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Abstract Pyrolysis is the foremost thermal conversion process that can be success-
fully used to transform biomaterials into a value-added product. The estimated bio-
degradable portion is prominent and denotes as 60% from total waste generation in 
Asian developing countries. There have been several studies on exploring the pyrol-
ysis of complex organic fraction of municipal solid waste (MSW) streams as a sus-
tainable MSW management technique. The objective of this research was to evaluate 
physicochemical characteristics of MSW biochar (MSW-BC) produced from 
organic MSW to observe its potential for landfill contaminant removal with case 
studies from Sri Lanka. Biochar was pyrolyzed from the MSW in an onsite pyro-
lyzer. For physicochemical properties of biochar, pH, point of zero charge, electrical 
conductivity, proximate analysis, ultimate analysis, heavy metal composition, bio-
available heavy metal composition and BET surface area were acquired. In addition, 
surface functional groups and structural identification were determined by FTIR 
analysis and scanning electron microscopy (SEM) analysis, respectively. Adsorption 
capacities for the pollutants (benzene and toluene) were examined by batch sorption 
experiments. Furthermore, sorption isotherms were fitted using non-linear models 
for better understanding of the sorption capacities of the materials. Ultimate analy-
sis data suggested high-temperature pyrolysis of MSW. Further, low values for both 
H/C and polarity index depict the strongly carbonized and highly aromatic structure 
in BC. Additionally, FTIR suggested a loss of labile, aliphatic compounds and func-
tional groups during pyrolysis and the formation of more recalcitrant, aromatic con-
stituents, whereas BET and SEM data revealed a well-developed porous structure 
and surface properties, which indicates MSW-BC to be a potential sorbent. Further, 
the reported total and bioavailable heavy metal content was low in MSW-BC; hence, 
it can be easily mixed with compost and used as a fertilizer. At the same time, 
MSW-BC will potentially be used to remediate heavy metals in the landfill leachate. 
Therefore, MSW-BC shows high potential to be used as a material to remediate 
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contaminants simultaneously that minimizes MSW volume. Thus, conversion of 
MSW to BC and chemical and thermal modification of MSW-BC would allow 
effective engineering to optimize their properties as a potential material in landfill 
covers and permeable reactive barriers and integrate in leachate treatment 
techniques.
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1  Introduction

Most of the developing countries utilize landfills as final disposal technique since 
landfills are considered as the simplest, cheapest and most cost-effective method 
of disposing of waste (Barrett and Lawlor 1995). However, the improper solid 
waste management (SWM) practices generate severe threats on the environment. 
Therefore, current interventions are aiming to use different technological applica-
tion to produce sustainable value-added products from waste. Pyrolysis can be 
considered as an alternative to the conventional SWM methods such as incinera-
tion, landfills, bioreactors, aerobic/anaerobic digestion, open-air burning and 
composting (Serio et  al. 2001), which can also produce value-added products 
from waste. Pyrolysis process has the capability to generate large number of com-
ponents such as char, tar (oil) and gas during the thermal degradation process 
(Fagbemi et al. 2001),while reducing the amount of solid waste present (Onyango 
2014; Malkow 2004). Literature revealed that the primary objective of the pyroly-
sis process is the transformation of waste biomass to physically and biologically 
stable components such as solids, liquids and gases (Roy 1988). The municipal 
solid waste biochar (MSW-BC) is such value- added product produced from MSW 
through pyrolysis process.

The temperature gradient, waste composition, catalyst involvement and activa-
tion agents are significant factors which influence physical and chemical properties 
of MSW-BC. Even though various pyrolysis methods are available, the slow pyroly-
sis is more effective for production of MSW-BC since the properties of MSW-BC 
that resulted from slow pyrolysis process are remarkable (Chen et al. 2014; Zornoza 
et al. 2016). The cellulosic portion of MSW tends to gain significant attention as an 
adsorbent (Bernardo et al. 2012; Sharypov et al. 2002). Thermo-gravimetric studies 
revealed that the properties of the final product are different based on the degrada-
tion pattern of different fibres (lignin, cellulose and hemicellulose), pyrolysis tem-
peratures and nature of the raw material (Yang et al. 2007; Zhou et al. 2013). The 
properties of BC are closely related to the waste composition and its conditions. If 
the waste bulk is rich with paper-like materials, the ash content of the BC can be 
high, whereas plastics and industrial wastes derived BC consist of both toxic 
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 compounds and ash (Van Zwieten et al. 2010; Enders et al. 2012). Therefore, the BC 
produced from industrial wastes, polythene and plastic like compounds will be rich 
with toxic gases and xenobiotic compounds (i.e., benzene derivatives, polycyclic 
aromatic compounds). The elemental composition of the lignocelluloses in the BC 
is the portion that contributes to the efficient sorption process (Venderbosch and 
Prins 2010).

Therefore, this study discusses the characteristics of BC, transformed from 
organic material of MSW in the Gohagoda landfill site, Kandy, Sri Lanka, to under-
stand the potential of waste to be reused and recycled and at the same time the 
potential determination for pollution remediation via a material for capping and 
leachate treatment.

2  Materials and Methodology

2.1  Biochar Production and Characterization

The segregated organic fraction of the MSW obtained from the dumpsite at 
Gohagoda, Kandy, Sri Lanka, has been used for producing MSW-BC. Pyrolysis was 
performed in batch reactor built in Gohagoda dumpsite under slow pyrolysis. The 
furnace temperature was controlled in 450 °C for pyrolysis reaction and the holding 
time was 30  min. Proximate, ultimate and heavy metal analysis was conducted 
(muffle furnace Nabertherm N17/HR, Germen, Vario MAX CN, elementar, 
Germany; Perkin elmer Optima 4300 DV ICP-OES, USA). At the same time, chem-
ical and physical characterization including pH, Electrical conductivity (EC), 
Cation exchange capacity (CEC), and point of zero charge (pHzpc) and surface 
characteristics based on BET, FTIR, etc. have been conducted for MSW-BC.

2.2  Case Studies

Humic acids (HAs) are dissolved organic compounds (DOCs), and toluene and ben-
zene are volatile organic compounds (VOCs) which cannot easily be removed by 
conventional landfill leachate treatment methods.

At first, the preselected amount of MSW-BC was added to each amber colour 
bottle. The solution pH was managed at the range of 2-9 by addition of either 0.1 M 
HCl or NaOH. Equilibrated concentration of each supernatant was passed through 
the 0.45 μm membranes. Then, samples were analysed for HA by using UV spec-
trophotometer (UV-160A Shimadzu) at 254 nm wavelength. For sorption experi-
ments, the dosage selected was 0.5 g/L.

Characteristics of Municipal Solid Waste Biochar: Its Potential to be Used…
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2.2.1  VOC Adsorption (Benzene and Toluene)

The batch sorption technique was employed for interaction identification on 
MSW-BC and VOCs. The sorbent dosages (1–10 g/L) were investigated and best 
suited 1 g/L combination was used for further analysis. For benzene and toluene as 
sorbate, different concentrations (30–300  μg/L) were investigated for isotherm 
experiments, whereas kinetics were evaluated at initial concentration of 50 μg/L for 
different time intervals (0.5, 1, 2, 4, 12, 18 and 24 h). Non-linear curve fitting was 
employed for mechanism determination. Quantitative analysis of benzene and tolu-
ene was performed using static headspace equipped gas chromatography-coupled 
mass spectrometer (Shimadzu GCMS 2010 ultra).

3  Results and Discussion

3.1  General Nature of MSW-BC

Table 1 shows the respective char yield and temperature programme of previous 
studies with MSW. The yield results can be supported to biomaterial composition 
where high amount of mass loss under the pyrolysis temperature of 450 °C. During 
pyrolysis process, the fixed-carbon content of MSW-BC is higher than that of sludge 
pyrolysis, and MSW shows effective char preparation (Chen et al. 2014). Similar 
characters of high amount of ash content readily available via pyrolysis in MSW as 
same as all other literature were observed due to processed biomaterials like paper 
waste. This ash composition helps to create alkaline nature that facilitate the metal 
removal ability of MSW-BC (Agrafioti et al. 2014).

3.2  Proximate Results

The thermal degradation resulted disappearances of functional groups which belong 
to cellulose and hemicelluloses and dehydrogenation of hydroxyl groups due to the 
higher temperature (Zhang et al. 2015). After the pyrolysis of fibres at high tempera-
ture, the results were 46.5% of high-degree fixed-carbon content and 15.6% of ash 
content (Sørum et al. 2001). The fixed carbon of 63% present indicates moderate 
pyrolysis temperature of MSW-BC which discloses the fixed aromatic formation 
during pyrolysis and helps to improve hydrophobicity and exhibit the organic 
adsorption (Jin et  al. 2014; Agarwal et  al. 2015). The present study shows 46% 
fixed-carbon content which depicts high-temperature pyrolysis which can easily be 
used for organic adsorption. Table 2 shows the proximate results of the MSW-BC 
from Gohagoda, Sri Lanka.
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3.3  Ultimate and Elemental Results

The analytical results for the MSW-BC are presented in Table 2. Ultimate analysis 
demonstrates low O/C molar ratio of the char and that corroborates the high tem-
perature resulted MSW-BC. Pyrolysis temperature on organic compound adsorp-
tion can be distinguished according to Bornemann et al. (2007), and it shows the 
high-temperature-derived BC favourable for organic compound adsorption. The 
value of (N + O)/C is closer to 0.2 and compatible on literature and may sorb con-
siderable amount of nutrients like sugars (Zai-ming et al. 2013). Even though, still 
retain a significant proportion of the polar surfaces in BC. Therefore, non- polar 
surfaces absorb weakly polar substances, whereas polar groups enrich polar adsorp-
tion. However, polar substances in MSW-BC are able to associate with the soil 

Table 1 Slow and fast pyrolysis of municipal solid waste and respective derived biochar with their 
product yield

Type of biomass Temperature/gradient Char yield % References

MSW 300 °C – 5 °C/min 65.6 Zornoza et al. 
(2016)400 °C – 5 °C/min 56.3

500 °C – 5 °C/min 47.7
700 °C – 5 °C/min 39.6

MSW 550 °C – 4 °C/min 18 ± 2.0a Velghe et al. 
(2011)

900 °C – 10 °C/min 15.86 He et al. (2010)
900 °C – 10 °C/min 14.92b

400 °C – 10 °C/min 49.8 Buah et al. 
(2007)700 °C – 10 °C/min 32.3

Separated (woody material, 
textile industry residues, 
cardboard)

350–700 – 10 °C/min 34–19 Phan et al. 
(2008)

MGW 500 °C – 1 °C/min 48.4 Kabir et al. 
(2015)

MSW 450 °C – NS 29.8c Yuan et al. 
(2015)

MSW 500 °C – NS 50 Ateş et al. (2013)
MSW 500 °C 63 Chen et al. 

(2014)600 °C 60
700 °C 58
800 °C 54
900 °C 53

MSW (organic fraction) 450 °C – 7 °C/min 36.1 (This study)

NS not specified, apyrolysis liquid (water rich/oil/wax), bunder the catalyst condition, MSW munic-
ipal solid waste, cas a torrefied coal, MGW municipal green waste
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colonization and microbial formation (Liu et al. 2015) and that helps to develop-
ment of effective cover material amendment with BC (Sadasivam and Reddy 2015; 
Liu et al. 2015).

The concentration of total and available heavy metal on the MSW-BC and total 
heavy metal in municipal solid waste and sewage sludge BC is represented in 
Table 2. Compared to the other MSW-BCs, the amount of heavy metal content is 
very low in the present MSW-BC (Jin et al. 2014; Chen et al. 2014; Liu et al. 2014a). 
Higher toxic As and Cd are not detected in MSW-BC, and that condition is favour-
able for field-level application. Therefore, potential utilization of MSW-BC as sor-
bent can be implemented without any constraint on the environment.

3.4  pH, Electrical Conductivity and Potentiometric Titration

The electrical conductivity and pH of the MSW-BC  are listed in Table 2. Higher 
pyrolytic temperature further implies the less functional groups specially in acidic 
groups such as carboxylic and phenolics. At the same time, increment of basic 
groups can be seen due to separation of alkali salts from organic fraction (Mukherjee 
et al. 2011). The pHzpc was found to be 6.7 for the MSW-BC. The pHzpc denotes 
where the MSW-BC pH is neutral. Beyond pH 6.7, the MSW-BC can be used for 
cationic sorption, while it suits for anion removal at high pH than 7. If the solution 
pH exceeds the pzc of char, the surface charge of the BC will be positive (Essandoh 
et al. 2015). Potentiometric titration window is shown in Fig. 1.

3.5  Surface Characterization

The surface properties of the BC are expressed in Table 3. Visualization of deep 
porous holes in MSW-BC became more prominent. The MSW-BC exhibits substan-
tial porous structure development as well as void establishment (Li et  al. 2015). 
MSW literature revealed that the higher surface is requirement for metal removal 
from MSW-BC which requires modification and activation. However, the present 
study exhibited higher surface area for MSW-BC without modification. Similar sur-
face area for the medium temperature-generated BC was observed for azo dye 
removal from cellulosic MSW study (Agarwal et al. 2015). There was significant 
improvement of BET surface area (108.47 m2g−1) for derived MSW-BC. The FTIR 
spectra (Fig. 2) illustrated the appearance of MSW-BC surface functional groups 
with the aromatic cycles indicating the ability of a material which can perform sur-
face complexation. Previous studies elaborated the involvement of surface func-
tional groups for cationic metal ion adsorption that is an important mechanism for 
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MSW-BC (Jin et al. 2014). The peaks at wave numbers 3442 and 1034 show the 
surface carbon structures; those structures consist of functional groups such as OH− 
and aromatic rings. Literature reveal that the MSW-BC have an ability to provide π 

Fig. 1 Potentiometric curves of MSW-BC surface charge against pH of the media (active range of 
pH 4–9)

Fig. 2 FTIR spectra of the MSW-BC
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electron and potentially bond heavy metals (Chen et al. 2014). Therefore, literature 
suggests the potential of MSW-BC in moderate temperature for adsorption of more 
organics due to carbonization as well as cations by functionality.

3.6  Case Studies

3.6.1  HA Adsorption

Although BC itself contributes to HA, still it has the potential of adsorbing more 
into its structure. Sorption capacities of the HA into BSW-BC were evaluated at 
different pHs, and it was observed that the adsorption was higher in acidic region 
while lower in alkaline region. The maximum sorption (40.36 mg/g) was observed 
at pH 5–6. Major functional groups in HA as carboxylic and phenolics may release 
the OH− at low pH facilitating hydrophobic adsorption with negatively charged 
MSW-BC surface. At high pH, these anionic species may dissociate and compete 
with aqueous OH− to occupy the active BC sites (Omri et al. 2014).

3.6.2  VOC Adsorption

For benzene and toluene, respectively, pH 9.0 and 8.3 were favourable for adsorp-
tion, whereas highest adsorption at 24  h reaction time on pH 9.0 and 8.3 was 
recorded as 85.4 and 87.0% (42.7, 43.5 μg/g), respectively, for benzene and toluene. 
Freundlich fitting could explain isotherm data with good accuracy for both benzene 
and toluene (R2 = 0.955, 0.988). Besides, recorded maximum adsorption capacity 
was about 218.2 and 257.7 μg/g for benzene and toluene. Hence, a heterogeneous 
process involved with physisorption between sorbate molecule in aqueous media 
and sorbent surface can be suggested as the benzene and toluene removal 
mechanism.

Table 3 Surface characteristics for MSW-BC

BET surface area 
(m2g−1)

Langmuir surface area 
(m2g−1)

Pore volume 
(Cm3g−1) Pore size (nm)

108.47 ± 0.04 212.95 ± 0.41 0.013 ± 0.008 13.057 ± 0.06
2.0a − 0.002a

29.1b − 0.039b −
25.4c − 0.05c 3.7c

a Li et al. (2015), b Jin et al. (2014), c Chen et al. (2014)

Characteristics of Municipal Solid Waste Biochar: Its Potential to be Used…



218

4  Conclusions

The segregated cellulose fraction from MSW is rather effective for production of 
BC.  Moreover, the MSW-BC properties seemed to be well fitted on pollution 
removal through different mechanisms such as ion exchange, complication and pre-
cipitation. Therefore, the production of BC from MSW through slow pyrolysis pro-
cess is a sustainable approach for landfill improvement due to the net benefit towards 
greener environment through pollution removal.

By the case studies and literature, possible conclusions can be made for MSW-BC 
as a potential sorbent for the removal of HA, dye, heavy metals, pesticides and 
BTEX like benzene and toluene from the contaminated water sources. However, 
more research should be undertaken to understand the change in the environmental 
conditions on the desorption of pollutants. Hence, the MSW-BC can be considered 
as a value-added material from MSW which has a wide range of applications for 
environmental remediation. At the same time, MSW can be recycled and reused to 
remediate its own pollutants while reducing the volume of waste by producing 
MSW-BC.
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