of the surface layer. 

Thiss number indicates, therefore, the resistance to the transport of the (mass) flux 

too the vapor over a comparable distance, the surface thickness. In the LNET-

modell  the mean free length of the gas is often used and the resistance of this layer 

iss compared to the thickness of the surface. The advantage of such a picture is that 

thee lengths of the "stagnant" layers in the model of Liss and Slater axe now defined 

byy the Knudsen number. The five layer model of Liss and Slater is reduced to 

threee layers; two bulk phases and an interface which will be considered as a change 

fromm air to water without knowing its exact picture yet. Applying this model, in a 

steadyy state situation the ratio of the concentrations of the contaminant in gas and 

liquidd will not be equal to the Henry Law's constant anymore, but kvJkC! still is. If 
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thee vertical fluxes in the bulk layers are based on diffusion, the total resistance (gas, 

interfacee and water) in the LNET-model can be written as 1 fvlc, - H/vw + 1/v( + 

11'k11'kchch where 11vw is the resistance of the vertical flux in the water phase, 1/v£ the 

onee in the gas phase (air) and H is the dimensionless Henry's Law constant. We 

appliedd the same relation to HCB for vm (ym = (4EA + 4E-5 u,0
2*(D cJD0J and vg (vg 

(cmIs)(cmIs) = (0.2 ul0 (mis) + 0.3) * (DJDJ) (Schwarzenbach tt al. 1993)), where u,0 is 

thee wind speed at 10 m height, Dc>w and Dca are the binary diffusion coeffients of 

thee substance in air respectively in water, D0„  and D â are the binary 

Relativee contribution of each compartment to the 
totall resistance of HCB for evaporation 

H/Vww HCB 

•1/Vg •1/Vg 

-1/k k 

-2.0 0 -1.00 0.0 0.7 1.0 

logg of the windspeed at 10 m 

Fig.. 5.6 Relative resistance of HCB in a three compartment model ( air, interface and water) 
relatedd to wind speed. 

diffusionn coefficients of oxygen in water and water vapour in air and using the 

estimationn method of Fuller and Wilke-Chang (Reid et al. 1988) in repectively air 

andd water. The estimated value of the mass accomodation coefficient for HCB in 

Eq.. 5.8 is used to obtain the values of kc>1. Subsequently we can estimate the relative 

contributionn of each compartment in the total resistance of HCB and CO,. 

Fieuress 5.6 and 5.7 show the results and it can he seen that for for the reported 
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Relativee contribution (log) of each compartment to the 
totall resistance of C02 for evaporation 

-- log H/Vw 

•log1/Vg g 

-logg 1/k 

Windspeedd at 10 m height 

Fig.. 5.7 Relative resistance of CO, in a three compartment model ( air, interface and water) 

relatedd to wind speed. 

windspeedss iuw- 5 m/s) the resistance factor of the interface for HCB is more 

importantt than those of the gas and liquid phase, while for carbon dioxide the 

relativee constribution of the interface and the liquid phase remains similar uptil a 

windspeedd of around 10 m/s. Because the resistance of HCB is nearly fully caused 

byy the interface, the values of the fluxes based on the model of Liss and Slater and 

ourr LNET-model are in the same order of magnitude. 

MolecularMolecular models of the accomodation process. 

Statisticall  rate and cavity formation models, and a critical cluster size model based 

onn nucleation theory have appeared in the literature as to the nature of the interface 

barrier.. Statistical rate models (Ward and Fung 1999, Phillips 1997), however, are 

quitee complicated and introduce often new parameters, which are difficult to 

determine.. Therefore we will not discuss them further. 

Thee critical cluster size model (Nathanson et al. 1996) is derived from temperature 

dependentt measurements of mass accomodation coefficients. An excellent 

correlationn between the enthalpy and entropy of the process was observed. The 

criticall  size of a nucleus for uptake of the reported contaminants was found to vary 

fromm 1.5 to 3 molecules, which is extremely low. However, as shown in the 

literaturee (Krug et al. 1976), an isokinetic or extra thermodynamic relation can also 

bee caused by a propagation of experimental errors since both the enthalpy and 
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entropyy data are obtained from the same Arrhenius plot. If a chemical correlation 

exists,, it should also be shown by plotting the free enthalpy calculated at the 

harmonicc mean of the experimental temperature data set, Tbnn against the enthalpy. 

Unfortunately,, such a correlation cannot be found yet for the literature dataset 

(Nathansonn eta/. 1996) onT4 f f l = 273 K and the reported correladon between the 

enthalpyy and entropy should be regarded as caused by a propagation of 

experimentall  errors. Based on this argument we conclude that the interpretation of 

thee accomodation process by nucleation theory is not appropriate. 

AA cavity formation model (Vitol and Orlova 1993) considers the dependence of 

thee surface tension with the concentration of vacancies in the condensed phase and 

onn the surface of the liquid. By taking the vacancies as a surface-active impurity and 

consideringg the surface layer monomolecular, mass accomodation values of water 

(0.13)) and tetra (0.35) could be calculated. In this model the surface tension plays 

ann important role. At a first sight reported values of the accomodation coefficient 

off  nitrogen in different solvents (Noyes 1995) and carbon dioxide in different salt 

solutionss (Noyes et al. 1996) do not show any correlation with the equilibrium 

surfacee tension. However, the reported values of the surface tension used for the 

differentt liquids show large differences with literature values (Landolt-Bernstein 

1956).. Based on these values and the reported accomodation coefficients of 

nitrogenn and carbon dioxide the correlations were re-examined. Figure 8 gives the 

resultss and as may be seen, both for nitrogen in different solvents and for carbon 

dioxidee in different salt solutions high correlations with the surface tension are 

found.. The same figure reports also a high correlation between the maximum 

solubilityy of nitrogen, C w , vs the surface tension in agreement with our previous 

remarkk on the correlation with Hpc as descriptor. Recently calculations also support 

thee dependency of the surface tension on the mass accomodation coefficient 

(Rosjordee <?/*/. 2001). 

Wee conclude that the nature of the interface remains unclear but that the surface 

tensionn is an important correlation factor in recent uptake experiments and returns 

inn some form in the cavity formation model. 
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masss accomodation coefficient, a, and maximum solubility of N2 

Ceqq
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88 Correlation between the mass accomodation coefficient, a, and solubility of nitrogen 
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andd salt solutions. 
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Appendixx 1. 
Thee behaviour of the Knudsen layer (Kn) vapour pressure jump, Pf - P„  compared 

withh the overall pressure difference, Ps - Pl/00) in the continuum limit and in the 

presencee of an inert gas with pressure P«, has been derived before, Eq. 5.A1 (Eqs. 

577 and 58 in Young 1993). In here Psrepresents the pressure at the surface, Pw the 

pressuree at the border of the Knudsen layer and the gas continuum and P^ is the 

pressuree in the gas continuum. 

PP -P 
SS VI 

P.P. - p.. 

X X 

11 + X 

xx = 
KnKn P 

ScSc P„ 

2z2z 2 ptot 

(5.A1) ) 

KnKn is the Knudsen number, X is the mean free path length as defined by kinetic 

theory,, 7] is the vicosity and p is the density of the vapour-gas mixture, Sc is the 

Schmidtt number, D is the binary diffussion coefficient, ^ i s a pressure average of 

thee specific heat ratio and R,, is the specific gas constante in the defined system and 

££ represents the resistance to the transport of the (mass) flux to the vapor over a 

comparablee distance, the surface thickness. In the model only a flux perpendicular 

too the normal was defined, no bulk liquid properties were taken into account and 

noo cross fluxes or extra viscous pressures were considered. Under these conditions 

thee only difference with a planar surface is the pressure, where the Laplace equation 

mustt be used. The limit of X —> 0 represents the diffusion controlled limit with 

negligiblee kinetic resistance across the Knudsen layer. 

Forr environmental purpose the presence of an inert gas is important and it is 

assumedd that air plays this role in the experiments of Smith et tz/..(1980). In such a 

s y s t e mp ^ - p^  ̂ ~ ~pM and thuspyOO<«p/0t and Y~Yér Although in this case R<R„ 

wee assume that they are still equal. For very low values of the mass accomodation 

coefficients,, QT, in the presence of air in Eq. A l , the right hand side of the term in 

bracketss becomes much larger than the left hand side and A l approximates to Eq. 

A2. . 
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ScSc a 

Inn case R is much smaller than R,, X will still be larger as defined in Eq. 5.A2. The 

viscosityy of air (nitrogen) is 178 \xP at 300 K, p - p0, the diffusion coefficient of 

C 022 in air is 0.17 cm2/s at T=300 K ,p=p0 and the density of the air is 1.15 kg/m3 

(Reidd at al 1988), thus JY=0.91. The mean free path length at room temperature 

andd at atmospheric pressure is around 10"7 m (Phillips 1997). For the reported mass 

accomodationn coefficient of C02, 5.5E-8 and an average depth of the beaker in the 

experimentt of Smith et al.. of 2L (̂  = 0.20 m), the value of X =10, the ratio of X 

andd /+X i s still nearly one(l) and the kinetic argument is still highly valid under the 

experimentall  conditions of Smith et al..(\9SQ). The kinetic limit is still valid because 

off  the very low value of a. Previously, a value of 1 was normally taken. Using the 

experimentall  values of the bubble train experiment (Boniface et at. 2000) a value of 

XX ~ 0.35 is found indicating that the transfer process is not fully kinetically 

determined. . 
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Henry'ss Law constant, atm m3/mol 

molarr mass flux of/, mo l /n f /s 

conductivee heat flux, J /m /s 

onee dimensional flux constant of /', m/s 

phenomenologicall  coefficients, various dimensions, dimensionless 

molecularr mass, kg/mol 

(partial)) pressure of /', atm 

gass constant, J /mo l /K 

entropy,, J /K 

internall  entropy of /', J /K 

absolutee temperature, K 

meann absolute velocity (of/), m/s 

molee fraction (of/) 

irreversiblee thermodynamic driving force, various 

masss accomodation coefficient, dimensionless 

jumpp coefficient, dimensionless 

thermall  conductivity (of/), J / s / m /K 

dissipationn rate of entropy production rate, J /K /s 

equilibriumm surface tension 
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Generall  conclusions 

Inn section 1.6 the main objectives of this study have been characterized as the 
introductionn and evaluation of thermodynamic concepts and approaches in: 1) 
endpointss and their definition, 2) explanation of their variations using QSAR and 3) 
environmentall  coupling processes and fate models. The introduction and 
evaluationn of thermodynamics took place in Chapters 2-4. Here, general 
conclusionss are drawn on the advantages and limitations of this introduction 
arrangedd according to the three main objectives. 

6.11 Endpoints and their definition 

Environmentallyy relevant chemical endpoints were classified into four main groups 
connectedd to partition and reaction equilibria, and partition and reaction kinetics as 
shownn in Table 1 of Chapter 1. In that chapter it was also shown that endpoints 
cann be divided into well and ill-defined, and in single and composite ones. The 
thermodynamicc definition of endpoints has several advantages (6.1.1), but also 
somee practical limitations (6.1.2). 

6.1.1.6.1.1. Advantages with respect to the definition of endpoints 
Elaboratingg on sections 1.4.2, 1.4.3, 1.4.4 and 1.6, treating endpoints in terms of 
thermodynamicss may lead to three general advantages. 

Thee first advantage refers to the use of related thermodynamic functions and 
propertiess in order to determine endpoints experimentally, to understand them as 
composedd out of more elementary processes in an explicit model or to calculate 
themm from related thermodynamic functions via thermodynamic cycles. 
Chapterr 3, first paper, is mainly dedicated to the prediction of isomer product 
yieldss by QSAR (see section 6.2) in each of the steps by which hexachlorobenzene 
iss transformed into benzene in solution. Yet, the initial thermodynamic ucsLnpLorb 
applied,, i.e. free enthalpies of formation of chlorinated benzenes in solution, had to 
bee calculated from known free enthalpies in the gas phase. According to the 
thermodynamicc cycle shown in Figure 2 of Chapter 1, this could be done by using 
knownn free enthalpies associated with Henry7 Law Constants of chlorobenzenes. 
Afterr finding these free enthalpies of formation, equilibrium reaction free 
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enthalpiess were calculated according to Eq. 1.5 of Chapter as the final descriptors 
leadingg to the successful prediction of isomer product yields. 
Inn Chapter 4 the pseudo-thermodynamic equilibrium definidon of kinetic 
endpointss in transition state theory was at stake. This theory is an example of 
dissectionn of a composite endpoint of the kinetic type into a well-defined series of 
pseudo-reversiblee steps to which pseudo-thermodynamic free activation enthalpies 
aree attributed. This example will be treated further in the context of QSAR (section 
6.2). . 

AA second advantage pertains to the explicit treatment of interaction: the 
experimentall  and theoretical definition of the interaction between compounds in 
equilibriumm systems (non-ideality) by the introduction of activity coefficients in 
concentrationss and the definition of physical coupling or phenomenological 
constantss in non-equilibrium systems. In non-thermodynamic approaches these 
typess of interactions are often neglected or cannot be included easily. 
Inn Chapter 3, second paper, the activity coefficient of chemicals in gaschromato-
graphicc column material (stationary phase) in comparison to their activity 
coefficientt in gases flowing through the column (mobile phase) has been taken into 
accountt leading to an accurate and fast determination of vapour pressures of fatty 
acidd esters at different temperature and the related thermodynamic parameters of 
heatt of vaporization and gas-liquid heat capacity- difference. In addition to the 
chemicalss «-alkanes were co-eluted, whose thermodynamic properties are accurately 
knownn and could be included into the thermodynamic formalism in order calculate 
thee properties of the chemicals from the retention indices measured. The 
thermodynamicc model is capable to extrapolate accurately from the experimental 
temperaturee range to temperatures important in environmental chemistry in 
contrastt to methods not utilizing activity coefficients. Data obtained were close to 
thosee found after direct experimental determination. 

Inn Chapter 5 the existence of interaction leads to the physical coupling of flows in 
non-equilibriumm thermodynamics. Terms contributing to a certain flow contain 
physicall  coupling or phenomenological constants as endpoints. After calculation 
off  these endpoints, among others by QSAR (see section 6.2), coupling between 
flowss could calculated (see section 6.3). 

AA final advantage refers to e.g. the determination of the temperature dependence of 

ann endpoint and the latters' dissection into an enthalpic and entropie contribution 
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butt can easily be extended to other dependencies like the establishment of a new 
referencee state at other concentrations as in Chapter 2. 

Temperaturee dependence of endpoints and their dissection into enthalpy and 
entropyy contributions was applied in several papers according to the van 't Hoff 
andd Arrhenius like equations mentioned in sections 1.4.1 and 1.4.2. In Chapter 3, 
thee prediction of isomer yields of the transformation of (chloro)benzenes, it was 
showrnn that the calculated temperature dependence of this endpoint was in 
accordancee with experimental data confirming the hypothesized thermodynamically 
determinedd model of the reaction. In the same chapter, the determination of 
vapourr pressure, its temperature dependence and related thermodynamic properties 
mentionedd before, the explicit treatment of the temperature dependence of 
propertiess enabled the extrapolation of data from the high experimental 
temperaturee range to low, environmentally relevant, one. In Chapter 4 enthalpy and 
entropyy contributions to the free enthalpy of activation of the hydroxide-induced 
eliminationn reaction of small haloalkanes in water were calculated from the 
measuredd temperature dependence of the reaction rate constant in order to find the 
freee enthalpy at 298.15 K (see also section 6.3). 

6.1.26.1.2 Limitations in thermodynamic definitions of endpoints 

Thee three advantages of thermodynamics in the definition of endpoints are not 
absolutee but wil l suffer from practical limitations, some of which are specific to 
thermodynamicss and other in common with other approaches. limitations are in 
thee areas of: A. the quality of experimental data and the ill-definiteness of data; B. 
complexityy of thermodynamic relationships and properties such as the activity 
coefficient;; and C. a correlation between errors in the determination of enthalpy 
andd entropy contributions. 

A.. The quality of experimental data of endpoints and ill-definiteness of data. 

Thee quality of endpoint data is of direct importance both for their use as input 
parameterss for fate models and in order to study their variation with pollutant and 
solventt phase characteristics (QSAR). The quality is often low. To exemplify the 
latterr Table 6.1 has been derived for a number of environmentally important 
endpointss for the water compartment that are evaluated in a database (AQUAPOL 
1996)) constructed for the National Institute for Coastal and Marine Management 
(RIKZ).. Each experimental data was analysed on an analytical, methodological and 
statisticall  criteria (Krop et al. 1996) according to an extensive score list. Scores 
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couldd only vary between 0 and 1. Table 1 indicates that scores axe low in general, 

especiallyy for the statistical aspect. The quality of endpoints is of course not a 

specificc limitation of thermodynamics. However, it excludes the calculation of a 

reliablee free enthalpy value especially for ill-defined endpoints. 

Mainn reasons for low scores are that too few independent experiments were carried 

outt prohibiting the calculation of a (95%) confidence interval and that processes 

weree ill-defined hampering an accurate determination. 

Tablee 6.1 Average scores of experimentally determined values of some important environmental 
parameterss for a number of relevant contaminants (Data from Aquapol 1995). 

Endpoint* * 

BCFF (ill-defined) 

KKdocdoc (ill-defined) 

K^ i l ll  defined) 

SS (well-defined, single) 

kk hvd (well-defined, comp.) 

N N (totall  data) 

290 0 

110 0 

455 5 

245 5 

390 0 

Analytical l 

0.401 1 

0.483 3 

0.298 8 

0.475 5 

0.411 1 

Methodical l 

0.472 2 

0.492 2 

0.403 3 

0.346 6 

0.515 5 

Statististical l 

0.301 1 

0.264 4 

0.150 0 

0.334 4 

0.158 8 

*BCF== fish-water bioconcentradon factor; K ^ = dissolved organic carbon-water partition 

constant;; K K = organic carbon-water partition constant; S = water solubility; k hyd = hydrolysis rate 

constant. . 

Inn case of well-defined endpoints only the first stadsdcal reason is important. However, 
thee table shows already large drawbacks in accuracy of a well-defined endpoint of 
thee composite type. Moreover, in Chapter 2 all values of solubilities and n-octanol-
waterr partition coefficients found in the literature for a number of PAHs and 
determinedd by reliable but different experimental methods were used in order to 
derivee QSAR equations. Most values were not different within the 95% confidence 
interval.. This points at methodical or analytical difficulties in addition to statistical 
oness in the determination of these well-defined endpoints of compounds with very 
loww solubilities. Moreover, parts of a well-defined endpoint can still be ill-defined. 
Itt was considered in Chapter 1 that ill-defined endpoints could turn into well-
definedd ones, with the knowledge of a model. An example is the gas-liquid 
exchangee rate model of Liss-and Slater (1974). However, in Chapter 5 we 
concludedd that the ill-defined values of ^ in this model could be related to the 
Knudsenn number, explaining why research into the significance and srze of % (the 
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si2ee of the stagnant layer) leads to contradictive results. It shows that in a well-
definedd model ill-defined factors may still be present, introducing error sources. 
Thee situation is even more problematic with iU-defined endpoints. In addition to 
randomm errors in the value of the endpoint a systematic deviation may be present 
causedd by the presence of a "hidden", not explicitly included, process or 
compartment.. It was found, e.g., that 80% of the experimentally determined K^ 

valuess were not statistically significant (Krop et al. 2001). Here the "hidden" 
processs could be the existence of a slow change of the DOC compartment itself in 
additionn to a quite different origin and structure of this material. A second example 
referss to the phenomenon of aging of organic contaminants in solid organic 
sedimentt material (Cornelissen 1998) leading to an ill-defined pseudo-equilibrium 
orr pseudo-steady state ¥ ôc value in short-term laboratory experiments. It seems that 
inn a short period results are not significandy different from each other. However by 
extendingg the time scale it became clear that equilibrium or a stable steady state was 
nott achieved yet. Here the hidden process and compartment turned out to be an 
innerr very slowly desorbing compartment in addition to contaminant in the surface 
layerr of a sediment particle. The latter explains the quick establishment of the 
equilibriumm measured. 
Despitee the tremendous increase of knowledge in environmental processes it 
remainss to be foreseen that many important endpoints will never be fully 
understood.. In that case one has to deal with a system where only limited 
informationn is available. 

B.. Complexity of thermodynamic relationships and properties such as the activity 

coefficient. . 

AA shown in Chapter 3, second paper, quite complex formula (Eqs. 3.2-3.4, therein) 
aree required for the determination of vapour pressure and related thermodynamic 
quantitiess from experimental chromatographic retention indices. In addition, 
relationshipss (Eqs. 3.5-3.6, therein) and values of the ratio of the activity coefficient 
off  the analyte and of a related «-alkane. have to be found empirically and under 
certainn assumptions. The overall procedure thus includes a limited number of data 
foundd in the pertinent determination and a pretty large number of formula and 
additionall  assumptions. Thus the procedure must be considered as an indirect 
experimentall  determination. 

AA more trivial, but often confusing, character of thermodynamics is the large 

numberr of standard or references states chosen for a certain property. In the 
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definitionn of the activity coefficient of a solute in a solution as an example, both the 
puree components of the solution (Raoult convention) and the infinitely diluted 
solutionn (Henry convention) are frequently chosen, both of them in combination 
withh several concentration units. 

C.. Correlation between errors in the determination of enthalpy and entropy 
contributions. . 

Applyingg the van 't Hoff (or Arrhenius) equation dlnK/d(1/T) ~ -AH/R for the 
temperaturee dependence of an endpoint, K, normally proceeds by the measurement 
off  K (JnK) at several temperatures T, plotting InK against 1 /T and calculating the 
slopee or enthalpy of the linear plot (-AH/R). Subsequently the entropy, AS, is 
foundd from Eq. 1.4 of Chapter 1: AG(TJ= -RT/nK(T) = AH -TAS by insertion of 
AHAH and the experimental value of -RTlnKfT). This may cause a correlation between 
thee error in the measured enthalpy and the entropy calculated from it, which has 
consequences,, e.g., for their use as (dependent) descriptors in QSAR (see section 
6.2)) (Kmgetal. 1976). 

6.22 Explanation of the variation in endpoints using QSAR 

6.2.16.2.1 Preliminary remarks 

Inn QSAR (see section 1.3) a quantitative relationship is established between 
independentt descriptor variables and a dependent variable, the chemical endpoint. 
Thiss relationship enables the explanation or prediction of the endpoint in terms of 
structurall  variation of series of compounds or phases they are dissolved in. In this 
thesiss we would like to study QSAR equations based on an explicit model in a 
thermodynamicc approach with a minimum of black box character. The latter will 
implyy that both the endpoint and the descriptors, and maybe also: the type of 
functionn used for the relationship between descriptors and endpoint, are 
thermodynamicallyy well-defined. We should, however, keep in mind that the QSAR 
proceduree will include the fit of series constants, B, in Eq. 1.2 of Chapter 1, which 
cannott be found from thermodynamics. As a consequence all relationships aimed 
att partially bear an extra-thermodynamic character. In section 1.4.1 it was shown 
thatt the most simple extra-thermodynamic relationships are essentially linear free 
energyy (or enthalpy) relationships (LFERs). In sections 1.4.2-1.4.4 thermodynamic 
definitionss of endpoints were given and in section 1.5 it was shown that three 
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levelss of descriptors (macroscopic, microscopic and ensemble type) can be used, 

whichh fit in a thermodynamic approach. 

Inn the foregoing section 6.1 we drew general conclusions with respect to the 
advantagess and limitations of a thermodynamic definition of endpoints. In sections 
6.2.22 and 6.2.3 we would like to focus on the descriptor levels and the quality of the 
pertinentt QSARs. Before doing this, it must be recalled that limitations in the 
definitionn of endpoints, treated in section 6.1.2, wil l direcdy propagate into QSARs 
basedd on all three types of descriptor levels. This wil l especially apply to the quality 
off  experimental data and ill-definiteness of data. A high experimental accuracy and 

reliabilityreliability  of the endpoint is of paramount importance, since the QSAR procedure 
assumess that the main error is found in the relationship and not in the endpoints 
themselves.. Especially problematic in this case is the predictive QSAR, since here it 
iss assumed that all variation is explained by the relationship with the descriptors. In 
practicee the use of a different experimental method to establish the endpoint-value 
mightt lead to much larger variation in the endpoint than the inaccuracy of the 
QSARR itself. This will hold regardless of whether black box (predictive) or 
thermodynamicallyy based (explaining or predictive) descriptors are used. An ill-

defineddefined endpoint can be of high experimental accuracy. However, it is composed out 
off  an unknown combination of processes that limits the efficient choice of model 
basedd descriptors and thus, in principle, the accuracy (low standard error of 
regression)) of the predictive QSAR. High accuracy can only be obtained by trial 
andd error of a relatively large number of descriptors based on purely statistical 
considerations.. This especially holds for black box type descriptors. The use of 
thermodynamicc descriptors and explicit hypotheses on models may ultimately lead 
too turning the ill-defined endpoint into a well-defined one, which is the objective of 
ann explanatory QSAR. Finally, both predictive and explanatory QSARs demand 
accurateaccurate descriptors; their error should be much smaller than the error in the endpoints 
fromm the viewpoint of using them as independent variables in regression. In 
additionn they should be accurate for the same reasons as the endpoint should be 
accurate:: ideally the standard error of regression of the QSAR should be connected 
too the relationship, choice of model function, and not to inaccuracies in 
descriptors.. The latter requirement is fulfilled in all correlations in this thesis. 

6.2.2.6.2.2. Macroscopic descriptors 
Macroscopicc thermodynamic descriptors can be used for the prediction and 
explanationn of macroscopic thermodynamic endpoints as shown in Chapter 1 
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sectionss 1.4.1 and 1.4.2) and in Chapter 2-5. The use of macroscopic 
thermodynamicc descriptors will profit or suffer from the same type of advantages 
orr limitations as the thermodynamic definition of endpoints treated in section 6.1. 
Thuss advantages could be: the understanding of the endpoint as being composed 
outt of separate partial processes - each connected to a specific macroscopic 
descriptorr -; the explicit inclusion of interaction between solvent and solute or 
betweenn solutes in descriptors; and the use of temperature dependent descriptors 
withh an enthalpic and an entropie component. Limitations refer to inaccuracies in 
descriptors;; complexicity of descriptors and relationships; and mutual dependence 
(collinearity)) between enthalpic and entropie descriptors or errors in these. 

Macroscopicc thermodynamic equilibrium descriptors have often been used for the 
predictionn or explanation of partitioning and reaction equilibrium endpoints (Reid 
etet a I. 1987). However, the uncertainty in the (independent) descriptor in the 
correlationss is often neglected in the literature. In those cases it is not known 
whetherr the main source of the error is really determined by the established QSAR 
orr by the error in the independent values. Such a distinction has been clearly made 
inn Chapter 2 - treating n-octanol-water partition coefficients found from liquid 
chromatographyy capacity factors - where it could be concluded that the error in 
thee established correlation is due to the QSAR itself and not to the error in the 
descriptors.. In this way the advantages and limitations of the model itself could be 
found.. In this case systematic deviations turned out to be informative. This was 
donee by a simple analysis of residual plots. Systematic deviations are not allowed in 
aa proper QSAR, but may give a lot of information. This is most useful when the 
QSARR is established with a (rudimentary) model in mind. 

Sometimess it is possible to use equilibrium descriptors for the calculation of kinetic 
endpointss as in Chapter 3.1. Here, temperature dependent ratio's of isomers, 
participatingg in a sequence of dechlorination reactions, were calculated. The abiotic 
experimentall  ratios corresponded quite well to their thermodynamic equilibrium 
descriptorss calculated after using thermodynamic cycles. The reaction free enthalpy 
off  the dechlorination process of chlorobenzenes has been used here as descriptor 
too model the abiotic isomer-ratios. However, the calculated energy differences 
betweenn the isomers are often small, leading to the demand of highly accurate 
thermodynamicc measurements. Littl e attention is given to this aspect leading to 
contradictivee results (Dolfing & Harrison 1992). This problem is more pronounced 
iff  one is using such descriptors in dechlorination patterns of PCB's and dioxins, 
wheree the differences in measured or calculated reaction free enthalpy descriptors 
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aree often in the orders of a few kj. Additional difficulties will arise when 
heterogeneouss series of reactants are to be treated or when biotic isomer ratio's 
havee to be predicted or explained by this type of descriptors. Only when the 
mechanismm and the reactants are similar, thermodynamic parameters like the free 
enthalpyy of formation of die products can be used. In environmental chemistry 
homogeneityy is probably sufficient in certain classes like the dioxins and PCBs, 
wheree dechlorination processes lead to specific isomer distributions. Knowledge of 
thiss isomer ratio is particular useful in toxicity. A specific isomer may be much 
moree toxic than any other one. A difference in ratio is often attributed to the fact 
thatt a specific molecular orientation is preferred in biotic processes (binding to 
receptorr enzyme and subsequent metabolisation). It seems, e.g., that biotic 
dechlorinationn of 1,2,3,5-tetrachlorobenzene favours the formation of 1,3,5-
trichlorobenzenee (Fatherpure et al. 1988) which is not preferred on thermodynamic 

grounds. . 
AA final example of using an equilibrium constant for the calculation of a kinetic 
propertyy is found in Chapter 5. There the mass accommodation coefficient, the 
fractionn of molecules actually passing the air-water interface of the total number 
arrivingg at this interface, is correlated to the Henry's Law constant of a 
heterogeneouss series of compounds. An accurate LFER was obtained providing 
valuess of accommodation coefficients to be used in the calculation of coupling 
constantss in non-equilibrium thermodynamics. This LFER was better than a 
methodd found in die literature, which applied the diffusion coefficient in water, a 
kineticc descriptor not accounting for the air phase of the model. 
Generallyy speaking, macroscopic kinetic endpoints need to be dealt with in a 
kineticc way by using kinetic descriptors, where one has the possibility of 
establishingg the rate determining step and its associated kinetic descriptor. In 
generall  very few macroscopic descriptors are used in kinetic endpoints. 
Macroscopicc models to explain the variation in kinetic endpoints are hardly 
established.. In a pseudo-thermodynamic transition state theory the activation 
barrierr is usually separated into an electronic (reorganization) and thermodynamic 

**  AWV,™,„V , cM^rol mn^lQ pvî r̂  /^Murdoch 1983). the Marcus equation is 
mostlyy used. In Chapter 4 the latter model was applied providing an example or 
difficultiess met in explaining B, series constants by a theoretically speaking 
improvedd model. Here, the inclusion of a (AG?f term, the squared reaction free 
enthalpyy of the dehalogenation of simple haloalkanes in water, did not meet the 
statisticall  criteria, but could be expected on ground of the Marcus model. As the 
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pertinentt macroscopic properties were calculated by Quantum Mechanics, the 
examplee will be further discussed in section 6.2.3. 

Thee improvement of QSARs may also include explanation in terms of interactions 
betweenn solutes and solvents as expressed by activity coefficients. Systematic 
deviationss may to lead to new descriptor terms that can improve the comparison. If 
thee QSAR is built on the concepts of a thermodynamic model such an introduction 
cann be quite simple. The endpoint is related to the free enthalpy which is a state 
functionn and simple addition of a new energy descriptor term is allowed as in the 
conceptt of a thermocycle. In Chapter 2 the small systematic deviation was 
attributedd to an energy change that corresponded to the variation in activity 
coefficients.. The old QSAR may result then in a new QSAR with a higher scope 
andd validity. In Chapter 3.2 the main objective was the indirect determination of 
endpointss such as vapour pressure and related thermodynamic properties from 
temperaturee dependent Kovats GC retention indices using an equilibrium 
thermodynamicc approach. Although the objective was the experimental 
determinationn of endpoints, QSAR and regression aspects are certainly present in 
thiss method. The temperature dependence of the Kovats indices was expressed 
intoo an empirical fit of the index to temperature. In addition, the experimental data 
onn n-alkane reference solutes were expressed as empirical functions of temperature 
andd number of carbon atoms. Interaction between solutes and solvent were 
includedd as ratio's of activity coefficients of target and reference solutes found 
fromm data on a model compound for the target solutes. Literature values on the 
boilingg points and heat of vaporization at room temperature found by calorimetric 
methodss were used to compare the quality of the GC-VAP values. The heats of 
vaporizationn were similar within their 95% confidence intervals. Boiling points 
weree in general a few Kelvin to high (between 2-10), but based on the statistical 
aspectss it could not be decided whether this was a systematic or random variation. 

Finallyy both the observed enthalpy and entropy change derived from the same 

Arrheniuss or van't Hoff plot may be used as descriptors in the same QSAR 

correlation.. In this case one should be careful. The chemical correlation, which one 

hopess to find, should be distinguished from the statististical compensation effect 

duee to the experimental error. The latter lead to a perfect correlation between the 

twoo thermodynamic descriptors. A good example where such a correlation has 

beenn incorrectly assigned to a chemical one is given Chapter 5, where it has lead to 

thee use of nucleation theory in modelling the gas/liquid exchange processes. 
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6.2.3.6.2.3. Microscopic and ensemble level descriptors 

Inn sections 1.5.2 and 1.5.3 descriptors were defined at the microscopic and 
ensemblee level. In this thesis we did not study the use o£ microscopic descriptors in 
QSAR.. However, we studied in Chapter 4 the use of ensemble level descriptors, 
calculatedd via Q.M. techniques and additional statistical assumptions with respect to 
thee ensemble of electronic states the system may be present in and the influence of 
aa solvation (hydration) on reactivity. The latter does not assume explicidy the 
occurrencee of different configurations of water molecules surrounding the 
reactants,, but the presence of a continuum dielectric constant. In this way no 
Montee Carlo or Molecular Dynamics force field calculations were studied either. 
Whatt remains is a study of Q.M. ensemble type descriptors for reactivity endpoints 
inn the pseudo-thermodynamic equilibrium model of the Marcus equation (see 
sectionn 1.4.3, (Eqs. 1.8-1.9). The QSARs established in (pseudo-)equilibrium 
thermodynamicc models for reactivity kinetic endpoints often are of a much lower 
accuracyy than QSARs using macroscopic descriptors. This is caused by the lower 
accuracyy of the endpoints, the method of calculation of the descriptors and the 
inaccuracyy of the model used. Prior to the discussion of the QSAR results obtained 
somee general perspectives and limitations of Q.M. descriptors are given as an 
elaborationn on sections 1.5.2-3. 

AA review on quantum-mechanical descriptors in QSARs studies (Karelson and 
Lobanovv 1996) shows that the following microscopic descriptors are most 
frequendyy used : 

a)) the atomic charge and combinations thereof like dipole moments 
b)b) The energy of the lowest unoccupied molecular orbital (£LUMO) and highest 

occupiedd molecular orbital (£HOMO)
 a nd combinations thereof like the chemical 

potentiall  and hardness (Parr and Yang 1989) or the ionization potential (IP) and 
electronn affinity (EA) of the electronic systems 

c)) (frontier) orbital densities and combinations thereof with their respective orbital 

energiess like superdelocalizabilities and polarizabilities. 

Actuallyy all these descriptors are obtained by using wave functional theory (WFT) 
calculationn methods. As often found in QSARs, descriptors defined in density 
functionall  theory (DFT) are obtained by WFT calculation methods. As described in 
1.5.2.. a wealth of WFT calculations methods is available usually divided into semi-

empiricalempirical and ab initio. Both have the disadvantage that large energy values are 
subtractedd that often leads to substantial differences compared to experimental 
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values.. However, if these differences are equivalent for all the members under 
consideration,, only a variation in the value of B0 in the QSAR should be found. 
Thiss is often not the case. Even worse that it seems that a correlation with 
chemicalss from the same class is substantial lower than from different chemical 
classess (Claire 1994). Correlations between experimental parameters like IP and EA 
andd their theoretical values are hardly existent. In QSAR-studies in environmental 
chemistry,, like in Chapter 4, a semi-empirical method is used. QSARs based on these 
semi-empiricalsemi-empirical methods have the large disadvantage that they are often not 
reproducible,, owing to the large number of approximations made. These type of 
QSARss show generally a much lower degree of explanatory variation in a sequence 
off  experimentally determined endpoints, which is shown as well in Chapter 4. 

Returningg to the subject of this thesis, in Chapter 4 the correlation between 
experimentall  and calculated activation free enthalpy of the hydroxide-induced 
eliminationn reaction of a series of small halo-alkanes in water was studied. The 
activationn free enthalpy ensemble type descriptor wras calculated by the semi-
empiricall  COSMO-AMI Q.M. model. Satisfactory correlations were obtained for 
bothh sets of experimental activation free enthalpies available for chlorinated and 
brominatedd alkanes. The squared adjusted correlation coefficients (Rf) amounted 
too 0.80-0.93 and B coefficients of Eq. 1.12 in Chapter 1 were rather close to 0 (B0) 

andd 1 (13,) in a monolinear regression equation, what they should be from a 
theoreticall  point of view for B0 but not for B, (see 1.4.3). Correct trends were 
calculatedd for main products formed during the dehalogenation of 1,1,2-
trichloroethanee and 1,1,2-tribromoethane. The QSAR correctly calculated certain 
otherr patterns of reactivity. 

However,, several limitations appeared. The model did not work for fluorinated 
alkaness similarly to other AM I calculations found in the literature. High deviations 
weree found for compounds with high free activation enthalpies such as 
chloroethane.. This could be explained by the presence of a competing substitution 
mechanism,, leading to experimental data only partially suited for calculation. 
Correlationss between experimental and calculated values of the enthalpy and 
entropyy contributions to the free enthalpy of activation wrere low. No explanation 
couldd be found. Though satisfactory, correlations between experimental and 
calculatedd free activation enthalpies were not accurate enough for prediction 
purposess (large prediction intervals were found). Finally, in cases other than 
mentionedd above main products formed during dehalogenation were calculated in 
disagreementt with experimental data. 
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Inn addition the correlation between the experimental and calculated reorganization 
freefree enthalpy of the Marcus model (Eqs. 1.8-1.9 of Chapter 1) was studied. A 
moderatelyy high value of Rf = 0.64 was found with B coefficients substantially 
deviatingg from 0 and 1. The latter turned out to be caused by significandy higher 
valuess of the calculated free activation enthalpies and the much more exothermic 
valuess of the free reaction enthalpies compared with their experimental values. 
Thesee deviations also lead to positions of the TS on the reaction coordinate, a, 

whichh deviate substantially from an expected values of a =0.40 as found in the 
literature.. A main cause of these deviations could be the simplicity of the (semi-
empirical)) Q.M. model. As a consequence it could not be stated unequivocally that 
thee pertinent elimination reaction obeys the Marcus model. It is probably a 
fundamentall  problem in using any Q.M. calculation method that some of the 
simultaneouslyy calculated descriptors wil l show large errors. 

6.3.. Environmental coupling processes and fate models 

Inn section 1.2 of Chapter 1 definitions of a fate model and input parameters 
(chemicall  endpoints) were given. It was shown that the experimental determination 
off  a (well-defined) endpoint includes the assumption of a concise model and model 
equationn in which actually concentrations and concentrations ratio's are determined 
inn order to find the endpoint. In contrast to this, in a fate model many processes 
aree included and here the values of endpoints have to be known in order to find 
concentrationss and flows of contaminants. In section 1.4 of Chapter 1 it turned out 
thatt fate models can be approached by both classical equilibrium thermodynamics 
(1.4.2)) and non-equilibrium thermodynamics (1.4.4). The latter require the 
knowledgee of additional endpoints or input parameters (coupling or 
phenomenologicall  constants) accounting for the physical coupling between flows 
off  matter and heat, which should be distinguished from chemical coupling. Extra-
enn pseudo-thermodynamic approaches as described in sections 1.4.1 and 1.4.3 are 
currentlyy only important in view of the input parameters of fate models and not ior 
thee fate model itself. 

AA complete thermodynamic approach of fate models may have certain advantages 
overr approaches based purely on mass balances (law of conservation of mass) 
and/orr energy balances (law of conservation of energy). First of all, the 
thermodynamicc model can include in a consistent and simple way general 
characteristicss of the ecosystem as they actually occur in the field. These 
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characteristicss are temperature, pressure and the chemical potential of a compound 
inn a compartment (phase). With respect to these characteristics simple conditions 
forr equilibrium of the ecosystem can be defined (absence of gradients and 
exchangee of matter and heat with the surroundings of the system, i.e. a closed 
system).. In a non-equilibrium approach gradients of these characteristics lead to 
flowss of heat and matter in an open system, which in steady state conditions may 
leadd to compensation of internal and external flows, a minimum of internal entropy 
productionn and - as in equilibrium - constancy of concentrations. In addition, the 
presencee of bulk compounds affecting a concentration such as wrater, pH, degree of 
salinity,, oxygen content (aerobicity) and the interaction with other contaminants 
(activityy coefficient and coupling constants) may be included. Secondly, the 
definitionn of endpoints, input parameters, is consistent with the definition of the 
fatee model itself as shown before. Both can be based on similar thermodynamic 
approaches,, though at different hierarchical level. Together with the first advantage 
—— the modeling of real field conditions — this leads to a well-defined connection 
betweenn laboratory studies of separate processes and the complex field as shown, 
e.g.,, in section 1.4.4 of Chapter 1 for the phenomena of physical and chemical 
couplingg of reactions. 

Off  course limitations as met in the definition of endpoints (see section 6.1.2) will 
propagatee into the fate model as well. This wil l especially hold for inaccuracies and 
ill-definitenesss of endpoint (input) data, requiring sensitivity analyses of the fate 
modell  for input data. In addition, thermodynamic fate models provide better 
concentrationn and flow data only at the expense of being more complex than 
currentt fate models. 

Inn Chapter 5 some of these advantages and limitations were shown. A linear 
nonequilibriumm thermodynamics (LNET) model was used for the calculation of 
coupledd fluxes across a gas-liquid (air-water) interface, after calculation of input 
parameterss (phenomenological or coupling constants). The model was applied to 
thee calculation of fluxes of hexachlorobenzene (HCB) in an american lake (Lake 
Superior).. The main result was that coupling effects of flows were small in this 
case.. The highest effect was the coupling found for the HCB to the water vapour 
fluxess and did not exceed 1% of the calculated primary (uncoupled) flux of HCB. 
However,, effects could be larger in case of contaminants more soluble than HCB, 
byy accounting for the influence of sunlight or flows not perpendicular to the 
interface. . 
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Thee primary flux of HCB was found to depend mainly only the difference in 
chemicall  potential between the air and water phase and on the mass 
accommodationn coefficient standing for the fraction of HCB molecules actually 
passingg the interface. It was shown that the LNET model was only valid within a 
smalll  pressure range, which limits its use under environmental circumstances where 
largerr pressure differences may be found. Values of coupling constants (input data) 
couldd — up til l now - not be found straightforwardly, but an accurate calculation 
methodd could be proposed in our study. 

Valuess were found for the uncoupled HCB mass flux at Lake Superior similar to 
thosee of the well-known Liss and Slater model (see e.g. Chapter 1, section 1.2). By 
insertingg temperature dependent input data, both models predicted the correct 
changee in flux upon seasonal change in temperature. 

Speciall  approaches are required for the molecular interpretation of macroscopic 
couplingg phenomena by statistical non-equilibrium thermodynamics. With respect 
too this the time scale at which processes occur is important and the degree of 
linearityy (LNET), which may lead to results different from those obtained in our 
macroscopicc LNET study. 

Non-equilibriumm statistical thermodynamics defines the system in terms of a 
reducedd description. It depends on the type of information necessary to describe 
thee system at the relevant timescale. Therefore the relevant distribution function 
(seee Chapter 1, section 1.5.3) depends on a hierarchic system of time-scales, which 
aree in case of a dilute gas very specific. The shorter the time period one wish to 
describee the interaction phenomena, the more information is needed to describe 
thee process. However, it is impossible to retrieve the full distribution function since 
nott all information is known. Therefore the concept of the maximum of 
informationn entropy is used in the development of the reduced distribution 
function.. The time development of this distribution function is governed by the 
continuityy or Liouvill e equation. Using this equation the kinetic endpoints lead to a 
sett of generalized transport equations wit a set of kinetic coefficients (Zubarev et al. 
1996).. These kinetic equations describe the microscopic effects that lead to an 
increasee in entropy production caused by random processes. Only, if these 
processess decay fully over the time scale of the experiment, the contribution of 
thesee random processes to the entropy is constant and the kinetic coefficients lead 
too the concept LNET. 

Thee last 10 years different time scales have entered in specific areas of 
environmentall  chemistry. One can think of toxicity, where acute and chronic 
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toxicityy is now a common division, or in adsorption/desorption phenomena where 
att least two time-scales, a fast and slow one, are commonly defined. Non-
equilibriumm (statistical) thermodynamics has the theoretical fundament to describe 
suchh type of fate models with a time-hierarchic structure. 
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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. 
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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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Samenvatt ing g 

Inn 1962 verscheen het boek van Rachel Carlson Silent Spring, ongeveer driekwart 
eeuww na de Mei van Herman Gorter. Het verschil tussen beide werken kan haast 
niett groter zijn. In Silent Spring wordt onder andere beschreven hoe op vele plaatsen 
dee mei-geluiden, luid bejubeld in het eerste gedeelte van de Mei van Gorter, aan het 
verdwijnenn waren door op grote schaal gebruik te maken van pesticiden in de 
landbouww en voor de bescherming van bomen. Algemeen wordt aanvaard dat dit 
boekk de milieuproblematiek op de politieke kaart zette. De voorbeelden in Silent 

SpringSpring laten tegelijkertijd een belangrijk dilemma zien; de voordelen van het gebruik 
vann pesticiden bleken niet meer op te wegen tegen hun nadelen. De productie en 
gebruikk van stoffen heeft naast voordelen dus ook nadelen. Tegenwoordig wordt 
getrachtt om de nadelige effecten van stoffen voor het milieu beter te voorspellen 
mett het adagium in gedachte dat voorkomen beter is dan genezen. Dat dit niet 
altijdd lukt bewijst bijvoorbeeld de huidige aandacht voor hormoonontregelende 
stoffenn in het milieu. 

Inn de milieuchemie houdt men zich bezig met het bestuderen van het gedrag van 
stoffenn in het milieu. Dit kan op twee manieren; er wordt gekeken hoe de stof zich 
gedraagtt in aanwezigheid van andere stoffen in lucht, water, bodem, 
microorganismenn en hogere organismen tot aan de mens toe. Dit zijn de chemische 
aspectenn die in dit proefschrift nader bekeken zijn. Daarnaast kan men de toxische 
effectenn van een stof bestuderen op organismen, die hier niet verder behandeld 
worden.. Er zijn nu ongeveer 20 miljoen stoffen bekend, waarvan er ongeveer 125 
0000 in Europa op de markt zijn. Vanwege deze grote aantallen is er een selectie 
gemaaktt van stoffen die in dit proefschrift nader bekeken wordt te weten de 
organischee microverontreinigingen zoals chloorbenzenen en haloalkanen. 
Omm deze chemische aspecten te bestuderen worden zijn concentraties gemeten in 
hett milieu en in het lab. Vaak gaat het om hele kleine hoeveelheden, waarvoor 
nieuwee analytische methoden ontwikkeld zijn binnen de milieuchemie. Door het 
process in het lab te bestuderen kan men dit beter in de hand houden. Nadeel is 
echterr dat het te bestuderen proces ontkoppeld wordt van andere processen die 
eventueell  zouden hebben kunnen optreden in het milieu. Aan dit koppelingsaspect 
wordtt in dit proefschrift mede aandacht geschonken. 

Voordatt tegenwoordig een stof op de markt komt, wordt getracht zijn risico's voor 
menss en milieu te simuleren. Dit gebeurt in een lotgevallenmodel. De Europese 
Uniee gebruikt hier EUSES voor. In elk model worden de waarden van een aantal 
invoerparameters,, in dit verband eindpunten genoemd, gevraagd terwijl de kennis 
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overr de vele mogelijke processen is ingebouwd in het model zelf. De kennis over 
dee mogelijke processen heeft zich ontwikkeld door onder andere gebruik te maken 
vann concepten uit andere chemie gebieden. Zo worden er binnen de milieuchemie 
velee uit de thermodynamica toegepast. Thermodynamica beschrijft een proces in 
eenn systeem door middel van een verandering van de energie van dit systeem. 
Gebaseerdd op slechts 3 fundamentele wetten heeft zij zich ontwikkeld tot een 
wetenschapp waarbij heel veel kennis over de wisselwerking van een stof met zijn 
omgevingg is opgebouwd. Doordat thermodynamica niet stofspecifiek is, kan het 
voorr alle stoffen gebruikt worden. Hoewel het een zeer succesvolle theorie is 
gebleken,, kan het gebruik van thermodynamica in elk ander gebied aan grote 
veranderingenn onderhevig zijn. Er wordt in het ene gebied bepaalde aspecten 
verwaarloosd,, die juist in het andere gebied van wezenlijk belang blijken te zijn. Zo 
ookk binnen de milieuchemie, die in dit proefschrift mede naar voren komen. 

Dee hoofdoelen van dit proefschrift kunnen nu als volgt samengevat worden. Het 
beoogtt de introductie en evaluatie van thermodynamische concepten en 
benaderingenn voor de milieuchemie van organische verontreinigingen in: 1) de 
eindpuntenn en hun definities, 2) verklaring van de variatie van eindpunten door 
QSARss en 3) koppelingsprocessen in het milieu en lotgevallenmodellen. Zoals al 
genoemdd is worden alleen chemische eindpunten nader bekeken. Zo'n eindpunt is 
eenn functie van de concentratie van de stof in een systeem, dat uit verschillende 
onderdelen,, compartimenten, bestaat. Een model geeft de omgekeerde bewerking 
weer.. Gegeven de compartimenten, de waarde van de eindpunten met hun 
concentratiefunctie(s)) en de totale hoeveelheid stof, dan kan men de concentratie 
vann deze stof berekeningen in elk afzonderlijk compartiment, bijvoorbeeld in water, 
bodemm of de mens binnen het systeem. Zo'n systeem kan simpel zijn en uit twee 
compartimentenn bestaan, bijvoorbeeld «-octanol en water of complex met 
uitwisselingg tussen de compartimenten en wisselwerkingen tussen de stoffen. Het 
laatstee type model wordt in het algemeen een lotgevallenmodel genoemd. De 
wisselwerkingenn in zo'n model kunnen hierbij onderscheiden worden in een 
chemischee en fysische. De chemische wisselwerking wordt veroorzaakt door de 
aanwezigheidd van verschillende reactiesnelheidsvergelijkingen voor dezelfde stof en 
dee fysische wisselwerking door het niet-ideale gedrag van de aanwezige stoffen. 

Eindpuntenn worden in dit proefschrift onderverdeeld als karakteristieke 
eigenschappenn voor evenwichtspartitie en -reactie en kinetische partitie en reactie 
processenn (Hoofdstuk 1.2). Deze eindpunten kunnen goed of slecht gedefinieerd 
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zijnn of een enkelvoudig of samengesteld karakter hebben. Vele belangrijke 
eindpuntenn binnen de milieuchemie zijn slecht gedefinieerd. Dit maakt het zoeken 
naarr een verklaring ui model van een variabele reeks eindpunieii lastig. Een ieekt> 
eindpuntenn kan bepaald worden door het meten van de concentraties van een reeks 
stoffenn in een constante fase, bijv. water of van één en dezelfde stof in 
verschillendee fasen, bijv water, octanol, hexaan. Deze reeks kan zowel in het lab als 
inn het veld bepaald worden. Blijk t de reeks waarden significant van elkaar te 
verschillen,, dan probeert men een verklaring hiervoor te vinden. In dit proefschrift 
wordtt dan altijd gebruik gemaakt van de leer van de thermodynamica. Binnen de 
thermodynamicaa kent men twee typen processen, reversibele en irreversibele, 
gebaseerdd op de thermodynamische parameter entropie, S. In het eerste type 
process blijf t de entropie constant in de tweede neemt deze toe. Het eerste proces is 
tijdsomkeerbaarr zonder verlies van energie. Het tweede niet. In werkelijkheid 
echterr zijn alle processen irreversibel. 

Err zijn weinig thermodynamische modellen beschikbaar binnen de milieuchemie 
omm een verklaring te geven voor de variantie in een reeks van eindpunten. Dit 
wordtt mede veroorzaakt doordat vele eindpunten slecht gedefinieerd zijn. Er wordt 
dann geprobeerd een correlatie op te stellen met te kiezen descriptoren (Hoofdstuk 
1.3).. Het resultaat heet een kwantitatieve structaur-activiteitsrelatie (QSAR). De te 
kiezenn descriptoren kunnen gebaseerd zijn op een relevant model of willekeurig 
gekozen.. In dit proefschrift wordt voor de correlatie gebruik gemaakt van 
thermodynamischh afgeleide descriptoren. De gevonden correlatie kan linear en niet-
lineairr zijn. Lineaire correlaties worden vrijwel altijd gekozen als er nauwelijks iets 
bekendd is over een onderliggend model. Statistische parameters, zoals de 
regressiecoëfficiënt,, betrouwbaarheids- en predictieinterval, bepalen de kwaliteit 
vann de QSAR. De regressie bepaalt de coëfficiënt, B, die voor de descriptor staat. 
Hett is soms mogelijk deze B te vergelijken met een bestaand model. QSARs 
wordenn opgezet om te trachten meer te weten te komen over het onderliggende 
proces,, maar zijn in de praktijk vooral belangrijk bij het voorspellen van waarden 
vann eindpunten, nodig in een lotgevallenmodel. 

ZowTell  de eindpunten als de gekozen descriptoren in de correlaties in dit 

proefschriftt zijn gelieerd aan thermodynamica. Vier typen thermodynamica kunnen 

onderscheidenn worden in deze correlaties (Hoofdstuk 1.4), die achtereenvolgens 

ookk de verschillende hoofdstukken 2-5 in dit proefschrift vormen: I) extra-, II ) 

evenwicht-,, III ) pseudo-evenwicht en IV) niet-evenwicht thermodynamica. 
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Extra-thermodynamicaa wordt gebruikt als de variatie in energie van de eindpunten 
vergelekenn wordt met een overeenkomstige variatie in energie van de gekozen 
descnptoren.. Zo'n correlatie is extxa-thermodynamisch omdat de energievariatie 
vann het eindpunt niet direct verbonden is met de gekozen descriptoren. Dit type 
correlatiee wordt vaak gebruikt binnen de milieuchemie. 

Evenwichtsthermodynamicaa beschouwt de eindpunten en de gekozen descriptoren 
alss een waarde behorend bij een systeem in evenwicht. Het belangrijke voordeel is 
datt begin- en eindtoestand van het systeem vastligt en het energieverschil 
mogelijkerwijzee opgedeeld kan worden in goed gedefinieerde stukjes. Een tweede 
voordeell  is dat andere thermodynamische grootheden afgeleid kunnen worden 
doorr het systeem te variëren. Een variatie in de temperatuur van de eindpunten 
bijvoorbeeldd geeft zowel de enthalpie als de entropie van het (onbekende) 
onderliggendee proces via een van 't Hoff diagram. 

Pseudo-evenwichtt thermodynamica wordt gebruikt voor kinetische reactie-
eindpunten.. De chemische reactie wordt gekarakteriseerd door een reactie-
energiediagramm met een reactiecoördinaat en de daarbij behorende verandering van 
dee energie. Door op elk punt van deze coördinaat aan te nemen dat er evenwicht 
heerst,, kan de reactie-energie benaderd worden door evenwichtsthermodynamica. 
Opp het hoogste energiepunt van de reactiecoordinaat, de overgangstoestand, 
definieertt men dan pseudo-thermodynamische grootheden zoals de vrije enthalpie, 
enthalpiee of entropie van het chemische proces. Het blijkt dat deze benadering 
voorr veel chemische reacties opgaat. Er zijn echter weinig thermodynamische 
modellenn die een variantie van dit type eindpunten kunnen verklaren. Door de 
ontwikkelingg van de Quantum Chemie is ons beeld van chemische reacties sterk 
verbeterd.. Daardoor worden er vaak quantum chemische descriptoren gekozen. 
Nadeell  is echter dat deze descriptoren slechts berekend zijn voor het moleculaire 
systeem.. Om deze dan weer om te zetten naar een macroscopisch systeem wordt er 
gebruikk gemaakt van statistische thermodynamica. De meeste programma's 
bezittenn tegenwoordig een simpele bewerking hiervoor. 

Niet-evenwichtt thermodynamica, tenslotte, is gebaseerd op de aanwezigheid van 
allee kinetische en evenwicht eindpunten die een rol kunnen spelen in het systeem. 
Kinetischee processen worden bepaald door de aanwezigheid van krachten en 
fluxen,, zowel chemisch als fysisch met de specifieke eigenschap dat de entropie van 
hett systeem toeneemt. Bij niet-evenwichtsthermodynamica behoort dan de 
entropievergelijkingg opgesteld te worden. Krachten kunnen elkaar compenseren, 
zodatt er uiterlijk geen verandering van het systeem optreedt. Het systeem verkeert 
dann in een steady-state. Specifiek voor niet-evenwichtsthermodynamica is dat 
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krachtenn aan elkaar gekoppeld zijn. Deze koppeling is onderverdeeld in een 
fysischee en chemische koppeling zoals hiervoor reeds genoemd is. 
Extra-,, evenwicht en pseudo-evenwicht thermodynamica hebben als belangrijk 
kenmerkk dat het systeem gesloten is. Er vindt geen massa en energie uitwisseling 
mett de omgeving plaats. Dit is anders voor een niet-evenwichtssysteem. Zo'n 
systeemm is open en hoewel het de complexiteit vergroot, komt dit beter overeen 
mett een milieusysteem. 

Hett is gebruikelijk om de descriptoren in drie groepen in te delen, macroscopisch, 
microscopischh en ensemble descriptoren (Hoofstuk 1.5). 
Macroscopischee descriptoren kunnen direct gemeten of afgeleid worden van andere 
gemetenn grootheden. Voorbeelden zijn de octanol-water partitiecoëfficiënt en de 
oplosbaarheidd als enkelvoudige descriptoren of de reactie-energie als een 
samengesteldd doch goed gedefinieerde descriptor. 
Microscopischee descriptoren worden verkregen door de Schrödingervergelijking 
vann het microscopische systeem op te lossen, door mechanische krachtveld 
berekeningenn of door simpelweg het molecuul op te splitsen in fragmenten. De 
laatstee groep descriptoren is ver verwijderd van thermodynamische concepten. Er 
bestaann vele benaderingsmethoden om de Schrödingervergelijking op te lossen. 
Terwijll  elke methode een exacte waarde berekend kunnen deze waarden zeer sterk 
verschillenn tussen verschillende benaderingsmethoden. 
Omm een microscopische descriptor om te zetten naar zijn macroscopische 
equivalentt dient de intermoleculaire wisselwerking en de temperatuur 
verdisconteerdd te worden. Hierbij wordt een verdelingsfunctie gedefinieerd van een 
groott aantal microscopische toestanden. Deze functie heeft de eigenschap dat de 
entropiee ervan maximaal is. Zo'n type verdelingsfunctie wordt een Gibbse 
ensemblee genoemd. Deze functie wordt gebruikt om de macroscopische 
verwachtingswaardee van de microscopische descriptor of eindpunt te berekenen. 
Opp deze manier berekend worden zij ensembledescriptoren genoemd. Gibbse 
ensembless hebben als nadeel dat de entropie van het systeem niet meer kan 
toenemen.. Voor niet-evenwichtsthermodvnamica dienen dus niet-Gibbse 
ensembless geconstrueerd te worden. Kenmerkend hierbij is dat zij uitgaan van een 
gebrekk aan volledige informatie van het systeem. Vanwege het complexe karakter 
wordtt dit verder buiten beschouwing gelaten in dit proefschrift. 

Inn Hoofdstuk 2 wordt een voorbeeld van het gebruik van extra-thermodynamica 
binnenn de milieuchemie verder uitgewerkt. Het is het enige type thermodynamica 
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waarbijj  alle typen eindpunten, evenwicht en kinetisch, slecht en goed gedefinieerd 
gecorreleerdd kunnen worden met goed gedefinieerde thermodynamische 
descriptoren.. Het belangrijkste doel is de nauwkeurigheid van de correlatie. In dit 
proefschriftt wordt de goed gedefinieerde eindpunten octanol-water partitie-
coëfficient,, Koan en wateroplosbaarheid, S , van een reeks vetzuuresters direct 
omgezett in hun thermodynamische equivalent en gecorreleerd met de goed 
gedefinieerdee chromatograflsche capaciteitsfactor, k, als descriptor. Er werd 
aangetoondd dat de fout in de correlatie alleen het gevolg was van de fout in de 
regressiee en niet in die van de eindpunten en descriptoren. Ondanks de goede 
correlatiee kon door een simpele residu-analyse aangetoond worden dat er kleine 
dochh significante afwijkingen gevonden werden in de opgestelde correlatie. Deze 
ontstondenn door de keuze van de model stoffen. Ondanks de goede correlatie werd 
eveneenss aangetoond dat een afgeleide stofparameter, de Henry constante, nog een 
aanzienlijkee fout kon bevatten, waardoor deze waarde minder goed in een 
lotgevallenmodell  gebruikt kan worden. 

Inn extra thermodynamische correlaties worden eindpunten in het algemeen direct 
omgezett in hun thermodynamische equivalent. De invloed van de 
activiteitscoëfficiëntt wordt hierbij verwaarloosd. Het voorbeeld laat zien dat de 
logaritmischee waarden van beide eindpunten gezamenlijk nog steeds een 
significantee correlatie vertoonde met de logaritmische waarde van de 
chromatograflschee capaciteitsfactor, log k. Dit wordt soms verklaard door een 
modell  waarin de acitiveitscoëfficiënten van de stoffen in water en octanol een rol 
spelenn (Muller et al. 1985). Uitbijters in een correlatie worden vaak geïnterpreteerd 
alss stoffen die niet meer aan het onderliggende model voldoen en hiervoor wordt 
eenn verklaring gezocht. Extra thermodynamische correlaties zijn met name nuttig 
voorr lotgevallenmodellen omdat de invoerparameters vaak slecht gedefinieerde 
eindpuntenn bevatten. Hoe deze waarden bepaald worden is dan minder van belang, 
dochh slechts hun nauwkeurigheid. 

Evenwichtsthermodyamicaa maakt gebruik van goed gedefinieerde eindpunten; 
beginn en eindsituatie dient volledig bekend te zijn. Als eerste voorbeeld worden 
isomeerverdelingenn van alle dechloreringsreacties van chloorbenzenen berekend 
(Hoofdstukk 3.1). Een dechloreringsreactie is exact bekend en daardoor kan de 
bijbehorendee thermodynamische parameter, de reactie vrije enthalpie berekend 
worden.. Er wordt aangenomen dat alle reacties op dezelfde manier verlopen en dat 
tussenliggendee isomeren voldoende lang bestaan. Het energieverschil tussen begin 
enn eindproduct kon nu berekend worden uit een aantal specifieke stappen, waarbij 
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hett energieverschil van elke stap nauwkeurig bekend is. Er werd aangetoond dat dit 
thermodynamischee model een goede verklaring gaf voor gevonden 
ibuineerverdclingciii  van cliluorbciizencii in verschilcndc uplubiniddeleu bij 
abiotischee reacües. Isomeerverdelingen bij bioüsche reacdes konden niet goed 
verklaardd worden; de experimentele omstandigheden lieten een eenduidige uiüeg 
niett toe. Daarnaast kon het thermodynamische model ook gemeten 
isomeerveranderingenn onder invloed van de temperatuur verklaren. Het 
thermodynamischee model liet eveneens zien dat oxidatie door zuurstof 
thermodynamischh voordeliger is dan een mogelijke chloreringsreactie, beide onder 
milieuss tandaardcondi ties. 
Inn een tweede voorbeeld in Hoofdstuk 3.2 wordt de specifieke rol van de 
activitietscoëfficiëntt naar voren gehaald. In dit voorbeeld wordt een model gebruikt 
datt deze coëfficiënt voor de GC-kolom bevat. Het model was in staat om 
uitstekendee druk-temperatuur diagrammen op te stellen voor een groep van 
vetzuuresters,, niet alleen binnen het meetgebied maar ook bij lagere temperaturen, 
meerr relevant voor het milieu. Goede druk-temperatuursdiagrammen zijn van 
belangg om andere belangrijke thermodynamische grootheden af te leiden, zoals de 
verdampingswarmtee of het warmtecapaciteitsverschil tussen gas en vloeistof fase. 
Dezee werden vergeleken met waarden die op een heel andere manier gemeten zijn. 
Err werd niet alleen geen significante afwijking gevonden tussen deze waarden, het 
ontwikkeldee model bleek ook nauwkeuriger. 

Kinetischh chemische eindpunten kunnen omgezet worden in pseudo-
thermodynamischee grootheden, zoals eerder beschreven werd. De 
reactiecoördinaatt wordt in eerste instantie bepaald uit experimentele metingen en 
vervolgenss gesimuleerd op moleculaire schaal. Op elk punt van de 
reactiecoördinaat,, inclusief dat van de overgangstoestand, wordt de 
tijdsonafhankelijkee Schödinger vergelijking opgelost waarbij de posities van de 
atomenn gevarieerd worden. In de overgangstoestand wordt een specifiek 
vibratieniveauu dan als reactiepunt gekozen. Op deze manier komt het tijdsaspect 
terugg in het model. De overgangstoestand wordt gebruikt om de specifieke 
descriptorenn te berekenen voor de correlaties. Om de veel-deeltjes interacties weer 
tee geven bevat de berekening een statistisch thermodynamiche bewerking. De 
berekendee descriptoren zijn dan voorbeelden van ensemble descriptoren. Deze 
bewerkingg is gebruikt in Hoofdstuk 4 om pseudo- en evenwicht 
thermodynamischee grootheden te bepalen. Daarnaast bevatte het gebruikte 
quantumm mechanische programma (AMI ) een methode om oplosmiddelinteracties 
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inn te bouwen in de Schrödingervergeüjking (COSMO). Hoewel de statistisch 
thermodynamischee bewerking alleen geldt voor moleculen zonder interacties, kan 
opp deze manier een benadering gevonden worden voor oplosenergieën. Op deze 
manierr werden oplosenergieën berekend van de omzetting van kleine haloalkanen 
doorr hydroxide-ionen in water. Deze waarden werden gecorreleerd met die van 
experimentelee waarden. Hoewel goede correlaties gevonden werden, is aangetoond 
datt zij nog niet de vereiste nauwkeurigheid hebben om na te gaan of een 
dechloreringg dan wel een debromering op zou kunnen treden. Ook kon de 
reactiereekss niet gerelateerd worden aan de bekende Marcus vergelijking. Daarnaast 
verschildenn de correlaties aanzienlijk in kwaliteit met andere pseudo-
thermodynamischee grootheden zoals de enthalpie en entropie van de reactie. 
Bovendienn gaven de berekeningen een onrealistische waarde voor de plaats van de 
overgangstoestandd in het reactiediagram. 

Inn Hoofdstuk 5 werd een begin gemaakt met het onderzoek naar de aard en 
groottee van irreversibele partitieprocessen voor een specifiek milieusysteem, het 
gas-luchtt uitwisselingsproces. Door dicht bij het evenwicht te blijven, werd 
aangenomenn dat de koppelingen tussen de verschillende processen lineair zijn. In 
hett gas-lucht uitwisselingsmodel bleek de drijvende kracht achter het proces, het 
drukverschill  tussen de stof in lucht en water en de massa accomodatie coëfficiënt te 
zijn.. Dit laatste getal geeft het aantal effectieve botsingen weer waarbij moleculen 
opgenomenn worden in de waterfase. Deze parameter is voor de hier toegepaste 
slechtt oplosbare stoffen afgeleid via een extra-thermodynamische QSAR van de 
oplosenthalpiee van de overeenkomstige stof. Deze parameter wordt bovendien 
gebruiktt in de sprongcoëfficiënten (Eqs. 5.6), j3, waaruit de koppelingsconstanten 
berekendd worden. Voor het gekozen voorbeeld van hexachloorbenzeen waren de 
koppelingsconstantenn met de andere processen erg klein (< 1% van de niet 
gekoppeldee waarde). Dit was te verwachten aangezien dit type koppeling 
veroorzaaktt wordt door het niet-ideale gedrag van de stof. 

Hett lineaire niet-evenwichtsmodel maakt op moleculaire schaal gebruik van een 
Knudsenn getal. Het geeft de weerstand weer van de niet-evenwichtgrenslaag in de 
gasfasee ten opzichte van zijn overeenkomstige vloeis to flaag. Dit getal is daarom 
waarschijnlijkk een betere benadering voor de grenslagen in het bekende model van 
Lisss en Slater. Doordat de weerstand van de grenslaag beter berekend wordt, kan 
hett effect ervan op de algehele uitwisseling ook beter weergegeven worden. Zo 
blijk tt dat de weerstand van de grenslaag voor hexachloorbenzeen de 
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snelheidsbepalendee stap is bij vrijwel alle windsnelheden, terwijl die van C02 vrijwel 
evenn groot is als die van de waterfase bij normale windsnelheden. 

Inn Hoofdstuk 6 worden de belangrijkste conclusies weergegeven met betrekking 
tott de drie doelen van deze studie: de introductie en evaluatie van 
thermodynamischee concepten en benaderingen in 1) de eindpunten en hun 
definities,, 2) verklaring van de variatie met behulp van QSARs en 3) 
koppelingsprocessenn in het milieu en lotgevallenmodellen. 

Voorr de eindpunten en hun definities geeft de relatie met thermodynamica drie 
voordelen.. Het eerste is dat de overeenkomstige energiegrootheid opgesplitst kan 
wordenn in andere goed gedefinieerde grootheden. Het tweede is de expliciete 
behandelingg van wisselwerkingseffecten zowel in kinetische als in evenwichts-
processen.. En het derde is de mogelijkheid om thermodynamische grootheden af te 
leidenn door een invloed uit te oefenen op het systeem. 
Dee volgende beperkingen worden gevonden. De eerste is de kwaliteit en de 
betrouwbaarheidd van de eindpunten. Vaak wordt in een correlatie niet aangegeven 
hoee groot de fout in de eindpunten zelf is. De fundamentele voorwaarde dat de 
foutt in de correlatie bepaald dient te zijn door de correlatie zelf en niet door die in 
dee eindpunten, wordt dan te niet gedaan. Dit probeem is echter geen typisch 
thermodynamischh probleem. Het bemoeilijkt wel de interpretatie van uitbijters. De 
tweedee is de complexiteit van veel thermodynamische relaties zoals bijvoorbeeld in 
Hoofdstukk 3.2. Deze relaties bevatten ook weer bepaalde veronderstellingen of 
vereisenn additionele data zoals de dampdruk en verdampingsenthalpie van «-
alkanen.. Deze complexiteit ontstaat verder ook door de grote hoeveelheid 
standaardenn en referentie systemen die binnen de thermodynamica gehanteerd 
worden. . 
Tenslottee kunnen er specifieke fouten in thermodynamische correlaties ontstaan. 
Zoo kan de enthalpie en de entropie van een proces, die bepaald zijn uit dezelfde 
vann 't Hoff of Arrhenius diagrammen, gecorreleerd zijn met elkaar. In dit geval 
moett de gewenste chemische correlatie onderscheiden worden van het statistisch 
f-nmnpncot-ip.pffprrr H^t Kliil- t Arut hr>F- hpfpr c\e rnrrplfltif 1 nissen de enfhalnie en 

entropiee in dit geval is, hoe waarschijnlijker het is dat deze correlatie bepaald wordt 
doorr het statistisch compensatie-effect. 

Dee volgende algemene conclusies kunnen getrokken worden wat betreft de variatie 

inn eindpunten met behulp van QSARs. In elke QSAR wordt verondersteld dat de 

foutt in de correlatie bepaald wordt door de correlatie zelf. Zowel goed als slecht 
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gedefinieerdee eindpunten kunnen vaak accuraat gemeten worden. De keuze van de 
descriptorenn in dit proefschrift is gebaseerd op thermodynamica. Men dient daarbij 
echterr in gedachten te houden dat het opstellen van de correlatie een reeks 
regressiecoëfficiëntenn (B-waarden) inhoudt, die niet direct thermodynamisch af te 
leidenn zijn, maar wel vergeleken kunnen worden met bestaande thermodynamische 
modellen.. All e correlaties bevatten dus een extra-thermodynamisch karakter. 
QSARss worden meestal gebruikt om nieuwe waarden te schatten voor regelgeving 
off  lotgevallenmodellen. QSARs dienen dus zeer accuraat te zijn met zeer 
betrouwbaree eindpunten en descriptoren. Dit is soms een probleem, met name in 
correlatiess met kinetische eindpunten. Hierin is de kwaliteit vaak lager dan die in 
evenwichtseindpunten.. Dit leidt tot problemen indien men een isomeerverhouding 
will  bepalen tewijl één van de isomeren veel toxischer is dan de andere. Een fout 
vann 10 kj in de vrije reactie-enthalpie van twee isomeren, hetgeen gemakkelijk 
bereiktt kan worden (zie Hoofdstuk 3.1 en 4), levert een isomeerverhouding op die 
varieertt tussen de 0.01 en 100. 

Waardenn van macroscopische descriptoren zijn experimenteel bepaald of worden 
hieruitt afgeleid. Hiervoor gelden dus dezelfde voordelen of beperkingen als voor de 
thermodynamischh gedefinieerde eindpunten. Daarnaast dient hun nauwkeurigheid 
hogerr te zijn dan voor de gebruikte eindpunten. 
Hett voordeel van microscopische descriptoren is dat zij vaak een exacte waarde 
hebben.. Het nadeel is echter dat de quantum mechanische programma's slechts de 
oplossingg van de Schrödinger vegerlijking benaderen. Daardoor ontstaan zeer grote 
verschillenn in waarden van dezelfde descriptor berekend met verschillende 
programma's.. Mede hierdoor is het eveneens lastig om een in de literatuur 
vermeldee vermelde correlatie te reproduceren. 
Microscopischee descriptoren negeren intermoleculaire interacties. Deze ontstaan 
omdatt het systeem niet volledig geïsoleerd is en een bepaalde temperatuur bezit. 
All ee atomen en moleculen bestaan uit bosonen of fermionen en een veel-deeltjes-
systeemm moet dan ook eigenlijk behandeld worden door quantum statische 
thermodynamica.. Echter een veel-deeltjessysteem met lage dichtheid en geen 
intermoleculairee interactie kan op de klassieke manier behandeld worden. Een 
proceduree gebaseerd op de klassieke statistische thermodynamica is vaak 
ingebouwdd in de huidige Q.M.-programma's zoals AMI . Soms bevat de 
Hamiltoniaann van het moleculaire systeem een correctieterm om oplosmiddel 
effectenn weer te geven. De overeenkomstige ensemble descriptor wordt dan wel 
bepaaldd door een statistisch thermodynamisch model gebaseerd op de afwezigheid 
vann intermoleculaire inteacties. Ondanks dit conceptuele nadeel blijkt toch in 
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bepaaldee gevallen acceptabele correlaties gevonden te kunnen worden (zie 

hoofdstukk 4). Deze correlaties zijn echter minder geschikt om hieruit nieuwe 

waardenn te voorspellen. De voorspellingsfout bleef aanzienlijk. 

Alss de eindpunten met hun concentratie functie en de totale concentratie op tijdstip 
tt — O gegeven is dan berekent een lotgevallen model de concentratie van de stof in 
dee gedefinieerde compartimenten op verschillende tijden. Extra en pseudo-
thermodynamicaa worden meestal gebruikt om invoerwaarden voor deze modellen 
tee verkrijgen. Huidige lotgevallenmodellen zijn gebaseerd op de wet van behoud 
vann massa. De eerste modellen (bijv. Mackay I en II ) hanteren wel een aan de 
thermodynamischee grootheid (de chemische potentiaal) verbonden concept van de 
fugaciteit.. In evenwicht zijn alle fugaciteitsverschillen tussen de gedefinieerde 
compartimentenn in het milieusysteem gelijk aan nul. Bovendien wordt er 
verondersteldd dat evenwicht instantaan bereikt is. Latere modellen (bijv. Mackay 
III )) veronderstellen een vast verschil in fugaciteit tussen de compartimenten of dit 
conceptt werd helemaal verlaten (Mackay I V e n Simplebox). Hierdoor is het 
mogelijkk om tijdsaspecten te definiëren zoals persistentie of halfwaarden van een 
stoff  in een compartiment. 
Eenn volledig thermodynamisch model voor een lotgevallenmodel heeft bepaalde 
voordelenn boven die van de huidige concepten. Zo kan op een consistente manier 
karakteristiekenn van een milieusysteem ingebouwd worden zoals temperatuur, druk 
enn chemische potentiaal voor elk gedefinieerd compartiment. Buikconstanten en 
interactiess (zoals activiteitscoëfficiënten en koppelingsconstanten) met andere 
stoffenn of met warmtestromen kunnen op een natuurlijke manier meegenomen 
worden.. Bovendien kunnen de definities van eindpunten voor de huidige modellen 
gebruiktt blijven worden en een logisch verband tussen veld en lab situaties kan 
eveneenss gelegd worden. Beperkingen zijn, zoals voor alle modellen, de 
onnauwkeurigheidd en het slecht gedefinieerd zijn van een groot aantal eindpunten 
enn specifiek een grotere complexiteit van het model dan de huidige. 
Eenn lineair niet-evenwicht thermodynamisch (LNET^ model liet echter zien dat de 
k^r^i-^nr^^ t-or^r^i;r-1rrcCnpct;an»;eri voor contaminanten laag ziin, < 1% (Hoofdstuk 
5).. Deze effecten zouden echter groter kunnen zijn bij hogere concentraties, 
mogelijkk via invloed van zonlicht of, in geval van gas-water uitwisseling, door de 
aanwezigheidd van niet-loodrecht gedefinieerde stromen in de operviaktelaag. Voor 
contaminantenn echter lijk t de chemische koppeling, zoals gebruikt in hedendaagse 
modellen,, de belangrijkste te blijven. 
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Inn niet-evenuichtsthermodynamica wordt een moleculair systeem weergegeven 
doorr een gereduceerde beschrijving omdat niet alle informatie over zo'n systeem 
bekendd en ook niet nodig is. Afhankelijk van de aanwezige wisselwerkingen kan er 
eenn opeenvolging van tijdsschalen ontstaan. De afgelopen periode zijn er eveneens 
binnenn de milieuchemie zulke tijdsschalen beschreven zoals de snelle/langzame ab-
off  desorptie verschijnselen van stoffen aan sediment. Zo'n beschrijving van een 
systeemm uit de niet-evenwichtsthermodynamica zou mogelijkerwijze ook binnen de 
milieuchemiee toegepast kunnen worden. 
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Dankwoord d 

Dee vraag wanneer ik nu eindelijk eens ga promoveren, werd mij de laatste jaren wel 
heell  vaak gesteld. Eigenlijk vond ik dit niet eens zo belangrijk. Dit veranderde 
grotendeelss toen ik terug kwam uit Bosnië en MTC mij een jaar werk aanbood om 
hett materiaal, dat ik inmiddels verzameld had, uit te werken tot een promotie. Het 
heeftt toch nog wel even geduurd met name door persoonlijke omstandigheden. 
Terwijll  mijn chemische achtergrond veel meer gericht is op de Quantum Chemie, 
ligtt er dus nu een theoretisch proefschrift op het gebied van de thermodynamica 
zoalss deze gebruikt wordt en kan worden binnen de milieuchemie. Vooral de grote 
verscheidenheidd aan onderwerpen binnen de chemie, die met thermodynamica 
beschrevenn kan worden, spreekt mij zeer aan. Theoretisch benaderd natuurlijk, 
wantt voor experimenteel werk ben ik niet in de wieg gelegd. Dat laat ik dan ook 
heell  graag aan anderen over. Die kunnen dat veel beter dan ik. 
Pass nadat ik het laatste artikel over irreversibele thermodynamica geschreven had, 
begonn ik echt grip te krijgen op mijn eigen promotiewerk. De rol van mijn 
promotor,, Harrie, was hierin van het allergrootste belang. Regelmatig begonnen we 
overr een onderwerp te praten, doch kwamen niet verder dan het eerste punt. 
Discussiërenn over kleine onderwerpen, die dan langzamerhand toch uitgroeiden 
naarr iets substantieels en ook andersom. En vervolgens moet het dan ook weer 
strakk opgeschreven worden. De discussies met jou over allerlei theoretische 
onderwerpenn vormden altijd voor mij de krenten in de pap. Je maakte altijd tijd 
voorr mij en vooral in de laatste fase bewaarde je het overzicht, het geduld en 
stimuleerdee mij om toch door te gaan. Ik kan niet anders zeggen dan dat ik het 
geweldigg doch zeer inspannend vond om dit hele proces met je door te maken. Ik 
benn je dan ook heel veel dank verschuldigd. 

Vann John Parson leerde ik dat biologische processen vooral complex zijn en vrijwel 
altijdd niet doen wat je verwacht. Dat maakte het voor een theoreticus 
problematisch,, met name als de eindpunten ook nog moeilijk gemeten kunnen 
worden.. Lastig voor mij, maar door je discussies en uideg kon een aantal 
onderwerpenn toch concreet gemaakt worden. Bedankt John voor al deze nieuwe 
inzichten. . 
Nextt I would like to thank all members of my promotion committee who took the 
effortt to read and comment on (parts) of my work in this thesis and explain 
difficul tt topics to me. Especially the time and energy you put into our discussions 
wass of a very great value to me. Again my sincere thanks. 
Vann Pirn de Voogt leerde ik vooral wat er zoal analytisch bij komt kijken binnen de 
milieuchemie.. Daarnaast waren de discussies over verschillende onderwerpen heel 
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verfrissend,, vooral ook om dat je zo goed en snel tot de crux van de zaak kon 
komen.. Bedankt Pim voor je uideg en discussies. Ik heb er van genoten. 
Franss van der Wielen, Jan van der Steen en Martin van Velzen konden misschien 
well  vaak zeggen "meten is weten", maar meten is toch wel heel iets anders dan 
weten.. Vooral ais ik vroeg hoe meet je dat nu even, werd het woord " even" wel 
heell  snel in zijn context geplaatst. Ik stond altijd versteld wat er allemaal bij Wam 
kijkenn en was dan ook heel blij dat ik dat zelf niet hoefde te doen. Wat heerlijk als je 
datt aan goede krachten kunt overlaten. Allemaal heel erg bedankt voor het werk dat 
julli ee voor mij gedaan hebben en de uideg die julli e mij over analyses hebt gegeven. 
Mett sommige mensen ben je jaren verbonden. De uren(jaren) lange discussies over 
staüsüekk en Quantum Chemie met Chi hebben mij geleerd hoe dicht deze twee 
verschillendee werelden bij elkaar stonden. Nauwkeurigheid en betrouwbaarheid van 
dee waarden gingen steeds als een rode draad door al onze discussies heen. En 
gelukkigg was je op het gebied van computers zo goed, dat ik er alleen maar naar 
hoefdee te kijken. Je kennis over de werking van veel computerprogramma's bleek 
vann onschatbare waarden voor mij. Gelukkig bleven onze discussies niet beperkt 
tott alleen deze zaken. Chi, heel hartelijk bedankt. 

Mett Merel en Titia heb ik vele uren gediscussieerd over allerlei biochemische 
onderwerpen.. Een nieuwe wereld ging open. Gelukkig konden we ook vele zaken 
relativerenn en waren de contacten buiten het werk even belangrijk. Bedankt voor al 
julli ee steun. 
Aann het eind van mijn periode bij MTC vertelde Remi Laane over allerlei processen 
inn de zee, een voor mij volslagen onbekend terrein van toch zo'n belangrijk 
milieucompartiment.. Jammer dat dit zo kort duurde. Bedankt Remi voor deze 
nieuwee inzichten. 
Hennyy wil ik met name bedanken voor al de administratieve hulp, vooral in de 
laatstee fase van mijn proefschirft en op de meest vreemde momenten. Bedankt 
Henny. . 
Alss theoreticus maak je heel veel gebruik van de bibliotheek. Het was dan ook 
fantastischh hoe snel, efficiënt en behulpzaam Marijke, Rik en Ankie waren in het 
tracerenn van referenties, boeken, uitvoeren van searches e.d. Heel hartelijk bedankt 
voorr al julli e hulp. 

Velee koffiepauzes liepen uit door discussies met Kees, André, Anniek, Anton, 
Hélène,, Walter, Pieter, Peter, Mirjam&Gerrit, Niels, Ronald, Ruud, Wiegert. Vooral 
dee variatie aan onderwerpen boeide mij enorm. Allemaal bedankt! 
Dee hulp van sommige studenten was onontbeerlijk voor enkele delen van mijn 
werk.. Bedankt René, Sophie, Jeroen en Laurens. 
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Ookk wil ik Pieter van Broekhui2en bedanken voor de steun in de moeilijke laatste 
fasee en de extra uurtjes die ik ronder probleem regelmatig aan de afronding van 

mijnn proefschrift kon besteden. 
Voorr allen die ik vergeten ben, bedankt voor julli e steun! 
Lastt but not least hebben mijn ouders, familie, vrouw en kinderen mij in deze lange 
periodee gesteund, met rust gelaten op momenten dat het belangrijk was en mij weer 

energiee gegeven op momenten dat ik het niet meer zag zitten. Het doet dan ook 
pijnn aan mijn hart te moeten constateren dat Belinha, Ebrand en mijn moeder het 

eindee van mijn proefschrift niet hebben mogen meemaken. 
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S T E L L I N G EN N 

dd hi) lif t proefschrift " 1 hermodynamic approaches tor the environmental 
emistryy of organic pollutants". 

11 let gas-water stofuitwisselingsmodel, afgeleid van de kiemtheorie, is 
gehaseerdd op een incorrecte interpretatie van de correlatie nissen de 
enthalpiee en de entropie van dit proces. 

(XathansonetaL(1996)}.(XathansonetaL(1996)}. Phys. Chem., 100, 13007-13020; Dit proefschrift, 
hoofdstukhoofdstuk 5) 

QSARs,, ontwikkeld binnen de milieuchemie, suggereren vrijwel altijd een 
veell  te hoge nauwkeurigheid doordat de onnauwkeurigheid van de 
eindpuntenn gebruikt voor haar afleiding niet meegenomen wordt in haar 
statistischee evaluatie. 

(Dit(Dit  proefschrift, hoofdstuk 6) 

Omm isomeerproducrverdelingen van stofgroepen zoals PCBs en dioxinen uit 
vrij ee vormingsenthalpieën binnen een factor tien te berekenen, moeten deze 

eenn experimentele nauwkeurigheid bezitten die nauwelijks te bereiken is. 

(Ditproefschrift,(Ditproefschrift, hoofdstuk 3 en 4) 

Inn de holistische, vitalistische, visie op de ecologie gaat men uit van cycli van 

natuurlijkee evenwichten. Vanuit de thermodynamica is het gebruik van het 
woordd evenwicht hier incorrect. 

(Ditproefschrift,(Ditproefschrift, hoofdstuk 1) 

Inn de cybernetische visie op de ecologie wordt gebruik gemaakt van 

informarie-entropiee en thermodynamische entropie zonder dat men 
informatie-entrnpiee relateert aan haar thermodynamische equivalent. 

(Patten(Patten and Odum (1981) American Naturalist, 118, 886-895; Zubarev et al 

(1996)(1996) pp 54-68 en 117 129) 

Hvenwichtsconstantenn zoals KD<>O dient men meer te beschouwen als een 

adsorptie-eigenschapp met gebruikmaking van een verdelingsfunctie over 
microscopischee bindingsenergieën. 

(Krop(Krop et al. (2001) Rer. Environ. Contain, 169, 1122; Garcés and Mas 

{1998){1998) Environ. Sa.TechnoL, 32, 339-548) 

Zero-tolerancee wordt slechts toegepast op nullen. 

Juistt de toename van de mobiliteit, het aantal eenpersoonshuishoudens, en 
vann de benodigde leet- en werkruimte in Nederland maakt het land voller. 

(Centraal(Centraal Bureau voor de Statistiek, 2003) 
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