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Biochar is highly valuable in various applications due to its unique 
physicochemical properties such as high thermal efficiency, high surface 
area, surface functional groups, and crystal structure. The goal of this 
review is to establish a systematic strategy of biochar production for 
applications in various fields. First, the characteristics of biomass as 
feedstock for biochar production and their classification are discussed 
according to the types present in nature. Second, the technology for 
biochar production and the production yield are examined. In 
thermochemical conversion for biochar production, five major types of 
pyrolysis processes are suggested, and the production yield is evaluated 
according to pyrolysis parameters (feedstock pretreatment, operating 
temperature, heating rate, residence time, carrier gas). In addition, biochar 
production from pyrolysis of mixed feedstock has recently been 
suggested; thus, the evaluation of the production yield from co-pyrolysis is 
included. Finally, analytical techniques for biochar characterization are 
investigated and the application of biochar in various fields is considered, 
such as in adsorbents, energy storage devices, and catalysts. 
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INTRODUCTION 
 

Global warming, accelerated by the reckless use of fossil fuels after the industrial 

revolution, has led to various social and economic problems such as rising sea level, 

climate change, species extinction, and food insecurity. According to the International 

Panel on Climate Change (IPCC), global warming is significantly affected by intensive 

greenhouse gas emissions (GHGs), including carbon dioxide, into the atmosphere. The 

problem is expected to increase as the world's population grows to about 9 billion by 2050 

(Antar et al. 2021). Therefore, it is necessary to replace fossil fuels with renewable energy 

to prevent global warming. 

Biomass, which participates in the fast carbon cycle within the biosphere, has been 

described in many reports as a renewable energy source that can serve as an alternative to 

fossil fuels (Amiri et al. 2014). The term biomass (Greek bio meaning life + maza meaning 

mass) is referred to all organic matter derived from plants, animals, and microorganisms 

(Demirbas 2010). A biorefinery is a process that converts biomass to energy and other 

beneficial byproducts such as biochar. The International Biochar Initiative (IBI) defines 
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biochar as a solid material produced during oxygen-limited pyrolysis of biomass (Meyer 

et al. 2017). Biochar is utilized in a variety of industries due to its physicochemical 

properties such as high thermal efficiency, high surface area, surface functional groups, 

and crystalline structure. According to market report, the market size of biochar is expected 

to reach $3.14 billion by 2025 (Hersh et al. 2019). 

In order to apply biochar to various fields such as environment, energy, and fuel, it 

is important to characterize biomass as a feedstock and determine various pyrolysis 

parameters in the biochar production process (Fig. 1).  Conventional biomass contains food 

resources; thus, this review is focused on non-edible resources as feedstock for biochar 

production. Non-edible biomass can be classified into second, third, and fourth-generations 

according to its origin and characteristics (Yang et al. 2015b; Yoo and Kim 2021). The 

second-generation biomass is a plant composed of lignocellulose, and the third-generation 

includes energy crops, engineering plants, and algae. The fourth-generation biomass, 

which has recently begun to be classified, refers to organic wastes such as coffee grounds, 

fruit peels and sewage sludge. The pretreatment including drying, crushing, and sieving is 

carried out to prepare feedstock in the specific condition required for each process. Biochar 

is produced through the pyrolysis of the prepared feedstock that is controlled by various 

parameters. 

 

 
 

Fig. 1. Schematic diagram of biomass into biochar conversion process for various applications 

 

Pyrolysis is a well-established method for obtaining high value-added substances 

such as biochar, bio-oil, and syngas through the thermochemical conversion of biomass. 

Pyrolysis can be classified into various types such as torrefaction, hydrothermal 

carbonization (HTC), slow pyrolysis, fast pyrolysis, and flash carbonization with different 

reaction conditions depending on the target substance (Pandey et al. 2020). Slow pyrolysis 

is the most reported thermochemical conversion to obtain high-yield biochar as the main 

product. However, the disadvantage of slow pyrolysis is a long reaction time. In recent 

years, reports of torrefaction procedures that react at milder operating temperatures than 

conventional pyrolysis have been increasing, and the method of producing biochar from 

HTC using wet feedstock is also drawing attention.  

Various methods for using the produced biochar have been proposed in recent 

years. Physicochemical analysis of biochars identifies biochars that exhibit high and stable 

performance in their applications. Because specific surface area, surface functional groups, 

and mineral contents of biochar are various, physicochemical properties could be different 

according to feedstock and pyrolysis process. As analytical techniques to understand the 

physicochemical properties of biochar have become more advanced, the application of 

biochar as an adsorbent, energy storage material, and fuel production catalyst has been 

under considerable research and development. 
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In biochar research, most reports focus on the characterization and analysis of 

pyrolysis products based on optimization of process parameters at the laboratory level 

under their own conditions. In order to produce consistent yield and quality of the biochar, 

the whole process should be managed carefully. Figure 1 represents the process of biomass 

conversion into biochar for various applications. Understanding of feedstock is required to 

convert it into biochar of consistent quality and yield. This is because the pyrolytic product 

will be affected by the energy conversion efficiency of pyrolysis depending on the type of 

feedstock composed of various components having a different physicochemical property 

(Weldekidan et al. 2019). In addition, it is necessary to establish thermal decomposition 

conditions and control the entire process of biomass conversion.  

In this review, fundamental data (Table 1) are provided by the classification of 

biomass used as a feedstock for biochar production. Table 2 provides various pyrolysis 

methods for producing biochar, and the effects of feedstock pretreatment (crushing and 

drying). Pyrolysis conditions (operating temperature, heating rate, residence time, and 

carrier gas) on the production yield of biochar are examined in Table 3. Table 4 investigates 

the conversion of biochar through a recently proposed mixed feedstock. Finally, analytical 

techniques for identifying physicochemical properties of biochar are investigated, and the 

applications of biochar such as adsorbent, energy storage device, and catalyst, are 

summarized in Table 5. 

 

 

CLASSIFICATION OF BIOMASS AS FEEDSTOCK FOR BIOCHAR 
PRODUCTION 
 

Biomass is the generic term for all organic matter derived from animals and algae 

as well as plants such as shrubs, trees, and crops (Jacobsson and Johnson 2000). Since the 

types of biomass are diverse and their composition depends on their origin, systematic 

classification of biomass is required to utilize as a beneficial feedstock in thermochemical 

processes. In general, biomass has been classified into starch-based (grain), cellulosic 

(agricultural by-products), and protein-based (organic waste) resources according to the 

type. Depending on their origin, they have been classified as agricultural residues, forestry 

residues, animal residues, algae, and aquatic crops. Recently, wastes generated by human 

activities, such as food waste, construction waste, and sewage, also have been included in 

the biomass category (Yuan et al. 2019). 

In order to utilize biomass as a feedstock more efficiently, it has been classified into 

1st to 3rd generation based on major biotechnology (Dalena et al. 2019; Ibrahim et al. 2018; 

Naik et al. 2010; Tursi 2019). Recently, organic wastes derived from industry have 

attracted attention as fourth-generation biomass, which provides a way to prevent 

environmental pollution (Yang et al. 2015b; Yoo and Kim 2021). Thus in the present 

review, based on the classification of previous reports (considering both the major 

biotechnologies and biomass characteristics), biomass will be classified into first, second, 

third, and fourth-generation. First-generation biomass will be defined to include in food 

crops such as corn, potato, wheat, sorghum, sugarcane, and rice. The direct usage of edible 

biomass for energy purposes is recognized as a threat to food security, including rising 

grain or feed prices and resulting starvation for the marginalized. Therefore, its use as a 

feedstock for bioindustry should be avoided (Naik et al. 2010). The second-generation 

biomass feedstock is lignocellulose, which exists in nature as non-edible biomass. As a 

potential fuel source, lignocellulosic biomass can be an effective alternative to first-
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generation biomass because of its low cost and high abundance (Wang et al. 2021). Third-

generation biomass contains algae, a completely different generation of feedstock. Algae 

exists as aquatic biomass in nature (Chun et al. 2018). Macroalgae (blue, green, brown, 

red) and microalgae are representative forms. Unlike lignocellulosic biomass, algal strains 

have a different growth environment. Besides, it is proposed as an important feedstock for 

modifying global warming because it could produce renewable energy through the 

absorption of CO2 (Dalena et al. 2019; Ibrahim et al. 2018). The fourth-generation biomass 

is organic wastes, which includes organic resources not included in the first, second, and 

third generations. Unlike other generations, the fourth-generation biomass has the 

advantage that it does not require cultivation space to obtain the feedstock (Chun et al. 

2019; Yoo and Kim 2021). According to the standards, feedstock for biochar can be 

classified into first to fourth generations, and their compositions are shown in Table 1. 

The second-generation lignocellulosic biomass is a plant resource that is mainly 

composed of cellulose, hemicellulose, and lignin. Cellulose and hemicellulose are 

polysaccharides, but each has a unique composition and structure. Cellulose is an important 

structural component of the primary cell wall in plants, and is derived from D-glucose units, 

which are composed of long-chain linear via β(1, 4)-glycosidic bonds. Hemicellulose can 

comprise diverse sugar monomers such as xylose, arabinose, rhamnose, mannose, and 

galactose, and is a short-chain branched polymer with an amorphous structure. In addition, 

major forms of hemicellulose such as xylan, glucuronoxylan, arabinoxylan, glucomannan, 

and xyloglucan are well known. Lignin, an aromatic polymer, is a heterogeneous polymer 

derived from precursor lignols that crosslink in various ways. Hydrophobic lignin plays an 

important role in plants by covalently binding to hemicellulose. It interferes with the 

absorption of water into the cell wall, enabling the plant's vascular tissue to conduct water 

efficiently, and its other functions are known as mechanical strength and disease resistance 

(Gundekari et al. 2020). According to Sarip et al. (2016), lignocellulosic biomass, on 

average, contains 32 to 54% cellulose, 11 to 37% hemicellulose, and 17 to 32% lignin. 

Similar results were found in a report analyzing wood, leaves, grass, and straw classified 

as second-generation biomass. Wood’s (birch, pine, willow, spruce) chemical composition 

has been reported to be 40 to 46% cellulose, 20 to 23% hemicellulose, and 25 to 29% 

lignin. Platanus leaf, grasses, and straws were reported to have chemical compositions of 

18 to 49% cellulose, 8 to 35% hemicellulose, and 10 to 51% lignin  

The third-generation biomass, algae, is considered an ideal raw material for biochar 

production because it could produce a large amount of biomass per hectare. Algae is 

comprised of organisms, and unlike second-generation biomass, it has been reported to 

contain a large amount of protein and lipid (Bardhan et al. 2015). Algae can be largely 

divided into macroalgae and microalgae. The chemical composition of macroalgae 

(Saccharina japonica, Sargassum fusiforme, Undaria pinnatifida, Capsosiphon fulvescens, 

Spirulina, Gelidium amansii) has been reported as 2 to 69% cellulose, 0 to 65% 

hemicellulose, 0.5 to 30% ash, 1 to 58% protein, and 0.04 to 25% lipid. Microalgae 

(Chlorella vulgaris, Nannochloropsis gaditana, Chlorella pyrenoidosa, Haematococcus) 

was reported as 5 to 49% cellulose, 0 to 15% hemicellulose, 0 to 8% ash, 21 to 56% protein, 

and 5 to 23% lipid.  

The fourth-generation biomass is organic wastes derived from the bio-industries 

(Yoo and Kim 2021). Organic wastes from food processing residue (apple residue, soybean 

curd residue (SCR), instant noodle residue, potato peel residue) was reported as 5 to 84% 

cellulose, 0 to 34% hemicellulose, 0 to 24% lignin, 0 to 1% ash, 0 to 4% protein, and 0 to 

2% lipid. 
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Table 1. Composition of Feedstock for Biochar 
 

Classification Biomass 
Carbohydrates 

Protein Lipid Ash Others Reference 
C H L 

2nd Generation Birch (Betula pendula) 40  25    35 Wang et al. (2012) 

(Non-food, Wood, 
Straw) 

Pine (Softwood) 46 23 29    2 Prasad et al. (2007) 

 Salix (Hardwood) 42 22 25    11 
Prasetyo and Park 

(2013) 

 Spruce (Picea abies) 43  29    28 
Mohsenzadeh et al. 

(2012) 

 Platanus leaf 18 8 51    23 
Prasetyo and Park 

(2013) 
 Grasses 25 35 10    30 Prasad et al. (2007) 

 Sida acuta 42.7 19.1 10.4   8.4 19.4 
Siripong et al. 

(2018) 

 Sicyos angulatus 16.4 6.2 11.8   1.1 64.5 An et al. (2021) 
 Switch grass 35 31 18    16 Sundar et al. (2014) 
 Miscanthus 41.3 28.7 20.2   2.4 7.4 Yang et al. (2015a) 
 Canola straw 34 22 21    23 Yoo et al. (2017) 
 Barely straw 38 26 19    17 Murray et al. (2010) 
 Rapeseed straw 28 11 15    46 Wi et al. (2011) 

 Rice straw 41 27 12    20 
Abo-State et al. 

(2014) 
 Wheat straw 49 29 16    6 Amini et al. (2014) 
 Corn cobs 35 34 17    14 Eylen et al. (2011) 
 Corn stover 31 26 29    14 Eylen et al. (2011) 

3rd Generation Chlorella vulgaris 5 6  56 6 8 19 Park et al. (2016) 

(Algae) Nannochloropsis gaditana 7 5  56 5 6 21 Lee et al. (2019) 

 Chlorella pyrenoidosa 8 15  45 23 5 4 
Waghmare et al. 

(2016) 
 Haematococcus 49   21 22  8 Kim et al. (2015) 

 Tetraselmis suecica 22.4   48.7 8 17.5 3.4 Lee et al. (2021a) 
 Saccharina japonica 69   5 1 15 10 Hwang et al. (2014) 
 Sargassum fusiforme 3 46  8 25  18 Zhang et al. (2020) 
 Undaria pinnatifida 47   19 1 28 5 Choi et al. (2008) 
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 Capsosiphon fulvescens 2   1 0.04 1 95.96 Yang et al. (2005) 

 Spirulina (Arthrospira 
platensis) 

8   58 5 5 24 
Ahmadzadenia et 

al. (2011) 
 Gelidium amansii 1 65  20 0.2 13 0.8 

Do et al. (1997) 

 Gigartina tenella 6 36  27 0.9 29 1.1 
 Carpopeltis cornea 5 48  33 0.2 13 0.8 
 Plocamium ovicornis 26 25  30 0.2 18 0.8 
 Callophyllis adnata 3 40  26 0.2 30 0.8 
 Gracilaria verrucosa 16 23  34 0.6 14 12.4 
 Lomentaria hakodatensis 1 39  29 0.6 29 1.4 

 Gymnogongrus 
flabelliformis 

3 46  31 0.2 17 12.8 

 Chondrus pinnulatus 2 62  22 0.2 12 1.8 
 Actinotrichia fragilis 6 40  24 0.4 21 8.6 
 Gloiopeltis tenax 1 61  18 0.6 19 0.4 

 Campylaephora 
hypnaeoides 

1 55  31 0.5 11 1.5 

4th Generation 
Apple residue 49  24    27 Dhillon et al. (2011) 

Aronia juice residue 16 10      Lee et al. (2020) 

(Organic waste) 
Soybean curd residue 

(SCR) 
5 28  4 2 1 60 Li et al. (2013) 

 Instant noodle residue 84      16 Yang et al. (2014) 

 Potato peel residue 52 34     14 
Arapoglou et al. 

(2010) 
 Banana peel 30 10 16    44 Aurore et al. (2009) 
 Orange peel 25 17     58 Jang et al. (2021) 

 Grapefruit peel 49 30  6 4 4 7 
Hassan et al. 

(2017) 
 Lemon peel 48 21  8 3 5 15 Mhgub et al. (2018) 

 Newspapers 48 24 23    5 
Chu and Feng 

(2013) 

 Waste papers from 
chemical pulps 

65 15 8    12 
Prasetyo and Park 

(2013) 
 Oil palm trunks 39 33 19    9 Jung et al. (2011) 
 Empty fruit bunch (EFB) 50 32 9    9 Kim et al. (2018a) 

 11 33     56 Yoo et al. 
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Spent coffee grounds 
(SCG) 

(2015) 

9 23      Lee et al. (2021b) 

 Soybean shell 40 27 9 13  1 10 
Cassales et al. 

(2011) 
 Peanut shell 45 6 36 5 0.1 4 3.9 Sareena et al. 

(2013)  Coconut shell 27  29   1 43 
 Ginkgo nut shell 21 22 43   1 7 Jiang et al. (2018) 
 Walnut shell 21 28 30   1 20 

Queirós et al. 
(2019) 

 Almond shell 24 32 31   1 12 
 Pine nut shell 29 20 41   1 9 
 Chestnut shell 47 1 59   1  Lee et al. (2021c) 
 Acorn shell 24 17 25   5 29 Zhang et al. (2017) 
 Pumpkin seed shell 28   29 32 7 4 Devi et al. (2018) 
 Sunflower seed shell 26   13 11 3 47 Taha et al. (2012) 

Key: C=cellulose (or glucan); H=hemicellulose; L=lignin 
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In addition, fruit peel (banana peel, orange peel, grapefruit peel, lemon peel) was 

reported as 30 to 48% cellulose, 10 to 30% hemicellulose, 0 to 16% lignin, 0 to 1% ash, 4 

to 5% protein, and 6 to 8% lipid. The composition of organic wastes from industry 

(newspapers, waste papers from chemical pulps, oil palm trunks, empty fruit bunch (EFB), 

and spent coffee grounds (SCG)) is present at 12 to 65% cellulose, 15 to 39% 

hemicellulose, 8 to 24% lignin, 0 to 1% ash, 0 to 17% protein, and 0 to 2% lipid. The 

chemical composition of various shells from food processing (soybean shell, peanut shell, 

coconut shell, ginkgo nut shell, walnut shell, almond shell, pine nut shell, chestnut shell, 

acorn shell, pumpkin seed shell, sunflower seed shell) is 21 to 47% cellulose, 0 to 32% 

hemicellulose, 0 to 1% ash, 0 to 17% protein, and 0 to 2% lipid. 

Various biomass can be classified into first to fourth generations according to the 

characteristics and major biotechnologies. However, it was found that several feedstocks 

have not been analyzed in detail for their chemical composition. Further studies on biomass 

composition analysis should be performed on the basis of systematized criteria as feedstock 

for biochar production. 

 
 
BIOCHAR PRODUCTION  
 
Types of Pyrolysis Processes for Biochar Production 

Pyrolysis has been used to produce biochar for thousands of years through 

traditional earthen, brick, and steel kilns (Laird et al. 2009). The recent thermochemical 

technologies with different types of reactors for converting biomass into renewable 

products include torrefaction, hydrothermal carbonization (HTC), gasification, slow 

pyrolysis, flash pyrolysis, and fast pyrolysis (Garcia-Nunez et al. 2017). These modern 

pyrolysers are also designed to capture the volatiles for the production of bio-oil and syngas 

along with biochar. Achievements of higher yield and quality of target product are 

significantly dependent on operating parameters and the properties of the feedstock. 

Various thermochemical techniques operating with different reaction conditions (operating 

temperature, heating rate, residence time, and etc.) for biochar production are summarized 

in Table 2. 

 
Table 2. Operating Conditions on Different Types of Pyrolysis Process 
 

Process type Torrefaction 
Hydrothermal 
carbonization 

Slow 
pyrolysis 

Fast 
pyrolysis 

Flash 
pyrolysis 

Yield of solid product 
(%) 

60 to 85 40 to 70 10 to 90 10 to 25 20 to 30 

Operating temp. (˚C) 200 to 300 180 to 250 300 to 700 400 to 1000 
700 to 
1000 

Heating rate (˚C/s)   0.1 to 1 10 to 200 ≥1000 

Residence time 10 to 60 min hours to days 
minutes to 

days 
<30 min  ~ 1s 

Particle condition  wet state 5 to 50 mm <1 mm dust 

Ref. 
Ciolkosz and 

Wallace (2011) 
Zhang et al. 

(2019) 
Li et al. 
(2020) 

Li et al. 
(2020) 

Li et al. 
(2020) 
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Torrefaction  

Torrefaction, which is often referred to as roasting, is carried out under relatively 

mild conditions with an inert environment at atmospheric pressure and a temperature range 

of 200 to 300 °C. In general, the residence time in the reactor is less than 1 hour and the 

yield of solid product is about 60 to 85%. Under mild conditions, biomass releases a variety 

of volatile gases from the partially decomposed hemicellulose fraction, resulting in a large 

amount of solid product suitable for use of bio-coal (Gan et al. 2018). It is assumed that 

the earliest method originated from France in the 1930s for producing syngas. The 

torrefaction can be designed for either batch processing or continuous processing 

equipment, both of which are often performed in laboratory-scale studies. On the pilot-

scale, devices such as tray ovens and screw reactors are used. The study of thermochemical 

conversion of biomass through torrefaction is mainly aimed at the production of syngas or 

biochar (bio-coal) (Ciolkosz and Wallace 2011).  

 

Hydrothermal carbonization 

Hydrothermal carbonization (HTC) is especially used for treating biomass with 

high moisture content that is generally carried out in a temperature range of 180 to 250 °C 

under autogenous pressure for over a day. The solid product via HTC is referred to as 

hydrochar. It is obtained with a high yield of 40 to 70 wt%, depending on the reaction 

temperature, pressure, residence time, and water-to-biomass ratio (Yan et al. 2010). Since 

biomass containing moisture is directly used, HTC, which does not require pretreatment 

for drying, is attracting attention as an economical process compared to other pyrolysis 

methods. Water molecules act as acid catalysts without the addition of acid under a specific 

residence time and pressure in the HTC process. This method was firstly reported by 

Bergius in 1913 to convert cellulose into a coal-like material and is currently referred to as 

hot compressed water treatment, wet torrefaction, or hydrothermal treatment (Wang et al. 

2018). 

 

Slow pyrolysis 

In general, the aim of the slow pyrolysis process with a relatively low heating rate 

(0.1 to 1 °C/s) is the production of high-yield biochar (10 to 90%) from biomass. The 

reaction is usually carried out in an operating temperature range of 300 to 700 °C and a 

wide range of residence time (from several hours to days) (Li et al. 2019). In slow 

pyrolysis, relatively large sizes (~50 mm) of the feedstock can be used, and the process is 

not significantly dependent on the size of the feedstock. The feedstock is loaded into the 

reactor in an inert atmosphere from the beginning of the pyrolysis reaction. Recent studies 

on thermochemical conversion of biomass for various biochar applications have mainly 

been carried out with slow pyrolysis in fixed-bed reactors (Meyer et al. 2011). 

 

Fast pyrolysis 

The fast pyrolysis process is carried out at a temperature range of 450 to 600 °C 

with a relatively higher heating rate of 10 to 200 °C/s for a short residence time (<30 min). 

The main purpose of fast pyrolysis is to maximize the conversion of liquid products such 

as bio-oil and bio-oil-derived products, and the yield of biochar is relatively low, about 10 

to 20%. Fast pyrolysis requires the feedstock to be prepared in a size of 1 mm or less for 

efficient heat transfer during a short residence time, and the feedstock is loaded into the 

reactor after reaching the operating temperature. The process has been operated in various 
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types of reactors such as conical spouted bed, bubbling fluidized bed, circulating bed, 

rotating cone, and ablation reactor (Garcia-Nunez et al. 2017). 

 

Flash pyrolysis 

Flash carbonization is carried out with a heating rate of at least 1000 °C/s, which is 

the highest of the pyrolysis methods in the operating range of 700 to 1000 °C for a residence 

time of less than 30 min. The advantage of this reaction is a relatively short process time, 

but the production yield of biochar is about 20 to 30%. A dust-like feedstock is prepared 

to facilitate fluidization, leading to the effective thermochemical conversion of biomass. In 

this process, the feedstock is first loaded into a packed bed reactor and then a constant 

pressure of 1 to 2 bar is applied with air. The bottom of the pressurized reactor is heated 

by a flame, air flows downstream, and the flame rises up, heating the entire packed bed 

(Meyer et al. 2011). 

 

Biochar Production from Various Feedstock 
Biochar production technology is highly dependent on both the pyrolysis process 

and the characteristics of biomass. In general, pyrolysis has been performed at a high 

temperature with limited oxygen, but heating conditions such as operating temperature, 

heating rate, and residence time are inconstant. In particular, the nature of the feedstock is 

one of the important factors in biochar production because the components and contents 

are different according to the classification of biomass. The yields of biochar production 

under various pyrolysis conditions and feedstock are summarized in Table 3. 

Masek et al. (2013) performed the slow pyrolysis of pine wood chips (second-

generation) and softwood pellets (second-generation) which consists of cellulose, 

hemicellulose, and lignin to biochar at an operating temperature of 350, 450, and 550 °C 

under 0.5 L/min N2 flow rate during 1 h. The yield of biochar production based on 

pinewood chips was measured to be 42% (at 350 °C) and 31% (at 450 °C), respectively, 

which indicates a decrease in yield as the pyrolysis temperature was increased. This was 

attributed to the different properties of thermal decomposition of cellulose and 

hemicellulose.  

The yield of biochar production on pyrolysis at 550 °C is 30%, exhibiting an 

increase in pyrolysis temperature from 450 to 550 °C, did not significantly affect the 

biochar production in decrease. This is due to the high lignin portion in the feedstock, 

which is not sensitively responsive to the operating temperature of 450 and 550 °C. The 

yield of pinewood chips-derived biochar production according to temperature (350 to 550 

°C) is related to feedstock composition and the range of their decomposition temperatures. 

The thermal decomposition temperature and the identification of biomass composition are 

highly correlated with the yield of biochar.  Also, the yields of softwood pellets derived 

biochar in the pyrolysis temperatures range of 350 to 550 °C showed a similar trend as 

those of pine wood chips. Thermochemical conversion of second-generation biomass 

performed at 350 to 550 °C showed similar characteristics due to their composition of the 

feedstock. 

In order to understand the relationship between the pyrolysis temperature and 

biochar production, several studies have been conducted for biochar production over a wide 

range of temperatures (200 to 900 °C). Selvarajoo and Oochit (2020) performed various 

tests at operating temperature in a range of 300 °C, 500 °C, 700 °C, and 900 °C to produce 

palm fiber (second-generation) derived biochar with an N2 flow rate of 0.03 L/min during 

2 h. Biochar production was 54% at 300 °C of pyrolysis temperature. After a temperature 
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(about 500 °C) of lignin decomposition, biochar yield was measured as 29% (at 500 °C), 

28% (at 700 °C), and 26% (at 900 °C), resulting in a significant decrease in production at 

elevating pyrolysis temperature. This is attributed to the fact that the yield of biochars 

significantly decreased after the temperature at which lignin degradation occurs. Operating 

temperature, which is responsive to thermal degradation of lignin, influences the biochar 

production from thermochemical conversion of second-generation biomass. Jung et al. 

(2016) produced marine macroalage (third-generation) based biochar pyrolyzed with 

operating temperatures from 200 °C to 800 °C under an N2 atmosphere. Four different 

biochar yields were 78%, 63%, 37%, and 27% at pyrolysis temperatures of 200 °C, 400 

°C, 600 °C, and 800 °C, respectively. As the temperature was increased, thermal 

degradation of cellulose and hemicellulose occurred in algal biomass, and the biochar yield 

was significantly decreased. Especially in the third-generation of biomass, which does not 

contain lignin, the decrease of biochar yield over 500 °C is caused by the complete removal 

of volatile substances during the pyrolysis process. Therefore, it was observed that the 

biochar yield between pyrolysis at 400 °C and pyrolysis at 600 °C was significantly 

reduced by 25.7%, which is a higher gap than that of a temperature range of 600 to 800 °C.  
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Table 3. Summary of Feedstock and Pyrolysis Conditions for Biochar Production 
 

Feedstock 
Pretreatme

nt 
Pyrolysis. 

type 
Pyrolysis conditions Biochar yield (%) Ref. 

Sewage sludge 

Dried in 
oven at 

105 ˚C for 
24 h, 

sieved 
under 100 

mesh 

Slow 
pyrolysis 

Operating 
temperature: 300 to 

700 ˚C 

Heating rate: 20 

˚C/min 

Atmosphere: N2 at 
flow rate of 0.2 L/min 

92 (300 ˚C) to 54 

(700 ˚C) 

Huang 
et al. 

(2017) 

Vegetable waste 
Dried in 

air-blowing 
oven at 50 

˚C, sieved 

under 2 
mm 

Slow 
pyrolysis 

Operating 

temperature: 200 ˚C 

or 500 ˚C 

Heating rate: 7 

˚C/min Residence 

time: 2 h 
Atmosphere: N2 

75 (200 ˚C), 29 

(500 ˚C) 
Yang et 

al. 
(2019) 

Pine cones 
79 (200 ˚C), 33 

(500 ˚C) 

Sewage sludge 

Dried 
under 

ambient 
conditions 
for 2 days, 

sieved 
under 2 

mm 

Slow 
pyrolysis 

Operating 
temperature: 500 to 

700 ˚C 

Heating rate: 10 

˚C/min 

Residence time: 3 h 
Atmosphere: N2 

51 (500 ˚C), 46 

(600 ˚C), 44 (700 

˚C) Koriczak 
et al. 

(2019) 

Willow Atmosphere: CO2 

48 (500 ˚C), 43 

(600 ˚C), 40 (700 

˚C) 

Wheat straw 

Dried in 
oven at 

105 ˚C for 

24 h, 
sieved 

under 0.25 
mm 

Fast 
pyrolysis 

Operating 
temperature: 500 to 

900 ˚C 

Atmosphere: N2 gas 
at rate of 0.5 L/min 

< 20 (500 to 900 

˚C) 

Deng et 
al. 

(2017) 

Pine wood chips 
Dried in 
oven at 

105 ˚C for 

48 h, 

Slow 
pyrolysis 

Operating 
temperature: 350 to 

550 ˚C 

Heating rate: 8 

˚C/min Residence 

time: 1 h 
Atmosphere: N2 at 
rate of 0.33 L/min 

pine: 42 (350 ˚C), 

31 (450 ˚C), 30 

(550 ˚C) Masek 
et al. 

(2013) 
Softwood pellets 

Softwood pellet: 

39 (350 ˚C), 32 

(450 ˚C), 29 (550 

˚C) 

Palm fiber 

Dried 
under 

ambient 
conditions, 

sieved 
under 2 

mm 

Slow 
pyrolysis 

Operating 
temperature: 300 to 

900 ˚C 

Heating rate: 5 

˚C/min Residence 

time: 2 h 
Atmosphere: N2 at 
rate of 0.03 L/min 

54 (300 ˚C), 29 

(500 ˚C), 28 (700 

˚C), 26 (900 ˚C) 

Selvaraj
oo and 
Oochit 
(2020) 

Wheat straw 

Middle part 
was 

collected, 
Dried 

Slow 
pyrolysis 

Operating 
temperature: 300 to 

600 ˚C 

Wheat straw:  

69 (300 ˚C) to  

33 (600 ˚C) 

He et al. 
(2018) 
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Rice straw 

according 
to ASTM 
31757-01 

sieved 
under 0.9 

mm 

Heating rate: 10 

˚C/min 

Residence time: 0.5 
h 

Atmosphere: N2 

Rice straw:  

74 (300 ˚C) to  

35 (600 ˚C) 

Corn stover 

Corn stover:  

62 (300 ˚C) to 3 

5 (600 ˚C) 

Rape stalk 

Rape stalk:  

68 (300 ˚C) to  

32 (600 ˚C) 

Cotton stalk 

Cotton stalk:  

72 (300 ˚C) to 

35 (600 ˚C) 

Pruned apple 
tree branches 

Collected 
between 
1.40 & 

2.38 mm 

Slow 
pyrolysis 

Condition 1) 300 to 

550 ˚C, heating rate 

of 2 ˚C/min, 

residence time 2 h, 
under N2 

47 (300 ˚C) to  

34 (450 ˚C) to  

32 (550 ˚C) 

Yang et 
al. 

(2020) 

Condition 2) 500 ˚C, 

heating rate of 1-6 

˚C/min, residence 

time 2 h, under N2 

34 (1 ˚C/min) to  

31 (6 ˚C/min) 

Condition 3) 500 ˚C, 

heating rate of 4 

˚C/min, residence 

time 0.5-3 h, under 
N2 

32 (0.5 h) to  
32 (2 h) to  
31 (3 h) to  

31 (6 h) 

Azolla 

 Slow 
pyrolysis 

Operating 
temperature: 300-450 

˚C 

Heating rate: 20 

˚C/min 

Residence time: 1 h 
Atmosphere: N2 at 
flow rate of 0.05 

L/min 

Azolla:  

41 (300 ˚C) to  

34 (450 ˚C) 

Biswas 
et al. 

(2017) 

Sargassum 
tenerrimum 

Sargassum 
tenerrimum:  

37 (300 ˚C) to 

33 (450 ˚C) 

Water hyacinth 

Water hyacinth: 

48 (300 ˚C) to 

36 (450 ˚C) 

Bacterial 
biomass waste 
of Escherichia 

coli 

Dried in an 
oven at 60 

˚C for 2 

days 

Slow 
pyrolysis 

Operating 

temperature: 600 ˚C 

Heating rate: 40 

˚C/min 

Residence time: 2-4 
h Atmosphere: N2 at 
flow rate of 5 L/min 

19 (2 h) to 5 (4 h) 
Kim et 

al. 
(2018b) 

Pine nut shell 
Sieved 

under 10 
mm 

 

Operating 
temperature: 400 to 

700 ˚C 

Residence time: 20 
min 

Atmosphere: N2 at 
flow rate of 0.08 

L/min 

41 (400 ˚C) to 

28 (700 ˚C) 

Qin et 
al. 

(2020) 
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Rice husk 

Collected 
particle 

size of 2.5 
mm in with 
and 10 mm 

in length 

Slow 
pyrolysis 

Operating 
temperature: 300, 

400, and 500 ˚C 

Heating rate: 5, 10, 

and 20 ˚C/min 

Residence time: 
1 ,1.5, and 2 h 

Loading biomass 
volume: 125, 250, 

and 500 g 

37  (300 ˚C, 20 

˚C/min, 2 h, 500 

g) 

Vieira et 
al. 

(2020) 

Chlorella 
vulgaris 

Air-dried 
under 

ambient 
condition 

Slow 
pyrolysis 

Operating 

temperature: 350 ˚C, 

Heating rate: 10 

˚C/min 

Residence time: 1 h 
Atmosphere: N2 at 

flow rate of 0.5 L/min 

Chlorella vulgaris: 
34 

Binda et 
al. 

(2020) 

Spirulina sp. Spirulina sp.: 36 

Nannochloropsis 
sp. 

Nannochloropsis 
sp.: 41 

Nutshell Nutshell: 34 

Orange bagasse 

Sun-dried 
for 7 days 
and dried 
in oven at 

100 ˚C for 

4 h, sieved 
under 

0.425 mm 

Slow 
pyrolysis 

Operating 
temperature 350 to 

600 ˚C 

Heating rate: 25 to 

100 ˚C/min 

Residence time: 0.5 
h 

Atmosphere: N2 at 
flow rate of 0.1-0.5 

L/min 

35.53 (525 ˚C, 75 

˚C/min, 0.5 h, 0.2 

L/min) 

Bhattac
harjee 
et al. 

(2019) 

Sugarcane 
bagasse Dried in an 

oven at 

110 ˚C for 

24 h 

Slow 
pyrolysis 

Operating 

temperature: 550 ˚C 

Heating rate: 7 

˚C/min, Residence 

time: 40 min 
Atmosphere: N2 

Sugarcane 
bagasse: 31 Allen 

and 
Downie 
(2020) 

Pinus radiata 
woodchips 

Pinus radiata 
woodchips: 40 

Raw vinasses Raw vinasses: 49 

Masson pine 
wood 

Air-dried, 
sieved 

under 40 
mesh 

Slow 
pyrolysis 

Operating 

temperature: 350 ˚C 

or 500 ˚C 

Heating rate: 5 

˚C/min, Residence 

time: 2 h 
Atmosphere: N2 

Masson pine 
wood: 44 (350 

˚C), 31 (550 ˚C) 

Yang et 
al. 

(2017) 

Chinese fir wood 

Chinese fir wood: 

43 (350 ˚C),  

30 (550 ˚C) 

Chinese fir bark 

Chinese fir bark: 

48 (350 ˚C),  

38 (550 ˚C) 

Bamboo leaves 

Bamboo leaves: 

48 (350 ˚C),  

36 (550 ˚C) 

Bamboo 
sawdust 

Bamboo sawdust: 

55 (350 ˚C), 29 

(500 ˚C) 

Miscanthus 

Miscanthus:  

51 (350 ˚C),  

32 (550 ˚C) 

Pecan shells 

Pecan shells:  

48 (350 ˚C),  

38 (550 ˚C) 
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Rice straw 

Rice straw: 42 

(350 ˚C), 38 (550 

˚C) 

Sorghum 
bagasse 

Dried 
under 

ambient 
condition 
for 12 h, 
sieved 
under 5 

mm 

Slow 
pyrolysis 

Operating 
temperature: 350 to 

550 ˚C 

Heating rate: 

25˚C/min Residence 

time: 1 h 
Atmosphere: N2 at 

flow rate of 0.1 L/min 

42 (350 ˚C) to 

30 (550 ˚C) 

Naik et 
al. 

(2017) 

Spent 
mushroom 
substrate 

Dried in 
oven at 

105 ˚C for 

24 h, 
sieved 

under 2.8 
mm 

Slow 
pyrolysis 

Operating 

temperature: 500 ˚C 

Heating rate: 10 

˚C/min 

Residence time: 1 h 
Atmosphere: N2 at 

flow rate of 0.2 L/min 

Mushroom 
substrate: 28 

Sewu et 
al. 

(2017) 
seaweed 

Saccharina 
japonica 

Seaweed: 27 

Brown 
macroalgae 
(Laminaria 
japonica) 

Dried in 
oven at 60 

˚C for 24 h, 

sieved 
under 1.0 

mm 

Slow 
pyrolysis 

Operating 
temperature: 200 to 

800 ˚C 

Heating rate: 7 

˚C/min Residence 

time: 1 h 
Atmosphere: N2 at 
flow rate of 0.025 

L/min 

78 (200 ˚C),  

64 (400 ˚C),  

37 (600 ˚C),  

27 (800 ˚C) 

Jung et 
al. 

(2016) 

Pitch pine (Pinus 
rigida) wood 

chips 

Air-dried, 
sieved 

under 0.4 
mm 

Fast 
pyrolysis 

Operating 
temperature: 300 to 

500 ˚C 

Residence time: 2 s 
Atmosphere: N2 

60 (300 ˚C),  

33 (400 ˚C),  

14 (500 ˚C) 

Kim et 
al. 

(2012) 

Coconut husk 
Air-dried, 
sliced into 
small sizes 

Slow 
pyrolysis 

Operating 
temperature: 400 to 

1000 ˚C 

Heating rate: 5-15 

˚C/min 

Residence time: 2 h 
Atmosphere: N2 

43 (400 ˚C),  

36 (600 ˚C),  

34 (800 ˚C),  

31 (1000 ˚C) 

Suman 
and 

Gautam 
(2017) 

Sunflower seed 
shells Sieved 

under 20 
mesh 

Fast 
pyrolysis 

Operating 

temperature: 280 ˚C, 

350 ˚C 

Residence time: < 
0.5 s 

Sunflower seed 

shells: 29 (280 ˚C) Silva et 
al. 

(2020) Peanut shells 

Peanut shells:  

32 (280 ˚C),  

20 (350 ˚C) 

 
A yield of biochar from the third-generation biomass was also significantly affected 

by a temperature around 500 °C, which is similar to the pyrolytic phenomenon of second-

generation biomass, because volatile matter was removed during the pyrolysis. The 

correlation between the production and operating temperature of the second and third-

generation biomass-derived biochar was also observed in the 2 h pyrolysis of coconut husk 

(fourth-generation) biomass. Suman and Gautam (2017) investigated the pyrolysis effect 

of 400 to 1000 °C on coconut shell biochar during 2 h residence time under an inert 

atmosphere. The biochar yield appeared to be 43% (400 °C), 36% (600 °C), 34% (800 °C), 
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and 27% (1000 °C), exhibiting a significant decrease in the temperature range of 400 to 

600 °C. It is considered that the decomposition of lignin that occurred at about 500 °C 

affected the reduction of biochar yield. Biochar yield was significantly influenced by the 

operating temperature around 500 °C, which corresponds to lignin decomposition or 

elimination of volatile matters in second, third, and fourth-generation biomass. 

The yield of biochar varies depending on the pyrolysis conditions and feedstock 

pretreatment, even in cases where the same feedstock or the same generation is used. He 

et al. (2018) compared the biochar yield of pyrolysis at 300 to 600 C from various 

feedstocks (second-generation) of wheat straw, rice straw, corn straw, rape stalk, cotton 

stalk sieved to under 0.9 mm. At an operating temperature of 300 C, the yield of rice 

straw-derived biochar exhibited the highest value of 74% compared to 69% of wheat straw, 

62% of corn stover, 68% of rape stalk, and 72% of cotton stalk. The various yields of 

second-generation biomass-derived biochar were observed in the same pyrolysis condition 

and pretreatment. Yang et al. (2017) reported a low yield (32%) of rice straw-derived 

biochar, which was obtained from pyrolysis at 350 C with a rice straw sieved under 0.42 

mm. According to the above two studies, despite the same feedstock (rice straw), there was 

a difference in yield of about 32%, which can be attributed to different pyrolysis conditions. 

It is also suggested that control of biochar production may be highly dependent on the 

feedstock pretreatment such as mechanical treatment (crushing and sieving) for particle 

size. Furthermore, since the composition of feedstock differs depending on the part used, 

such as roots, bark, shells, stems, fruits, etc., the yield of biochar varies despite the use of 

one plant. A precise collection of feedstock is required to ensure biochar quality because a 

biochar yield of Chinese fir wood was 43%, and that of Chinese fir bark was 48% at the 

same pyrolysis temperature of 350 C.  

Algal biomass as the third-generation biomass is divided into its origins from fresh 

and seawater types, which contain different ash contents in the feedstock. Therefore, 

composition analysis before the thermochemical conversion process is required. Binda et 

al. (2020) compared the yield of biochar produced from algal in freshwater and seawater 

pyrolyzed at 350 C for 1 h. The yield of biochars was 34% from Chlorella vulgaris 

(freshwater) and 36% from Spirulina sp. (freshwater), and 41% from Nannochlorpsis sp. 

(seawater). It was observed that the highest yield of biochar from seawater algal biomass 

was due to the high concentration of ash (sodium and potassium), depending on its nature. 

In addition, different pyrolysis types for biochar production from algal biomass were 

investigated. Silva et al. (2020) produced biochar with 43% yield by fast pyrolysis 

(residence time: 1 min) of Spirulina (blue green micro-algae grown in alkaline water) at 

280 C. A yield of biochar from fast pyrolysis (43%) was obtained more than that of slow 

pyrolysis (36%). Biochar yield was also affected by pyrolysis type despite the same 

feedstock.  

Most of all, it is important to determine the various pyrolysis parameters (heating 

rate, residence time, gas flow rate, etc.) in the biochar production. Yang et al. (2020) 

investigated the effect of heating rate on biochar production of pruned apple tree branches 

at a pyrolysis temperature of 500 C. The biochar yield decreased from 34% at 1 C/min 

to 31% at 6 C/min, assuming that a heating rate is not critical. In addition, similar yields 

of biochar were produced with different residence time (32% at 0.5 h, 32% at 2 h, 31% at 

3 h, 31% at 6 h). It is estimated that the production of biochar may be sufficiently obtained 

by relatively low energy consumption (slow heating rate and short residence time). 

Bhattacharjee and Biswas (2019) experimentally investigated the biochar production 
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derived from the pyrolysis of orange bagasse (screened at 425 µm) based on several 

parameters about the effect of heating rate (25 to 100 °C/min), operating temperature (350 

to 600 °C), and N2 gas flow (0.1 to 0.5 L/min). Consequently, the highest yield of biochar 

was obtained at a heating rate of 25 °C/min, pyrolysis temperature of 350 C, and slow 

nitrogen flow rate. In order to expect optimum pyrolysis condition for biochar yield, recent 

studies adapted the Taguchi method (Vieira et al. 2020). The study evaluated four 

parameters influencing biochar yield produced from rice husk biomass. The parameters 

were the heating temperature (5, 10, 20 °C/min), operating temperature (300, 400, 500 °C), 

residence time (3600, 5400, 7200 s), and input mass (125, 250, and 500 g). The maximum 

biochar production was 37% under following conditions: 20 °C/min, 300 °C, 5400 s, and 

500 g of biomass.  

The investigation of potential feedstock for biochar production has been carried out 

in various fields. For example, Kim et al. (2018) developed the biochar pyrolyzed at 600 

C that originated from phosphorus-rich Escherichia coli-based fermentation waste used 

for the monosodium glutamate production. The yield of biochar pyrolyzed by 2 h, which 

ranged from 12 to 18%, was the highest among three different residence time (2 h, 3 h, and 

4 h) conditions. The amount of produced biochar from dried-state feedstock was ca. 8% 

higher than that from wet-state. Although the water content of wet-state biomass was 

removed at heating about 120 C during the pyrolysis process, biochar yield was influenced 

by the moisture content of feedstock.   

Biochar production is significantly affected by the composition of the feedstock 

causing various phenomena of thermal decomposition. In particular, the yield of biochar 

from second, third, and fourth-generation biomass was critical at an operating temperature 

of 500 C. Recently, several studies have focused on an effective design to produce biochar, 

such as the Taguchi method. In order to produce the constant quality and yield of biochar, 

various pyrolysis parameters should be investigated. 

 
Biochar Production from Mixed Feedstock 

In biochar production, the feedstock is one of the important economic factors, and 

the process cost is significantly affected by seasonal security and transportation costs by 

region. In order to solve this problem, a strategy has been suggested to perform thermal 

decomposition by mixing feedstock that is easy to supply and inexpensive. However, since 

the heterogeneous raw materials have significant effect on the quality control of the 

product, it is very important to understand the relationship between the operating 

conditions of co-pyrolysis and the results (biochar yield and quality, etc.). For example, 

Masek et al. (2013) carried out co-pyrolysis of mixed larch and spruce chips for the 

feedstock to make biochar at 350 and 500 C with the use of N2 gas for a residence time of 

60 min. The yield of biochar was decreased by 42 to 29% with increasing operating 

temperatures. Each biomass component has a different thermal decomposition 

temperature, which is known to be 300 to 400 C for cellulose and more than 400 C for 

lignin (Chun et al. 2019). When the total ratio of cellulose and lignin in the mixed feedstock 

and the ratio of a single feedstock are similar under the same pyrolysis conditions, the 

biochar yield was found to follow a similar trend. In addition, Yang et al. (2019) prepared 

the feedstock mixed with vegetable waste and pine cone (1:1, w/w) for biochar production 

via co-pyrolysis at the temperatures of 200 and 500 C for 2 h. The reduction of the biochar 

yields derived from the mixed feedstock was 79% (at 200 C) to 33% (at 500 C). Sewu et 

al. (2017) co-pyrolyzed the mixed feedstock that is consisting of Saccharina japonica (10 
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wt%) and a spent mushroom substrate (90 wt%) at a temperature of 500 C with a heating 

rate of 10 C/min under a nitrogen atmosphere, producing a 28% yield of biochar. 

Reduction of biochar production with increasing operating temperature was also observed 

in the co-pyrolysis of mixed-feedstock owing to the composition of biomass. In the 

relationship between feedstock and biochar production, as mentioned in Table 3, the ash 

content of feedstock is a factor that greatly influences increasing the yield of the solid 

product. Ash content not only increases biochar yield but also has a positive effect on 

applications (Tumuluru et al. 2011). These substances in biochar may provide biological 

or physical advantages when using soil remediation and become effective components of 

electrode materials for electron transfer (Lee et al. 2018). For example, sewage sludge with 

high ash content (22-35% of feedstock) that is continuously increasing in quantity may be 

a promising feedstock for high biochar production (Leng et al. 2018; Prajitno et al. 2018; 

Mujahid et al. 2020). In addition, it has been reported that the ash content of the feedstock 

serves as a catalyst in the formation of char during pyrolysis (Nowakowski et al. 2007). 

Therefore, many studies have attempted to produce biochar by inducing different 

thermochemical reactions (dehydration, decarboxylation, cracking, polymerization) 

through co-pyrolysis mixed with other biomass compared to single pyrolysis. For example, 

Huang et al. (2017) produced co-pyrolyzed biochar prepared by mixing rice straw or 

sawdust with sewage sludge and compared it with single sewage sludge derived biochar 

production. Biochar production was carried out by pyrolyzing a mixed feedstock consisting 

of sewage sludge and sawdust in a 1:1 mass ratio. Yields decreased with increasing 

temperature, as follows: 93% (300 C), 69% (400 C), 54% (500 C), 49% (600 C), and 

46% (700 C). In addition, the production of feedstock mixed with sewage sludge and rice 

straw decreased from 88% to 45% in the temperature range of 300 to 700 C. It was 

observed that the yield of biochar from co-pyrolysis was a little more reduced compared to 

that of single sewage biochar (88%, 72%, 66%, 61%, and 55%) due to the low ash content 

of the added feedstock (rice straw and sawdust; second-generation). Jin et al. (2017) 

compared the yield of biochar derived from single sewage sludge and sewage sludge added 

with bamboo sawdust (1:1, w/w) produced through pyrolysis from 400 to 600 C for 1 h 

under a nitrogen atmosphere. The yields of sewage sludge biochar was reduced slightly 

from 60%, 57%, and 53% with increasing pyrolysis temperature because of its high ash 

contents in the feedstock. However, the addition of bamboo sawdust, mainly consisting of 

carbohydrates decomposed during the operating temperatures of 400 to 600 C, resulted in 

the reduction of biochar yields compared to that of single sewage sludge. Sewage sludge-

derived biochar production through co-pyrolysis with feedstock having low ash content 

influenced the yield. Furthermore, there has been biochar research based on different 

feedstock mixed at various weight ratios with sewage sludge. Wang et al. (2019) prepared 

biochar by co-pyrolysis of sewage sludge and cotton stalks with different mixing ratios 

(cotton stalks/sewage sludge, w/w; from 1:9 to 9:1) under nitrogen atmosphere at an 

operating temperature of 650 C for 2 h. The biochar yields decreased from 57% (1:9, w/w) 

to 32% (9:1, w/w), which shows that biochar production is highly dependent on mixed 

feedstock with sewage sludge. 

During pyrolysis, carrier gas in the reactor has been found to affect the elimination 

of volatile substances, influencing the yield of biochar production. Konczak et al. (2019) 

also produced biochar pyrolyzed at 500, 600, and 700 °C from sewage sludge and willow 

(w/w; 8:2 and 6:4). As the amount of willow in the feedstock increased, and the pyrolysis 

reaction temperature increased, the yield of co-pyrolysis biochar was decreased. In 
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addition, the effect of carrier gas type (N2 or CO2) on the production of biochar was 

investigated. During pyrolysis in the presence of CO2, various volatile compounds are 

produced and affect the reduction of biochar yield. This has been confirmed in other mixed 

feedstock-based biochar production. For example, Song et al. (2020) carried out N2, 

N2/CO2, and CO2-assisted co-pyrolysis of Pteris vittata and textile dyeing sludge for 30 

min at 550, 750, and 950 °C at the three heating conditions. Biochar yield from mixed 

feedstock (7:3, w/w) decreased 36% (at N2), 20% (at N2/CO2), and 19% (at CO2) at 950 C 

heating as the CO2 volume of carrier gas increased.  

 

Table 4. Summary of Mixed Feedstock and Co-pyrolysis Conditions for Biochar 
Production 
 

Feedstock 
Pretreatment or 

preparation 
Proces
s types 

Co-pyrolysis conditions 
Biochar 
yield (%) 

Ref. 

Cotton stalks 
and Sewage 

sludge 

Dried in vacuum 
oven at 85 ˚C for 
12h, sieved under 

60 mesh 

Slow 
pyrolys

is 

1:9 to 9:1 (w/w) 
Operating temperature: 

650 ˚C Heating rate: 
20 ˚C/min, Residence 
time:  2h Atmosphere: 
N2 at flow rate of 0.5 

L/min 

57 (1:9)-
32.5 (9:1) 

Wang et 
al. (2019) 

Rice straw 
and Sewage 

sludge, Dried in oven at 
105 ˚C for 24 h, 

sieved under 100 
mesh 

Slow 
pyrolys

is 

1:1 (w/w), Operating 
temperature: 300-700 

°C Heating rate: 20 
˚C/min, Residence 

time: 1 h Atmosphere: 
N2 at flow rate of 0.2 

L/min 

88 (300 
˚C)-48 (700 
˚C), 93 (300 
˚C)-46 (700 

˚C) 

Huang et 
al. (2017) 

Sawdust 
(Chinese fir) 
and Sewage 

sludge 

Vegetable 
waste and 
Pine cones 

Dried in air-blowing 
oven at 50 ˚C, 

sieved under 2 mm 

Slow 
pyrolys

is 

1:1 (w/w), Operating 
temperature: 200 ˚C or 
500 ˚C Heating rate: 7 

˚C/min Residence 
time: 2 h 

79 (200 ˚C), 
33 (500 ˚C) 

Yang et 
al. (2019) 

Sewage 
sludge and 

Willow 

Air dried under 
ambient condition 
for 2 days, sieved 

under 2 mm 

Slow 
pyrolys

is 

8:2 or 6:4 (w/w), 
Operating temperature: 

500-700 ˚C Heating 
rate: 10 ˚C/min, 

Residence time:  3 h 
Atmosphere: N2 or CO2 

44 (8:2, 500 
˚C)-40, 

(8:2, 700 
˚C) under 

N2, 

Koriczak 
et al. 

(2019) 

40 (6:4, 500 
˚C)-36 (6:4, 

700 ˚C) 
under N2, 

42 (6:4, 500 
˚C)-33 (6:4, 

700 ˚C) 
under CO2 

Bamboo 
sawdust and 

Sewage 
sludge 

Air dried under 
ambient condition 
(sewage sludge) 
Dried in oven at 
70 °C (bamboo 

Slow 
pyrolys

is 

1:1 (w/w), Operating 
temperature: 400-700 
˚C Residence time:  1h 
Atmosphere: N2 flow at 

rate of 1 L/min 

44 (400 ˚C), 
44 (500 ˚C), 
41 (600 ˚C) 

Jin et al. 
(2017) 
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sawdust) sieved 
under 120 mesh 

Sewage 
sludge and 
Digested 
manure 

Dried at 105 ˚C 
Slow 

pyrolys
is 

1:1 (w/w), Operating 
temperature: 525 ˚C 

Heating rate: 8 ˚C/min 
Residence time 0.5 h 

Atmosphere: N2 at flow 
rate of 0.25 L/min 

30 
Ruiz-

Gomez et 
al. (2017) 

Pig manure 
and Rice 

straw 

Air dried under 
ambient condition, 
sieved under 18 

mesh 

Slow 
pyrolys

is 

1:3 or 3:1 (w/w), 
Operating temperature: 

300-700 °C Heating 

rate: 10 L/min 
Residence time: 2h 

Atmosphere: N2 

59 (1:3, 300 
˚C)-35 (1:3, 

700 ˚C) Meng et 
al. (2018) 

54 (3:1, 300 
˚C)-29 (3:1, 

700 ˚C) 

Textile 
dyeing 

sludge and 
Pteris vittata 

Dried under 
ambient conditions 
for 3 days (sewage 

sludge) 
Dried in oven at 
105 ˚C for 24 h, 

sieved under 0.74 
mm (Pteris vittata) 

Slow 
pyrolys

is 

7:3 (w/w), Operating 
temperature: 550 – 
950 °C Residence 

time:  0.5 h 
Atmosphere: N2, 

N2/CO2 (5:5), CO2 

40 (550 
˚C)-36 (950 
˚C) under 

N2, 

Song et 
al. (2020) 

43 (550 
˚C)-20 (950 
˚C) under 
N2/CO2, 

(5:5) 

41 (550 
˚C)-19 (950 
˚C) under 

CO2 

Mixed larch 
and Spruce 
wood chips 

Dried in oven at 
105 ˚C for 48 h, 

Slow 
pyrolys

is 

350-550 ˚C, Heating 
rate: 8 ˚C/min 

Residence time: 1 h 
Atmosphere: N2 

42 (350 ˚C), 
30 (450 ˚C), 
29 (550 ˚C) 

Masek et 
al. (2013) 

Spent 
mushroom 

and 
Saccharina 
Japonica 

Dried in oven at 
105 ˚C for 24 h, 
sieved under 2.8 

mm 

Slow 
pyrolys

is 

9:1 (w/w), Operating 
temperature: 500 ˚C 

Heating rate: 10 ˚C/min 
Residence time: 1 h 

Atmosphere: N2 at flow 
rate of 0.2 L/min 

28 
Sewu et 

al. (2017) 

 
The yield of biochar production under nitrogen gas was 17% less than that of carbon 

dioxide. CO2 atmosphere obviously affected biochar yield, which can be attributed to easy 

release decomposed molecules such as CO, CO2, and CH4 from feedstock in response to 

atmospheric gas type.  

In addition to sewage sludge, there has been research on biochar production through 

co-pyrolysis using pig manure as feedstock with high ash content. Meng et al. (2018) 

produced biochar co-pyrolyzed from mixed feedstock that follows mass ratios 1:0, 0:1, 1:3, 

and 3:1 of rice straw and pig manure. The co-pyrolysis yields decreased markedly with 

increasing pyrolysis temperature due to the decomposition of cellulose, lignin, and 

hemicellulose in feedstock. Under the same co-pyrolysis condition, biochar derived from 

manure (1:0) alone had the highest yield of 35 to 61% at 300 to 700 C. This was attributed 

to higher ash contents in the feedstock, resulting in higher biochar yields at the same 

pyrolysis temperature. Biochar yields decreased with the increasing mass ratio of rice straw 
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in mixed feedstock due to the lower ash content of rice straw (ash: 11%) than pig manure 

(ash: 36%). Biochar yield is related to a mass ratio of rice straw in the mixed feedstock. 

High ash content in feedstock increased the yield of biochar production due to its 

high thermal decomposition property. High ash content in sewage sludge and manure 

classified in fourth-generation biomass has been found to be critical for producing a high 

yield of biochar. This is because the ash content has higher thermal stability than the 

carbohydrates. Although significant merit of co-pyrolysis with mixed feedstock was not 

observed, various biomass for biochar production was expanded widely. 

 
 
BIOCHAR CHARACTERIZATION AND APPLICATION  
 
Analytical Methods for Biochar Characterization  

Biochar has unique physical and chemical properties such as specific surface area, 

surface functional groups, and degree of graphitization, and its characteristics are highly 

affected by the type of feedstock (first to fourth generation of biomass) and the pyrolysis 

conditions (pyrolysis type, operating temperature, retention time, etc.). Therefore, 

understanding of charring properties of the produced biochar is essential to its use in 

various fields. Physical characterization (moisture content, density, particle size and 

morphology) and chemical characterization (elemental analysis, surface functional groups, 

and surface charge) are determined by scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), Fourier 

transform infrared spectrometry (FT-IR), X-ray photoelectron spectroscopy (XPS), X-ray 

diffraction (XRD), elemental analysis (EA), Brunauer, Emmett, and Teller (BET), and 

Barrett-Joyner-Halenda (BJH) (Fig 2). 

 

 
Fig. 2. Analytical methods for biochar characterization 

 

BET analysis is used to determine the specific surface area in the units of m2/g by 

measuring the quantity of gas adsorbed as a function of pressure at a low temperature. Pore 

volume and pores size distribution are determined by BJH calculation of the adsorption 

and desorption isotherms. SEM is used to observe the surface morphology and the pore of 

the produced biochar. TEM is used to determine the lattice constant of biochar produced 

by high-temperature pyrolysis. EDX, which is equipped with the electron microscope, is 

used to identify the various elemental compositions of biochar. In addition, a quantitative 

analysis of main components of C, H, N, O, S is obtained by EA. The surface chemical 

property of biochar can be determined by FT-IR and XPS. FT-IR is used to investigate the 

functional groups present on the surface of biochar. Each functional group is determined 

as a vibration at a specific position in infrared spectroscopy. In general, the functional 
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groups present on the biochar surface have a peak indicating the stretching of hydroxyl at 

3400 cm-1, stretching of carbonyl at 1600 cm-1, and vibration of the carboxylate at 1260 

cm-1. XPS is utilized to determine the chemical composition and binding interactions by 

analyzing the energy distribution of photoelectrons of biochar surfaces. XRD is used to 

analyze the carbon crystallinity and identify the crystalline minerals. Typically, a narrow 

and sharp reflection pattern represents the graphitic carbon of biochar, while a broad 

reflection pattern indicates the non-graphitized carbon.  

 

Biochar Application in Various Fields 

The myriad uses of fossil fuels and the resulting environmental pollution have 

created severe problems for humans and ecosystems. Challenges for an eco-friendly and 

sustainable environment have been performed, such as the development of adsorbents, 

energy storage devices, and biofuels, and one of the promising materials for these 

applications is biochar. Application of biochar in various fields based on feedstock, 

pyrolysis condition, and characterization was summarized in Table 5. 

Biochar, which is derived from low-cost biomass via thermochemical conversion, 

is widely investigated to use for adsorbent from the aqueous and atmosphere systems. 

Biochar as an adsorbent should be modified according to the state of the adsorbate for 

exhibiting the superb adsorption capacity. In addition, the maximum adsorption capacity 

of biochar is one of the important factors in adsorbent development. These properties are 

highly dependent on feedstock and pyrolysis conditions; therefore, the optimum 

parameters for manufacturing high performance adsorbent should be investigated 

thoroughly. Recently, biochar production according to various feedstock’s (including 

mixed feedstock) and pyrolysis conditions and the application of improved adsorbents 

(aqueous and atmosphere) have been reported. Wang et al. (2020) prepared cork-based 

biochar for Cu ion adsorbent prepared by slow pyrolysis at 750 °C for 0.5 h under N2 

atmosphere with a gas flow of 0.3 L/min.  Especially, the physicochemical properties of 

the biochar from different pyrolysis temperatures (450, 550, 650, and 750 °C) and pyrolysis 

times (0.5, 1.0, 1.5, and 2.0 h) were demonstrated by EA, FT-IR, BET, and SEM. Surface 

chemical properties determined by EA and FT-IR appeared to have high aromaticity and 

lower polarity as increasing pyrolysis temperature. The maximum specific surface area of 

392.5 m2/g and pore volume of 0.24 m3/g were obtained by the heating temperature at 750 

°C, which were 50-fold and 25-fold higher than feedstock, respectively. In addition, the 

thin cell walls and many pores produced by high pyrolysis temperature and long pyrolysis 

time affected the increase of specific surface area. The increased surface area analyzed by 

BET measurement and SEM was a significant factor for showing 18.5 mg/g of Cu ion 

adsorption. Gao et al. (2020) produced jujube pit-based biochar for Pb ion adsorbent using 

in aqueous solution. A feedstock is a byproduct of agricultural waste that is considered as 

fourth-generation biomass. In this work, biochar was produced by a pyrolysis at 800 °C for 

2 h under oxygen-limited condition and characterized by SEM, BET, BJH, and FT-IR. The 

surface morphology observed by SEM is rough, and the layered structure enlarges the 

surface area, providing more adsorption sites. 
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Table 5. Summary of Biochar Applications Based on Feedstock, Pyrolysis 
Conditions, and Characterization 

 

Application Fields 
Feedstock 

(generation) 
Pyrolysis 
Condition 

Biochar Characteristics 
(Analytical Method) 

Ref 

Environment; 
adsorbent 

Dye 
Macroalgae 

(3rd) 

Pyrolysis 
(15 °C/min), 

operating 
temperature (40-

800 °C), 
residence time 

(1.5 h) 

Yield: 46.20% at 400 °C and 
22.62% at 800 °C, specific 
surface area:  33.2 m2/g at 
400 °C and 133.2 m2/g at 

800 °C (BET) 

Chen et al. 
(2018) 

Cu (Ⅱ) 

Industrial 
waste cork 

(4th) 

Pyrolysis 
(10 °C/min), 

operating 
temperatures 
(450-750 °C), 
residence time 

(0.5-2 h) 

Specific surface area: 392.5 
m2/g at 800 °C for 0.5 h (BET), 

porous morphology (SEM), 

Wang et al. 
(2020) 

Pb (Ⅱ) Jujube pit (4th) 

Pyrolysis, 
operating 

temperature 
(800 °C) 

Specific surface area: 246.9  
m2/g (BET), pore volume: 

0.054 m3/g (BJH) 

Gao et al. 
(2020) 

CO2 

Food waste 
and wood 

waste (mixed 
feedstock) 

Gasification, 10 
kW fixed-bed 

batch 

Specific surface area: 294.7 
with 20% food waste and 98.9 

m2/g with 40% food waste, 
mineral characterization (XRD) 

Lgalavithana 
et al. (2020) 

Energy; 
electrode/ 

energy 
storage 
device 

SC 
Rice straw 

(2nd) 

Pyrolysis 
(10 °C/min), 

operating 
temperature 

(900 °C), 
residence time 

(2 h) 

Specific surface area: 623.75 
m2/g at 800 °C for 0.5 h (BET), 

porous morphology (SEM) 

Kim et al. 
(2021) 

EFC 
Waste 

microalgal 
sludge (3rd) 

Pyrolysis 
(5 °C/min), 
operating 

temperature 
(800 °C), 

residence time 
(3 h) 

Surface investigated shape of 
modified: SEM, HRTEM, 

Elemental composition: Co 
(EDX) 

Lee et al. 
(2018) 

Li- 
Battery 

Egg yolk (4th) 

Pyrolysis 
(5 °C/min), 
operation 

temperature 
(300 °C), 

residence time 
(3 h) 

Specific surface area 
(370.6 m2/ g) and pore volume 
(0.73 cm3/ g) (BET), layered 

structure (TEM) 

Wang et al. 
(2018) 

Li- 
Battery 

Peanut shell 
(4th) 

2.45 GHz low 
power 

microwave oven 
at 1200 W for 

1 min 

Surface morphology (SEM), 
nanopores size (TEM), G-band 

(Raman), Elemental 
composition: C, O (XPS) 

Murali et al. 
(2019) 

Catalyst for 
biodiesel 

conversion 
 

Lignocellulosic 
biomass (2nd) 

Pyrolysis 
(3 °C/min), 
operating 

temperature 

Functional group: SO3H 
groups (FT-IR and XPS), 
Elemental composition: S 

content (EDX) 

Gonzalez et 
al. (2017) 
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(600 °C), 
residence time 

(3 h) 

Coconut shell 
(4th) 

Pyrolysis 
(10 °C/min), 

operating 
temperature 

(550 °C), 
residence time 

(1 h) 

Surface property: 
hydrophobicity (water contact 

angle measurement), 
Functional group: SO3H 

groups (FT-IR), Elemental 
composition: S content (EA) 

Zhong et al. 
(2019) 

Pomelo peel 
(4th) 

Pyrolysis, 
operating 

temperature 
(600 °C), 

residence time 
(2 h) 

Mineral identification: K2CO3 
(XRD), Elemental composition: 

K content (EDX) 

Zhao et al. 
(2018) 

 
Wine bottle 
cork (4th) 

Pyrolysis 
(10 °C/min), 

operating 
temperatures 
(400-800 °C), 
residence time 

(2 h) 

Specific surface area: 447.89 
m2/g for biochar and 179.66 
m2/g for activated biochar 

(BET), Elemental composition: 
sulfur content (EA) 

Bhatia et al. 
(2020) 

 

Enough active site of biochar for adsorption was measured as the specific surface 

area of 247 m2/g and average pore volume of 0.054 m3/g calculated by BET and BJH 

methods. FT-IR confirmed the hydroxyl groups on the surface derived from carboxylic 

acids. The maximum adsorption of Pb ion was 137 mg/g due to the large surface area 

created by pyrolysis. Chen et al. (2018) prepared macroalgae-derived biochar for making 

dye adsorbent under different pyrolysis temperatures (400, 600, and 800 °C) with a heating 

rate of 15 °C/min at a nitrogen atmosphere. A feedstock is a third-generation biomass. The 

highest yield of biochar was 46.2% at pyrolysis of 400 °C among other conditions (35.2% 

at 600 °C and 22.6% at 800 °C). The physicochemical properties were demonstrated by 

EA, FT-IR, SEM, and BET to determine pyrolysis conditions for a promising dye 

adsorbent. According to EA and FT-IR, the surface properties of biochar were confirmed 

to have high aromaticity interacting with dye molecules as the pyrolysis temperature 

increased. Also, surface morphology observed by SEM showed the effect of pyrolysis 

temperatures. The smooth surface of the biochar from 400 °C was changed to a rough and 

porous structure with increasing temperature (800 °C). This was related to the increasing 

specific surface area from 33.2 m2/g (at 400 °C) to 133.2 m2/g (at 800 °C) measured by 

BET. Physicochemical properties of the biochar at 800 °C positively affect the outstanding 

malachite green adsorption of 5306.2 mg/g. Lgalavithana et al. (2020) made biochar 

derived from the combination of food waste and wood waste by co-pyrolysis of 

gasification. The produced biochar using food waste (fourth-generation biomass) was 

developed for CO2 adsorbent. Most of all, the enlarged specific surface area and pore size 

distribution characterized by BET and BJH methods were significant factors for CO2 

adsorbent. High ash contents in biochar derived from food waste reduced specific surface 

area, however, the textural property was improved about 8-fold by KOH activation. Due 

to chemical treatment, biochar derived from the mixed feedstock via gasification is a 

promising CO2 adsorbent for a sustainable environment.  
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In the development of energy storage devices, carbon is a typical substance for 

electrode materials due to its high level of electrical conductivity. Therefore, biochar, 

mainly composed of high carbon content, is one of the promising materials as electrode for 

batteries (Li-ion, Na-ion, Li-S, and Metal-air) and supercapacitors. Biochar derived from 

biomass is expected to massively supply a core material for energy storage devices and 

contribute to a sustainable environment. Murali et al. (2019) reported that the peanut shells 

were utilized for carbonization by a scalable and low-power microwave method. Before 

carbonization, sample was washed with hot deionized water (DI) to remove dust, dirt, and 

other impurities and then dried and powdered in a household mixer grinder. Then, it was 

transformed into a porous material by sulfuric acid and potassium hydroxide activation. 

This was confirmed by SEM. The low-temperature method produced a surface area of 525 

m2/g, and it was confirmed by BET, XRD, Raman, XPS, and TEM. The peanut shell-

derived carbon delivered a reversible specific capacity of 680 mAh/g at a 0.05 C rate after 

100 cycles. Similarly, Wang et al. (2018) utilized the egg yolk-derived carbon to fabricate 

nitrogen-doped carbon dots (N-CDs) through pre-carbonization and hydrothermal 

treatment. The feedstock was mixed with borax to prepare for N-doping. Then the mixture 

was calcined at 700 °C for 2 h under N2 atmosphere, and through XPS, it was confirmed.  

Likewise, various analysis methods (SEM, XRD, Raman, TEM) confirmed that the surface 

of calcined egg yolk was porous, and the crystallinity was analyzed. Also, the egg yolk 

derived carbon dots exhibited reversible capacities of 600 and 712 mAh/g at the current 

densities of 500 and 100 mA/g, respectively. Supercapacitors (SC) are attracting 

considerable attention in energy storage applications, including hybrid electric vehicles, 

memory backup devices, etc., due to their high-power capability, fast charge-discharge 

rates, and long cycle life.  SC can be classified as electric double-layer capacitors (EDLCs), 

pseudocapacitors, and hybrid capacitors based on their energy storage mechanism. In 

EDLC, porous carbon materials such as activated carbon, mesoporous carbon, and their 

derivatives have been requested to facilitate the storage of static electricity. A recent study 

proposes biomass-derived carbon as an interesting candidate for developing a wide range 

of SC electrodes or substrates with effective pseudocapacitive behavior (Senthil and Lee 

2021). There have been several reports on pore restructuring and surface modification to 

develop high-performance SCs.  

According to Lee et al. (2018), a study was conducted on the carbonization of 

microalga sludge (MS) resulting from microalga extraction and evaluating its potential as 

an electrode feedstock. Biochar was obtained by operating temperature of 800 °C under N2 

(0.3 L/min) for 3 h. Surface morphology and carbon crystalline were investigated by SEM 

and TEM. Also, the surface chemical property was analyzed with XPS. The composition 

of the mediator was analyzed using FT-IR. As a result, the performance of the enzymatic 

fuel cell (EFC) system was estimated to be a power density of 3.1 mW/cm2 and a current 

density of 9.7 mA/cm2.  

Likewise, there have been reports using abundant agricultural waste biomass 

(second-generation) as a feedstock for SC. Kim et al. (2021) reported on carbonization of 

a rice straw as a feedstock for SC. To utilize this, raw rice straw was pretreated with HNO3 

before pyrolysis to enhance the structure of graphite carbon. As a result, the specific surface 

area and graphitic carbon structure of biochar were increased, and it was confirmed by 

SEM. After that, pyrolysis was performed at 900 °C for 2 h at a heating rate of 10 °C/min 

in a nitrogen atmosphere. The surface modification and evaluation of biochar components 

were confirmed by FT-IR, XRD, XPS, and Raman methods. 
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Biodiesel (fatty acid methyl ester; FAME), which is converted from triacylglycerol, 

is attracting attention as an alternative to petroleum diesel. Typically, FAME is converted 

through the transesterification of oils and alcohols (mostly methanol) using a homogeneous 

basic or acid as a catalyst, such as KOH, NaOH, and H2SO4. Conventional catalysts used 

for biodiesel conversion have high conversion rates, but they cannot be recycled, and thus 

a separation process is essential. Recently, acid/alkali functionalized biochar as a solid 

supporter has been reported as a reusable catalyst for biodiesel conversion. Bhatia et al. 

(2020) prepared acid-functionalized biochar via slow pyrolysis for conversion of waste 

cooking oil into biodiesel. Biochar obtained at operating temperature of 600 °C was 

determined among pyrolysis conditions (400, 600, and 800 °C) based on SEM, BET, and 

BJH analyses. These analytical techniques presented the porous structure and large specific 

surface area which are beneficial to the catalytic activity. Biochar catalyst activated by 

H2SO4 was analyzed by FT-IR and XPS for investigating the surface chemical property. 

As a result, acid-functionalized biochar performed 98% of FAME conversion and showed 

an 86% conversion after 5 cycles. Gonzalez et al. (2017) developed a microwave reactor 

for biodiesel production using acid-functionalized biochar derived from lignocellulosic 

biomass. The specific surface area of biochar produced at 600 °C was 48.3 m2/g and it 

decreased to 5.43 m2/g after acid activation. However, FAME conversion increased about 

70% due to the acidic activation, which was demonstrated by the surface chemical 

property, as confirmed by FT-IR and XPS. It is noteworthy that biochar as an acidic solid 

catalyst successfully performed biodiesel production under the harsh condition of 

microwave irradiation. Zhao et al. (2018) synthesized alkali-functionalized biochar derived 

from pomelo peel through pyrolysis at 600 °C for 2 h. The pomelo peel biochar increased 

the specific surface area identified by BET by KOH activation by 41.5 times compared to 

the initial state. The presence of K2CO3, an alkaline modification to provide catalytic 

activity, was confirmed by XRD. BET and SEM were used to demonstrate that K2CO3 had 

an effect on reduction of the specific surface area by blocking the pores of biochar. 

Although specific surface area associated with catalytic activity became lower, the highest 

FAME conversion was 98% due to K2CO3 on biochar surface, and reusability was 82% 

conversion after 8 cycles. Zhong et al. (2019) used coconut shell powder for making a 

biochar catalyst produced by slow pyrolysis at 550 °C for 1 h. Designing of acid-

functionalized hydrophobic surface was suggested to prevent the side reaction of 

hydrolysis while esterification and transesterification proceeded for biodiesel production. 

Acidic activation on the surface performed by hydrothermal method was analyzed by FT-

IR showing an O-S bond in the sulfonic group and by EA exhibiting S content. 

Hydrophobicity was demonstrated by measuring the water contact angle (WCA), which 

determines the surface whether hydrophilic or hydrophobic. A novel surface modification 

by amino-arenesulfonic acids showed high conversion (96.7% for esterification and 86.3% 

for transesterification) compared with commercial sulfonated material (amberlyst-15; 

86.7% and 39.9%). Therefore, biochar can be a promising supporter of catalyst for 

biodiesel conversion through chemical and physical modifications. 

 
 
CONCLUDING STATEMENTS 

 

Biomass is an attractive feedstock in the bioindustry to replace the petroleum-based 

materials, as it is carbon neutral and abundant in nature. Biomass has been used to produce 

bioenergy and biomaterials, and in recent years, the scope of application is expanding to 
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biochar production. Most of the biochar studies reported to date have been carried out on 

a laboratory-scale and focused on the analysis of the products without standardized process 

parameters of pyrolysis. In order to produce biochar with consistent yield and quality on 

an industrial scale, an understanding of the whole process is essential. In this review, the 

following types of published studies were considered to satisfy the required characteristics 

of biochar, which has a high potential for application in various fields in near future, and 

to suggest a strategy for producing it more effectively. 
 

1. In order to establish a systematic strategy for biochar production, the feedstock 

biomass was classified into first, second, third, and fourth generations, respectively, 

and its composition was investigated focusing on non-edible biomass. 
 

2. Various pyrolysis methods for biochar production were introduced, and production 

yields according to feedstock and process parameters were investigated. 
 

3. Biochar production technology using mixed feedstock, which has recently been 

highlighted, were discussed, and reports on production yield according to mixed 

feedstock and co-pyrolysis conditions were summarized. 

 

4. The analytical methods for the unique physicochemical properties of biochar were 

investigated and the applications based on feedstock, pyrolysis conditions, and 

characterization were summarized.  

 

Securing the diversity of feedstock and systematic determination of pyrolysis conditions 

will play a key role in the economic production of biochar with required characteristics on 

an industrial scale. 
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