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Abstract—-A fugacity model that can be used to evaluate the environmental fate of various organic compounds
is described. The model employs the fugacity concept and treats the environment as four bulk compartments. By un-
dertaking a calculation under steady state non-equilibrium conditions, one can obtain information about a chemi-
cal’s partitioning, transformation and environmental process. In this work, the fugacity model applied to trichloro-
ethylene in the specified region of lake of Daechung and the behavior of trichloroethylene is presented. The results
give a picture of the chemical’s fate in an evaluative environment.

Key words: Fugacity, Model, Partition Coefficient, Chemical Fate, Environment

INTRODUCTION We review a relatively simple four-compartment fugacity model
which is reduced to four immiscible phases (air, water, soil and
The widespread use and disposal of polluted chemicals conbottom sediment) from the number of environmental media. Equi-
taminate the environment with the passing of time. Understandfibrium is assumed within each phase. Partitioning, reaction, and
ing how polluted chemicals migrate through our environmentaldiffusive and nondiffusive transfer processes are generally con-
multimedia has become increasingly concerned with predictingsidered. These transfer processes are expressed in terms of trans-
the fate and transport of chemicals which are subject to accumufer coefficient (D) values. D values are defined to quantify trans-
lation in environmental compartments where biota and humarport rates. Each D contains two terms, a fugacity capacity (2) value
exposure are significant; it is also essential to predict the enviwhich characterizes the capacity of each phase for the chemical
ronmental effects of new chemicals. Chemicals used industriallyand is obtained from physical-chemical data, and kinetics or trans-
commercially and domestically are discharged into the environ-port rate terms such as mass-transfer coefficient, diffusivity or
ment. Among them, toxic chemicals are our concern because thegdvective flow rate.
move through the food chain and have toxic effects on animals In this paper the results of the fugacity model for assessing the
and humans. Till now toxic effects have been neglected due tdate of trichloroethylene (TCE) in a four-compartment system
low concentration in the environment. It is necessary to underunder steady state non-equilibrium conditions are presented and
stand and predict the sources, fates and effects of chemical suprovide understanding about its fate and environmental concen-
stances in the environment for appropriate monitoring and astration.
sessment.
For this purpose there is an incentive to develop methods of THEORY
calculating or modeling the multimedia environmental fate of
organic compounds especially for toxic chemicals. Several multi- Fugacity is a thermodynamic quantity related to chemical po-
media models such as ChemCAN [Mackay and Paterson, 1996lential or activity that characterizes the escaping tendency from
CalTOX [Makone, 1993], HAZCHEM [ECETOC, 1994], simple a phase. It has units of pressure and can be related to concentra-
BOX [van de Meent, 1993], SMCM [Cohen et al., 1990] have tion. At equilibrium, fugacities of each phase are equal. Parti-
been developed internationally to produce a comprehensive pidioning of a chemical between phases can be described by the
ture of the environmental behavior of organic compounds. How-equilibrium criteria of fugacity regarded as a partial pressure of
ever, in Korea there have been no specific studies in this area dise chemical in a phase and is related to concentration C (mol/
a thermodynamic approach except for studying the measurem’) by the expression
ment of the octanol-water partition coefficient, Kby Park et C=i7 1
al. [1997]. The fugacity model, by using physical-chemical pro-
perties, environmental conditions and rate of emission, is one ofvhere Z is the fugacity capacity. The determination of Z requires
the developing methods, which can be used to estimate prevailintpe knowledge of the other equilibrium relationship called parti-
concentration under steady state and unsteady state conditiortfon coefficient. Partition coefficient (i for a chemical between
This fugacity concept is now applied to a variety of chemicalstwo immiscible phases is defined as the ratio of concentration and
and environmental conditions. it can be related with fugacity capacity as

K,=C/C,=2,1/2,f=2,/Z, )
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each phase. lated as

Fugacity capacity for each evaluative compartment is calcu-

lated by a combination of the fugacity concept and partition Co_for air

efficient as follows: E1+GuiCar+,D51+f3D31=f1(D 1o+ D13+ Dr+Dar)=f1Dmy (7
for air () for water

Z=1V/RT (3-1) E;+GnoCartf1D1p#f3Da5+fuD15=fo(Do1+ Dyt Drot Do) =fDro - (8)
for water (Z) for soil

Z.~1/H=Z,RT/H=C/P, (3-2) E;+f1D;5=f3(Da1+Daz+ Drst+Daz) =fsDrs )

for sediment
E;+f,D2,=f (D42t Drs+Das)=f 4D, (10)

for soil, sediment
Zs:ZWszzzw(pi(pKuc (3_3)

where K.=0.41K,, [Mackay, 1991] From Egs. (7) through (10), the fugacities should be obtained.
Chemicals move between phases by both diffusive and non- An additional information includes the overall persistence or
diffusive processes. The diffusive flux N (mol/h) between two residence time calculated by

phases 1 and 2 can be described by
t,.=M/E (12)
N=D(f,~f,) @) _ .
where M is amount of moles presented in the compartment and

where D (mol/hPa) is a transfer coefficient anand { are the £ j5 emjtted amounts. The reaction and advection persistence are

phase fugacities. The difference betwgeantl § determines the
direction of diffusive flux that take place from high to low fugac-  t=M/) Dxf and t,=M/) D.f (12)

ity. Nondiffusive or one-way transfer process between phases canh d i d advecti ist h
also be described by a transport parameter as where { and f are reaction and advection persistence (h), re-

spectively. Clearly
N=GC=GfZ=Df ®)
. i . L Vi=Vt+l/t, (13)
where G (rffh) is the volumetric flow rate. For reaction kinetics, _ .
first order reaction process in a phase is assumed because moatere 14is the overall persistence.
organic compounds are present at low concentration, and it can

be described as RESULTS

N=KrVZf=Dgf ®) Trichloroethylene (TCE), a major industrial solvent, which has
where k is the first order rate constant, \Afis the phase volume. ~ been detected in ambient air, may be contained in drinking water.

Intermedia D values can be estimated from the nature of eachCE in four compartments is introduced and concentrations are
contributing process and a variety of flow rate, areas mass trangalculated by the fugacity model and compared with data report-
fer coefficients. Detailed D value equations are listed in Table 1€d by Mackay and Parterson [1991]. Table 2 shows the calcu-
The mass balance equation for each compartment is then calci@ted and reported concentration and fugacities for the four bulk

Table 1. Intermedia transfer D value equations for each compartment

Compartment Process Individual D Total D
Air(1)-water(2) Diffusion D=1/(L/K A 1, Z 11+ LKA 1Z) D1,=D,+DowtDowt Dew
Rain Dow=A1UoZ2, D,,=D,

Wet deposition
Dry deposition R=A U7,

Air(1)-sail(3) Diffusion Ds=1/(1/ksA 1:Z1+Y o (A13BasZ11+BsZ20) D,5=D¢+DpgtDgstDps
Rain Dos=A1UoZ2 Dz, =D,

B :A12UQQ¢13213

Wet deposition

QS:AISUQQCDBZIS

Dry deposition Rs=A U D7,
Soil(3)-water(2) Soail runoff R=AUWZ,, D3,=Dg,+Dy,
Water runoff R.=AUwwZ,, D=0
Sediment(4)-water(2) Diffusion B/(1/KP2aZostY o/ BuaAoiZ ) D,,=D,+Dpy
Deposition By =GpxZ2s D,,=Dy+Dg,
Resuspension R=GrZ4s
Reaction Bulk phase DrkeV.Z, Dri=krV.Z,
Pure phase B=Kr;iViZ; Dri=2kg;V;iZ;
Advection Bulk phase P=GZ, D,=GZ,
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Table 2. Calculated and reported concentration and phase fugacities for the four bulk phases

Air Water Sail Sediment Fugacities

ng/n? ngl mg/kg ng/g Air Water Soil Sediment
This work 5610 184 2.8e-5 0.52 0.00010 0.0016 0.00010 0.0014
Mackay [1991] 11000 270 3.7e-5 0.6 0.00021 0.0025 0.00021 0.0025
Cohen [1985] 6400 <6000 0.07

Table 3. Physical-chemical properties used in the fugacity mod-

el. Data are from Mackay et al. [1993]

Temperature®C) 20
Molecular weight (g/mol) 131
Aqueous solubility (g/ci 1100
Vapor pressure (Pa) 9900
Octanol water partition coefficient (i 2.53

Table 4. Characteristics of the environment conditions of spec-
ified region of lake Daechung used in the model

Total surface area (Kin 482
Surface covered by water (%total) 15
Average air height (Km) 1
Average water depth (m) 29
Average soil depth (cm) 10
Average sediment depth (cm) 5
Environmental temperaturéQ) 20

Chemical : Trichloroethylene
Region : Daejeon

Air

139 kg (223%)

- D1l4kghh :’\> :> 0.193 kg/h
0114 kgih

Lﬂkglh :> - Fug.=0536 1P []|:"> 0.096 kgfh

289 ngfmd

0111 kgih
/ 21le-dkgh \
23%e-4 kg 0.066 kg/k
Soil

Water
0.114kgth :‘> 5.73e-4 kg/h :> 5.73e-4kg/h
3.089 kg (13.2%) - 320 kg (63.6%)
23003 kg <::l]] Fug. =251 Pa Fug. = 167 yP ﬂ]:> 01,049 kg/h
0.132ng/g . 1.5 rgfL

...................... 0.114kgrh {ﬂ 133e-4kgih
; }
f > : 0kgih
: EMISSION : kg | 9e-4kgh
5 :> REACTION |
:> 1.73e-5 kgl

.
. :
: |ﬂ:‘> ADVECTION |
: [ﬂ:‘”) 284e-5 kg

Sediment

! Total Emission = 0,342 kg/h
Total Mass = 611 kg

0.225 kg (0388%)
Fug.= 16! pPa

Table 5. Order of magnitude values of transport parameters
used in the model. Data are generic values from Mackay

M) [VTERMEDIS :
; EXCHANGE |

! Persistence = 178 h

= 7432 days

0049 ng/L

Fig. 1. Distribution of TCE. Emissions into air, water, and soil
(respectively 1,000 kg/yr).

Table 6. Calculated results of phase properties and composi-

tions
Phase Air Water Sall Sediment
Bulk m? 48e-14 2.1e+9 4.le+7 3.6e+8
Density Kg/nd 1.206 1000 1500 1280
Bulk Z value 4.1e-4 8.46e-4 5.99e-3 2.94e-3
Emission Kgly 1000 1000 1000 0
Fugacity 5.36e-7 1.67e-4 2.5le-4 1.6le4
Concentration g/m 0.029 18.5 197 62.3
Amount Kg 13.9 38.9 8.08 0.225

et al. [1993]

U m/h
Air side, air-water MTC 5
Water side, air-water MTC 0.05
Rain rate 1.0e-4
Aerosol deposition 6.0e-10
Soil-air phase diffusion MTC 0.02
Soil-water phase diffusion MTC 1.0e-5
Soil-air boundary layer MTC 5
Sediment-water MTC 1.0e-4
Sediment deposition 5.0e-7
Sediment resuspension 2.Ce-7
Soil-water runoff 5.0e-5
Soil-solid runoff 1.0e-%
Sediment burial 1.0e-5

Note: MTC is mass tranfer coefficient.

properties and environmental conditions are given in Tables 3
and 4. The transport parameters used are generic values without
modifications suggested by Mackay et al. [1993] as shown in
Table 5.

Calculation results by fugacity model are shown in Fig. 1 for

phases. The reported magnitudes of concentration in air, watethe distribution of TCE emitted by 1,000 Kg/yr to air, water and

soil and sediment by Mackay and Paterson [1991] are in goodoil, respectively, which were based on the partition and trans-
agreement with those predicted by Cohen et al. [1985]. The calport coefficient shown in Tables 6 and 7. The overall persist-
culated magnitudes of concentration in this work show the reaence is 178 hrs. Most of TCE is found in water. The net transfers
sonable agreement with both data. Utilizing this fugacity model,of TCE are deposition from air to soil and volatilization from

specific calculation was performed for predicting behavior of water to air, whereas the transfer from soil to water is negligible.
TCE in the specified region of the lake of Daechung located aiNet water-sediment transfer is small. Reaction in air is the main
the central part of South Korea. The utilized physical-chemicalremoval mechanism. The steady state buildup of TCE is 61.1 Kg.
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Table 7. Calculated values of intermedia transport Chemical ; Trichloroethylene

Half time Equv. flow D value Rates Region : Daejeon
(h) (m¥h)  (mol/pah) (mol/h) Air

Air to water 407 7.3le+6 3001  1.61e-3 Sigh [Dkgrh — VP m LR
Air to soil 50.7 8.25e+6 3387  1.81e-3 R = S i O e
Water to air 407  3.54e+6 295 0.499 51505 kg
Water to sediment 7016 9645 8.157 1.36e-3 / 475-5 kgfh\\
Soil to air 50.7 5.6e+5 3352 0.841 536e-5 kgh 0063 kgrh
Soil to water 9789 2900 17.4 4.36e-3 Soil Water

268-7kgh :> 31564 kgh

Sediment to water 1163 2137 6.277  1.0le-3 I m— I o
1.54e.-6 kgfh <,‘:|ﬂ Fug.= 0.118 uPa — Fug - 166 s | I[]:> 0,049 ke

6.17e-5 nglg : 18.4ng/L
Chemical ;: Trichloroethylene

______________________ 0114kgih 1.32-4ksh
Region : Daejeon | |
* i 1 Gkgih
Y | > EMISSION | kg 1 T8e-4Xgh

0114 ke :> :> 0.076 ki : :> REACTION | .
i 5431 kg (99.4%) ke ; : Sediment
0114 ke'h & , : ; T 1akSieh
Okgih :> g 0211104 |]|::> 0038 kg/h {IC ) ADVECTION ! Tosal Emission =0.114 gk | 02415 0533%)
rg/? - ; . Fug = 160 uPa ]ﬂ:>2.82e-5 kg
INTERMEDI4 | To! Mass= 420 g Y
EXCHANGE | Persistence = 368 h

50%-5 kgh 5 -
/ 83265 kgfh \ 153 days
5395 kg 47805 kg
Soil

Fig. 3. Distribution of TCE. Emissions into water (1,000 kg/yr).

Water
Okglh ::> 47067 kgh ::> 231e-Tkgh
6.64e-3 kg (0.120%) ‘ 0.028 kg (0.513%)
27ebkgh (| FuE 0206w Fug =0.121 yPa |© 336e-3kgh Chemical : Trichloroethylene
1.08e-4ngfg 0013 ngiL .
&J Region : Daejeon

Air

5312 kg (39.0%)
Fug. = 0204 Pa
1.0 ng/ma

...................... Okg/h fj 9.68e-8kgh

:> EMISSION | Okt ” I l D [ 0kgih :> ':> 0074 kgfh

O kgfh :: > []::> 0037 kgl
:> 1.260-8 kgl

0110 kgrh
|ﬂ::>2ﬂée-8 kgh // 2068-5 kg \
9 10e-5 keik 3.73e-dkgh
Soil

Water

5.72e-4kgih :> 18066 kg/h

2079 kg (59.3%) 0221 kg (1.620%)
Fug. = 251 Fa —) Fug, = 0.947 jPa Iﬂ:> 278e-4 kg

REACTION Sediment

| > ADVECTION ' Tyga) Emission = 0.114 kgih | 164c-4 kg (2976-3%)
i 1 s Fug =011

: INTERMEDIA :TotalMass 5516 kg ug HPa

' — EXCHANGE | Persistence = 48.3h

! : =2.014 days

Fig. 2. Distribution of TCE. Emissions into air (1,000 kg/yr). 0114 kg :>

3293 kgfh <:]ﬂ

. . .. . . 0.131 ngfg 0.105 ngiL
From this result, actual relative emission to air, water and soil car @
. . o . . 7.55e- 1
be estimated. Environmental conditions vary in time and space];-------------=-=---; 0 kgfh ﬁ e kg
and the reaction rate and constant vary seasonally. Only a fe\[! [ EMmsston } Ve ek

reliable data are usually available. T xEacTION |
Fig. 2 shows that for 1,000 Kg/yr of TCE emitted into the air, | L) apvecTion imlmmzo_mm B kg 53903
the amount in air is 5.48 kg, and minimum persistence is 48.%|: ! Total Mass = 13.6 kg Fug. = 0915 1P
hrs. Additional amounts expected are 6.64e-3 kg in soil, 0.02€]: ™™ Eycrance Persbence = 1191 Aredrel
kg in water and 1.64e-4 kg in sediment, giving a total amount of At
5.516 kg. The net transfer between compartments has a similéig. 4. Distribution of TCE. Emissions into soil (1,000 kg/yr).
order of magnitude.
Fig. 3 gives similar data for emission to water; the overall per-
sistence is 368 hrs. The principal intermedia process is reaction In the fugacity model, the following parameters are required
in water and volatilization from water to air. for the calculation of fate of organic compounds in the environ-
For soil in Fig. 4, the overall persistence is 119 hrs. Importantment: water solubility, saturated vapor pressure and octanol water
conclusions can be drawn from these depictions of a chemical'partition coefficient (K,). The model also requires other envi-
fate. When emissions to all three media occur simultaneously, theonmental parameters such as mass transfer coefficient (MTC),
fate is the sum of the individual emissions because of the lineaemission rate and density of various compounds. To validate
equation used in the fugacity model. Overall, the environmentathese results, an analysis requiring a various input parameters is
persistence depends on how the chemical is discharged into theecessary. A few of the input parameters may control the fate of
environment. organic compounds. If a parameter is identified to be very in-
fluential to determining the fate of organic compounds, the para-
DISCUSSION meter should be measured with great accuracy for better results.

Sediment

::jw 846-2 kgh
|[|—_"‘> 1.516-7 kgt
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Table 8. Results of sensitivity for each input parameter C :concentration

Parameter Sensitivity (S) D :transfer coefficient
Vapor pressure 0.357 E emission
Solubility 3.929 f : fugacity _
Kow 0.12 G  :volumetric flow rate
Air side MTC 0.0016 K part|t|.on coefficient
Rain rate 0 ke  :reaction constant
Half-life in air 23.57e-5 M :amount of mole

N :flux

R  :gas constant

For this reason, a sensitivity analysis for the air compartmentS : sensitivity
was performed for the few selected input parameters that wer@  : temperature
considered to be the most influential factors for the results. Sent,  : advection persistence time
sitivity (S) is determined from the change (about 10%) in eacht,  :residence time
input parameter | and the change jra€ S=(AC/C,)/(Al/l) where t.  :reaction persistence time
C, is air concentration, | is input parameter. The results in TableV  : phase volume
8 show that the key parameters are the water solubility, the vapat  : fugacity capacity
pressure and . As shown in the result, most TCE is found in @ : ratio of organic carbon
water and air and solubility is considered the most dominantp  : density
factor for the exact prediction of TCE's fate. Other environmen-
tal factors could be negligible. Each sensitivity factor is determin- REFERENCES
ed independently. Actually, all of these input parameters should
be considered. However, if the most influential factor is identifi- Cohen, Y. and Patrick A. R., “Multimedia Modeling of Environ-
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