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A B S T R A C T   

The present study investigated adsorptive removal of toluene and ethylbenzene from the aqueous media via 
using biochar derived from municipal solid waste (termed “MSW-BC”) in a single and binary contaminant system 
at 25–45 ◦C. The adsorption was evaluated at different pH (3–10), experimental time (up to 24 h), and initial 
adsorbate concentrations (10–600 μg/L) in single and binary contaminant system. A fixed-bed column experi
ment was also conducted using MSW-BC (0.25%) and influent concentration of toluene and ethylbenzene (4 mg/ 
L) at 2 mL/min of flow rate. The adsorption of toluene and ethylbenzene on the MSW-BC was mildly dependent 
on the pH, and the peak adsorption ability (44–47 μg/g) was recorded at a baseline pH of ~8 in mono and dual 
contaminant system. Langmuir and Hill are the models that match the isotherm results in a single contaminant 
environment for both toluene (R2 of 0.97 and 0.99, respectively) and ethylbenzene (R2 of 0.99 and 0.99, 
respectively) adsorption. In the binary system, the isotherm models matched in the order of Langmuir > Hill >
Freundlich for toluene, whereas Hill > Freundlich > Langmuir for ethylbenzene. The adsorption in the batch 
experiment was likely to take place via cooperative and multilayer adsorption onto MSW-BC involving hydro
phobic, π- π and n- π attractions, specific interaction such as hydrogen–π and cation–π interactions, and van der 
Waals interactions. The thermodynamic results indicate exothermic adsorption occurred by physical attractions 
between toluene and ethylbenzene, and MSW-BC. The breakthrough behavior of toluene and ethylbenzene was 
successfully described with Yoon-Nelson and Thomas models. The data demonstrate that the low-cost adsorbent 
derived from the municipal solid waste can be utilized to remove toluene and ethylbenzene in landfill leachate.   

1. Introduction 

The low-molecular-weight organic compounds that produce vapor 
efficiently at ambient temperatures are known as Volatile organic 
compounds (VOCs). These compounds are mostly anthropogenic and 
emitted from the industry discharge, (i.e. solvents used for chemical 
manufacturing, a byproduct of the combustion of petroleum products, 
and burning of coal), degradation and decomposition of consumer 
products, (i.e. pharmaceutical and personal care products, paint, de
greasers, refrigerants, furniture) and landfills of municipal solid waste 
(MSW) (Jain et al., 2016; Kulikowska and Klimiuk 2008; Kumarathilaka 
et al., 2016). The most common VOCs include aliphatic and aromatic 
organic compounds such as methane, aldehydes, benzene, toluene, 
xylene, naphthalene, etc. Among the various VOCs sources to the 

environment, MSW open dumpsites are considered one of the most 
perilous as those dumpsites emit loads of VOCs and some PAH from 
waste decomposition (Krcmar et al., 2018; Kumarathilaka et al., 2016; 
Nair et al., 2019). 

Some of the VOCs can be categorized as a subgroup comprised of 
aromatics, including Benzene, Toluene, Ethylbenzene and Xylene 
(BTEX). Oil spills are one of the dominant contaminant sources for BTEX 
(Mitra and Roy 2011). Besides, BTEX is commonly discharged to the 
environment through MSW dumps or landfills. Among those, benzene, 
toluene and ethylbenzene are considered priority pollutants by the 
USEPA (Yue et al., 2001). Toluene is one of the most observed aromatic 
hydrocarbons in landfill leachate (Kumarathilaka et al., 2014; Meck
enstock et al., 2004). However, only a few studies have assessed BTEX 
concentrations in MSW dumpsites, and these studies found that the 
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concentration of benzene, toluene, ethylbenzene and xylene concen
trations were ranged 140–9.01, 11.44–1277, 14.56–383, and 
24.06–341 μg/L, respectively, in leachate from a landfill in Warmia, 
Poland, Denmark, Iran and Turkey (Durmusoglu et al., 2010; Kuli
kowska and Klimiuk 2008; Yaghmaien et al., 2019) Whereas, in Sri 
Lanka, the concentrations were reported as low at 21, 20, 6, and 7 μg/L 
(Kumarathilaka et al., 2016; Scheutz et al., 2004). Once these VOCs are 
mixed with groundwater, a high cost is often spent on the remediation 
(Zhang et al., 2016). Deep excavation and injection wells pump and treat 
for BTEX with combining other organics are often costly techniques and 
consistency maintains in the underground treatment are challenging (U. 
S.EPA 2001). The repercussion is that BTEX occurrences, even in trace 
levels in landfill environments, are potentially carcinogenic to human 
health (Durmusoglu et al., 2010; Yaghmaien et al., 2019). Therefore, 
developing effective BTEX remediation techniques is of great signifi
cance and urgent necessity, especially for most open dumpsites as BTEX 
could directly discharge water bodies. 

BTEX removal techniques gain recent attention due to the toxicity 
associated with their pervasive presence in the environment. Various 
technologies have been employed for BTEX removal such as advanced 
oxidation, adsorption, phytoremediation, and photocatalysis (Yeh et al., 
2010). Among those removal technologies, adsorption receives a topical 
focus due to the cost-effectiveness and requirement of less-skilled 
operation, although the cost is also governed by the material used (De 
Gisi et al., 2016). Moreover, modified materials have been utilized for 
BTEX removal in aqueous media, such as surfactant-modified zeolite, 
demonstrated a BTEX removal performance of 18 L/kg for benzene and 
95 L/kg for p- and m-xylene (Ranck et al., 2005). Ordered mesoporous 
carbon delivered an overall BTEX removal capacity of 19.8 mg/g 
(Konggidinata et al., 2017). Non-ionic surfactant modified montmoril
lonite has exhibited 5.9, 6.7, 7.4, and 8.2 mg/g of removal capacity for 
BTEX with an overall 18.8 mg/g (Nourmoradi et al., 2012). 

Recent efforts have been placed on using carbon-based resources 
such as activated carbon and biochar due to their high surface areas and 
the potential of using various waste biomasses for production (Abe
dinzadeh et al., 2020; Lehmann and Joseph 2015). Durian shell acti
vated carbon used for toluene removal reported 54 mg/g as the 
Langmuir maximum removal capacity (Tham et al., 2011). Different 
types of biochars were tested against the removal of odorous VOCs 
emitted from the swine manure and Oakwood biochar showed the best 
performance over the types of biochar examined (Hwang et al., 2018; 
Saiz-Rubio et al., 2019). However, the removal of BTEX by municipal 
solid waste biochar (MSW-BC) has not been studied. Nitrogen-doped 
phosphates demonstrated an impressive toluene removal capacity of 
496 mg/g (Zhou et al., 2018), whereas biochar produced from municipal 
solid waste presented rather excellent maximum removal of 850, 576 
and 550 μg/g for toluene, benzene and m-xylene, respectively (Jaya
wardhana et al., 2019b, c, Jayawardhana et al., 2019d). The MSW-BC 
has received recent prospects due to the dual benefits, acting as a ma
terial for leachate treatment and waste volume reduction (Gunarathne 
et al., 2019; Jayawardhana et al., 2018). The MSW-BC recently utilized 
in the remediation of inorganic contaminants, such as heavy metals and 
organic contaminants, such as pharmaceutical and personal care prod
ucts by various studies of Abedinzadeh et al. (2020), Ashiq et al. 
(2019a), and Ashiq et al. (2019b). Despite many studies on the 
adsorptive removal of BTEX by MSW-BC in a single contaminant envi
ronment, the studies to assess co-contaminants’ influence on the 
adsorption behavior in a binary contaminant in aqueous media are 
limited in the present knowledge. And, the practical approaches of BTEX 
removal are based on the column studies are also inadequate. Therefore, 
the objectives of this research were to: (1) convert the municipal solid 
waste into a beneficial adsorbent and also estimate the techno-cost in 
preparation of MSW-BC from the waste; (2) assess toluene and ethyl
benzene adsorption onto MSW-BC in a single and binary environment in 
order to understand the effect of co-contamination on the adsorption 
process. For that batch experiments were conducted at various 

laboratory conditions of pH, resident time, initial concentration, and 
experimental temperature; (3) access the breakthrough effect of toluene 
and ethylbenzene through a fixed-bed column. 

2. Material and methods 

2.1. Chemical and reagent 

Chemicals used in this study were purchased from Sigma Aldrich 
USA. The EPA 524 standards for the volatile organic compound were 
purchased from Sigma Aldrich (EPA VOC Mix 2, Sigma-Aldrich Co. LLC., 
MO, USA, Analytical standard 48,777). Purge and trap volatile grade 
residue-free methanol (Methanol ≥99.9%, PESTINORM 83967.290, 
VWR, USA) was used to prepare VOC stock solution and analytical 
calibration standards. Mili Q water (Thermo smart 2 ultra-pure system, 
Hungary) with a conductivity of 0.055 μS/cm, saturated with high pu
rity nitrogen (grade 4.8), was utilized in all the experiments. Sodium 
azide (Fluka analytical Ltd, USA) was used for aqueous media prepa
ration to avoid microbial oxidation. 

2.2. Biochar production 

The dried biomass of organic portion from the municipal solid waste 
was subjected to the pyrolysis process in the close hopper loaded 
without headspace (oxygen-controlled environment). The pyrolysis of 
municipal solid waste was done in a batch pyrolysis reactor, with ram
ped temperature from 30 to 450 ◦C for 30 min followed by a holding 
duration of 30 min at 450 ◦C (Jayawardhana et al., 2019b). The resulting 
biochar was immediately dropped into a water bath to down the tem
perature and remove ash without contacting the open atmosphere. 
Finally, the ash-free biochar was then air-dried and sieved through a 2 
mm mesh sized sieve and stored for further batch and column experi
ments. Characteristics of the MSW-BC were reported in previous publi
cations (Jayawardhana et al. 2018, 2019b, 2019d). 

2.3. Adsorption experiments in a single sorbate system 

All the adsorption tests were run with the control, blank samples and 
laboratory reagent blanks to understand the atmosphere, water envi
ronment, and MSW-BC associated behavior as a control measure. The pH 
edge experiment was achieved at different initial pH of 3, 5, 7, 8.3 and 9 
for a spot favorable pH environment. Initially, 1 g/L of MSW-BC was 
hydrated under the nitrogen-purged atmosphere, which decreased at
mospheric carbon dioxide and oxygen interference with the solution. 
The mixture of MSW-BC optimized sorbent dosage of 1 g/L obtained 
from previous studies to continue experiments with the toluene or eth
ylbenzene (50 μg/L) separately equilibrated in an incubation shaker 
(Cheimika RG 4110, Italy) at 100 rpm for 12 h of time. The solutions 
were then analyzed for the equilibrium concentration of toluene and 
ethylbenzene by a headspace gas chromatography-mass spectroscopy 
(GC-MS). 

The batch kinetic experiment for the adsorption of toluene (50 μg/L) 
and ethylbenzene (50 μg/L) separately with 1 g/L of MSW-BC were 
conducted at 25 ◦C and pH 8. During the experiment, the resident time 
was varied for 0.5, 1, 2, 4, 12, 18 and 24 h. Finally, headspace was 
analyzed for remaining toluene and ethylbenzene concentration. The 
amount of adsorption (qt, μg/g) at time t (h) was calculated by Eq. (1). 

qt =
[C0 − Ct]V

M
(1)  

where C0 and Ct the concentration of the toluene and ethylbenzene at 
time 0 and t (μg/L) respectively, V and M are the volumes of the solution 
in L and mass of MSW-BC in g. 

Adsorption isotherm studies were carried out for 1 g/L of MSW-BC 
with different toluene and ethylbenzene concentrations (10–600 μg/L) 
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separately, at pH 8 and 25 ◦C and the resident time was kept for 12 h. 
Finally, the headspace was analyzed for the remaining concentration of 
toluene and ethylbenzene at equilibrium. The adsorption amount (qe,

μg/g) was calculated by Eq. (2). 

qe =
[C0 − Ce]V

M
(2)  

where, C0 and Ceare the initial and equilibrium toluene and ethyl
benzene concentrations (μg/L), respectively, V is the solution volume (L) 
and M is the mass of biochar (g). 

2.4. Binary adsorption system with ethylbenzene system 

Batch experiments were conducted in a binary contaminant system, 
where 50 μg/L of both sorbates (toluene and ethylbenzene) were added 
into the experiment mixture with 1 g/L MSW-BC, and the total con
centration of toluene and ethylbenzene became doubled compared to 
that used in a single contaminant system. The solvent effect due to the 
methanol was balanced in both single and binary systems by keeping at 
1% methanol (Bornemann et al., 2007). The toluene and ethylbenzene 
adsorption in a binary contaminant environment were assessed via pH 
edge, kinetics, and isotherm as same as described in a single contami
nant system. 

2.5. Thermodynamic experiments 

The thermodynamic studies on the adsorption of toluene and ethyl
benzene by MSW-BC in both single and binary contaminant environ
ments were assessed at three different temperatures of 25, 35, and 45 ◦C. 
For this purpose, adsorption experiments were conducted with an initial 
concentration range of 30–600 μg/L at pH 8 and the resident time was 
kept 12 h. The thermodynamic parameters, namely, the Gibbs free 
change (ΔG0), enthalpy change (ΔH0), and entropy change (ΔS0), were 
calculated using equations (3)–(6). 

lnKd =
S0

R
−

H0

RT
(3)  

ΔG=H0 − TS0 (4)  

G= − RT ln (Kd) (5)  

Kd =
[C0 − Ce]V

CeM
(6a) 

T represents the temperature (K), and R represents the universal gas 
constant (8.314 J/K/mol). The equilibrium distribution coefficient is 
indicated by Kd obtained from Eq. (6). The ΔH0 and ΔS0 were determined 
from the slope and intercept of plot lnKd against 1/T, respectively. 

2.6. Column experiments and modeling 

Variable bed columns were arranged by PTFE liquid chromatography 
column equipped with an adjustable plunger seal. The dimensions of the 
column were 2.5 cm, 20 cm in inner diameter and length, respectively. 
Column media material containing 69 g of silica sand (50 mesh size) was 
obtained from the Naththandiya silica sand mining area, Sri Lanka. 
Silica sand was used to prevent bed plugging while improving the 
porous structure in the column. Further, the inertness of the silica sand 
source material is suited for modeling and breakthrough behaviors 
identification (Mowla et al., 2013). The sand was washed with ultrapure 
water to remove impurities before packing the columns, and then it was 
wet packed into the column. Additional ports were arranged in the 
tubing line for direct sampling. Best adsorbents ratios for VOC removal 
were set based on the preliminary data gathered from batch isotherm 
studies. Inlet concentrations of toluene and ethylbenzene during the 
fixed bed column were maintained as 4 mg/L and were pumped from top 

to bottom of the columns by a cartridge pump (Masterflex L/S, Cole
Parmer, Model 751,920, USA) at 2 mL/min flow rate. Samples were 
collected at the column outlet at different time intervals, while the 
container was cooled to 4 ◦C and transferred to the GCMS to measure the 
remaining VOCs. Three models, Thomas, Adams-Bohart, and 
Yoon-Nelson, were used to analyze the breakthrough curves by linear 
regression and predict the column performance to remove VOC from an 
aqueous solution. 

2.7. Analysis 

Toluene and ethylbenzene analysis was performed using a Gas 
Chromatography-Mass Spectrometry (Shimadzu QP, 2010). The GC-MS 
was equipped with a fused silica capillary column Rtx-624 (0.18 mm of 
internal diameter, 1.00 μm of film thickness, 20 m of length, Restek 
Scientific Inc.), a static headspace analyzer, and an autosampler (HS-20 
Shimadzu, Japan). The instrument detection limit was set within the 
range of 0.1–0.01 μg/L. The oven temperature of the headspace analyzer 
was set to 70 ◦C to efficiently extract BTEX while keeping the thermal 
degradation and controlling water vapor pressure, optimum recovery of 
analyte achieved (Flórez Menéndez et al., 2000; Jayawardhana et al., 
2019b; Soria et al., 2015). The GC was programmed for temperature 
increased from 35 ◦C to 230 ◦C at 20 ◦C/min of heating rate, allowing 14 
min for optimum separation. The carrier gas was high purity He 
(99.9996%) with a 24.7 mL/min flow rate (Shimadzu 2013). 

3. Results and discussion 

3.1. Single sorbate experiments 

3.1.1. Influence of solution pH 
All the control and laboratory reagent blanks express below LOD for 

all the EPA 524 protocol elements with a favorable experimental design 
condition. The experimental spike control of the sample range (10–600 
μg/L) was in agreement with the validated EPA 524; no abiotic degra
dation was observed for any samples and acceptable recovery observed 
for all. The variation in the adsorption amount of BTEX in a mono- 
sorbate system by MSW-BC as a pH function is shown in Fig. 1(A). 
The adsorption of ethylbenzene moderately depends on the pH and a 
high adsorbed amount (45.82 μg/g) was recorded at a basic pH of 9. The 
adsorption of toluene onto the MSW-BC showed wave-like changes with 
the function of pH and the highest adsorption (44.87 μg/g) was noted at 
a pH of 8.3. Then, the adsorbed amount of toluene and ethylbenzene was 
fallen between 41 and 42 μg/g with decreasing pH up to 3. The slight 
differences in the adsorption trends result in the non-electrostatic 
attraction between the MSW-BC and toluene or ethylbenzene (Keer
thanan et al., 2020a). The same adsorption phenomenon described by 
Nourmoradi et al. (2013) has further been described with π-π stacking in 
adsorption of aromatics by carbon-based materials (Bianco et al., 2021; 
Chin et al., 2007). Besides, both toluene and ethylbenzene at elevated 
pH in an agreement of higher adsorption reveal by Carvalho et al. (2012) 
for organically with the presence of hydroxyl group that can be attrib
uted slight variation of adsorption over pH. 

3.1.2. Adsorption kinetic and modeling 
The kinetic trends of toluene and ethylbenzene in the single 

contaminant system as a function of time are presented in Fig. 2(A) and 
(B). The adsorption amounts of toluene and ethylbenzene were speedily 
boosted within the first 5 h and later, adsorption affinity was 
approached to a constant amount. This observation might be due to a 
high number of active sites in MSW-BC than the number of toluene or 
ethylbenzene at the beginning, which leads to boost the adsorption, and 
later, once the active sites on MSW-BC became occupied by toluene or 
ethylbenzene with mixing time, the adsorption process reached equi
librium. The adsorption behavior of sorbent proved with other studies 
evident for vacant site favorability for both alkyl benzene 
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simultaneously, which can be attributed to reducing the active sites by 
approaching the saturation state (Rajarathinam et al., 2020). 

The kinetic data were simulated with pseudo-first-order, pseudo- 
second-order, and Elovich kinetic models. The predicted kinetic pa
rameters are tabulated in Table 1 and the fitting plots are exhibited in 
Fig. 2. The fitting models were fallen in the order of Elovich > Pseudo 
second-order > Pseudo-first-order for the ethylbenzene adsorption as 
the correlation coefficient (R2) was decreased in the same order from 
0.99 to 0.93. Meanwhile, model fitting for toluene in a single contami
nant system has been obtained in the order of pseudo-second-order >
pseudo-first-order > Elovich based on R2 decreased from 0.94 to 0.88 

(Table 1). The maximum adsorption capacity predicted from the pseudo- 
second-order of ethylbenzene and toluene were 45.9 and 45.3 μg/L, 
respectively, and this predicted adsorption capacities were much closer 
to the experimental values (46.4 and 43.5 μg/L, respectively). The best 
fitted kinetic model of pseudo-second-order suggests that the adsorption 
of toluene and ethylbenzene onto MSW-BC were mainly enforced by 
monolayer adsorption through the electron exchange process in a single 
contaminant system. The Elovich model suggests the nature of the 
adsorption process with chemical forces’ involvement at the heteroge
neous surface. However, Elovich does not suggest any particular 
mechanism between adsorbate and adsorbent (de la Luz-Asunción et al., 

Fig. 1. The adsorption variation of toluene and ethylbenzene in: (A) single system and (B) binary system, as a function of pH at 25 ◦C.  

Fig. 2. The kinetic fitted models of: (A) toluene and (B) ethylbenzene in single contaminant system, and (C) toluene and (D) ethylbenzene in binary contami
nant system. 
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2020). The most fitted kinetic models suggest that the toluene and 
ethylbenzene in a single system interact with MSW-BC via an electron 
exchange process such as specific interaction (Hydrogen–π and cation–π 
electron exchange process) (Bianco et al., 2021). The Daifullah and 
Girgis (2003) reported the electron exchange mechanism between BTEX 
and activated carbon. 

3.1.3. Adsorption isotherm and modeling 
The isotherm regression of Langmuir, Freundlich, and Hill models 

was fitted with the isotherm results and the predicted parameters along 
with R2 are charted in Table 2 and the fitted models are shown in Figs. 3 
and 4. The Langmuir and Hill models were well-fitted with isotherm 
results, followed by the Freundlich model as based on the R2 (at > 95%) 
(Table 2). The Langmuir model hypothesized that a monolayer satura
tion occurs at homogeneously distributed active sites by energy (Shirani 
et al., 2020). The saturation capacities of toluene predicted by the 
Langmuir model were 1090, 879, and 850 μg/g at 25, 35, and 45 ◦C, 
respectively. Meanwhile, the saturation capacities were 619, 650, and 
655 μg/g for ethylbenzene in a single contaminant system. 

The Hill model also showed an identical fitting as the Langmuir 
model with the isotherm results (Table 2). The Hill model postulated to 
cooperative adsorption of toluene or ethylbenzene occurs onto the ho
mogeneously distributed active sites on the surface of the MSW-BC, and 
the binding energy of an active site influenced by the binding energy of 
other active sites on the homogeneous surface (Atugoda et al., 2020; 
Sivarajasekar and Baskar 2019). Generally, the nature of cooperative 
adsorption was predicted by the Hill cooperativity coefficient (nH). 
When nH > 1, this postulate positive cooperativity in binding. When nH 
< 1, this assumes negative cooperativity in binding. When nH = 1, this 
indicates non-cooperative binding between adsorbate and adsorbent 

(Atugoda et al., 2020). For the toluene adsorption in a single contami
nant system, the nH was higher than unity at 25 ◦C indicates, the positive 
cooperativity, which means the adsorption of toluene at a particular 
active site in MSW-BC, enhanced by another active site. However, the 
adsorption became non-cooperative at 35 and 45 ◦C since the nH ≈ 1. 
Similarly, the adsorption of ethylbenzene also showed non-cooperativity 
adsorption at 25, 35, and 45 ◦C since the nH ≈ 1 (Table 2). Further, Hill’s 
constant (KD) positive value indicates that the electrostatic and hydro
phobic interaction was the dominant attraction employed between the 
BETX compound and MSW-BC (Atugoda et al., 2020). The modified 
Boehm data express the total acidic, basic, carboxylic, lactone, and 
phenol group in the MSW-BC, which phenolic can enhance the elec
trostatic interaction (Jayawardhana et al., 2019a; Zhang et al., 2018). 
All in all, the predicted isotherm models portray the non-cooperative 
toluene or ethylbenzene adsorption that took place at the homoge
neous surface of MSW-BC in a single contaminant environment. 

3.2. Competitive adsorption behavior of ethylbenzene and toluene 

The competitive adsorption process can depend on several phe
nomena and constituents. In alkyl benzene, polarity, molecular size and 
molecular velocity can affect the collision and competitive adsorption. 
The environment (pH, solubility, temperature, and surface chemistry) 
may influence or hinder the reaction according to the reaction kinetics 
and the toluene and ethylbenzene adsorption thermodynamics. 

3.2.1. pH dependency of the binary ethylbenzene and toluene 
The adsorption of toluene and ethylbenzene in the binary contami

nant environment was slightly dependent on pH (Fig. 1 (B)). The highest 
saturation capacity of 46.65 and 46 μg/g for toluene and ethylbenzene, 
respectively, were observed at a pH of 8.3, and the saturation capacities 
were decreased with dropping pH toward acidic pH. A mild enhance
ment in toluene and ethylbenzene adsorption is observed in the binary 
system compared to a single contaminant system. The literature agree
ment with sorbent-sorbate interaction in binary system possible ten
dency for slight decrease with lower pH by hindering active sites in 
MSW-BC via making hydrogen bonding (Carvalho et al., 2012). How
ever, the total saturation capacity of MSW-BC for toluene and ethyl
benzene was doubled in the binary system than those in a single system. 
This observation illustrated the co-contamination effect; adsorption of 
one contaminant enhances by the presence of others. Hence, the pHPZC 
of the MSW-BC was 6.7, which indicates the MSW-BC surface dominated 
by the negative charge at the higher pH. Further, ethylbenzene and 
toluene dominantly represent in the molecular form at a pH of 3–9 
(Wibowo et al., 2007). The interaction between toluene and ethyl
benzene and MSW-BC may have occurred via the hydrophobic and anti π 
bonding. 

Table 1 
Kinetics properties of the ethylbenzene, toluene single and binary system 
(control condition 50 μg/L, 24 h, 25 ◦C).  

Kinetics Parameter Single Binary   

Toluene Ethylbenzene Toluene Ethylbenzene 

Pseudo 
second 
order 

Qmax 45.3 45.9 46.5 47.1 
K2 0.020 0.014 0.018 0.013 
R2 0.944 0.979 0.929 0.975 
Chi2 40 11 15 5 

Elovich А 121.73 83.92 100.1 87.46 
В 0.12 0.12 0.12 0.11 
R2 0.88 0.991 0.897 0.987 
Chi2 68 3 23 2 

Pseudo 
first 
order 

qmax 41.4 41.6 42.2 42.6 
K1 0.69 0.46 0.64 0.48 
R2 0.942 0.930 0.907 0.929 
Chi2 28 31 19 13  

Table 2 
Isotherm parameters for toluene, Ethylbenzene adsorption onto MSW-BC under single and binary experimental setup (pH 8.3).  

Isotherm Parameter Single system Binary system 

Toluene Ethylbenzene Toluene Ethylbenzene 

25 ◦C 35 ◦C 45 ◦C 25 ◦C 35 ◦C 45 ◦C 25 ◦C 35 ◦C 45 ◦C 25 ◦C 35 ◦C 45 ◦C 

Langmuir qmax 1090 879 850 619 650 655 1183 887 834 998 1273 993 
KL 0.007 0.01 0.01 0.02 0.03 0.04 0.006 0.01 0.01 0.01 0.008 0.01 
R2 0.972 0.997 0.993 0.990 0.985 0.990 0.999 0.990 0.989 0.984 0.982 0.986 
Chi2 32 25 17 299 481 343 19 359 385 14 13 26 

Freundlich KF – – – 36.5 41.2 53.5 14.8 28.3 33.1 23.3 20.3 30.6 
N – – – 1.82 1.81 1.90 1.32 1.57 1.62 1.42 1.33 1.50 
R2 – – – 0.960 0.954 0.945 0.995 0.988 0.997 0.987 0.989 0.995 
Chi2 – – – 1182 1487 1889 175 410 113 21 22 7 

Hill KD 0.02 0.01 0.01 0.03 0.03 0.05 0.007 0.005 0.001 0.002 0.005 0.003 
nH 1.76 0.95 0.98 1.04 1.05 1.14 1.01 0.82 0.69 0.78 0.90 0.78 
qSH 578 954 874 594 617 593 1130 1319 2460 2670 1608 1926 
R2 0.992 0.997 0.993 0.990 0.985 0.992 0.999 0.992 0.997 0.987 0.985 0.994 
Chi2 23 10 8 331 531 317 23 346 105 17 16 7  
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3.2.2. Kinetics behavior of ethylbenzene with the competition of toluene 
The kinetic results in the binary system, along with the fitted non- 

linear models of pseudo-second-order, Elovich, and pseudo-first-order, 
are provided in Fig. 2(C) and (D) and the predicted parameters are 
tabulated in Table 1. The most fitted models for toluene adsorption in 
the binary contaminant system were dropped in pseudo-second-order >
pseudo-first-order > Elovich, whereas for ethylbenzene, the order was 
Elovich > pseudo-second-order > pseudo-first-order. The adsorption 
capacities of toluene and ethylbenzene predicted from the pseudo- 
second-order were increased slightly in the binary system compared to 
the single system. The current preference order of toluene and ethyl
benzene (log Kow 2.73, 3.15) can be attributed to the physicochemical 
properties of the compounds, hydrophobicity (Carvalho et al., 2012; 
Lima et al., 2017). However, the pseudo-second-order rate constants 
decreased in the binary system, indicating greater competition between 
the toluene and ethylbenzene molecules during the adsorption onto the 
MSW-BC. The pseudo-second-order model assumes that the rate-limiting 
step occurs via the electron exchange between adsorbate and adsorbent 
(Noufel et al., 2020). The initial rate constant (α) predicted from the 
Elovich model decreased for toluene; meanwhile, α increased for eth
ylbenzene in the binary system compared to a single system. This trend 
might be due to the co-contaminant effect resulted from the competition 
between toluene and ethylbenzene in the adsorption process. Moreover, 
the desorption constant (β) predicted from the Elovich model was less 
and constant for toluene adsorption in the binary system; simulta
neously, β decreased for ethylbenzene, compare to a single system 
(Table 1). This observation demonstrated no extend of surface coverage 
during the adsorption process and this revealed the strong interaction 
between toluene and ethylbenzene and MSW-BC. 

3.2.3. Adsorption isotherms of ethylbenzene at the presence of toluene 
In a binary contaminant system, simultaneous adsorption of toluene 

and ethylbenzene takes place onto the MSW-BC under the influence of 
each other. The competition adsorption of toluene and ethylbenzene in 
the binary mixture is described through the non-linear regression of 
Langmuir, Freundlich, and Hill models. All three models were fitted to 
the isotherm results as the correlation coefficient (R2) closer to unity. 
The Langmuir model suggested that monolayer adsorption occurs at the 
homogeneous surface (Noufel et al., 2020). Compared to the single 
contaminant system, the Langmuir adsorption capacity (Qmax) values 
slightly increased to toluene adsorption, whereas significantly increased 
to ethylbenzene, indicates the adsorption of toluene or ethylbenzene by 
the MSW-BC enhanced by the presence of ethylbenzene or toluene, 
respectively in the binary system. The Freundlich model assumes that 
the multilayer adsorption occurs at the heterogeneous surface (Keer
thanan et al., 2020b). The Freundlich adsorption intensity (1/N) values 
were below the unity, indicates the favorability of toluene and ethyl
benzene adsorption by MSW-BC. The Hill maximum saturation capac
ities were significantly increased for both toluene and ethylbenzene in a 
binary contaminant system. 

Moreover, the Hill cooperativity coefficients (nH) for toluene and 
ethylbenzene in the binary system were below than one at three oper
ating temperature, except the nH for toluene adsorption at 25 ◦C 
(Table 2), indicates the occurrence of negative cooperativity adsorption 
between toluene and ethylbenzene molecules, and MSW-BC. Overall, 
the isotherm models suggest a complicated adsorption mechanism be
tween toluene and ethylbenzene molecules and MSW-BC. The hydro
phobic interaction can be a suggested mechanism in this adsorption 
process. This interaction probably explains by the octanol-water parti
tion coefficient (log Kow) of toluene and ethylbenzene. The log Kow of 

Fig. 3. The Langmuir isotherm fitted of toluene in (A) single contaminant system and (B) binary contaminant system, and ethylbenzene in (C) single contaminant 
system and (D) binary contaminant system, at 25, 35, and 45 ◦C. 
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toluene and ethylbenzene was 2.73 and 3.15, respectively. This 
distinction in log Kow determines the highest affinity to ethylbenzene 
toward the surface of MSW-BC. Moreover, electrostatic, π- π interaction 
and n- π attraction, van der Waals interaction, and specific interaction 
(Hydrogen–π and cation–π interactions) also possible interaction 
involved in the adsorption of toluene and ethylbenzene onto MSW-BC. 

3.2.4. Effect of co-contaminants on the adsorption 
The simultaneous adsorption of a contaminant in co-contaminants is 

another crucial aspect to understand the contaminant behaviors in a 
binary system. For this purpose, the ratio of adsorption capacity (Rq) was 
estimated using equation (6) (Jiang et al., 2018). 

Rq =
qb,i

qm,i
(6b)  

where, qb,i and qm,i are termed as adsorption capacity of contaminant 
i(toluene and ethylbenzene) in a binary and single contaminant system, 
respectively. When Rq> 1, the adsorption of contaminant i boosted 
owning in the presence of co-contaminants (synergism). When Rq< 1, 
the adsorption of contaminant i discouraged due to the presence of co- 
contaminants (antagonism). When Rq = 1, the adsorption of contami
nant i is not influenced by the presence of co-contaminants (non-inter
action). The results of Rq as a function of initial concentration was 
plotted in Fig. 6. A synergistic interaction (Rq>1) was observed on the 
adsorption of toluene in the existence of ethylbenzene. When the initial 
concentration increased, the Rq value increased at all the experimental 
temperatures for both toluene and ethylbenzene. Moreover, the influ
ence of toluene in the adsorption of ethylbenzene was observed above 
the 50 μg/g of initial concentration. Below 50 μg/g, the Rqis closer to 1, 
indicating that the toluene did not influence the ethylbenzene 

adsorption in the binary system. All in all, the synergistic effect could be 
demonstrated where the MSW-BC has shown different adsorption af
finities for toluene and ethylbenzene at lower initial concentrations and 
which led to interaction via chemisorption (monolayer). When the 
initial concentration increased, the adsorption of toluene and ethyl
benzene leads to influence via the physisorption (multilayer). 

3.3. FTIR analysis 

The FTIR spectra, as shown in Fig. 5, the stretching oscillation at 
3426 cm− 1 can be described as the presence of –OH, belongs to phenolic 
or carboxylic acid on the surface of pristine MSW-BC. The peaks 
observed at 2923,1638, and 1029 cm− 1 demonstrated the occurrence of 
aliphatic C–H, C––O, and C–O groups on the MSW-BC surface, respec
tively (Fig. 5 (A)) (Ashiq et al., 2019b; Jayawardhana et al., 2019d). The 
FTIR spectra of toluene and/or ethylbenzene incorporated MSW-BC 
provided in Fig. 5(B)–(D), where the observed peaks at 3150–3250, 
2150− 1950, 1614, and 615 cm− 1 correspond to aromatic C–H stretch
ing, combination and overtone bans for aromatic rings, aromatic C––C 
stretching, and out of plan C–H bending (Pavia et al., 2008), respec
tively, indicating the successful incorporation of toluene and ethyl
benzene with MSW-BC. A sustainable option of the immobilization of 
organic compounds in the biochar has been proven for long term sta
bility with different environmental conditions along the bonded sur
faces. It can be followed for the same in MSW-BC for organic substances 
via the adsorption process. 

3.4. The thermodynamic aspect of competitive sorption system 
ethylbenzene and toluene 

Thermodynamic results express the spontaneous and non- 

Fig. 4. The Hill isotherm fitted of toluene in (A) single contaminant system and (B) binary contaminant system, and ethylbenzene in (C) single contaminant system 
and (D) binary contaminant system, at 25, 35, and 45 ◦C. 
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spontaneous reaction behavior of possible reaction occurrence with the 
sorbent-sorbate interaction under the specific temperature (Hercigonja 
et al., 2012). The calculated thermodynamics parameters are given in 
Table 3 for toluene and ethylbenzene in a single and binary system. The 

value of ΔG0 expresses the nature of the reaction, either spontaneous or 
non-spontaneous. From the results of this study, it can be seen that all 
the systems obey the rule of negative value in favor of the adsorption 
phenomenon with spontaneous nature (Table 3). The ΔG0 of all single 
and binary systems negatively increased with the increasing tempera
ture, indicating much favorability at higher temperatures with molec
ular velocity and the higher driving force. The positive ΔS0 value 
indicates the randomness adsorption at the solid-liquid interface, which 
occurs due to the displacement of water molecules, result in uptake of 
toluene and ethylbenzene by MSW-BC (Rincón-Silva et al., 2015). 
Further, the ΔS0 decreased for toluene and ethylbenzene adsorption in 
the binary system, compared to a single system, manifests the 
randomness adsorption decreased in the binary system, indicating the 
influence of ethylbenzene or toluene in the adsorption of toluene and 
ethylbenzene. The negative ΔH0 pinpoints that the adsorption of toluene 
and ethylbenzene by MSW-BC is an exothermic reaction. The ΔH0 value 
obtained by toluene and ethylbenzene adsorption by MSW-BC found to 
be lower than 40 kJ/mol, indicates the involvement of physical forces in 
the adsorption process (Inyinbor et al., 2016). 

3.5. Column breakthrough analysis 

The breakthrough curve obtained for the adsorption of toluene and 
ethylbenzene at various conditions is shown in Fig. 7 (A). The toluene 
shows less breakthrough time than ethylbenzene at the same operational 
conditions due to the low affinity of toluene with solid-phase compared 
to ethylbenzene. The obtained fixed column data were utilized with 
Yoon-Nelson, Thomas, and Adams-Bohart models. The applicability of 
linear models was determined with the correlation coefficient (R2) and 
Pearson’s coefficient (r), tabulated in Table 4. For the toluene, the 
Adams-Bohart was fitted with experiment results, followed by Yoon- 
Nelson and Thomas models, while the Yoon-Nelson and Thomas were 
compatible-models followed by Adams-Bohart in the ethylbenzene 
retention on fixed column bed, based on R2. 

The linear regression plots of toluene and ethylbenzene adsorption 
onto the bed column are shown in Fig. 7 (B) and the predicted param
eters are provided in Table 4. The Yoon-Nelson model was positively 
correlated with the experimental results based on Pearson’s correlation 
coefficient (Table 4). The Yoon-Nelson rate constant (KYN) and Yoon- 
Nelson adsorption capacity (qYN)for the adsorption of ethylbenzene 
was relatively higher than those of toluene. The higher KYN described 
that the adsorption reached saturation speedily due to the high mass 
loaded into the fixed bed (Ang et al., 2020). The time taken to reach a 
50% breakthrough (τ) of toluene and ethylbenzene predicted by the 
Yoon-Nelson model was good agreement (Table 4) with experimentally 
calculated values (Fig. 7 (A). 

Thomas model rate constant (kTH) and the maximum adsorption 
capacity (qTH) were determined through the linear regression plot 
shown in Fig. 7 (C) and the values are provided in Table 4. Thomas 
model exposed a negative correlation with experimental results in 
Pearson’s r (Table 4). The value of kTH for the adsorption of ethyl
benzene was 2-fold higher than those for toluene. Similarly, the qTH was 
also significantly higher for ethylbenzene than toluene adsorption. The 
predicted value was in good cooperation with the experimental results. 
Hence, the Thomas model is desirable for the adsorption in which the 
internal and external diffusion was not a limiting step (Chen et al., 
2012). 

The Adams-Bohart model is accurate under conditions where the 
sorption isotherm is extremely favorable (Edathil et al., 2020). It as
sumes that the equilibrium is not rapid; therefore, the adsorption rate is 
proportional to the adsorption amount being adsorbed onto fixed bed 
adsorbent (Li et al., 2020). The Adams-Bohart model positively corre
lates with the experimental results as per Pearson’s r (Table 4). The 
model predicted values of adsorption capacity per unit volume of the 
bed column (No) and Adams-Bohart rate constant (KAB) on the adsorp
tion of toluene and ethylbenzene are presented in Table 4 and the model 

Fig. 5. The FITR spectroscopy of (A) bare MSW-BC, (B) toluene adsorbed MSW- 
BC, (C) ethylbenzene adsorbed MSW-BC, and (D) toluene and ethylbenzene 
adsorbed MSW-BC in binary system. 

Fig. 6. The effect of co-contaminant in term of Rq as the function of initial 
concentration. 

Table 3 
Thermodynamic properties of the ethylbenzene and toluene under the single and 
binary experimental setup.  

Parameter Single Binary  

Toluene Ethylbenzene Toluene Ethylbenzene 

ΔH0 (kJ/mol) − 16.82 − 16.41 − 9.49 − 8.06 
ΔS0(J/mol/K) 68.60 66.28 44.52 42.12 
ΔG0 (kJ/mol)     
25 ◦C − 37.26 − 36.16 − 22.75 − 20.61 
35 ◦C − 37.95 − 36.83 − 23.20 − 21.03 
45 ◦C − 38.64 − 37.49 − 23.64 − 21.45  

Y. Jayawardhana et al.                                                                                                                                                                                                                        



Environmental Research 197 (2021) 111102

9

plot is shown in Fig. 7 (D). The rate constant was 0.135 mL/μg min for 
the adsorption of ethylbenzene, whereas 0.059 mL/μg min for the 
toluene adsorption. Although the rate constant for both adsorbates 
varied, the adsorption capacity was almost equal (the ratio of No −

toluene to No − ethylbenzene is 0.99). 
Overall, the kinetic rate constants predicted by all three models for 

the adsorption of ethylbenzene on to the fixed bed column were 
significantly higher than those for toluene adsorption, portrayed smaller 
mass-transfer resistance of ethylbenzene and also seen in the sharper 
breakthrough curve shown in Fig. 7 (Ang et al., 2020). 

3.6. Mechanistic determination of toluene and ethylbenzene adsorption 

The possible mechanism through which the toluene and ethyl
benzene interact with MSW-BC was elaborated based on the adsorption 
studies, bed column experiment, and FTIR analysis. The predicted data 
models suggested that a complicated adsorption mechanism driving via 
hydrophobic interaction, π− π attraction, n− π interaction and anti- 
π-orbital interaction existed between the MSW-BC, and toluene and 
ethylbenzene (Fig. 8). The abundance of hydrophobic sites on the MSW- 
BC makes a dominant interaction on the toluene and ethylbenzene 
adsorption since those adsorbents are non-polar organic substances. The 
MSW-BC exhibits a graphene-like nature with π electron cloud over the 
graphene plane, and this π electron cloud can interact with the π electron 
cloud of the benzene ring of toluene and ethylbenzene via a π− π inter
action. The formation of additional aromatic C––C stretching bands at 
1617/cm in the toluene or ethylbenzene adsorbed MSW-BC, which 
indicate the existence of π− π interaction (Tran et al., 2017). Moreover, 
n− π interaction is another possible mechanism between adsorbent and 
adsorbate (Keerthanan et al., 2020b). Here the oxygen and/or nitrogen 
on the MSW-BC surface acts as a lone pair electron donner, while the 
benzene ring of toluene and ethylbenzene acts as an electron acceptor, 
and which facilitates the existence of n− π interaction between MSW-BC, 

Fig. 7. Breakthrough curve (A), Yoon-Nelson (B), Thomas (C), and Adams-Bohart (D) models for the adsorption of toluene and ethylbenzene at various conditions of 
4 mg/L influent concentration, 2 mL/min flow rate, and 0.25% MSW-BC. 

Table 4 
The predicted parameters by the fixed bed column for the adsorption of toluene 
and ethylbenzene.  

Models  Parameters Toluene Ethylbenzene 

Yoon-Nelson ( 
Ang et al., 
2020; Singh 
et al., 2017) 

ln
(

C
Co − C

)

=

KYNt − τKYN 

qYN =
τCoQ

1000M  

KYN (1/ 
min)  

0.3382 0.6571 

τ (min) 35.6172 38.33725 
qYN (μg/g)  4.130 4.445 
R2 0.94216 0.98606 
Pearson’s r 0.9756 0.99476 
SS 1.01 0.29 

Thomas (Ang 
et al., 2020) ln

(
Co

C
− 1

)

=

kTHqTHM
Q

− kTHCot  

kTH (ml/μg 
min)  

0.084543 0.164275 

qTH (μg/g)  4129.531 4444.899 
R2 0.94216 0.98606 
Pearson’s r − 0.9756 − 0.99476 
SS 1.01 0.29 

Adams-Bohart ( 
Li et al., 
2020) 

ln
(

C
Co

)

=

KABCot −
KABNoz

Uo  

KAB(ml/μg 
min)  

0.05888 0.135463 

No (μg/L)  3206.777 3237.735 
R2 0.88256 0.9364 
Pearson’s r 0.94981 0.97586 
SS 1.05 0.92 

SS: Sum of residual squared. 
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and toluene and ethylbenzene. Process of adsorption, specific interac
tion of cation- π and hydrogen- π can occur while cationic functional 
groups (e.g. Na+, K+). Furthermore, the presence of functional groups in 
the biochar at 450 ◦C (i.e. –COOH, -OH, and –NH2) can be supported by 
the adsorption process (Bianco et al., 2021). The FTIR analysis shows 
pointedly up-shift and broadening of C–O stretching band of MSW-BC 
originally at 1029/cm, indicative of the occurrence of n− π interaction 
between MSW-BC, and toluene and/or ethylbenzene. Further, another 
weak interaction, for instance, van der Waals interaction, also possibly 
enhanced the adsorption of toluene and ethylbenzene onto MSW-BC. 

4. Techno-economic analysis 

The techno-economic cost was estimated from the previous studies of 
Hamdy et al. (2019) and Ramanayaka et al. (2020). The production cost 
and capital cost were estimated for the pyrolysis of 1 kg of solid waste 
feedstock. The production cost and capital cost were estimated in 
different cases, including equipment cost, utility cost, maintenance cost, 
and fixed and extra cost. The waste feedstock available for free since the 
dumping site received about 130 tons of municipal solid waste per day 
(Wijesekara et al., 2015). The equipment cost was examined at $0.50 per 
kilogram of waste. The installation and technical costs were estimated at 
20% of the cost of equipment. The utility cost, including the power 
source, water, and drying and sieving cost, was quantified as $0.088/kg. 
The total production cost (TPC) of $0.688 was evaluated for the pyrol
ysis of 1 kg of feedstock. 

The estimated cost of all involved assets during the pyrolysis of 
municipal solid waste was tabulated in Table 5. Besides the TPC, the 
total capital cost was approximated at $0.085, which included mainte
nance, laborer, fixed assets cost. The production of MSW-BC is 
economically feasible since the feedstock is available for free, and once 
the equipment is established, it approximately costs $0.173 (equal to 
about Rs.32 Sri Lankan rupees). The MSW-BC is an inexpensive adsor
bent than the activated carbon (Silva et al., 2020). A study of Lima et al. 
(2008) reported the production cost of activated carbon as $1.44/kg. 
The modification of MSW-BC was applied with the removal perspective 
from the media after the saturation with the recent attention of 
magnetization. The respective mechanisms of magnetization signifi
cantly reduce the adsorption capacity and the cost of unit remediation 
requirement increase with magnetization cost and more consumption. 

Furthermore, the oleic modification was encouraged to remove the 
environment after the saturation by supporting hydrophobicity and 
adsorption reduction observed for the experiment. Hence, a significant 
increase of MSW-BC consumption for unit amount of contaminant 
remediation while increasing additional production cost, bare MSW-BC, 
serves a much cost-effective option. 

5. Conclusion 

The current study goal was to produce low-cost adsorbent from 
municipal solid waste to remediate BTEX compounds from the aqueous 
media in a single and binary contaminant system. In the single 
contaminant system, the MSW-BC showed a similar sorption capacity for 
both toluene and ethylbenzene. In the binary system, the toluene and 
ethylbenzene exhibited little enhancement in adsorption capacity. The 
synergism effect was observed during the parallel adsorption of toluene 
and ethylbenzene onto the MSW-BC at all three experimental tempera
tures; co-contaminant presence enhanced the adsorption toluene and 
ethylbenzene to each other. The thermodynamic experiment suggested 
that exothermic adsorption occurred via the physical-based attraction. 
The breakthrough models of Yoon-Nelson, Thomas, and Adams-Bohart 
were successfully linearly correlated with the experimental results 
along with a fair agreement. The predicted kinetic rate constants of all 

Fig. 8. The possible mechanistic ways of adsorption toluene and ethylbenzene.  

Table 5 
The estimated cost for the pyrolysis of 1 kg of municipal solid waste.  

Items Estimated cost 

Production cost 
Equipment $0.50/kg 
Installation and technical cost $0.10/kg 
Power source (18000 kJ) $0.08/kg 
Water $0.001/kg 
Drying and sieving $0.007/kg 
Feed stock $0.00/kg 
Total production cost $0.688/kg 
Capital cost 
Maintenance cost $0.01/kg 
Laborer cost $0.05/kg 
Fixed assets cost $0.01/kg 
Extra cost $0.015/kg 
Total capital cost $0.085/kg  
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three models were relatively higher for ethylbenzene adsorption, sug
gesting a smaller mass transfer resistance through the fixed bed column. 
The future direction of desorption studies of BTEX in the MSW-BC with 
different environmental condition evaluation will support the exact 
leachability in the sorbent. Further studies need to address MSW-BC 
modification while keeping adsorption properties suitable for a sus
tainable removal approach after the treatment with regeneration 
capability. 
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