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Abstract 

Khulna is the 3rd largest city corporation in Bangladesh that produces 450 tons of Municipal solid waste (MSW) 
per day and dumps the waste in the Rajbandh open dump site. The main focus of this study is to determine the fate 
of chemicals in different environmental media at the Rajbandh open dump site. To accomplish the aim Level III fugac-
ity model was evaluated which is subject to steady-state partitioning, reaction, advection, and intercompartmental 
transfer in an evaluative environment consisting of three compartments landfill gas (LFG), leachate, and waste. In this 
study, the model was implemented for six chemicals Trichloroethylene, Mono-chlorobenzene, 1,4-dichlorobenzene, 
1,2,4-trichlorobenzene, Hexachlorobenzene, and Benzene having different physiochemical properties. The result 
reveals that Benzene was found with the highest fugacity value of 2.03E + 00 Pa in all compartments while Hexachlo-
robenzene shows the highest value of concentration 2.67E-01 mol/m3 in the waste compartment. Regarding mass 
distribution, all chemical shows a higher mass remaining in the waste compartment in comparison with the other 
compartment. The result also reveals that the dominating removal process of a chemical from the system is the reac-
tion process. For all the chemicals almost all the mass is removed from the environment by reaction process rather 
than advection in LFG and leachate. Finally, the estimated behavior of the selected chemical will help to evaluate 
the health and ecological hazards at the open dump site and take necessary steps to control the emission of such 
hazardous chemicals from the open dump site by the authority.
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Introduction
At present the world population is increasing at an expo-
nential rate causing a significant amount of household 
waste. Though the amount of waste increasing day by 
day waste management becoming a more challenging 

thing all over the world. Sanitary landfilling is the best 
option for the final disposal of MSW. Most developed 
countries prefer Sanitary landfilling for the final disposal 
of MSW. However, the practice of sanitary landfilling in 
developing countries all over the world or underdevel-
oped countries is less than that of developed countries. 
Municipal solid waste generation in Asia is expected 
to rise from the predicted 1.2 billion tons produced in 
2016 to 1.5 billion tons by 2030 and 1.9 billion tons by 
2050. (World Bank 2018, as cited in Hondo, Arthur, 
Gamaralalage, 2020). Despite this worrying rise, manag-
ing municipal solid waste (MSW) continues to be a low 
priority for most Asian cities, especially when contrasted 
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with investment in fields like infrastructure and transit. 
As a result of landfills’ reduced prices when compared to 
recycling, incineration, or composting, Asia relies exten-
sively on them for the disposal of municipal solid waste. 
(Terazono et  al. 2005, as cited in Hondo et  al. 2020). 
With only 44% in South Asia and 71% in East Asia and 
the Pacific, Asia’s collection rates are low, except for a few 
high-income nations like Japan, the Republic of Korea, 
and Singapore. (World Bank 2018, as cited in Hondo 
et al. 2020). Thus, open dumping of waste is still the most 
often used waste management strategy, especially in low- 
and middle-income cities, including 79% of South Asia, 
64% of Southeast Asia, and 51.5% of South and Central 
Asia. (World Bank 2018, as cited in Hondo et al. 2020). 
At present, only one active official dumping site is avail-
able in Khulna City which is an open dump site. The 
MSW produced in Khulna city is finally disposed of in 
an Open dump site known as Rajbandh open dump site. 
Being an open dump site the connection between all the 
environmental media is very easy, which is why some 
problems are introduced by it. Various organic com-
pounds can be produced by a dumpsite. The behavior 
of those organic compounds is different in nature, their 
partitioning through different environmental media 
may be different. Many of them are volatilized, some are 
absorbed by solid materials and many of them stay in 
the aqueous phase. The pollutants produced by the open 
dump site can pollute the surrounding environment very 
effortlessly. It is quite difficult to figure out the concen-
tration of the different volatile compounds in different 
environmental media produced in an open dump site. In 
order to provide a complete picture of the environmen-
tal behavior of organic chemicals as they transport away 
from sources, multimedia environmental fate models can 
combine information on spatial and temporal emissions 
with well-known physicochemical properties and climate 
data (Mackay and Paterson 1981, 1991, Dale et al. 2015a, 
2015b, Di Guardo et  al. 2018 as cited in Li et  al. 2021). 
These models are used to determine the final destination, 
provide general estimates of concentrations in ecological 
compartments, and define important routes of chemical 
transport across various mediums. (Mackay and Paterson 
1991, Wania and Mackay 1995, Zhang et al. 2015 as cited 
in Li et al. 2021). To indicate the increasing complexity of 
the equations driving mass balance, fugacity simulations 
can be performed in both static and dynamic conditions 
and are categorized as level I, II, III, or IV. (Mackay 2001 
as cited in Li et  al. 2021). The Level III fugacity model 
is simpler than Level IV models and more realistic than 
Level I and II models, Level III fugacity models have been 
employed more frequently (Li et  al. 2021). Simplified 
equations for the processes of partitioning, transport, 
and reaction are produced as a result of their application 

to determining the environmental destiny of hazard-
ous compounds, and these equations are then assem-
bled into a compatible model. The interpretation of the 
dynamic processes to which the hazardous compounds 
are exposed is made easier when the distribution of pol-
lutants in the environment is expressed in terms of fugac-
ity rather than concentration. Fugacity, derived from the 
Latin word fugere- “to flee,” may be defined as the escap-
ing tendency of a substance from a phase. It is an expres-
sion of “activity” and as such has been applied mainly 
to thermodynamic problems involving phase equilibria, 
especially to calculations encountered in chemical sepa-
ration processes such as liquid extraction, distillation, 
and absorption. A chemical equilibrium between phases 
can be constructed using fugacity analysis, and parti-
tioning between various phase compartments can be 
forecasted. The fugacity approach makes it very simple 
to monitor a chemical as it transitions from one phase 
to another since fugacity is continuous between phases 
(unlike concentration, which discontinues between 
phases) (Mackay 2001; Stumm and Morgan 1996 as 
cited in Kilic & Aral 2008). The objective of the study is 
to evaluate the fate of some toxic compounds produced 
in an open dump site in Khulna, Bangladesh. This study 
addresses the existence of contaminants in three different 
phases through a detailed application of fugacity analysis 
to the Rajbandh open dump site in Khulna City. Figure 1 
also illustrated by Pangkaj (2018) represents the location 
of the study area.

Fig. 1  Rajbandh Open dump site, Khulna, Bangladesh (Pangkaj 2018)
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Materials and methods
Study area
Khulna is Bangladesh’s third-largest city, after Dhaka and 
Chittagong. It is in the southwestern part of the country, 
on the Rupsha and Bhairab Rivers. The city covers an area 
of 59.57 km2. The Khulna City Corporation (KCC) cov-
ers only 45.65 km2. Geographically, Khulna City corpora-
tion is located between 24°45’ and 24°54’ north latitudes 
and between 89°28’ and 89°35’ east longitudes contain-
ing a population of about 1.5 million. KCC used to dump 
the Municipal Solid Waste (MSW) in an open dump site 
known as the Rajbandh open dump site.

The open dump site is situated outside the area of KCC 
near the Khulna-Satkhira highway and the approximate 
distance from the city center is about 7 km. The latitude 
and longitude of the Rajbandh open dump site are 22° 
47′ 47.87" N and 89° 29′ 57.68" E respectively. The open 
dump site is now the only active dumpsite for dumping 
Municipal Solid Waste of KCC. The total area acquired 
by KCC for dumping waste is approximately 20 acres 
(80937 m2). The leachate created in the dumpsite can 
readily pass through by seepaging because the landfill 
site’s perimeter is made of permeable soil. The barrier is 
fairly low and very thick. The open dump site’s perimeter 
is easily breached by the leachate during the monsoon. 
With only a few small patches of vegetation, the site’s sur-
roundings are mostly made up of waterbodies.

Evaluative environment
The area of the Rajbandh open dump site which is used 
for dumping MSW was considered an evaluative envi-
ronment. In this evaluative environment, three phases 
likely Landfill gas (LFG), Leachate, and solid waste were 
considered and the phases were denoted as 1, 2, and 3.

Depending on the availability of site-specific informa-
tion the selection of the environmental compartment 
was made. The entire area used to dump the waste at the 
open dump site was considered a unit cell. The area of the 
considered cell is shown in Fig. 2 and all dimensions are 
listed in Table 1.

A study by Pamela and Jerome (2020) found the pore 
space in the waste was 30% of which 30% contained gas 
and 70% contained leachate. This fraction was also used 
in this study and the calculated volume of the considered 
three phases of the evaluative environment was found to 
be 2.43E + 04 m3 for air, 5.67E + 04 m3 for leachate, and 
1.89E + 05 m3 for waste.

Application of Level III fugacity model
This level includes steady-state input, transformation, 
and intercompartment transfers, and permits the solute 
to be introduced into one or more compartments at a 

rate of f, mol/year, and establishes a transfer rate between 
compartments in terms of an exchange rate constant that 
is driven by the fugacity difference (Mackay et al. 1979). 
Fugacity can be defined as the escaping tendency of sub-
stances from a phase. The unit of fugacity like the unit of 
pressure and the concentration of a compound in a phase 
is a function of fugacity. Mathematically, the concentra-
tion of a compound can be defined by Eq. 1.

where C is the concentration of the selected compound 
(mol/m3) Z is the fugacity capacity (mol/Pa.m3) and f is 
the fugacity (Pa) of the compound in the different com-
partments. Z depends on temperature, pressure, the 
nature of the substance, and the medium in which it is 
present. The Z value for landfill gas is the inverse of a 
product of absolute temperature and gas constant and it 

(1)C = Zf

Fig. 2  Map showing the cell area of the evaluative environment

Table 1  Parameter of the cell considered in this study

Parameters Unit Value

Area of the cell m2 4.50E + 04

Average depth of the cell m 6

Volume of the cell m3 2.70E + 05

Volume of pore space of the cell m3 8.11E + 04

Volume of landfill gas in the pore space m3 2.43E + 04

Volume of leachate in the Pore Space m3 5.67E + 04

Volume of waste m3 1.89E + 05

Density of the waste Kg/m3 547
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is independent of the compounds while the Z value of the 
leachate phase depends on the aqueous solubility and the 
vapor pressure of the compounds. The equations used to 
calculate the Z values for landfill gas, leachate, and waste 
phases are given in the following Eqs. 2, 3, and 4 respec-
tively (Mackay et al. 1985)

where, R = Molar gas constant (8.314  Pa.m3/K. mol), 
T = Absolute temperature (298  K), Cs = Aqueous solu-
bility (mol/m3), Ps = Vapor pressure (Pa), x = Fraction 
of organic carbon (0.02), ρ = Density of waste (Kg/L), 
KOW = Octanol water partition coefficient, H = Henry’s 
law constant (Pa m3/mol).

In the Level III fugacity approach reaction and advec-
tion are considered for the removal of a compound from 
the selected evaluative system. Advection is considered 
for landfill gas and leachate and rection is considered 
for all the compartments of the evaluative system. In the 
reaction process photolysis, oxidation, hydrolysis, and 
biodegradation were considered for the removal of the 
compounds from the evaluative system. For all reactions, 
first-order reaction expression was considered here, and 
the first-order reaction rate constant of all compounds 
was listed in Table  3. Nevertheless, there are numerous 
circumstances in which a first-order reaction is not the 
genuine reaction rate. The key idea was that there are 
other reactants besides pollution, such as the microbial 
population, sunlight, etc., and that the concentration of 
the second or third reactant is nearly constant and won’t 
change significantly as the reaction takes place. So, it is 
often possible to avoid these challenging reaction rate 
equations by describing them in terms of a pseudo-
first-order rate response. The biodegradation reaction 
was taken into account due to the biological conversion 
of chemicals in the landfill. The hydrolysis reaction was 

(2)Z1 = 1/RT

(3)Z2 = CS/PS

(4)Z3 = 0.411xρKOW /H

taken into account since chemical species are subjected 
to rainwater and in-situ moisture (leachate). Being an 
open-dumping site, the Rajbandh landfill receives a lot of 
exposure to the sun and outside air. Due to the possibility 
of pollutants reacting as a result of exposure to sunlight, 
ambient oxygen, and aqueous phase oxygen, photolysis, 
and oxidation processes were taken into consideration. 
All reaction process is not contextual for all compounds 
selected in this study for this reason the collective value 
of the first-order reaction rate was considered in the cal-
culation and the value was obtained by using Eq. 5.

where, K is the collective first-order reaction rate con-
stant (h−1) and KP, KO, KH, and KB are the first-order 
reaction rate constant for photolysis, oxidation, hydroly-
sis, and biodegradation reaction process respectively 
(h−1).

Table 2 shows that the first-order reaction rate constant 
of several compounds for the LFG compartments is zero 
which implies that the combined reaction rate constant 
will be zero. In a study by Mackay et al. (1985) the first-
order reaction rate constant for the air compartment was 
considered 1.7E-06 h−1 for those compounds which had 
zero combined reaction rate. In this study, we also con-
sidered the same as the study of Mackay et  al. (1985). 
Table  3 shows the value of the collective first-order 
reaction rate used in this study for the Level III fugacity 
model.

(5)K = KP + KO + KH + KB

Table 2  1st order reaction rate constant (h−1) (Mackay et al. 1985)

Compound Photolysis Oxidation Hydrolysis Biodegradation

LFG Leachate LFG Leachate Leachate Leachate Waste

Trichloroethylene 0.00E + 00 0.00E + 00 7.22E-03 0.00E + 00 9.00E-05 0.00E + 00 0.00E + 00

Mono-chlorobenzene 0.00E + 00 0.00E + 00 2.88E-03 0.00E + 00 0.00E + 00 1.88E-04 0.00E + 00

1,4-Dichlorobenzene 0.00E + 00 0.00E + 00 9.63E-03 0.00E + 00 0.00E + 00 1.09E-02 0.00E + 00

1,2,4-Trichlorobenzene 0.00E + 00 0.00E + 00 7.22E-03 0.00E + 00 0.00E + 00 1.92E-02 0.00E + 00

Hexachlorobenzene 0.00E + 00 0.00E + 00 1.44E-02 0.00E + 00 0.00E + 00 0.00E + 00 1.90E-05

Benzene 8.64E-04 1.80E-04 0.00E + 00 0.00E + 00 0.00E + 00 4.58E-03 0.00E + 00

Table 3  Combined 1st Order Reaction Rate Constant (h−1)

Compound LFG Leachate Waste

Trichloroethylene 7.22E-03 9.00E-05 0.00E + 00

Mono-chlorobenzene 2.88E-03 1.88E-04 0.00E + 00

1,4-Dichlorobenzene 9.63E-03 1.09E-02 0.00E + 00

1,2,4-Trichlorobenzene 7.22E-03 1.92E-02 0.00E + 00

Hexachlorobenzene 1.44E-02 0.00E + 00 1.90E-05

Benzene 8.64E-04 4.76E-03 0.00E + 00
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By advection and reactivity, the pollutant can be 
eliminated from the various compartments of the eval-
uation environment. Advection is the controlled move-
ment of chemicals in a flowing media while they are 
present. The reaction is the process that modifies the 
solute’s chemical composition, and it will exhibit char-
acteristics of intermedia transport (diffusive flux and 
material flux process) between various landfill com-
partments. D value, which is also used to calculate the 
rates of intermedia transport, advection, and reaction 
individually, is a term that acknowledges advection, 
reaction, and intermedial transport. The transfer coeffi-
cient for the intercompartmental transfer between LFG 
and leachate, between LFG and waste, and between 
waste and leachate was calculated by Eqs.  6, 7, and 8 
respectively (Mackay et al., 1985)

 where D12 = LFG to Leachate phase transfer coefficient 
(mol/Pa. h); D13 = LFG to Waste phase transfer coeffi-
cient (mol/Pa. h); D32 = Waste to Leachate phase transfer 
coefficient (mol/Pa. h); K12 = Air mass transfer coeffi-
cient (m/h); K13 = Waste mass transfer coefficient (m/h); 
K21 = Water mass transfer coefficient (m/h); A12 = Trans-
fer area of water surface (m2); A13 = Horizontal waste 
area (m2); Z1, Z2, Z3 = Fugacity capacity of the compound 
in LFG, Leachate, and Waste respectively (mol/m3.Pa); 
Y3 = Mean diffusion depth (m); B3 = Effective diffusiv-
ity in the waste LFG; Gw = Water transfer rate (m3/h); 
Gs = Waste to leachate transfer rate (m3/h). The input 
parameters used to calculate the interphase transfer coef-
ficient are listed in Table 4.

Advection rate is considered for LFG and Leachate 
compartments. All the reactions are expressed in terms 
of the first-order reaction rate constant. The rates of 
reaction and advection are calculated for any environ-
mental compartment by Eqs. 9 and 10 respectively.

(6)D12 = 1/(1/(K12A12Z1)+ 1/(K21A12Z2))

(7)D13 = 1/(1/(K13A13Z1)+ Y3/(B3A13Z1))

(8)D32 = GWZ2 + GSZ3

where V = Volume of the compartment (m3); G = advec-
tion outflow (m3/h); Z = Fugacity capacity (mol/m3. Pa); 
K = Combined First order reaction rate constant (h−1) 
and f = fugacity of the compartment (Pa).

The mass balance equation for compartment i can be 
expressed as Eq. 11

Mathematically it implies that

Or

This gives three linear algebraic equations for the three 
compartments considered in this study. Thus, the lin-
ear algebraic mass balance equation for landfill gas, lea-
chate, and waste is expressed by the Eqs. 14, 15, and 16 
respectively

These three linear equations can be solved readily by a 
matrix inversion technique such as Gaussian elimination. 
From the three f values the concentrations, amounts, 
and process rates can be calculated easily and a behavior 
profile emerges of where the chemical partitions, reacts, 
transfers, and how long it persists.

Selection of trace compounds of this study
The landfill produces gas through the degradation of 
MSW. The dominating gas produced in a landfill is meth-
ane, CH4 (40–70%v/v) and carbon-di-oxide, CO2 (30–
60%v/v) with small amounts of hydrogen (H2), hydrogen 
sulfide (H2S), and other trace components (Shafi et  al. 
2006). Besides this, there are many low-concentration 
compounds identified by various researchers that may 
pose a potential human health risk at the landfill site. 
Young and Parker (1983), Allen et  al. (1997), Eklund 
et al. (1998), and others that studied the trace composi-
tion of LFG found 100–140 trace components of con-
cern that typically made up < 1% v/v of the gas. In the 

(9)Reaction rate = VKC = VZKf

(10)Advection rate = GC = GZf

(11)Emission = Advectiveoutflow + Reactionrate + Transport

(12)Ei = GiZifi + ViZiKifi +
∑

Dij(fi − fj)

(13)
−fi

(

GiZi + ViZiKi +

∑

Dij

)

+

∑

Djifj = −Ei

(14)
−(G1Z1 + V1Z1K1 + D12 + D13)f1 + D12f2 + D13f3 = −E1

(15)
D12f1 − (G2Z2 + V2Z2K2 + D12 + D32)f2 + D32f3 = −E2

(16)
D13f1 + D32f2 − (G3Z3 + V3Z3K3 + D13 + D32)f3 = −E3

Table 4  Intermedia transfer coefficients (Mackay et al. 1985)

Parameters Unit Value Parameters Unit Value

K12 m/h 10 Gs m3/h 9.60E-02

K13 m/h 10 B3 m2/h 1.41E-02

K21 m/h 0.1 Y3 m 0.075

A12 m2 4.50E + 04 BA m2/h 0.04

A13 m2 4.50E + 04 Ф – 0.5

Gw m3/h 9.59E + 00
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late 1980s trace components were characterized by the 
monitoring of three UK-based landfill sites over a period 
of three years (Dent et al. 1986; Department of Environ-
ment 1988). In this monitoring tenor around 136 organic 
compounds or isomeric groups were evidenced. In 1997 
a study was conducted over seven landfill sites in the UK. 
In the study about 140 trace components were observed 
of which 90 components were the same in all seven sites 
(Allen et  al. 1997). The volatile organic carbon contents 
(VOCs) fluctuated with ambient temperature and atmos-
pheric pressure and were tightly connected to methane 
generation rates. The discovered VOCs included tetra-
chloroethene, 1,1-dichloroethane, 1,2-dichloroethane, 
benzene, chlorobenzene, trichloroethylene (TCE), eth-
ylbenzene, xylene, and toluene, among others (Young 
and Parker 1983; Allen et  al. 1997). 550 trace compo-
nents were found in a similar UK research (Environment 
Agency 2003a). Pamela and Jerome conducted a study on 
the phase distribution of trace components observed in a 
compost mixture in 2020.

In the study, the observed VOCs included Benzene, 
Chlorobenzene, 1,2-Dichlorobenzene, 1,2,4-Trichlo-
robenzene, Toluene, nitrobenzene, ethylbenzene, aniline, 
naphthalene and so on. Atrazine, trichloroethylene, and 
benzene were considered in a study by Rafi et al., (2020) 
to evaluate the fate of different environmental media. To 
fulfill the evaluation of the Level III fugacity model in 
this study seven trace compounds were selected depend-
ing on previous studies by researchers and the selected 
chemicals were Trichloroethylene, Mono-chlorobenzene, 
1,4-Dichlorobenzene, 1,2,4-Trichlorobenzene, Hexachlo-
robenzene, and Benzene. The physicochemical properties 
of the selected chemicals are listed in Table 5.

Results and discussion
In this study, total emission in the whole evaluative envi-
ronment was considered as 1  mol/h. In the analysis, 
intermedia transfer between landfill gas and leachate, 
transfer between landfill gas and waste, and transfer 
between waste and leachate were considered for all the 
selected compounds. The key findings of the analysis of 

the Level III fugacity model will be discussed thoroughly 
in the following segments.

Trichloroethylene
Figure 3 depicts the phase distribution of Trichloroethyl-
ene in the different environmental media of the selected 
evaluated environment of the Rajbandh open dump site. 
A common organic solvent is trichloroethylene. Due 
to its high volatility, it typically evaporates, resulting in 
emissions of 90% into Landfill gas (LFG), 5% into lea-
chate, and 5% into waste. The figure shows that the fugac-
ity in the Landfill gas, leachate, and waste was found as 
1.33E + 01 Pa. In a study by Rafi et al. (2020), the fugac-
ity of trichloroethylene in LFG, leachate, and waste was 
found 1.1E + 01 Pa, 1.1E + 01 Pa, and 9.6E + 00 Pa respec-
tively. The intercompartmental transfer rate between 
LFG and leachate was found 7.55E-03 mol/h while 3.14E-
02 mol/h and 5.00E-02 mol/h were found between LFG 
and waste, and between waste and leachate respectively 
(Fig. 3).

Figure  4 illustrates the concentration of Trichloro-
ethylene in the selected evaluative environment. The 
concentration of Trichloroethylene was found 1.13E-
02  mol/m3, 9.90E-03  mol/m3, and 5.37E-03  mol/m3 
respectively in leachate, waste, and LFG. The sequence 
of concentration of Trichloroethylene follows the order 
of leachate > waste > LFG. The highest concentration was 
found in the leachate compartment and the LFG com-
partment shows the lowest concentration of Trichloro-
ethylene. The sequence of concentration in the study of 
Rafi et al. (2020) was found as waste > leachate > LFG. In 
the study of Rafi et al. (2020), LFG has revealed the low-
est concentration among LFG, leachate, and waste.

Figure  5a illustrates the mass distribution of trichlo-
roethylene in different environmental media. The fig-
ure shows that 70.85% of the mass remains in the waste 
compartment, 24.21% mass remains in the leachate 
compartment, and about 4.94% mass remains in the 
LFG compartment. The removal distribution of Trichlo-
roethylene from different environmental media is 
depicted in Fig. 5b. The figure shows that around 94% of 

Table 5  Physicochemical properties of the selected chemicals (Mackay et al. 1985)

Compounds Molecular weight, MW 
(gm/mol)

Water solubility CS 
(gm/m3)

Vapor pressure PS 
(Pa)

Log KOW Henry’s constant
H

Trichloroethylene 131.4 8.37E + 00 9.87E + 03 2.29 1.18E + 03

Mono-chlorobenzene 112.6 4.33E + 00 1.57E + 03 2.86 3.62E + 02

1,4-Dichlorobenzene 147 4.76E-01 4.75E + 01 3.42 9.98E + 01

1,2,4-Trichlorobenzene 181.5 1.38E-01 6.08E + 01 4.04 4.41E + 02

Hexachlorobenzene 284.8 2.11E-05 3.10E-03 5.61 1.47E + 02

Benzene 78.1 2.28E + 01 1.27E + 04 2.13 5.57E + 02
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inputs volatilize with oxidation while about 6% of inputs 
undergo hydrolysis process for removal from the system. 
All the mass is removed from the system by the reaction 
process rather than the advection of LFG and leachate. 
Rafi et al. (2020) also identified that the most dominating 
process for the removal of the mass of trichloroethylene 
from the system is the reaction process.

1,2,4‑Trichlorobenzene
For polyester materials, 1,2,4-trichlorobenzene is 
employed as a dye carrier. Figure  6 depicts the fugacity 
distribution of 1,2,4-Trichlorobenzene in the different 
environmental media of the selected evaluated environ-
ment of the Rajbandh open dump site. For level III fugac-
ity calculation the emission of 1,2,4-Trichlorobenzene 

Fig. 3  Phase distribution of Trichloroethylene in the different environmental media

Fig. 4  Concentration Trichloroethylene in different environmental 
media

Fig. 5  a Mass Distribution b Removal distribution of Trichloroethylene in different environment media
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was considered 100% in the Leachate. The figure shows 
that the fugacity in LFG and waste compartments was 
found at 3.91E-01  Pa while 3.94E-01  Pa was found for 
the leachate compartment. The intercompartmental 
transfer rate between LFG and leachate was found 2.77E-
02 mol/h while 2.67E-05 mol/h and 3.65E-03 mol/h were 
found between LFG and waste, and between waste and 
leachate respectively (Fig. 6).

Figure  7 illustrates the concentration of 1,2,4-Trichlo-
robenzene in the selected evaluative environment. The 
concentration of 1,2,4-Trichlorobenzene was found 
1.58E-04  mol/m3, 8.92E-04  mol/m3, and 4.37E-02  mol/
m3 respectively in LFG, leachate, and waste. The 
sequence of concentration of 1,2,4-Trichlorobenzene 
follows the order of waste > leachate > LFG. The highest 

concentration was found in the waste compartment and 
the LFG compartment shows the lowest concentration of 
1,2,4-Trichlorobenzene.

The mass distribution of 1,2,4-Trichlorobenzene is 
depicted in Fig.  8a. The figure illustrates that 99.34% of 
the mass remains in the waste, 0.61% mass remains in 
the leachate, and about 0.05% of the mass remains in the 
LFG. The removal distribution of 1,2,4-Trichloroben-
zene from different environmental media is depicted 
in Fig.  8b. The highest contribution to the removal of 
1,2,4-Trichlorobenzene from the system comes from the 
biodegradation in leachate which is about.

97.23% and 2.77% undergoing oxidation in the LFG. All 
the mass is removed from the system by reaction rather 
than the advection of LFG and leachate.

Benzene
Due to its wide range of industrial applications and inclu-
sion in fuels, Benzene is frequently found in aquatic 
environments; as a result, it is presumed that its emis-
sion only occurs in leachate. In this study, the emission 
of Benzene was considered 100% in the Leachate. Fig-
ure 9 depicts the fugacity distribution of Benzene in the 
different environmental media of the selected evaluated 
environment of the Rajbandh open dump site. The figure 
shows that the fugacity in all the compartments found 
was 2.03E + 00 Pa. The fugacity of benzene in LFG, lea-
chate, and waste was found respectively 8.9E-01 Pa, 8.1E-
01 Pa, and 8.1E-01 Pa in research conducted by Rafi et al. 
(2020). The intercompartmental transfer rate between 
LFG and leachate was found 1.72E-02 mol/h while 1.10E-
05 mol/h and 1.01E-02 mol/h were found between LFG 

Fig. 6  Phase distribution of 1,2,4-Trichlorobenzene in the different environmental media

Fig. 7  Concentration of 1,2,4-Trichlorobenzene in different 
environmental media
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and waste, and between waste and leachate respectively 
(Fig. 9).

Figure  10 illustrates the concentration of Benzene in 
the selected evaluative environment. The concentration 
of Benzene was found 2.20E-03  mol/m3, 3.64E-03  mol/
m3, and 8.17E-04 mol/m3 respectively in waste, leachate, 
and LFG. The sequence of concentration of Benzene fol-
lows the order of leachate > waste > LFG. The highest 
concentration was found in the leachate compartment 
and the LFG compartment shows the lowest concentra-
tion of Benzene. Waste > Leachate > LFG was the order 
of concentration found for benzene in the study by Rafi 
et al. (2020). For benzene, the LFG compartment shows 
the lowest concentration among LFG, leachate, and waste 

as shown for trichloroethylene in the study by Rafi et al. 
(2020).

The mass distribution of benzene in different environ-
mental compartments is depicted in Fig.  11a. Regard-
ing mass distribution, 64.82% of the mass remains in the 
waste, 32.09% mass remains in the leachate, and about 
3.09% of the mass remains in the LFG.

The removal distribution of Benzene from different 
environmental media is depicted in Fig. 11b. The highest 
contribution to the removal of Benzene from the system 
comes from the leachate reaction which is about 98.28% 
and 1.72% contributed by the LFG reaction. All the mass 
is removed from the system by reaction rather than the 
advection of LFG and leachate. The reaction process was 

Fig. 8  a Mass distribution b Removal distribution of 1,2,4-Trichlorobenzene in different compartments

Fig. 9  Phase distribution of Benzene in the different environmental media
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found as the most predominating removal process in this 
study which was also found as the dominating removal 
process of mass from the system in the study conducted 
by Rafi et al. (2020).

Table 6 demonstrates the chemical behavior of all the 
compounds in all the selected environmental media 
found in the evaluation of the Level III fugacity model at 
the Rajbandh open dump site in Khulna. From the table, 
the sequence of fugacity in LFG and leachate compart-
ment was found as the following order of Mono-chlo-
robenzene > Trichloroethylene > Benzene > 1,2,4-Trichlo-
robenzene > Hexachlorobenzene > 1,4-Dichlorobenzene 
while for waste compartment the order was found as 
follows Mono-chlorobenzene > Trichloroethylene > Ben-
zene > 1,2,4-Trichlorobenzene > 1,4-Dichloroben-
zene > Hexachlorobenzene. Mono-chlorobenzene shows 
the highest fugacity in comparison with all other com-
pounds in all the compartments 1.73E + 01  Pa while 
DDT reveals the lowest fugacity 2.15E-02 Pa in compari-
son with all the compounds among all compartments. 

Regarding the concentration of the compounds, the 
order was found as Mono-chlorobenzene > Trichloro-
ethylene > Benzene > 1,2,4-Trichlorobenzene > Hexachlo-
robenzene > 1,4-Dichlorobenzene for LFG and leachate 
compartment the order follows the sequence as Mono-
chlorobenzene > Trichloroethylene > Benzene > Hexa-
chlorobenzene > 1,4-Dichlorobenzene > 1,2,4-Trichlo-
robenzene and for waste compartment, the order 
was found as Hexachlorobenzene > Mono-chloroben-
zene > 1,2,4-Trichlorobenzene > 1,4-Dichloroben-
zene > Trichloroethylene > Benzene. Hexachlorobenzene 
shows the highest value (2.67E-01) and lowest value 
(1.12E-04) of concentration among all compartments. 
The concentration of any compound is a product of 
the fugacity and fugacity capacity of this compound. 
The result reveals that the fugacity of a compound was 
nearly the same in all environmental compartments. 
However, the fugacity capacity varies from one compart-
ment to another compartment which is responsible for 
the variation in concentration of a compound in all the 
compartments. Regarding mass distribution for all the 
compounds the maximum mass remains in the waste 
compartment and comparatively less mass remains in 
the LFG compartment. The table also reveals that the 
removal of compounds from the system is dominated by 
the reaction process rather than advection.

Figure  12 depicts the concentration of all the com-
pounds in all selected environmental media of the 
evaluative environment. The figure shows that for Mono-
chlorobenzene, 1,4-Dichlorobenzene, 1,2,4-trichloroben-
zene, and Hexachlorobenzene the highest concentration 
was found in the waste compartment while for Trichlo-
roethylene and Benzene the highest concentration was 
found in leachate compartment (Fig. 12).

Fig. 10  Concentration of Benzene in different environmental media

Fig. 11  a Mass distribution b Removal distribution of Benzene in different compartments
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Conclusions
The examination of the Level III fugacity model to assess 
the chemical fate of an open dump site at Khulna city of 
Bangladesh in different environmental media has been 
analyzed. The findings are encouraging as the Level III 
Fugacity model displays an ability to provide accurate 
behavior of the profiles of chemicals, even when dealing 
with compounds that vary significantly in their physi-
cal–chemical properties, reactivity, and transport charac-
teristics. This is promising as it suggests that the model 
could prove to be valuable in predicting the behavior of 
new or poorly understood chemicals. Combining par-
titioning, reaction, and transport data is essential when 
evaluating chemical behavior, and an evaluation model 
like the Level III fugacity model should be used. The vari-
ous behaviors displayed by the substances under study 
emphasize how crucial it is to use a trustworthy model. 
Visual output representations can be used to communi-
cate results effectively. This model has the benefit of serv-
ing as a starting point for the identification of the main 
compartments and processes of interest, which may 
then be further investigated using a more accurate and 
specialized model, perhaps one that is site-specific. It is 
essential to note that this study underscores the signifi-
cance of employing sophisticated models to determine 
the fate of chemicals in the environment accurately. The 
potential of the Level III fugacity model in providing 
insights into chemical behavior can be beneficial to envi-
ronmental scientists and policymakers alike, facilitating 
informed decision-making regarding chemical manage-
ment, remediation, and disposal. Overall, the Level III 
fugacity model’s potential to provide valuable insights 
into the fate of chemicals in the environment suggests a 
promising future for environmental modeling and risk 
assessment.
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