
VI SHMMT I XVIII ENTMME- 2001 -Rio de J aneiro/Brazil 

ASSESSING THE FATE OF CHEMICALS lN A GENERIC 
ENVIRONMENT WITH A MULTIMEDIA MODEL 

Roberto .Tosé de Carvalho, Marcus Vinicius Franco de Arruda, Carolina Turon Wagner 

Department of Materiais Science and Metallurgy 
Pontifical Catholic University of Rio de Janeiro 

Rua Marquês de São Vicente, 225, Gávea 
22453-900 - Rio de Janeiro (RJ), Brazil 

e-mail: rjcar@dcmm.puc-rio.br 

ABSTRACT 

Chemicals are released to the environment in view of 
severa! human activities. These chemicals will 
distribute in media such as air, water, soil, sediments 
and biota due to the action of complex physical, 
chemical and biological processes. Since many of the 
chemicals are toxic, persistent and subject to 
accumulation in media where biota and human 
exposition is significant, it is necessary to control 
their release. Monitoring programs and remediation 
of contaminated environments require estimates of 
concentration leveis and persistence of the substance, 
its fate, transport rates, reactivities and partitioning 
between media. Multimedia models are low-cost, 
relatively simple but powerful tools to investigate the 
fate of released chemicals. These models are a 
mathematical description of the distribution of the 
chemicals among the media based on environmental 
chemistry, thermodynamics, reaction kinetics, 
transport phenomena and mass conservation. This 
study encompasses a review of multimedia models 
developed by Mackay et al. These models adopt 
fugacity or "aquivalent" concentration as equilibrium 
criteria among the media. A levei III model was used 
to assess the fate of chemical and metallurgical 
pollutants in a generic environment to illustrate the 
usefulness of multimedia models. The model 
determined the concentrations of the chemicals in the 
media, rates of advective and diffusive transport 
among compartments, reaction or transformation 
rates, persistences and accumulation in biota. 

INTRODUCTION 

The environment has a finite capacity to dilute 
and degrade chemicals introduced in itself. Certain 
chemicals persist and accumulate to leveis that may 
cause adverse affects on biota including humans. 

Some chemicals have the potential to migrate and 
distribute in severa! media such as air, water, soil, 
sediment and biota., reaching unpredicted destinations 
with unexpectedly high concentrations. Numerous 
chemicals are naturally present, however with 
concentrations far below those resulting from human 
activities. Many of these chemicals are toxic to various 
organisms, including the human, in case of sufficiently 
high doses or expositions. 

ln order to exercise an effective control on the use of 
chemicals, implement remediation techniques in 
environments already contaminated and predict the 
possible behavior of new chemicals it is necessary to 
determine its concentration, persistence, reactivity and 
tendency to partitioning between the media. Before 
indiscriminately discharging chemicals in the 
environment, it should be dane a complete appreciation of 
its final fate, how they are transported and transformed 
and where they accumulate, with the purpose of assuring 
that there is no risk of adverse effects to the living 
organisms of the ecosystem. To provide a sound scientitic 
basis for managing new and existing substances, it is 
necessary to understand and predict the fate of releases of 
these substances to the environment, with the goal of 
ensuring that there is no risk of adverse effect to humans 
or other organisms that occupy the environment. The risk 
of a present or proposed discharge of a substance can be 
assessed by comparing the concentration of this substance 
in an environmental compartment to the concentration of 
the substance that will result in no adverse effects on the 
organisms in the ecosystem. The evaluation of the fate of 
chemicals discharged to the environment is conducted 
with monitoring programs and with multimedia models 
(Mackay, 1991 ). These models determine the chemical 
concentrations under different conditions, help in 
interpreting the data obtained through monitoring and 
quantify the relative importance of the various transport 
and transformation processes (ECETOC, 1992). The 
usefulness and the potential of the models have been 
recognized both by the governmental agencies for 
environmental control as well as the industrial sector. ln 
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fact, it is difficult to conceive how to assess the 
behavior of a chemical, and therefore to establish 
appropriate regulations, without the help of a 
multimedia model. ln this regard, the industries have 
recently begun using thesc models to predict the 
environmental fate of new chemicals. Severa! 
countries and organizations have also been attracted 
to their power and relative simplicity. Canada and the 
European Community are recommending these 
models to assess the safety of new chemicals to 
humans and the environment (Cowan et al., 1995). 
Government rcscarches in the Netherlands have used 
multimedia models to determine whether their single
media environmental regulations have compatible 
objectives (Rcnner, 1995). In the United States, 
multimedia models have been used to determine 
priorities for regulation efforts since 1993 and to 
estimate chemical fate and human exposure near 
hazardous waste sites since I 995 (USEPA, 1995). 

The objective of this work is to demonstrate the 
application of a levei III multimedia model to assess 
the fate ol· potcntially pollutant chemicals in a generic 
environment at 25°C. 

MUTIMEDIA MODELS DEVELOPED BY 
MACKAY 

Mackay-type or fugacity models are the most 
widely accepted multimedia fate models. According 
to Mackay, multimedia models are (best) suited for 
chemicals chronically discharged in the environment 
like industrial chemicals. These models operate by 
simplifying environmental media - air, water, soil , 
and sediment into homogeneous compartments or 
boxes and then tracking the llow of and eventual fate 
of chemicals from box to box. Subcompartments 
allow for additional complexity. Conservation of 
mass is the underlying principie of this system. The 
model require tree kinds of data: prevailing 
environmental conditions such as temperatures, t1ow 
rates, and accumulation rates; chemical properties 
that intluence partition and reaction tendencies; and 
emission/discharge data for the chemical (Renner, 
1995). Multimedia modcls must estimate the amounts 
of the chemicals that will partilion in each medium, 
the relative concentrations in these media, tl1e 
dominant reactions, the global persistences and the 
main transpor! processes between media. 

Mackay-type or fugacity models encompass four 
types of increasing complexity. 

Levei I model provides a first look at a chemical 
fate by partitioning chemicals among compartments 

according to fugacity, a thermodynamic quantity that 
determines how a substance will diffuse between 
compartmenL~ to reach equilibrium. 

Levei II models also account for transformations and 
reactions within a compartment using a rate constant, 
which can ais o be expressed as a rcsidence time or h ai f
life. 

Levei III models allow for no-non-equilibrium 
distribution and require additional expressions for tl1e rates 
of transfcr between compartmcnts. Levei III models are 
non-conservative, steady state and introduce resistance to 

chemical migration between cnvironmental compartments. 
These models are built around a system of equations, one 
for each compartment, which describe ali inputs and 
outputs for each compartment (ECETOC, 1992). They 
present a more accurate estimate of chemical distribution, 
quantities and concentrations in each environmental 
compartment and its lifetime. The data required for Levei 
3 models are: Henry's law constant, the adsorption 
cocfticients for soil and sediment and the bioconcentration 
factor, if the biota is included in the model. For common 
hydrophobic chemicals, only data on solubility and vapor 
pressure would suffice as tl1e other parameters may be 
calculated from these data. Howcver, the use of 
experimentally determined partition coefticients should he 
preferred. Additional data include transformation rate 
constants, em!ss!on or discharge rates for each 
compartment, rates of transfer betwecn compartments 
which are generally estimated (ECETOC, 1992). A rcview 
of Levei 3 models and a discussion of their features, 
performance, and desired outputs may be found in (Cowan 
et ai., 1995). 

Levei IV models are non-equilibrium, non
conservative and non steady-state. These models allow 
predictions of the time required for the chemical to 
disappear from the environment once its use has ceased or, 
altcrnatively, the time necded to reach steady-state when 
chemical releases are continuing. Levei IV models are 
built around the sarne set of equations as Levei III models 
but, because they assume non steady-statc, solving this set 
becomes more complicated, especially, if the variability in 
tl1e relcase with time is complcx. 

lt is important to strike a balance between simple 
models, which do not represent reality, and models which 
are difticult to use. Levei I models with an air/watcr/solids 
"unit world" present, on a basis of limited number of data, 
the major fcature of the environmental fate and hehavior 
of chcmicals, i. e., thc "targct" compartment(s) where they 
are expectcd to accumulatc. Levei 2 models usually are of 
minor interest. Levei 3 models are of value to assess the 
distribution of a chemical in the environment in a more 
realistic manner. Levei IV models should be used only for 
estimating the estimating the disappearance of chemicals 
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from the environment. Recently it was concluded that 
a Levei III multimedia model that includes at least 
four compartments (air, water, soil and sediment) is 
the preferred type for regulatory contexts since this 
type of model incorporates sufficient complexity to 
gain a quantitative prediction of chemical 
distribution, pathways and relative concentrations 
(Mackay et ai. 1996). ln certain cases, a Levei IV, 
unsteady-state or dynamic evaluation, may be 
required. Such a formulation has been employed by 
(Cohen et ai., 1990; Mackay, 1989; and Wania and 
Mackay, 1993). Some models that focus on the long
term etlects of hazardous waste sitcs and 
contaminated soils also use a Levei 4 unsteady-state 
approach (Mackay et ai. 1996) .. 

APPLICATION OF A LEVEL III 
MULTIMEDIA MODEL 

A levei III multimedia was applied to analyze 
Lhe faLe of potentially pollutant chemicals in a generic 
environment at 25"C. Evaluative or generic 
environments are hypothetical environmenl~ keeping, 
however, the main characteristics of a real 
environment. They basiL:ally consist of homogeneous 
volumes ot· air, water, soil, sediment and, some times, 
biota, heing an altcrnative to real environments and 
presenting scientitk, educational and regulatory 
mcrits (Renner, 1995). 

There are threc reasons for conducting an 
cvaluati ve fale assessmcnt. First, it reveals general 
features of chemical hehavior and focuses efforts on 
obtaining information on thc most important 
charactcristics or the chcmical, ralhcr than lhe 
environment. Second, this assessment may be 
sutlicient to demonstrate that the chemical is of no 
concern, or is of detinite concern. Third, lhe 
assessmcrn can be undertaken, compared, and 
communicated internationally. 

The adopted model is a "fugacity model". 
Fugacity is a thcrmodynamic quantity related to the 
chemical potcnLial and to lhe activity, which 
characterizes the escaping tendency of a chemical 
from a phase. ln these models the fugacity is uscd 
instead of the concentration as the controlling 
variahle. The fugacity is also employed as t he 
equilibrium criterion of the model. The cnvironment 
will he in equilibrium if thc fugacity of Lhe chcmical 
is tl1e same in ali compartments. ln addition, there is a 
linear relationship between concentration and 
fugacity. Furthermore, tl1e rates of ali processes 
involved are directly proportional to the fugacity . 

The input data for the model includes the description 
of the environment, the physical chemical, kinetic and 
transport properties of lhe chemical, rates of admission of 
lhe chemical in the environment by emissions, discharges 
and by advection with the background concentrations. 
Background concentrations determine the extent to which 
advection and dispersion from the model boundaries 
contributes to the overall mass balance of a chemical in 
lhe unit world. 

The chemicals tested were the benzo(a)pyrene (BaP) 
e the trichloroethylene (TCE). The BaP is a non-polar 
organic chemical produced when a fuel is burned with 
insufficient oxygen, existing, for instance, in the eftluents 
generated by the coke making process. This chemical has 
been proved to be highly toxic since it presents both 
carcinogenic and mutagenic action (Mackay, 1991 ). The 
TCE is an important industrial sol vent. The model results 
are given in Figures I and 2. 

The model provides lhe likely concentrations of the 
chemical prevailing in the different media and establishes 
lhe relative importance of the various rmltes ot· the 
environment contamination. The results also allow 
identifying the media where lhe chemical reaches the 
highest concentrations. For lhese media, complementary 
specitic models should be employed. Another relevant 
information of lhe model is the chemical persistence in the 
environment as, obviously, lhe more persistent chemicals 
cause more awarencss. The persistence is clearly an 
important data to any environmental regulation thus 
deserving being strictly defined. 

At steady state (Levei III) when the amount of 
chemical is constant with time, the total input and output 
rates on the environment should be equal. The overall 
persistence of the chemical is then the ratio of its mass to 
lhe total input or output rate. The total output rate is the 
sum of the advective rates, due to lhe advective t1uxes 
usually in the air or in tJ1e water, with the degradation 
reaction rate. If lhe total advection rate is large compared 
to the overall reaction rate, most of lhe chemical exits the 
system by advection, being able to contaminate other 
regions. Hcnce, from lhe local point of vicw, the 
persistence calculated as stated above, is of utmost 
interest. On the other hand, from the global point of view, 
lhe pcrsistence based only on thc reaction rate is more 
important. 

Finally, for an assessment of chemical fate based on 
models to have credibility, it must be demonstrated lhat 
the model gives adequate predictions for a variety of 
chemicals that differ in behavior. This requires applying 
lhe models to actual regions for which dischargc data and 
monitoring information (usually concentrations) exist and 
demonstrating a levei of agreement between the model 
results and reality. 
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Clearly, it is expected that the multimedia 
models be validated by comparing the predicted 
concentrations with measured concentrations in real 
environments. Generally, the agreement between 
these concentrations is, at the best, of arder of 
magnitude. Actual concentrations are hardly obtained 
with accuracy since they possess large spatial and 
temporal variability, as do the other environmental 
parameters. Practical experience shows that for many 
usually show large temporal and spatial chemicals 
reliable, critically evaluated chemical data are lacking 
lacking. A further complicating factor is the 
difficulty of translating laboratory derived rate 
constants into environmental rate constants. 
Environmental parameters usually show large 
temporal and spatial variations. For practical 
purposes, average values are used in most model 
calculations. Data on emissions or discharge into the 
different environmental compartments are often not 
known accurately. ln many cases emissions are not 

constant and may be discontinuous. Again for practical 
purposes, averaged values are normally used. 

The models are probably more reliable to persistent 
and widely dispersed chemicals in the environment and in 
sites far away from the sources of emissions/discharges. 
As the actual concentrations vary considerably even in a 
single medium, ideally the models should provide 
concentration spectra with a mean and a variance instead 
of a unique value only. Chemicals with similar properties 
may then have similar variances. 

It is important to let it clear that in the present work, 
the model was applied to a generic environment and does 
not have the pretension of simulating a specific real 
environment. This will be the next step of the research, 
particularly to regions in the state of Rio de Janeiro 
following the procedure adopted in Canada, USA, France 
and the Netherlands 

ChemCAN v. 4.0 Chemical: Benzo(a)pyrene 
Region: Generic 

0.114 kg/h { 

0.114kg/h 

Okg/h ~ 

0.051 kg/h 

0.015 kg/h 

0.114 kg/h ~ 

3.21e-57g/h ~,,7.29e-5 kg/h 

, 0.044kg/h 

4.98e·3 kg/h 
~ 

• Water c:S>- 0.012 kg/h 

............ 
Legend: 

EMISSION 

f1llf> 
REACTION 

~ 
ADVECTION 

~-
: INTERMEDIA : 
• EXCHANGE • 
• • • 

0.157 kg/h 

A I F:~·7=k~.;~~~58 :;~ 
~ 0.214ngll 

Total Emissions = 0.342 kg/h 

Total Mass = 4157 kg 

Persistence = 12139 h = 506 days 

262 kg (6.308 %) 
Fug. = 2.80e·5 IJPa 

1.847 ng/g 

Figure 1 - Model results for BaP. 

104 

~ 
0.017 kg/h 

~ 
3.30e-3 kg/h 



VI SHMMT I XVIII ENTMME- 2001 - Rio de J aneiro/Brazi1 

ChemCAN v. 4.0 Chemical: Trichloroethylene 
Region: Generic 

0.114 kg/h 

{ 0.114 kg/h 

Okg/h ~ 

0.197 kg/h 

0.098 kg/h 

0.111k~gh ' 

/~o-4kg/h' 0.070 kg/h 

9.33e-5 kg/h 
0.114 kg/h A A 

~ 8.04e-3 kg/h 

--••~ Water ............ 7.52e-4 kg/h 28.9 kg (59.3 %) ~ 

o ,:,:: ~~ :::r,:,r ... 4k,~ 0.036 kg~ 
Leqend: 

EMISSION 

~ 
2.28e-3 kg/h 

REACTION 

~ Sediment ~ 2·12e-5 kgth 

Fo~~7= ~go~11fJ5:a%) ~ 
Total Emissions = 0.342 kg/h ADVECTION 

~ Total Mass = 48.8 kg 

• INTERMEDIA : 
: EXCHANGE • Persistence = 143 h = 5.938 days 

5.25e-4 ng/g 9.39e-6 kg/h 

• • • 
Figure 2- Model results for TCE 
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