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The production of biochar from waste materials by pyrolysis can play a significant role in materialising the circular
economy. The application of biochar with positive impacts are attributed by the unique properties of biochar,
including its surface area, porous structure, functionality and adsorption capacity. The application of biochar
with higher stability and resistance due to higher fixed C content contributes to a better C sequestration in the
soil. The application of biochar with higher surface area and electrical conductivity is better for adsorption
whereas biochar rich with nutrient element is suitable for plant uptake and agricultural purposes. The properties
enabling such applications are found to have a varying degree of dependence on the feedstock composition
and pyrolysis temperature. The biochar has been conventionally produced from lignocellulosic-rich biomass.
There is increasing interest in the use of manure and food waste to produce biochar via pyrolysis. These wastes
differ significantly on their lignocellulosic content and mineral content, ash content and elemental content. This
difference could give rise to different biochar yield and providing varying properties. Different structural and
degradability of the organic pools could lead to different optimum processing condition and the properties of
biochar. In this review, the feedstock of interest is lignocellulosic biomass, food waste and manure where the
variation in their compositions may contribute to specific properties of the biochar, such as stability, polarity, pH,
cation exchange capacity, heating value, surface area and minerals content. The desired applications of
biochars include C sequestration, fuel, soil amendment, enhanced crop nutrient and adsorption for pollutant
remediation. This paper provides an overview for an optimal selection of the feedstock composition and the
properties of the biochar produced via pyrolysis, and their subsequent applications. Overall, it was found that
the applications as a soil amendment and adsorption material are the most commonly suited applications for
biochar derived from the three reviewed feedstock. Lignocellulosic biomass-derived biochar showed a more
significant advantage for C sequestration and as fuel, while manure- and food waste-derived biochar showed a
greater functionality in retaining soil nutrients and absorbing pollutants.

1. Introduction

Pyrolysis is a thermal conversion process under zero or limited supply oxygen at a temperature of 300-700 °C,
which transforms organic materials into various products including carbonaceous solid biochar, liquid bio-oil and
non-condensable gas. Biochar is of high interest as it can be used for C sequestration and for soil application
which leads to a circular economy as biomass is recycled for use. The release of the moisture, decomposition
of the volatile matter and changes of the C structure during pyrolysis produces biochar with the unique
physicochemical properties and functionality (Tan et al., 2017). These properties give rise to the capability of
biochar to be utilised for different applications, such as adsorption of heavy metals (Tang et al., 2020) and
herbicides (Yavari et al., 2017), crop improvement by pH buffering (Zhao et al., 2013) and nutrient retention
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(Parivar et al., 2020), refused derived fuel (RDF) (Lee et al., 2017a) and C sequestration in soil (Liew et al.,
2018). There are more than 55 potential uses of biochar in which the selection of the suitable final application
is dependent on the biochar properties such as its chemical composition, surface functional groups and textural
properties (Guizani et al., 2019).

The quality (properties) and quantity (yield) of the biochar are affected by the feedstock and the operating
parameters such as residence time, particle size, heating rate, temperature and more (Tripathi et al., 2016).
Different feedstocks produce biochar with different qualities and properties that are more suitable for certain
applications. The biochar derived from manure showed higher P and K content than straw-based biochar, thus
is preferable for supplying crops nutrients (Zhao et al., 2013). Yavari et al. (2017) showed that biochar derived
from empty fruit bunch (EFB) showed better adsorption for herbicides compared to straw-based biochar due to
its higher polarity and cation exchange capacity (CEC). The high lignin content favours char formation, and
cellulose favours tar formation (Tripathi et al., 2016) whereas high O favours liquid yield (Elkhalifa et al., 2019).
Food waste has a relatively lower lignocellulosic content (7.4 wt.%) as compared to the lignocellulosic biomass
like straw (73.8 wt.%) (Yong et al., 2015) and EFB (> 90 wt.%) (Lee et al., 2017b). In terms of volatile solids
(VS), food waste consists of 36 % VS of carbohydrates, 26 % VS of protein and 15 % VS of fats (Fisgativa et
al., 2016). The C in the lignocellulosic components are carbonised and transformed into aromatic and highly
polymerised structures which are relatively stable (Zhao et al., 2013). The thermal degradation of carbohydrates,
proteins and lipids can exhibit a different effect on the biochar properties than the lignocellulosic components
due to the stability, biodegradability and thermadegradability of different C pools and polymer structures.

In terms of process parameters, the pyrolysis temperature and residence time have been regarded as the most
critical parameters. Slow pyrolysis with a slower heating rate (0.1 - 10 °C/s) (Foong et al., 2020), lower
temperature (300 - 500 °C) and longer residence time (5 - 30 min) favours biochar yield (Elkhalifa et al., 2019)
due to the sufficient recondensation and repolymerisation of the released volatiles into biochar. The biochar
yield was 25 - 50 wt.%, 15 - 25 wt.% and 5 - 15 wt.% for slow pyrolysis, fast pyrolysis and flash pyrolysis based
on their process temperature, heating rate and residence time (Foong et al., 2020). The heating rate was
reported to have no clear significance on the composition of the produced biochar (Guizani et al., 2019). Liew
et al. (2018) observed that pyrolysis of oil palm biomass at higher microwave power (700 W) had lower char
yield (33 wt.%). Still, a higher heating value (26 MJ/kg) than at 500 W. Higher pyrolysis temperature gave rise
to a lower char yield but produce biochar with higher stability and resistance due to higher fixed C content (Zhao
et al., 2013). The higher C content in biochar (high-temperature pyrolysis) is related to applications such as tar
removal by adsorption on biochar, the stability of biochar on soil amendment and C sequestration for global
warming mitigation (Crombie et al., 2013).

The desired properties of the biochar that represents different functionalities can be more feedstock-dependent
or temperature-dependent. Most studies focus on the biochar properties under different process parameters
and single feedstock stream, such as lignocellulosic biomass (Tripathi et al., 2016), food waste (Elkhalifa et al.,
2019) and agricultural waste, including crops and animal manure (Wang and Wang, 2019). Tripathi et al. (2016)
focus on the biochar yield on different pyrolysis technologies and the effect of operating parameters. Elkhalifa
et al. (2019) reviewed on the pyrolysis of food waste to biochar and observed the effect of type of food waste
and process parameters on the yield and properties of the biochars produced. Wang and Wang (2018) reviewed
on the approaches to modify the biochar according to the environmental applications such as soil amendment,
composting and C sequestration. There is still limited studies on comparing the biochar properties prepared
from the three interested feedstocks (lignocellulosic biomass, food waste and manure) and their subsequent
suitability for different applications. More insight on the physiochemical variations in biochar is important to
maximise the specific function of the biochar (Zhao et al., 2013). This paper aims to review the properties of
biochar derived from lignocellulosic biomass, manure and food waste, with different composition and process
temperature, towards their optimal utilisation for the desired final applications. A matching diagram was
consolidated from the review on these feedstocks to the corresponding properties of the biochars and their final
applications.

2. Selection of feedstocks for the desired applications of biochar

The feedstocks of interest are lignocellulosic biomass, manure and food waste. Lignocellulosic feedstock,
including woody biomass and agricultural biomass, consists mainly 40 - 60 wt.% cellulose, 15 - 30 wt.%
hemicellulose and 10 - 25 wt.% lignin (Foong et al., 2020). Different proportions of these three components
determined the various elements, mainly C, H, O and N, which can affect the biochar properties (Zhu et al.,
2019). The main compositions of food waste are carbohydrates, proteins and lipid, which varies depending on
the type of food waste, such as bread, rice, fish waste, vegetable waste and mixed food waste.

Lee et al. (2017b) compared the pyrolysis of three types of oil palm biomass, namely palm kernel shell (PKS),
empty fruit bunch (EFB) and palm oil sludge (POS) at 500 °C. The solid residues (PKS and EFB) produced
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biochar with lower ash content (< 20 wt.%) and high heating value of 27.50 and 26.18 MJ/kg, which is doubled
of the sludge-derived biochar. The PKS- and EFB-derived biochar are suitable to be used as RDF due to a
heating value comparable to coal. The difference is attributed to the higher content of lignin, volatile matter, C
content and lower ash content of the solid residues than sludge. Fu et al. (2019) showed that food waste-derived
biochar exhibited relatively lower ash content of 1.98 - 55.05 wt.%, where carbohydrate- or protein-rich feedstock
such as cooked rice, bread crumbs and fish residue had an ash content lower than 10 wt.%.

The feedstock composition also influences the adsorption capacities of the produced biochar. Xue et al. (2019)
compared the efficiency for the adsorption of ammonia N from 7 types of food waste. Those with higher
lignocellulosic content and less ash content such as tea leaves, nut husks and fruit pericarp, showed a higher
surface area and a higher number of pores with a better adsorption capacity of ammonia N as compared to
starchy staples, meat and bone. Yavari et al. (2017) found that the adsorption of herbicides is more effective for
EFB-biochar than rice husk-biochar due to its higher polarity index of 0.42 and higher CEC of 83.9 cmolc/kg, as
indicated by the presence of more oxygenated functional groups such as the hydroxyl and carbonyl groups. Fu
et al. (2019) investigated the properties of biochar derived from food waste, including eggshell, fish residue,
breadcrumb, cooked rice and mixed food waste. The C content of biochar varied from 13 - 80 wt.% depending
on the type of food waste. One distinct characteristic is that all the biochar had a relatively lower surface area
of less than 2 m?/g, except for mixed food waste (17.7 m?/g) with the presence of lipid materials. Biochar from
pig manure had a surface area of 8.28 m?/g (Shen et al., 2020) where lignocellulosic biomass-derived biochar
had a range of larger surface area of 10 - 300 m?/g (Foong et al., 2020). The biochar of larger surface area and
pore volume of 25.17 m3/kg at 700 °C, along with higher pH, contribute to the immobilisation of heavy metal of
manure-based biochar (Shen et al., 2020).

Zhao et al. (2013) studied on 12 different feedstocks, including woody biomass, food waste, animal manure and
agricultural biomass, with a pyrolysis temperature of 200 - 650 °C. The biochar produced showed different
properties that are suitable for different final applications. Biochar derived from pig manure and wastewater
sludge are rich in P, K and minerals, with P ranging from 1.7 - 4.7 g/kg, K of 0.5 - 3.8 g/kg and an ash content
of greater than 50 wt.%, showing high agronomic value. Other feedstocks had P content of less than 2 g/kg but
grass- and wheat-based biochar had relatively higher K of 5.1 g/kg. The biochar derived from P and K rich
feedstock might also be suitable for C sequestration as soluble P resulted in crosslinking of C bonds during
pyrolysis (Zhao et al., 2014).

Parivar et al. (2020) compared the properties of biochar from sawdust, rice husk, food waste, poultry litter, and
paper sludge to be used for environmental and agricultural activities. The manure-biochar had the highest CEC
of 67.23 cmolc/kg, and food waste-biochar had the lowest with 6.69 cmolc/kg. Zhao et al. (2013) observed great
variation in the CEC, 41.7 - 562 cmolc/kg, following different feedstocks, with sawdust-biochar with the lowest
and peanut shell-biochar as the highest. Higher CEC indicates higher ability to adsorb nutrients and be able to
retain nutrient like K* and NHa4*, preventing nutrient leaching (Bera et al., 2017) and is suitable for soil and crop
amendment for agricultural applications. Tang et al. (2020) observed higher efficiency of biochar than compost
in reducing the availability of heavy metals but also reducing soil enzymatic activities. The immobilisation of the
heavy metals is attributed by the higher pH and CEC, larger surface area and porous structure of the biochar
(Jiaetal., 2017).

Biochar is well-known for its C sequestration and its beneficial effect for improving soil productivity. The suitability
for the use of biochar for this application is based on its fixed C content, molar H/C and O/C ratios that reflect
on its resistance and stability (Manya et al., 2018), and the C species retained in the biochar (Zhao et al., 2013).
During pyrolysis, 50 % of C is retained in biochar, whereas 10 % is mineralised when biochar is applied to soil
(Nan et al., 2020). The recalcitrance and stability of the biochar can be determined by its disintegration by
chemical oxidation and biological mineralisation (Nan et al., 2020). A higher temperature of greater than 300 °C
was observed to produce biochar with lower H/C ratio and lower O/C ratio due to the release of O and H and
the cracking of the residual biochar (Guizani et al., 2019). A lower H/C ratio indicates higher aromaticity for
higher resistance whereas lower O/C indicating lower polarity with lower adsorption (Xue et al., 2019) and lower
reactivity (Guizani et al., 2019). Liew et al. (2018) investigated the biochar from oil palm biomass using
microwave pyrolysis. At increasing microwave power, the C and fixed C of the biochar increased which gives
rise to its aromaticity, associated with low O content, contributes to a higher resistivity to chemical and microbial
action, thus suitable for C sequestration. Manya et al. (2018) investigated the C sequential of biochar from three
feedstocks, the corn stover, vine shoots and two-phase olive mill waste. The study observed that an increasing
peak temperature from 400 to 600 °C improved such potential. The improvement follows an increase in the
recalcitrance index with a decrease in H:C and O:C, and the stability is feedstock dependent. Biochar produced
at a higher temperature generally had higher pH for buffering capacity (Xue et al., 2019), higher surface area
and the number of pores and with higher aromaticity but lower polarity due to possible thermal disruption on the
surface functional group. Based on machine learning, the C char and the carbonisation degree increased with
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pyrolysis temperature and is dependent on the C in the feedstock (Zhu et al., 2019). Figure 1 presented the
observed properties of the biochar produced from different feedstocks for certain applications.

Final application Properties of desired biochar Selection of feedstock
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Figure 1: Biochar properties from the pyrolysis of feedstocks for different applications

Soil amendment and adsorption materials are more widely suited for biochar produced from the various
feedstock. The beneficial effect of soil amendment can be in the form of structural support in terms of C supply
and porosity, whereas adsorption can be of nutrient retention and pollutant removal. These are contributed by
the physical properties such as larger surface area and pore size, and the chemical properties such as CEC
and functional groups of the biochar. The textural parameters such as pore size, pore volume and surface area
increase with increasing processing temperature. Higher temperature improves the physical properties;
however, the functional group for adsorption capacity could be significantly disrupted at a temperature greater
than 400 °C (Fu et al., 2019). The effect of temperature might be more significant when food waste is used as
feedstock where lignocellulosic based biochar had shown higher surface area for adsorption capacity at a
processing temperature of 700 °C (Shen et al., 2020) or at a microwave power of 700 W (Liew et al., 2018). This
is due to the different type of C and their structural linkages between the lignocellulosic biomass and food waste.
However, Yavari et al. (2018) had pointed out that the adsorption capacity of herbicides was affected by the
functionality of the biochar produced at a lower temperature (300 °C) than the expanded surface area
contributed by higher temperature. Fu et al. (2019) suggested that high temperature is preferable to increase
the fixed C in food waste-derived biochar for higher stability, as food waste is rich in carbohydrate that is more
biodegradable in nature than lignocellulosic waste.

There is high interest to upgrade conventional biochar to value-added engineered activated biochar by either
using gasifying or chemical agents to intensify its porosity and adsorption capacity towards targeted substances
(Foong et al., 2020). Alkaline minerals have been used to improve C sequestration along with biochar
production. Nan et al. (2020) reported that Mg-doping for the pyrolysis of cow manure at 500 °C for 2 h exhibited
C stability with bulk C of 60 wt.% and surface C of 5.0 g CO2/ t soil, in addition to the formation of a physical
barrier against oxidation and mineralisation on the biochar surface. Biochar from pyrolysis has also been
increasingly used in coupling with other waste treatment technologies like anaerobic digestion and composting.
Biochar has been observed to increase CHa4 production (Zhang et al., 2020) during the anaerobic digestion of
food waste. Biochar was observed to significantly reduce the bioavailability of heavy metals, up to 90.3 % for
Cu, during chicken manure composting (Hao et al., 2019). Oldfield et al. (2019) compared the nutrient recovery
and C sequestration among compost, biochar and compost-biochar blend. The studies showed that compost
had higher nutrient retention, biochar with the lowest global warming potential impact and C recycling, whereas
compost-biochar blend showed high recycling for both nutrients and C. Further study is needed in determining
the optimal set of operating conditions for a given purpose and a given biomass feedstock (Manya et al., 2018),
with the association of the feedstock logistic and economic consideration (Oldfield et al., 2019). The
environmental performance of biochar also differs under different circumstances based on the countries GHG
intensity and GHG price (Fan et al., 2019).

The application of biochar to the soil is complicated. The biochar recalcitrance was determined by the processing
temperature, whereas the potential of total C sequestration is dependent on the feedstock (Zhao et al., 2013).
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The recalcitrance presents the stability of the biochar to contain the sequestrated C against microbial
mineralisation. Fan et al. (2020) investigated the effect of soil organic C changes and biochar application for a
comprehensive assessment framework of bioenergy C emission footprint. The C footprint is considerably related
to the value of the designated value of the global warming potential and the assumption of C neutrality of
bioenergy. Biochar can be engineered for GHG mitigation by adsorption of H2S, NOx and SOx (Foong et al.,
2020) but there are contradictory findings on such application when only biochar is used and when biochar is
applied on different soils (Meschewski et al., 2019). Meschewski et al. (2019) also pointed that the dissolved
organic C from biochar, rather than the fixed C, is a more influencing factor to GHG mitigation and the soil
microbial community as it can be mineralised by microbes. The high specific surface area, porous structure and
the adsorption capacity of biochar can exert a negative impact on soil enzymatic activities, including
dehydrogenase and catalyse, by limiting the substrate-enzyme interaction (Tang et al., 2020).

3. Conclusions

The properties of the biochar for certain application are determined by the feedstock composition and process
conditions. The application as a soil amendment and adsorption material is the most commonly suited
applications for biochar derived from any feedstock. Lignocellulosic biomass-derived biochar showed a greater
advantage for C sequestration and as RDF, whilst manure- and food waste-derived biochar showed greater
flexibility in retaining nutrients and absorbing targeted substances. The suitability of food waste-based biochar
is greatly dependent on the type of food waste used, and most are based on a single type of food waste. There
are fewer studies on the use of mixed food waste as a feedstock due to the heterogeneity and the wider range
of process temperature for efficient thermal degradation on the varying composition. The application of biochar
for GHG mitigation and soil improvement will require more insight into the interaction of biochar with different
soil types and soil microbial, and with the different C pools from the soil. A better understanding on the underlying
mechanisms can contribute to a better selection of feedstock and design of operating conditions to produce the
corresponding biochar with the desired properties for better utilisation and on the environmental impact
associated with the biochar application.
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