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Abstract 

Naturally, microorganisms decompose the organic material existing in nature, both in 
the presence or absence of oxygen. The majority of materials such as poisonous chemical 
compounds, heavy metals, would prevent the treatment process from taking place, lead to 
the entry of these contaminants into the environment results in the emergence of numerous 
diseases. In the present study, using the TOXChem4.1 simulation model, attempts were made to 
simulate a wastewater treatment plant and then assess the dispersions of contaminants including 
1,2-Dimethylnaphthalene, 1,3-Dinitropyrene, 1,6-Dimethylnaphthalene, 1,6-Dinitropyrene, and 
17a-ethinylestradiol (EE2) in concentrations of a common scenario. The results of computer 
simulations showed that the EE2 contaminant is of the highest percentage of decomposition 
among others, due to its wider chemical structure. Consequently, it is clear that such contaminant 
is of the highest mass in the sludge exiting the treatment plant. In addition, the results of the 
simulations demonstrated that the highest volumes of gaseous pollutants take place in the 
modulation and initial sedimentation units.

Introduction
Wastewater received from municipalities and communities 

must be treated to satisfy discharge permits and maximum 
daily load standards, allowing it to be transferred to receiving 
water sources, soil, or even reused, following global water 
policy [1]. Nowadays, biological systems can be considered 
as an operational solution for the treatment of municipal 
and industrial wastewater. In this method of treatment, 
the inlet organic load of the wastewater treatment plant is 
used as food for microorganisms, and the mass of activated 
microorganisms in this system consumes, decomposes, and 
transforms organic matter into simpliϐied materials. In other 
words, microorganisms act as the central brain and the main 
part of this system [2]. Therefore, the main purpose of all 

control models and operation of the wastewater treatment 
plant (both urban and industrial) is to maintain the kinetic and 
metabolic conditions of microorganisms during the growth 
and activity process [3]. One of the most common methods of 
wastewater treatment is the use of aerobic systems, especially 
the Activated Sludge method, which is used to treat urban and 
industrial wastewater, with applications ranging from small 
package plants for single homes to large facilities serving 
metropolitan areas. Ardern & Lockett (1914) presented 
the Activated Sludge AS method to the Society for Chemical 
Industry at the Grand Hotel in Manchester, England on April 
3, 1914, and it was the result of sewage treatment research 
in the United States and the United Kingdom at the end of the 
19th and beginning of the 20th centuries [4-6]. 

https://crossmark.crossref.org/dialog/?doi=10.29328/journal.abse.1001014&domain=pdf&date_stamp=2021-06-24
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One of the main problems in the operation of biological 
systems, especially in aerobic processes, is the entry of toxic 
contaminants (inhibitors) that lead to the destruction of the 
cellular structure of microorganisms and their enzymes. These 
destructive contaminants include toxic organic chemicals, 
toxic inorganic chemicals, heavy metals, and algal toxins 
[2]. Among these, toxic organic chemicals, as well as causing 
widespread problems in the process of puriϐication and 
treatment (Upsetting System), by spreading in the efϐluent, 
leads to epidemiological problems [7]. 

In the literature, there are several examples of simulating 
wastewater treatment plants. Güçlü, et al. (2010) Have 
designed three distinct ANN models with a back-propagation 
method to estimate the Ankara central wastewater treatment 
plant›s efϐluent suspended solids (SS), chemical oxygen 
demand (COD), and aeration tank-mixed liquor suspended 
solids (MLSS) contents [8]. Hendren, et al. (2013) used a model 
parsimony approach to develop a mass-balance description 
of engineered nanomaterial (ENM) function based on a small 
number of input variables to deϐine release quantities to the 
environment [9]. To estimate 1-day interval T-N concentration 
of efϐluent from a wastewater treatment plant in Ulsan, 
Korea, Guo, et al. (2015) have applied two machine learning 
models—artiϐicial neural networks (ANNs) and support vector 
machines (SVMs) [10]. Principal components analysis (PCA) 
was used by Wang, et al. (2017) to identify important factors 
for COD and TP prediction. The factors suggested by PCA 
were used to predict inϐluent COD and TP using the multiple 
regression approach. In addition, to simulate the performance 
of wastewater treatment, a full-scale wastewater treatment 
plant with a moving bed bioreactor (MBBR) and ballasted 
separation process was designed [11]. In the research of 
Nordlander, et al. (2017), the activated sludge process 
was replaced with a microalgae-activated sludge process 
in a case study in Sweden. Based on mass and energy balances 
of biological treatment and sludge handling process steps, the 
impacts on heat and electricity consumption, as well as carbon 
dioxide emissions, were analyzed in a system model [12]. 
Baklouti, et al. (2018) have progressed a univariate statistical 
methodology that uses an improved particle ϐiltering(IPF)-
based multiscale optimized exponentially weighted moving 
average chart (MS-OEWMA) to enhance the monitoring of 
wastewater treatment plants [13]. In DaNang City, Vietnam, 
Nguyen, et al. (2020) conducted a measuring study of the 
HoaCam wastewater treatment plant (WWTP) using the 
ASM1 model [14]. de Canete, et al. (2021) Have presented a 
machine learning-based control technique to optimize both 
the consumption and the number of regulation violations of 
a biological WWTP [15]. Abbasi, et al. (2021) have modeled 
three WWTP based on conventional activated sludge, contact 
stabilization, and step aeration and assessed them technically 
and economically using the Zargandeh treatment plant data 
in Tehran with GPS-X software [16]. Ariff (2021) used WWTP 
simulation software to simulate an industrial wastewater 

treatment plant at a petrochemical complex in Terengganu, 
Malaysia [17].

Many models have been used to predict the behavior 
of emerging pollutants in sewer networks and wastewater 
treatment plants, and many of them involve empirical 
mass transfer coefϐicient derivations (liquid phase (KL) 
or the gas phase (KG). BASTE, CINCI, WATER9, TOXChem, and 
Gostelow are among them. WATER9, Gostelow, and TOXChem 
are three of the most commonly used models [18].

Several researchers have reported some studies that 
assess the fate and the dispersion of contaminants in the 
wastewater treatment plant. For example, Francisco Gómez-
Rivera, et al. (2012) have used a laboratory-scale Activated 
Sludge (AS) system fed with primarily-treated municipal 
wastewater and nano-CeO2 (55.0 mg Ce/L) to explore 
the fate of nano-CeO2 throughout municipal wastewater 
treatment [19]. Almeida, et al. (2013) developed a model 
to characterize ibuprofen and ketoprofen biodegradation 
by activated sludge from three different WWTP [20]. In 
a typical secondary activated sludge WWTP, Wang, et al. 
[21] have investigated the fate of cyclic volatile methyl 
siloxanes (cVMS) such as octamethylcyclotetrasiloxane (D4), 
decamethylcyclopentasiloxane (D5), and dodecamethy-
lcyclohexasiloxane (D6). Benis, et al. (2016) have studied 
styrene (STM) and acrylonitrile (ACN) fates and emissions in 
wastewater pretreatment units in an ABS production plant 
[22]. Zhao, et al. (2017) used a Monte Carlo simulation to 
create a fate model that combined secondary and tertiary 
treatment processes to investigate the fate of six different 
antibiotics during distinct treatment processes [23]. Fileni, et 
al. (2018) have studied the dispersion of air pollutants such 
as Ammonia (NH3) and Hydrogen Sulphide (H2S) emitted by 
a municipal WWTP for over one year [24]. Using a computer-
based mechanistic model, TOXChem V4.1, Zwain, et al. (2019) 
analyzed the fate of phenol biodegradation in moving bed 
bioϐilm reactor sewage treatment plant (MBBR-STP) [18]. 
Zwain, et al. (2020) have applied TOXChem simulations to 
predict hydrogen sulϐide fate and emissions from extended 
aeration activated sludge (EAAS) system in the Muharram 
Aisha-sewage treatment plant (MA-STP) [25]. A high-rate 
algal pond (HRAP) in North Sweden was explored in terms 
of API dispersion and fate in Lindberg, et al. (2021) research 
utilizing municipal untreated wastewater as a medium [26]. 
The removal efϐiciencies and fates of selected ECs (three 
endocrine disruptors (endocrine-disrupting chemicals 
(EDCs)— triclosan, bisphenol A, and nonylphenol, and 
four pharmaceuticals (PhACs)— ketoprofen, diclofenac, 
naproxen, and ibuprofen) in HRAS systems were investigated 
in the context of the Koumaki, et al. (2021) research [27]. To 
date, there have been no reliable researches that modeling 
and evaluating Poisonous Organic Chemical Compounds 
in WWTP through the AS Method Using the TOXChem 
Model. This study intends to simulate and determine the 
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emission of 1,2-Dimethylnaphthalene, 1,3-Dinitropyrene, 
1,6-Dimethylnaphthalene, 1,6-Dinitropyrene, and 17a-ethiny-
lestradiol (EE2) contaminants in a wastewater treatment 
plant using the TOXChem4.1 simulation model.

Materials and methods
The case study wastewater treatment plant

The quality and quantity of wastewater entering the 
treatment plant and the concentration of its pollutants are 
summarized in table 1. In the study area (i.e., industrial 
wastewater treatment plant of Mashhad city in northeastern 
Iran) the available important pollutants are the same 
mentioned in table 1. These contaminants have been identiϐied 
through various tests on gathered wastewater samples from 
the case study.

TOXChem model

Toxchem was created in the early 1990s as a replacement 
for the EPA’s Water8 (Water9) program, which had 
limitations such as improved mass transfer methods, sorption 
of contaminants to solids, and a compound database of 
peer-reviewed physical, chemical, and biological properties. 
Toxchem is commonly used to determine VOC air emissions 
from wastewater intake, storage (preliminary, primary, 
and secondary), and disposal facilities. VOC pollution 
concentrations are estimated using site-speciϐic drainage 
characteristics, contaminant properties, and process design 
and operation statistics. Toxchem is focused on fundamental 
mass transfer equations and mass balances, such as stripping 
and volatilization reduction mechanisms, biodegradation, and 
sorption [18,25,28]. For all substances, not all of these processes 
would be active. Only sorption (and/or precipitation, which 
might be indistinguishable from sorption) would be used to 
remove heavy metals. Biodegradation and volatilization are 
the main methods of removing VOCs, with sorption playing a 
minor role. All three processes are capable of removing some 
hydrophobic organic compounds to a large degree. Separating 
photolysis and hydrolysis from biodegradation is also difϐicult. 
It can thus be used to predict the fate of any synthetic chemical 
compounds in WWTP’s under either steady-state or dynamic 
conditions.

As shown in ϐigure 1, a treatment plant including some 
different units such as equalization, primary clariϐier, 
Activated Sludge Diffused Aeration (ASDA), secondary 
clariϐier, anaerobic digestion, dewatering by ϐilter press 
process, and air treatment is modeled. The general pattern 
of the Activated Sludge Diffused Aeration is shown in ϐigure 2 
[29]. According to this ϐigure, generally, S is the substrate, X is 
the concentration of the microorganism, V is the volume, Q in 
the ϐlow rate. 

Contaminants entering the treatment plant

Figure 3 depicts the chemical composition of chemicals 
entering the investigated wastewater treatment plant [30].

As previously mentioned, the emission of environmental 
pollutants (toxic organic chemical compounds) of 
1,2-Dimethylnaphthalene, 1,3-Dinitropyrene, 1,6-Dimethyl-
naphthalene, 1,6-Dinitropyrene, and a-ethinylestradiol17 
(EE2) in a wastewater treatment plant was simulated in this 
research; the technical and qualitative characteristics of the 
pollutants are described in table 2.

Results and discussion
The TOXChem 4.1 model was used to simulate the emission 

of pollutants described in the Materials and Methods section. 
Figure 4 depicts the results of mass balances for various 
contaminants.

Dispersion models simulate the fate of gases and airborne 
particles and help to predict the concentrations of pollutants 
in the atmosphere. They are important tools in air quality 
management and planning given that they are cost-effective 
and time-effective alternatives to ϐield measurements [31]. 
Figure 4 shows that 1,6-Dimethylnaphthalene pollutants 
are released into the atmosphere at a higher rate than other 
pollutants. The results revealed emission and degradation are 
major processes that occur for 1,6-Dimethylnaphthalene. In 
Zwain, et al. [25] investigation, the results showed that the key 
processes happening are: (1) degradation, where the majority 
of the H2S is oxidized by the aerobic process; and (2) emission, 
where part of the H2S is released to the atmosphere by H2S 
stripping and vitalization from open surfaces. 

Some parameters can affect the fate and emission of 
contaminants in wastewater treatment. For example, a 
sensitivity analysis was conducted in the Zwain, et al. [18] 
study to better understand the fate of phenol using the most 
impacting parameters on the treatment process in MBBR 
systems: inϐluent ϐlow rate, MLSS, and MBBR media ϐill 
fraction. Various ϐlow rates (200–1000 m3 per day), MLSS 
concentrations (500–1000 mg/L), and MBBR medium ϐill 
fractions (18% – 88%) were used. Also, sensitivity analysis 
was used in the Zwain, et al. [25] research to investigate the 
fate and emission of H2S by applying the major inϐluencing 
parameters on the treatment process of extended aeration 
systems, such as aeration ϐlowrate, H2S loading rate (MLSS 
concentration in the diffused aerated activated sludge reactor), 
wind speed, wastewater temperature, and wastewater pH level.

Figure 4 also shows EE2 pollutant has the highest mass 
in total sludge from the primary and secondary clariϐier. 

Table 1: Incoming wastewater quality and quantity, as well as pollutant concentrations. 

Flow Rate (m3.d-1) Suspended 
Solid (mg.L-1) VSS/TSS T(0C) 1,2-Dimethylnaphthalene

(mg.L-1)
1,3-Dinitropyrene

(mg.L-1)
1,6-Dimethylnaphthalene

(mg.L-1)
EE2

(mg.L-1)
1,6-Dinitropyrene

(mg.L-1)
5000 250 75% 25 0.007 0.2 0.1 0.3 0.6
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diversity of chemical pollutants leads to the classiϐication 
of emissions based on their etiological agent within 
various types of wastewaters. The rate of emission into the 
atmosphere is also affected by the design of the sewage 
channels. As a result of abiotic factors that cause the water 
to worm and promote more volatilization and release, open 
wastewaters are more efϐiciently exhaust emissions than 
the closed box or underground constructed wastewaters. 
The following are some of the air contaminants that emerge 
from wastewater efϐluents and are simply releasable: 1) 
Hydrocarbons 2) Volatile compounds 3) Greenhouse gases 
4) Airborne microbial contaminants 5) Nitrogen oxides and 
sulfur oxides 6) Heavy metals [24,32]. Wastewater treatment 
systems that employ air for separation (air ϐlotation units), 
for oxygenation (aerobic biological processes), or pollutant 
removal (air stripping units) will eventually result in the 
release of VOCs and noxious gases from the wastewater at 
levels that are potentially harmful to human health [32]. 
Primary and secondary settlement tanks in wastewater 
treatment plants are constructed to be quiescent, and in 
crowded urban treatment plants, these tanks can provide a 
great surface area. In addition, certain secondary treatment 
solutions have wide quiescent surfaces, including sequencing 
batch reactors during the settle and decant phases as well as 
biological aerated ϐilters awaiting backwash. All of these can 
be considerable sources of odor emissions in the atmosphere 
[33]. Regarding table 3, it can be shown that the phases of 
equalization and Primary Clariϐier produce the most gaseous 
contaminants in all the treatment levels.

Additionally, large quantities of different toxins 
are released in the form of gas inside the reactors of Activated 
Sludge and anaerobic digester of sludge. According to Hamoda, 
(2006) research, the activated sludge aeration tanks produce 
the highest gaseous emissions, especially when air diffusers 
are used [34]. Zwain, et al. [18] was observed the phenol 
emission to air at MBBR-STP in every stage where they were 
Equalizer (85%), MBBR (12%), and Secondary clariϐier (3%), 
respectively. The results of Zwain, et al. [25] essay showed 
that  emissions from all units were under the human odor 
threshold (0.0005–1.5 ppm), except for the diffused aerated 
activated sludge reactor, which had much higher levels.

Transfer from open surfaces of tanks, like as clariϐiers, is 
known as surface volatilization. The majority of mass transfer 

Figure 1: The fl ow diagram of the wastewater treatment plant in the present research.

Figure 2: Biological treatment process by Activated Sludge Diff used Aeration.

Figure 3: Chemical structure of pollutants entering the wastewater treatment plant.

Table 2: Technical and procedure characteristics of toxins entering the treatment plant under investigation. 
a-ethinylestradiol17 (EE2) 1,6-Dinitropyrene 1,6-Dimethylnaphthalene 1,3-Dinitropyrene 1,2-Dimethylnaphthalene Parameters

296.403 292.25 156.23 292.25 156.23 MW1

1.21 2.02 1.0021 2.02 1.0021 Density(g.cm-3)
3.24×10E-10 3.55×10E-7 0.0174 3.55×10E-7 0.0262 HL2

3.67 3.84 4.26 3.84 4.31 LOW/P L3

4.04×10E-5 0.000344 0.009283 0.000344 0.009283 ABR4 (Kb)
1Molecular Weight (g.mol-1) 
2Henrys Law Constant @ 25 C (Lliq.(L.gas)-1) 
3Log Octanol/Water part (Log10(Loct.(L.H2O)-1)) 
4Aerobic Biodegradable Rate (Kb) @ 20 C in (L.(mg.hr)-1) 

1,3-Dinitropyrene contaminant also contains the highest 
amount of mass degraded by the biological treatment process. 
The mass values   of the emitted pollutants in the atmosphere 
and in all stages of wastewater treatment are summarized in 
table 3. 

Different contaminants and pollutants emit, and the 
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losses are caused by air stripping in aerated turbulent process 
vessels. Two main assumptions were used in constructing 
formulations for these transfer processes: Henry’s law and the 
two-ϐilm resistance theory apply. The process of transferring 
a compound from an area source, such as a primary tank 
surface and the surface of diffused aerated activated sludge 
reactor, to the atmosphere is known as volatilization 
[25,33]. Because the overall mass transfer coefϐicient 
plays such a signiϐicant role in determining volatilization 
rates, it must be accurately analyzed. For nonaerated 
quiescent surfaces, volatilization is usually modeled based 
on Fick’s law of molecular diffusion and Henry’s law. The 
mass transfer is regulated by either the liquid phase (KL) 
or the gas phase (KG) for a particular Henry’s law coefϐicient. 
TOXChem uses the formulas to calculate KL and KG. These 
formulations take the friction velocity and ScL or ScG into 
account, but they don’t employ different formulae to account 
for the fetch-to-depth (F/D) ratio. ScL and ScG are the Schmidt 
number for the liquid phase and the Schmidt number of 
the gas phase, respectively [33]. Figure 5 summarizes the 

biodegradability values of the contaminants investigated 
throughout this review. 

The conventional aerobic and anaerobic treatment 
systems are unable to degrade all chemicals or convert them to 
biomass [27]. It has been shown that the biodegradation rate, 
rb, can be represented as a mixed second-order reaction at low 
substrate concentrations. At a low substrate concentration, 
C, the Monod equation, and other rate expressions could be 
approximated by a mixed second-order rate expression, as 
shown below.

rb = kbXmC                     (1)

Where Xm = the concentration of mixed liquor volatile 
suspended solids and kb= the biodegradation rate coefϐicient. 
As seen in ϐigure 5, EE2 is more degraded (99.97%) due to 
its larger complexity and structure than other pollutants. 
The contaminants 1,3-Dinitropyrene and 1,6-Dinitropyrene, 
which have a degradation rate of 21.43%, are placed in 
the next group. Eventually, 1,2-Dimethylnaphthalene and 
1,6-Dimethylnaphthalene contaminants were decomposed 
with 1.82% and 1.69%, respectively. The larger the structure 
of the organic pollutant leads to microorganisms breaking it 
down into organic matter easier.

Due to excretion and disposal, the synthetic estrogen 
17a-ethinylestradiol (EE2), has been identiϐied in wastewaters 
and surface waters at ng/L amounts, which can reach up 
to 50% of the ingested amount. The presence of EE2 in the 
aquatic environment is problematic since it is classed as a 
toxic substance to aquatic organisms, capable of causing 
long-term (chronic) effects such as endocrine disruption and 
reproductive problems [35,36]. Some applications of EE2 
are delay in sexual maturity, decrease in secondary sexual 
characteristics, and sex determination alteration. Because of 
its toxicity and durability, EE2 is a contaminant of emerging 
concern, as it has a substantial impact on living organisms’ 
metabolism [37].

Hamoda (2006) shows that nonchlorinated compounds 
such as p-xylene, 4-ethyl toluene, toluene, and 1,3,5-trimethyl 
benzene were degraded the most and stripped the least.

More than 80% of the mass ϐlow of these chemicals in 
the inϐluent was biodegraded, while only 20% was stripped. 
Other VOCs, such as chlorinated compounds, chloroform, 
dichloromethane, 1,1,1-trichloroethane, trichloroethylene, 
1,4-dichlorobenzene, and tetrachloroethylene, degraded 

Table 3: Mass values   of diff erent pollutants in all stages of wastewater treatment.

Air Emissions (g/d) Air Effl  uent Equalization Primary Clarifi er AS-Diff used Secondary 
Clarifi er

Air 
Treatment

Anaerobic 
Digester

Air 
Effl  uent(2)

Belt Filter 
Press

1,2-Dimethylnaphthalene 17.61 17.14 0.45 0.01 0.0007 0.0047 0.047 0.0047 4.008E-05
1,3-Dinitropyrene 0.59 0.57 0.01 0.001 0.0005 4.64E-06 4.64E-05 4.64E-06 3.905E-08

1,6-Dimethylnaphthalene 253.49 246.86 6.48 0.134 0.0102 0.046 0.461 0.046 0.00038
1,6-Dinitropyrene 1.77 1.72 0.04 0.003 0.0016 1.39E-05 0.00013 1.39E-05 1.17E-07

EE2 9.16E-10 4.13E-10 2.05E-10 0.000 2.78E-10 0.000 0.000 0.000 0.000
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less and were stripped more. Stripping for these compounds 
resulted in losses ranging from 31.1% to 70.8%, with an 
average of 47.3%. Biodegradation rates varied from 21% to 
63%, with a 45% average.

A continuously aerated submerged ϐixed-bed bioreactor 
was employed in Forrez, et al. (2009) research for the biological 
removal of EE2 at μg L-1 levels, with removal efϐiciencies above 
96% [36]. Larcher and Yargeau, [35] studies on heterotrophic 
bacteria effect on synthetic estrogen biodegradation have 
performed the Rhodococcus species were the most successful 
with 38% - 61% EE2 removal after 300 h (R. zopϐii, R. 
erythropolis, R. equi) and no detectable EE2 after only 48 h 
(R. rhodochrous). EtOH provided an additional carbon source 
for the bacteria, and it’s probable that EtOH produced greater 
EE2 degradation via cometabolism in R. rhodochrous. The two 
mixed bacterial groups investigated, which included 5 (Group 
1; no B. subtilis or R. zopϐii) and 6 (Group 2; no P. aeruginosa) 
from the above listed bacterial species, were not able to match 
these signiϐicant EE2 reductions. After 300 hours, the mixed 
groups of bacteria achieved maximum average EE2 removals 
of 43 ± 4% (Group 1) and 42 ± 2% (Group 2), respectively. 
Zwain, et al. [25] also concluded that using the Extended 
Aeration Activated Sludge (EAAS) system at the lowest 
aeration ϐlowrate reduces odorant emissions and improves 
biodegradation treatment. 

Conclusion
Due to the development of biological treatment in 

wastewater treatment plants, the need to control inhibitory 
factors on the treatment process and also to examine the release 
of toxic pollutants is of particular importance. At ϐirst, this 
study investigated the emission of 1,2-Dimethylnaphthalene, 
1,3-Dinitropyrene, 1,6-Dimethylnaphthalene, 1,6-Dinitropy-
rene, and 17a-ethinylestradiol (EE2) contaminants in a 
wastewater treatment plant using the TOXChem4.1 simulation 
model. The biological treatment procedure in this treatment 
plant is carried out using an Activated Sludge Diffused Aeration 
(ASDA). The results of mass balance research and calculations 
showed that EE2 and 1,6-Dimethylnaphthalene pollutants 
have the highest masses in sludge mass and atmosphere, 
respectively. It was further found that EE2 pollutant is 
degraded better than other pollutants in this study due to its 
large chemical structure with a degradation rate of 99.97%.
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