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Summary 

This work gives an insight into the assessment of human exposure to xenobiotic compounds in 

food stuffs all the way from experiments to the use of model tools. In focus are neutral organic 

compounds, primarily from petroleum, and their uptake into plants. 

 A new analytical method was developed for the determination of chemical activity of volatile 

compounds in plant tissue and soil. Chemical activity is a valuable concept. Chemical activity is 

related to the chemical potential and is a measure of how active a substance is in a given state 

compared to its reference state. It is the difference in chemical activity that drives diffusion. The 

analytical method employs SPME (solid-phase microextraction), is automated, fast, reliable, uses 

almost no solvents compared to traditional methods and reduces the contact between sample and 

the person handling it. The method was applied for the determination of BTEX (benzene, toluene, 

ethylbenzene, o-, m- and p-xylene) and naphthalene in willows from a growth chamber experi-

ment and birch from a fuel oil polluted area. 

The uptake of xenobiotic compounds in plants is described. In spite of the large differences be-

tween plants and the vast amount of organic chemicals in use, general uptake pathways to plants 

have been described. Also, process oriented model tools exist for the calculation of uptake into 

plants. 

Model tools are needed to answer the following question: Do chemicals in our daily diet pose a 

risk to human health? Here crop-specific models were used to estimate the daily exposure to se-

lected chemicals with the diet for both adults and children. The exposure of children was calcu-

lated separately, because children have a higher consumption than adults considering their body-

weight. Also, a model for the uptake of xenobiotic compounds in breast milk allows for the as-

sessment of exposure to chemicals for babies in the applied model framework. 

The daily exposure to BaP (benzo(a)pyrene) and TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) 

was estimated with the new model framework. It was found to be in the range of results reported 

from studies based on the analysis of food stuffs. We expect the new model framework to be ca-

pable of estimating the daily exposure with diet for other neutral organic chemicals as well. This 

holds, as long as the calculations are based on a thorough knowledge of both models and chemi-

cals. The behaviour of the chemicals in the environment, such as their degradation in soil, air and 

biological matrices like plant and animal, should receive special attention.  



Sammendrag 

Her gives et indblik i vurdering af human eksponering for miljøfremmede stoffer i fødevarer 

helt fra den eksperimentelle analyse til anvendelsen af modelværktøjer. Fokus er rettet mod neu-

trale organiske stoffer, primært fra råolie, og deres optag i planter.  

En ny analysemetode til bestemmelse af den kemiske aktivitet af flygtige forbindelser i plan-

temateriale og jord er udviklet. Kemisk aktivitet er et værdifuldt koncept. Kemisk aktivitet er re-

lateret til det kemiske potentiale og er et mål for, hvor aktivt et stof er i en given tilstand i forhold 

til dets referencetilstand. Det er forskelle i kemisk aktivitet, der driver diffusion. Analysemetoden 

anvender SPME (fast-fase mikroekstraktion), er automatiseret, hurtig, pålidelig, bruger næsten 

ingen solventer i forhold til traditionelle metoder og reducerer kontakten mellem prøve og labora-

toriepersonel. Metoden blev anvendt til analyse af BTEX (benzene, toluene, ethylbenzene, o-, m- 

og p-xylene) og naphthalen i pil fra et vækstkammerforsøg og birk fra et olieforurenet område. 

Optaget af miljøfremmede stoffer i planter er beskrevet. På trods af store forskelle fra plante til 

plante og den enorme mængde organiske kemikalier i brug, er generelle optagsveje ind i planter 

blevet beskrevet. Procesorienterede modelværktøjer eksisterer også til beregning af optaget i 

planter. 

Modelværktøjer er nødvendige for at besvare følgende spørgsmål: Udgør kemikalier i vores 

daglige kost en sundhedsrisiko? Her er afgrødespecifikke modeller blevet anvendt til at estimere 

indtaget af udvalgte kemikalier via føden for både børn og voksne. Børns eksponering blev be-

stemt separat, da disse har et større fødeindtag end voksne set i forhold til deres kropsvægt. En 

model for optaget af miljøfremmede stoffer i brystmælk muliggør også estimeringen af ekspone-

ringen til kemikalier for babyer i den anvendte modelstruktur. 

Indtaget af BaP (benzo(a)pyrene) og TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) blev ved 

hjælp af modelstrukturen estimeret inden for den samme størrelsesorden, som tidligere rapporte-

ret af studier, hvor indtaget blev estimeret ud fra eksperimentelle analyser af fødevarer. Vi for-

venter, at den nye modelstruktur også vil kunne estimere indtaget med føden for andre neutrale 

organiske kemikalier. Så længe beregningerne er baseret på et indgående kendskab til kemikalier-

ne og modellerne. Speciel fokus skal rettes mod kemikaliernes egenskaber i miljøet, deres ned-

brydning i jord, luft og biologiske matricer såsom planter og dyr.
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Introduction 

Chemicals are indispensable for our society today; they form the basis of many important proc-

esses and valuable applications. However, some of these chemicals cause problems when they 

distribute into environmental media, and currently human exposure to toxic chemicals is sus-

pected or known to be responsible for promoting or causing a range of diseases such as cancer, 

birth defects, and learning disabilities. This exposure can to some extent be attributed to contami-

nation of food.  

Exposure to environmental contaminants is linked to their bioavailability in environmental ma-

trices. This determines their potential for uptake into food crops and thereby ultimately their con-

tent in the human diet. Bioavailability of compounds in soil has been defined in a multitude of 

ways, but recent advances suggest using chemical activity of compounds in soil as a well defined 

measure. Chemical activity or the related measures, fugacity and freely dissolved concentration, 

have widespread use, also in plant uptake modeling.  

Models are important tools for exposure assessments. They can be used for an initial screening, 

to determine whether the compounds in question can be found in crops from their sources in soil 

and air. However versatile they are, models should be used together with measurements, since 

models rely on measurements. Models can help design experiments. This saves time and other 

resources spent for unnecessary sampling and laboratory work. 

Human exposure assessment of organic compounds is the topic of the presented work. The 

context is uptake of neutral organic compounds in plants determined by both model calculations 

and measurements. Model compounds were chosen from environmental contaminants present in 

petroleum.  

The thesis comprises an introductory part and four papers. The first paper was published and 

describes a method that was developed for determining chemical activity of (semi)volatile or-

ganic compounds using solid-phase microextraction. The second paper is a book chapter, which 

is accepted and gives a review on uptake of organic soil contaminants in plants. The third paper is 

submitted and deals with dietary exposures to environmental pollutants. This was estimated for 

children and adults using crop-specific models. The fourth paper was published and presents a 

model for estimating contaminant concentrations in breast milk, and the body load of contaminant 

in both mother and child.  

The overall objective is to gain insight into exposure assessment all the way from measurement 

to application of models. 
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New analytical methodology

Paper I focuses on the analysis of volatile and semi-volatile non-polar compounds in different 

sample matrices like plant tissue and soil. The context was uptake in plants, so the primary goal 

was to follow the compounds from the source, e.g. soil to the plant, and within the plant. This 

demanded a method that could analyse the compounds in different matrices and preferably pro-

vide a measure of the compounds that could be compared directly among the different matrices. 

In addition, the general requirements for analytical methods in terms of accuracy, precision, and 

speed and ease of operation needed to be fulfilled. So the objective was to develop a method that 

fulfils these demands. This led to a new measurement methodology for determining chemical ac-

tivity of volatile and semi-volatile non-polar organic compounds (Paper I). 

Method description 

The new analytical method is based on the principle, that it is the chemical activity of analytes 

in a sample that determines the equilibrium concentration of the analytes in a solid-phase micro-

extraction (SPME) fibre. In short, the method comprises four steps: 1) a sample is transferred to a 

gastight vial, ensuring that the headspace air does not decrease the chemical activity of analytes in 

the sample, 2) a SPME fibre is inserted into the vial headspace air and equilibrium between sam-

ple and fibre is obtained, again without reducing the chemical activity of analytes in the sample, 

3) the SPME fibre is transferred to a gas chromatograph inlet for thermal desorption and analysis, 

and 4) calibration is performed with external standards in either methanol or liquid polydimethyl-

siloxane (PDMS) by repeating steps 1-3, so-called partitioning standards. 

Model substances for the method development were chosen among the non-polar and volatile 

or semi-volatile constituents of gasoline and lighter fuel oils. Structures and selected properties 

are given in Figure 1 and Table 1. They were chosen from the aromatic constituents (benzene, 

toluene, ethylbenzene, o-, m- and p-xylene (BTEX) and naphthalene) and from the aliphatic con-

stituents (linear alkanes C9, C10, C12, C14, C16) of petroleum. 
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Figure 1. Structure of model substances used for the method development (CambridgeSoft 

Corporation, 2008). 

BTEX form 20 – 35% (v/v) of gasoline (Alberici et al., 2002), and they belong to the more wa-

ter-soluble compounds present in petroleum. They have high vapour pressures, so they are very 

volatile and they all boil below 180 °C, which means they are distilled off in the gasoline fraction, 

and only minor amounts are present in the lighter fuel oils like diesel (Hansen et al., 2001). Due 

to their high water solubility, their KOW (octanol-water distribution constant) is in the lower end of 

petroleum compounds. This also holds for their KOA (octanol-air distribution constant), so they 

only slightly prefer staying in the organic phase as opposed to air. 
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Table 1. Selected properties of the model substances. 

Compound MW (g/mol) Vp (Pa) Tb (°C) SW (mg/L) Log KOW Log KOA

Benzene 78 13 700 78 2300 1.9 2.8 
Toluene 92 4200 118 725 2.4 3.3 
Ethylbenzene 106 1540 143 250 2.9 3.7 
p-xylene 106 1150 140 233 3.0 3.9 
m-xylene 106 1260 138 252 2.9 3.8 
o-xylene 106 1100 141 304 2.8 3.9 
Naphthalene 128 14 208 39 3.2 5.2 
Nonane 128 641 154 0.17 5.7 3.8 
Decane 142 194 178 0.040 6.3 4.3 
Dodecane 170 16 222 0.011 7.5 5.2 
Tetradecane 198 1.4 259 6.1 � 10-3 8.7 6.2 
Hexadecane 226 0.13 292 3.7 � 10-3 9.9 7.1 

MW: Molar weight, Vp: Vapour pressure, Tb: Boiling temperature, SW: Solubility in water, KOW: 

Octanol-water distribution constant, KOA: Octanol-air distribution constant. Compound properties 

were found with the SPARC online calculator (Hilal et al., 2003, Hilal et al., 2004, SPARC, 

2007). 

Naphthalene is the smallest of the PAH’s (polycyclic aromatic hydrocarbons), it contains only 

two fused aromatic rings. It has a low vapour pressure compared to BTEX, and it is a semi vola-

tile compound. It boils above 180 °C, which means that it is mainly found in the lighter fuel oils. 

Its KOW is comparable to the ones of BTEX, but it has a lower vapour pressure leading to a higher 

KOA, giving it a higher preference to an organic phase as opposed to air than BTEX. 

The linear alkanes selected as model substances belong predominantly to the gasoline fraction 

(C9-C10) and to the lighter fuel oil fraction of the oil (C12-C16), when setting the boundary at a 

boiling point of 180 °C. So some of them are volatile and some are semi volatile. Their vapour 

pressures and water solubility are lower than the ones of BTEX and decrease with increasing mo-

lecular size. They have high KOW, and also high KOA, although lower than their KOW, reflecting a 

low water solubility and strong affinity for organic matter. 

The measurement endpoint most typically used for reporting contents of organic compounds 

in soil and plant samples is total analyte concentration in the sample. This can be in terms of mass 

of analyte per kilogram wet weight (ww) or dry weight (dw) of material for soil and plant 

samples. Whether the given concentration is really the total concentration in the sample depends 

on the compounds, the extraction procedure, the sample matrix, and the calibration of the method.  
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Currently, no accepted standard methods exist for the determination of VOCs (volatile organic 

compounds) in plant tissues (Alvarado and Rose, 2004). And no guidance for collection and 

handling of vegetation is provided, so this is performed in a multitude of ways. It is important to 

take representative samples of the plants under study. This can cause some difficulties, because 

between plants there is biological variability, and in the plant, the distribution of chemical is not 

uniform, e.g. there may be a difference with height. Determination of VOCs can be performed by 

headspace analysis followed by chromatographic analysis, which require very little sample 

preparation (Zygmunt and Namiesnik, 2003, Ma and Burken, 2002, Larsen et al., 2008). But this 

approach requires thorough calibration based on partitioning between plant tissue and headspace, 

which has to be investigated for each study. The method developed in Paper I circumvents this 

problem. 

Chemical activity and the related measures fugacity and freely dissolved concentration em-

ployed in Paper I have advantages as measurement endpoints compared to total concentration. 

One is the simplicity of the calibration demonstrated in Paper I. Another is the direct link to expo-

sure when uptake into organisms is diffusive, whereas total concentrations of contaminants in e.g. 

soil give little information on the exposure to these contaminants. It is not always so that the pres-

ence of a contaminant constitutes a risk. For example, if the contaminant is adsorbed to the soil 

organic matter, the risk for diffusion into soil pore water and subsequent transport in the xylem 

flux of crops will be negligible. Soils are very complex matrices, so in addition to determining 

total concentrations of contaminants in soil, numerous parameters in the soil need to be known 

like texture, organic carbon content and microbial activity, as these tend to affect the bioavailabil-

ity of contaminants in soil. Bioavailability has been determined in several ways, but recently 

chemical activity has been proposed as a well defined measure of bioavailability (Reichenberg 

and Mayer, 2006).  

Disadvantages of using chemical activity and related measures to describe exposure to pollut-

ants are that advective processes are less elegantly described. It is the gradient in chemical activ-

ity that drives diffusion; whereas advection is performed by the motion of the fluid (e.g. xylem 

water in plants) itself (Schwarzenbach et al., 1993). Another problem is the convention and tradi-

tion of using concentrations to describe pollutants in the environment. Up to now, chemical ac-

tivities of pollutants in the environment have hardly been measured. Therefore, much information 

is naturally specified in concentrations, e.g. soil quality standards. 

Chemical activity was introduced by G. N. Lewis. The activity of a substance is defined by 

(Lewis and Randall, 1961, Alberty and Silbey, 1997): 
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aTRµµ lno +=          (1) 

where µ (J mol-1) is the chemical potential of the substance, µo (J mol-1) is the standard state 

chemical potential, R (J K-1 mol-1) is the gas constant, T (K) is the temperature and a is the chemi-

cal activity. Chemical activity is dimensionless and at a = 1, the chemical is in its reference state, 

where µ = µo (Alberty and Silbey, 1997). Chemical activity is a measure of how active a sub-

stance is in a given state compared to its reference state (Schwarzenbach et al., 1993). For real 

gases (Alberty and Silbey, 1997): 

oP
f

a =
          (2) 

where f (Pa) is the fugacity of the substance and Po (Pa) is the standard state pressure. However 

for solutions, chemical activity of a substance can be expressed in the following way (Alberty and 

Silbey, 1997): 

C�a =           (3) 

where � (L mol-1) is the activity coefficient of the substance divided by the standard value of the 

molar concentration (1 mol L-1). This is the approach applied in Paper I, where the reference state 

is the subcooled liquid solubility of the substance in methanol. 

Chemical activity is applied in almost every field of chemistry. Examples are the proton ion ac-

tivity (pH) (McNaught and Wilkinson, 1997), water activity used in food science (Lewicki, 2004) 

and the equilibrium partitioning theory used in environmental toxicology (Ditoro et al., 1991). 

Diffusion processes can be studied by measuring chemical activity, since chemical activity is de-

fined in terms of chemical potential (Eq. 1). Diffusion occurs as a result of a gradient in the 

chemical potential. At phase equilibrium there is no net diffusion (µphase1 = µphase2, so dµ/dx = 0) at 

the same temperature and pressure (Alberty and Silbey, 1997, Schwarzenbach et al., 1993). 

Despite of the potentials, only a few analytical methods have been applied to measure chemical 

activity of organic compounds in environmental matrices. These methods employ equilibrium 

sampling devices for the measurement: Headspace SPME (Paper I), direct immersion SPME (Os-

siander et al., 2008) and polymer-coated vials (Reichenberg et al., 2008). 

Fugacity was like chemical activity defined by G. N. Lewis:

o

o

P

f
TRGG ln+=          (4) 
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where G (J/mol) is the molar Gibbs energy (Lewis and Randall, 1961, Alberty and Silbey, 1997). 

So, fugacity is a measure of the molar free Gibbs energy of a real gas. It can be understood as the 

escaping tendency of a substance from a phase into an ideal gas. The fugacity is at most environ-

mental conditions equivalent to partial pressure. This requires that the substance is present in the 

gaseous form, i.e. not bound to particles. Then the gas law applies and fugacity can be determined 

in the following manner (Mackay and Paterson, 1981): 

CTRf =           (5) 

where C (mol L-1) is the concentration of the substance in air. This approach was used in Paper I. 

In environmental sciences, fugacity is widely used to quantify toxics transport and 

bioaccumulation in air, water and sediment. Like chemical activity, equal fugacities of analytes in 

different matrices form the basis for thermodynamic equilibrium, and diffusion will always be 

directed from high to low fugacity. So, fugacity can also be used for comparing different matrices 

directly. Bioaccumulation of compounds in e.g. fish has been described with the concept of 

fugacity. Mackay pioneered using the fugacity approach for creating a multimedia modeling 

framework (Mackay, 1979). Others have followed in using fugacity, one of the latest models 

developed for bioaccumulation of organic contaminants in the food chain, ACC Human, uses 

fugacity (Czub and McLachlan, 2004). However, for nonvolatile compounds, the fugacity 

approach makes little sense. Here, chemical activity is more appropriate. 

Many techniques have been applied for measuring fugacities of organic compounds, but only 

the method in Paper I uses SPME. Most methods applied use gas chromatography coupled to a 

detector for the ultimate quantification, but the sample preparation varies. The techniques include: 

Closed air water systems with headspace analysis for determination of fugacity in aqueous 

samples (Resendes et al., 1992, Yin and Hassett, 1986), thin film solid phase extraction (SPE) 

followed by liquid extraction or thermal desorption for measuring fugacity in fish (Wilcockson 

and Gobas, 2001), a fugacity-meter for measuring fugacity in spruce needles (Horstmann and 

McLachlan, 1992), and static headspace analysis for fugacity in fish food and fecal samples from 

fish (Gobas et al., 1993). 

Freely dissolved concentration is perhaps the most successful of the three measures: Chemi-

cal activity, fugacity and freely dissolved concentration. It is easily understood as the effective 

(unbound) concentration of analytes in a sample (Mayer et al., 2000b). Like chemical activity and 

fugacity, the freely dissolved concentration controls bioconcentration and toxicity (Ditoro et al., 
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1991, Kraaij et al., 2003). However, the freely dissolved concentration is less suited to describe 

systems with little or no water, like e.g. air. 

Freely dissolved concentration has been measured and applied in numerous studies. It is well 

suited for determining distribution constants between environmental media and water, and for the 

determination of protein-binding affinities (Heringa and Hermens, 2003). In addition to SPME, 

several techniques exist for the determination of freely dissolved concentrations of organic com-

pounds. 

SPME (solid-phase microextraction) was introduced in the early 1990’s as a simple and sol-

vent-free technique (Arthur and Pawliszyn, 1990). It is now a well-accepted and frequently ap-

plied method that can integrate sampling and sample introduction for gas chromatography. The 

possibility for automation also exists now, so in addition to saving solvents, the method also 

saves time previously used for sampling. 

The method uses a small SPME fiber, coated with a sampling phase with a large surface area to 

volume ratio. By exposing the fiber to a sample, analytes from the sample either adsorb onto or 

diffuse into the sampling phase depending on the type of fiber used. After sampling, the fiber is 

injected into the inlet of a gas chromatograph for thermal desorption and determination of ana-

lytes. 

SPME can be used for almost any compound; the only limitation in that respect is the type of 

coating available for use. The analyte has to move onto or into the fiber coating. With regards to 

sample types, SPME has two major applications: direct immersion SPME and headspace SPME. 

Direct immersion SPME means inserting the SPME fiber into a sample exposing it to the whole 

matrix, whereas headspace SPME is performed by sampling above a sample. Direct immersion 

SPME has been applied to e.g. water, soil, and sediment samples (Mayer et al., 2000b). For 

VOCs, headspace SPME is preferable, because it avoids problems related to the sample matrix – 

e.g., surface fouling of the fiber. 

PDMS (polydimethylsiloxane) is the SPME fiber coating, which is used for the analytical 

method described in Paper I. This coating can be used for equilibrium sampling, where the sam-

ple is brought into thermodynamic equilibrium with the fiber coating without reducing the chemi-

cal activity of the analytes in the sample (Mayer et al., 2003). In Paper I, a coating thickness of 

100 µm was chosen, because this gives a larger amount of analyte in the coating, than for the 

thinner fibers. This reduces detection limits. The thinner, 7 µm or 30 µm, coatings of PDMS can 
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be used when the analytes require longer equilibrium times, because the thinner coating will 

achieve equilibrium faster than the thicker ones.  

Distribution constants between PDMS fiber and air were determined using liquid PDMS with a 

viscosity of 50 centistokes (Sigma Aldrich) in Paper I. Comparing these values to distribution 

constants determined for the PDMS phase of the SPME fiber and PDMS used in columns for gas 

chromatography indicates that the phases show similar behavior in the absorption of the investi-

gated compounds in Paper I. So measurements with liquid PDMS can be used to predict the be-

havior of the PDMS SPME fiber. 

The PDMS fiber is an absorbent fiber (Mayer et al., 2000a). Absorbent fiber coatings are liquid 

and retain analytes by partitioning, whereas adsorbent fiber coatings trap the analytes physically 

in their porous structures, which contain a high surface area. Besides PDMS, PA (polyacrylate) is 

used as an absorbent fiber coating. PA is a polar fiber and shows better performance than PDMS 

for polar analytes. The adsorbent fiber coatings are mixed. In addition to PDMS or PA they con-

tain carbowax, carboxen or divinylbenzene. They can be used for analyses that require low detec-

tion limits (Valor et al., 2001). 

Calibration of SPME can be directed at the initial total concentration of analyte in the sample, 

or the freely dissolved concentration (Cfree), fugacity or chemical activity of analyte in the sample 

(Paper I). The initial total concentration of analyte in the sample, C0, is found from the amount of 

analyte retained by the fiber, n, in the equilibrium sampling mode (Louch et al., 1992):  

sffs

sffs

VVK

CVVK
n

+
= 0

         (6) 

where Kfs is the distribution constant between fiber coating and sample, Vf is the volume of fiber 

coating and Vs is the volume of sample. The amount on the fiber, n, can be found from external 

calibration with either liquid injection of solvent standards or SPME extraction of aqueous stan-

dards (Zeng and Noblet, 2002).  

In addition to equilibrium sampling conditions, determination of the freely dissolved concen-

tration, fugacity and chemical activity of analytes in samples requires negligible depletion of the 

mass of analyte in the sample. The freely dissolved concentration of analyte in the sample can be 

found from external calibration with either liquid injection of solvent standards or SPME extrac-

tion of aqueous standards, but the principle differs from Eq. 6. From liquid injections Cfree is 

found from the distribution constant between fibre and water (Mayer et al., 2000b), and aqueous 

standards give the measure directly (Heringa and Hermens, 2003). Paper I introduces partitioning 
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standards of liquid PDMS or methanol from which Cfree can be obtained by either the distribution 

constant between liquid PDMS and water or the activity coefficient of the analytes in methanol 

together with their liquid solubilities. For naphthalene the subcooled liquid solubility is used.  

Fugacity or chemical activity of analytes can also be determined using the partitioning stan-

dards in methanol introduced in Paper I (Eqs. 3 and 5). SPME has not previously been used for 

the determination of chemical activity or fugacity of analytes in environmental samples, even 

though it is the chemical activity of the analytes in the sample rather than the total concentration 

that drives and determines the uptake into the fibre. SPME was never intended for exhaustive ex-

tractions.  

Negligible depletion during sampling is required, because it ensures that the chemical activity 

of analyte in the sample is not disturbed during sampling. For headspace SPME this means that 1) 

the SPME fiber and 2) the headspace must not deplete the sample by more than 5% of its chemi-

cal mass (Figure 2). Due to the minute mass of PDMS on the fiber, the first requirement is always 

fulfilled for samples containing organic matter, so e.g. water samples can not be analyzed in this 

manner. The second requirement depends on the volume ratio of air to sample, and the sample to 

air distribution coefficient of the analyte: 

airsample

sample

air

sample

air K
V

V

m

m
,2005.0 <×=><       (7) 

where mair is mass of analyte in headspace air, msample is mass of analyte in sample, Vair is volume 

of headspace air and Vsample is the volume of sample. This requirement is most restrictive for 

rather volatile analytes with low sample-air distribution constants (Ksample,air). Decreasing the vol-

ume ratio of air to sample by using larger sample masses in larger vials may extend the applica-

bility range. The mass required for achieving negligible depletion is found and given in terms of 

organic matter content (Paper I) because this ultimately determines depletion. 
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Figure 2. Schematic of the closed sampling system. The SPME fiber (1) and the headspace air 

(2) may not deplete the mass of analyte in the sample with more than 5%. 

Negligible depletion SPME was introduced in the 1990’s (Kopinke et al., 1995, Vaes et al., 

1996) for measuring the freely dissolved concentration of analytes in complex samples. 

Kinetics is linked to depletion. If the fiber depletes the headspace of mass of analytes by more 

than 5% during sampling this is not a problem as long as the resupply of analyte from sample to 

headspace is fast enough to keep up with the removal of analyte from the headspace. In this case, 

the headspace is actually not depleted. This was the case for some analytes in Paper I, where the 

eventual quantity that partitioned into the fiber was larger than the quantity present in the 

headspace at any time. However, there may be other sample types, where the surface provides too 

little desorption from sample into headspace. In this case, care should be taken not to deplete the 

headspace of analytes. 

The applicability of the method requires that the kinetics of different sample matrices are rather 

similar. This was checked in Paper I. One major finding was that diffusion through the headspace 

air was rate limiting for the overall mass transfer from sample into fiber for compounds with the 

ratio of the KPDMS,air to the diffusion coefficient in air (Da) above 104 cm2/s. This gave the method 

a fairly high precision. For compounds with a KPDMS,air/Da below 104 s/cm2, diffusion in the 

PDMS coating seems to be rate limiting for the overall mass transfer. Previous systems with wa-

ter have shown the same trend where increasing hydrophobicity of the analytes changed the rate 

limiting step from membrane controlled to aqueous diffusion layer controlled (Flynn and 

Yalkowsky, 1972 as cited in (Heringa and Hermens, 2003)). 
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Activity coefficients of the model compounds in methanol used in Paper I have been estimated 

with the SPARC online calculator (Hilal et al., 2004, SPARC, 2007). The activity coefficients 

have been checked by comparing standard pressures (Po) and liquid solubilities in water (SW,L) of 

the compounds calculated from the method detection limits (Paper I) to literature values (Table 2) 

(Reichenberg, 2007). The literature values are not more than factor 1.4 higher than the values de-

termined from the method (except for dodecane, where the literature value is factor 2.3 lower).   

These calculations are performed according to the fact, that each parameter (chemical activity, 

fugacity and freely dissolved concentration) can be estimated from one of the other two parame-

ters. The principle is that at a chemical activity of 1, the fugacity equals the standard pressure of 

the substance (Eq. 2) and the freely dissolved concentration (Cfree (mol L-1) equals the subcooled 

liquid solubility of the substance in water (SW,L (mol L-1)) (Reichenberg and Mayer, 2006). 

a

C
S

a
f

P free
LW

o == ,         (8) 

Table 2. Liquid solubilities in water and standard pressures calculated from the detection limits 

in Paper I and compared to literature values (Schwarzenbach et al., 1993). Adapted from 

(Reichenberg, 2007) 

- log (SW,L (M)) - log (P
o
 (atm)) 

Compound 
SW,L = Cfree / a Lit. VP = f / a Lit. 

Benzene 1.55 1.64 0.86 0.90 
Toluene 2.12 2.25 1.38 1.42 
ethylbenzene 2.64 2.80 1.80 1.90 
p-xylene 2.70 2.77 1.94 1.93 
m-xylene 2.63 - 1.91 - 
o-xylene 2.57 2.76 1.95 2.05 
Naphthalene 3.02 3.06 3.33 3.43 
Nonane 5.85 5.94 2.20 2.24 
Decane 6.51 6.57 2.72 2.76 
Dodecane 7.88 7.52 3.73 3.80 

Application of the method 

In a growth chamber experiment (data not shown) chemical activity measurements were ap-

plied to study the transport and distribution of contaminants inside a soil-plant system. The results 

with o-xylene from one soil-plant system are shown in Figure 3. It is seen from the graph to the 

right that the plant has a higher chemical activity of o-xylene than the soil. This implies that 
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measurements taken from the same layers determine the direction of diffusion of o-xylene in that 

layer, which is shown with horizontal arrows from plant to soil in the diagram in the left part of 

the figure. This information about extent and direction of diffusion is difficult if not impossible to 

obtain via measurements of total concentrations. The vertical arrows in the diagram show the ad-

vective transport of o-xylene with the xylem water flow inside the plant. 

Figure 3. Practical application of the new method to study the transport and distribution of o-

xylene in a soil-plant system. Two o-xylene gradients dominate this system: 1) advection 

vertically in the plant and 2) diffusion horizontally from plant to soil. (NAPL (non-aqueous phase 

liquid)) 

Chemical activity of the model substances were also determined in tree samples taken at a fuel-

oil polluted site, Hradcany (Machackova et al., 2008), in the Czech Republic (data not shown). 

The results from the tree cores taken at the fuel oil polluted site show no difference in chemical 

activity of o-xylene with height of the tree (Figure 4). This indicates that o-xylene is taken up 

from air instead of soil. So trees might not be suitable as biomonitors for soil contamination, 
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when the contaminant is degraded in soil. Another possibility that should be excluded is that 

plants produce and emit o-xylene. 

Figure 4. Chemical activity of o-xylene in a birch tree growing at a fuel oil polluted site. 14 

tree core samples were taken at 6 different heights.

In conclusion, the method developed in Paper I works for volatile and semi-volatile non-polar 

organic compounds, and it provides a measurement endpoint that can be directly compared be-

tween dissimilar matrices. This helps in the prediction of equilibrium partitioning phenomena and 

the study of diffusion processes. The method is automated, fast, reliable, almost solvent free 

compared to traditional analytical methods, and reduces the risks of working with hazardous 

chemicals, because of the reduced contact between sample and the person handling it.  

However, the question of bioavailability or chemical activity is more relevant for the less 

volatile compounds like PAHs with more than 2 rings and compound groups like the dioxins. 

These are persistent, bioaccumulative, toxic (PBT) and of great concern to humans and the 

environment when it comes to e.g. soil and air pollution. Further development of the method to 

encompass the analysis of these compounds is a challenge, and might not be feasible due to 

detection limits and equilibration times. Another recently developed technique exists that is more 

appropriate for analysis of these compounds than the one above (Reichenberg et al., 2008). 

Another limitation of the method in Paper I, is caused by the demand of a certain amount of 
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organic matter in the sample, this precludes the analysis of water and air samples in the current 

set up.  

The method was applied for a growth chamber experiment and to analyse field samples of tree 

cores (data not shown). Future experiments in growth chambers would benefit from more repli-

cates, clear hypotheses, and a fully working analytical method before onset of plant tests. Possible 

biodegradation should also be covered when working with these compounds, but preferably other 

compounds should be chosen, when the objective is biomonitoring with trees. 
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Exposure modeling 

To cover the vast amount of chemicals present ubiquitously, predictive tools are needed to 

indicate compounds of possible concern for exposure via diet. One pressing question is: Do the 

environmental contaminants present in our daily diet pose a risk to the human population, i.e. are 

there any health risks? The first step in answering this question is to determine the exposure to 

chemicals from diet. This can be done by modelling contaminant accumulation in food crops 

from their presence in environmental matrices like soil and air as well as by performing 

measurements. So the overall objective of this part was to compare estimated results based on 

both model calculations and measurements.  

Paper II covers the topic of uptake of organic contaminants from soil by plants. The goal was 

to gain insight into both experimental data and predictive methods. Knowledge of uptake of con-

taminants in plants is relevant for several areas. Here, two will be mentioned: 1) for a limited 

range of compounds, trees can be used as biomonitors for pollution of soil and groundwater, and 

2) generally, the uptake of contaminants in crops is of great significance, because ultimately, this 

leads to consumer exposure to a wide range of environmental contaminants. So, the objective was 

to study the uptake of neutral organic compounds into plants via experiments, and a literature 

study. 

Paper III aims at estimating dietary exposures to selected environmental contaminants through 

the terrestrial food chain. Crop-specific models were used for assessing the exposure via diet for 

children and women with a new model framework (NMF). The framework was tested on three 

compounds: Dodecyl benzenesulfonic acid (a linear alkylbenzene sulfonate, LAS), 2,3,7,8-

tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) and benzo(a)pyrene (BaP). The latter two are rela-

tively well-investigated and allows for the comparison of model predictions to measured values. 

A second goal was to elucidate the need for separate exposure assessments for children, since 

children are not miniature versions of adults. 

Uptake of organic chemicals in plants 

Paper II aims at determining the potential for accumulation of organic chemicals from soil in 

food crops. Many studies have been performed with uptake of organic contaminants in plants. 

However, the number is small compared to the number of plant species and organic compounds 

present worldwide. So in this context, we have only limited knowledge of plant uptake of organic 
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contaminants. Nonetheless, general patterns are known and process-oriented models have been 

established (Paper II). 

Limitations and uncertainties are issues for both model and experiment. The key for both ap-

proaches lies in the design and interpretation. Even well performed and documented experiments 

with uptake of organic chemicals in plants may produce unexplainable results. An example is the 

root to shoot transfer of dioxins in cucumber and zucchini (Hulster et al., 1994). Plants are living 

organisms and therefore highly variable. This introduces a high degree of uncertainty to the ex-

periments. This, of course, does not make modelling the uptake of organic compounds into plants 

any easier. However, combining models and experiments gain a lot of insight into the topic, and 

models can be used to help design and interpret experimental results. 

Uptake pathways for organic contaminants into plants are several. Known passive transport 

and uptake processes are shown in Figure 5 (Paper II). They are all ultimately driven by the activ-

ity of the compounds in soil and air, and main processes comprise the following: 

• Uptake with soil water 

• Diffusion from soil into roots 

• Diffusive (gaseous) exchange with air 

• Particle deposition from soil and air followed by diffusion into plant tissue 

After entering the plant, the contaminants may distribute with the xylem and phloem flux depend-

ing on plant type (e.g. roots or fruits) and chemical properties of the contaminant. 

Figure 5. Transport and uptake processes in the soil-air-plant system (Paper II). 
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Predictive methods for uptake of contaminants into plants have been developed. Both empiri-

cal methods (Travis and Arms, 1988, Briggs et al., 1982) and mechanistic models, pioneering 

models were developed by Trapp et al. (1990), Paterson et al. (1994), and Hung and Mackay 

(1997). In Paper II a standard model for plant uptake of organic chemicals was introduced. This 

was based on processes previously described for uptake into roots (Trapp, 2002), lettuce (Trapp 

and Matthies, 1995) and tree fruits (Trapp, 2007). The model calculates the steady-state concen-

tration of contaminants in roots and leaves from their concentrations in soil and air. The concen-

tration in roots, CR (mg kg ww -1), is found from the concentration in soil pore water, CW,S (mg 

L-1) (Paper II): 

SW,

RRW

R C
MkKQ

Q
C

+
=         (9) 

where Q (L d-1) is the xylem flux, KRW (L kg ww-1) is the root water distribution constant, k is a 

first order loss rate including dilution by growth and metabolism, and MR (kg ww) is the mass of 

roots. The concentration in leaves, CL (mg kg ww-1), is found from the concentration in roots and 

total (gas and particulate) concentration in air, CA,t (mg m-3). Input, I (mg kg ww-1 d-1) to leaves: 
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where ML (kg ww) is the mass of leaves, A (m2) is the area of leaves, gL (m d-1) is the conductance 

of leaves, fP is the fraction associated with particles in air and vdep (m d-1) is the deposition 

velocity of particles in air. Loss, aL (d
-1), from leaves: 
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Where KLA (m3 kg-1) is the air-leave distribution constant. Dividing input by loss gives the steady-

state concentration in leaves: 

L

L
a

I
C =           (12) 

In addition, a new dynamic solution was introduced for this standard model (Paper II). This al-

lows for pulse and constant input of chemicals to soil, air, roots, and leaves as well as determina-

tion of metabolite formation. 

Biomonitoring of soil pollution has been performed with success doing coring of trees 

growing at polluted sites (Vroblesky et al., 1999, Gopalakrishnan et al., 2007, Larsen et al., 2008, 
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Sorek et al., 2008). However, this is currently limited to the analysis of volatile chlorinated 

hydrocarbons. Other compounds, like e.g. BTEX (Sorek et al., 2008), have not been detected in 

high amounts in trees growing above a plume of soil contamination containing BTEX. This can 

be explained by the high biodegradability of BTEX in soil and especially rhizosphere. So instead 

of moving into the roots of the trees like the chlorinated solvents do, the BTEX are degraded in 

the rhizosphere. Still for chlorinated solvents, tree coring is not a precise tool for determining soil 

or groundwater concentrations; the method provides merely an indication of the presence or not 

of the compounds in the subsurface. However, this approach saves time and money when placing 

wells to monitor the contaminants more precisely. 

Dietary exposures to environmental contaminants 

Dietary exposures to pollutants can be estimated in different ways. However, two factors 

should be covered: 1) The concentration of pollutant in food stuffs and 2) The quantity of con-

sumption of food stuff. The first can be found with both model and measurement, and the second 

by food surveys. The World Health Organisation recommends doing Total Diet Studies (TDS). 

For TDS the food is bought, prepared, homogenized and then the contaminant level is measured. 

This mimics the real world, but is time consuming, so most often contaminant levels are meas-

ured in retail food directly. Processing can then be neglected or accounted for by processing fac-

tors. Nevertheless, analysing all contaminants is not possible, so model schemes like the new 

model framework (NMF) (Paper III) are needed. Other approaches exist, e.g. a food chain model 

developed by (Czub and McLachlan, 2004), the technical guidance document (TGD) for assess-

ing indirect exposure (EC, 2003), CSOIL (Brand et al., 2007) and CLEA (DEFRA, 2002). The 

latter two includes uptake from soil only into food. 

The NMF consists of 4 crop specific models: Potato (Trapp et al., 2007), root (Trapp, 2002), 

lettuce (Trapp and Matthies, 1995) and tree fruit (Trapp, 2007). In addition, the lettuce model is 

modified to account for uptake of contaminants in cereals and the Travis and Arms (1988) regres-

sions are used for milk and meat. All models and regressions include uptake from soil into food. 

The lettuce and tree fruit models also include uptake from air. Background levels of the contami-

nants in soil and air are input to the models. The daily dietary exposure is then found from the 

modelled concentrations in food together with the consumption of each food item. Inhalation and 

soil ingestion are also included.  
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The crop specific model predictions were compared to the root and leaf model from the TGD 

(technical guidance document) as well as to measured values. This is shown for BaP in Figure 5. 

A major conclusion from this is that the equilibrium approach for roots used in the TGD grossly 

overestimates the exposure from roots for lipophilic compounds. Whereas, the dynamic root 

model used in the NMF (new model framework) is acceptable.  
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Figure 5. A Comparison of model predictions (NMF (new model framework) and TGD (tech-

nical guidance document)) with measured values (Kazerouni et al., 2001, Samsøe-Petersen et al., 

2002, FSA, 2002) for benzo(a)pyrene (BaP). 

Children age 4-5 are included in the NMF with their own consumption pattern and body-

weight. Children eat almost the same amount of fruits, vegetables, cereal products and meat as 

adults, even though they are much smaller. They drink more milk per day than adults. So natu-

rally, they are approximately exposed to twice the amount of contaminant per kg bodyweight than 

adults (Paper III). Considering this and their vulnerability (Landrigan et al., 2004) it is very im-

portant to account for their specific behaviour in exposure assessments. 

Babies could also be included in the NMF by adding the mother-child model described in 

Paper IV. The consumption pattern of babies is very straightforward. During their first 4-6 

months they only consume formula or breast milk. The mother child model calculates the 

concentration of environmental pollutants in breast milk from the dose taking in by the mother 

via diet and inhalation, so this could be added directly. The rapidly increasing bodyweight of 
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babies is also included in the mother child model offering the possibility of following the body 

burden of pollutants with time.

Risk management can be aided by model outputs. The NMF offers details on important expo-

sure routes, e.g. it can determine whether the dominant entry of pollutant into crops is from soil or 

air. It also tells you the most significant food stuffs for exposure via diet for a certain contami-

nant, so that exposure can be minimised by eating less roots or fruits. The best choice is of course 

always to stop the source that emits the contaminant into the environment, but this takes time. 

In conclusion, Paper II provides a thorough review on the topic of plant uptake of organic 

chemicals from soil. Already, the literature provides some experimental data for plant uptake of 

organic compounds, and models exist for predicting their uptake. A combination of models and 

experiments, using the models to help design and interpret experiments would be advantageous. 

The applied model framework predicted the dietary exposures to BaP and TCDD within rea-

sonable error margins (Paper III). This is judged from comparing the results with results from diet 

studies using measured concentrations of the pollutants in food items. We anticipate, that the 

NMF can predict the dietary exposure to other neutral organic compounds also. However, this 

should be based on a thorough knowledge of the compounds together with the models. The com-

pound behaviour, especially degradation in soil, air, plant and animal matrices should be studied. 

Approaches for modelling the uptake of ionisable compounds in plants have been developed 

(e.g. Trapp, 2000, Trapp, 2004) and future work could focus on the adaptation and applicability 

of the NMF towards ionisable compounds. These can be present in their neutral or ionic form in 

environmental matrices. This results in different uptake processes in plants, currently not ac-

counted for in the NMF. A process that may cause high accumulation in plants of ionisable com-

pounds is the ion trap (Paper II).  
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Conclusion 

Chemical activity is a valuable concept. It describes the chemical itself, instead of the sample 

matrix, so it gives more information on exposure to the chemical than total concentrations do. 

Chemical activity is easily measured for a range of semi volatile and volatile compounds in envi-

ronmental matrices containing organic matter (Paper I). However, total concentrations are cur-

rently the standard choice for reporting contaminant concentrations in environmental matrices. So 

legislation up to now uses total concentrations for e.g. soil quality standards. 

Uptake of environmental organic contaminants into plants can be described by both measure-

ment and model for many neutral organic compounds. However, there are numerous plant species 

and environmental conditions vary, so uncertainties are large and care should be taken when 

translating result from uptake studies to other crop types or other climates (Paper II). In this con-

text we use models describing uptake of contaminants into plants to predict the dietary exposure 

and to determine whether soil or air is the main entry into the terrestrial food chain of the com-

pounds (Paper III). This is done separately for adults and children, and the possibility to include 

babies in the framework exists (Paper IV).  

The NMF has been applied to study fairly ‘old’ and well-studied chemicals, so knowledge of 

their behaviour in environmental matrices could be used. We anticipate that the model framework 

can be applied to ‘new’ less intensely-studied chemicals as well. But a higher degree of uncer-

tainty can then be anticipated. Nonetheless, for screening purposes this will prove valuable, and 

possible processes of concern can be identified and subsequently monitored by measurements. 

However, measurements are not flawless and should also be judged with care. 

REACH (registration, evaluation, authorisation and restriction of chemicals) is a new chemical 

legislation in the EU and has the goal of securing a high protection level for the environment and 

humans. It lays down regulation for the immense number of chemicals presently being used in 

our society and for introduction of new chemicals. This requires an enormous amount of 

knowledge of the chemicals and their behaviour in the environment – also in the food chain. 

The NMF could be one of the tools applied for identification of substances of very high con-

cern (SVHCs) under REACH. These substances will be subject to authorisation or restriction, and 

one parameter for their identification is indirect exposure via the food chain (ECHA, 2008).�
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This research introduces a new analytical methodology for

measuring chemical activity of nonpolar (semi)volatile

organic compounds in different sample matrices using

automated solid-phase microextraction (SPME). The

chemical activity of an analyte is known to determine its

equilibrium concentration in the SPME fiber coating. On

this basis, SPME was utilized for the analytical determi-

nation of chemical activity, fugacity, and freely dissolved

concentration using these steps: (1) a sample is brought

into a vial, (2) the SPME fiber is introduced into the

headspace and equilibrated with the sample, (3) the

SPME fiber is injected into the GC for thermal desorption

and analysis, and (4) the method is calibrated by SPME

above partitioning standards in methanol. Model sub-

stances were BTEX, naphthalene, and alkanes, which

were measured in a variety of sample types: liquid

polydimethylsiloxane (PDMS), wood, soil, and nonaque-

ous phase liquid (NAPL). Variable sample types (i.e.,

matrices) had no influence on sampling kinetics because

diffusion through the headspace was rate limiting for the

overall sampling process. Sampling time was 30 min, and

relative standard deviations were generally below 5% for

homogeneous solutions and somewhat higher for soil and

NAPL. This type of activity measurement is fast, reliable,

almost solvent free, and applicable for mixed-media

sampling.

Solid-phase microextraction (SPME) was introduced in the

early 1990s by Arthur and Pawliszyn as a simple and solvent-free

sampling technique.1 Since then it has been applied in many

analytical, primarily gas chromatographic (GC), methods, to a

wide range of sample matrices, and to an even wider range of

analytes. Many of the developed methods are very successful due

to high analytical performance, minimized solvent use and sample

handling, small sample size needed, and reduced demand for

valuable technician time. During the last 15 years SPME has

evolved into a well-accepted and frequently applied technique that

integrates sampling and sample introduction, which can be fully

automated.

Limits to further SPME application include problems with

matrix effects, because the SPME method is less sensitive to

bound forms of the analytes than free forms. Another limitation

is the difficulty of applying conventional calibration approaches

that were developed for exhaustive extractions. The fundamental

problem is the mismatch between the traditional, accepted

measurement endpoint of “total analyte concentration in the

sample” and the “chemical activity of analyte in the sample”,

because it is the chemical activity, rather than the absolute

concentration, that drives and determines the uptake into the fiber

coating. The most common approach to deal with this problem is

thorough calibration, which has to be based on an understanding

of the analyte partitioning inside the sample and between sample,

headspace, and SPME fiber.2,3 In this paper we suggest another

approach to circumvent the problem by making chemical activity

the actual measurement endpoint of the presented SPME tech-

nique.

Chemical activity is an established concept with extensive

applications in almost every field of chemistry. Examples include

the water activity used in food science,4 the proton ion activity5

better known as pH, and the equilibrium partitioning theory used

in environmental toxicology and chemistry.6 To use chemical

activity as a practical term, appropriate measurement techniques

are required. Methods to measure water activity and pH are well

established, widely available, and frequently applied. However, the

chemical activity of organic chemicals is rarely measured due to

lack of accepted methods. The working hypothesis of the research

presented here is that chemical activity is the inherent measure-

ment endpoint of SPME and that conventional SPME devices can

be easily applied for the measurement of chemical activity. The

aim of this paper is therefore to introduce and report a new

measurement methodology for the determination of chemical
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† University of Aarhus.
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activity of nonpolar and semivolatile organics including the

application of partitioning standards for the calibration of the

method toward chemical activity.

Working Principle. The SPME method is based on the

diffusive transfer of chemical activity from sample to fiber coating

and requires that the coating is brought into a thermodynamic

equilibrium with the sample while ensuring that the chemical

activity of the analytes in the sample remains unaffected. The

SPME method to measure chemical activity can be divided into

four steps:

1. The sample is brought into a gastight vial, while ensuring

that the sorption capacity of the sample dominates the chemical

activity in the entire vial including the headspace.

2. The SPME fiber is introduced into the vial headspace until

thermodynamic equilibrium between fiber coating and sample is

reached, again without reducing the chemical activity (a) in the

sample, meaning aPDMS,fiber is equal to asample.

3. The SPME fiber is then transferred into the GC injection

port for thermal desorption and analysis.

4. External calibration is accomplished with partitioning

standards.

Calibration. A new calibration principle is presented that

applies organic solvent standards for the control of chemical

activity in the headspace above the solvent, called partitioning

standards. Such external standard solutions are prepared in either

methanol or liquid polydimethylsiloxane (PDMS), and these

external standards are sampled as described above (steps 1-3).

The concept of chemical activity is closely related to both fugacity

and freely dissolved concentration (Cfree),7 and all three measures

are currently applied to quantify, study, and understand the

environmental fate, exposure, and effects of organic chemicals.

The new calibration principle is, for that reason, directed at each

of these three measurement endpoints.

Chemical Activity. The chemical activity of an analyte in a

sample is determined by external activity standards in methanol:

where aMeOH is the chemical activity of the analyte, γMeOH is its

activity coefficient (L/kg), and CMeOH is its concentration (kg/L).

The subscript MeOH denotes methanol. The activity coefficients

in methanol can be estimated by the SPARC on-line calculator,

which only requires the molecular structure as user input. The

computational approach is a blend of conventional linear free

energy relationships, structure-activity relationships, and per-

turbed molecular orbital theory.8,9 A systematic and practical guide

to other estimation models (e.g., UNIFAC) has been written by

Prausnitz et al.10 Earlier, SPME has been applied for the deter-

mination of activity coefficients in liquid polymer coatings.11

Fugacity. The fugacity of an analyte can be determined from

the air concentration (Cair (kg/L)) of the analyte above the sample.

External partitioning standards in methanol can be used for

calibration to fugacity:

where fMeOH is the fugacity of the analyte (Pa), R is the gas

constant (8.315 × 103 Pa‚L/mol‚K), T is the absolute temperature

(K), KMeOH,air is the distribution constant of the analyte between

methanol and air, and Mw is the molar weight of the analyte (kg/

mol). Previously published work used techniques other than

SPME for measuring fugacity in aqueous12,13 and biological

samples.14-16

Freely Dissolved Concentration. The freely dissolved concentra-

tion of an analyte can be determined with external partitioning

standards in liquid PDMS (eq 3) or methanol (eq 4):

where KPDMS,w is the distribution constant of the analyte between

liquid PDMS and water, CPDMS is the analyte concentration in

liquid PDMS (kg/L), and SL,w is the (subcooled) liquid solubility

in water (kg/L). Other already published methods also apply

SPME for the measurement of freely dissolved analyte concentra-

tions in, for instance, in vitro test systems,17 aquatic environ-

ments,18,19 field sediment,20 and samples containing protein.21

However, these methods were calibrated differently using either

aqueous standard solutions or liquid injections of solvent stan-

dards.

The analyte concentration in the PDMS coating of the fiber

(CPDMS,fiber (kg/L)) can also be estimated with this new calibration

principle. Assuming that the PDMS coating of the SPME fiber

has the same sorptive properties as the liquid PDMS, CPDMS,fiber

can be determined with external standards in liquid PDMS, CPDMS

(kg/L), according to
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(g95%, BDH Chemicals), m-xylene (g99%, Fluka), o-xylene (g99%,

Fluka), naphthalene (>99%, Sigma Aldrich), nonane (>99%,

Fluka), decane (g98%, Fluka), dodecane (g99%, BDH Chemicals),

tetradecane (99%, Acros), and hexadecane (>99%, Merck-

Schuchardt). Used as solvents were acetone (glass-distilled grade,

Rathburn), methanol (g99.9%, Merck), and liquid PDMS with a

viscosity of 50 centistokes (cSt) (Sigma Aldrich). The soil

contaminated with BTEX and naphthalene had an organic matter

content of 3.9% dry weight (dw). Sodium azide (>99%, Merck)

was used to inhibit microbial degradation of analytes in the soil.

Match sticks used were of dry aspen wood and had a length of

4.7 cm (Tordenskjold, Sweden). Nonaqueous phase liquid (NAPL)

was obtained from a fuel oil polluted area in the Czech Republic.

Gastight glass vials with Teflon (PTFE)-lined screw caps were

from Supelco.

SPME Sampling. The measurement principle was headspace

SPME operated in the negligible depletion and equilibrium mode.

Equilibrium was ensured for all analytes. A 100 µm PDMS fiber

(Supelco, Bellefonte PA) was used for the sampling, which was

fully automated using a Combi PAL autosampler (CTC Analytics,

Switzerland). Transfer of the SPME fiber from vial to GC injector

took less than 5 s. Static samplings were performed at 25-28 °C

and shaken samplings at 35 °C with 250 rpm (orbital shaking of

the entire vial).

GC Analysis. Separation and detection of analytes were

conducted using an HP5890 Series II GC with a flame ionization

detector (FID). The column was a 30 m Supelcowax10 with an

i.d. of 0.53 mm and a film thickness of 1.0 µm (Supelco, Bellefonte

PA). The temperature program was 40 °C (10 min), 6 °C/min to

110 °C, 12 °C/min to 190 °C (8 min), and 70 °C/min to 250 °C (2

min). The injector temperature was set at 250 °C and the FID

temperature at 270 °C. Head of column pressure was set to 10

kPa hydrogen (measured as 2.7 mL/min) and kept in the splitless

mode for 10 min.

KPDMS,air Determination. KPDMS,air distribution constants were

determined with a modification of previously reported methods.22,23

Liquid PDMS was spiked with solvent stock solutions or neat

analytes, and a range of air to PDMS volume ratios was established

in gastight vials. The values for KPDMS,air were then deduced from

the decrease in air concentration as a function of volume

ratio.

Three spiking levels were made: PDMS solution no. 1

contained approximately 9 mg/L per compound of all analytes,

solution no. 2 approximately 18 mg/L per compound of BTEX

and naphthalene, and solution no. 3 approximately 1 g/L per

compound of naphthalene and the alkanes. Solvent contents were

not exceeding 1% (in one case 3%). Different volumes of these

PDMS solutions were transferred to 20 mL vials to generate three

series of increasing volume ratios of air to PDMS. After at least

2 h of equilibration all vials were sampled 1 min for solution no.

1, and 0.5 min for solution nos. 2 and 3, which was sufficiently

short to ensure negligible depletion SPME at a headspace

sampling rate (kKPDMS,airVfiber) not exceeding 2.5 mL/min. The

obtained peak areas were proportional to headspace concentra-

tions and were applied for determining KPDMS,air as described by22

where VR is the volume ratio of air to PDMS and PA0 is the peak

area at VR ) 0. The two parameters PA0 and KPDMS,air including

their respective confidence intervals were determined by fitting

peak areas and volume ratios to eq 6 using GraphPad Prism.24

The minimum acceptable r2 for these regressions was set to 0.9.

The obtained KPDMS,air values were plotted against their respective

octanol air distribution constants (Koa), which were estimated with

SPARC.8,9

Determining SPME Sampling Kinetics. The SPME sam-

pling kinetics were studied for a number of sample types in order

to (1) determine the sampling time needed to ensure equilibrium

sampling, (2) select the best mode of sampling (static or shaken),

(3) test whether the sample matrix affects the kinetics, and (4) if

possible identify the rate-limiting step for the SPME sampling

process.

SPME sampling experiments in 10 mL vials were carried out

for samples of liquid PDMS, dry wood (aspen), and soil. Liquid

PDMS was spiked with a methanol stock solution keeping the

methanol concentration in the PDMS below 1%. Two milliliters

of liquid PDMS was used as sample volume. An amount of 50 g

of dry wood was first spiked by soaking it in an acetone solution

and afterward rinsing twice with distilled water. The mass of wood

was approximately 0.5 g dw per sample. The contaminated soil

was suspended in MilliQ water containing 600 mg of sodium

azide/L, and each vial contained approximately 7 g dw.

Series were obtained in both static and shaken sampling

modes. The sampling times ranged from 0.25 to 100 min, and

each vial was only sampled once. Peak area (PA) as a function of

sampling time (t (min)) was fitted, using GraphPad Prism,24 to a

first-order one-compartment model:

where k is a sampling rate constant (min-1) and PAeq is peak area

at equilibrium. The sampling time to reach 90% of the equilibrium

concentration (t90%) was estimated from

Diffusion coefficients of the analytes in air were estimated by

SPARC.8,25

Determining the Required Sample Mass. The required

sample mass to ensure negligible depletion was determined for

dry wood and soil. Series were obtained with 0.06-2 g of spiked

dry wood and with 0.04-8.9 g dw of soil. Each vial was sampled

statically for 30 min and only once.

(22) Ter Laak, T. L.; Mayer, P.; Busser, F. J. M.; Klamer, H. J. C.; Hermens, J.

L. M. Environ. Sci. Technol. 2005, 39, 4220-4225.
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Peak area (PA) as a function of sample mass (m (g dw)) was,

in analogy with eq 7, described by

where km is a mass rate constant (g dw-1) and PAm∞ is the peak

area at infinite sample mass. The two parameters were found by

plotting peak area as a function of sample mass using GraphPad

Prism.24 Negligible depletion was achieved when the reduction

of peak area due to losses to headspace, inner vial surfaces, and

the SPME was less than 5%.21 The sample mass needed to

ascertain this was deduced from eq 9:

where m95% (g dw) is the sample mass required to ensure

negligible depletion sampling.

New Calibration Principle. The method was calibrated by

equilibrating the SPME fiber above solvent standards with known

chemical activities. Preliminary experiments demonstrated metha-

nol to be a suitable solvent because (1) it provides sufficiently

high solubility for the target analytes and (2) the uptake of

methanol into the PDMS coating of the fiber is limited compared

to that of other less polar solvents. The uptake of methanol and

other solvents into PDMS was determined gravimetrically by

placing a medical grade PDMS tubing (A-M Systems Inc.,

Carlsborg, WA) into the appropriate solvent. The tubing absorbed

only 1.5 wt % methanol, an amount that does not affect the sorptive

properties of the PDMS.26 For comparison, the PDMS tubing

absorbed 5.5 wt % of octanol, 136 wt % of toluene, and 129 wt % of

pentane.

A six-point calibration series was prepared by diluting appropri-

ate methanol stock solutions to achieve final chemical activities

in the range from 10-6 to 10-1 per analyte. Volumes of 2 mL of

standard solutions were transferred to 10 mL vials and sampled

statically for 30 min. Activity coefficients were determined with

SPARC8 and then converted from nMeOH/nanalyte (mol/mol) to

VMeOH/manalyte (L/kg).

Determining Method Detection Limits and Precision.

Method detection limits (MDLs) were determined in order to find

the lower applicability range for measurements of chemical

activity, fugacity, and freely dissolved concentration. Seven

replicates of the two lowest standard solutions were analyzed for

MDL determinations.27

Relative standard deviations (RSDs) for a number of sample

types were determined in order to find the method precision for

both kinetic and equilibrium sampling. For this purpose 10 mL

vials containing samples of liquid PDMS (2 mL), soil (7 g dw),

and NAPL (2 mL) were used. The RSDs were determined from

seven replicates and, for liquid PDMS, during two different weeks.

Liquid PDMS was spiked with a methanol stock solution keeping

the methanol concentration in the PDMS below 1%. Each vial was

sampled statically for 30 min and only once. Additionally, two sets

of seven vials containing a liquid PDMS solution were sampled

statically for 1 min.

RESULTS AND DISCUSSION
KPDMS,air Determination. PDMS to air distribution constants

(KPDMS,air) were determined in order to understand the analyte

partitioning inside the vial. The distribution constants were found

as described above by fitting SPME measurements of a series of

increasing air to PDMS volume ratios to eq 6, which is exemplified

for benzene in Figure 1. This was repeated with three different

solutions of liquid PDMS; the results are shown in Table 1.

KPDMS,air values obtained from PDMS solution nos. 2 and 3 were

more precise than those obtained from PDMS solution no. 1, so

they were used for further method analysis. The KPDMS,air estimate

for naphthalene was markedly lower at the spiking level of 1 g/L

(PDMS solution no. 3) compared to the spiking level of 18 mg/L

(PDMS solution no. 2). The obtained KPDMS,air value of naphthalene

will be applied at analyte levels that are markedly lower than for

solution no. 3, so we selected the value obtained from solution

no. 2 for further method analysis.

The obtained KPDMS,air values were plotted against log Koa values

in Figure 2, which also includes KPDMS,air values from previous

studies.28-30 The experimental KPDMS,air values (log KPDMS,air ) 0.73

log Koa + 0.63) agreed well with the reported values that were

obtained with PDMS-coated SPME fibers and GC columns (all

(26) Gill, K.; Brown, W. A. Anal. Chem. 2002, 74, 1031-1037.

(27) U.S. Environmental Protection Agency. Part 136, Appendix B, Revision 1.11,

40 CFR, Definition and procedure for the determination of the method

detection limit. http://www.setonresourcecenter.com/CFR/40CFR/P136_

008.HTM (accessed May 1, 2006).

Figure 1. KPDMS,air ((95% CI) determination data. The peak area is

plotted against the volume ratio for benzene including nonlinear

regression (eq 6).

Table 1. KPDMS,air Determined from Three Different

PDMS Solutionsa

KPDMS,air ((95% CI)

compd PDMS 1 PDMS 2 PDMS 3

benzene 356 ((35) 335 ((51) ND
toluene 969 ((127) 974 ((71)
ethylbenzene 2114 ((246) 2307 ((145)
p-xylene 2348 ((273) 2533 ((143)
m-xylene 2398 ((254) 2663 ((142)
o-xylene 2717 ((240) 3245 ((224)
naphthalene ND 24 923 ((3857) 16 762 ((2283)
nonane 3792 ((487) ND 3475 ((293)
decane 7742 ((1455) 7913 ((735)
dodecane ND 33 508 ((6006)
tetradecane ND 104 689 ((38 248)
hexadecane ND ND

a Generally PDMS 2 and 3 gave the best precision, so these values
were used for further method analysis. ND: not determined. All values
from regressions with r2 > 0.9, r2

average ((95% CI) ) 0.99 ((0.01).

PA(m) ) PAm∞ (1 - e-kmm) (9)

m95% )
ln 20

km

(10)
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data combined: log KPDMS,air ) 0.82 log Koa + 0.32). The results

indicate that KPDMS,air values determined with liquid PDMS can

also be applied to describe the partitioning behavior of the SPME

fiber coating.

SPME Sampling Kinetics. SPME sampling kinetics were

determined for different sample matrices in both static and shaken

mode (Table 2). The sampling rates were on average 36% higher

in the shaken compared to the static mode. This can be explained

by the higher temperature in the shaken mode, which leads to

an increase in both diffusion coefficients and headspace concen-

trations of the analytes. Static sampling was chosen for all further

analyses because it is considered more robust with regards to

evaporative losses and because it offers more flexibility for

sampling at environmentally relevant temperatures. A sampling

time of 30 min was, from SPME uptake curves, found to be

sufficient to reach equilibrium for all analytes (examples are shown

in Figure 3a). The application of sampling rate constants from

Table 2 in eq 8 confirms this for all tested analytes except for

tetradecane and hexadecane. Consequently, the sampling time

was set to 30 min, and tetradecane and hexadecane were omitted

from all further analysis.

The applicability of the described method to a broad range of

sample types requires that the SPME sampling kinetics are

relatively similar for different sample matrices. Fortunately, no

significant effect of sample matrix on the sampling rate constants

(Table 2) was observed, which is evidenced in Figure 4a. The

analyte quantity that eventually partitions into the fiber coating

exceeds for some analytes the quantity that is present in the

headspace. This implies that a portion of such analytes actually

originates from the sample rather than the headspace. Still, this

did not affect the sampling kinetics (Figure 4a) because of the

large surface between sample and headspace, which provides

efficient mass transfer conditions for supply from sample to

headspace. However, there might be sample types that provide

insufficient desorption to headspace, and the system should then

be carefully designed to ensure that the headspace to fiber coating

volume ratio is sufficient to ensure negligible depletion, < 5%, of

the headspace during equilibration.

The decrease of sampling rate constants with increasing

KPDMS,air values in Figure 4a suggests that diffusion through air is

rate limiting for the overall mass transfer into the SPME fiber

coating. The rate-limiting step can either be the headspace

between fiber and sample or an unstirred boundary layer (UBL)

next to the fiber coating. The UBL has been found rate limiting

in similar aqueous systems,29,31 but care should be taken to

extrapolate this finding to headspace sampling due to the much

higher diffusion coefficients in air compared to those in water.

Figure 2. KPDMS,air value comparison with literature values: log

KPDMS,air from three different studies (refs 28-30) and the current one

versus log Koa (refs 8 and 9).

Table 2. Values of the Rate Constant k for Different Matrices, Static and Shaken SPME Samplings

kstatic (min-1) ((95% CI) kshaken (min-1) ((95% CI)

compd PDMS dry wood soil PDMS dry wood

benzene 3.20 ((1.14) 2.84 ((1.71) 4.26 ((2.48) 4.45 ((1.82) 3.36 ((1.26)
toluene 2.53 ((1.04) 2.33 ((1.02) 3.03 ((1.15) 3.23 ((1.31) 2.78 ((1.22)
ethylbenzene 1.50 ((0.62) 1.51 ((0.51) 2.06 ((0.65) 1.98 ((0.62) 1.94 ((1.01)
p-xylene 1.57 ((0.71) ND 2.25 ((0.61) 2.14 ((0.69) ND
m-xylene 1.42 ((0.65) 1.44 ((0.47) 1.92 ((0.52) 1.92 ((0.61) 1.87 ((1.02)
o-xylene 1.11 ((0.51) 1.20 ((0.37) 1.59 ((0.43) 1.53 ((0.46) 1.56 ((0.83)
naphthalene 0.15 ((0.05) 0.17 ((0.05) 0.08 ((0.05) 0.28 ((0.09) 0.19 ((0.08)
nonane 0.90 ((0.41) ND ND 1.30 ((0.36) ND
decane 0.39 ((0.16) ND ND 0.65 ((0.20) ND
dodecane 0.063 ((0.023) ND ND 0.11 ((0.06) ND
tetradecane 0.018 ((0.002) ND ND 0.016 ((0.007) ND
hexadecane ND ND ND ND ND

Figure 3. (a) SPME sampling kinetics from liquid PDMS samples

under static conditions. The peak area is plotted against the SPME

sampling time and fitted to eq 7. (b) Determination of required sample

mass. The peak area is plotted against the mass of dry wood and

fitted to eq 9.
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Equilibration times (log t90%) were plotted against the ratio

between KPDMS,air and the diffusion coefficient in air (log(KPDMS,air/

Da)) in Figure 4b. Proportionality, indicated by a slope of 1 in a

double-logarithmic plot, confirms that the uptake kinetics are

directly related to the volume of air to be sampled (proportional

to KPDMS,air) relative to the diffusion velocity of the analytes through

air (Da (cm2/s)). For analytes with a log(KPDMS,air/Da) above 4,

t90% and KPDMS,air/Da are indeed proportional (log(t90% (min)) )

log((KPDMS,air/Da) (s/cm2)) - 4.2), and so diffusion through air is

the rate-limiting step for mass transfer into the fiber coating. The

linear regression can now be used to predict t90% of other potential

analytes in order to determine the applicability domain of the

method. One way to accelerate the uptake kinetics and in that

way extend the application range to less volatile analytes would

be to use an SPME fiber with a thinner polymer coating.14,32

For benzene with a log(KPDMS,air/Da) below 4 diffusion in the

PDMS coating seems to be rate limiting for the overall mass

transfer, and the equilibration time for such substances can be

expected to be of the order of 1 min.

Determining the Required Sample Mass. The sample mass

needs to be sufficiently large to ensure that the sample is not

depleted by (1) the fiber or (2) the headspace. The first criterion

will always be fulfilled for samples with a certain organic matter

content, due to the minute PDMS mass of only 0.6 mg on the

SPME fiber. The second criterion will depend on the analyte and

will be most restrictive for rather volatile analytes with a low

sample to air distribution constant (Ksample,air) giving the criterion

Ksample,air > 20Vheadspace/Vsample. Benzene is expected to have the

lowest Ksample,air value (see Table 1), and so it is the most critical

analyte with regards to criterion 2. Both criteria are fulfilled when

analyte peak area is independent of sample mass (i.e., above m95%).

Peak area as a function of sample mass is seen in Figure 3b.

Values for m95% were determined using eq 10 for both dry wood

and soil (Table 3), and they were very similar for different sample

types when normalized to organic matter content. The m95% value

for benzene was determined to be 1.0 g of organic matter, and

m95% values for all other analytes were, as expected, below this

value. Samples with an organic matter content g1 g will thus

satisfy both criteria for all tested analytes. This guideline can be

utilized to simplify sample handling. It will generally be sufficient

to mark the level of 1.2m95% on the side of a sample vial and to

use this mark for the other samples. Such a procedure not only

saves time but also reduces the contact between sample and

laboratory, which in turn might improve blanks and will reduce

potential occupational exposure to harmful constituents (e.g.,

pathogenic bacteria or toxic chemicals) of the sample. Simplified

sample handling should also improve reproducibility in analyses

of field samples.

MDL Determination. Method detection limits (MDLs) were

determined using the standard deviation of the lowest standards,

except for naphthalene which in the absence of sufficient peak

areas at the lowest level was based on the second lowest

standards. MDLs expressed in chemical activity, freely dissolved

concentration, and fugacity are presented in Table 4. MDLs

expressed in chemical activity were in a narrow range around 10-6

and the six-point calibration yielded linear regressions for all

analytes with r2 values exceeding 0.996. This means that the

method can determine chemical activity from 0.1 down to about

6 orders of magnitude below liquid saturation (a ) 1) and 4 orders

of magnitude below baseline toxicity (a ) 0.01-0.1).7 MDLs

expressed as freely dissolved concentration (Cfree) decreased with

increasing hydrophobicity and ranged from 6 µg/L for benzene

to 36 pg/L for dodecane. MDLs expressed as fugacity increased

with increasing volatility in the range of 0.3-38 mPa. All MDLs

correspond to 0.2-0.7 ng of analyte reaching the detector, and

the detection limits can as a result be markedly reduced when

using a more sensitive detector.

Method Precision. Method precision was determined as

RSDs between SPME samplings of replicate samples. Conse-(28) Kloskowski, A.; Chrzanowski, W.; Pilarczyk, M.; Namiesnik, J. J. Chem.

Thermodyn. 2005, 37, 21-29.

(29) Dewulf, J.; VanLangenhove, H.; Everaert, M. J. Chromatogr., A 1997, 761,

205-217.

(30) Martos, P. A.; Saraullo, A.; Pawliszyn, J. Anal. Chem. 1997, 69, 402-408.

(31) Louch, D.; Motlagh, S.; Pawliszyn, J. Anal. Chem. 1992, 64, 1187-1199.

(32) Mayer, P.; Tolls, J.; Hermens, L.; Mackay, D. Environ. Sci. Technol. 2003,

37, 184A-191A.

Figure 4. SPME sampling kinetics for 11 different analytes. (a)

Sampling rate constants (log k) for analytes in liquid PDMS, dry wood,

and soil are plotted against log KPDMS,air. The bars denote the SE. (b)

Proportionality between sampling time to reach 90% of equilibrium,

t90%, and KPDMS,air/Da. Analytes included in the regression are toluene,

ethylbenzene, p-, m-, and o-xylene, naphthalene, nonane, decane,

dodecane, and tetradecane. The dotted line is tentative for analytes

with KPDMS,air/Da < 104.

Table 3. Organic Matter Content Needed to Ensure

Negligible Depletion of Soil and Wood Samples (Eq 10)

Depends on the Analyte

m95% (g dw) (95% CI)

compd dry wood soil org matter

benzene 0.99 (0.82-1.3) 1.03 (0.72-1.8)
toluene 0.64 (0.49-0.93) 0.72 (0.44-1.9)
ethylbenzene 0.43 (0.3-0.76) 0.37 (0.24-0.83)
p-xylene ND 0.32 (0.21-0.71)
m-xylene 0.39 (0.27-0.74) 0.33 (0.21-0.75)
o-xylene 0.31 (0.2-0.66) 0.29 (0.18-0.67)
naphthalene 0.11 (0.08-0.24) 0.15 (0.06-0.32)
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quently, these RSDs include error sources related to differences

between subsamples, between SPME samplings, and between GC

runs. RSDs were generally below 5% for equilibrium sampling of

liquid PDMS, and measurement averages of the 2 weeks differed

generally less than 9% from each other. This demonstrates the

high precision of automated SPME that has been achieved

through the control and automation of the sampling process.

The RSDs for NAPL and polluted soil were significantly higher,

which might be attributed to sample heterogeneity leading to

differences in subsamples. RSDs were below 20% for NAPL and

below 25% for soil. In soil it was lowest for o-xylene with 16% and

highest for benzene with 24%. These RSDs are slightly higher or

comparable to other studies of BTEX determinations of spiked

soil. Voice and Kolb33 found RSDs between 5% and 36% with

headspace analysis, Ezquerro et al.34 noted values of around 15%

with headspace SPME using a carboxen-PDMS fiber, and

Llompart et al.35 reported values between 4% and 10% with

headspace SPME using a PDMS fiber. The higher RSDs in this

study might be explained by the higher heterogeneity of the

analyzed soil. The soil samples used here were not spiked but

had been polluted with a NAPL source in a previous study, and

except for adding an aqueous solution of sodium azide and rolling

the soil suspension for a few hours, no additional steps to

homogenize the soil were taken.

RSDs were also determined in the kinetic regime at a sampling

time of only 1 min, where most of the analytes did not reach their

equilibrium. RSDs for each analyte were then plotted against its

progress of equilibration (in percent of equilibrium) as reported

earlier20 (Figure 5). The RSDs in the kinetic sampling regime was

generally below or around 5% and somewhat higher for analytes

which reached less than 20% of their equilibrium during sampling.

This result is in contrast to reported RSDs for manual matrix-

SPME measurements of sediment, which provided good precision

only under equilibrium conditions.20 The improved precision in

the kinetic regime can be attributed to the fully automated and

highly controlled SPME operation in combination with diffusion

through air being the rate-limiting step. This combination has the

significant implication that chemical activity also should be

measurable in the kinetic sampling regime. This finding can

increase the applicability range to less volatile analytes such as

PAHs, PCBs, and dioxins, which have equilibrium times that are

too long to be suited for automated equilibrium sampling. This

deserves further research.

Extension to Other Analytes. The current method is based

on 30 min of SPME sampling with a 100 µm PDMS fiber in a 10

mL vial containing at least 1 g of organic matter as the sample

matrix. This sets, in terms of distribution constants for analytes,

a lower limit determined by negligible sample depletion and a

higher limit determined by sampling time. The criterion for

negligible sample depletion by headspace requires a sample to

air partitioning (Ksample,air) equal to or higher than the one for

benzene. To give an estimate of this lower applicability limit set

by negligible sample depletion, we have here used the KPDMS,air

value (Table 1) as a rough estimate for Ksample,air. The higher limit

set by the equilibration criterion (100 µm PDMS fiber, 30 min)

requires a KPDMS,air/Da below 585 000 s/cm2 (Figure 4b).

Based on these two criteria, we expect the method to be

applicable to, e.g., alkylated benzenes up to C11, paraffins from

C7 to C11, chlorinated solvents like PCE and TCE, and some

minor oil constituents like thiophene, pyridine, pyrimidine, pyrrole,

benzofuran, indene, indane, and tetraline. The method should

further be applicable to a number of chemical warfare agents.

These include the nerve agents tabun, sarin, and soman, the blister

agents sulfur and nitrogen mustard, and the choking agents

diphosgene and chloropicrin. The proposed analytical technique

seems very suited for such highly hazardous chemicals due to

the reduced contact between sample and laboratory personnel.

Conclusions and Perspectives. This study demonstrates that

automated headspace SPME can be applied to measure the

chemical activity of semivolatile organic chemicals. We expect that

this new analytical methodology will facilitate (1) risk assessment

and risk management of organic pollutants, (2) reduction of

solvent usage in the analytical laboratory, (3) prediction of

equilibrium partitioning phenomena, and (4) the study of diffusion

processes that always are directed from high to low chemical

activity.
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ABSTRACT.  16 
17 

Contaminants may enter vegetables by several pathways: by uptake with pore water, by 18 
diffusion from soil or air, by deposition of soil or airborne particles, or by direct 19 
application. The contaminant-specific and plant-specific properties that determine the 20 
importance of the pathways are described in this Chapter. A variety of models have been 21 
developed, specific for crop types and with steady state or dynamic solutions. Model 22 
simulations can identify sensitive properties and relevant processes. Plant uptake 23 
predictions are uncertain, due to the variability of environmental and plant physiological 24 
conditions. Persistent, polar and non-volatile contaminants have the highest potential for 25 
accumulation from soil, and concentrations in leaves may be several hundred times 26 
higher than in soil. However, for most contaminants the accumulation in vegetables is 27 
much lower. Lipophilic contaminants are mainly transported to leaves by attached soil 28 
particles, or from air. Volatile contaminants have a low potential for accumulation 29 
because they quickly escape to air. Experimental data are listed that support model 30 
predictions but underline also the high variability of accumulation under field conditions. 31 
Uptake of organic contaminants into vegetables leads to human health risks, but it may 32 
also be used to delineate subsurface plumes and monitor natural attenuation. Most models 33 
mentioned in this Chapter are freely available from the authors.  34 

35 
36 
37 
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9.1 Introduction 38 
39 

Residues of contaminants in fruits and vegetables are a major concern of European 40 
citizens (EFSA 2006). In fact, uptake via diet is often a major contribution to human 41 
exposure to contaminants (Travis and Hattemer-Frey 1991, SCF 2002a). Contaminants 42 
released to the soil environment may distribute between soil pore water, soil air and soil. 43 
From there, they may be taken up into vegetables and subsequently accumulate in the 44 
human food chain (Czub and McLachlan 2004) and affect the health of humans. 45 
Consequently, uptake of contaminants into vegetables is an essential part of many 46 
exposure models, for example CSOIL (Brand et al. 2007), CLEA (DEFRA 2002) and 47 
EUSES (EC 2003).  48 
About 20,000 plant species are used by the human race, and about 600 species are 49 
cultivated (Franke 1987). Additionally, about 250,000 wild plants grow on earth (Sitte et 50 
al. 1991). Thus, there is a large variability in plant properties. Also the growth conditions 51 
vary, depending on soil type, soil properties, climatic conditions and agricultural practice. 52 
Similar, the number of organic contaminants is very high. More than 5 million 53 
compounds have been synthesized. Around 30,000 compounds are marketed in Europe, 54 
and contaminants released to the environment may also be metabolized. Thus, from a 55 
researcher’s point of view, the number of possible combinations of plant species and 56 
contaminants is close to infinite. And even though many studies have been done on plant 57 
uptake of organic contaminants, this number is small compared to the total number of 58 
plant species and contaminant combinations. Therefore, we have only limited knowledge 59 
of the transfer of contaminants into vegetables, even though general patterns are known 60 
and process-oriented models have been established. 61 
This Chapter will give an overview of uptake processes of organic contaminants from soil 62 
into plants, on prediction methods and on experimental results. Model simulations will be 63 
carried out to identify the chemical properties that control the accumulation in food crops. 64 
These predictions will be confronted with experimental results, in order to determine the 65 
potential of soil contaminants for accumulation in food crops.  66 

67 
68 

9.2 Uptake and transport processes69 
70 

Contaminants in the environment can enter plants by various ways (Fig. 9.1). Main 71 
passive transport and uptake processes from soil are:  72 
• uptake with transpiration water;  73 
• diffusion from soil into roots;  74 
• attachment of soil particles, eventually followed by diffusion into plant tissue; 75 

76 
However, contaminants can also be present in air. Main uptake processes from air are: 77 
• diffusive (gaseous) exchange with air; 78 
• particle deposition from air on plant surfaces followed by diffusion into plant tissue. 79 

80 
Inside the plant, the phloem and xylem flux may distribute the contaminants. The xylem 81 
flows from the roots into the stem to the leaves and, to some extent, to fruits. The phloem 82 
flows from the leaves to all growing parts of the plant and to fruits and storage organs, 83 
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such as tubers. The relative importance of these processes varies with plant type, 84 
environmental conditions and properties of contaminants. Active uptake processes, which 85 
involve energy or enzymes of the plant, may also play a role, but have not yet been 86 
shown to be of relevance for environmental organic contaminants.  87 

88 
<Figure 9.1> 89 

90 
91 

9.3 Interpretation of measured results92 
93 

Laboratory and field experiments are conducted to determine the uptake of contaminants 94 
from soil into plants. Measurements of the concentrations in plants and the concentrations 95 
in soil will often (but not always) yield a relationship, such as the "bioconcentration 96 
factor" BCF, which is defined as  97 

98 

Soil

Plant

C

C
BCF =          (Eq. 9.1) 99 

100 
where CPlant is the concentration in plants and CSoil is the concentration in soil. 101 

102 
103 

Care must be taken when this BCF definition is applied to cases where a measurable 104 
background concentration in plants is present. Because then, for low soil concentration 105 
(CSoil � 0), the concentration ratio BCF can be very high (CPlant/CSoil � �). For higher 106 
soil concentrations, however, the BCF decreases and approaches a constant value. This 107 
pattern was occasionally interpreted as a variable BCF with soil concentration, i.e. a 108 
decreasing BCF with increasing soil concentration. A "real-world" example, the ratio 109 
between the measured concentration of p,p'-DDT in radishes and in soil, is shown in Fig. 110 
9.2. The concentration ratio is much higher at low soil concentrations, and decreases 111 
more than a factor of 5 for higher soil concentrations. A plausible explanation for this 112 
pattern is that plants have a limited sorption capacity for organic contaminants, which 113 
becomes saturated at higher soil concentrations. However, a more likely interpretation is 114 
that the uptake into plants is from two different and independent sources, namely from 115 
soil and from air. When soil concentrations are very low there still is a background 116 
contamination of the plant tissue originating from air.  117 
Instead of simply calculating the concentration ratio plant to soil, the relationship 118 
between concentrations in plant and soil can be quantified by a linear regression between 119 
both (if measurements at different concentration levels are available). The slope of the 120 
regression between soil concentration as predictor variable and plant concentration as 121 
estimated variable can be interpreted as the BCF plant to soil (in case of roots as root 122 
concentration factor, RCF), while the y-axis-intercept can be interpreted as the 123 
background concentration due to uptake from air. In mathematical notation the regression 124 
equation is as follows:  125 

126 
y = a x + b          (Eq. 9.2) 127 

128 
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where slope a and intercept b is interpreted as follows: 129 
130 

CPlant = BCF x CSoil + CBackground       (Eq. 9.3) 131 
132 
133 

Where CBackground is the background concentration due to uptake from air 134 
135 
136 

This method has several advantages:  137 
• all measured values contribute to the calculated BCF; 138 
• variations in the measured concentrations are adequately considered; 139 
• the y-axis gives the concentration in plant due to the (constant) concentration in air; 140 
• the square of the correlation coefficient (R2) describes how much of the variance in 141 

the measured concentration in plants is explained by the variance of the 142 
concentrations in soil. 143 

In case of an insignificant correlation, the concentration in plant is not dependent on the 144 
concentration in soil.  145 

146 
An example is shown in Fig. 9.3. It shows the same situation as Fig. 9.2. But in Fig. 9.2, 147 
the "BCF" was derived from the concentration ratio (Eq. 9.1), which decrease from 0.94 148 
to 0.17 (mg kgdw

-1 : mg kgdw
-1) with increasing soil concentration. In Fig. 9.3, the slope of 149 

the regression curve, i.e. the value 0.17, is the BCF derived from all measured values 150 
minus the background concentration in air. The BCF is statistically highly significant. R2151 
is 98%, which means that the increase of the concentrations in plant can be explained 152 
almost completely by the increase of the concentration in soil.  153 

154 
155 

<Figure 9.2> <Figure 9.3> 156 
157 
158 

9.4 Prediction methods for uptake of contaminants into vegetables159 
160 

This section describes prediction methods for the uptake of contaminants into vegetables.   161 
162 
163 

9.4.1 Empirical methods  164 
165 

A common way to predict complex processes is to use empirical models. Regressions 166 
were established for the prediction of the uptake of organic contaminants from soil into 167 
plants. 168 

169 
9.4.1.1 The regression of Travis and Arms 170 
A frequently applied regression for the uptake of organic contaminants from soil into 171 
above-ground plants stems from Travis and Arms (1988):  172 

173 

OWv KB log578.0588.1log ×−=        (Eq.4) 174 
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175 
176 

where Bv is the bioconcentration factor vegetation to soil (kg kgdw
-1) and KOW is the 177 

partition coefficient between n-octanol and water (L L-1). The curve was fitted with 29 178 
data in the range 1.15 � log KOW � 9.35. A limitation of the regression is that only uptake 179 
from soil is considered, and the impact of air remains unknown.  180 

181 
9.4.1.2 Equilibrium partitioning to soil and root  182 
The concentration ratio between root and aqueous solution in phase equilibrium was 183 
named root concentration factor RCF (Shone et al. 1974): 184 

185 

)mL(mg

)g (mg
1-

-1

 solutionin ionConcentrat

rootin ionConcentrat
RCF =       (Eq.5) 186 

   187 
188 

The most widely applied regression for the RCF is from Briggs et al. (1982). It has been 189 
fitted to data derived from experiments with macerated barley roots and mainly 190 
phenylureas. For neutral organic chemicals, the relation between lipophilicity (expressed 191 
as log KOW) and sorption to roots was:  192 

193 
log (RCF - 0.82) = 0.77 log KOW - 1.52   (n = 7, r = 0.981)  (Eq.6) 194 

195 
196 

The dependency on the log KOW is explained by lipophilic sorption of the contaminants to 197 
plant lipids. The value of 0.82 was interpreted as water content of the roots. A similar 198 
result was obtained for cut pieces of bean roots and stems for N-methyl-arylcarbamates199 
(Trapp and Pussemier 1991):  200 

201 
log (RCF - 0.85) = 0.557 log KOW - 1.34    (n=12, r = 0.96)  (Eq.7) 202 

203 
204 

This equation gives lower root concentration factors for lipophilic contaminants (Fig. 205 
9.4). Both RCF-regressions describe partitioning to water. But roots typically grow in 206 
soil. The sorption of organic contaminants to soil is related to the organic carbon content, 207 
OC. Many regressions for the sorption to soil organic carbon, KOC (L kg-1), were 208 
established, for example (EC 2003) 209 

210 
log KOC = 0.81 log KOW + 0.1         (Eq.8) 211 

212 
213 

For the concentration ratio between soil pore water and bulk soil, KWS (kg L-1) follows 214 
215 

 

+××
==

dryOC

wet

Soil

W
WS

�KOC

�

C

C
K         (Eq.9) 216 

217 
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where OC is the fraction of organic carbon in soil (kg kg-1) and W is the soil pore water 218 
content (L kg-1). Multiplication of RCF with KWS gives the equilibrium concentration 219 
ratio roots to soil.  220 

221 
Both RCF-regressions (Eqs. 9.6 and 9.7), the experimental data of Briggs et al. (1982) 222 
and the concentration ratio between bulk soil and soil pore water, KSW (=1/KWS), for a 223 
typical soil (OC = 0.025 kg/kg and W = 0.2 L/kg) are plotted in Fig. 9.4. For low KOW224 
values RCF is higher than KSW, due to the higher water content of roots. For higher KOW225 
values Briggs' RCF regression and the KSW equation yield very similar results. This 226 
suggests that the sorption capacity of roots equals that of soil. This makes sense, because 227 
the content of organic carbon in soil (in this case 2.5%) is similar to the lipid content of 228 
roots (about 2 to 3%, including waxes and lignin), and the slope of the log KOW in the 229 
regressions is similar (0.81 for KOC in Eq. 9.8 and 0.77 for RCF in Eq. 9.6).  230 

231 
<Figure 9.4> 232 

233 
9.4.1.3 Sorption to stems and leaves  234 
Briggs et al. (1983) also measured the sorption to macerated barley stems, SXCF, and 235 
again found a relation with the log KOW of the contaminants, as follows:  236 

237 
238 

log (SXCF - 0.82) = 0.95 log KOW - 2.05      (n = 8, r = 0.98) (Eq.10) 239 
240 
241 

Trapp et al. (1994) interpreted the data as equilibrium partition coefficients between plant 242 
tissue and water, KPW, and introduced the general equation:  243 

244 
245 

KPW = W + L a KOW
b        (Eq.11) 246 

247 
where W and L are water and lipid content of the plant, 'b' is a correction factor for 248 
differences between solubility in octanol and sorption to plant lipids (in the regressions of 249 
Briggs et al. ‘b’ was 0.77 for roots and 0.95 for leaves), and 'a' is a factor correcting 250 
density differences between water and n-octanol (1/ρ of octanol = 1.22 L kg-1). When 251 
parameterized accordingly this equilibrium approach gives the same results for roots as 252 
the Briggs RCF-regression. Stems and leaves are in contact with air. The sorption 253 
equilibrium of contaminants between leaves and air can be described as follows:   254 

255 
256 

KLA = CL / CA = KLW / KAW       (Eq.12) 257 
258 

where KLA is the partition coefficient between leaves and air (L kg-1) and KAW (L L-1) is 259 
the partition coefficient between air and water (also known as the dimensionless Henry's 260 
Law constant). Instead of dividing by KAW, KLA was often directly fitted to KOA, i.e. the 261 
partition coefficient between octanol and air (e.g., Kömp and McLachlan 1997).   262 

263 
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9.4.1.4 Translocation from roots into stem and leaves 264 
Translocation of contaminants from roots into stems in the xylem is often described by 265 
the transpiration stream concentration factor TSCF (Shone et al. 1974):  266 

267 
268 

   Concentration in xylem sap (kg m-3) 269 
TSCF = ——————————————     (Eq.13) 270 

   Concentration in solution (kg m-3)  271 
272 
273 

Briggs et al. (1982) fitted a Gaussian optimum curve to their data:  274 
  275 

276 
TSCF = 0.784 exp[-(log KOW-1.78)2/2.44]     (Eq.14) 277 

278 
279 

Later experiments by other research groups yielded similar results (Sicbaldi et al. 1997, 280 
Hsu et al. 1990), Burken and Schnoor 1998), e.g.:  281 

282 
283 

TSCF = 0.756 exp [-(log KOW - 2.50)2 / 2.58]     (Eq.15) 284 
285 
286 

9.4.2 Mechanistic models 287 
288 

Donald Mackay was the driving force behind the development of plant uptake models. 289 
The first author of this Chapter met him at the University of Bayreuth in 1986, where 290 
Mackay encouraged his audience to develop models for the plant uptake of organic 291 
contaminants. Indeed, this resulted in a plant uptake model for organic contaminants 292 
(Trapp et al. 1990). Mackay and his team also developed some of the early models for 293 
this purpose, formulated in the fugacity approach (Paterson et al. 1994). The models were 294 
later simplified by Hung and Mackay (1997) to three mass balance equations and solved 295 
numerically. At about the same time, the numerical model PlantX was developed (Trapp 296 
et al. 1994). Later, crop-specific models were derived, i.e. specific models for roots 297 
(Trapp 2002), potatoes (Trapp et al. 2007a), leaves (Trapp and Matthies 1995) and fruits 298 
(Trapp 2007). These models are based on the same physico-chemical principles and 299 
describe the same basic processes, such as advective uptake into plants, diffusive uptake, 300 
chemical equilibrium, transport in xylem and phloem, dilution by growth, and particle 301 
deposition from soil and air. The actually occurring processes and their parameterization 302 
depend on the type of crop (Fig. 9.5). For electrolytes, such as acids and bases, very 303 
different approaches were developed. Examples of such models are the phloem transport 304 
model by Kleier (1988), the model relating to pesticide spray application by Satchivi 305 
(2000 ab) and the "cell model" by Trapp (2000, 2004).  306 

307 
<Figure 9.5> 308 

309 
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9.4.3 A "simple standard model" 310 
311 

A plant uptake model should consider both uptake from soil and air into plants. A 312 
relatively simple model includes the compartments soil, roots and leaves (or fruits) and 313 
the processes: 314 
• continuous and pulse input to all compartments (soil, roots and leaves);  315 
• degradation, leaching, run-off and plant uptake, resulting in loss from soil; 316 
• uptake into roots with the transpiration water;  317 
• growth dilution, degradation and metabolism in roots; 318 
• translocation from roots to leaves (or fruits) with the transpiration water; 319 
• loss from leaves to air; 320 
• deposition from air to leaves; 321 
• transport to leaves with attached soil; 322 
• growth dilution, degradation and metabolism in leaves. 323 

324 
9.4.3.1 Mass balance  325 
The mass balance for soil can be described as follows:  326 
Change of contaminant mass in soil is deposition from air minus leaching minus run-off 327 
minus uptake into roots.   328 

329 
The mass balance for roots (thick roots, such as carrots) can be described as follows:  330 
Change of contaminant mass in roots is influx with water minus outflux with water. 331 
Diffusive uptake is not considered, since it usually only makes a small change in the 332 
concentration in roots. Also, it is assumed that the root (e.g., a carrot) is peeled before 333 
consumption. Hydrophobic contaminants only reach the peel of the root by diffusion. 334 
This results in the following equation:  335 

336 
337 

XyW
R CQCQ

dt

dm
×−×=        (Eq.16)338 

339 
where mR is the mass of contaminant in roots (mg), Q is the transpiration stream (L d-1), 340 
CW is the concentration in soil pore water (mg L-1) and CXy is the concentration in the 341 
xylem at the outflow of the root (mg L-1). If the xylem sap is in equilibrium with the root, 342 
the concentration CXy = CR/KRW. The concentration in soil pore water, CW, is KWS x CS. 343 
Substituting these expressions in Eq.16 gives the following equation: 344 

345 
346 

R

RW

SWS
RR C

K

Q
CKQ

dt

dm

dt

MCd
×−××==

× )(
    (Eq.17)347 

348 
If plant mass growth is exponential, and the ratio Q/M (transpiration stream to plant 349 
mass) is constant, the growth by exponential dilution can be considered by a first-order 350 
growth rate k (d-1). If degradation or metabolism (first order) occurs, the rate k is the sum 351 
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of the loss processes and the growth dilution. The concentration in roots results by 352 
dividing with the mass of the root M: 353 

354 
355 

RR

RW

SWS
R CkC

KM

Q
CK

M

Q

dt

dC
×−×

×
−××=     (Eq.18) 356 

357 
358 

The mass balance for leaves (or, better: for above-ground plant parts) is: 359 
Change of contaminant mass in leaves is influx with transpiration water plus gaseous and 360 
particulate deposition from air minus diffusion to air. This results in the following 361 
equation:  362 

363 
364 

L

LA

AP

dep

APR

RW

L C
K

gA
Cf

vA
CfgAC

K

Q

dt

dm
×

××
−××

×
+×−××+=

ρ

2
)1(  (Eq.19)365 

366 
where A is leaf area (m2), g is the conductance of leaves (m s-1), ρ is leaf density (kg m-3), 367 
and KLA is the partition coefficient between leaves and air (L L-1). CA is the total 368 
concentration in air (mg m-3) and fP is the fraction of the total concentration in air that is 369 
adsorbed on particles. Uptake from air can either be by diffusive exchange in the gas 370 
phase with conductance g (m d-1), or by deposition of particles on the surface of the 371 
leaves (A/2) with velocity vdep (m d-1). For the concentration in leaves follows: 372 
  373 

374 

LL

LLA

AP

L

dep

AP

L

R

RWL

L

CkC
MK

gA

Cf
M

vA
Cf

M

gA
C

KM

Q

dt

dC

×−×
×

××
−

××
×

×
+×−×

×
+×

×
=

ρ

2
)1(

  (Eq.20) 375 

376 
where k (d-1) again includes growth dilution and biotic and abiotic (photolysis) 377 
degradation processes. The first term of the equation quantifies translocation from roots 378 
to leaves and replaces the TSCF in earlier model versions (Trapp and Matthies 1995). The 379 
advantages of this new formulation are as follows: 380 
• There is a relation between concentrations in roots and in leaves. This allows, for 381 

example, to calculate the fate of metabolites formed in roots. 382 
• The TSCF is related to plant physiological parameters, such as transpiration Q, 383 

growth rate k and partitioning KRW.  384 
The calculated concentration ratio between the xylem and the external solution is close to 385 
the calculated concentration resulting from the empirical TSCF-regressions (Trapp 2007), 386 
except for polar contaminants. Trapp (2007) speculates, based on this equation, that 387 
plants growing in soil outdoors would have a different TSCF-curve than plants grown in 388 
hydroponic solutions. This is due to the formation of root hairs in soil, which leads to 389 
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better diffusive uptake of polar contaminants and subsequently higher TSCF-values (The 390 
TSCF remains high (i.e. near 1) for contaminants with a log KOW < 1). 391 

392 
An additional process not considered in Eq. 9.20 is the contamination of leaves with 393 
attached soil, R (kg soil kg plant-1 (wet weight)). A convenient way of calculation is to 394 
add the concentration due to attachment of particles from soil with subsequent deposition 395 
on leaves to the calculated CL, as follows:  396 

397 
398 

CL,Final = CL,Calc + R × CSoil        (Eq. 21)  399 
400 

Default values for R range from 0.001 kg kg-1 to 0.01 kg kg-1 (see Section 9.5.2.3).  401 
402 

9.4.3.2 Steady state solution  403 
The steady state (t � �) concentration in roots, CR, with constant concentration in soil, 404 
CSoil, is as follows:  405 

406 
407 

SoilWS

RW

R CK

kM
K

Q

Q
C ××

+

=           (Eq.22) 408 

409 
410 

For leaves, the steady state concentration is:   411 
412 
413 

a

I
CL =          (Eq.23) 414 

415 
where I is the sum of all input terms (mg kg-1 d-1): 416 
  417 

418 

AP

L

dep

AP

L

R

RWL

Cf
M

vA
Cf

M

gA
C

KM

Q
I ××

×
+×−×

×
+×

×
=

2
)1(   (Eq.24) 419 

420 
and a is the sum of all loss processes (d-1):  421 

422 
423 

k
MK

gA
a

LLA

+
×

××
=

ρ
        (Eq.25) 424 

425 
426 

9.4.4 General solution scheme for pulse and constant inputs  427 
428 
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Frequently, a pulse input to the system occurs. Examples are inputs from accidents, 429 
pesticide spray application and application of manure or compost. For dynamic 430 
simulations, the differential equation scheme can be solved numerically or analytically. 431 
Analytical solutions are always possible when the differential equations are linear (1st 432 
order), as shown in Trapp and Matthies (1998).  433 

434 
9.4.4.1 Matrix formulation 435 
The differential equations for the contaminant concentration in soil, root and leaves can 436 
be treated as a diagonal matrix, so that: 437 
  438 

439 

1111
1 / MICk

dt

dC
+−=        (Eq.26) 440 

441 

2222112
2 / MICkCk

dt

dC
+−+=       (Eq.27) 442 

443 

3333223
3 / MICkCk

dt

dC
+−+=       (Eq.28) 444 

445 
where indices 1 to 3 refer to soil, roots and leaves, respectively; C (mg kg-1) is 446 
concentration; k1, k2 and k3 are the sum of all first-order loss processes in compartment 1, 447 
2 and 3, and k12 and k23 are the transfer rates from compartment 1 to 2 and 2 to 3, 448 
respectively. I (mg d-1) describes the constant input to the compartments, e.g., from air, 449 
and M (kg) is the mass of compartment (kg). The matrix elements can be derived from 450 
the differential equations above.  451 

452 
9.4.4.2 General solution for the steady state 453 
Linear differential equations approach steady state for t��, i.e. the change of 454 
concentration with time is zero, dC/dt = 0. The steady-state solutions for matrix equations 455 
1 (soil), 2 (roots) and 3 (leaves) are as follows: 456 

11

1
1 )(

Mk

I
tC =∞=         (Eq.29) 457 

1

2

12

22

2
2 )( C

k

k

Mk

I
tC +=∞=        (Eq.30) 458 

459 

2

3

23

33

3
3 )( C

k

k

Mk

I
tC +=∞=        (Eq.31) 460 

461 

The steady-state solution follows the general scheme: 462 
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n      (Eq.32) 463 

464 
9.4.4.3 General solution for pulse input 465 
The analytical solutions for the matrix equations 1 (soil), 2 (roots) and 3 (leaves) and for 466 
initial concentrations C(0) � 0 are  467 

468 
tkeCtC 1)0()( 11

−×=         (Eq.33) 469 
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474 
475 

The general solution scheme for pulse input to soil only, i.e. C1(0) � 0 and Cn(0) = 0 with 476 
n = 2,…,n is as follows: 477 
  478 
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480 
481 

and for pulse input into all compartments, i.e. Cn(0) � 0 with n = 1,…,n:   482 
483 
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485 
486 

This solution scheme can offer solutions for several soil-plant-air system variations. For 487 
example, in analogy with this example, matrix element 1 could be soil, element 2 roots, 488 
and element 3 leaves. Or, alternatively, element 1 could be parent contaminant in soil, 489 
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element 2 metabolite in soil, element 3 metabolite in root, element 4 metabolite in leaves, 490 
and element 5 metabolite of metabolite in leaves. 491 

492 
9.4.4.4 Solution by superposition  493 
The principle of superposition is that concentrations are added. It may happen that a 494 
contaminant is present in the soil-plant-air system at the background concentration, and 495 
the steady state solution applies. Imagine a situation in which one, two or more 496 
subsequent pulse inputs occur. In that case, the resulting concentration can be calculated 497 
by adding the concentrations resulting from steady state and one, two or more pulse 498 
inputs. To this purpose, the simulation is split up into several periods. The concentration 499 
vector C(t) at the end of a specific period serves as initial concentration vector C(0) for 500 
the next period. This refers to concentrations in any compartment (i.e. soil, roots and 501 
leaves). 502 

503 
9.4.4.5 Input data 504 
Input data are the same for the steady state and the dynamic model version and were 505 
mostly taken from the carrot model (Trapp 2002) and the leafy vegetables model (Trapp 506 
and Matthies 1995) (Tab. 9.1).  507 

508 
< Table 9.1> 509 

510 
9.5 Sensitive parameters that determine uptake of contaminants into vegetables 511 

512 
Which contaminants are taken up into vegetables and the variation in the affinity for 513 
uptake, and hence accumulation, depends on the combination of contaminant-specific, 514 
environmental and plant-specific parameters. The importance of some of these 515 
parameters is investigated in this section by using the models described before.  516 

517 
518 

9.5.1 Impact of contaminant-specific parameters 519 
520 

9.5.1.1 Impact of log KOW on accumulation in roots and potatoes  521 
Fig. 9.6 shows the calculated concentration in roots (steady-state solution provided 522 
above) and potatoes (Trapp et al. 2007a) for a constant soil concentration of 1 mg kg-1523 
(wet weight). The most relevant contaminant-specific parameter in the root and potato 524 
model is the log KOW, which is varied from 0 (polar contaminants) to 8 (super-lipophilic 525 
contaminants). The concentrations are compared to the concentrations resulting from the 526 
equilibrium partition coefficient approach (RCF, Eqs. 9.6 and 9.11) and to the Travis and 527 
Arms-regression ("T&A"). For very polar contaminants, the concentration in roots is 528 
predicted to be higher than the concentration in soil. This is because very polar 529 
contaminants are mainly found in aqueous phases, and roots contain usually more water 530 
(up to 95%) than soil (about 30%). For more lipophilic contaminants, the RCF (here 531 
related to soil, i.e. RCF/KSW) approaches a value of 1, due to the similar sorption capacity 532 
of roots and soil.  533 

534 
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For polar contaminants, the regression of T&A and the two dynamic models give results 535 
close to the equilibrium (RCF). With increasing lipophilicity, the predicted concentration 536 
decreases and the deviation from equilibrium increases. The root and the potato model 537 
include growth dilution, and the effect of this growth dilution increases with increasing 538 
log KOW. The BCF predicted by the root model at log KOW 7 is more than a factor 1000 539 
below chemical equilibrium. Chemical equilibrium may be found in the peel or close to 540 
the peel. But the inner of roots and potatoes will have much lower concentrations (Trapp 541 
2002, 2007).  542 
Interestingly, the T&A regression was originally established for above-ground crops. But 543 
Fig. 9.6 shows that the predicted bioconcentration in plants is very close to that predicted 544 
by the root model (advective uptake) and the potato model (diffusive uptake).  545 
In current chemical risk assessment (EC 2003) and in some risk assessment tools for 546 
contaminated soils, predictions of concentrations in root vegetables are based on the 547 
equilibrium approach. This will lead to an overestimation of the concentration in roots 548 
and, hence, of human exposure (Legind and Trapp 2008). Recent studies showed that 549 
uptake into root vegetables (radishes) may also be from air (Mikes et al. 2008). This is 550 
yet not considered in any available root uptake model.  551 

552 
<Figure 9.6> 553 

554 
9.5.1.2 Impact of log KOW and KAW on accumulation of contaminants  in leaves 555 
Simulations were done with the leaf model described in the previous section. A value of 556 
0.1% attached soil was chosen as default. This gives a minimum BCF of 0.01 kg kg-1557 
(wet weight) for all contaminants.  558 
Fig. 9.7a shows the calculated concentration in leaves for a concentration in soil of 1 mg 559 
kg-1, and in air of 0 mg m-3. Log KOW (x-axis) is varied for volatile (KAW: 0.2 L L-1), semi-560 
volatile (KAW: 0.001 L L-1) and non-volatile contaminants (KAW: is 10-6 L L-1). For all 561 
volatile contaminants, the concentration in leaves is low (0.001 mg kg-1) over the whole 562 
range of log KOW. This means that their accumulation due to translocation to leaves is 563 
low; the plotted concentration is due to attachment of soil particles only (default 0.1%).  564 
The semi-volatile contaminants show some accumulation, up to a BCF of 0.01 kg kg-1 for 565 
the most polar contaminants. With increasing lipophilicity of the contaminants the 566 
accumulation decreases. The largest accumulation is seen for non-volatile contaminants, 567 
in particular for the polar ones (low log KOW). These contaminants are readily soluble in 568 
soil pore water, taken up by plants with the soil pore water and translocated to the leaves. 569 
From the leaves, the water evaporates, but the contaminants remain. For lower KAW-570 
values, the accumulation is even higher and may reach values above 100 kg kg-1.  571 

572 
9.5.1.3 Uptake from air versus uptake from soil  573 
A frequent experimental result is that contaminants are found in moderate or even high 574 
concentrations in plants even though concentrations in soil are low (Mikes et al. 2008, 575 
Delschen et al. 1996, 1999). This is typically the case when uptake is mainly from air 576 
(compare section 9.3). The simulations displayed in Fig. 9.7b were done for identical 577 
conditions as for Fig. 9.7a, except that the concentration in air was set to phase 578 
equilibrium to soil (i.e. CAir = KAW × KWS × CSoil, with concentration in soil equal to 1 mg 579 
kg-1). The development of the concentration in plants is completely different as in Fig. 580 
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9.7a (note that the figure was rotated and the z-axis crosses now at CLeaf equal to 1 mg 581 
kg-1). The concentration in leaves is higher than in Fig. 9.7a where there was no 582 
contaminant present in the air, in particular for volatile contaminants (KAW: 0.2 L L-1). 583 
Also, the concentration was less variable, with most values between 1 and 10 mg kg-1. 584 
This is because for most contaminants the system is close to equilibrium in regard to soil 585 
with air and air with leaves. An exception are the non-volatile contaminants, their 586 
predicted concentration does not change substantially. For the polar and non-volatile 587 
contaminants, the calculated concentration in leaves is particularly high.  588 
The pattern of uptake of contaminants from soil into fruits is very similar (not shown), 589 
although the level of concentrations is typically about a factor of 10 lower (Trapp 2007). 590 
This means that also in fruits polar and non-volatile contaminants have the highest 591 
potential for accumulation from soil.  592 
What do these results tell us? A major conclusion is that the partition coefficient between 593 
air and water (also known as the dimensionless Henry's Law constant) is a very important 594 
parameter for the calculation of the accumulation in leaves, because KOA (the ratio of KOW595 
and KAW) determines partitioning into leaves. Leaves have a very high exchange with air 596 
(that is their role in plant physiology), and any volatile contaminant (with high KAW) will 597 
escape from leaves into air and will not accumulate. A second conclusion is that the polar598 
contaminants are preferably translocated from soil and accumulate in leaves. Lipophilic 599 
contaminants will be retained in soil, roots and the lower stem and will not reach the 600 
leaves. Thus, polar and non-volatile contaminants, i.e. contaminants with low log KOW601 
and low KAW, have the highest accumulation potential from soil into leaves. This is in 602 
conflict with the usual concept of bioaccumulation, where high bioaccumulation is 603 
assumed to occur for highly lipophilic contaminants (EC 2003, Mackay and Fraser 2000). 604 
Furthermore, under background conditions, all except the polar and non-volatile 605 
contaminants will preferably be taken up from air and the concentration in soil does not 606 
have much impact on the concentration in vegetables, unless it is far above chemical 607 
equilibrium.       608 

609 
<Figure 9.7 ab> 610 

611 
9.5.1.4 Impact of degradation  612 
The simulations above were done for the steady-state situation, with constant 613 
concentration in soil. However, the contaminants can be rapidly dissipated from soil by 614 
several removal processes, such as degradation, leaching, plant uptake and volatilization.  615 
An example is shown in Fig. 9.8. Ortho-xylene is a moderately lipophilic contaminant 616 
which is rapidly degraded in soil. Søvik et al. (2002) give a degradation rate constant of 617 
0.11 d-1, i.e. a half-life of about 1 week. After a few weeks, the concentration in soil has 618 
approached zero. The simulated concentration in roots closely follows this pattern: About 619 
four days after the pulse input, the calculated concentration in root is already close to 620 
equilibrium to soil, and parallel with the concentration in soil, concentration in roots falls 621 
to very low values within a few weeks, in any case before the harvest. A steady state 622 
simulation with constant soil concentration would overpredict concentrations in the 623 
harvest product by several orders of magnitude.  624 
The degradation rate (or, more generally, the loss rate from soil) is a key variable. To 625 
some extent, elimination in soil is related to physico-chemical properties. Volatilization 626 
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to air depends on KAW (or KOA). Leaching and plant uptake are more important for soluble 627 
contaminants with low KOW. Also bacterial degradation depends on the bioavailable 628 
fraction of the contaminants (Alexander 2000, Reichenberg and Mayer 2006), which is 629 
typically higher at low sorption. Therefore, polar and volatile contaminants (low KOW, 630 
high KAW) show shorter residence time in soil. The actual loss rate, however, cannot be 631 
predicted from physico-chemical properties alone but is an input data.  632 

633 
<Figure 9.8> 634 

635 
9.5.1.5 Impact of pKa and pH on uptake of ionisable contaminants 636 
Ionisable contaminants, i.e. acids, bases, zwitterions or amphoters, may be present in 637 
soils as neutral or ionic molecules. The neutral and the ionic molecules have completely 638 
different physico-chemical properties. The ion is usually much more polar and water 639 
soluble and has a very low vapor pressure compared to the neutral species. Thus, the ion 640 
is a polar and non-volatile contaminant, and as such has a high potential for accumulation 641 
in vegetables. On the other hand, cations have a strong tendency to adsorb to soil organic 642 
matter and/or clay (Franco and Trapp 2008). Besides, charged contaminants cross 643 
biomembranes slowly (Trapp 2004), which limits their uptake.  644 
A process that may lead to high accumulation of ionisable contaminants is the "ion trap". 645 
This principle is described in Fig. 9.9, for an acid. If the pH outside in the soil pore water 646 
is low, a weak acid is at least partly neutral. The uptake into the cell is rapid (provided 647 
that the contaminant is not too hydrophilic). The pH in cell sap (cytosol) is about 7 to 7.5, 648 
in xylem about 5.5, and in phloem about 8. In particular in cytosol and phloem, weak 649 
acids dissociate and form the anion. The membrane permeability of the anion is very low, 650 
and reverse diffusion is slow. As a consequence, the anion is trapped inside the cytosol or 651 
the phloem. The same process occurs for a base, when the cell sap is acid, compared to 652 
the outside soil pore water, for example in the vacuoles of plant cells and in the xylem 653 
(pH is 5.5). 654 
Summarizing, the ion trap requires a gradient in pH between outside and inside of the 655 
plant, so that the outside pH is lower (for bases: higher) than the inside pH. Second, a 656 
pKa at or somewhat below (for bases: above) the outside pH is necessary, so that a 657 
relevant fraction of contaminants is neutral outside, but most of it is ionic inside. This 658 
means that weak acids may accumulate in the alkaline phloem (and are in consequence 659 
transported to fruits), while weak bases tend to accumulate in the acidic xylem (and are 660 
translocated to leaves).  661 

662 
<Figure 9.9> 663 

664 
9.5.2 Impact of plant-specific parameters  665 

666 
As pointed out in the introduction, there is a very high number of plant-contaminant 667 
combinations, and the simulations done for a generic plant are not necessarily valid for 668 
the whole plant empire and all contaminants. In this section, some properties of plants are 669 
discussed, which vary and may lead to different accumulation of contaminants.  670 

671 
9.5.2.1 Crop types and uptake pathways 672 
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The crop type has a very large impact on uptake processes. Clearly, roots and potatoes are 673 
in close contact to soil, while apples are not. As a consequence, accumulation of 674 
contaminants in apples, like in other tree fruits, is much lower, but fruits have a higher 675 
uptake from air. It is obvious that crop-specific models will give more realistic 676 
predictions of concentrations.  677 

678 
9.5.2.2 Physiological parameters  679 
The importance of physiological plant-specific parameters, such as transpiration rate, leaf 680 
area, conductance, water and lipid contents and growth rate, depends largely on the type 681 
of contaminant. For water soluble contaminants, which are rapidly translocated from soil 682 
to leaves, the transpiration rate is among the most important parameters, since the 683 
accumulation in leaves is almost directly dependent on the transpiration.  684 
This is illustrated by the calculated carbofuran concentration as an example, in Fig. 9.10. 685 
The log KOW of this contaminant is 1.6 to 2.07 (Trapp and Pussemier 1991). Two 686 
calculations were done, one with the standard transpiration of 1 L d-1, the other with an 687 
increased transpiration of 5 L d-1. The simulated concentration in roots remains 688 
practically constant with increasing transpiration, only the time period until steady state is 689 
reached in a shorter time period. However, the breakthrough of contaminant into leaves is 690 
faster and the calculated concentration is a factor of 5 higher for a factor of 5 increase in 691 
transpiration rate. The translocation of carbofuran in bean plants was determined 692 
experimentally, and the concentration pattern as well as the close relation between 693 
transpiration and concentration in leaves was confirmed (Trapp and Pussemier 1991).  694 
In turn, the amount of transpired water depends on temperature, humidity, leaf area and 695 
stomata permeability. However, the transpiration depends also on the availability of 696 
water. Students in a field course at the Technical University of Denmark noticed that 697 
concentrations of chlorinated solvents (PCE and TCE) measured in wood cores taken 698 
from trees growing at the Glostrup site (Denmark) were much lower in the very dry June 699 
2008 than in the very wet June 2007. A plausible explanation is a reduced transpiration 700 
due to water stress in 2008 (Mette Broholm, personal communication).  701 

702 
<Figure 9.10> 703 

704 
9.5.2.3 Plant morphology and collection efficiency for particles 705 
The transport with particles from soil to plant surfaces is a very important transport 706 
mechanism for lipophilic contaminants. This transfer pathway was well studied using 707 
insoluble radionuclides, and large variations were found in soil attachment among plant 708 
species. Soil particles may reach leaf surfaces mainly by three mechanisms, namely rain 709 
splash, wind erosion and erosion due to agricultural practice (ploughing, harvesting et 710 
cetera). Tab. 9.2 shows measured values for the transfer of radionuclides (Li et al. 1994). 711 
The transfer range varies from 1.1 mg soil gplant

-1 (dry weight) to 260 mg g-1, i.e with a 712 
variation of a factor of 236. Also the interspecies variation was considerable, as can be 713 
seen from the confidence interval. The highest value was found for lettuce, with 26% (dry 714 
weight), probably due to the small size of the plant (< 40 cm), the leaf morphology where 715 
leaves are collecting particles to the interior of the plant, and the surface structure. Note 716 
that the transfer values were determined after washing of the vegetables. It was also 717 
demonstrated that particle-bound organic contaminants migrate from the leaf surface to 718 
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the interior of the leaf (i.e. are overgrown by surface waxes), from where they can not be 719 
washed off (Kaupp 1996). A BCF for radish leaves to soil of 0.08 kg kgdw

-1 was recently 720 
measured at a Czech site for persistent lipophilic contaminants and was contributed to 721 
soil particle attachment (Mikes et al. 2008).  722 
A default value of 1% (based on wet weight; this corresponds to about 20% dry weight) 723 
for transfer of attached soil was chosen for lettuce in the New Model Framework for 724 
dietary exposure of children and adults (Legind and Trapp 2008). For cereals, 0.1% 725 
transfer with attached soil particles was assumed, due to pollution at harvest. In models 726 
predicting the exposure to radio-nuclides, the default value for the transfer of attached 727 
soil is 0.5% wet weight (2.5% dry weight) for pasture grass, and 0.1% wet weight for 728 
other plants (Paretzke and Garland 1990).  729 
Note that the ingestion of soil attached to the daily vegetable diet may be higher than the 730 
direct ingestion. The direct ingestion of soil is 50 mg/day for adults and 100 mg/d for 731 
children (ECETOC 2001). The mean lettuce consumption in Denmark is 6 g/d for 732 
children and 9 g/d for an adult woman. A transfer of 1% due to attached soil corresponds 733 
to 60 mg/d and 90 mg/d soil ingestion with lettuce only. Other vegetables and fruits are 734 
consumed at 389 g/d (children) and 475 g/d (mother). If on average 0.1% soil were 735 
attached, this corresponds to 389 mg/d and 475 mg/d soil, which is much more than the 736 
value of direct ingestion of soil and deserves consideration in human exposure 737 
assessment.   738 

739 
<Table 9.2>  740 

741 
9.5.2.4 Variation of partition coefficients  742 
The different regressions for RCF of barley and bean plants have been plotted in Fig. 9.4. 743 
The partition coefficients between plant lipids and air, KPA, also vary with plant species. 744 
The KPA depends both on plant-specific parameters (such as plant lipid content, empirical 745 
exponent ‘b’) and contaminant-specific parameters (KOW and KAW or KOA). Kömp and 746 
McLachlan (1997) found differences in the uptake of PCB between five different plant 747 
species of up to a factor of 20. There was a linear relationship between log KPA and log 748 
KOA values (octanol/air partition coefficients) within each plant species, but the slopes of 749 
the regressions ranged from 0.57 to 1.15. The "standard value" for leaves (slope is 0.95, 750 
Eq. 9.11) was determined by Briggs et al. (1982) and lies in this range.  751 

752 
9.5.2.5 Permeability  753 
The velocity of diffusive uptake from air and loss to air is controlled by the permeability 754 
of leaves (exchange velocity, conductance or transfer velocity). Three major resistances 755 
control the exchange: air boundary layer resistance, stomata resistance and cuticle 756 
resistance (Riederer 1995). Their importance depends on the chemical properties but 757 
varies for each leaf. Volatile and gaseous contaminants will prefer stomata for the entry 758 
to (or escape from) plants, while lipophilic contaminants will preferably diffuse through 759 
cuticles. The stomata resistance for water and contaminants can be calculated from the 760 
transpiration rate, leaf area, temperature and humidity (Trapp 1995, Trapp 2007). The 761 
cuticle resistance depends on thickness and diffusivity inside the cuticle (Schönherr and 762 
Riederer 1989). The latter is highly variable with species and temperature (Buchholz et 763 
al. 1998): at high temperatures, the surface waxes liquidize and get more permeable.  764 
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A method for estimation of conductance g (m s-1, related to gas phase) is given by Trapp 765 
(1995, 2007). The g estimated with this method ranges from 9×10-3 m s-1 for non-volatile, 766 
lipophilic contaminants to 0.2×10-3 m s-1 for volatile or polar contaminants. A default 767 
value of 10-3 m s-1 was suggested, to avoid lenghty calculations (Trapp and Matthies 768 
1995).  769 

770 
9.5.2.6 Particle deposition   771 
A similar variability can be observed for the particle deposition rate. Particle deposition 772 
depends on both the fraction of contaminant adsorbed to particles as well as the 773 
deposition velocity of particles, but also on characteristics of the leaves. Bakker et al. 774 
(1999) studied the deposition of polycyclic aromatic hydrocarbons (PAHs) on leaves 775 
from three closely related Plantago species and found variations up to a factor of five, 776 
which could be explained solely by plant morphology and surface structure. The fraction 777 
adsorbed to particles is often calculated from the Junge equation, using vapor pressure as 778 
input data. Newer methods are based on the KOA (Cousins and Mackay 2001). 779 
The particle deposition rate, vdep, changes with the diameter of the particles. Default 780 
values are given in the German TA-Luft and are listed in Tab. 9.3. Generally, diameters 781 
(and thus deposition velocities) are higher close to the source of emission. At larger 782 
distance the coarse particles have settled, and finer particles remain. The deposition rate 783 
of fine particles is similar to the deposition rate of gases (conductance g), and the default 784 
value of vdep (10-3 m s-1) is the same as for conductance g. Thus, uncertainties in fP and 785 
vdep are not crucial for the calculated result. 786 

787 
<Table 9.3> 788 
�789 
9.5.2.7 Metabolism in vegetables 790 
Rapid metabolism in vegetables will significantly decrease the contaminant concentration 791 
in vegetables. Transformation of contaminants may occur in the rhizosphere, inside the 792 
vegetable and on the leaf surface (photolysis). Often, it is difficult to differentiate 793 
between metabolism by fungi or bacteria living on and in plants and metabolism by plant 794 
cells. Stimulation of bacterial degradation in the root zone has been observed frequently 795 
and is a key process in phytoremediation projects (Trapp and Karlson 2001). Therefore, it 796 
may happen that non-persistent contaminants do not reach the roots but are degraded by 797 
bacteria living on or in the vicinity of roots.  798 
Different from bacteria, plants do not grow on the contaminants. The role of their enzyme 799 
system is detoxification, and there is an upper limit, beyond which plants suffer from 800 
toxic effects and probably die (Trapp et al. 2007b). This may limit, besides contamination 801 
of plants, gardening, agriculture and forests on contaminated sites.  802 
Metabolism by plants has been described by the "green liver concept", because plant 803 
metabolism rather resembles the processes in the animal liver than the bacterial 804 
metabolism (Sandermann 1994). The first step (phase I reaction) is typically an 805 
oxygenation with cytochrome P-450, followed by conjugation reactions (phase II) with 806 
glutathione-S-transferases (GST) (Pflugmacher and Schröder 1995, Barret 1995). Unlike 807 
animals, plants are not able to excrete conjugates via the urine. Instead, phase III of plant 808 
xenobiotic metabolism involves storage of soluble conjugates in the vacuole and of 809 
insoluble conjugates in the cell wall (Komossa et al. 1995). This may lead to so-called 810 
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"bound residues". These bound unextractable residues resist solubilization in common 811 
laboratory solvents and are therefore not accessible to standard residue analysis. It was 812 
found that bound residues can be present in larger amounts than the parent contaminant 813 
and could therefore represent a source of significant consumer exposure (Sandermann 814 
1994).  815 
Little is known about metabolism rates of contaminants by vegetation. Cyanide (HCN) 816 
was used as model contaminant to study the variation of rates among plant species. The 817 
removal of free cyanide followed Michael-Menten kinetics (Larsen et al. 2004). Adding 818 
Michaelis-Menten kinetics to the mass balance equation for roots leads to the following 819 
non-linear equation:   820 
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823 
where vmax (mg kg-1 d-1) is the maximal metabolism velocity of the contaminant per kg 824 
plant mass with concentration C (mg L-1), KM (mg L-1) is the half-saturation constant and 825 
M (kg) is the mass of the plant.  826 
At a low external concentration in soil pore water, all contaminants that are taken up are 827 
metabolized (Fig. 9.11). At higher concentrations, however, the enzyme system is 828 
overloaded. Then, uptake is linearly related to the external concentration. This was shown 829 
experimentally for free cyanide (HCN) by Larsen et al. (2005). A non-linear BCF relation 830 
indicating enzymatic activity of plants was found repeatedly, e.g. for phenol (Ucisik and 831 
Trapp 2006) and salt, NaCl (Trapp et al. 2008a). Subsequently, the BCF is low at a low 832 
external concentration in soil pore water, but increases at higher external concentrations.  833 
The Michaelis-Menten parameters KM and vmax varied with plant species, but less than 834 
expected. Values of vmax of 12 species from nine families were found in a relatively 835 
narrow range between 6.7 and 21.9 mg CN kg-1 h-1 and were normally distributed with a 836 
mean of 13 mg CN kg plant-1 h-1 (Yu et al. 2004). The authors concluded that the 837 
variation of metabolism rates between plant species was small, and that it is likely that all 838 
investigated plants used the same enzyme for detoxification. Another sign for common 839 
pathways and rates of metabolism in plant species is the difficulty to find selectively 840 
acting herbicides: it is rare that a contaminant hits weeds but not crops (Börner 1995).  841 

842 
<Figure 9.11> 843 

844 
9.5.3 Environmental variables  845 

846 
9.5.3.1 Climate  847 
Principally, the models can be adapted to all climatic conditions at which plants grow. In 848 
particular temperature influences uptake and fate of xenobiotics in various ways. At 849 
higher temperatures plant physiological processes such as transpiration, growth and 850 
metabolism are stimulated. According to Claudius-Clapeyron's law, the vapor pressure 851 
increases exponentially with temperature, so the vapor pressure of water in air is 872 Pa 852 
at 5°C but 5635 Pa at 35°C, i.e. a factor of 6.5 higher. The potential transpiration is 853 
directly proportional to the vapor pressure of water. Similarly, metabolic reactions are 854 
stimulated at higher temperatures. For example, the removal rate of cyanide was 3 to 5 855 
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times higher at 30°C than at 11°C (Yu et al. 2005a, 2007). Also, contaminant properties 856 
change with temperature. Like the vapor pressure, the partition coefficient air to water, 857 
KAW also increases exponentially with temperature. For chlorinated solvents, such as 858 
TCE, the KAW at 5°C is about a factor of 3 below that at 35°C (Kühne et al. 2005). This 859 
means less transport into leaves and more volatilization to air at higher temperatures.   860 

861 
9.5.3.2 Bioavailability862 
The concentration in the soil pore water is calculated from the KOC. Reduced 863 
bioavailability, for example due to aging, can be considered by an increase in KOC . At 864 
contaminated sites the soil pore water concentrations can be much lower and sorption 865 
coefficients can be much higher than equilibrium partitioning models predict (Ter Laak et 866 
al. 2006). Also, a depletion of contaminants in the soil due to uptake into vegetables is 867 
usually not taken into consideration. On the other hand, some plants can solubilize 868 
lipophilic contaminants in soil (Hülstner and Marschner 1995). In Hodson and 869 
Peijnenburg (2009; Chapter 16 in this book) an extended description of bioavailability is 870 
given.  871 

872 
9.5.3.3 Soil pH873 
Soil pH directly affects the speciation of acids and bases, as described by the Henderson-874 
Hasselbalch law. Uptake of anions is generally lower than of neutral molecules, due to 875 
electrical repulsion and slow transfer across membranes. Cations are attracted by the 876 
electrical potential of living cells, but also adsorb to soil organic carbon and to negatively 877 
charged clay particles. This reduces their bioavailability and, hence, uptake. Both weak 878 
acids and bases can undergo the ion trap process (section 9.5.1.4). This will lead to an 879 
accumulation of weak acids from acidic soils, and of bases from alkaline soils. This 880 
conclusion is based on a model prediction and has not yet been confirmed by 881 
experiments. The pH also has an indirect effect on uptake: many vegetables do not grow 882 
well outside their optimum pH range. Extreme pH (high or low), will lead to reduced 883 
growth, and this may be accompanied by reduced uptake of contaminants.  884 

885 
886 

9.5.4 Variations and uncertainties 887 
888 

The previous section listed parameters and variables that impact the uptake of 889 
contaminants into vegetables. Most likely, this list is far from complete. This may explain 890 
why under some conditions, in some experiments, a high uptake of a contaminant into a 891 
crop may be found, while this may not be the case in the next investigation, under other 892 
conditions. It also explains why data from experiments with plants often suffer from large 893 
scatter. Besides, care must be taken when results obtained from uptake studies are 894 
translated to other crop types, other climates, and other agricultural practices.  895 
Models may help to design and interpret uptake experiments, in indicating relevant 896 
processes and pathways, and hence in translating results to other conditions. But due to 897 
the large number of parameters and their high variability in space and time, these models 898 
can not be expected to give exact results. Some studies tested the validity of model 899 
approaches (Rikken et al. 2001, Fryer and Collins 2003, Trapp and Schwartz 2000, 900 
McKone and Maddalena 2007, Legind and Trapp 2008). Often, the results were 901 
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ambiguous, because the influence of concentrations in air could not be quantified 902 
(compare section 9.3), but also due to large uncertainties in measured as well as predicted 903 
concentrations in plants (McKone and Maddalena 2007). The primary role of models is to 904 
indicate relevant processes and the potential for accumulation of contaminants in crops. 905 
Good decision making needs to consider both model predictions and experimental data.  906 

907 
9.6 Experimental results 908 

909 
This section reports results from several studies, not only with the intention to give a 910 
review, but also in order to confirm (or to falsify) the processes and the principal 911 
outcomes of the model simulations described above. Many experimental studies on plant 912 
uptake of organic contaminants are available, but most of them are from laboratory or 913 
greenhouse experiments, and the results may not always be applicable to field conditions. 914 
Results from field studies, however, are less often published. This may be due to high 915 
expenses, analytical difficulties or other research priorities. But a reason may also be that 916 
the results of uptake studies from outdoors often show a very large variation and are 917 
difficult to interpret.  918 

919 
9.6.1.1 Uptake of the polar and non-volatile compound sulfolane into plants  920 
Sulfolane (synonym: tetramethylene sulfone) is an organo-sulfur contaminant used as 921 
solvent. Sulfolane is neutral, polar (log KOW of -0.77) and non-volatile (KAW of 922 
2.14×10-4). The uptake of sulfolane into wetland vegetation was measured in field and 923 
greenhouse studies (Doucette et al. 2005). The measured RCF was between 0.3 and 1.4 L 924 
kg-1 (related to the initial concentration in solution). High translocation to leaves was 925 
found. The BCF values for shoots were up to 160. Another experiment with sulfolane 926 
was done for apples (W. Doucette, personal communication). The concentration ratio 927 
fruit to soil was 2.8. For leaves, a BCF of 652 was found. As far as the authors are aware, 928 
this is the highest BCF plant to soil that was ever measured, and confirms model 929 
predictions in which polar, non-volatile contaminants are best translocated to and 930 
accumulated in leaves.   931 

932 
9.6.1.2 Uptake of trichloroethene 933 
Trichloroethene is a volatile chlorinated solvent (KAW: 0.5 L L-1). A study on 934 
trichloroethylene uptake by apple and peach trees and transfer to fruit was performed by 935 
Chard et al. (2006). No TCE could be detected in fruits, but 14C from unidentified 936 
metabolites was found. In leaves, the metabolites dichloroacetic acid (DCAA) and 937 
trichloroacetic acid (TCAA) could be detected. The article cites a field study were TCE 938 
could be detected in several fruits, but only in traces. Overall, the findings confirm the 939 
model prediction (Fig. 9.7a) that volatile contaminants do not show high accumulation in 940 
above-ground plant parts.  941 

942 
9.6.1.3 Transfer of PCDD/F from contaminated sites into field crops 943 
The transfer of PCDD/F from contaminated sites into field crops has been intensively 944 
studied. Müller et al. (1994) found an increase of PCDD/F concentrations in the peel of 945 
carrots, when grown at a PCDD/F-contaminated site. No increase of the concentration in 946 
lettuce and peas was found. In a similar study, it could be shown that the transfer of 947 
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PCDD/F into apples and pears is exclusively from air (Müller et al. 1993). The results 948 
from these studies confirm the model predictions in which uptake of lipophilic 949 
contaminants into above-ground plant parts is primarily from air. However, there are 950 
exceptions. Hülster et al. could proof a transfer of PCCD/F into zucchini and pumpkins in 951 
field experiments, which was much higher than for other fruits (Hülster et al 1994).  952 
For zucchini and pumpkin (Cucurbita pepo), both members of the plant family 953 
Cucurbitaceae and the genus Cucurbita, root uptake and subsequent translocation to 954 
shoots and fruits was the main uptake route of PCDD/F, probably due to root exudates 955 
which mobilize lipophilic contaminants (Hülster and Marschner 1995). Fruits and leaves 956 
from other plant species, even for the closely related cucumber plant (Cucumis sativus), 957 
were mainly contaminated by airborne PCDD/F (Hülster et al. 1994, Hülster and 958 
Marschner 1994). The exact reason for the ability of cucurbita plants to extract lipophilic 959 
contaminants from soil is yet unknown, but it was observed repeatedly, and for a number 960 
of lipophilic organic contaminants, such as p,p'-DDE (White 2002), DDT (Lunney et al. 961 
2004), PCB (Whitfield Åslund et al. 2007) and PBDE (Mueller et al. 2006). For 962 
phenanthrene, unusual high adsorption to a range of plant species was observed (Zhu et 963 
al. 2007).  964 

965 
9.6.1.4 Uptake of polycyclic aromatic hydrocarbons into vegetables and uptake pathways 966 
In systematic experiments, Delschen et al. (1996, 1999) investigated the uptake and the 967 
uptake pathways of PAHs (polycyclic aromatic hydrocarbons) into vegetables and crops. 968 
They found that uptake of PAHs can both be from contaminated sites and from the 969 
atmosphere. In some experiments, the soil was covered with fine sand or a gas-permeable 970 
foliage. This avoided soil particle attachment, but allowed for volatilization with 971 
subsequent adsorption to leaves. In fact, this coverage reduced the uptake of 15 PAHs 972 
from soil almost completely, indicating soil particle attachment to leaves as major 973 
transfer pathway of PAHs (in particular benzo(a)pyrene and dibenz(a,h)-anthracene) from 974 
soil to vegetables. Thus, crops with harvested parts close to the soil surface have the 975 
highest affinity for accumulation, because soil particle attachment by rain splashing 976 
rarely affects plants with a height above 40 cm (Dreicer et al. 1984, Li et al. 1994). No 977 
systemic uptake of PAHs via plant roots was found. Concentrations of PAHs in peels of 978 
potato and carrots from organic farming were generally higher than in the core of potato 979 
and carrots (Zohair et al. 2006). The BCF for individual PAHs ranged from 0.0002 to 0.3 980 
kg kg-1 and decreased with log KOW (Zohair et al. 2006, Trapp et al. 2007a). The results 981 
from the experiments are in very good accordance with the model predictions in section 982 
9.5.2.  983 
The range of measured concentrations of BaP in food crops was quite large, from 0.01 to 984 
48 µg kg-1. Generally, leafy vegetables and lettuce had the highest concentrations, 985 
followed by cereals, potato and root vegetables (Kazerouni et al. 2001, Samsøe-Petersen 986 
et al. 2002, SCF 2002). This indicates air as primary source for the contamination of 987 
vegetables with PAHs.  988 

989 
9.6.1.5 Uptake of POPs into radishes  990 
An uptake of organochlorine pesticides and polychlorinated biphenyls (PCBs) from soil 991 
and air into radishes was measured at a contaminated field site in the Czech Republic 992 
(Mikes et al. 2008). Root concentration factors (RCF) and above-ground bioconcentration 993 
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factors (BCF) were determined by linear regression. The transfer from soil into leaves 994 
(average BCF 0.08 kg kgdw

-1) was rather constant for all contaminants and could best be 995 
explained by soil particle attachment. A negative correlation between RCF and log KOW996 
was found for edible radish bulbs. Generally, uptake from air was higher than uptake 997 
from soil. Uptake from air into radish roots and bulbs was observed. The example in 998 
Section 9.3 was taken from this study. 999 

1000 
9.6.1.6 Uptake of the explosive RDX into vegetables  1001 
In a critical review of uncertainties related to plant-to-soil bioconcentration factors by 1002 
McKone and Maddalena (2007), BCF-values for the explosive RDX (hexahydro-1,3,5-1003 
trinitro-1,3,5-triazine) are listed. RDX is a quite persistent, relatively polar (log KOW: 1004 
0.87) and non-volatile contaminant (KAW: 6.3 x 10-8 atm m3 mol-1). BCF-values range 1005 
from 0.06 (mg kgww plant

-1 : mg kgdw soil
-1) in bean pods and 0.07 (mg kg ww plant

-1 : mg L 1006 
water-1) in bean fruits at the lower end to 19.2 (mg kgww plant

-1 : mg Lwater
-1) in bean leaves 1007 

and 28.6 (mg kgdw plant
-1 : mg kgdw soil

-1) in carrot shoots at the upper end. Overall, fruits 1008 
tend to have lower BCF values than roots, and leaves have the highest accumulation, but 1009 
there is a very large variation in the data. The BCF values for fruits range from 0.07 to 1010 
5.50, for roots from 0.08 to 4.50 and for leaves from 0.30 to 28.6, i.e. the maximum BCF1011 
is 79 fold, 56 fold or 93 fold larger than the minimum BCF. Even though the units are not 1012 
uniform (i.e. a mix of wet weight and dry weight, soil and water), this variation is quite 1013 
impressive for one single contaminant and similar crop type. Overall, it can be concluded 1014 
that: 1015 
• The model prediction that polar, non-volatile contaminants tend to accumulate in 1016 

particular in leaves is correct. 1017 
• The uncertainties in the model predictions are very high, and very large variations 1018 

may be expected in experimental data. 1019 
• The variations of contaminant-specific, physiological and environmental parameters 1020 

listed in section 9.5 do lead to high variations in uptake.  1021 
   1022 
9.6.1.7 Uptake of acids and bases  1023 
Briggs et al. (1987) determined the RCF and TSCF of weak organic acids with log KOW1024 
between 0.06 and 4.51 and pKa-values near 3. At pH 7 in external solution, RCF-values 1025 
were low, between 0.5 and 4.5 L kg-1. At pH 4, the RCF-values were higher and ranged 1026 
from 2.6 to 72 L kg-1. Similar, the TSCF-values of weak acids at pH 7 was low, 0.04 to 1027 
0.05 L L-1, while at pH 4 TSCF-values up to 4.2 L L-1 were found. Briggs et al. used the 1028 
ion trap process to interpret their results. Chamberlain et al. (1998) studied the uptake 1029 
into roots and translocation to shoots of two weak bases, i.e. dodemorph (pKa 7.8) and 1030 
tridemorph (pKa 7.4). At pH 5, RCF-values of dodemorph were < 10 L kg-1, and of 1031 
tridemorph about 20 L kg-1. With increasing pH, RCF increased to 49 L kg-1 for 1032 
dodemorph and 183 L kg-1 for tridemorph at pH 8. In parallel, the TSCF increased from < 1033 
1 L L-1 for both bases at pH 5 to 24 L L-1 for dodemorph and slightly below 10 L L-1 for 1034 
tridemorph at pH 8. To the knowledge of the authors of this Chapter, the TSCF of 1035 
dodemorph in this experiment was the highest TSCF ever determined. A similar study 1036 
was done by Inoue et al. (1998), who also found a large increase of uptake and 1037 
translocation of weak bases in plants with increasing pH. The results from these studies 1038 
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underline the importance of pH in the soil pore water for uptake and translocation of 1039 
weak electrolytes. However, the results have not yet been confirmed by field studies.  1040 

1041 
1042 

9.7 Classification of contaminants with respect to uptake into vegetables1043 
  1044 
This section gives a short classification of several frequently found soil and groundwater 1045 
contaminants with respect to their uptake into vegetables. It is based on the model 1046 
simulations, measured data and the process review above, but also on the experience of 1047 
the authors.  1048 

1049 
9.7.1.1 Chlorinated solvents (PCE, TCE and others) 1050 
Chlorinated solvents such as perchloroethene (PCE) and trichloroethene (TCE) are 1051 
probably the most frequently found groundwater contaminants world-wide. They are 1052 
water-soluble, relatively persistent and very volatile. Uptake of chlorinated solvents into 1053 
tree trunks has been reported frequently (Sorek et al. 2008, Vroblesky et al. 1999, Larsen 1054 
et al. 2008, Chard et al. 2006). However, these contaminants are highly volatile and 1055 
escape rapidly from branches, small stems and leaves into the air (Baduru et al. 2008). 1056 
Thus, in fruits, only metabolites of chlorinated solvents could be detected (Chard et al. 1057 
2006). Accumulation in root crops and potatoes is likely, though not described yet. 1058 
During storage and cooking, chlorinated solvents could be eliminated from food stuff, 1059 
due to their high volatility. Moreover, these contaminants are not expected to be present 1060 
in high concentrations in top soil, i.e. the root zone, due to volatilization to the air and 1061 
leaching to the groundwater.  1062 

1063 
9.7.1.2 Gasoline contaminants  1064 
Gasoline is a mixture of light petroleum products (for example alkanes such as hexane, 1065 
and aromates such as benzene and toluene) plus additives like ethanol and MTBE. They 1066 
frequently occur in the groundwater due to leaching storage tanks. Gasoline contaminants 1067 
are volatile and usually rapidly degraded. Thus, concentrations in aerated soil are 1068 
generally low (Fig. 9.8). Accumulation in crops from soil has not been described, except 1069 
in laboratory experiments. An exception is MTBE, which is less volatile and more 1070 
persistent. MTBE was not metabolized in any of 24 plant species tested (Trapp et al. 1071 
2003). Uptake of benzene from air is rapid but levels are low, due to a low KOA, and 1072 
insignificant for human exposure (Collins et al. 2000).  1073 

1074 
9.7.1.3 Heavy petroleum products  1075 
The heavy fraction of petroleum products consists of long-chain alkanes and some 1076 
polycyclic aromatic hydrocarbons. These contaminants are lipophilic, volatile and 1077 
degradable under aerobic conditions. Significant uptake into vegetables has not been 1078 
observed and is not expected.  1079 

1080 
9.7.1.4 Polycyclic aromatic hydrocarbons  1081 
Polycyclic aromatic hydrocarbons (PAHs) is a group of contaminants with two 1082 
(naphthalene) to seven or more condensed aromatic rings with wide-spread occurrence in 1083 
the environment from incomplete combustion. Most of these contaminants are very 1084 
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lipophilic (log KOW 5 to 7) and have a very low water-solubility. Uptake into plants with 1085 
transpiration water is therefore unlikely. Contamination of plants is mainly via attached 1086 
soil particles or from air (Delschen et al. 1999). Uptake from soil into the peel of carrots 1087 
or potatoes may occur. Solubilization by cucurbita species (pumpkin and zucchini) is 1088 
likely.  1089 

1090 
9.7.1.5 Persistent organic pollutants POPs   1091 
Persistent Organic Pollutants (POPs) are chlorinated compounds like the pesticides DDT, 1092 
dieldrin and lindane, but also polychlorinated biphenyls (PCB) and polychlorinated 1093 
dibenzo-p-dioxins and -furans (PCDD/F). POPs are persistent, semi-volatile and 1094 
lipophilic. Similar to PAHs, the uptake with transpiration water into vegetables is very 1095 
unlikely, while attached soil particles can lead to contamination of crops. Solubilization 1096 
with subsequent translocation by cucurbita species (pumpkin and zucchini) has been 1097 
observed repeatedly.  1098 

1099 
9.7.1.6 Explosives 1100 
Explosives such as trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine 1101 
(RDX) are relatively polar contaminants with low vapor pressure. High uptake into plants 1102 
has been observed (McKone and Maddalena 2007, Thompson et al. 1998). Inside plants, 1103 
a reduction of the nitro groups to amino groups is likely and would lead to an increase of 1104 
the toxic potential. Furthermore, bound residues may be formed. 1105 

1106 
9.7.1.7 Phenols 1107 
"Phenols" is the common name for a class of contaminants with a phenolic ring. A 1108 
variety of chemical groups may be attached to the ring and leads to contaminants with a 1109 
large variety of properties (nitrophenols, anilines, chlorinated phenols). Phenols are less 1110 
volatile than the aromatics benzene, toluene, ethylbenzene and xylene (BTEX). The 1111 
contaminant phenol as well as monochlorophenol were degraded rapidly in the root zone 1112 
(Ucisik and Trapp 2006, 2008), while 2,4-dichlorophenol was taken up into roots and 1113 
translocated to stem, and to some extent also to leaves (Ucisik et al. 2007).   1114 

1115 
9.7.1.8 Cyanides 1116 
"Cyanides" are contaminants with a CN-group found at (abandoned) gasworks sites and 1117 
gold mines. Free cyanides (HCN, CN-) are rapidly taken up into roots and are rapidly 1118 
metabolized. An accumulation in healthy plants was not observed, because free CN is 1119 
highly toxic (Larsen et al. 2004, 2005, Yu et al. 2004, 2005b). Iron-complexed cyanide 1120 
(ferri- and ferrocyanide) is taken up by plants and translocated upwards, while slow 1121 
metabolism was observed (Ebbs et al. 2003, Samiotakis and Ebbs 2003, Larsen and 1122 
Trapp 2006). Field measurements at a former gas works site showed no accumulation of 1123 
total cyanide (sum of free and complexed CN) in leaves (Trapp and Christiansen 2003, 1124 
and own results, unpublished). Surface contamination of crops by solid iron cyanide 1125 
(such as Prussian blue) is possible and has been observed ("blue strawberries").  1126 

1127 
1128 

9.8 Monitoring of contaminants in soils and shallow aquifers with vegetation1129 
1130 
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The uptake of soil and groundwater contaminants into vegetation has also positive 1131 
aspects: contaminants such as chlorinated solvents in soils and shallow aquifers can be 1132 
monitored using vegetation samples. In principle, every tree could be considered as a 1133 
well, a pump and a passive sampler, all in one. Vegetation samples can be taken from 1134 
stems of trees (Fig. 9.12) and analyzed to identify and map subsurface contamination. 1135 
The method is rapid and cheap. Screening an area suspect of contamination in the upper 1136 
aquifer with the tree core method prior to boring observation wells can support the 1137 
determination of optimal location of these wells, instead of arbritrary placing wells. This 1138 
reduces the number of wells necessary for the investigation and thus reduces overall 1139 
costs. Besides, tree cores can be sampled at sites which are difficult to access with heavy 1140 
equipment, for example gardens in residential areas or dense forests. Even better, the 1141 
effect on trees of the contaminants in a plume is reflected by the size of tree rings, and 1142 
dendrochronology can be used to determine when a plume passed below the tree (Balouet 1143 
et al. 2007).  1144 
The potential of this monitoring procedure is large. Tree core sampling as monitoring 1145 
method was successfully applied for chloroethenes (Vroblesky et al. 1999, 1146 
Gopalakrishnan et al. 2007). Larsen et al. (2008) found a good agreement between the 1147 
plume delineation by traditional well drilling and by tree core sampling, but only 1148 
monotone (and not linear) relations. The authors could also use the method to monitor 1149 
natural attenuation of a PCE spill. Sorek et al. (2008) even detected several before 1150 
unknown spills in Tel Aviv by a random sampling of trees in the city. But there are also 1151 
limitations. Tree core sampling should rather be used for assessing the presence of 1152 
contaminants than for determining exact subsurface concentrations. Because from tree 1153 
core measurements alone, precise evaluation of subsurface contamination will not be 1154 
possible, due to varying concentrations in wood (Larsen et al. 2008, Sorek et al. 2008).  1155 
The method could also be successful for some heavy metals such as cadmium and copper, 1156 
and it may also work for MTBE, perchlorate and dichlorophenol. For a number of 1157 
contaminants the method was not successful, to mention are BTEX, PAHs (except 1158 
naphthalene), free and iron complexed cyanide, long-chain alkanes (generally petroleum 1159 
products), phenol, monochlorophenol, iron and lead.  1160 
  1161 
A free guide to vegetation sampling for screening of subsurface pollution is available 1162 
from the web (Trapp et al. 2008b).  1163 

1164 
<Figure 9.12> 1165 

1166 
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Tables 1431 
1432 

Table 9.1:  Input data set for the standard model for the calculation of plant uptake (1 1433 
m2 of soil). 1434 

Parameter Symbol Value Unit 

Soil    
Soil wet density  ρwet 1.95 kg L-1

Organic carbon content  OC 0.02 kg kg-1

Soil pore water content PW  0.35 L L-1

Soil dry density  ρdry = ρwet - PW   kg L-1

Mass of soil MS 1000 Kg 
Roots   
Water content of roots WR 0.89 L kg-1

Lipid  content of roots LR 0.025 kg kg-1

Transpiration stream  Q 1 L d-1

Root mass M 1 Kg 
1st order growth rate K 0.1 d-1

Leaves   
Shoot mass ML 1 Kg 
Leaf area  A 5 m2

Shoot density  ρ 1000 kg m-3

Lipid content leaves L 0.02 kg kg-1

Water content leaves W 0.8  L kg-1

Conductance leaves G 10-3  m s-1

Deposition velocity from air vdep 10-3  m s-1

Growth rate leaves kL 0.035 d-1

Transfer with attached soil R 0.01 - 0.001 kg kg-1

Time to harvest  T 60 D 
1435 
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Table 2. Transfer of attached soil particles to leaf surfaces (Li et al. 1994); expressed as 1436 
mg soil gplant dw

-1 ± 95% confidence interval.  1437 
Plant species Amount of soil                                     

(mg soil gplant dw
-1) 

Lettuce 260 ± 100 
Turnip   32 ± 11 
Grass    18 ± 48 
Tomato   17 
Broccoli   10 ± 8.1 
Bean leaves    9.5 
Grass (Lolium)    5.8 
Wheat    4.8 
Sun flowers    2.6 ± 0.9      
Tobacco    2.1 ± 0.6       
Soy bean    2.1         
Maize     1.4 
Cabbage     1.1 ± 1.1        
Average   28.2 
Average fresh weight *     1.4 
* based on 95% water content of plants 1438 

1439 
1440 
1441 

Table 3. Deposition velocities of particles (TA-Luft 1986).  1442 
Diameter (µm) vdep (mm s-1) 

< 5 1
5 to 10 10

10 to 50 50
> 50 100

unknown 70
1443 
1444 
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Figure Captions1445 
1446 
1447 

Figure 9.1: Transport and uptake processes in the soil-air-plant system.   1448 
1449 

Figure 9.2: Measured concentration ratio of p,p'-DDT in radish plant versus 1450 
concentrations in soil, at a Czech site (from Mikes et al. 2008).  1451 

1452 
Figure 9.3: Calculation of BCF from the slope of the regression between 1453 

concentrations in soil and plant; calculation of background concentration 1454 
due to uptake from air from the y-axis intercept of the regression. Example 1455 
from Mikes et al. (2008), p,p'-DDT in roots and soil.  1456 

1457 
Figure 9.4: Measured data and root concentration factor (RCF)-regression lines of 1458 

Briggs et al. (1982) and Trapp and Pussemier (1991), compared to the 1459 
concentration ratio bulk soil to water (KSW). 1460 

1461 
Figure 9.5: Overview of crop-specific plant uptake models and processes considered 1462 

(Legind and Trapp 2008).  1463 
1464 

Figure 9.6: Concentration in root (fresh weight) with varying log KOW, predicted with 1465 
the regression of Travis and Arms (T&A), the root concentration factor 1466 
(RCF), the root model and the potato model. Concentration in soil is equal 1467 
to 1 mg kg-1 (wet weight).    1468 

1469 
Figure 9.7: Simulated concentration in leaves for compounds with varying log KOW1470 

and varying partition coefficient air-water (KAW), for a concentration in 1471 
soil equal to 1 mg kg-1 (wet weight). Concentration in air is a) 0 and b) in 1472 
phase equilibrium with soil.  1473 

1474 
Figure 9.8: Simulated concentration of o-xylene in soil and roots as a function of time, 1475 

with a degradation rate of 0.11 d-1.  1476 
1477 

Figure 9.9: Principle of the ion trap. AH is the neutral contaminant (here an acid), and 1478 
A- is the ion (here an anion) 1479 

1480 
Figure 9.10: Simulation of the concentration of carbofuran in plants as a function of 1481 

time, with low transpiration (Q is 1 L d-1) and high transpiration (Q is 5 L 1482 
d-1). Dynamic model version, data Tab. 1.  1483 

1484 
Figure 9.11: Calculation of concentration in roots of cyanide as a function of the 1485 

concentration in external aqueous solution (CW), using Michaelis-Menten 1486 
kinetics for metabolism; vmax is 6.9 mg kg-1 h-1; KM is 0.44 mg L-1 (Larsen 1487 
et al. 2005).    1488 

1489 
Figure 9.12: Demonstration of the tree core method by Morten Larsen. 1490 
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Figures 1491 
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a b s t r a c t

Exposure to chemicals via diet is a major uptake pathway for many compounds but is often estimated in

a rather generic way. We use a new model framework (NMF) with crop-specific models to predict the

dietary intake by 4–5-year-old children and 14–75-year-old women of three environmental compounds

from their background concentrations in soil and air. Calculated daily intakes of benzo(a)pyrene and

2,3,7,8-TCDD are in good agreement with measured results from diet studies. The major source of both

compounds in human diet is deposition from air. Inhalation of air and ingestion of soil play a minor role.

Children take up more than twice the amount than adults per kg bodyweight, due to higher consumption

per kg bodyweight. Contrary, the methods for indirect human exposure suggested in the Technical

Guidance Document (TGD) for chemical risk assessment in the EU lead to overprediction, due to unre-

alistic consumption data and a false root model.

Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Chemicals released to the environment may distribute in water,

air and soil. From there, they may be taken up into plants, accu-

mulate in the human food chain (Czub and McLachlan, 2004) and

affect the health of humans, and in particular of children (WHO,

2007). The exposure to the large number of these chemicals cannot

be assessed by field tests or monitoring studies entirely, but relies

mostly on predictive methods, such as mathematical models or

quantitative structure-activity relationship (QSAR) methods.

Consequently, a number of modeling tools for human exposure

assessment were developed, for example CLEA (DEFRA, 2002),

CSOIL (Brand et al., 2007), VLIER-HUMAAN (Nouwen et al., 2001) or

ACC-Human (Czub and McLachlan, 2004).

New and existing chemicals in the European Union are regu-

lated by the new legislation REACH (Registration, Evaluation,

Authorisation and restriction of CHemicals) (EC, 2006). The

procedure for risk assessment was laid down in the Technical

Guidance Document (TGD) (EC, 2003) and implemented in the

computer program EUSES (European Uniform System for the

Evaluation of Substances). The TGD describes in detail how to

perform a risk assessment for chemicals. It includes methods to

predict the indirect exposure of humans by uptake of chemicals

from environment (air, water and soil) into diet. The consumption

data suggested in the TGD for dietary intake calculations are

supposed to represent a ‘‘reasonable worst case’’, but the exposure

assessment is done for adults with a bodyweight of 70 kg.

The behavior of children can expose them in other ways and also

at higher levels to chemicals than adults. Children eat more, drink

more and breathe more than adults in proportion to their body

mass (WHO, 2007) – ‘‘. their food, water, and air must therefore be

especially safe’’ (U.S. EPA, 2006). Summarized, the exposure of

children to environmental chemicals is greater than that of adults,

and in terms of risk assessment, children should be regarded as

a particularly vulnerable group (Landrigan et al., 2004).

One objective of our study is therefore to develop a tool for the

prediction of the indirect exposure of children to chemicals in the

environment, and to compare their exposure to that of adults.

Therefore, the exposure estimations distinguish between adults

and children, by using realistic dietary consumption data for two

age groups (4–5 and 14–75 years of age) to estimate the intake of

chemicals via the daily diet.

A second objective of our study is to refine the method for

indirect human exposure assessment. The existing method,

described in the TGD (EC, 2003), considers only one generic plant
* Corresponding author. Tel.: þ45 45 25 15 88; fax: þ45 45 93 28 50.
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type consisting of roots and leaves. We present a new model

framework (NMF) that includes crop-specific plant models, which

predict the concentrations of chemicals in roots, potatoes, leafy

vegetables, lettuce, fruits and cereal separately. The focus is on the

terrestrial food chain (i.e. crops, meat and milk), so fish is excluded

from the study. The exposure of nursing infants to chemicals via

breast milk is also included in the NMF but was handled earlier

(Trapp et al., 2008). The outcome of the new, crop-specific models

(NMF) is compared to the results of the current method (TGD) for

relatively well-investigated compounds. By comparison to results

from diet studies, the validity of the approaches and the level of

improvement can be tested.

Briefly, the goal of our study is to refine chemical risk assess-

ment under REACH by improving the assessment of human expo-

sure to chemicals in the environment (air, water and soil) through

consideration of children and crop-specific dietary uptake.

2. Materials and methods

Model compounds chosen for the study were: benzo[a]pyrene (BaP),

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and dodecyl benzenesulfonic acid (a

linear alkylbenzene sulfonate, LAS). Their properties and tolerable daily intakes

(TDI) are given in Table 1. The Joint FAO/WHO Expert Committee on Food Additives

(JECFA) has not established a TDI for BaP because of lack of data (JECFA, 1991).

However, several studies have been estimating TDI values for BaP ranging from 0.6

to 5 ng kgÿ1 dÿ1 (SCF, 2002b). We have chosen the value of 5 ng kgÿ1 dÿ1 from

Kroese et al. (2001) giving 1:106 excess lifetime cancer risk for oral exposure. No TDI

was found for LAS.

Input concentrations in soil and air for the calculations with TGD and NMF are

Danish data and shown in Table 1. Measured background concentrations in arable

soil were found for BaP (Samsøe-Petersen et al., 2000) and TCDD (Vikelsøe, 2004).

For LAS the input concentration was a former Danish soil quality criterion con-

cerning sewage sludge application. Concentrations in air (sum of gaseous and

particulate) were either measured (TCDD (Vikelsøe et al., 2006) and BaP (LAI, 1991))

or neglected (LAS). The background concentration of BaP in air was measured in

Germany and is equal to the current European target value (EC, 2005).

Metabolism of the compounds in both plant and animal matrices was included

where evidence for this process was found. For BaP, metabolism in animals is rapid

(SCF, 2002b; Ciganek and Neca, 2006). Consequently, dietary exposure to BaP from

meat and milk was neglected (i.e., a BaP concentration of 0 in meat and milk was

assumed; BaP may have high concentrations in grilled meat, but this is not from

environmental sources (SCF, 2002a)). For TCDD, a photolysis rate constant of

0.3744 dÿ1 (McCrady and Maggard, 1993) during sunlight (30 % of the time) was

used in the lettuce, leaf, cereal and fruit tree models.

TGD methods. Current EU risk assessment considers consumption of root and

leaf crops, fish, meat and dairy products in the assessment of indirect human

exposure (EC, 2003). Concentrations in meat and dairy products are calculated with

the regression equations of Travis and Arms (1988) for beef and milk, but with

modified consumption rates. Concentrations in plants are calculated with the

steady-state version of the model by Trapp and Matthies (1995). Concentrations in

roots are calculated from phase equilibrium to soil. Uptake into leaves may be from

soil with the transpiration stream and from air by gaseous deposition. Cattle feed on

the leaves, but do also take up chemicals via ingestion of soil and inhalation of air.

Concentrations in air and soil were not calculated, but are input data.

The basic equations are listed in Table 2 and in the Supporting Information (SI).

For the complete set of equations we refer to the Technical Guidance Document

(TGD) for risk assessment in the EU (EC, 2003). For our study, the TGD equations

were implemented as a spreadsheet version.

The new model framework (NMF) consists both of models from the TGD and

new crop-specific models. Since the establishment of the TGD guidelines, new crop-

specific models were developed, namely a root model (‘‘carrot model’’) (Trapp,

2002), a fruit tree model (‘‘apple model’’) (Trapp, 2007), and a potato model (Trapp

et al., 2007). All plant models are based on the same physicochemical principles and

describe the same basic processes, such as advective uptake into plants, diffusive

uptake, partitioning to plant tissue, fluxes inside the plants with xylem and phloem,

dilution by growth, and particle deposition from soil and air. However, the actually

occurring processes and the parameterization vary with the crop type (Fig. 1).

For lettuce and other leafy vegetables, the plant model developed by Trapp and

Matthies (1995) was applied, which is also suggested in the TGD, but with modifi-

cations, in order to eliminate short-comings identified earlier (Trapp and Schwartz,

2000). Particle deposition from air to leaves was added (vdeps 0 in Table 2)

assuming 100% transfer of the contaminants from particle to plant. A soil resus-

pension to leaf surfaces of 1% attached soil (ww) was assumed for lettuce (Li et al.,

1994). The transpiration stream concentration factor (TSCF) was estimated using the

regression of Burken and Schnoor (1998) instead of that of Hsu et al. (1990), besides

the regression of Briggs et al. (1982). The conductance of leaves was calculated as in

the fruit tree model. The TGD equilibrium approach for roots was replaced by

a dynamic root model (Trapp, 2002) that considers growth dilution. Uptake of

chemicals into tree fruits was calculated with an eight-compartment-model

parameterized for apples (Trapp, 2007). Uptake of chemicals into potatoes was

calculated with a model for diffusion into a growing sphere (Trapp et al., 2007). No

special model for uptake into grains has been developed yet, and uptake into cereal

was estimated with the lettuce model adapted to cereal with parameters from

wheat. Birak et al. (2001) re-evaluated the data in Travis and Arms (1988) on bio-

accumulation in beef and milk and suggested different regressions, which were

tested but later not used in the NMF approach. Air inhalation rates were adapted to

Danish conditions. Soil ingestion as uptake pathway was considered additionally.

The basic equations are listed in Table 2. The models are briefly described in the

SI. Besides, all models are published, and the reader is encouraged to consult the

primary literature for more details, validation studies, application examples, and

further explanations. The equations were implemented as a user-friendly spread-

sheet version, which is freely available from the authors.

Consumption data for children and womenwere taken from the Danish national

survey of dietary habits and physical activity (Lyhne et al., 2005) and the pesticide

monitoring report (Poulsen et al., 2005). The data are shown in Table 3 together with

the consumption data suggested in the TGD. More details on their derivation can be

found in the SI.

The daily dietary intake (DDI) of each chemical per kilogram bodyweight

(mg kgÿ1 dÿ1) was calculated by multiplying the consumption of each food item

(Consumptioni (kg/d)) with the calculated concentration in it (Ci (mg/kg)), and

dividing by the bodyweight (kg):

DDI ¼

P

i

ðCi ConsumptioniÞ

Bodyweight
(2)

Table 1

Compound properties, TDI, and input concentrations for Denmark.

Parameter Symbol (unit) BaP TCDD LAS

log octanol–water partition coefficient Log KOW (L/L) 6.38 6.84 1.96 g

Air–water partition coefficient KAW (L/L) 1.78� 10ÿ4 4.90� 10ÿ4 3.55� 10ÿ4

Melting point Tm (�C) 177 295 10

Vapor pressure Vp (Pa) 1.7� 10ÿ6 6.0� 10ÿ8 2.1� 10ÿ13

Molar mass Mm (g/mol) 252.32 321.97 326.5

Tolerable daily intake TDI (mg kg bwÿ1 dÿ1) 0.005 a 2� 10ÿ6 d –

Average concentration in soil CS (mg/kg ww) 0.069 b 4.02� 10ÿ8 e 4.1 h

Average concentration in air CA (mg/m3) 0.001 c 6.6� 10ÿ10 f 0

T¼ 20 �C (average growing season). If not mentioned otherwise compound properties were found with the SPARC online calculator (SPARC, 2007; Hilal et al., 2003).
a Kroese et al. (2001); divide by factor 10 when BaP is used as an indicator for other dietary PAH.
b Samsøe-Petersen et al. (2000).
c German value (LAI, 1991).
d EFSA (2004).
e Vikelsøe (2004).
f Vikelsøe et al. (2006).
g Hand and Williams (1987).
h Former Danish soil quality criterion. Concentrations in soil given inmg/kg dryweight (dw)were converted tomg/kgwetweight (ww) using a soil dry density of 1.6 kg dw/L

and a soil wet density of 1.95 kgww/L.
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Similarly, daily intake of chemicals by ingestion of soil and inhalation of air were

calculated and added to give the total daily intake of chemical.

Recent reports of monitoring studies of the daily oral intake of dioxin-like

compounds express the exposure in WHO-TEQ (toxic equivalents). The TEQ is

summing up the results for several PCDD/F and PCB. To come to an exposure to

(2,3,7,8-)TCDD from these studies, we assume that about 50% of the TEQ are dioxin-

like PCB (DFVF, 2005), and of the remaining PCDD/F-TEQ about 8% of TEQ are TCDD

(Focant et al., 2002). This means that 4% of the WHO-TEQ are contributed to TCDD.

Results from food monitoring studies may include fish, which we excluded. The

intake of TCDD with fish was taken as 46% (Fromberg et al., 2005). For comparison

purposes, this was deducted from estimates of exposures including fish.

3. Results

Total daily intakes of BaP and TCDD by children (4–5 years) and

women (14–75 years) predicted with the new crop-specific model

framework (NMF) and the TGD methods are shown in Fig. 2 a, b.

The predicted intake is more than 100 times higher with the TGD

than with the NMF. This is even true when the 95th percentile

consumption data is used as input data for the NMF. Note that none

of the models accounted for the processing of food, which could

influence the intake, e.g., BaP is formed by smoking of fish and

grilling of meat (SCF, 2002a).

ForBaP, thepredicteddaily intakeby theNMF is4.9 ng kg bwÿ1 dÿ1

(average adult woman), 9.1 ng kg bwÿ1dÿ1 (95% consumption data,

adult woman), 12.8 and 21 ng kg bwÿ1 dÿ1 (child, average and 95%).

With the TGD method, an intake of BaP of 2100 ng kg bwÿ1dÿ1 was

predicted for adults.

There are also differences in the predicted daily intake of TCDD.

The NMF predicts 0.009 pg kgbwÿ1 dÿ1 and 0.021 pg kg bwÿ1 dÿ1

for the average adult and the 95%-consumption adult, and 0.035 and

0.063 pgkg bwÿ1 dÿ1 for the average and 95%-consumption child.

The predicted daily intake with TGD is 1.4 pg kg bwÿ1 dÿ1 for adults.

Fig. 1. Overview of crop-specific uptake models and processes considered.

Table 2

Equations for the estimation of indirect human exposure via the environment.

Pathway Equation Ref.

All leaf crops (TGD) leafy vegetables and cereals (NMF) CL ¼
b

a
a ¼

Ag

KLAML
þ k

(a)

b ¼
Q

ML
TSCFCSKWS þ ð1ÿ fpÞ

CAgA

ML
þ fp

CAndepA=2

ML

Root vegetables TGD: CR ¼ KRWKWS (a,b)

NMF:CR ¼
Q

Q

KRW
þ kM

KWSCS

Meat d TGD: log BTFmeat ¼ log KOW ÿ 7:6
(c)

NMF: log BTFmeat ¼ 1:033 log KOW ÿ 7:735

Milk d TGD: log BTFmilk ¼ log KOW ÿ 8:1 (c)

NMF: log BTFmilk ¼ 0:992 log KOW ÿ 8:056

Potato (NMF)

BCF ¼
kuptake

kloss þ kgrowth

(e)

Fruits (NMF)

CF ¼
QFCX þ ð1ÿ fPÞAFPFCA=KAW þ fpvdepCAAF=2

1000AFPF=KFW þ kMF

(f)

a Trapp and Matthies (1995).
b Trapp (2002).
c Travis and Arms (1988).
d the regression of Birak et al. (2001) was tested in the NMF, but not used later.
e Trapp et al. (2007).
f Trapp (2007). C is concentration, Q is water flow, TSCF is transpiration stream concentration factor, g is conductance, A is surface area, vdep is deposition velocity of particles

(0 in TGD and cereal model), k is loss rate, K is partition coefficient; M is mass; P is permeability; fP is the fraction of particles in air; BTF is the biotransfer factor (Cmeat/intake,

Cmilk/intake), BCF is the bioconcentration factor (Cpotato/Csoil). Indices: L leaf; W soil water, R root, S bulk soil; A air; F fruit; X xylem.
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For LAS, the numbers differ much less (not shown). The pre-

dicted daily intake by NMF of an average adult woman is

88 mg kg bwÿ1 dÿ1, of an average child is 228 mg kg bwÿ1 dÿ1. The

respective numbers using the 95%-consumption data are 160 and

376 mg kg bwÿ1 dÿ1 for woman and child, respectively. The TGD

predicts a daily intake of LAS of 1024 mg kg bwÿ1 dÿ1 for adults.

Concentrations in food items predicted with the NMF and the

TGD are shown in Table 4. The TGD models predict high concen-

trations of BaP in roots, namely 373 mg/kg (fresh weight), but about

a factor of 100 lower concentrations in leaves (3.1 mg/kg). The NMF

models predict very similar concentrations of BaP in leaves and

lettuce, 5.0 and 5.7 mg/kg. The predicted concentrations in roots

with the NMF are much lower than with TGD, at 0.23 mg/kg. Pre-

dicted concentrations in potatoes (NMF) are about factor three

lower than those in roots (0.07 mg/kg). Predicted concentrations in

fruits (NMF) are the lowest of all crop types, 0.02 mg/kg. Predicted

concentrations in cereals (NMF) are 1 mg/kg.

For TCDD, the pattern is similar. The value obtained with the

TGD for leaves (0.13 pg/kg) is within the range of values predicted

with the NMF for the various crops (0.006–1 pg/kg). The value of

the TGD for roots is orders of magnitudes higher (252 pg/kg). This is

due to the assumption of phase equilibrium between root and soil

in the TGD, while the new root model is dynamic and considers

growth dilution. For leaves, the NMF predicts higher concentrations

than does TGD for both BaP and TCDD. The reason is the

consideration of particle deposition, which lacks in the TGD.

However, gaseous uptake is the more important route, and the

difference is small. Concentrations of TCDD in meat and milk were

calculated with the same regressions in both model systems. Still,

there is a small difference, due to differences in input concentra-

tions (leaves) and consumption data of cows.

From the predicted concentrations can be seen that the large

difference between TGD and NMF in the prediction of the total daily

intake of BaP and TCDD can be contributed mainly to the difference

in the root model.

For LAS, both model systems predict relatively similar concen-

trations in food items. This is to be expected, since the dynamic root

model and the equilibrium approach give similar BCF for less lipo-

philic compounds, and there is also only a small difference between

NMFand TGD in the results of the leaf model. Intake of LAS viameat

andmilk is of low relevance for the total daily intake. Due to the low

log Kow, this compound does not accumulate in the food chain.

4. Discussion

4.1. Studies on total daily exposure via diet

The total daily exposure found in diet studies is also shown in

Fig. 2 a, b.

For the average daily exposure of adults in Denmark to BaP,

3.7 ng kg bwÿ1 dÿ1 was found (Larsen, 1993). Children from the UK

of 4–6 years were on average exposed to 3.3 ng kg bwÿ1 dÿ1, the

97.5%-exposure was at 5.0 ng kg bwÿ1 dÿ1, and the exposure of

adults in the UK was determined to 1.6 ng kg bwÿ1 dÿ1 (mean) and

2.7 ng kg bwÿ1 dÿ1 (maximum) (FSA, 2002). For the US, a range

between 0.60 and 0.89 ng kg bwÿ1 dÿ1 was estimated (Kazerouni

et al., 2001). Adults in theNetherlands had a daily exposure to BaP of

1.8 (mean) to 6.2 (maximum) ng kg bwÿ1 dÿ1 (De Vos et al., 1990).

The numbers include smoked fish and grilled meat. However, the

contribution is small (approximately 10%, De Vos et al. (1990)),

except for theUS data,where grilled and barbecuedmeat accounted

for 21% of the daily exposure to BaP (Kazerouni et al., 2001). As can

be seen, these values are close to the predicted daily exposure to BaP

using the NMF (Fig. 2a), whereas the TGD estimate is three orders of

magnitude higher than the measured data.

The same trend in prediction accuracy is seen for TCDD (Fig. 2b).

The daily exposure toWHO-TEQ fromdiet excluding fish of children

age 4–6 in the period 1998–2003 was 1.5 (average) and 2.4 (95th

percentile) pg kgÿ1 dÿ1, Danish adults were exposed to 0.51

(average) and 0.91 (95th percentile) pg kgÿ1 dÿ1 (Fromberg et al.,

Fig. 2. a, b. Daily dietary intake estimates based on calculations compared to measured intake. Error bars give the 95th percentile (NMF and DK data) or maximum values (US, NL,

D). BaP: DK Adult (Larsen, 1993), UK Child 4–6 and UK Adult (FSA, 2002), US Adult (Kazerouni et al., 2001), NL Adult (De Vos et al., 1990). TCDD: DK Child (4–6) and DK Adult

(Fromberg et al., 2005), D Adult (BfR, 2006), NL Child (1–5) and NL Woman (Patandin et al., 1999). Measured TCDD-data given as WHO-TEQ in the original references.

Table 3

Daily consumption data for Danish consumers of the age 4-5 years and 14-75 years

(females), mean and 95th percentile for both groups, and consumption data sug-

gested in the TGD.

Food type 4–5 14–75 (\) TGD

Mean 95th Mean 95th

Root vegetables (g/d) 30 54 43 89 384c

Potatoes (g/d) 56 137 90 198

Lettuce (g/d) 6 11 9 18 1200d

Other leafy veg. (g/d) 7 13 10 21

Tree fruits (g/d) 111 235 137 318

Cereal products (g/d) 185 269 195 309

Milk (g/d) 448 796 303 754 561

Meat (non-poultry) (g/d) 76 138 89 166 301

Inhalation (m3/d) 8.3 28.8a 11.3 38.4a 20� 0.75e

Soil ingestion (mg/d) 100 200b 50 300b 0

Bodyweight (kg) 22 22 67.3 67.3 70

a Moderate activity.
b ECETOC (2001).
c Only one below-ground crop type in TGD.
d Only one above-ground crop type in TGD.
e Inhalation rate is 20 m3/d, hereof 75% is bioavailable.

C.N. Legind, S. Trapp / Environmental Pollution xxx (2009) 1–84

ARTICLE IN PRESS

Please cite this article in press as: Charlotte N. Legind, Trapp, S., Modeling the exposure of children and adults via diet to chemicals in the
environment with crop-specific models, Environ. Pollut. (2009), doi:10.1016/j.envpol.2008.11.021



2005). Assuming 4% of TEQ is TCDD (see Section 2), the daily

exposure of adults was between 0.02 (average) and 0.036 (95th

percentile) pg TCDD kgÿ1 dÿ1, for children age 4–6 it was 0.06

(average) and 0.096 (95th percentile) pg TCDD kgÿ1 dÿ1. The

average daily exposure to WHO-TEQ in Germany was between 1

and 2 pg kgÿ1 dÿ1, including fish (BfR, 2006). This corresponds to

about 0.02 to 0.04 pg kgÿ1 dÿ1 of TCDD without fish. From the

Netherlands, a daily exposure to WHO-TEQ of 6.3 (adult woman)

and 6.5 pg kgÿ1 dÿ1 (child aged 1–5 years) was reported (Patandin

et al., 1999), i.e. 0.136 and 0.140 pg kgÿ1 dÿ1 of TCDD in diet

excluding fish. As can be seen from Fig. 2b, the daily exposure to

TCDD by an average adult woman using NMF is slightly under-

estimated, but the estimate for the intake by children is quite close

to estimates based on measured values. The TGD, however, clearly

overpredicts the dietary exposure to TCDD.

According to the NMF calculations, children are exposed

approximately 2–4 times as much as adults per kg bodyweight

(Fig. 2 a, b). This is in agreement with previous measured results for

BaP in vegetables (Boyd et al., 1999), dioxins in the Danish diet

(Fromberg et al., 2005), and dioxins in vegetables and meat in an

impacted area (Nouwen et al., 2001).

No data on the daily exposure to LAS with food was found.

4.2. Tolerable Daily Intake (TDI)

Diet is the major source of human exposure to BaP in non-

smokers (SCF, 2002b; Phillips, 1999), similar for dioxins (Pohl et al.,

1995; Päpke, 1998). It was estimated that 90% of the background

exposure to dioxins in Denmark stems from food (Jensen, 2003). By

assuming that the exposure through other routes than those

considered in this study (diet, soil ingestion and inhalation) is

small, the calculated exposures can be compared to the TDI for

TCDD and BaP (Table 1). The TDI for TCDDwas not exceeded. On the

other hand, the estimated exposure to BaP with diet was close to or

above the virtually safe dose of BaP (Kroese et al., 2001), in

particular by children. This underlines that it is important to

consider children in exposure assessments of environmental

compounds.

4.3. Measured concentrations in food items

Table 4 shows also measured concentrations in various food

items and from several sources.

The range of measured concentrations of BaP in food crops is

quite large, from 0.01 to 48 mg/kg. Generally, leafy vegetables and

lettuce have the highest concentrations, followed by cereals, potato

and root vegetables. The average concentration of the crop-specific

models in NMF is 2.0 mg/kg, while the average of the measured

concentrations is 3.0 mg/kg. All predicted concentrations are in the

range of measured data, except the prediction of the TGD for roots

which is far too high. It can be concluded that the method, i.e. the

assumption of equilibrium concentration in roots, does over-

estimate the concentration of lipophilic compounds.

Based on 7200 samples, a German study (BfR, 2003) reports the

average contamination of food with dioxins and dioxin-like

compounds. The average concentration in fruits and vegetables is

10 pg WHO-TEQ/kg, corresponding to an approximate TCDD

concentration of 0.4 pg/kg. The TGD estimate for concentration of

TCDD is 0.13 pg/kg for leaves, and much higher for roots (252 pg/

kg), giving an average of 126 pg/kg for plants. The NMF-predictions

Table 4

Calculated concentrations in food items compared to experimental data.

Food type BaP (mg/kg fw) TCDD (pg/kg fw) LAS (mg/kg fw)

NMF TGD Measured NMF TGD Measured NMF TGD

Root vegetables 0.23 373 0.15 a 0.056 252 – 6.6 8.2

0.01–0.1 b

0.06 c

Potatoes 0.07 0.17 a 0.016 – 2.8

Lettuce 5.7 0.6–5.6 l 1.0 0.03 d 63

Other leafy veg. 5.0 3.1 0.10–0.12 a 0.62 0.13 0.02 d 63 57

0.2–48 b 20 e,f

3.0–4.2 l

Tree fruits 0.02 0.10 a 0.006 – 6.0

0.03 b

0.07 c

1.5 l

Cereal products 1.0 0.02–0.25 a 0.12

0.09–0.32 c – 17

0.04–5.4 l

Plants average 2.0 m 188 m 3.0 m 0.3 m 126 m 0.4 g,h 26 m 33 m

Milk – – 0.02 a 1.2 0.68 2.9 i,j 0.004 0.031

0.01 c 0.74 g,h,j

Meat (non-poultry) – – 0.05 c 2.4 2.2 2.5–22 i,k 0.005 0.009

25 e,k

2.0–6.0 g,h,k

a Kazerouni et al. (2001).
b Samsøe-Petersen et al. (2002).
c FSA (2002).
d Tsutsumi et al. (2002).
e Domingo et al. (1999).
f Assuming rdry¼ 0.1 kg dw/L and rwet¼ 0.5 kgww/L.
g Based on TCDD being 4% of WHO-TEQ.
h BfR (2003).
i Focant et al. (2002).
j Assuming a fat content of 0.0368 (Birak et al., 2001).
k Assuming a fat content of 0.25 (Birak et al., 2001).
l SCF (2002a); some values are from industrial areas.

m Average of values in the Table.
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for TCDD in crops vary from 0.006 pg/kg (tree fruits) to 1.0 pg/kg

(lettuce), with 0.3 pg/kg in average.

The predicted concentrations in meat and milk are close to or in

the range of measured concentrations. Birak et al. (2001) revised

the regressions of Travis and Arms (1988) for bioaccumulation in

meat and milk. We tested the new regressions in this study. The

bioaccumulation factors obtained for TCDD were about factor 10

lower than those obtained from Travis and Arms’ regressions, but

from the comparison to measured data we could not conclude that

the new BTF regressions would improve the predictions.

No measured data were found for the concentrations of LAS in

foodstuff. A BCF ray grass leaf to soil of 0.15 (kgww soil kgww plantÿ1)

was given by Tørsløv et al. (1997). This value is lower than the

calculated value (BCF leaves is 15), probably due to degradation.

The sources of environmental compounds in the diet (without

fish) can be identified by two calculations, one with soil as sole

input source of the chemicals and one with air (Table 5). According

to the TGD, the most relevant source of all compounds in the diet is

soil (97% of BaP and 99% of TCDD). For LAS, the uptake into the

terrestrial food chain is 100 percent from soil (because air

concentration was set to zero). According to the NMF, soil is less

relevant as source of contamination of the diet with BaP (12%, child

and adult) and TCDD (16% (child) and 18% (adult)). This is in

accordance with results from experimental studies, which showed

that themost important source of BaP in food is from air via gas and

particle deposition onto and uptake into crops (JECFA, 1991;

Phillips, 1999). Likewise, for TCDD it has been shown that uptake

from air into vegetation is the dominant uptake pathway (Schuh-

macher et al., 2006).

Furthermore, the most important food stuffs contributing to

daily exposures (excluding fish) can be identified (Table 5).

According to the TGD, roots are the dominant source of BaP and

TCDD in the diet (97–99%). According to the NMF, the major

contribution to BaP in the diet is from cereals and also by leafy

vegetables and lettuce. BaP enters these crops mainly from air.

Indeed, previous studies have shown that major dietary sources of

BaP are cereals, vegetables, oils and fats (SCF, 2002b; Phillips,

1999). The TGD gives roots as the major uptake pathway also for

TCDD, while the NMF gives milk and meat. A Danish diet study

(Fromberg et al., 2005) has previously identified fish (not

considered here), followed by milk and meat as the most impor-

tant sources of dioxins in the diet. According to Travis and Hat-

temerfrey (1991), food contributes with 98.8% to the human intake

of TCDD, inhalation of air contributes 1.1% and ingestion of soil

0.05%. Beef is the most important foodstuff, followed by milk and

dairy products and fish. Crops contribute with 3.4% to the total

uptake of TCDD. According to the NMF, cereals and fruits are the

most important sources of LAS in the diet. This result is ques-

tionable, because the calculations do not include a possible

degradation of LAS. Inhalation and soil ingestion play a minor role

for all three compounds.

In a study by Swartjes (2007), the exposure of adults to soil

contaminants was calculated with 7 European exposure models.

Different from the results of our study, soil ingestion was the most

important exposure pathway for BaP (average 49%), consumption of

cropswas less important (34% in average) and inhalation of air (only

indoor air)was not relevant (0%). This difference in uptake pathways

can largely be explained by the difference in scenarios. In the study

of Swartjes, a highly contaminated soil was considered, with 40mg/

kg of BaP, and the contribution from air was negligible. This was

opposite in our backgroundcontamination scenario (Tables 1 and5).

Second, uptake of BaPwith soil attached to leaveswas counted to the

crop consumption pathway in our study. By default, 1% soil is

attached to lettuce in the NMF. Female adults consume 9 g lettuce

per day; this corresponds to 90 mg attached soil per day and is

higher than the 50 mg direct soil ingestion of adults (Table 3).

The study by Swartjes (2007) also showed that model estima-

tions of human exposure can show large variations, depending on

model and scenario. The variation of the predicted exposure via the

crop consumption pathway was ‘‘substantial’’ (up to factor 10),

using seven different European exposure assessment tools.

4.4. Limitations

Themodels and estimation methods have limitations, which are

listed in the references for the models. The limitations of the model

system are the sum of the limitations of the single elements. This

was investigated by Trapp and Schwartz (2000). For example, the

common regression range of all regressions (and thus the appli-

cability domain) suggested in the TGD for indirect human exposure

assessment is only from log Kow 3–4.7. Strictly seen, none of the

three compounds studied here, LAS, BaP and TCDD, falls in this

range.

The TGD was designed as a ‘‘reasonable worst-case’’ (EC, 2003).

As shown in this study, it really overestimates the exposure to the

lipophilic compounds BaP and TCDD. The largest deviation was

seen for roots. A second reason for the overestimationwith TGD are

the high consumption rates, which represent the highest average

consumption rates in the EUmember states for each food item. The

resulting food basket is unrealistic. A more controlled approach

would be to use 95%-probability consumption data, as was sug-

gested by the WHO (2007). The daily dietary exposure calculated

for the reasonable worst-case using the TGD methods was higher

than the exposure calculated by the NMF for the child and the

95%-consumption data. It may be concluded that the TGD is (over-)

protective also for children, except for some scenarios where the

TGD could tend to underestimate (e.g. main input to food crops via

particle deposition from air).

Table 5

The contribution (%) of input sources (soil versus air), and soil ingestion, inhalation, drinking water and food stuffs to the daily intake of contaminant.

% BaP TCDD LAS

TGD NMF 4–5 NMF 14–75 TGD NMF 4–5 NMF 14–75 TGD NMF 4–5 NMF 14–75

Soil source 97 12 12 99 16 18 100 100 100

Air source 3 88 88 1 84 82 – – –

Soil ingestion – 2 1 – – – – – –

Inhalation – 3 3 – 1 1 – – –

Roots 97 2 3 99 – – 4 4 5

Potatoes – 1 2 – – – – 3 4

Leafy veg. 3 12 15 – 1 1 95 9 11

Lettuce – 12 19 – 1 1 – 8 9

Fruits – 1 1 – – – – 13 14

Milk – – – – 66 54 – – –

Meat – – – 1 28 39 – – –

Cereal – 66 59 – 3 3 – 63 57

– : below 1%
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5. Conclusions

Exposure of children to chemicals in the environment via food,

inhalation and soil ingestion was found to be higher than the

exposure of adults. It is recommended that the risk assessment

procedure for chemicals in the environment in the future should

consider children explicitly as a relevant and particularly vulner-

able target group. Generally, the new crop-specific model frame-

work was more realistic in predicting the dietary exposure to

environmental compounds for both children and adults, compared

to the TGD. The major reason is the more realistic root uptake

model. But the NMF also gives a more detailed and accurate picture

of the dietary exposure and the sources of contamination. This is

valuable information for risk management and can help to decide

which risk reduction efforts should be prioritized.
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1 Introduction  

This document lists the equations and the input data for the new model system used in this study.  

The models are implemented in Excel and fully parameterized. All models are published in the 

scientific literature. If modifications were made, this is mentioned.  

Crop-specific models, overview. Crop-specific models were developed for most major crop 

types, to mention are root vegetables, leafy vegetables, cereal, potato and fruits (apples). All 

models are based on the same physico-chemical principles and describe the same basic processes, 

such as advective uptake into plants, diffusive uptake, partitioning to plant tissue, fluxes inside 

the plants with xylem and phloem, dilution by growth, and particle deposition from soil and air. 

This mechanistic principle of building is similar for all crop-specific models. However, the 

actually occurring processes and the parameterization depend on the type of crop (Figure 1). All 

model equations are given in this document. Nonetheless, the reader is encouraged to consult the 

primary literature for more details, validation studies, application examples and further 

explanations.  

Figure 1. Overview of crop-specific uptake models and processes considered
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2 Root Model 

A separate root model was developed by Trapp (2002), considering uptake and loss in roots by 

advective processes plus dilution by growth. Diffusion into and across the peel is not considered, 

with the argument that the root vegetables, such as carrots, are usually peeled. And the chemicals 

do not reach the bulk of a thick root by diffusion because chemical equilibrium is not reached for 

more lipophilic compounds. 

2.1 Chemical equilibrium between fine roots and soil. The natural bulk soil consists of soil 

matrix, soil solution and soil gas. This is considered in the calculation of the chemical equilibrium 

between soil water and wet bulk soil KWS.   

AWSSdryOC

wet

WS

S

W

KGWKOC
K

C

C

×++××
==

ρ

ρ
  (kg L-1) 

  

where CW (mg L-1) is the concentration of the chemical in soil water and CS (mg kg-1) in wet bulk 

soil; �wet is the density of wet soil (kg L-1), OC is the fraction of organic carbon (kg kg-1), �dry (kg 

L-1) is the density of the dry soil, and WS and GS are the volume fractions of water and gas in soil 

(L L-1). KAW is the partition coefficient between air and water. The air phase can usually be 

neglected, except for very high KAW. KOC (L kg-1) is the partition coefficient between organic 

carbon and water and can be estimated from the octanol-water partition coefficient KOW (EC, 

2003): 

1.0log81.0log +×= OWOC KK

The phase equilibrium between roots and water, KRW (L kg-1), considers sorption to root lipids and 

dissolution into the aqueous solution of root cells: 

AWR

b

OWRR

W

R
RW KGKaLW

C

C
K ×+××+==

where CR is concentration in root (mg kg fresh weight-1), CW (mg L-1) is concentration in water, 

WR (L kg-1), LR (kg kg-1), and GR (L kg-1) are water, lipid, and air contents of the root, 'b' for roots 
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is 0.77 and ‘a' = 1/�Octanol = 1.22 L kg-1. The concentration in fine roots in phase equilibrium is 

thus  

WSRWSRSSeqR KKCKCC ××=×=,

2.2 Dynamic uptake model for thick roots ("Carrot model") 

The “carrot model” calculates uptake into roots with the transpiration water.  

Change of chemical mass in roots = +flux in with water – flux out with water 

QCQC
dt

dm
XyW

R ×−×=

mR is the mass of chemical in roots (mg), Q is the transpiration stream (L/d), CXY is the 

concentration in the xylem (mg/L) at the outflow of the root. Diffusive uptake is not considered 

(the carrot is peeled!). From mass, the concentration is derived by dividing through the mass of 

the root M:  

MQCMQC
dt

dC
XyW

R ×−×=

If growth is exponential, and the ratio Q/M (transpiration to plant mass) is constant, the growth by 

exponential dilution can be considered by a first-order growth rate k (d-1):  

RXyW

R CkMQCMQC
dt

dC
×−×−×= //

  

If the xylem sap is in equilibrium with the root, the concentration CXy = CR/KRW. Then,  

RRWRW

R CkMQKCMQC
dt

dC
×−×−×= ///

Setting this to steady-state (dCR/dt = 0) gives for the concentration in the root CR:  
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W

RW

R C

kM
K

Q

Q
C

+

=

The ratio of the concentration in soil water CW to that in bulk soil CSoil is KWS, and for the 

bioconcentration factor BCF between root vegetable and bulk soil follows: 

WS

RW

WS

W

R

Soil

R K

kM
K

Q

Q
K

C

C

C

C
BCF ×

+

=×==      

In a similar model approach, the root part of the Fruit Tree model (Trapp, 2007), diffusion into 

roots was also considered. The difference in the result is minimal, but the effort for calculation of 

diffusion is considerable. Therefore, we neglect this process here. 

2.3 Parameterization of the root model  

Soil data correspond to a Danish standard soil (Table S1). The parameterization of the root model 

is for 1 m2 soil, with 1 kg roots, a transpiration of 1 L d-1 and a root growth rate of 0.1 d-1. The 

data corresponds to those in the original reference (Trapp, 2002) (Table S2).  

Table S1. Soil data. 

Parameter Symbol Value Unit 

Soil wet density  �wet 1.95 kg L-1

Organic carbon content  OC 0.02 g g-1

Soil pore water  WS  0.35 L L-1

Soil gas pores  GS  0.1 L L-1

Soil dry density  �dry �wet - WS    kg L-1
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Table S2. Parameters of the root.  

Parameter Symbol Value Unit Value TGD Unit 

Root water content WR 0.89 L kg-1 0.65 m3 m-3

Root lipid content LR 0.025 (*) kg kg-1 0.01 m3 m-3

Root air content GR 0.1 L kg-1   

Growth rate root kR 0.1 d-1   

Transpiration  Q 1 L d-1   

Mass of thick roots MR 1  kg   

Density of plant RHOplant   700 kg m-3

(*) This lipid content includes all lipid-like compounds, not only fat and oil, but also waxes like 

suberin and cutin.  

2.4 TGD root model 

The TGD root model uses the equilibrium approach for fine roots with the concentration in soil 

water as input and slightly different parameters. KRW (m3 m-3) is calculated with b = 0.95: 

b

OWRR

W

R
RW KLW

C

C
K ×+==

The concentration in roots is found by dividing with the plant density, RHOplant (kg m-3): 

plant

RWW
eqR

RHO

KC
C

×
=,
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3 Potato Model 

3.1 Equations 

The potato model (Trapp et al., 2007) considers as processes diffusion from soil into spherical 

potatoes, dilution by growth and eventually 1st order metabolism. The equation for the steady-

state is  

GS

P

kk

k

C

C

+
=

2

1   �
�

�
�
�

�

kg

kg
  

where CP (mg kg-1 fresh weight) and CS (mg kg-1 wet weight) are the chemical concentrations in 

potato and soil; k (d-1) are uptake rate (1), loss rate (2) and growth rate (G). The growth rate is an 

input data. The loss rate k2 is deduced from a radial diffusion model  

22

23

R

D
k P×

=            

where DP (m2 d-1) is the diffusion coefficient of the chemical in potato, and R is the radius of the 

potato (m). The uptake rate k1 is calculated from phase equilibrium  

SW

PW

K

K
kk ×= 21

The equilibrium between soil and water KSW is 1/KWS and is calculated as described in section 2.1. 

The phase equilibrium between potato and water, KPW, is calculated from  

AWP

b

OWCHCH

W

P
PW KGKaLKfW

C

C
K ×+××+×+==      

  

where CW (mg L-1) is the chemical concentrations in water; W is the water content of potato (L 

kg-1); fCH is the fraction of carbohydrates (L kg-1); L is the lipid content (including waxes and 

lignin) (kg kg-1); b is an empirical value describing differences between root lipids and n-octanol 
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and is 0.77 (Huber, 1956), a = 1/�Octanol = 1.22 L kg-1, GP is the air content of the potato (L kg-1), 

and KCH is the partition coefficient of carbohydrates to water. Chiou et al. (2001) give values for 

KCH = 0.1 for log KOW < 0 to KCH = 3 for log KOW > 3. The carbohydrate fraction usually plays a 

minor role.  

The diffusion coefficient in potato, DP, is calculated with the same method as the diffusion 

coefficient in roots DR (described in (Trapp, 2007)), but with potato-specific data:  

effGeffWP DDD ,, +=

Diffusion coefficient in potato (based on Trapp et al. (2007) and Supporting Information) 

Let DW (m2 d-1) be the diffusion coefficient of the chemical in pure water and DG (m2 d-1) the 

diffusion coefficient in pure gas phase. The diffusion coefficients of chemicals can be related to 

the square root of the molar mass M (g mol-1). The diffusion coefficient of the chemical in pure 

water DW  (Trapp and Matthies, 1998): 

M
DD OW

32
2 ×=

where DO2 is the diffusion coefficient of oxygen O2 (M = 32 g mol-1) in water (1.728 x 10-4 m2

d-1). For the estimation of DG, the diffusion coefficient of water vapor DH2O in air is used, with 

DH2O = 2.22 m2 d-1 (Trapp and Matthies, 1998) 

M
DD OHG

18
2 ×=

In porous solids (such as plant tissue), the diffusion is hampered by a "labyrinth factor", named 

tortuosity T. This tortuosity is estimated by the method of Millington and Quirk (cited in (Jury et 

al., 1983)). TW is the tortuosity in the water pores of the plant tissue, and TG is the tortuosity of the 

gas-filled pores. The expressions are not unit-true.  
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)( PP

P
G

GW

G
T
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=

The fraction of chemical fW (mg L-1 : mg kg-1) dissolved in the water WP (L kg-1) of the plant (the 

ratio between concentration in water phase of the plant tissue to total concentration) is  

PW

P

P

PW

W
K

W

C

C
f == ,

The fraction of chemical fG (mg L-1 : mg kg-1) present in gas pores GP (L kg-1) of the plant (the 

ratio between concentration in gas phase of the plant tissue to total concentration) is  

PW

AWP
G

K

KG
f

×
=

We can now define effective diffusion coefficients Deff related to the total concentration. For 

diffusion in the water pores of the plant DW,eff

WWWeffW TfDD ××=,

and for diffusion in the gas pores DG,eff

GGGeffG TfDD ××=,

The sum of DW,eff and DG,eff gives the diffusion coefficient of the chemical in plant tissue DP (m2

d-1) 

  

effGeffWP DDD ,, +=
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2.2 Default input data  

The properties of soil are identical to those of the root model (Table S1). Table S3 lists the 

properties of the potato, which were taken from the original reference (Trapp et al., 2007). 

Table S3. Properties of potatoes.  

Parameter Symbol Value Unit 

Water content  WP 0.778 L kg-1

Lipid content (*) LP 0.001 g g-1

Gas pores  GP 0.04 L kg-1

Carbohydrate fraction fCH 0.086 L kg-1

Growth rate  kG 0.139 d-1

Radius  R 0.04 m 

(*) This lipid content includes all lipid-like compounds, not only fat and oil, but also waxes like 

suberin and cutin.  

The TGD uses the model for fine roots for potatoes.
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4 a Leafy Vegetables Model 

This model calculates the uptake of neutral organic substances into leafy vegetable or green 

fodder. The model was adopted in the Technical Guidance Documents (TGD) of the European 

Union System for the Evaluation of Substances (EUSES) (EC, 2003).  

4.1 Basic Equations 

For leafy vegetables, there is uptake from soil via the xylem and exchange with air (as in (Trapp 

and Matthies, 1995)). The change of mass in leaves = + translocation from stem + uptake from air 

by gaseous diffusion + uptake from air by particle deposition - loss to air by gaseous diffusion 

LmL

LA

L

AP

Ldep

ApLWL
L

mkC
K

Ag

Cf
Av

CfAgCTSCFQ
dt

dm

×−×
×

−

××
×

+×−××+××+=
2

)1(

where L is the index for leaves, W for soil water and A for air; Q is the transpiration stream (L 

d-1), TSCF is the transpiration stream concentration factor (L L-1), CW is the concentration of 

chemical in soil water (mg L-1), g is the conductance for diffusive transfer between leaves and air 

(m d-1), CA is the concentration in air (mg m-3), KLA is the partition coefficient between leaves and 

air (m3 kg-1), � is the density of leaves (kg m-3), km is a first-order rate for degradation (d-1) and mL

(mg) is the mass of chemical in leaves. fP is the fraction adsorbed on particles and vdep is the 

deposition velocity (m d-1) of particles on leaves. The deposition is only to the upper side of the 

leaf (AL/2); vdep is the deposition velocity of particles and is 3 m h-1 = 0.833 mm s-1 = 8.33 x 10-4

m s-1 = 72 m d-1 divided by 2.5 for correction from canopy to leaves (Czub and McLachlan, 

2004). fP is calculated from the vapor pressure (Junge equation): 

4

4

10

10
−

−

+
=

S

P
p

f
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where 10-4 is the product of Junge constant and particle surface area (EC, 2003), and pS is the 

saturation vapor pressure (Pa). For solids (TM > T), the sub-cooled liquid vapor pressure pS,l

should be used, with  

)1(79.6
,

T

T

s

ls
m

e

p
p

−×

=

where TM is the melting point (K) and T is the temperature (K). The phase equilibrium between 

leaves and air, KLA (m3 kg-1), is calculated from: 

1000×

×+××+
==

AW

AWL

b

OWLL

A

L
LA

K

KGKaLW

C

C
K

where CL is concentration in leaves (mg kg-1 fresh weight), CA (mg m-3) is concentration in air, WL

(L kg-1), LL (kg kg-1), and GL (L kg-1) are water, lipid, and air contents of the leaves, 'b' for leaves 

is 0.95 and ‘a' = 1/�Octanol = 1.22 L kg-1. 

For the concentration follows:  

LL

LLA

L

AP

L

Ldep

AP

L

L
W

L

LL

CkC
MK

Ag

Cf
M

Av
Cf

M

Ag
CTSCF

M

Q

dt

dC

×−×
×

×
−

××
×

×
+×−×

×
+××+=

2
)1(

where k (d-1) is the sum of growth rate and degradation rate, k = kG + km. 

The equation can be rewritten and gives the standard linear differential equation 

L
L aCb

dt

dC
−=      with the standard solution  

)1()0()( atat

LL e
a

b
eCtC −− −+×=       
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where  

k
MK

gA
a

LLA

+
×

×
=          

and  

L

L
depAP

L

L
APLW

M

A
vCf

M

A
gCfMQTSCFCb

×
×××+×××−+××=

2
)1(/   

The steady-state solution is 
a

b
tCL =∞= )(  or 

L

LA

L

APLdep

APLWL

L

Mk
K

gA

CfAv
CfgACTSCFQ

C

×+
×

×××
+×−××+××

= 2
)1(

For the exposure assessment the analytical solution with a growth period of 60 days is applied (t

= 60 d). 

Attached soil. Many green vegetables are contaminated by attached soil (e.g., lettuce). For a part 

of the vegetables, a default soil-to-plant transfer with particles of 1% attached soil was assumed, 

which means a minimum BCF plant/soil of 0.01 (wet wt. based), when ML  = 1 kg:   

BCF with soil = BCF model + 0.01  

4.3 Calculation of input parameters  

Transpiration Stream Concentration Factor. The 'Transpiration Stream Concentration Factor 

(TSCF)' is defined as the concentration ratio between xylem sap and external solution (soil 

water).  

TSCF = CXy/CW
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The TSCF according to Briggs et al. (1982) is a bell-shaped (Gaussian) curve  

�
�
	



�
�

×=
2.44

1.78)(log
exp0.784

2 - K -
TSCF OW        

For poplar trees, Burken and Schnoor (1998) found a similar relation  

�
�
	



�
�

×=
2.58

2.50) - (log-
exp0.756

2
OWK

TSCF   

It is recommended to use Briggs’ equation for herbal plants (experiments were done with the 

grass barley), and Burken & Schnoors equation for woody plants (experiments were done on 

poplars). We use the higher value of the two TSCF estimates. In the original model version 

(Trapp and Matthies, 1995), the TSCF regression by Hsu et al. (1990) was used as second 

equation. It is not recommended to use this regression anymore, because it is based on pressure 

chamber experiments. The use of the pressure chamber technique may lead to artificial results 

(Ciucani et al., 2002). For the chemicals considered in this study, the traditional TSCF does not 

lead to relevant differences compared to the modern version, where the concentration in xylem is 

calculated from the concentration in root (Trapp, 2007). 

Conductance of leaves. The relation between conductance, g (m d-1), and permeability, P (m d-1), 

is  

AWK
Pg =

The difference is that P is related to concentrations in water, while g is related to concentrations 

in the gas phase. Input to the leafy vegetables model is g.  

Stomata. If the water loss Q (L d-1) by transpiration and the leaf surface area A (m2) of the plant 

are known, the resistance of the stomatal pathway can be calculated (Trapp, 2007)  
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)( ,2,2

2

AirOHLeafOH

OH
CCA

Q
g

−×
=

where g (m d-1) is the conductance of the stomatal pathway for water, A is the leaf area (m2), and 

CH2O is the concentration of water (kg m-3) in the inner leaf or in air. The saturation vapour 

pressure of water, pH2O,sat (Pa), at given temperature, Temp (°C), may be calculated by the 

empirical Magnus-equation:  

Temp

Temp

satOHp +

×

×= 237

5.7

,2 107.610    (note: it is really 237 and not 273).  

The (gas-phase) concentration of water inside the leaves, CH2O,Leaf (kg m-3), is 

T

p
C OH

satOH
×

=
9.461
2

,2

where T is the absolute temperature (K), T = Temp (°C) + 273.15, 461.9 is R/MH2O, R is the 

universal gas constant (8.314 J mol-1 K-1) and MH2O is 1 mol H2O = 0.018 kg. The concentration 

of water vapour in air is the saturation water concentration CH2O times the relative humidity, rh

(-).We receive the equation  

)( ,2,2

2

satOHsatOH

OH
CrhCA

Q
g

×−×
=

To come from the conductance of water to that of the chemical, we use the fact that  

x

D
g G

∆
=

The diffusion pathway does not change with the chemical, while the diffusion coefficient does, 

and so  

M
gg OHS

18
2 ×=
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where gS (m d-1) is the conductance for the stomatal exchange between leaves and air for a 

chemical with molar mass M (g mol-1). The permeability PS (m d-1) of the stomatal pathway, 

related to water, is then the conductance multiplied by the partition coefficient air-water KAW:  

AWSS KgP ×=

Cuticles. A regression equation derived for the permeability PC of citrus cuticles is (Kerler and 

Schonherr, 1988) 

2.11log704.010 −×= Kow

CP   (m s-1) 

Air boundary layer. After the chemical has crossed the cuticle, the next resistance is provided 

by the air boundary layer around the leaf. A resistance of 200 m s-1 was estimated as typical for a 

chemical with molar weight, M = 300 g mol-1 (Thompson, 1983). The conductance of the air 

boundary layer, gAir, for a chemical with molar mass M is thus  

M
g Air

300

200

1
×=   (m s-1) 

The total permeability of the cuticle pathway (m d-1) is  

86400
11

1
, ×

×
+

=

AWAirC

totalC

KgP

P

The exchanges of the chemical through cuticle and stomata occur in parallel, and thus the 

permeabilities are added to derive the total permeability for the exchange between leaf and air, PL

(m d-1):  

totalCSL PPP .+=

Finally, the conductance (m d-1) is  
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AW

L

K
P

g =

4.3 Input parameters for the leafy vegetables / TGD model 

The parameterization is taken from the original reference and is given in Table S4 along with the 

TGD parameterization. 

Table S4. Parameterization of the leafy vegetables model, normalized to 1 m2 (data taken from 

the original publication (Trapp and Matthies, 1995) except particle deposition velocity).  

Parameter Symbol Value Unit TGD Value Unit 

Shoot mass ML 1 kg 0.002 m3

Leaf area  A 5 m2 5 m2

Shoot density  � 500 kg m-3 700 kg m-3

Transpiration  Q 1 L d-1 1 L d-1

Lipid content  LL 0.02 kg kg-1 0.01 m3 m-3

Water content  WL 0.8  L kg-1 0.65 m3 m-3

Air content GL 0.1 L kg-1   

Conductance g Calculated m d-1 86.4 m d-1

Deposition velocity of particles vdep 28.8 m d-1   

Growth rate  kL 0.035 d-1 0.035 d-1

Time to harvest  t 60 d � d 

4.2 Differences between new leafy-vegetation-model and model formulation in the TGD 

In the implementation of the TGD, no deposition of particles is foreseen. The equations for the 

leafy vegetables model remain the same, but vdep = 0. Furthermore, soil attachment is not 

included in the TGD. A third difference is that the conductance g (deposition velocity of gaseous 

compounds) is set at the default value g = 86.4 m d-1, while in the new version it is calculated 

from stomata and cuticle resistance. One more difference is the choice of the TSCF regression 

equation. The model formulation in the TGD is in accordance with the original reference (Trapp 

and Matthies, 1995), except for the TSCF regression by Hsu et al. (1990) and slightly different 

parameter values. Our current implementation has been updated according to the short-comings 

identified in (Trapp and Schwartz, 2000).  



S18

4 b Cereal Model 

No specific model for uptake of organic contaminants into cereal was developed so far. 

Therefore, we use a modified leafy vegetables model to calculate uptake into cereal. The mass 

balance equation remains unchanged, but the physiological parameters, such as surface area, 

volume and fluxes were adapted. Particle deposition was disregarded.  

4.1 Model description  

Wheat flour consists of 0.15 L kg-1 of water, 0.02 kg kg-1 of lipids and 0.602 kg kg-1 of 

carbohydrates. So the major fraction is carbohydrates (Elmadfa et al., 1991). 

The phase equilibrium between cereal and air is calculated from  

1000×

××+×+××+
==

AW

CHCHCAWC

b

OWCC

A

C
CA

K

KCHKGKaLW

C

C
K

ρ

where CC is concentration in cereal (mg kg-1 fresh weight), CA (mg m-3) is concentration in air, WC

(L kg-1), LC (kg kg-1), GC (L kg-1), and CHC (kg kg-1) are water, lipid, air, and carbohydrate 

contents of cereal, 'b' for cereal is the same as for leaves, 0.95, and ‘a' = 1/�Octanol = 1.22 L kg-1. 

KCH is the partition coefficient of carbohydrates to water. Chiou et al. (2001) give values for KCH

= 0.1 for log KOW < 0 to KCH = 3 for log KOW > 3. The carbohydrate fraction usually plays a 

minor role.  

The mass balance equation is  

Change of mass in corn = + translocation from stem + uptake from air by gaseous diffusion - loss 

to air by gaseous diffusion 

CmC

CA

C
ApCWC

C mkC
K

Ag
CfAgCTSCFQ

dt

dm
×−×

×
−×−××+××+= )1(
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where C is the index for cereal, W for soil water and A for air; QC is the water flux to corn (L d-1). 

All other parameters are described in the section for the leafy vegetables model.  

The solution of the differential equation is as before  

C
C aCb

dt

dC
−=

     with the standard solution  

)1()0()( atat

CC e
a

b
eCtC −− −+×=

      

where  

k
MK

gA
a

CCA

C +
×

×
=

         

and  

C

C
APCW

M

A
gCfMQTSCFCb ×××−+××= )1(/

    

The steady-state solution is a

b
tCC =∞= )(

  

For the exposure assessment, steady-state is assumed. 

Attached soil. Cereal is, whenever possible, harvested at dry weather, and the modern machines 

used for this produce dust. This leads to a small, but noticeable pollution of the harvest product 

with soil particles. Paretzke and Garland (1992) report that milled wheat and barley corn contains 

0.001 kg soil per kg dry weight. Based on this, we use a default value of 0.001 kg soil per kg 

cereal (wet weight) for the BCF soil to corn via soil resuspension:  

BCF with soil = BCF model + 0.001  
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4.2 Input parameters for the cereal model 

The parameterization is similar to the leafy vegetables model, but with adaptions. Table S5 shows 

the input parameters which are different from the leafy vegetables model.  

Table S5. Parameterization of the cereal model, normalized to 1 m2. Parameters not listed see 

Table S4.   

Parameter Symbol Value Unit 

Cereal mass ML 1 kg 

Cereal surface area AC 1 m2

Cereal density �C 1000 kg m-3

Water flux to cereal* QC 0.2 L d-1

Lipid content LC 0.02 kg kg-1

Water content WC 0.15 L kg-1

Air content** GL 0 L kg-1

Carbohydrate content CHC 0.602 kg kg-1

Carbohydrate density �CH 2 kg L-1

Deposition velocity of particles** vdep 0 m d-1

* sum of xylem and phloem flux 

** not considered 
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5 Fruit Tree Model  

The model consists of eight compartments (soil 1, soil 2, fine roots, thick roots, stem, leaves, 

fruit, air). For four compartments (thick roots, stem, leaves, fruits), the mass balances were 

formulated as differential equations. The equations for roots are identical to the equations given 

in section 2 for the root model, but with diffusion. The compartment leaves of the fruit tree model 

is not required for human exposure assessment and is not shown here. The harvested product are 

fruits, which can be contaminated via xylem and phloem flux from the stem and by gaseous and 

particle deposition from air. The model is based on the recent version of the Fruit Tree model 

(Trapp, 2007) and not on the earlier version (Trapp et al., 2003).  

5.1 Stem. The transpiration water is translocated upwards in the xylem. Dissolved chemicals can 

flow with the water in the stem, and can undergo elimination processes. The basic equation is  

kt
dt

dC
−=

with the common solution  

kteCtC −×= )0()(

The time coordinate t (d) is transferred to stem height z (m) via t = z /u, where u is the flow 

velocity (m d-1). The initial concentration in xylem, when it enters the stem, is identical to the 

outflow concentration from thick root CXy2 (see root model, section 2). The concentration in stem 

at height z = 0 is assumed to be in chemical equilibrium with xylem  

StemWaterXyStem KCC ×= 2)0(

where K is the partition coefficient. The concentration at height z is  

cukz

StemStem eCzC
/)0()( −×=
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where uc is the flow velocity of the chemical, and k is the sum of the loss rates (metabolism and 

volatilization) plus the rate of growth dilution. The concentration of the chemical in the xylem, 

when it leaves stem at height h, CXy3, is  

StemWater

stem

Xy
K

hC
C

)(
3 =

The loss rate via volatilization from stem is  

Stem

Stem

St

V P
M

A
k ρ××=     

or, easier, because for a cylinder of height h and radius r, volume V = M/� = � r2 h  and outside 

area A = 2 � r h:  

r

P
kV

2
=

The flow velocity of the chemical uC is the flow velocity of water uW multiplied with the fraction 

of chemical present in water, uC = uW x fW, where fW = WStem / KStemWater. 

Partition coefficient. The concentration ratio in chemical equilibrium between stem (wood + 

water + air) and water (such as xylem sap) is  

AWStStwood

wet

dry

StemWater KGWKK ×++×=
ρ

ρ

where W and G are the fractions of water and gas in the stem (L kg-1). The ratio between a 

chemical’s concentration in wood and its concentration in the water, KWood (mg chemical g-1 dry 

wood to mg chemical mL-1 water), is   

OWWood KK log632.027.0log ×+−=   (Oak) 
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Input from air. While the xylem flow moves upwards, chemicals from air can enter the stem and 

the xylem. This is treated in the differential equation as a constant input I (mg kg-1 d-1) 

AirStemWater

AW

CK
KV

PA
I ××

××

×
=

1000

where 1000 is a conversion factor for CAir from mg m-3 (the usual unit for air) to mg L-1 (the usual 

unit for water) ; or, easier, replacing A/V   

AirStem

AW

CK
Kr

P
I ××

××

×
=

1000

2

Final solution stem. Adding input from air to the mass balance yields 

IkC
dt

dC
+−=

with the common solution  

)1()0()( // ukzukz e
k

I
eCzC −− −×+×=

This means that due to input from air, the concentration can increase along the stem from z = 0 to 

z = h (height).  

Sapwood and flow velocity. Measured flow velocities of water in trees range from 0.4 m h-1 to 

44 m h-1 (Huber, 1956). This is above the filter velocity (transpired water Q (L d-1) divided by 

stem cross-area Across), because the water flows only in the sapwood. The volume of the sapwood 

can thus be calculated by comparing the measured water flow velocity uW with the filter velocity.  

Filter velocity = 
1000×××

=
stemStcross

F
WA

Q
u

ρ

The cross area of the sapwood ring is  
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)( 22 rRARing −×= π

where R is the outer stem radius and r the inner radius of the sapwood. For ARing/Across = umeas / uF

follows:  

meas

F

u

u
RRr ×−= 22   

and R - r is the thickness of the sapwood.   

Permeability for exchange between stem and air. The permeability of the stem is calculated by 

a two-sides-resistance model, with one resistance being the wood and bark of the tree, the other 

being a stagnant air layer around the bark. The resistance inside the stem is calculated 

analogously to the potato. KStemWater is used instead of KPW, WSt and GSt replace WP and GP. The 

diffusion path-length is taken as R - r + dBark, where dBark is the thickness of the bark (default 0.01 

m). The permeability of the air layer is calculated as

dx

D
P G

Air =  where dx is the thickness of the stagnant air layer, by default 0.01 m.  

The total permeability follows from Kirchhoff's Law:  

AWAirStem

total

KPP

P

×
+

=
11

1
  

5.2 Fruits. The mass balance for chemicals in fruits considers transport from stem via phloem 

and xylem and uptake from air via gaseous and particulate deposition, loss is by metabolism and 

to air. The concentration in fruits is  
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In steady-state:  
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where F is the index for fruits. QF is the sum of phloem and xylem flow (L d-1), KFW (L kg-1) is 

the partition coefficient between fruits and water, calculated as for leaves but with other water 

and lipid content. PF is the permeability for exchange between fruits and air (m d-1).  

Phloem and xylem transport. The xylem flow to leaves QL (L d-1) and fruits QFX (L d-1) is 

calculated from the total xylem flow out of the stem QSt by averaging with the respective surface 

areas:  

St

LF

F

FX Q
AA

A
Q ×

+
=    

and QL + QFX = QSt

The phloem flux into fruits is calculated from dry matter content (10%). It may be assumed that 

the total phloem flow into fruits, Sum QFP (L) is about 10 times the dry matter content: 

  

Sum QFP = (1 - WF) × MF × 10  

where (1 - WF) × MF is the dry mass of the fruit. The daily phloem sap flow into fruits, QFP (L 

d-1), is calculated by dividing Sum QFP with 60 days, QFP = Sum QFP / 60 d. The total water flux 

into fruits QF is the sum of xylem and phloem flux:  
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 QF = QFX + QFP  

Permeability. Loss from fruits to air via stomata and cuticles is considered, as before, by PS and 

PC. PS is calculated from QFX (xylem flow) and AF. For PC, total of the fruit, the same value as for 

leaves is used. The resistance of the fruit tissue Ptissue is added, calculated in the same way as for 

roots (described in (Trapp, 2007)), but with water and gas fraction of the fruit and with a default 

diffusion length of 1 cm. The total permeability for the exchange between fruits and air is then  

tissueStotalC

F

PPP

P
11

1

,

+
+

=
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5.3 Input data  

The input data for the Fruit Tree model were taken unchanged from the original reference (Trapp, 

2007). Data for soil and roots were listed in section 2, Tables S1 and S2. The data for the stem 

and fruit compartment are listed in Table S6. 

Table S6. Parameters for the Fruit Tree model.  

Parameter Symbol Value Unit 

Growth rate stem  kSt 2.74 x 10-5 d-1

Stem water fraction WSt 0.38 L kg-1

Stem gas pores  GSt 0.2 L kg-1

Density of stem (wet) �stem 1 kg L-1

Relative humidity  Rh 0.5 (-) 

Temperature  Temp 20 °C 

Apple fruit water content WF 0.844 L kg-1

Apple fruit air pores  GF 0.25 L kg-1

Apple fruit lipid content (*) LF 0.006 g g-1

Growth rate fruits kF 0.035 d-1

Diffusion length fruits X 0.01 m 

Transpiration  Q 0.822 L d-1

Sap flow to fruits QF 0.023 L d-1

Water flow velocity  uW 40 m d-1

Stem height  Z 5 m 

Stem radius RSt 0.1 m 

Fruit radius  RF 0.04 m 

Fruit mass MF 0.4 kg 

Bark thickness dBark 0.01 m  

Deposition velocity of particles vdep 28.8 m d-1

(*) This lipid content includes all lipid-like compounds, not only fat and oil, but also waxes like 

suberin and cutin. 

The TGD uses the model for leafy vegetables for fruits. 
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6 The Regressions for beef and milk 

The TGD uses the constrained regressions of Travis and Arms (1988) for estimating 

concentrations in meat and milk, and include soil (VS), air (VA) and water (VW) intake rates as well 

as grass for the cow (Intake = Vgrass x Cgrass + VS x CS + VA x CA + VW x CW). 

7.6loglog −= OWmeat KBTF

8.1loglog −= OWmilk KBTF

The TGD use these regressions for compounds with a log KOW in the range 1.5 – 6.5 for meat, and 

3 – 6.5 for milk, outside these ranges the minimum or maximum log KOW values are used. The 

grass concentration is estimated with the TGD model for leaves. Input parameters are shown in 

Table S7. 

Different from this, the original regressions were applied in the NMF:  

7.735log033.1log −×= OWmeat KBTF

8.056log992.0log −×= OWmilk KBTF

As can be seen, the differences are very small. The same regression range was chosen, but 

different consumption rates of the cow, namely those given in the original reference (Travis and 

Arms, 1988).  

Alternative Equations. The regressions proposed by Birak et al. (2001) for beef and milk were 

tested (but later not used) for meat and milk. The biotransfer factor for meat, BTFmeat = 

Cmeat/intake (d kg-1 ww), is calculated according to the following regression: 

5.8log0.53log −×= OWmeat KBTF
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where intake is equal to the grass consumption rate for nonlactating cows Vgrass (kg ww d-1) 

multiplied with the concentration in grass Cgrass added to the cow inhalation rate multiplied with 

the air concentration. The biotransfer factor for milk, BTFmilk = Cmilk/intake (d kg-1 ww), is 

calculated in a similar fashion: 

7.5log.440log −×= OWmilk KBTF   

where intake is equal to the grass consumption rate for lactating cows (kg ww d-1) multiplied with 

Cgrass added to the cow inhalation rate multiplied with the air concentration. For both regressions 

the grass concentration is estimated with the model for leafy vegetables. 

Table S7. Input parameters for the Travis and Arms regressions. 

Parameter Symbol Value 

NMF 

Value 

TGD 

Unit 

Grass consumption rate, nonlactating cow  Vgrass 40 67.6 kg ww d-1

Grass consumption rate, lactating cow Vgrass 80 67.6 kg ww d-1

Soil intake rate, cow VS  0.46 kg ww d-1

Air intake rate, cow VA 150 122 m3 d-1

Water intake rate, cow VW  55 L d-1

Water content of grass Wgrass 0.8  L kg ww-1
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7 Consumption Data and Daily Dietary Intake 

Consumption data Denmark. Consumption data for children and women were taken from the 

Danish national survey of dietary habits and physical activity (Table S8). Only products that can 

be produced in Denmark were included, previously it has been estimated that 86% of the 

consumption in Denmark are Danish products (Jensen and Dengsøe, 2004). The products were 

categorized into root vegetables, leafy vegetables with (lettuce) and without (others) attached soil, 

fruits (including fruit juice), cereal and potatoes, according to the crop-specific model types used 

in this study. For fruits, the fraction of tree fruits, and for vegetables, the fractions of lettuce, other 

leafy vegetables, and root vegetables were taken from a pesticide monitoring report (Poulsen et 

al., 2005) (see Table S9 for products included in these categories). These fractions were then 

multiplied with the total amounts of fruits and vegetables taken from the Danish national survey 

(Lyhne et al., 2005) to get the consumption data. Data for potato, cereal, milk, and meat (without 

poultry) were taken directly from the Danish national survey (Lyhne et al., 2005). Not included is 

the consumption of exotic fruits and vegetables, cheese products, eggs, poultry, fish and fats. Soil 

and air intake estimates for the two groups, children age 4-5 and women age 14-75, were taken 

from the Exposure Factors Handbook (U.S.EPA, 1997), except soil ingestion 95th percentiles 

(ECETOC, 2001). 

Table S8 lists also the consumption data suggested in the TGD for indirect human exposure 

assessment. There is only one data for roots, and one data for leaves, since other crops are not 

considered. Soil ingestion is also neglected in the TGD. As can be seen, the suggested 

consumption values are rather generous. The consumption of roots in the TGD is a factor 2.9 the 

mean consumption of the sum of roots and potatoes of females in Denmark. For the sum of 

above-surface crops, the TGD is factor 3.4 higher; for milk, factor 1.9; and for meat factor 1.8. 

The reason is that to "account for the fact that intake rates vary between countries, for each food 

product, the highest country-average consumption rate of all member states" was used. It was 

recognized that the resulting food basket is unrealistic, but this was justified as worst-case 

approach to indicate possible concern (EC, 2003). 

The daily dietary intake (DDI) of each chemical pollutant per kilo bodyweight (µg kg-1 d-1) is 

calculated by multiplying the consumption of each food item (Consumptioni (kg d-1)) with the 

calculated concentration in it (Ci (µg kg-1)), and dividing by the Bodyweight (kg): 
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Bodyweight

i )nConsumptio(C
DDI

ii ⋅
=

Similarly, daily intake with soil and air was calculated and added to give the total daily intake. 

Table S8. Daily consumption data for Danish consumers of the age 4-5 years and 14-75 years 

(females), mean and 95th percentile for both groups, and consumption data suggested in the TGD. 

Data given as fresh weight. 

4-5 14-75 (�) 
Food type 

Mean 95
th

Mean 95
th

TGD 

Root vegetables (g/d) 30 54 43 89 

Potatoes (g/d) 56 137 90 198 
384c

Lettuce (g/d) 6 11 9 18 

Other leafy veg. (g/d) 7 13 10 21 

Tree fruits (g/d) 111 235 137 318 

Cereal products (g/d) 185 269 195 309 

1200d 

Milk (g/d) 448 796 303 754 561 

Meat (non-poultry) (g/d) 76 138 89 166 301 

Inhalation (m3/d) 8.3 28.8a 11.3 38.4a 20 x 0.75e

Soil ingestion(mg/d) 100 200b 50 300b 0 

Bodyweight (kg) 22 67.3 70 
a: Moderate activity, b: ECETOC (2001), c: Only one below-ground crop type in TGD, d: Only 

one above-ground crop type in TGD, e: Inhalation rate is 20 m3 d-1, hereof 75% is bioavailable. 

Table S9. Danish products included in the vegetable and fruit categories. 

Category Lettuce Other leafy vegetables Roots Tree fruits 

Products 

included 

Lettuce Asparagus, celery, chinese 

cabbage, chives, dill, head 

cabbages, herbs, kale, leeks, 

parsley, spinach, spring 

onions, rhubarbs 

Beetroot, carrots, 

celeriac, parsnips, 

radish 

Apple juice, apples, fruit juice 

(other than orange and apple), 

peaches and nectarines, pears, 

plums  
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This paper addresses a model for accumulation of organic compounds by mother and breast-fed infant,

applicable for exposure assessment within larger frameworks.

Abstract

Bioaccumulation of persistent organic pollutants (POPs) leads to high levels in human milk and high doses of POPs for nursing infants. This

is currently not considered in chemical risk assessment. A coupled model for bioaccumulation of organic chemicals in breast-feeding mother and

nursing infant was developed and tested for a series of organic compounds. The bioaccumulation factors (BAFs) in mother, breast milk and child

were predicted to vary with log KOW and, for volatile compounds, with KAW and concentration in air. The concentrations of POPs in the infant

body increase the first half year to about factor 3 above mother and decline thereafter to lower levels. The predicted results are close to empirical

data and to an empirical regression. The new motherechild model is compact due to its easy structure and the analytical matrix solution. It could

be added to existing exposure and risk assessment systems, such as EUSES.

Ó 2008 Elsevier Ltd. All rights reserved.

Keywords: Accumulation; Breast milk; Human exposure; Infant; Model; POP

1. Introduction

Persistent organic pollutants (POPs) are ‘‘chemicals that re-

main intact in the environment for long periods, become widely

distributed geographically, accumulate in the fatty tissue of liv-

ing organisms, and are toxic to humans and wildlife’’ (UNEP,

2007). POPs, such as polychlorinated dibenzodioxins and di-

benzofurans (PCDD/F), polychlorinated biphenyls (PCB) and

chloroorganic pesticides, have been detected in human milk

samples all over the world (Rogan et al., 1986; Schecter et al.,

1996; Filser et al., 1997; Raab et al., 2007; Shen et al., 2007;

Wittsiepe et al., 2007; Tanabe and Kunisue, 2007). This raised

considerable concern about adverse health effects on nursing in-

fants (Harrison, 2001; CEHAPE, 2004; US EPA, 2006).

The uptake of POPs, such as PCDD/F, by adults is mainly

via food ingestion (Travis and Hattemeyer-Frey, 1991). The

uptake by nursing infants via breast milk has been reported

to be higher than by adults via diet, for some POPs at levels

above the acceptable daily intake (Dahl et al., 1995; Kreuzer

et al., 1997; Schade and Heinzow, 1998; BgVV, 2000; Tanabe

and Kunisue, 2007). POPs may accumulate for a longer period

in the body of the mother and then be transferred to the nurs-

ing infant via mother’s milk. Travis et al. (1988) developed

empirical relations for the accumulation of chemicals in hu-

man adipose tissue and human milk. The regressions are based

on 12 (tissue) or six (milk) organic chemicals with a log KOW

between 1.32 and 6.50 (tissue) or 5.16e6.50 (milk). The bio-

accumulation factors Bf (tissue) and Bm (milk) were defined as

Bf ¼
concentration of organic in adipose tissue

ÿ

mgkgÿ1 lipid
�

average daily intake of organic
ÿ

mgdÿ1
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Bm ¼
concentration of organic is breast milk

ÿ

mg kgÿ1 lipid
�

average daily intake of organic
ÿ

mg dÿ1
�

Travis et al. (1988) related these bioaccumulation factors to

the log KOW of the substances.

Bf ¼ 2:0� 10ÿ4K1:05
OW

�

d

kg

�

ðn¼ 12; r ¼ 0:98Þ

Bm ¼ 9:8� 10ÿ5K1:14
OW

�

d

kg

�

ðn¼ 6; r ¼ 0:97Þ

Besides this empirical approach, several mathematical

model approaches exist to predict human tissue concentrations

after uptake, e.g., the models prepared by Kreuzer et al. (1997)

or Filser et al. (1997) and Maruyama et al. (2003) for PCDD/F.

Accumulation in the food chain with subsequent accumulation

in humans was addressed by Czub and McLachlan (2004a,b).

To summarize, compound-specific models, comprehensive nu-

merical models and also easy empirical models for the predic-

tion of the accumulation of POPs in humans are available.

However, what lacks is a model predicting accumulation of

POPs or other compounds in breast-feeding mother and nurs-

ing infant after uptake of chemicals via diet or other relevant

sources by mother, which is compact enough to be combined

with other models and estimation routines, e.g., for chemical

safety assessment tools such as EUSES (EC, 1996).

‘‘Traditional risk assessment approaches and environmental

health policies have focused mainly on adults and adult expo-

sure patterns, utilizing data from adult humans or adult ani-

mals’’ (CEHAPE, 2004). Indeed, current chemical risk

assessment in the EU (EC, 2003) considers only grown-ups

(70 kg bodyweight). An additional focus on children and in

particular nursing infants, which are one trophic level higher

and are eventually also more sensitive to chemicals, requires

a compact exposure estimation method that can run with a min-

imum data set.

This paper addresses the development, parameterization,

sensitivity analysis, validation and application of a coupled

model for accumulation of organic compounds by nursing

mother and child. The coupled differential equations were

solved analytically. The model was tested with 2,3,7,8-

TCDD and compared to empirical data for 11 other com-

pounds collected by Travis et al. (1988).

2. Methods

2.1. Model development

Fig. 1 gives an overview of the system considered by the model. The hu-

man body is considered as a flux-through system. The input of chemical occurs

via diet (mother) or milk (child) and inhalation (both). Inside the body, phase

equilibrium is assumed. The compound is eliminated from the body by exha-

lation and excretion (both together are named ‘‘outflux’’), by metabolism and,

in case of the nursing mother, with breast milk.

2.1.1. Mother before birth of the child

The input of chemical into the mother is independent of the concentration

in her body, CH, while the output is proportionally related to it. This yields

a linear differential equation for the mass balance of the form

dm

dt
¼ Iÿ km ð1Þ

where m [mg] is the mass of chemical in the human body, I [mg dÿ1] is the

sum of daily uptake of chemical and k [dÿ1] is the loss rate constant.

The input I can be derived from measurements or exposure assessments.

The loss rate constant k is calculated from the flux of chemical out of the body.

The human body is considered as composed of lipids and water phases.

Lipids were assumed to have properties similar to octanol. The phase equilib-

rium between concentration in human body, CH [mg kgÿ1], and concentration

in water, CW [mg Lÿ1], is

KHW ¼
CH

CW

¼WH þ
LH

rL

KOW

�

L

kg

�

ð2Þ

where KHW is the partition coefficient human body to water [L kgÿ1],WH is the

water content [L kgÿ1] and LH is the lipid content of the human body

[kg kgÿ1], rL is the density of lipids [kg Lÿ1] and KOW [L Lÿ1] is the partition

coefficient between octanol and water.

The change of chemical mass in time due to outflux of chemical from the

body dmF/dt [mg dÿ1] is the sum of outflux with water, lipid and air

dmF

dt
¼ FWCF;W þFLCF;L þFACF;A ¼ FCF

hmg

d

i

ð3Þ

where FW is the outflux of water [L dÿ1], FL is the outflux of lipids [kg dÿ1]

(with feces) and FA is the outflux of air [L dÿ1] (exhalation). CF,W

[mg Lÿ1], CF,L [mg kgÿ1] and CF,A [mg Lÿ1] are the concentrations in the wa-

ter, lipid and gas fraction of the outflux; CF [mg kgÿ1] is the weighted average

concentration in the outflux. The total material outflux, F [kg dÿ1], is the sum

of the outfluxes of water, lipids and air,

F¼ FWrW þFL þFArA

�

kg

d

�

ð4Þ

Using the assumption of phase equilibrium we can rewrite to

FCF ¼ FfWCF;W þFfLKOWCF;W þFfAKAWCF;W ð5Þ

where KAW is the partition coefficient [L Lÿ1] between air and water (also

known as dimensionless Henry’s Law constant), and f are the flux fractions

[L dÿ1:kg dÿ1] of water (W), lipids (L) and air (A) of the total flux F,

fW ¼
FW

F
; fL ¼

FL=rL
F

; fA ¼
FA

F

�

L

kg

�

ð6Þ

The average concentration of chemical in the outflux, CF, is then

CF ¼ fWCF;W þ fLKOWCF;W þ fAKAWCF;W ð7Þ

Fig. 1. System overview.
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Note that for phase equilibrium, CF,W (concentration in aqueous phase of out-

flux) equals CW (concentration in aqueous phase of human body), and thus we

derive

KFW ¼
CF

CW

¼ fW þ fLKOW þ fAKAW

�

L

kg

�

ð8Þ

where KFW [L kgÿ1] is the partition coefficient between outflux [kg dÿ1] and

water [L dÿ1]. Then, the partition coefficient between human body and outflux,

KHF [kg kgÿ1], is

KHF ¼
CH

CF

¼
KHW

KFW

�

kg

kg

�

ð9Þ

where CH and CF are the concentrations [mg kgÿ1] in human body and outflux

in phase equilibrium. It follows for the loss rate constant k [dÿ1] in Eq. (1),

which is the sum of the losses by outflux and by metabolism or degradation

with first-order kdeg [d
ÿ1]

k ¼
F

MHKHF

þ kdeg

�

1

d

�

ð10Þ

where MH [kg] is the bodyweight. The analytical solution of Eq. (1) for the

chemical mass m [mg] in human body at time t is

mðtÞ ¼ m0 e
ÿkt þ

I

k

ÿ

1ÿ eÿkt
�

ð11Þ

which gives in steady-state (t/N)

mðNÞ ¼
I

k
ð12Þ

Concentrations CH [mg kgÿ1] in the human body were derived from CH¼m/

MH, assuming a constant bodyweight MH

CHðNÞ ¼
mðNÞ

MH

¼
I

kMH

�

mg

kg

�

ð13Þ

This solution was used to calculate the concentration of chemical in the

woman before birth of the child (and before pregnancy, the bodyweight is con-

stant at 60 kg).

2.1.2. Nursing mother with child

In this scenario, the mother gives birth to a child and nurses the infant.

Equations for the mother were modified, and new equations for breast milk

and nursing child were introduced.

2.1.2.1. Mother. Nursing changes the outflux from the mother. Milk consists

in the model of water and lipids. The flux of milk FM [kg dÿ1] was added

to the outflux F in Eq. (4)

F¼ FWrW þFL þFArA þWMrMFM þ LMFM

�

kg

d

�

ð14Þ

where WM [L kgÿ1] is the water content and LM [kg kgÿ1] is the lipid content

of human milk. Fractions of outflux [L kgÿ1] fW, fL and fAwere recalculated for

the case of nursing.

fW ¼
FW þWMFM

F
; fL ¼

FL þ LMFM

FrL
and fA ¼

FA

F

�

L

kg

�

ð15Þ

The other equations (Eqs. (1), (2), (8)e(13)) were applied without changes,

but the new values of F and f were entered.

2.1.2.2. Milk. With breast milk, chemical is lost from the mother and trans-

ferred to the baby (Schecter et al., 1996). To calculate the concentration of

chemical in milk, phase equilibrium between milk and mother was assumed.

The concentration in milk CM [mg kgÿ1] is

CM ¼ KMHCH

�

mg

kg

�

ð16Þ

where KMH [kg kgÿ1] is the partition coefficient between milk and human. The

partition coefficient milk to water KMW [L kgÿ1] is

KMW ¼
CM

CW

¼WM þ
LM

rL

KOW

�

L

kg

�

ð17Þ

The partition coefficient between milk and human body KMH [kg kgÿ1] is then

KMH ¼
CM

CH

¼
KMW

KHW

�

kg

kg

�

ð18Þ

2.1.2.3. Child. The breast-fed infant can take up chemicals by breast milk and

by inhalation. Breathing is external input to the child, IC ¼ FACA, where FA

[here: m3 dÿ1] is the flux of inhaled air and CA [mgmÿ3] is the concentration

of chemical in air. Loss of chemical occurs via outflux and by metabolic elim-

ination with first-order rate constant kdeg [d
ÿ1]. The mass balance for the child is

dmC

dt
¼ IC þCMFM ÿCFFC ÿ kdegmC ð19Þ

where CM [mg kgÿ1] denotes the concentration in breast milk, FM [kg dÿ1] is

the flux of milk from mother to child, CF [mg kgÿ1] is the concentration in the

outflux of the child and FC [kg dÿ1] is the outflux from the child.

Using the partition coefficients, the equation can be rewritten to

dmC

dt
¼ IC þKMH

FM

MH

mH ÿ
FC

KCFMC

mC ÿ kdegmC

hmg

d

i

ð20Þ

where mH [mg] is the chemical mass in mother (human H), mC [mg] is the

chemical mass in the child, KCF [kg kgÿ1] is the partition coefficient between

child and outflux and MC [kg] is the body mass of the child. The phase equi-

librium between child body (index C ) and water (index W ) is

KCW ¼
CC

CW

¼WC þ
LC

rL

KOW

�

L

kg

�

ð21Þ

where KCW [L kgÿ1] is the partition coefficient child body to water, C is the

equilibrium concentration in child, index C [mg kgÿ1], or water, index W

[mg Lÿ1], WC [L kgÿ1] is the water content and LC [kg kgÿ1] is the lipid con-

tent of the child body. The initial concentration in the child CC (0) [mg kgÿ1]

was calculated from phase equilibrium to mother

CCð0Þ ¼
KCW

KHW

CH ð22Þ

The outflux FC [kg dÿ1] from the child was summed up, as was done for

the outflux from the mother:

FC ¼ FWrW þFL þFArA ð23Þ

where indices W, L and A indicate water, lipid and air. Again, the flux fractions

were used to calculate the phase equilibrium between outflux and water, KFW:

KFW ¼
CF

CW

¼ fW þ fLKOW þ fAKAW

�

L

kg

�

ð24Þ

The partition coefficient between child body and outflux, KCF [kg kgÿ1], is

KCF ¼
CC

CF

¼
KCW

KFW

�

kg

kg

�

ð25Þ

2.2. Matrix solution

The differential equations of mother and child are coupled and were

treated as a linear 2� 2 matrix system of the form

dm1

dt
¼ a11m1 þ a12m2 þ I1 ð26Þ

dm2

dt
¼ a21m1 þ a22m2 þ I2 ð27Þ

Matrix element 1 is the mother. The matrix constant a11 [d
ÿ1] is the sum of

all loss processes from the mother and is identical with the negative loss rate k
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(Eq. (10)). The matrix constant a12 [dÿ1] is what mother receives from the

child and is zero (therefore, the equation for chemical mass in mother can

be solved independently of that for the child, Eqs. (1) and (11)). Input I1
[mg dÿ1] is the sum of all input to mother.

Matrix element 2 is the nursed child. The matrix constant a21 [dÿ1] de-

scribes the transfer via milk from mother to child, a21¼KMH� FM/MH. The

matrix constant a22 [dÿ1] describes all losses of chemical from the child,

a22¼ÿFC/(KCF�MC)ÿ kdeg. Input I2 includes all chemical input indepen-

dent from the mother, i.e. via inhalation, I2¼ FA�CA. A standard solution

for this system of differential equations exists for the case of constant rates

and inputs (Nazaroff and Alvarez-Cohen, 2001). Concentrations [mg kgÿ1]

were derived by dividing the chemical mass [mg] by the bodyweight [kg].

2.3. Parameterization of the model

Input data (Table 1) were selected from several sources, preferably from

existing models (Kreuzer et al., 1997; Czub and McLachlan, 2004b), in order

to allow a comparison of the results. The application of the steady-state solu-

tion (Eqs. (12) and (13)) for the mother before the birth of her child avoids the

need to choose an appropriate initial mass m0 for the first generation. The 95%

steady-state is reached for latest t¼ 18 years for all chemicals with the default

parameterization.

The total daily uptake I [mg dÿ1] was calculated as the sum of uptake via

diet iD [mg dÿ1] and inhalation of air:

I ¼ iD þFACA

hmg

d

i

ð28Þ

For the breast-fed baby, iD is 0.

Outflux of lipids was assumed to be 10% of lipids in the diet. With

70 g dÿ1 as average lipid ingestion, 0.007 kg dÿ1 outflux of lipids results.

For the baby, 0.0045 kg dÿ1 (1/10 of influx of lipids with milk) was used. Table 1

lists the input data chosen as default for the model and used in the following

simulations.

To calculate concentrations in the body of the child during the simulation

period, the respective bodyweight was used, to account for growth effects. The

bodyweight of the child with age (in years) was approximated by a second-or-

der polynom fitted to growth data for girls in Germany (Hesse et al., 1997)

(Eq. (29))

bw¼ ÿ 0:053� age2 þ 3:76� ageþ 3:54
ÿ

n¼ 36;R2 ¼ 0:98
�

ð29Þ

3. Results

3.1. Example simulation TCDD

To illustrate the general behaviour of the model, an example

simulation with 2,3,7,8-tetrachlordibenzo-p-dioxin (TCDD)

was performed. TCDD is a highly toxic, persistent lipophilic

(log KOW 6.76) and semivolatile (KAW 0.0015) compound

(Rippen, 1990e2007). The concentration of TCDD in air

was set to 4 fg mÿ3 (background concentration in Southern

Germany, McLachlan, 1992). Ingestion of TCDD by the

mother with diet was 25 pg dÿ1 (Kreuzer et al., 1997). Fig. 2

shows the simulated concentration of TCDD in lipids for

mother and child over a 3-year period. The starting concentra-

tion of the mother [3.6 ng kgÿ1 lipid] is the steady-state con-

centration (Eq. (13)). For t> 0, the matrix solution was

applied. For t> 0, the concentration of TCDD in mother de-

creases exponentially and falls to 63% of the initial concentra-

tion after 0.5 year and to 42% after 1 year of nursing. The

initial concentration in the infant [3.6 ng kgÿ1 lipid] is in equi-

librium to mother. It steeply increases to 12.3 ng kgÿ1 lipids

after 0.5 year. Hereafter, it falls, due to depletion of the mother’s

body burden and growth dilution, to 8.8 ng kgÿ1 lipids after 1

year and to 1.73 ng kgÿ1 lipid after 3 years (of course, 3 years

of nursing is rare). The concentration in lipids of milk is iden-

tical to that in lipids of the mother’s body and was not plotted.

Table 1

Default input data for the motherechild model

Parameter Symbol Value Unit Reference

Mother

Age t 25 a Kreuzer et al. (1997)

Body mass MH 60 kg Maruyama et al.

(2003)

Body water fraction W 0.71 L kgÿ1 Czub and McLachlan

(2004b)

Body lipid fraction L 0.284 kg kgÿ1 Deurenberg et al.

(1991)

Outflux of water FW 1.24 L dÿ1 Maruyama et al.

(2003)

Outflux of lipid FL 0.007 kg dÿ1 10% of lipids in diet

In/exhalation of air FA 11 m3 dÿ1 Layton (1993)

Breast milk data

Milk flux FM 1 kg dÿ1 Kreuzer et al. (1997)

Milk water content WM 0.87 L kgÿ1 Czub and McLachlan

(2004b)

Milk lipid content LM 0.045 kg kgÿ1 Kreuzer et al. (1997)

Child

Age t 0e3 a

Body mass Mb 3.5e7.25 kg Hesse et al. (1997)

Body water fraction W 0.71 L kgÿ1 Czub and McLachlan

(2004b)

Body lipid fraction L 0.233 kg kgÿ1 Deurenberg et al.

(1991)

Outflux of water FW 0.87 L dÿ1 water content

of 1 kg milk

Outflux of lipid FL 0.0045 kg dÿ1 10% of influx

Outflux of air FA 4.5 m3 dÿ1 Layton (1993)

Other data

Density of water rW 1 kg Lÿ1

Density of lipids rL 0.82 kg Lÿ1

Density of air rA 1.3� 10ÿ3 kg Lÿ1
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Fig. 2. Concentrations in nursing mother and child (ng kgÿ1 lipids) after

uptake of 25 pg TCDD per day with diet by the mother.
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During the period of nursing, the loss of TCDD from mother

with milk is higher than the daily intake, which is the reason

for the depletion of TCDD from the body of the mother.

Fig. 3 shows the ratio of the TCDD-dose taken up by the

infant (per kg bw) divided by the dose taken up by the mother

(25 pg dÿ1¼ 0.42 pg kgÿ1 bw dÿ1). The ratio is initially 110

and falls later to 45 (t¼ 0.5 a), 22 (t¼ 1 a) and 4.5 (t¼ 3 a).

The dose ratio is much higher than the concentration ratio

(Fig. 2). Uptake of TCDD with air is neither for mother (inha-

lation 11 m3 per day, uptake 44 fg TCDD per day) nor infant

(inhalation 4.5 m3 per day, uptake 18 fg TCDD per day) of

relevance. The maximum concentration ratio child to mother

is reached after t¼ 0.5 a. The concentration in the child is

maximally 3.4 times that in mother before birth and falls to

2.5 times (t¼ 1 a) and to 0.48 times (t¼ 3 a), due to rapid

elimination and growth dilution. The calculated elimination

half-time (ln 2 divide by rate constant k) of TCDD from the

body is 4.6 years for the mother before birth, 0.6 years for

the nursing mother and only 0.34 years for the infant.

These simulation results can be confronted to empirical data

(Kreuzer et al., 1997; Filser et al., 1997). Measured concentra-

tions of TCDD in lipids of adipose tissue and blood for adults in

Germany in early 1990s range from <0.1 ng kgÿ1 lipids to

16 ng kgÿ1 lipids, with an average background level of

3 ng kgÿ1 lipids (Filser et al., 1997). Concentrations in breast

milk vary between 1 and 3.9 ng kgÿ1 lipids, decreasing during

the period of nursing, with an average of about 2 ng kgÿ1 lipids.

TCDD concentrations in stillborn range from 1.3 to 2.1 ng kgÿ1

lipids. Concentrations of TCDD in lipids of adipose tissue, fae-

ces and blood of infants did not differ much and ranged from

<0.2 to 7.3 ng kgÿ1 lipids. TCDD levels in adipose tissue of

20 breast-fed infants aged between 0 and 44 weeks ranged

from 0.16 to 4.1 ng kgÿ1 tissue and were higher than that of

non-breast-fed children (0.16e0.76 ng kgÿ1 lipids) (Kreuzer

et al., 1997). Predicted half-life of TCDD in infants was short

(0.42 years), and increased to about 10 years for adults between

40 and 60 years of age. These results are throughout close to the

outcome of the simulations with the motherechild model, with-

out any conflicting results.

4. Discussion

4.1. Comparison of regression and motherechild model

The regression of Travis et al. (1988) uses only one phys-

ico-chemical parameter, the KOW, while the motherechild

model requires KOW and KAW. The bioaccumulation factors

(BAFs), related to concentration in lipids, derived from model

and regression were compared. The concentration in air was

set to 0. The steady-state BAF of mother at birth of the child

(t¼ 0) and the BAF milk after t¼ 0.5 year were plotted in

Fig. 4. The BAFs for mother and milk are practically identical,

except for very hydrophilic compounds (the relation to lipids

gives artificially higher concentrations for milk if compounds

do not partition into lipids). The model BAFs differ more than

two orders of amount with low (10ÿ9) or high (0.1) KAW ex-

cept for high log KOW, because volatile compounds are rapidly

lost from the body via exhalation. Within its regression range

(log KOW 1.32e6.50), the regression gives similar results as

the model with high KAW, probably because the less lipophilic

compounds in the training set of the regression were all sol-

vents with high KAW (Table 2). With increasing lipophilicity,

the BAFs predicted by the motherechild model reach a plateau

(mother at t¼ 0: BAF is 143 [d kgÿ1 lipid], milk at t¼ 0.5

years: BAF is 90 [d kgÿ1 lipid]), while the BAFs derived by

the regression increase unlimited with KOW. This is unrealistic,

except for short time-periods, as the loss of super-lipophilic

compounds via milk would be several orders of amount higher

than the daily intake. The daily intake (1 mg dÿ1) is balanced

at a BAF milk (4.5% lipids) of 22 [d kgÿ1 lipid]. The regres-

sion gives a BAF¼ 22 [d kgÿ1 lipid] with log KOW¼ 4.7,

but higher BAF for all log KOW above that value. On the con-

trary, the steady-state (t¼N) BAF milk predicted by the

motherechild model for compounds with log KOW> 4.7 is

constant at 19 [d kgÿ1 lipid]. In the initial period of nursing,

the BAF milk is above steady-state, therefore, mother is de-

pleted from POPs by nursing (Fig. 2).
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Fig. 3. Ratio of the TCDD-dose taken up by the nursing infant (per kg bw) to

the dose taken up by the mother (25 pg dÿ1¼ 0.42 pg kgÿ1 bw dÿ1).
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Fig. 4. Calculated bioaccumulation factor (BAF) mother (t¼ 0) and milk

(t¼ 0.5 a) with varying log KOW for low KAW (KAW¼ 10ÿ9 L Lÿ1) and high

KAW (KAW¼ 0.1 L Lÿ1) compared to the result derived with the regression

of Travis et al. (1988).
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4.2. Uptake via inhalation compared to uptake via food

The impact of exhalation on BAF of hydrophilic to medium

lipophilic compounds (log KOW< 5) is evident from Fig. 4:

fugitive compounds with high KAW show much lower bioaccu-

mulation, due to this process. On the other hand, the KAW may

also impact the uptake by inhalation. Basically, this uptake is

calculated from the product of concentration in air and inhala-

tion (Eq. (28)). Under certain conditions, such as ubiquitous

background distribution of persistent compounds, we may as-

sume that the concentrations in diet and air are near phase

equilibrium. Using the formalism of Section 2.1, the equilib-

rium ratio KDA [L kgÿ1] between concentration in diet CD

[mg kgÿ1] and in air CA [mg Lÿ1] is

CD

CA

¼ KDA ¼
WD þ LDKOW

KAW

�

L

kg

�

ð30Þ

where WD is the water content [kg kgÿ1] and LD is the lipid

content [kg kgÿ1] of the diet.

The relation between the input data iD (uptake of chemical

with diet, mg dÿ1) and CD is

iD ¼ CDFD ð31Þ

where FD is the daily dietary consumption [kg dÿ1]. Thus, the

equilibrium concentration in air CA,eq [mg Lÿ1] is

CA;eq ¼
iD

KDAFD

ð32Þ

The dose via inhalation iA [mg dÿ1] is subsequently

iA ¼ FACA;eq ð33Þ

where FA is the inhalation of air [mother 11 m3 dÿ1 and child

4.5 m3 dÿ1].

A typical diet of an adult Danish female (FD) contains 60 g

lipids and 2 L water, hereof 1.4 L drinking water. Using these

numbers, the ratio of uptake via air to uptake via diet, assum-

ing phase equilibrium between air and food (including water),

was calculated.

Fig. 5 shows that the relevance of inhalation as uptake path-

way for chemicals into the human body depends much on the

value of the partition coefficient air to water, KAW. For non-

volatile compounds (low KAW, 10
ÿ6 L Lÿ1), inhalation is not

relevant at all. With very low KAW (10ÿ9 L Lÿ1), the ratio of

uptake with inhalation versus uptake with diet is never above

1:100,000 (not shown). On the other hand, inhalation is the

dominant way of entry into the body for volatile compounds

(high KAW, 0.1 L Lÿ1) with up to log KOW of 4. With moderate

KAW (10ÿ3 L Lÿ1 in Fig. 5), the relative importance of inhala-

tion for the body burden decreases, but it is still higher than up-

take by diet for the less lipophilic compounds (log KOW� 2).

For lipophilic compounds (log KOW> 5), which have the high-

est bioaccumulation, uptake by inhalation is generally not of

much relevance. Compared to the mother, uptake via inhala-

tion has similar (hydrophilic compounds) or lower importance

(lipophilic compounds) for the child.

Note that these calculations were done for the rare case of

near-equilibrium conditions. In real life, many individuals live

in urban centers, while the agricultural production is in remote

rural areas. It may be expected that the air pollution is higher

in the cities, in particular when additional indoor sources of

pollutants are present. Furthermore, lipophilic compounds

may be strongly adsorbed to particles, which are inhaled si-

multaneously with air. Thus, these conclusions are surely not

of general validity, and the relative importance of inhalation

for the uptake of pollutants may be higher in real life than ex-

pected from the calculations displayed in Fig. 5.

4.3. Validation against empirical data

To derive their regressions for bioaccumulation in adipose

tissue and breast milk, Travis et al. (1988) collected 12 bioac-

cumulation factors (BAFs) for human adipose tissue and six

BAFs for breast milk from literature and pharmacokinetic
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Fig. 5. Calculated ratio of uptake via inhalation to uptake via diet for the as-

sumption of phase equilibrium for mother and child (t¼ 0.5 a) with varying

log KOW for high KAW (0.1 L Lÿ1), moderate KAW (0.001 L Lÿ1) and low

KAW (10ÿ6 L Lÿ1). Dotted line shows ratio 1:1.

Table 2

Names and physico-chemical data of the compounds in Travis et al. (1988)

Abbreviation Compound log KOW
a KAW

b

Benzene Benzene 2.13 0.23

DDE 1,1-Bis(4-chlorphenyl)-2,2-dichloroethene 5.83 0.05

DDT 1,1-Bis(4-chlorphenyl)-2,2,2-trichlorethan 5.76 0.0016

DCM Dichlormethane 1.32 0.087

Dieldrin Dieldrin 5.16 0.0044

HE Heptachlor epoxide 5.40 0.01

HCB Hexachlorbenzene 5.45 0.028

PCE Perchlorethene 2.53 0.54

PCB Polychlorinated biphenyls 6.50 0.001c

TCE Trichlorethene 2.33 0.35

MC Methylchloroform 2.47 0.715

TCDD 2,3,7,8-Tetrachlordibenzo-p-dioxin 6.76b 0.0015

a Travis et al. (1988) if not given otherwise.
b Rippen (1990e2007) if not given otherwise.
c Estimate; PCB is a mix of 209 compounds.
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models. The model was tested against these data. Additionally,

BAFs for TCDD were calculated from data in Kreuzer et al.

(1997). The concentrations are related to lipid content. The

log KOW-values given in the original reference (Travis et al.,

1988) were used, except for TCDD (Rippen, 1990e2007) (Ta-

ble 2). One compound, pentachlorophenol, had to be excluded

from the analysis because it is not a neutral compound but

a weak acid (Rippen, 1990e2007). The uptake of weak elec-

trolytes into living cells follows principles that are not covered

by the model (Trapp, 2004).

In order to reproduce the experimental conditions under

which empirical BAFs were derived, concentration in air

was set to zero. Fig. 6 shows the measured BAF for human ad-

ipose tissue of the 12 organic compounds, the results from the

regression by Travis et al. (1988) and the model outcome for

mother before birth at steady-state. The measured BAFs range

from 0.013 (TCE) to 724 (DDE) and are lowest for the volatile

compounds with low log KOW. Naturally, the regression pre-

dicts this range, and its results are generally less than factor

5 from the measurements, except for TCDD (over-predicted

factor 21), which is out of the regression range. The model

simulations are also close to the measured data and differ max-

imally factor 7 (dieldrin). The averaged ratio between pre-

dicted and measured BAF is 1.54 for the regression (3.15,

including TCDD) and 2.0 for the model (including TCDD).

Fig. 7 shows the measured BAF for human milk of seven

organic compounds. The measured BAFs range from 43 (diel-

drin) to 1660 (PCB). The regression results are quite close to

the measured BAF, except for TCDD. To derive the BAF, av-

eraged values from milk samples in the period between birth

and up to 18 month after birth have been used (Rogan et al.,

1986). Therefore, the measured BAF were compared to the

model result at birth (t¼ 0) and for t¼ 1 year. The calculated

BAF milk are higher for t¼ 0 and do not vary much, as all

compounds are lipophilic with log KOW> 4.7. The predicted

BAFs are somewhat too low, except for dieldrin and TCDD.

The largest deviation is seen for PCB, which is not a single

compound but a mix of 209 congeners. The averaged ratio be-

tween regression result and measured BAF is 2.02 (1.09

without TCDD). The ratio between model prediction and mea-

surements is 0.99 (0.87 without TCDD) for t¼ 0 and 0.42

(0.37 without TCDD) for t¼ 1 year.

4.4. Comment on nursing

The question is often raised whether nursing may have an

adverse impact on the health of the child (BgVV, 2000).

While the high dose of POPs (here: TCDD) that the infant re-

ceives with breast milk suggests so, the moderate increase of

infant body concentration gives less reasons to be concerned.

There is evidence that after a few life-years, the difference be-

tween breast-fed and formula-fed infants in their body burden

with POPs, such as TCDD, vanishes (Kreuzer et al., 1997). If

the mother nurses more than one child without longer periods

in between, the model predicts lower body-burdens for the

later children, i.e., for the second child after 1-year nursing,

the body concentration is about the same as in the mother,

if she never had breast-fed. Empirical studies confirm that

the first born child is at higher risk to be exposed to POPs

that have accumulated in mother and are transferred via

mother milk (Tanabe and Kunisue, 2007), and that levels of

POPs decrease during lactation (Harris et al., 2001). An argu-

ment pro nursing may also be that the mother reduces her

POP pool (Schecter et al., 1996). Metabolism in the body

of the mother reduces the dose transferred to the nursing in-

fant. With metabolism half-times below 14 days, the model

predicts that the dose the nursing infant receives is always be-

low the dose for the mother. According to the model, the

mother has a ‘‘filter effect’’ for less lipophilic and volatile

compounds: for those, the dose for the infant via breast

milk is lower than the dose mother takes up (per kg bw)

(Fig. 4).

4.5. Limitations and application range of the new model

The new motherechild model is, due to the underlying

equations for phase equilibrium, not valid for inorganic
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(Wuenschmann et al., 2008) and electrolytic organic com-

pounds (Trapp, 2004; Trapp and Horobin, 2005). The assump-

tion of phase equilibrium within the body for neutral lipophilic

organic compounds is supported by the results of Kreuzer

et al. (1997), who found comparable levels of TCDD in lipids

of adipose tissue, feces, blood, liver, breast milk and new-

borns. Deviations from equilibrium could in particular occur

for compounds with rapid metabolism. However, for those

the model predicts low transfer into infants anyhow, thus,

a ‘‘false alarm’’ due to over-prediction would not occur, if ac-

curate metabolism rate constants were at hand.

The new motherechild model is more complex than the re-

gression of Travis et al. (1988), but still, the struture is easily

understood, and the analytical solution of the differential equa-

tions keeps the calculations compact and robust. The model re-

quires five chemical input parameters (iD, KOW, CA, KAW and

kdeg). It may be more troublesome to acquire these data, but

the differences in the accumulation behavior of persistent

and reactive compounds can be considered, and uptake via

diet and inhalation can be calculated simultaneously or sepa-

rately. Therefore, results from diet studies can be used as input

data, and bioaccumulation factors as defined by Travis et al.

(1988) can be calculated, using iD¼ 1 mg dÿ1 and CA¼ 0.

The regression necessarily will fail if uptake from air plays

a major role.

Another advantage of the deterministic approach, com-

pared to empirical relations, is that the relevant processes

behind the BAF can be identified. The variation of physio-

logical parameters (for the human body) allows to deter-

mine the influence of age, diet, bodyweight, growth,

metabolism, etc. Furthermore, the regression violates the

mass balance for more lipophilic compounds with high

log KOW and gives unrealistically high BAF, as was shown

before.

In comparison to more sophisticated models for bioaccu-

mulation (Kreuzer et al., 1997; Van Der Molen et al., 1996;

Maruyama et al., 2003), the new motherechild model is

more compact and easier adapted to new compounds (i.e., it

does not require the measurement of any chemical-specific

data, besides the minimum data set, and it needs no calibration

steps). Compared to the human bioaccumulation model ACC

(Czub and McLachlan, 2004b), which calculates the body con-

centration of a single human over the whole life-time, the

motherechild model is less complex and more flexible, due

to the analytical solution. If, for the purpose of risk assess-

ment, only the dose for the infant is required, the differential

equation system is decoupled, and the solution for the

breast-feeding mother alone can be solved (Eq. (11)).

The development of the new motherechild model was

driven by the need to predict the exposure of nursing children

within the framework of chemical risk assessment and/or risk

assessment of polluted sites. Model systems for these purposes

exist (EC, 1996; Rikken et al., 2001; Kulhanek et al., 2005)

but none of them considers nursing infants (in fact, children

are not considered at all in most of them). The new model

could be added with small effort to existing exposure assess-

ment tools, in order to fill this gap.

4.5.1. Model availability

The new motherechild model is available as unprotected

excel-spreadsheet version from the first author. Please mail

to stt@env.dtu.dk.
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Schecter, A., Päpke, O., Lis, A., Ball, M., Ryan, J.J., Olson, J.R., et al., 1996.

Decrease in milk and blood dioxin levels over two years in a mother nurs-

ing twins: estimates of decreased maternal and increased infant dioxin

body burden from nursing. Chemosphere 32, 543e549.

Shen, H., Main, K.H., Virtanen, H.E., Damggard, I.N., Haavisto, A.-M.,

Kaleva, M., Boisen, K.A., Schmidt, I.M., Chellakooty, M.,

Skakebaek, N.E., Toppari, J., Schramm, K.-W., 2007. From mother to

child: investigation of the prenatal and postnatal exposure to persistent bi-

oaccumulating toxicants using breast milk and placenta biomonitoring.

Chemosphere 67, S256eS262.

Tanabe, S., Kunisue, T., 2007. Persistent organic pollutants in human breast

milk from Asian countries. Environ. Pollut. 146, 400e413.

Trapp, S., 2004. Plant uptake and transport models for neutral and ionic chem-

icals. Environ. Sci. Pollut. Res. 11, 33e39.

Trapp, S., Horobin, R.W., 2005. A predictive model for the selective accumu-

lation of chemicals in tumor cells. Eur. Biophys. J. 34, 959e966.

Travis, C.C., Hattemer-Frey, H.A., Arms, A.A., 1988. Relationship between

dietary intake of organic chemicals and their concentrations in human

adipose tissue and breast milk. Arch. Environ. Contam. Toxicol. 17,

473e478.

Travis, C.C., Hattemeyer-Frey, H.A., 1991. Human exposure to dioxin. Sci.

Total Environ. 104, 97e127.

UNEP (United Nations Environmental Program), 2007. Stockholm Conven-

tion on Persistent Organic Pollutants (POPs). http://www.pops.int/ (ac-

cessed 04.06.07).

US EPA (U.S. Environmental Protection Agency), 2006. Children’s Environ-

mental Health: 2006 Report. Environment, Health, and a Focus on Chil-

dren. http://yosemite.epa.gov/ochp/ochpweb.nsf/content/homepage.htm

(accessed 04.07.07).

Van Der Molen, G.W., Kooijman, S.A.L.M., Slob, W., 1996. A generic toxico-

kinetic model for persistent lipophilic compounds in humans: an applica-

tion to TCDD. Fundam. Appl. Toxicol. 31, 83e94.

Wittsiepe, J., Fürst, P., Schrey, P., Lemm, F., Kraft, M., Eberwein, G., et al.,

2007. PCDD/F and dioxin-like PCB in human blood and milk from

German mothers. Chemosphere 67, S286eS294.

Wuenschmann, S., Fraenzle, S., Markert, B., Zechmeister, H., 2008. Input and

transfer of trace metals from food via mothermilk to the child e bioindi-

cative aspects to human health. In: Prasad, M.N.V. (Ed.), Trace Elements:

Nutritional Benefits, Environmental Contamination, and Health Implica-

tions. John Wiley and Sons, New York.

98 S. Trapp et al. / Environmental Pollution 156 (2008) 90e98


