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Abstract 

Pyrolysis may turn fuel or waste material into biochar. It has certain constraints that may impede its development in improving fuel quality 

and quantity. Combustion occurs in an oxygen-deficient environment due to a number of processes utilizing biomass fuel. Burning the material 
produces biochar. Because biochar burns so readily, it is ideal for enterprises that utilize coal. It has a big influence on the ecology. The formation 

of biochar may significantly increase biomass usage. Modifications to the kind of material used, as well as future process modifications, must still 

be handled. Because biochar is rapidly replacing traditional charcoal and coal as a fuel source, this research focuses on biochar. Recycling and 
composting may be less efficient than previously thought. Diverse variables must be considered while recycling. In the long run, composting may 

produce high-quality soil nutrients. To get the greatest benefits, manage compost properly. Recent research has revealed that pyrolysis, gasification, 

and plasma technologies may be used to treat agricultural wastes. Each garbage disposal process has benefits and drawbacks. Research on pyrolysis 
and the use of biochar in building. A review of the various biomass waste sources utilized in the production of biochar is presented here. Qualitative 

research, closely related to secondary research, is used to examine in depth. Data gathering is crucial in qualitative research since it helps to better 

comprehend the study's goals and generate new ones. Findings from the research show a clear impact on biochar properties when the pyrolysis 
process parameters are altered. The types of biomass used for pyrolysis significantly affect the constituents of biochar produced. But the carbon 

percentage always remains at the maximum because thermal conversion converts complex compounds into elemental carbon and gases, which 

escape in the pyrolysis process. Further, biochar can be produced with a maximum yield with a fast pyrolysis process. The construction industry 
has prominent applications for biochar in the filler material. Substantial modification, soil stabilization, and pavement modification can be done 

economically, but more research is needed to impact construction parameters like durability and strength positively. Similarly, the cost benefits are 

also high in producing biochar as it can be used as an alternate form of fuel for energy generation. Overall, positive prospects exist in the conversion 

of biomass waste into biochar, and more research is needed involving innovative materials to get sustainable benefits from using biochar in 
productive applications. 
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1 Introduction 

The agriculture sector is a key contributor to the generation 
of waste biomass from crops that have been harvested. The biomass 

of plants and animals is a naturally occurring organic and renewable 

source. As a result of improper biomass management and 
processing, pollutants such as greenhouse gases and surface and 

groundwater contamination may be produced. Slow pyrolysis is 

being used to make biochar from biomass even though it hasn't been 
fully commercialized yet. Malaysia's economy has historically 

depended on the construction sector, and the nation is now 

experiencing a new industrial revolution. Increasing construction 
and industrial activity levels produce toxic wastes that affect the 
environment [153]. 

Additionally, recycling and composting may not be as 

effective as expected. When it comes to recycling, several aspects 

need to be considered. Composting procedures that take weeks or 
more may turn biomass-based waste into high-quality soil nutrients. 

Y. Wang et al. (2020) concluded that it's also critical that all compost 

be handled properly to ensure the desired end product is achieved. 
Recent discoveries in agricultural waste treatment include anaerobic 

digestion and thermochemical methods like pyrolysis, gasification, 

and plasma technology [193]. When dealing with waste, each 
method has its own set of benefits and drawbacks. The detailed 

literature review of the pyrolysis process, biomass feedstock, 
production, and biochar application in construction. 

 

Figure 1 Production of biochar 

Increasing energy demand has necessitated the development 
of environmentally acceptable green energy sources that can at least 

complement fossil fuels in most countries while retaining 

sustainability. It has long been known that biomass is one of the 

most promising resources for generating energy, heat, transportation 

fuels, and high-value bio-chemicals [38]. To manufacture biofuels 

and other bio-based products, biomass may be exploited. 

Approaches based on biochemistry and those based on 
thermochemistry are the most common. With thermochemical 

processes, it is feasible to process huge amounts of feedstock in a 

shorter period than is possible with biological processes. Pyrolysis, 
one of the most often encountered thermochemical methods for 

biomass, has drawn much interest for its ability to produce 

transportable high-density bio-oil or biochar [211]. Biosynthetic 
cellulosic materials are linear polymers made up of glucose units 

and amorphous cellulosic polymers consisting of five- and six-

carbon sugars. Phenolic macromolecule that is not crystallized 
Aromatic structures, including sinapyl, coniferyl, and coumaryl 

alcohols, are found in lignin. Lignin Organically bound sodium, 

potassium, calcium, silicon, phosphorus, magnesia salts and water-
soluble salts and minerals are among the inorganic species found in 

biomass. Materials derived from different types of biomass have 

other chemical structures and compositions. The models used to 

simulate biomass pyrolysis frequently contain cellulose, 
hemicellulose, and lignin [34]. 

In many models, biomass is represented as a superposition of 

its component elements, with no attention to the interactions 

between those parts. These types of biomass may be processed via 
pyrolysis. Soil amendment, cooking oil, and fine chemicals all 

employ charcoal, produced this way since the dawn of time [156]. 
Charcoal is still widely used in households today because it has a 

higher energy density than raw biomass and burns more consistently 

and cleanly. Less smoke is created as a result of the increased fixed 
carbon content. Increasing the residence time in the vapor phase and 

pre-drying biomass to prevent volatile components from being 

removed during moisture removal are two more well-known 
methods of increasing charcoal production. Charcoal yields may be 

increased by increasing operational pressure and particle size. 

Unfortunately, these systems can't be easily incorporated into 
current production processes since they need complex process 

control and heavy capital equipment [144]. Using fresh wood rather 

than waste-derived chips or pellets is preferable for big biomass 
particles. 

Biomass macromolecules' polymer chains are broken down 
using externally given heat in an inert atmosphere to produce 

condensable volatiles, noncondensable gases, and charcoal. The 

final product of biomass pyrolysis greatly depends on the reaction 
conditions that exist throughout the whole operation. "Slow 

pyrolysis," which employs low heating rates and long residence 

durations to accomplish this aim, produces biochar as the main 
product. Fast pyrolysis necessitates high heating rates and short 

residence times to make bio-oil. The pyrolyzed crude bio-oil may be 

used to make biofuels and biobased chemicals [32]. Renewable 
energy, nuclear power, and fossil fuels all contribute to the overall 
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energy supply. Renewable energy sources like biomass have seen a 
considerable surge in use, accounting for 70-80% of all renewable 

energy production during the last decade or so. A major acceleration 

in biomass and renewable energy technology development is 
required to accomplish the shift from conventional to "green" power 

engineering. Biomass's contribution to global energy generation is 

now just keeping pace with the overall development. It is often 
difficult to mill in its natural condition because of its low density, 

low moisture content, and other difficulties in processing biomass 

into usable fuel [104]. Depending on where it originates from, 
biomass may have a wide variety of properties and, as a 

consequence, issues. A wide range of methods are available to treat 

biomass as a consequence, and it is generally recommended. 
Thermal technologies seem to be the most promising environmental 

effects since they may be utilized to produce heat from renewable 

sources. Thermal processes may change the physical and chemical 
properties of the original material, making it more valuable or 

usable. Many scientists are intrigued by using biomass as a heat 

source [41]. Commercial adoption of biomass quality improvement 

technologies will help make biomass more widely accessible and 

easier to use, contributing to an increase in the quantity of biomass 

utilized in global energy production. This paper presents the detailed 
overview of the production of biochar from pyrolysis by using 
variety of materials and the possible applications in construction. 

2 Methodology and framework 

The current paper presents an overview of the utilization of 

different biomass waste materials in developing biochar that could 
be used in potential applications like construction. The qualitative 

research methodology is adopted for the detailed review because it 

involves the interpretivism research philosophy that is directly 
related to the secondary research approach. For the qualitative study 

design, the main element is to collect the information because the 

integrity and validity of the information published in the previous 
studies are important to practically improve the understanding of 

research objectives and develop prospects based on their overview. 

Evaluation of the information above is very helpful when it comes 
to the impact of neutralization of the different ways of items in the 

production of biochar because it is the main product being produced 

in the modern context to meet energy demand and handle the waste 
problem [23]. Furthermore, the research involves different 

materials, which come under the evolution of theoretical and 

quantitative information provided by the previous studies. However, 
it is still the entire summarization of the results based on arguments 
raised by the earlier researchers. 

Table 1 Journals of selected articles 

Research Journal 
Articl

es 

Percenta

ge 

Biochar 3 1.50% 

Energy and Fuels 3 1.50% 

Environment International 3 1.50% 

Fuel 3 1.50% 

SN Applied Sciences 3 1.50% 

Biomass and Bioenergy 4 2.00% 

Biomass Conversion and Bio refinery 4 2.00% 

Catalysts 4 2.00% 

Journal of Energy Chemistry 4 2.00% 

Journal of Environmental Management 4 2.00% 

Journal of Hazardous Materials 4 2.00% 

Journal of Industrial and Engineering 

Chemistry 
4 2.00% 

Polymers 4 2.00% 

ACS Sustainable Chemistry and 
Engineering 

5 2.50% 

Chemical Engineering Journal 5 2.50% 

Chemosphere 5 2.50% 

Energies 5 2.50% 

GCB Bioenergy 5 2.50% 

Sustainability (Switzerland) 5 2.50% 

Journal of Cleaner Production 6 3.00% 

Renewable Energy 6 3.00% 

Bio resource Technology 9 4.50% 

Energy 9 4.50% 

Renewable and Sustainable Energy 

Reviews 
12 6.00% 

Science of the Total Environment 12 6.00% 

Journal of Analytical and Applied 

Pyrolysis 
13 6.50% 

Others 56 28.00% 

 

Therefore, an extensive literature review was carried out for 
which the main keywords were "production of biochar by pyrolysis 

process and biomass feedstock." Both of the keywords are utilized 

to investigate the existing literature, and the combination of the two 
keywords was also adopted to study the literature at least 10 years 

old. The general information needed to be collected for the 

expensive literature review was investigated from reputed journals. 
The primary focus of the study was to find out the most important 

aspects of biochar and the different factors that could affect its 

production properties. However, other materials used to produce 
biochar are also investigated and summarised from the perspective 

of their innovation and impact on the final quality of biochar. The 

databases were used to find out the research papers, of which the 
most prominent ones are Scopus, Elsevier, Springer, Google 

Scholar, etc. Overall, the inductive and deductive parameters were 

used to ensure that only research papers with any element of the 
research topic were selected. For these reasons, the induction 

characteristics for the entire project are related to the utilization of 

the biomass foot stock in the production of biochar, which only 
involves the pyrolysis process. There are many studies investigating 

the other functions, but only studies involving biochar production 

from the pyrolysis process were included. After shortlisting and 
further detection of the research papers, the final 200 were selected, 

and their literature was removed from the perspective of the 

interpretative research approach, which is very helpful in finding the 
most crucial arguments raised by the previous researchers and also 

in establishing the inappropriate relationship between the different 

factors that can contribute to the production of biochar and also 
various elements that can help to produce biochar that is sustainable 

for construction. The standard secondary approach highly adopts the 

evolution mechanism and overall study design. All the reliability 
and validity characteristics were investigated for each referenced 

paper. The summarized output may provide practical implications 

regarding the current progress of the pyrolysis process and biochar 
production. 
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Figure 2 Selection of research papers

3 Problem statement 

With the development of industries and the expansion of the 
human population, there is a consistent increase in waste. Any waste 

is always damaging to the environment because it disturbs the 

natural process. The increasing intervention of human beings in the 
development of synthetic methods has increased the accommodation 

of the west in an environment that is a growing threat to its 

sustainability and the future existence of human beings on this 
planet. The 21st century has given rise to products that are being 

used by human beings for a short period, after which there is a 

problem with the landfills and other areas that are highly 
contaminated. There is always a life cycle for everything. Still, most 

products take a long time before they are completely degraded and 
decomposed into favorable constituents for the environment [77]. 

Similarly, the combination of waste products creates 

problems for sustainable societies as they contribute to making the 
processes that further contaminate the environment and, ultimately, 

impact all living things. Increased waste is also one of the major 

reasons behind global warming. It is increasingly releasing harmful 

gases into the atmosphere like methane and carbon dioxide that are 
very dangerous for the future of the Earth [4].  On the other hand, 

human beings have increased energy consumption because of 

industrial expansion, which is further increasing the demand for 
energy in the form of electricity and fossil fuels. Fossil fuels are 

always known for their bad impact on the environment because they 

produce gases that cannot be eradicated from the atmosphere after 

combustion. Because of that, they create a highly contagious 

greenhouse effect. All the industrial progress currently being seen in 

the 21st century is entirely dependent on fossil fuels [206]. But 
again, it is not a reliable source to fill the increasing demand of 

industry in the future because the world needs to move toward 

alternative sources of renewable energy. There are plenty of 
resources that can be utilized from nature to produce fuel products 

that are very helpful for the development of industry and handling 

the electricity demand because it is one of the rising problems in 
modern societies that can affect the future of humanity. The fourth 

industrial revolution and the circular economy concept have given 

rise to the demand for fossil fuels and alternate sources of energy 
because there is no way by which development could be stopped 
[68].  
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Figure 3 Generation of Biochar from biomass 

Therefore, it is important to consider that the increasing waste 
items and the increasing demand for fossil fuels are two significant 

problems for the whole world, which means there is a potential need 

to investigate other sources that could provide a more reliable way 
of handling both issues. The most important quality of fossil fuel 

products that have been used for centuries is the presence of carbon, 

and the carbon itself is abundantly present in all kinds of biomass 
waste.  

Suppose the waste products could be used to fulfil the 
increasing energy demand of modern industrial progress. In that 

case, it could be a potential solution to the growing problem of waste 

expansion and the increasing demand for energy. According to the 
latest studies, it is evident that more than 30% of the waste produced 

by humans can be regarded as biomass waste. This waste can be very 

helpful in eradicating the negative impact on the environment and 
utilizing the waste properly in developing processes that could meet 

the energy demand [65]. The simplest kind of biomass waste is 

material like wood, which breaks down after industrial processing 
into small chips that can be effectively converted into fuel to 

positively impact the environment and make sure that energy 

demand is being fulfilled. As a prominent example, agricultural 
waste can be considered a major development in the modern world, 

giving researchers hope to build more sustainable energy generation 

methods effectively. Hundreds of studies have utilized biomass 
products to produce fuels such as biochar and bio-oil, which are not 

very beneficial for the full film demand of the modern industry, but 

still, the challenges are huge [81].  

The pyrolysis process is mostly used to convert biomass 

feedstock or waste products to items like biochar. It has specific 
limitations due to which its progress regarding the fuel quality and 

quantity can be affected. The biomass feedstock goes through a 

series of processes in which combustion takes place in the 
environment in which oxygen is depleted. Ultimately, after burning, 

the material can be obtained as biochar, in which the percentage of 

carbon is normal, above 50%. Biochar is an excellent material for 
charcoal because it can easily burn further and help fulfill the 

increasing demand of industries where coal is already being used. It 
has a significant impact on the environment [103]. The potential for 

increasing the consumption of biomass products in the development 

of biochar is huge. Still, the changes need to be handled specifically 

related to the type of material and further process changes that could 
alter the quality and constituents of biochar at the end of the process. 

The main focus of this research is biochar because, in the growing 

world, biochar applications are also increasing as it is an alternate 
material to normal charcoal and coal [139]. It is evident from the 

research that there is still a need for increased efficiency in the 

paralysis process because the ultimate impact of the conversion of 
the biomass waste product into the helpful biochar is not fully 

efficient, and it also needs to be investigated from the perspective of 

circular economy and development of further applications.  

However, biochar can be used effectively in applications 

where the soil needs to be modified for agricultural use and has 
considerable application in the construction industry. The ultimate 

impact of biochar in the construction industry is to let it go by using 

it as a filler. But the constituents of biochar have a significant effect 
on the application because when the pyrolysis process is applied, the 

ultimate members of biochar are highly affected. After all, they 

depend on the constituents of waste biomass items. The different 
compositions of the biochar can produce unexpected outcomes in 

the application [98]. Therefore, there is a need for a comprehensive 

investigation to understand a better arrangement of the material and 
its impact on the pyrolysis process. For these reasons, there is a need 

to investigate the potential factors that play significant roles in 

producing biochar from waste biomass feedstock and its 
applications in construction. The economy is considerably 

dependent on the construction industry and has a lot of biomass 

waste produced from activities like deforestation and agricultural 
waste products. Besides this, the availability of the biomass heat 

stock from the resultant process of the industry is also increasing, 

which creates potential problems for the environment. For these 
reasons, the potential impact of biochar being produced from 

biomass feedstock can help the construction industry be more 
sustainable and help the environment prevent further degradation. 

4 Pyrolysis 

To use pyrolysis, researchers must have an organic substance 

that can be heated. It may be used for both pure and mixed items. 
Because of this property, pyrolysis is becoming an increasingly 

important process in today's business, as it enables ordinary 
resources and trash to be considerably more valuable. Kan et al. 

(2016) found that thermal treatment is usually linked to pyrolysis. 
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While combustion and gasification processes rely on the complete 
or partial oxidation of materials, pyrolysis relies on heating without 
the presence of air [87].  

Thus, the process is mostly endothermic, resulting in high-

energy products. Biochar, liquids, and non-condensable gases are all 

results of pyrolysis. Wang et al. (2017) stated the directions for using 
hot syngas. Pyrolysis raises a material's temperature from room 

temperature to a predetermined level. The material is kept within the 

pyrolysis unit and transferred via a screw conveyor at a set speed 
until the pyrolysis process is complete [192]. The composition and 

yield of a given product are directly related to the pyrolysis 

temperature. Using pyrolysis, researchers can turn organic materials 
into ash and carbon residue and trace amounts of liquid and gas. 

On the other hand, carbonization is a by-product of very high 
temperatures and pressures of pyrolysis. Hydrolysis and combustion 

need water, oxygen, and other reagents in their reactions; pyrolysis 

does not. Czajczyńska et al. (2017) found that in every pyrolysis 

system, some oxidation is inevitable because it is impossible to 

operate in an oxygen-free atmosphere [31]. When the heating rate is 

slow, and the temperature is below 450 0C, pyrolysis produces 
mostly charcoal; when the pace is fast, and the temperature is over 

800 0C, pyrolysis produces mostly gases. According to Kawamoto 

(2017), Bio-oil is the primary product at moderate temperatures and 
high heating rates. This technique may be used for a wide variety of 

biomass feedstock [88]. For pyrolysis to work well, the feedstock 
must have no more than 10% moisture content. Small particles up to 

2 mm can only be processed by most pyrolysis methods because of 

the necessity for fast heat transfer. Small particle sizes necessitate 
that the feedstock for pyrolysis decreases in size first [52]. 

Efforts have been made to find ways to utilize biomass and 
pyrolysis oil as sources of renewable energy via catalytic cracking. 

A wide range of reactor designs may be incompatible with the 

current models to improve pyrolysis product yields. Primary 
degradation and secondary tar cracking kinetics models cannot 

usually accurately predict the pyrolysis rate [93,219]. The lack of 

consideration of Biochar's role in secondary tar cracking processes 
is one of the main reasons for this disadvantage. Because of the 

significant increase in the synthesis of Biochar's volatiles, reactor 

size models do not adequately analyze its in-situ catalytic activity, 
which reduces residence time. When the hydrodynamics of the 

reactor is altered as a consequence of this, it results in inaccurate 
product yield predictions [96]. 

To improve the amount of atomic carbon in the pyrolysis 

process, bio-oil yields, and bio-oil quality, physical and thermal 
approaches are utilized to reinforce biomass structure. Biomass 

feedstocks may be ground up to maximize heat flow and reduce 

polymerization of biomass components during pyrolysis, which in 
turn affects bio-oil production and composition. Biomass density 

and moisture content may impact pyrolysis product distribution and 

mass transfer efficiency. This is especially true when the biomass is 
densified [129]. When biomass is torrefied, it yields a higher-quality 

biofuel and increases the economic viability of the pyrolysis 

process. There is evidence that torrefaction may improve bio-oil 
quality, including decreasing oxygen concentration and boosting the 

heating value and the number of hydrocarbons in the oil. The 

activation energy for pyrolysis may be reduced as a result of this. 
Acidic and alkaline chemicals have been used with biomass before 

extraction to eliminate inorganic minerals and improve the bio-

quality [70,168]. Oil's Acid pretreatment of biomass increases pore 
width and energy density and modifies its chemical makeup. The 

effectiveness of pyrolysis may be enhanced by utilizing white-rot 

fungus for biological treatment, which has been shown to increase 
the quantity of bio-oil hydrocarbons compared to untreated biomass 
[129]. 

Because of climate change, clean energy is becoming more 

important across the world. Environmental concerns have shifted the 

focus away from fossil fuels, despite their increasing depletion, due 
to their role in accelerating climate change. To produce solar energy 

and biofuel, the key renewable energy sources are the conversion of 

solar and biomass [10,66]. There is long-term potential for both of 
these techniques to address the world's future energy needs. It's also 

possible to transform agricultural waste and other agro-related trash 

into cash, which is another advantage. It will be possible to dispose 
of hazardous garbage in this way. Methane, bio-oil, and charcoal are 

all byproducts of biofuel production. In terms of biofuel production, 

this is a negative, but it's a good thing in terms of biochar enrichment 
[76]. Due to its low energy density and sporadic nature, solar 

insolation is ineffective for pyrolysis. Due to the installation's 

location, the biomass was exposed to direct radiation. The reactor 
was kept clean and inert by utilizing argon gas to keep it sanitized. 

Increase the quantity of Biochar we can make by adjusting the 
heating rate and residence time (1–2 h) [76]. 

Biochemical and thermochemical methods are the two most 

frequent ways. It is feasible to process huge amounts of feedstock in 

a shorter period than is possible with biological processes with 

thermochemical processes [178,202]. Pyrolysis, one of the most 

often encountered thermochemical methods for biomass, has drawn 
much interest for its ability to produce transportable high-density 

bio-oil or Biochar [86]. By its position at the beginning of the 

process, pyrolysis has an outsized influence on the subsequent 
stages of combustion and gasification. Biomass macromolecules' 

polymer chains are broken down using externally given heat in an 
inert atmosphere to produce condensable volatiles, noncondensable 

gases, and charcoal. Using pyrolysis, biomass may be efficiently 
transformed into liquid fuel in high-value systems [86]. 

Pyrolysis may be divided into two categories: slow and fast. 

Slow pyrolysis produces Biochar, which may take hours to make. 
For biofuel, rapid pyrolysis may create bio-oil within a few minutes. 

High heating rates, short residence times, and finely ground feed are 

required for fast pyrolysis systems to perform [154]. The 
protein+lipid concentration of a biomass feedstock dictates the 

quantity of pyrolysis oil generated, while the cellulose, 

hemicellulose, and lignin content determine the number of solids. 
Gelatin is the most difficult material to convert to lignin [26,27]. The 

gas emission was lowest in CH4 atmospheres. CO2 was consistently 

the most common gaseous product, regardless of the kind of biomass 
or reaction conditions. The C and H content of all pyrolysis oils was 

higher than that of biomass feedstocks, although the O and S content 
was lower than that of the latter [10]. 

4.1 Impact factors of pyrolysis 

• Biomass and garbage have a variety of thermal 

breakdown temperatures, which implies that each 

contributes differently to the final product. A pilot test is 
usually required to accurately anticipate the pyrolysis 

process performance due to the wide range of materials. 

• The process temperature strongly influences the 

treatment outcomes. Dhyani & Bhaskar  (2018) found 

that non-condensable gases are produced at higher 

temperatures during pyrolysis, whereas solid charcoal 
and other products are produced at lower temperatures 

[35]. 

• The amount of thermal conversion of a solid product and 

the amount of time vapour spends in the pyrolysis 

chamber impact the composition of vapours produced.  

• The speed at which material is pyrolyzed depends on the 

size and structure of the particles. Pyrolysis oil 
production may be increased by using smaller particle 

size materials since the heat breakdown process more 
easily impacts them. 
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4.2 Types of Pyrolysis 

4.2.1 Slow pyrolysis 

Long residence durations, low temperatures, and 
sluggish biomass heating rates are hallmarks of slow pyrolysis. 

From 0.01 to 2 °C every second, the prevalent temperatures reach 

almost 500°C in this mode. Fahmy et al. (2020) found that the 
residence period may be as long as a few hundred microseconds for 

gas, whereas, for biomass, it can be as short as a few hours. Slow 

pyrolysis produces tar and char as the biomass devolatilizes over 
time [46]. In addition to main events, secondary processes such as 
re-polymerization and recombination also occur. 

4.2.2 Flash pyrolysis 

Flash pyrolysis occurs at temperatures between 400 and 

600 °C at high heating rates. On the other hand, this method has a 
vapor residence time of less than 2s. When compared to slow 
pyrolysis, flash pyrolysis generates less gas and tar. 

4.2.3 Fast pyrolysis 

Bio-oil and gas are the primary products of this 

procedure. Depending on the intended yield of bio-oil or gas, 
biomass is quickly heated to temperatures ranging from 650 to 1000 

degrees Celsius throughout the process. Char builds up rapidly, 
necessitating regular cleaning. 

4.3 Methods commonly used in the industry 

4.3.1 Bubbling Fluidized Bed Pyrolyzers 

Because fluidized beds are very easy to build and design, 
they are often preferred over alternative reactors. There is a huge 

amount of heat storage capacity, greater temperature control, and 

better gas-solids interaction with a bubbling fluidized bed 
pyrolyzed. Tomczyk et al. (2020) biochar functions as a catalyst for 

the cracking of gasses during the pyrolysis phase. Entrainment 
procedures are ultimately responsible for collecting the char [175]. 

4.3.2 Circulating Fluid Beds and Transported Bed 

High gas velocities reduce residence time for vapors and 
char, but they have comparable features to bubbling bed pyrolyzers. 

For example, these pyrolyzers feature a more direct gas-solid 

contact, a higher processing capacity, and the ability to handle hard-
to-fluidity materials. 

4.3.3 Ablative Pyrolyzer 
Heat is transported directly from the heated reactor wall 

to the feedstock in an ablative pyrolyzer. Particles of large feedstock 

may be pyrolyzed since heat transport is not a factor in reaction 
rates. 

5 Characteristics of biomass feedstock 

Agricultural mulch films and crop waste may be valorized by 
pyrolysis, reducing waste and creating a more circular economy. 

Different pyrolysis procedures produce various by-products, which 

should be considered. Y. Wang et al. (2020) found that compared to 
fast-pyrolysis processes, such as charcoal and gas, this approach has 

low-value energy products. Many organic wastes, such as food 

scraps and yard trimmings, may be used to make bio-oil [193]. Co-
pyrolysis of biomass feedstock with polyethylene, polypropylene, 

and styrene increases oil yield and calorific value while lowering 
water content. 

 

Figure 4 Methods of conversion of biomass feedstock into fuel and biochar [135] 

Several agricultural applications for pyrolysis-produced 
biochar include soil amendment and carbon sequestration medium. 

This biochar may also be used to create a circular economy by 

turning garbage into value-added items. Hu et al. (2021) concluded 
that previously, research on plastics and agricultural waste co-

pyrolysis focused on developing and recovering bio-oil by fast 

pyrolysis and then using this oil to replace conventional crude oil 
like petroleum in long-term transportation [75]. The feedstock may 

be pyrolyzed into value-added charcoal and electricity. Agricultural 

plastic sheets and waste streams containing crop remains may be 
used to generate a significant amount of energy. Using pyrolysis-

based biomass co-processing of plastics will be a feasible value-

adding technique because of the enhanced process performance and 
higher processing flexibility it offers. 

To put it another way, it measures how much carbon will be 
turned into biocoal. Volatile matter, or biomass, is released during 

the pyrolysis and carbonization processes. Biochar will directly 
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impact the generation of biocoal since it contains carbon. Ash 
content refers to the mineral residue found intangible goods. The ash 

content in the biocoal feedstock must be maintained at an ideal level 

to retain control over the biocoal's burning process. Kenney et al. 
(2013) found that a biocoal's calorie value, which defines how much 

energy it releases during production and how it will be sold, is a key 

consideration in the construction of a plant and the business model 
chosen [89]. It takes more energy to evaporate water from biomass 

if the moisture content is higher. The product's quality relies heavily 

on being able to regulate the quantity of moisture it contains. When 
the inflow moisture content of the biocoal production kiln is too 

high, it will affect efficiency and costs. Su et al. (2020) found that 

the optimal moisture content is between 5% and 15% for 
manufacturing. The syngas generated by operation is an excellent 

heat source for drying and normalizing moisture before biocoal 

synthesis [170]. The system's throughput will increase due to 
increasing the bulk density, which will enhance the product's 

durability and reduce transportation costs. The feedstock's particle 

size influences the quality and homogeneity of the end product. 

Hence biomass particle size should be kept below 10mm. 

Consequently, to produce Biochar with a wide range of 
properties, multiple feedstocks have to be used. Co-pyrolysis, which 

has been found to improve biochar properties, is one technology that 

might improve biomass pyrolysis. Co-pyrolysis has been utilized to 
create Biochar and increase its properties by combining ligno- and 

macroalgal biomasses. Carbon sequestration and improved food 
production via biochar application have prompted worldwide 

interest in biomass utilization for long-term energy generation and a 

better environment [212]. Biochar manufacture is a prominent issue 
because of its energy and environmental benefits. Lignocellulose 

and macroalgae biomass may be combined in the energy biorefinery 

to produce Biochar. The quality of the biomass and the Biochar 
produced depends heavily on the pretreatment of the feedstock. 

Analysis of Biochar, including its physical and chemical properties 

and its usage in a variety of contexts, may be facilitated by biochar 

characterization. Additionally, a thorough sensitivity analysis of the 
biochar manufacturing process is required to determine the degree 
to which it is susceptible to changes in the market over time [212]. 

6 Properties of Biochar resulting from pyrolysis 

Biochar has a lot of promise for lowering GHG emissions, 

enhancing soil quality, and minimizing trash. Pyrolysis, or 

controlled burning of organic wastes, creates biochar. Thus, unlike 
regular charcoal, biochar is not polluted by the carbon it contains. 

Pyrolysis decomposes organic materials like wood chips, leaves, 

and dead plants. The materials burn cleanly with no harmful fumes. 
According to Liu et al. (2020), the pyrolysis process creates biochar, 

a kind of carbon that cannot readily escape into the atmosphere. To 

produce renewable energy from pyrolysis by-products. Biochar 
converts carbon into a stable form faster and cleaner than 
conventional charcoals [112]. 

Biochar is absorbent, light, and finely powdered. Carbon 

makes about 2/3 of its bulk. The rest of the makeup is nitrogen, 

hydrogen, oxygen, and other elements. Based on the feedstocks and 
heating processes, biochar has many chemical compositions. 

Biochar composition is very diverse, having both stable and labile 

components. Most scientists agree that carbon, volatile matter, 
mineral matter, and water vapor make up the bulk of its composition. 

Sekar et al. (2021) found that the chemical and physical behavior 

and function of biochar as a whole and transport and destiny in the 
environment are determined by the relative percentage of biochar 

components [161]. For biochar production and transportation costs, 
moisture is another key component since greater levels raise the 

price per unit of biochar produced. Kan et al. (2016) found that 

according to a survey of relevant literature, there is still a lack of 
understanding of how biochar as a soil amendment is impacted by 

its composition and soil function. Charcoal with high carbon and 

low ash percentage has been the focus of most characterization 
studies since this is what the activated carbon market requires [87]. 

 

Figure 5 Comparison of burning of biomass with and without oxygen [63]

Additionally, the vast range of processing conditions and raw 

materials should be considered. This lack of standards is primarily 

because soil scientists do not fully understand the relationship 
between biochar content and its behavior and function. Tomczyk et 

al. (2020) found that speeding up the composting process 

encourages microbial activity. Additionally, it aids in reducing 
ammonia losses, bulk density, and odor in the compost [175]. 

Increased yield, product quality, or disease resistance may be 

achieved by either pre-treating the biomass before pyrolysis or using 
hot or cold biochar to improve and activate nutrients after pyrolysis. 

An increase in beneficial micro-organisms may also result from 
these improvements. 

A mathematical model for an engineering application must 

balance the accuracy of the calculations, their time, preparation, and 

analysis requirements [25,125]. Precise predictions of the pyrolysis 
process were restricted by the time and precision required to 

calculate changes in chemical reactions and changes in heat 

transport conditions, such as moisture evaporation or bed shrinkage. 
However, when it comes to sourcing biomass material, complex 

kinetic models are more flexible. Each research scenario calls for a 
delicate balance between calculation speed and accuracy [122]. 

For example, Biochar made from agricultural waste may be 

used to decrease waste and protect the environment from the 
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contaminants often present in farming. There are several variables 
to consider when designing a biochar application, including the 

specific demands of a particular project and the characteristics of 

biochars [210,216]. When low-grade feedstocks are used to 
complement biochar synthesis, new procedures are required. 

Feedstocks made from low-grade biomass offer both benefits and 

drawbacks. To get the highest possible concentration of carbon, 
biochars must be subjected to many different conditions, including 

temperature, pyrolysis duration, moisture content, and whether or 

not the biomass used is mostly cellulosic lignocellulosic or includes 
very little of either [75].  

In lignocellulosic biomass, the amount of cellulose, 
hemicellulose, and lignin affects the hydrothermal liquefaction 

process's ability to produce a useful product. According to research, 

the amount of lignin in the biomass and Biochar paid is directly 
proportional. When lignin is heated above 220 °C and water is 

present, the lignin hydrolysis process begins. Several hydrolyses and 

dealkylation reactions rapidly transform the polyphenolic chemicals 

in the lignin into catechols, phenols, and others. Solid phenolic 

chemical leftovers are then produced by polymerization activities 

but at a slower rate than hydrolysis events. Char may also be formed 
from insoluble lignin during solid-solid conversion [89]. 

In the same way that lignin is formed from cellulose and 
hemicellulose in a series of steps, this process is analogous. Algae 

may also be used as a feedstock for hydrothermal liquefaction. 
Hydrolysis of algal polysaccharides produces monosaccharides and 

oligosaccharides. All three pyrolysis processes take place at 

temperatures between 300 and 1300 °C [61,190]. It uses lower 
temperatures than pyrolysis and delivers 2 to 70% more char. Most 

researchers believe that biomass polymers undergo less solid-phase 

conversion in hydrothermal procedures than in more traditional 
thermochemical processes like pyrolysis. An estimated 70% biochar 
yield challenges this widely held belief  [161]. 

Diverse forms of biomass waste may be converted into 

Biochar, which has a wide variety of characteristics and uses 

possibilities in the soil. Brassard et al. claim that biochars with lower 
nitrogen concentrations are more suited to lowering soil N2O 

emissions. According to the research, Wetland and eutrophic water 

waste were used to make 500°C biochar, which had a C/N ratio of 
less than 30. While their higher nitrogen and other mineral content 

may help improve soil fertility, this is not the only benefit they may 

have [175]. When it comes to planting biomass waste, aquatic plants 
have the lowest fixed carbon content of biomass waste. Because of 

their high ash concentration, sludge, animal dung, and aquatic plant-

based Biochar have high pH values [59,179]. There are significant 
carbon and oxygen concentrations in woody pruning debris, 

agricultural waste, and fruit and nutshells, contributing to increased 

biochar formation. As a result, various sorts of trash are ideal 
candidates for the production of Biochar. The private feedstock 

content and the resulting biochar yields of each form of Biochar 

were displayed in a triangle plot, which may be used to drive biochar 
application and selection for certain soils [175]. 

There is a growing need for lignocellulosic biomass because 
of its availability, cheap cost, and recyclability as a fuel source. 

Lignocellulosic biomass is mostly produced in agriculture and 

forestry. The lignocellulosic feedstock determines the features of the 
Biochar [79]. Different lignocellulosic materials, different 

breakdown mechanisms, and other variables affect the overall 

carbon concentration of Biochar. A lignocellulosic substance 
comprises cellulose, hemicelluloses, and lignin, all of which break 

down in unique ways to produce a wide range of compounds. It's 

vital to look at how lignocellulosic biomass degrades if we want to 
know anything about it [192]. 

Repurposing renewable and sustainable biomass waste into 
value-added uses is essential. To put it another way, the use of 

biomass waste may both injure the environment and supply useful 

feedstocks without causing any damage. Pyrolysis seems to be the 
most promising of the thermochemical conversion processes that 

may be utilized to manufacture three different multifunctional 

products from biomass waste [54]. Various issues, such as 
inefficient heat transfer, low heat transfer efficiency, and high 

energy consumption, are associated with the conventional pyrolysis 

of biomass using fossil fuels or electricity. Since microwave 
pyrolysis is known for its quick heating, short processing time, and 

good heat transfer, it is viewed as a potential solution [83,208]. To 

meet the growing demand for designed activated Biochar with 
improved chemical compositions and porous properties, 

conventional Biochar may be chemically or physically activated to 

generate value-added engineering started Biochar. Because of this, 
a wide variety of uses, such as wastewater treatment and catalysis, 

are possible. Research into reactor architecture and biomass 

pyrolysis is required before microwave pyrolysis may be 
commercialized [54]. 

Researchers have shown the efficacy of the pyrolysis process 

for appreciating woody biomass to produce high-value biofuels and 

chemicals. Even though pre-treatment with ionic liquids has not 

been mentioned in any publication, this may have impacted 
pyrolysis efficiency [215]. Using crude bio-oil as a direct fuel in 

today's engines might be problematic due to high concentrations of 

phosphorus and water in the oil, which is a common issue with the 
pyrolysis process. An efficient method for extracting oxygen and 

water from bio-oil is needed to compete with petroleum fuels. 
Supercritical fluids, solvent extractions, emulsions, hydro-

deoxygenation, steam reforming, and catalytic approaches have all 
been studied in this research. 

7 Production of Biochar by pyrolysis of waste products 

It's a treasure trove of value that other people consider 

worthless. Douvartzides et al. (2019) found that using garden waste 
for pyrolysis is a way to generate useful products from rubbish and 

promote a feeling of community. Biogreen's tiny pyrolysis device 

may be used to transform garden waste into useful bio-products and 

power [44]. The core of the pyrolysis process is a hollow shaft screw 

conveyor that heats and delivers material through the process. 

District heating systems may generate steam and heat with the 
production of biochar and calorific syngas. To reduce greenhouse 

gas emissions, garden waste may be treated close to where it is 

produced using the Biogreen system. Standard Biogreen garden 
waste solutions can valorize roughly 7,000 tons of garden waste 

annually, producing 1500 tons of biochar. Y. Wang et al. (2020) 

stated that this agronomic improvement product might be returned 
to the community and serve as an example of the circular economy 

in the region. For trash managers and collectors who deal with 

garden leftovers, such a solution helps them produce an essential 
value for their company by allowing them to recycle garbage [193]. 

If biochar were used instead, this might be prevented. Biochar is an 

excellent method of storing carbon. Biochar has a major impact on 
soil health, plant development, and crop nutrition when it comes to 
farming. 

Fast growth and nutrient absorption made Kangkong an ideal 

candidate for use as a biochar test plant. As a result, the investigation 

might be finished in as little as four weeks, leading to concrete 
results. It's also an easy-to-grow plant that doesn't need much 

attention. Higher dosages of biochar harm the growth of plants. Su 

et al. (2020) concluded that biochars alkaline qualities, which cause 
the soil pH to increase when applied at higher rates, may explain 

why boron and manganese in the soil are less prone to precipitate 

[170]. Biochar made from banana peels contains a trace quantity of 
nitrogen. Because of its high nitrogen content, biochar may adsorb 

nitrogen from the soil when dosed at high levels. The excessive 

biochar application hinders plant roots because they tend to plug soil 
pores. Hu et al. (2021) concluded that banana peels have been 

discovered to contain biochar precursors. An appropriate amount of 
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biochar may have a significant impact on agricultural production 
[75]. 

Due to its global production and the large variety of 
feedstocks, agricultural waste might significantly impact the 

environment. Feedstocks include dairy manure, food waste, solid 

waste, and plastics. Hu et al. (2021) found two popular ways to 
dispose of trash: landfilling and incineration. Both procedures 

increase greenhouse gas emissions [75]. Co-pyrolysis biochar from 

agricultural wastes and plastic wastes such as agricultural mulch 
films, which are utilized to improve crop quality, has received only 

a limited amount of published studies. Bio-oil and syngas may be 

produced more efficiently using the co-pyrolysis of this resource 
[24,186]. 

Production of raw biochar decreased with increasing 
pyrolysis intensity and biomass ash content. The biochars produced 

had less volatile matter but more ash and fixed carbon as the 

pyrolysis severity increased. While treatment temperature and 

residence time did not affect fixed carbon output, the heat treatment 

intensity significantly impacted selected carbon content in various 

biochars tested. Y. Wang et al. (2020) said that as a result, it's 
possible to make the inaccurate conclusion that, during slow 

pyrolysis, the thermochemical conversion of biomass' organic 

component is practically constant across the studied ranges of 
residence times [193]. 

This study found that biochars produced by pyrolysis at 
temperatures between 300 and 500 degrees Celsius may be useful 

for agricultural purposes. Vegetable waste biochar is a promising 
solution for reducing the environmental effect of food waste while 

simultaneously earning money from food waste valorization. 

According to this study, the final characteristics of biochar are most 
heavily influenced by low temperatures, which are excellent for 

slow pyrolysis [134,174]. Particle size showed a negligible 

influence on the biochar potential for biochar qualities. It is possible 
to reduce the amount of raw waste that must be pyrolyzed to 

minimize the energy needed. The vegetable waste did not 

significantly affect biochar properties, but mixed and individual 
vegetable garbage performed equally well. As a result of this 

confirmation, funding will be provided to facilitate the collecting of 
mixed vegetable food waste and the direct conversion of that waste 
to biochar [90,138]. 

For biomass resources that may be used as fuel or 

transformed into other types of energy, "feedstock" is often used. Y. 

Wang et al. (2020) concluded that it is common to grow non-food 
crops, such as dedicated energy crops, only to produce biomass in 

remote or underpopulated places [193]. The two primary 

classifications are herbaceous and woody. Herbaceous energy crops 
may be harvested annually after attaining peak production after two 

to three years of development. Among them are sycamore and 

sweetgum trees and poplar and willow hybrids. Eastern cottonwood 
and silver maple are also featured. Using a broad range of resources, 

no food, fibre, or forest product output is adversely affected. Stalks 

and leaves from crops may be found across the United States. Aside 
from unusable trees, the cutting of lumber leaves the forests strewn 
with dead, ill, and otherwise useless trees. 

Additionally, this woody debris may act as a habitat and aid 

in maintaining water and nutrients in their proper locations. 

Hundreds of millions of forest acres might be utilized to generate 
biomass for energy. Forest restoration, production, vitality, and 

resilience may be improved through woody biomass harvesting, 

which reduces the risk of fire and pests. Su et al. (2020) concluded 
that depending on the strain, algae may develop in freshwater or 

saltwater. Aquaculture, industrial, municipal, and even oil and gas 
drilling-generated water all include the right conditions for their 

development [170]. There is a significant amount of energy potential 

in wood processing residues, which are the by-products and waste 
streams generated throughout the process. Examples of waste 

resources include yard garbage, paper and paperboard, plastics, 

rubber, leather, textiles, and food waste. Biofuels made from 
municipal solid waste have the additional advantage of minimizing 

landfill trash. Food waste, commercial, institutional, and residential 

bio solid wastes, manure from concentrated slurries, industrial 
organic wastes, and biogas from the above feedstock streams are all 

wet-waste feedstocks that may be used to generate biogas. It is 

possible to use "trash streams" as renewable power sources to boost 
rural economies and alleviate waste disposal concerns [76,220]. 

 

Figure 6 Example of torrefacation process of biomass [204]

Cafeterias and other food service facilities produce the bulk 

of these wastes, which are a combination of plastics and organic 

trash. Despite the availability of technology for the independent 
management of various waste streams, significant issues persist. 

Even while food waste may be composted, this method can be stinky 

and take a long time to decompose. Thermochemical conversion 
processes may be used to use a range of lignocellulosic biomass. It 

is possible to produce biochar and other useful byproducts via 

pyrolysis, one of the most widely used thermochemical conversion 
methods [21,84]. 

Different reactors have been used to study the pyrolysis of 

agricultural biomass waste, such as rice straw or sugar cane bagasse. 

Scientists studied both trunk and stump wood in order to better 
understand the bio-oils created by pyrolysis. According to the 

study's findings, liquids made from stump wood were 31.6% lighter 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

and 11.8% heavier than those made from trunk wood, with a 
difference of 34.1% lighter and 13.0% heavier. In N2 and N2 

atmospheres, rice straw pyrolysis produced bio-oils with 12.8% and 

31% yields, respectively. There was a greater concentration of liquid 
products in the nitrogen atmosphere than the hydrogen one. Dhyani 

& Bhaskar  (2018) stated that the gaseous product and losses yields 

were calculated using the mass difference between the bio-char 
products in the reactor and the gaseous product and losses yields 

[35]. To collect bio-oil products, dichloromethane was utilized as a 

solvent. The solvent was taken from the biooil and weighed in order 
to determine the amount of solvent that had been extracted. There 

are three processes in thermogravimetric testing for all four types of 

biomass, such as eucalyptus, sunflower shell, peanut shell and wheat 
straw biomass. The thermochemical decomposition of biomasses 

differed depending on the kind of agricultural biomass waste 
[42,127]. 

Another research study focuses on the co-pyrolysis of swine 

wastes and used mulch films. To generate 25 percent m/m energy, 

just 10% SPM is required. In the 10% SPM scenario, excess energy 

is generated for power generation. Comparing co-pyrolyzed 

biochars with biochar produced from porcine waste, we employed 
surface area and 1H NMR spectra. Douvartzides et al. (2019) 

focused on the fast pyrolysis of co-pyrolysis feedstocks from 

agricultural biomass wastes that include polymers at 650°C [44]. 
Catalytic fast pyrolysis of lignocellulosic biomass may produce 

hydrogen-rich co-reaction by adding co-reactants such waste 
plastics and tires. Aromatic hydrocarbons may be increased by 

including these co-reactants into the process. Additionally, the study 
sheds light on how to dispose of waste polymers from landfills. 

Analyses using catalytic fast pyrolysis were carried out on red 

oak biomass in conjunction with high-density polyethylene. 
Pyrolysis temperatures as high as 625 °C were investigated. The 

pyrolysis oil production increased by 57.6 percent by weight. High 

temperatures resulted in the formation of a light hydrocarbon-rich 
gas during the cracking of pyrolysis oil. Adding HDPE resulted in a 

heating value of up to 36.6 MJ/kg, which was an extra benefit. Y. 

Wang et al. (2020) concluded that with HZMS-5 as a catalyst, co-
pyrolysis enhances the yield of aromatic hydrocarbon. Increased 

aromatic hydrocarbon production was achieved when switchgrass 

and high-density polyethylene were mixed [193]. The pyrolysis of 
switchgrass was examined utilizing tail gas-reactive pyrolysis in this 

research to see how polyethylene and switchgrass affected it. Waxy 

material production is down. At 70 percent tail gas ambient pressure, 
noncondensable gases and substantially deoxygenated and 
aromatized pyrolysis oil were produced [14,16]. 

The kinetic properties of co-pyrolysis products of PET, PLA, 

and rice straw were determined using proximate and 

thermogravimetric studies. When rice straw was added, the 
pyrolysis activation and breakdown temperatures of PLA and PET 

were decreased. It has a temperature range of 560 to 900 degrees F. 

Biochar was also studied for its physical properties. According to 
the results, biochar's sorbent characteristics may be improved by the 

use of PET and agricultural wastes in its production. Tomczyk et al. 

(2020) found that polyethylene and acid-treated maize stover were 
tested for synergistic interactions with and without zeolite catalysts 

[175]. The quality and amount of pyrolysis oil generated from CS 

has also improved. A drop-down tube reactor was used to co-
pyrolyze LDPE, wood, and straw. Pyrolysis took place at 

temperatures ranging from 500 to 600 degrees Celsius. A co-

pyrolysis temperature of 600 °C gave the largest oil output 
compared to biomass or LDPE pyrolysis, by far [187,195]. 

On the other hand, lumpy biomass that is rich in cellophane 
yields an oil richer in ketones than that which is richer in cellophane. 

Numerous sample transfers are required to separate the product 

fractions and eliminate solvents from the soil samples [94,184]. 
There is going to be some weight reduction as a consequence of this. 

As a result of the pyrolysis of biomass that could not be collected 
during the solvent extraction process, water was also created, 

lowering the mass balance closure. The CH4 atmosphere always 

resulted in the lowest mass balance closure when employing the 
same biomass supply [170]. 

Biomass has the potential to make a significant impact in 
terms of environmental friendliness since it is a renewable energy 

source. Although pollution is a problem, biomass conversion 

technology provides a solution and creates new job possibilities in 
the agricultural waste use industry via revolutionary developments 

in biomass conversion technology. Biomass conversion also reduces 

the amount of biomass and improves the compactness of biomass 
[51,113,147]. Temperature, residence time, moisture content, and 

biomass particle size fluctuation impact product yield [80]. The 

effect of biomass moisture content on heating rate was explored in 
previous research. This study found that biomass particle size had 

no impact on syngas production since it wasn't a component, 

although increased moisture content may have had a role. In this 

study, the conditions and procedures for traditional and fast 

pyrolysis are identical. Nothing else has changed but the duration of 

stay and the cost of heating. Each of our trials yielded a loss. 
However, despite the condensed volatile products describing the 
losses, both approaches resulted in less than 15% losses [89]. 

In contrast, the classic pyrolysis procedure resulted in more 

than 15% losses because of its prolonged residence period. 
Increased temperature enhances syngas production in classical 

pyrolysis, but it also increases solid yield and losses in rapid 

pyrolysis [19,85,218]. Traditional pyrolysis results in a greater 
material loss, even though both processes lose less than 15% of the 

original material. These losses are the result of volatile chemicals 

condensing inside connected tubes [99,158]. Traditional pyrolysis 
may be to blame for the longer stay because of the higher 

concentrations. The most hydrogen was produced by fast pyrolysis 

at 953K. However, the amount of methane produced by either 
technique fluctuates depending on temperature and process type 

[169]. 

There are several key elements to successful fast pyrolysis, 

including high heat transfer rates and heating rates, rapid cooling of 

vapours and aerosols, and accurate temperature control to produce 
high levels of bio-oil. Fast-pyrolysis technology makes it easier to 

produce liquid fuels and a broad range of specialty and commodity 

chemicals [163]. Because the transportation and storage of this 
liquid product are less expensive than the handling of solid biomass, 

the two operations may be separated. It doesn't only fuel that has the 

potential to be more valuable than other useful molecules. Even on 
a small scale, fast pyrolysis technology may provide low investment 

costs and high energy efficiency. Due to the following advantages, 

bio-oil production utilizing fast pyrolysis has recently attracted a lot 
of attention [36,200]. The potential of pyrolysis technology for the 

generation of bio-oil from biomass necessitates extensive study and 

development. Several technical and economic challenges must be 
overcome before pyrolysis bio-oil technology can be economically 

viable [67]. 

Despite the apparent simplicity of slow pyrolysis, operating 

variables may substantially impact biochar yields and quality, 

contrary to common assumptions. A considerable influence on the 
production and quality of Biochar comes from the kind of biomass 

employed in its manufacture. An exciting possibility for increasing 

carbonization efficiency is the use of increased pressure. The 
biochar generation was unaffected by the carrier gas composition 

[15,20,71]. It seems reasonable to continue investigating the benefits 

of pressured slow pyrolysis in a CO2 atmosphere for biomass 
processing. Research into the ideal operating parameters for a 
certain application and the unique biomass feedstock is vital [176]. 

Electrode material, supercapacitor, soil ameliorant, catalyst, 

and so on all use this material because of the special features it 
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receives from the biomass source. The Biochar's porosity is 
improved by removing pore-blocking substances from the surface 

area due to the breakdown of aliphatic alkyls and ester groups in 

organic molecules. At high pyrolysis temperatures, Biochar is 
hydrophilic; at lower temperatures, hydrophobic Biochar is formed 

[87]. Carboxyl and pyridine functional groups may also be added to 

the surface at higher temperatures. Electrons may be exchanged 
between these functional groups on the surface [152,177]. Increased 

molecular absorption and catalytic activity are the consequence of 

the abundance of oxygen in Biochar, which is composed of phenolic 
and carboxylic acid groups and sulfonic acid groups. Biochar is a 

carbon-based substance with various applications because of its 

stability, porosity, disobedience, and CO2 sequestration. Formed in 
low- or no-oxygen settings by the thermal decomposition of 

biomass, this material has a carbon content of roughly 65%. Charred 

biomass is composed mostly of carbon, hydrogen, nitrogen, sulfur, 
and oxygen, although the amounts vary depending on biomass [74]. 

Future studies may learn about the composition of Biochar by 

going through the process of analyzing it. Paddle kilns and bubbling 

fluidized beds are only a few of the reactors that are used in the 

process of making Biochar. Classifying pyrolysis as quick or slow 
depends on many factors, including but not limited to temperature, 

contact time, surface temperature, rate of combustion, and pressure. 

Biochar is a particularly good option for cleaning up pollutants [23]. 
A wide variety of features and several methods for establishing 

waste management and energy generation solutions alter the 
interaction between the two. There are certain drawbacks to using 

the approach proposed here, such as a lack of flexibility compared 

to an open waste management model. This circular economy model 
has the potential to improve energy recovery rates [53,55,121]. 

Because of its many applications in agriculture and the 
environment, Biochar has garnered much attention in the last several 

years. There has been an explosion in the amount of biochar-related 

literature recently due to the material's wide variety of uses and 
environmental friendliness, which has attracted many scientists to 

the topic. Biochar may be made from a broad range of biomass, but 

the quality of the finished product will be highly determined by the 
kind of feedstock and the processing method [40]. The reduced 

surface area and limited functionalities of as-prepared Biochar make 

it less efficient than activated carbon in eliminating soil and water 
contaminants. Because of this limitation, many subsequent studies 

have focused on improving material properties by adding essential 

functionality [3,198]. These efforts have resulted in a better-
performing, more flexible Biochar. Biochar has a wide variety of 

qualities depending on the kind of feedstock. The feedstock must be 

carefully selected for making Biochar with appropriate properties as 
the feedstock's fixed carbon content increases, biochar production, 

whereas volatile matter content decreases. Biochar may be made 

from a wide variety of biomass, although crop residue is the most 

common source [146,224]. Lignocellulosic materials, such as wood 
pulp or straw make up the bulk of agricultural biomass. The 

breakdown of cellulose, hemicellulose and lignin usually starts 

around 340, 240, and 370 degrees Celsius. Respectively [172]. 
Degrees Celsius. Temperature and biomass content determine the 

characteristics of Biochar according to thermal decomposition data. 

Because of this, little research has been done on the impact of 
biomass components on biochar production. 

It's termed bioenergy conversion when biomass is used to 
generate electricity. Bioenergy may be used to transform biomass 

into several energy-dense products. The kind of biomass utilized in 

the manufacture of Biochar influences the final product. Lignin's 
presence encourages the synthesis of charcoal, while this aids in the 

production of tar. Moisture in the biomass hinders char formation, 

which requires more energy to achieve pyrolysis temperature. 
Yields may be significantly affected by process factors [155]. It is 

important to note that temperature is a crucial process variable that 

influences the formation and quality of Biochar. Depending on the 

kind and content of the biomass, the optimal temperature for making 

Biochar is between 450 and 600 degrees Celsius. The greater the 

temperature, the less Biochar is produced, and the more gas and 
liquid are produced [133,160]. Despite the comparatively low 

temperature and low heating rate, low temperatures and long 

residence durations are conducive to char growth. Developing solid 
char requires a temperature differential between the biomass's inner 

core and outer surface, which a bigger particle size provides. Product 
distribution is also impacted by altering reactor pressure [88]. 

Utilizing algae that can survive high amounts of CO2 in flue 
gas, this carbon capture technology uses microalgae to collect the 

CO2. Biomass yields are significant because they fix carbon more 

efficiently than terrestrial plants via photosynthetic activities 
[1,137,173]. Microalgae properties minimize greenhouse gas 

emissions while providing a sustainable source for biofuels at the 

same time. There is an alternative to landfilling and using 
wastewater biosolids directly on agricultural land: the carbonization 

process [192]. When pyrolysis is used to treat wastewater biosolids 

before disposal, metals, organic and inorganic components may be 
liberated. Wastewater treatment plants were responsible for 2.8% of 

global GHG emissions. Plant-level energy integration on biosolid 

management may lower the carbon footprint of wastewater 
treatment facilities by employing Biochar to reduce GHG emissions 

from landfills [78,159]. To reduce the number of antimicrobials and 

surfactants, which are often found in wastewater treatment, 
pyrolysis, a process that creates value-added Biochar, might be a 

significant asset in treating biosolids [150]. Reduces the cost of 

wastewater treatment by carbonizing biosolids Moving wastewater 
treatment plant biosolids also saves a lot of money because of the 
reduced weight and volume. 
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Figure 7 Conversion of biomass into Biochar by pyrolysis and its energy distribution [197]

 

Pyrolysis and carbonization are two thermochemical processes that 

may be used to manufacture biofuels and other energy products from 

biomass. During the pyrolysis process, the biomass is 

thermochemically transformed in the absence of air to produce the 

solid Biochar. Carbonization has been used for thousands of years 

to gently pyrolyze organic materials to create Biochar [212]. Slow 
pyrolysis warms biomass to a low temperature without the presence 

or absence of air over a long period. High-quality Biochar with a 

high fixed carbon content may be produced by keeping the reactor 
temperature between 400 and 600 °C [31]. Porosity and surface area 

allow more nutrients to be absorbed into the soil, allowing beneficial 

bacteria to flourish. Soil microbial biomass carbon is greatly 
increased when compared to chemical fertilizers. 

Low-temperature biomass decomposition, known as slow 
pyrolysis, is a technique in which the pyrolysis vapor is allowed to 

settle and increase the secondary cracking threshold over time. To 

get high-quality Biochar, need to use a process known as "slow 
pyrolysis," which is crucial. To improve biochar production, it is 

necessary to reduce the rate at which heat is created. Charcoal and 

bio-oil are possible outcomes of slow pyrolysis [92,116]. During the 

slow pyrolysis process, both condensable and noncondensable 

components are formed in the pyrolysis vapors, which have a 

relatively high temperature [35]. It is possible to extract bio-oil, 
which is frequently referred to as "wood vinegar," due to the 

presence of acetic acid from condensable components. Bio-organic 

oil is mostly composed of acids, esters, ketones, and phenols. 
Isolated bioproducts from bio-oil include a wide variety of 
chemicals [122]. 

Given how closely pyrolysis parameters are connected to 

feedstock and biochar characterization, it is critical to characterize 

both to understand the long-term viability of Biochar as an 
agronomic and environmental input. Many ecological and 

toxicological problems must be considered before deciding which 

feedstock to utilize for biochar production. Slow pyrolysis in 

charcoal produces stable carbon [10]. For example, colonization of 

tiny structures by microorganisms may be an effective way to store 
nutrients and sequester atmospheric CO2. Using it on the ground 

might increase soil fertility and quality while sequestering carbon 

and adsorbing various harmful pollutants [100,114]. The selection 

of four distinct kinds of feedstock for pyrolysis determines the 

features of Biochar. Classification of appropriate feedstocks for 

biochar synthesis is required even if Biochar cannot be utilized in 
crops or food production. According to various production 

techniques, the chemical, physical, and structural characteristics of 
feedstock materials and Biochar formed are summarized [66]. 

 

This caused the pH to rise. Bio-oil production peaks at 500°C 

because cracking occurs at higher temperatures. The low-

temperature environment in the reactor boosts the quantity of 
charcoal generated by slow pyrolysis. However, char production 

rose with decreasing temperature rise rate only at lower 

temperatures (below 650°C) [57,108,151]. Cracking occurs at low 
temperatures, whereas oxygenated hydrocarbon decarbonylation 

processes occur at high temperatures. Biochar formed at a rapid rate 

of temperature rise has less volatile materials and more ash [72]. As 

a result, high-temperature rising Biochar has a higher quality. This 

effect of an increase in temperature rate was not seen at high 

pyrolysis temperatures. To get a high output of liquid, fast pyrolysis 
is often used [37,119]. 

Biochar production processes are always being made to boost 
production and improve quality. There have been several ways 

lately outlined, but a comprehensive categorization of them has yet 

to be done. Despite this, we've categorized all key biochar 
manufacturing procedures into two basic categories [107,110,213]. 

In creating Biochar, the preparation technique and the kind of 

feedstock used considerably influence its qualities and applications. 
A fundamental challenge is that biochar applications must be 

assessed in their field efficiency and economic feasibility as part of 
continuing research [205]. 
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Using Biochar as a pollutant adsorbent, catalyst, and energy 
storage is summarized in this report. Biochar's structure and 

application are demonstrated to be intertwined. More study is 

required to produce a wide variety of biochars for particular 
applications, such as better control over the design and features of 

Biochar. Biochar is produced by a combination of intermolecular 

and intramolecular reactions [205]. Temperature causes the 
hemicellulose components to become porous and smooth, resulting 

in a loss of functional groups in the material. Lignocellulosic 

biomass has a broad range of hemicellulose, cellulose, lignin 
concentration, interrelationships, and crystallinity [2,117,201]. The 

thermal degradation behavior may be affected by structural or 

chemical changes in raw material components. Lignin is the main 
precursor to Biochar in biomass pyrolysis because of its aromatic 

structure, which aids in the synthesis of Biochar. Because of its high 
cellulose loss rate, pyrolysis biochar may have a larger porosity [76]. 

By the temperature at which it is produced and where it comes 

from, the physical and chemical qualities of soil are influenced by 

the texture of Biochar. As a result of the larger surface area created 

by the higher temperatures, they have a lower nutritional value than 

biochars made from manure or agricultural residues but a higher 
sorption capability. A coarser texture reduces the microbial 

population and enzyme activity in these soils [138]. When biochars 

are introduced to soils with a fine texture, the microbial population 
does not alter in abundance. Fresh biochar-supplemented soil had 

enhanced C mineralization, but microbial abundance didn't change, 
suggesting that older Biochar augmented earth had more efficient 
microorganisms [62,95]. 

Byproducts of biomass waste gasification and pyrolysis may 

be employed in various industries, including agriculture, 

construction, and industry. Biochar Byproducts such as bio-
oil/syngas may be utilized to power turbines or heat water and steam. 

Biochar production and consumption have increased dramatically 

over the world in recent years [44]. To make Biochar, the 
breakdown, depolymerization, and condensation of biomass under 

anoxic, high-temperature conditions necessitates a lengthy chemical 

process [43,64,69]. For each crop and growing medium, the pH of 
BLC has to be adjusted to meet specific needs. According to prior 

research on biochar performance, there are standards for appropriate 

techniques for pyrolysis and gasification settings. Biochar may 
include high concentrations of heavy metals and organic 

contaminants. However, these toxins may not be absorbed by the 
body [191]. 

In pilot-scale operations needing large feedstock, clean and 

"field-run" feedstock differ significantly. Species variety, 
production conditions, harvesting, collecting, and storing practices 

all impact the ultimate product quality when comparing feld-run 

biomass to research feedstocks that have been meticulously 
maintained [107]. Cut and placed on the ground emits ash and other 

pollutants, which may happen even before it is gathered. Soil 

contamination may introduce ash to biomass feedstock during 
harvest and collection procedures, but intrinsic ash also includes 

vascular and structural ash. Selecting and fractionating feedstock, 

using best management practices to minimize soil entrainment, and 
using preprocessing technologies to remove entrained soil and 

physiological ash from vessels or structural elements are all ways to 
reduce ash content [204]. 

Typically, the moisture content of charcoal is between 15% 

and 20%. The feed may range in size from little briquettes to large 
logs. Slow-pyrolysis methods might also use cashew nut shells and 

palm kernels as feedstocks and wood. Lignocellulosic biomass may 

be used as a pyrolysis feedstock to produce both environmentally 
friendly and cost-effective biofuels. In the case of wood biomass and 

agricultural waste, pelletization may be utilized to generate power 
[97]. 

Additionally, several reactor designs of different shapes and 
sizes have been studied. Biodiesel yields a lower-quality bio-oil than 

conventional fossil fuels because of the biomass's moisture content, 

uneven distribution, and wide range of feedstock [22,111]. Large-
scale pyrolysis has extra difficulties due to phosphorus compounds, 

unstable bio-oil, and oxygen. It's possible that bio-refineries, with 

their high-energy feedstock production and process intensification, 
might help solve these challenges by reducing production costs 

[185]. Suppose pyrolytic oils are to survive in the long run. In that 

case, they will need to be supplied by bio-refineries that can provide 
high oil-yielding feedstock, affordable catalysts, reactors with high 
thermal efficiency, and an adaptive energy market [214]. 

 

Figure 8 Biochar advantages 

During the pyrolysis process, the quantity of moisture in the 

biomass must be taken into account. Feed source, manufacturing 
process, and mode of collection all affect how much water is in bio-

oil. The liquid's water content is due to the pyrolysis process and 

subsequent dehydration operations in the raw materials [217,222]. 
To keep the produced oil's water content as low as possible, the 

biomass feedstock is often specified to have a moisture level of no 

more than 10%. High moisture content may increase the bio-oils 
calorific value, stability, and viscosity. Continuous pyrolysis relies 

heavily on the feeding rate. The reactor configuration has a major 

impact on the distribution of products and the qualities of bio-oil. 
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Faster devolatilization occurs when the feeding speed is lowered, 
resulting in gas and organic vapor formation [175]. 

On the other hand, slower feed rates result in a longer volatile 
residence time due to a slower pace of gas-phase production. More 

volatiles is recombined with char if the volatile-char interaction is 

longer. This helped split organic vapor secondary into gas even if 
the vapor residence period was lengthened [183]. Feeding at a 

greater rate reduces char and gas yields because the vapor residence 

time is reduced, hindering the further breakdown of vapor to gas and 
polymerization to form secondary chars. 

Catalysts and oxygen-rich atmospheres help produce syngas at 
high temperatures in pyrolysis reactors. Biomass pretreatments may 

considerably enhance the pyrolysis process. Commercial bio-oil 

production utilizes woody biomass in bubbling and cycling 
fluidized-bed processes. Circulating fluidized bed reactors have 

better throughput than bubbling reactors, despite the greater 

complexity of the hydrodynamics [112]. The biomass particles grow 

increasingly difficult throughout the pyrolysis process because of 

their anisotropic structure and the fractures and comminutions. To 

accurately predict fast pyrolysis processes, significant attention 
must be given to the features of biomass and char as the process 
develops [29,164,165]. 

As an example, there exist models for biomass pyrolysis 

reaction kinetics. Reactor design relies heavily on kinetic models, 

which may be readily linked to other heat and mass transport 
models. The accuracy of pyrolysis models based on structural 

deformation, which might vary depending on the feedstock, is high 
[18,142,180]. However, the generation of char, tar, and volatiles 

may be accurately predicted using network models [46]. Biomass 

pyrolysis has been widely researched in the literature, and biofuel 
pyrolysis technologies that are close to commercialization have been 

developed. Modeling biomass pyrolysis is becoming more 

important. Unresolved concerns included the need for a more exact 
model of bed gas and particle behavior and the mechanisms behind 

first- and second-order reactions [13,143,209]. A flurry of probes 

has now addressed this lack of information. Model-based 
understanding of response mechanisms has seen some recent 

advancements [170]. Biomass pyrolysis's intrinsic inorganic species 

are examined in this research project. Multiscale models that 
account for the interactions between all of the biomass components 

should be developed by researchers to understand better how 
biomass is pyrolyzed [105,115,162]. 

The addition of clay mineral bentonite to biomass pyrolysis 

resulted in increased yields, whereas heavy oils were decreased. In 
the future, this clay charcoal mixture might be employed as an 

additive to soil and as a fuel source. When the clay was added, 

lighter percentages of the leftover oils became more noticeable. The 
greater the temperature of pyrolysis and the greater the 

concentration of clay material, the greater the degree of the reaction. 

The exact extent of this response can only be discovered by 
additional testing [47]. The findings are consistent with earlier 

research and add to them. Charcoal production may also be 

increased by altering the heating rate, allowing volatile compounds 
to remain in the fixed carbon structure for a longer time. Increasing 

the residence time in the vapor phase and pre-drying biomass to 

prevent volatile components from being removed during moisture 
removal are two more well-known methods of increasing charcoal 

production [17,128]. Charcoal yields may be increased by 

increasing operational pressure and particle size. Unfortunately, 
these systems can't be easily incorporated into current production 

processes since they need complex process control and heavy capital 

equipment [96]. Using fresh wood rather than waste-derived chips 
or pellets is preferable for big biomass particles. 

To enhance pyrolysis product yields, it is advised to add 
internals to the spouted bed reactor or optimize the fountain area, as 

explained in this work. The primary reaction has high 

noncondensable gas and tar concentration in the region where 
biomass particles preferentially collect. Gas near the top of the 

annulus has a very low temperature. Noncondensable vapor and tar 

from the biomass particles' preferred distribution cause this area to 
be very low-temperature and high-gas-density [86]. The secondary 

reaction gas is concentrated in the bed's upper part, where it can't be 

condensed. Increased input velocity and pyrolysis temperature lead 
to a turbulent gas-phase flow inside the spout region. It could not get 

microscopic readings from the reactor's output due to difficult 

operating circumstances and complex interphase flow patterns 
[45,60,106]. 

The pyrolysis method used to boost the value of a 
phytoextraction feedstock has several elements to consider. Progress 

in phytoextraction and pyrolysis process design should generate 

consistent and reliable phytoextraction valorization processes. 
Pyrolysis settings should consider the intended products, inorganic 

content, and heating method [193]. Flash pyrolysis should be 

employed for high liquid yields and heavy metal separation from the 

char produced during the pyrolysis process to optimize fast and flash 

pyrolysis. The kind of pyrolysis reactor, intended product quality, 

and organic degradation processes all play a role in choosing the 
optimal temperature in this range [215]. 

In contrast, there is no impact on inorganic pollutants. 
Fluidized bed reactors seem to operate at higher temperatures while 

still maintaining harmful metals in the solid products they make, in 
contrast to ablative reactors, which can only keep toxic metals in the 

char when the temperature is lower [56]. Other than calorific and 

organic content, the operational temperature is also considered. The 
char of phytoextractors grown for soil cleaning must be properly 

evaluated for metal and metalloid pollutants in future studies 

[50,118,136]. The ultimate objective would be to compare their 
pollution levels to those with stricter environmental regulations in 

other nations [141]. A range of products may be produced by 

pyrolysis, which can be used to valorize biomass in a variety of 
ways. 

8 Construction using Biochar 

Traditional biochar production methods may be combined 
with current biomass pyrolysis technologies to create carbon-rich, 

fine-grained residue. A significant quantity of carbon dioxide is 

released when biomass and agricultural leftovers are burned and 
decomposed. Soil biochar may help reduce GHG emissions while 

also improving soil fertility. According to Dhyani & Bhaskar 

(2018), food insecurity, deforestation, water pollution, and climate 
change are all concerns that biochar may help to address. Biochar 

has the potential to help address these and other human development 

issues. Some of the most promising biochar will be examined in this 
article [35]. This high percentage is possible because biochar may 

completely replace sand, and the resultant plaster is five times 

lighter than the conventional form due to the high porosity of the 
substance. Tomczyk et al. (2020) found that the biochar-clay 

application has excellent insulating qualities, humidity-regulation, 

and electromagnetic radiation-mitigation capabilities as a carbon 

store. Reusing the biochar-based application in the soil as a compost 

supplement extends the building's carbon-trapping potential when 
it's finally dismantled [175]. 

Bricks and tiles may also be made from biochar and other 

building materials. According to the study, the biochar-cement 
bricks might reduce CO2 emissions from cement manufacture by 

6% if utilized worldwide [120,126,182]. While carbon capture and 

storage is a viable option, we might have a more visible and 
functional effect by employing stored carbon in buildings, such as 

green walls and roofs, which may play a new role after a building's 

useful life has expired. Liu et al. (2020) concluded that biochar's 
poor heat conductivity and water absorption capacity of up to five 

times its weight are two unique qualities. Because of these 

characteristics, biochar is an excellent choice for building insulation 
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and humidity control [112]. Using biochar to add plaster, bricks, and 
concrete components is possible by mixing it up to 80% with clay 

or lime/cement mortar. Because of this merging, interior walls now 

have great insulation and breathing qualities to keep a room's 
humidity between 45 and 70% year-round [58,131,148]. This helps 

keep the air in the rooms from becoming excessively dry, which may 

contribute to respiratory difficulties and allergies, and mold growth 
around thermal bridges and on exterior walls. Sekar et al. (2021) 

found that standard plaster spraying or rendering equipment may 

apply biochar to a building's outer walls. Houses may serve as long-
term carbon sinks and provide a better interior temperature at the 

same time by using biochar-based insulation [161]. And if the home 

is subsequently destroyed, the biochar-clay or biochar-lime plaster 
may be utilized as a compost addition, thereby completing the 

natural carbon cycle. For those who cook and smoke, biochar-clay 

plasters are a welcome addition. It is also an excellent 
electromagnetic radiation absorber due to the employment of both 
wireless technology and main power.  

Biochar is the revolution as a construction material because 

it can be effectively used as the pillar material which contain a 

significant percentage of carbon as the major constituent element. 
The expected impact on the CBR of soil when the biochar is added 

in moderate percentage as the pillar material will be positive. Fahmy 

et al. (2020) concluded that it is because the strengthening property 
of the biochar plays a critical tall in the development of matrix of 

soil that is further enhanced with the presence of ash in the biochar 
obtained from pyrolysis [46]. The temperature is also found to be a 

major variable that can modify the impact of biochar on the soil 

properties and it is prone that when the paralysis is done at higher 
temperatures the carbon content in the biochar increases 

[33,82,171]. This remains true for all the biomass feedstock that is 

added into the pyrolysis reactor. But it is also providing that the 
higher temperature are very damaging for the biochar strategic 

capabilities because if the carbon percentage increases above than 

85% then it is also no longer possible to get the effective 
improvement in the mechanical properties of soil as most of the 

material is just carbon. 

Additionally, Biochar is a suitable area for carbon 

sequestration since it absorbs CO2 from the atmosphere. Biochar is 

well-known for being produced by burning biomass and generating 
a large amount of smoke. This needs a well-ventilated workspace. 

Biochar should be made and applied to reduce the need for 

respirators, they said. It is also suggested that Biochar be slurried 
and mixed with the soil to minimize secondary dust formation [30]. 

Biochar's physical and chemical properties are influenced by 
the kind of biomass used to make it. A soil amendment, not a 

nutrition supply, is what Biochar made from woody biomass is for. 

Biochar generated from animal dung, for example, is higher in 
mineral content. Even if the same feedstock is used, the temperature 

at which Biochar is carbonized may substantially influence its 

properties. Temperatures that rise during carbonization enhance 
Biochar's specific surface area and decrease its nitrogen content. An 

essential role might be played by rhizobacteria or diazotrophic 

endophytes in increasing nitrogen fixation and compost 
mineralization. According to a study, many different biochars exist 

and choosing the proper one is critical to a suggested technique's 
effectiveness [54]. 

The main element in biochar is carbon, which is not very 

beneficial for the soil. As an organic compound, it can provide the 
required level of conditioning and stabilization to enhance further its 

ability to promote strength and integrity. One of the unique 

characteristics of biochar is that it is not a binder, which means that 
it cannot directly help the other constituents of the soil to bind 

together. Still, it acts as a major that can promote the load resistance 

and make sure that the earth is fully stabilized because it can easily 
absorb water [140,149]. It is always accepted that biochar is a 

similar product to simple charcoal. Still, it has the characteristic of 

water absorption that can be further explained by the unique features 
of material produced through pyrolysis. Water in large percentage is 

very bad for the soil. In the construction of a road, if the percentage 

of water is considerably high, it can easily affect the stabilization 
property of the earth and even cause the ground not to handle the 
required level of design load as the road can exert on the soil. 

A variety of stabilizers are being used in the development of 

soil. Some of them are very expensive because they use materials 

produced by the industry or are very expensive concerning the 
expected property of the ground. Biochar is already proven to be 

very beneficial for the soil's agriculture and capability. For these 

reasons, it is usually used as an alternative to fertilizer to enhance 
the ground's fertility. But there are always certain factors that could 

affect biochar application in construction [28,124,189]. These 

factors closely depend on their constituents. The other important 

elements like sulfur and nitrogen present in the biochar can react 

with soil compounds and even help bind the soil together. It has 

achieved significant capability in concrete applications because it 
can replace the normal sand and even bring the characteristic 

durability requirements to the concrete that is already prone to 

previous studies. Therefore, the future applications of biochar will 
considerably increase, specifically the improvement of soil and 

concrete, because both are important in the construction sector 
worldwide, and they can adopt the waste material. However, some 

arguments are also evident from the study that increased carbon in 

the soil may result in the release of methane gas after certain 
reactions happen between the soil additives [48,166,188]. The 

methane gas is very limiting to the atmosphere, and therefore, one 

of the best examples of that type of soil could be given as peat. To 
strengthen this type of soil, it is always very important to add the 

binder and filler materials that can help to mitigate the voids. 

Biochar can be considered an important alternative to the other 
expensive materials available for solid stabilization as it can 

considerably improve the CBR of soil. However, its negative impact 

on the environment also needs to be considered because increased 
biochar production can negatively affect the environment 
[6,49,123]. 

Biochar may lower the net greenhouse gas emissions of 

concrete projects when it is used with cementitious material. Our 

study is focused on the use of biochar generated from mixed-wood 
sawdust in place of cement. According to experimental results, 

biochar's small particle size and microfiller influence may have led 

to a moderate improvement in compressive strength while 
decreasing sorptivity by around 70 percent after 28 days of curing. 

Because of its improved strength and permeability, biochar may be 

employed as a carbon-sequestering concrete construction material. 
If the infrastructure is well-built and resistant to degradation, it will 

need less maintenance during its operating life. As a consequence, 

buildings will be more ecologically and economically sound. 
According to the findings of this study, biochar may replace 2 to 4 

percent of the cement in mortar while boosting the compressive 

strength. The micro-filler effect may not be created by lesser 
percentages, but larger percentages have been found to affect the 

mortar's strength and permeability [9,11,102]. Biochar increased the 

combination's impermeability compared to the control mixture. 
Biochar replaced 2-4 percent of the cement in the sorptivity test, 

producing the same level of permeability as a pozzolanic alternative. 

Future research might focus on improving biochar-mortar paste 
bonding and dispersing biochar in mortar mix more uniformly. One 

technique to improve the strength and permeability of biochar-based 

mortar mixes is to examine the form and size of the biochar particles 
themselves [12,39,199].  
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Figure 9 Biomass and its possible processes for thermal conversion 

Biochar is a well-known technique for improving soil. lately 
it has become a construction material. Although biochar has been 

used in road construction, it is now being employed as a cement 

component. While mining and constructing to capture and store 
carbon would result in higher emissions of greenhouse gases, this 

method of using biochar will produce reduced emissions. There are 

a variety of products manufactured from this substance, including 
biochar-lime bricks. When it comes to insulating properties and 

humidity control, this biochar-plaster combination seems to be a 

promising candidate [130,157,194]. Excessive drying of the interior 

air is a main source of respiratory problems, which may be avoided 

by using the composite. It may also help to prevent mold growth on 

the outside walls by preventing moisture from forming. 
Temperatures in pyrolysis are more stable at higher temperatures. 

Because it has fewer reactive sites than concrete or asphalt, biochar 

is less likely to react negatively. Biochar's flammability must be 
considered when utilizing it as a construction material. These free 

radicals react with the oxygen in the atmosphere, as well as other 

elements such as metals, to produce a wide range of chemical 
reactions. Slow biochar pyrolysis has two benefits over fast 

pyrolysis: a smaller surface area and a greater ability to reduce 
carbon-free radicals [91,196,203].  

Adding char particles to cement at a 1 percent mass 

concentration either inhibited fracture propagation or broke a single 
break into many smaller cracks under stress, as seen by scanning 

electron microscopy images. Flexural strength and toughness of the 
concrete were both increased by the char particles' crack propagation 

resistance. Char particles are more effective in shielding against 

electromagnetic interference than concrete containing carbon 
nanotubes at the same dosage. The pace at which the biochar is 

heated affects how much is created. The biomass contains cellulose, 

hemicelluloses, and lignin. Oil, gas, or char are all products of the 
breakdown of these components at different temperatures 
[5,181,223].  

In addition, it's not cost-effective to continuously re-coating 

the walls in order to ensure that they continue to absorb. This means 

that further research should be done on this subject in the future. 
Construction and civil engineering projects may also benefit from 

its utilization. As a result of the addition of biochar to concrete and 

subsequent addition of carbon dioxide gas, the trapped carbon 
dioxide is permanently sealed inside these structures [101,109]. A 

concept like this might result in the long-term storage of a significant 

quantity of greenhouse emissions. Whether carbonation in biochar 
with adsorbed CO2 impacts the durability of reinforced concrete still 

has to be studied further. Due to the heat of hydration, some CO2 

from biochar may be absorbed by fresh concrete. Carbon dioxide 
that has been absorbed into the new concrete may result in the 

formation of CaCO3, which is beneficial since it minimizes 

porosity. Carbonation, on the other hand, may shorten the lifespan 
of reinforced concrete by corroding the embedded reinforcing bars. 

9 Cost analysis of Biochar 

The bioenergy production process's most costly stage, 
pyrolysis, accounts for 36% of total system costs. Even though 

pyrolysis has been around for some time, more efficient and 

effective equipment is needed. For Biochar, bio-oil, and syngas, the 
pyrolyzer is the most energy-intensive phase and the most labor-

intensive. Even though running a 1-MWh pyrolyzer costs more than 

a portable one, it is less expensive than the bio-oil pyrolysis system 
utilized in the United Kingdom. No existing enterprises could 

provide a stable feedstock supply for such an endeavor since 

gathering this kind of material would be a whole new undertaking 
[161]. An entirely new approach to the region's social and economic 

well-being is introduced. It is hard to ignore the social aspects of the 

system, notably macroeconomic demand and supply consequences 
while evaluating the carbon footprint and costs of specific bioenergy 

projects. As a result, the biochar-based bioenergy system's evident 
job generation potential was not considered in this study [75]. 

However, no one in the biomass pyrolysis field can agree on 

how to swiftly and economically do this. Because of the lack of 

demand, a large-scale biomass pyrolysis plant was not developed. 

Commercially available ones tend to be of a set size. Consequently, 
a well-positioned ad will help to showcase its advantages. To 

enhance bio-techno economics, further study is required after the 

pyrolysis experiment. Several studies looked at the oil's Co-
pyrolysis of biomass with other pollutants, such as plastics and tire 

debris [132]. Several studies have demonstrated that a coprocessing 

waste is required to pyrolyze diverse biomasses successfully. If 
biomasses are to be treated alongside other materials, further 

investigation into the pyrolysis kinetics of diverse biomasses and the 

interactions between the intermediates formed during co-pyrolysis 
is required [7,73,145]. An interaction between reaction 

intermediates may affect pyrolysis process efficiency and the bio-

content oils and properties [207]. All that has been written about 
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biomass-based fuel production being cost-competitive with fossil 
fuels is still in the early stages. The fundamental chemistry of the 

pyrolysis process must be studied further to make the technology 
commercially viable [129]. 

Biochar is expected to remain a high-end specialty product 

for the foreseeable future, although new products using biochar's 
unique chemical properties are gaining appeal. Every year, activated 

carbon is used in wastewater treatment facilities to remove 

contaminants and reduce odors. Biochar is a realistic choice when it 
comes to conserving money [8,167,221]. System profitability may 

be determined if carbon sequestration costs are more than a typical 

per-tonne cost of comparable carbon and the distance traveled is 
significant, as well as the different values of C offset. Between 12 

and 13 years is the break-even point for land application scenarios. 

Biochar and bioenergy may be produced in tandem to save money 
and store carbon for the long term, making it a viable alternative to 

burning fossil fuels. Consequently, it is possible that the policy on 

harvesting forest biomass has to be amended. An entirely new 

approach to the region's social and economic well-being is being 
introduced.. 

10 Conclusions and recommendations 

The predicted products, inorganic content, and heating 

method should be considered. To get the most out of pyrolysis, 

combine high liquid yields and metal separation from char with fast 
and flash pyrolysis. Biochar is a great carbon sink because it can 

absorb CO2. Biochar is made by burning biomass, which produces 
a lot of smoke. This process requires enough ventilation. They 

recommended making and using Biochar to lessen the requirement 

for respiratory protection. Biochar should be slurred and blended 
into the soil to avoid secondary dust. To better understand how 

biomass is pyrolyzed, researchers should construct multiscale 

models that include all biomass components. Pretreatment and 
posttreatment of biomass pyrolysis products must be coordinated 

before and after pyrolysis. To improve biomass pyrolysis 

performance, pretreatments such as torrefaction and biological 

pretreatment should be investigated. A catalytic system and 

pyrolysis parameters may create more complex liquid fuels like 

aromatic/aliphatic hydrocarbons, chemicals with added value like 
anhydrosugars, and biochars with unique properties for pyrolysis 

products. When volatile molecules are allowed to stay in the fixed 
carbon structure for a long time, more charcoal is generated.  

It's also common to pre-dry biomass to avoid volatile 

components from being lost during moisture removal. Raising the 
pressure and particle size may enhance charcoal production. 

Biomass pyrolysis has been extensively studied in the literature, 

with entire pyrolysis systems built to generate biofuels. The 
importance of biomass pyrolysis modeling has increased. Unsolved 

challenges included first and second-order reaction processes, bed 

gas, and particle dynamics. Throughout the pyrolysis process, the 
biomass' moisture content must be considered. The amount of water 

in bio-oil varies on the feedstock, production, and collection 

methods. Pyrolysis and dehydration of the fundamental constituents 

resulted in a high water content liquid. Phosphorus compounds, 

volatile bio-oil, and oxygen hamper large-scale pyrolysis. Process 

intensification and high-energy feedstocks may help bio-refineries 
reduce production costs. Components and containers that are 

preprocessed before use may assist minimize the quantity of carbon 

black in the final product. The pyrolysis and gasification parameters 
may be standardized based on previous research. Heavy metals and 

organic pollutants are common in Biochar. Biochar made from 

manure or agricultural waste has a larger surface area and better 
absorption capacity. Structure or chemical changes in raw materials 

might impact thermal deterioration. Its aromatic nature makes it an 

ideal Biochar source in biomass pyrolysis. Fast-forming Biochar has 
less volatile components and more ash than slow-forming Biochar.  

This improves the quality of high-temperature rising Biochar. 
Higher pyrolysis temperatures did not result in temperature rises. 

Fast pyrolysis is utilized for large volumes of liquid. Biochar is made 

by pyrolyzing four different types of raw materials. Even though 
Biochar cannot be used in agriculture or food production, 

categorization of feedstocks is critical. Slow pyrolysis heats biomass 

slowly without using air. A high-temperature reactor may create 
high-quality Biochar with high fixed carbon content. As 

temperatures increase, gas and liquid output outpace biochar 

production. Char may occur even at low temperatures and heating 
rates. These adjustments improved Biochar's performance and 

adaptability. The properties of Biochar vary depending on the fuel 

used. Agricultural waste is the most frequent biomass used to make 
Biochar. There are certain disadvantages to open trash management.  

The breakdown of aliphatic alkyls and ester groups in organic 
molecules removes pore-blocking compounds from Biochar. The 

higher the pyrolysis temperature, the more hydrophilic Biochar is 

generated. Fast-pyrolysis technique facilitates the production of 

liquid fuels and specialty and commodity chemicals. Concerns 

concerning environmental pollution have been addressed, and 

agricultural waste usage has created new work opportunities. Less 
biomass is needed for conversion, and it is compressed. 

Temperature, moisture content, and particle size variation affect 

biomass product production. This requires numerous sample 
transfers to remove solvents from soil samples. As a consequence, 

you will lose weight. Water was created by burning non-solvent 
biomass. This harmed the mass balance. Despite the existence of 

waste separation technologies, substantial issues continue. Food 

waste may be composted instead of rotting in a septic tank. Some 
lignocellulosic biomass may be thermochemically transformed. 

Pyrolysis, a common thermochemical conversion process, may yield 

Biochar and other significant byproducts. Materials such as food 
scraps and yard debris are examples of waste resources. Biofuels 

derived from municipal solid waste help the environment and save 

money. Food waste, biosolids, manure concentrated slurries, 
industrial organic waste, and biogas derived from the above 

feedstocks are all acceptable wet-waste feedstocks. Rural areas may 

grow while lowering garbage disposal worries by producing 
renewable energy from "trash streams." The particle size of Biochar 

does not affect its quality. Reduce the quantity of raw waste that 

must be pyrolyzed to conserve energy. Neither combined nor 
individual vegetable waste affected the characteristics of Biochar. 

The ash concentration of the biocoal feedstock must be maintained 

for proper combustion. This strategy will improve the area's social 
and economic well-being. When evaluating the carbon footprint and 

costs of individual bioenergy projects, societal factors such as 

macroeconomic demand and supply must be considered. Due to its 
lack of binding properties, Biochar cannot help the soil's other 

components create a cohesive whole. It increases load resistance, 

and so increases ground safety and stability. Charcoal has long been 
considered a relative of Biochar. The specific qualities of pyrolysis-
derived materials explain their water absorption characteristics. 

References 

[1] T. F. Abbruzzini, A. L. Reyes-Ortigoza, R. J. Alcántara-

Hernández, L. Mora, L. Flores, and B. Prado. 2022. 

Chemical, biochemical, and microbiological properties of 
Technosols produced from urban inorganic and organic 

wastes. J. Soils Sediments (2022). 
DOI:https://doi.org/10.1007/s11368-021-03062-2 

[2] Banjo A. Akinyemi and Adeyemi Adesina. 2020. Recent 

advancements in the use of biochar for cementitious 
applications: A review. Journal of Building Engineering. 
DOI:https://doi.org/10.1016/j.jobe.2020.101705 

[3] Ammar Albalasmeh, Mamoun A. Gharaibeh, Osama 

Mohawesh, Mohammad Alajlouni, Mohammed Quzaih, 

Mohanad Masad, and Ali El Hanandeh. 2020. 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

Characterization and Artificial Neural Networks 
Modelling of methylene blue adsorption of biochar 

derived from agricultural residues: Effect of biomass type, 

pyrolysis temperature, particle size. J. Saudi Chem. Soc. 
(2020). DOI:https://doi.org/10.1016/j.jscs.2020.07.005 

[4] Débora Almeida and Maria De Fátima Marques. 2016. 
Thermal and catalytic pyrolysis of plastic waste. 

Polimeros (2016). DOI:https://doi.org/10.1590/0104-
1428.2100 

[5] Hamad Almohamadi, Abdulrahman Aljabri, Essam R.I. 

Mahmoud, Sohaib Z. Khan, Meshal S. Aljohani, and 
Rashid Shamsuddin. 2021. Catalytic pyrolysis of 

municipal solid waste: Effects of pyrolysis parameters. 

Bulletin of Chemical Reaction Engineering & Catalysis. 
DOI:https://doi.org/10.9767/bcrec.16.2.10499.342-352 

[6] T. G. Ambaye, M. Vaccari, E. D. van Hullebusch, A. 

Amrane, and S. Rtimi. 2021. Mechanisms and adsorption 

capacities of biochar for the removal of organic and 

inorganic pollutants from industrial wastewater. 
International Journal of Environmental Science and 

Technology. DOI:https://doi.org/10.1007/s13762-020-
03060-w 

[7] Andrew N. Amenaghawon, Chinedu L. Anyalewechi, 

Charity O. Okieimen, and Heri Septya Kusuma. 2021. 
Biomass pyrolysis technologies for value-added products: 

a state-of-the-art review. Environment, Development and 
Sustainability. DOI:https://doi.org/10.1007/s10668-021-
01276-5 

[8] Khursheed B. Ansari, Bushra Kamal, Sidra Beg, Md 

Aquib Wakeel Khan, Mohd Shariq Khan, Mohammed K. 

Al Mesfer, and Mohd Danish. 2021. Recent developments 
in investigating reaction chemistry and transport effects in 

biomass fast pyrolysis: A review. Renewable and 

Sustainable Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2021.111454 

[9] Sabino Armenise, Wong SyieLuing, José M. Ramírez-
Velásquez, Franck Launay, Daniel Wuebben, Norzita 

Ngadi, Joaquín Rams, and Marta Muñoz. 2021. Plastic 

waste recycling via pyrolysis: A bibliometric survey and 
literature review. J. Anal. Appl. Pyrolysis (2021). 
DOI:https://doi.org/10.1016/j.jaap.2021.105265 

[10] Saleh Al Arni. 2018. Comparison of slow and fast 

pyrolysis for converting biomass into fuel. Renew. Energy 

(2018). 
DOI:https://doi.org/10.1016/j.renene.2017.04.060 

[11] Muhammad Ayaz, Dalia Feizienė, Vita Tilvikienė, Kashif 
Akhtar, Urte Stulpinaitė, and Rashid Iqbal. 2021. Biochar 

role in the sustainability of agriculture and environment. 

Sustainability (Switzerland). 
DOI:https://doi.org/10.3390/su13031330 

[12] Elias S. Azzi, Erik Karltun, and Cecilia Sundberg. 2021. 
Assessing the diverse environmental effects of biochar 

systems: An evaluation framework. J. Environ. Manage. 

(2021). 
DOI:https://doi.org/10.1016/j.jenvman.2021.112154 

[13] Vekes Balasundram, Norazana Ibrahim, Rafiziana Md 
Kasmani, Ruzinah Isha, Mohd Kamaruddin Abd Hamid, 

and Hasrinah Hasbullah. 2020. Catalytic upgrading of 

biomass-derived pyrolysis vapour over metal-modified 
HZSM-5 into BTX: a comprehensive review. Biomass 

Conversion and Biorefinery. 

DOI:https://doi.org/10.1007/s13399-020-00909-5 

[14] Meredith Rose Barr, Roberto Volpe, and Rafael 

Kandiyoti. 2019. Influence of Reactor Design on Product 
Distributions from Biomass Pyrolysis. ACS Sustain. 

Chem. Eng. (2019). 
DOI:https://doi.org/10.1021/acssuschemeng.9b01368 

[15] Mattia Bartoli, Mauro Giorcelli, Pravin Jagdale, Massimo 

Rovere, and Alberto Tagliaferro. 2020. A review of non-
soil biochar applications. Materials. 
DOI:https://doi.org/10.3390/ma13020261 

[16] S. Beetham and J. Capecelatro. 2019. Biomass pyrolysis 

in fully-developed turbulent riser flow. Renew. Energy 

(2019). 
DOI:https://doi.org/10.1016/j.renene.2019.03.095 

[17] P. R. Bhoi, A. S. Ouedraogo, V. Soloiu, and R. Quirino. 

2020. Recent advances on catalysts for improving 

hydrocarbon compounds in bio-oil of biomass catalytic 

pyrolysis. Renewable and Sustainable Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2019.109676 

[18] Humberto Blanco-Canqui. 2021. Does biochar improve 
all soil ecosystem services? GCB Bioenergy (2021). 
DOI:https://doi.org/10.1111/gcbb.12783 

[19] Nanthi Bolan, Son A. Hoang, Jingzi Beiyuan, Souradeep 

Gupta, Deyi Hou, Ajay Karakoti, Stephen Joseph, 

Sungyup Jung, Ki Hyun Kim, M. B. Kirkham, Harn Wei 
Kua, Manish Kumar, Eilhann E. Kwon, Yong Sik Ok, 

Vishma Perera, Jörg Rinklebe, Sabry M. Shaheen, Binoy 
Sarkar, Ajit K. Sarmah, Bhupinder Pal Singh, Gurwinder 

Singh, Daniel C.W. Tsang, Kumar Vikrant, Meththika 

Vithanage, Ajayan Vinu, Hailong Wang, Hasintha 
Wijesekara, Yubo Yan, Sherif A. Younis, and Lukas Van 

Zwieten. 2022. Multifunctional applications of biochar 

beyond carbon storage. Int. Mater. Rev. (2022). 
DOI:https://doi.org/10.1080/09506608.2021.1922047 

[20] Bareen Bushra and Neelancherry Remya. 2020. Biochar 
from pyrolysis of rice husk biomass—characteristics, 

modification and environmental application. Biomass 

Conversion and Biorefinery. 
DOI:https://doi.org/10.1007/s13399-020-01092-3 

[21] Felipe Campuzano, Robert C. Brown, and Juan Daniel 
Martínez. 2019. Auger reactors for pyrolysis of biomass 

and wastes. Renewable and Sustainable Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2018.12.014 

[22] Benjamin Caudle, Maximilian B. Gorensek, and Chau 

Chyun Chen. 2020. A Novel Approach to Modeling 
Biomass Pyrolysis in a Fluidized Bed Reactor. ACS 

Sustain. Chem. Eng. (2020). 

DOI:https://doi.org/10.1021/acssuschemeng.0c05783 

[23] Jin Sun Cha, Sung Hoon Park, Sang Chul Jung, 

Changkook Ryu, Jong Ki Jeon, Min Chul Shin, and 
Young Kwon Park. 2016. Production and utilization of 

biochar: A review. Journal of Industrial and Engineering 

Chemistry. 
DOI:https://doi.org/10.1016/j.jiec.2016.06.002 

[24] Wenfu Chen, Jun Meng, Xiaori Han, Yu Lan, and 
Weiming Zhang. 2019. Past, present, and future of 

biochar. Biochar. DOI:https://doi.org/10.1007/s42773-
019-00008-3 

[25] Xing Chen, Huiyan Zhang, Yao Song, and Rui Xiao. 

2018. Prediction of product distribution and bio-oil 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

heating value of biomass fast pyrolysis. Chem. Eng. 
Process. - Process Intensif. (2018). 
DOI:https://doi.org/10.1016/j.cep.2018.05.018 

[26] Zhiwen Chen, Mingfeng Wang, Enchen Jiang, Donghai 

Wang, Ke Zhang, Yongzhi Ren, and Yang Jiang. 2018. 

Pyrolysis of Torrefied Biomass. Trends in Biotechnology. 
DOI:https://doi.org/10.1016/j.tibtech.2018.07.005 

[27] Feng Cheng and Xiuwei Li. 2018. Preparation and 
application of biochar-based catalysts for biofuel 

production. Catalysts. 
DOI:https://doi.org/10.3390/catal8090346 

[28] Ning Cheng, Bing Wang, Pan Wu, Xinqing Lee, Ying 

Xing, Miao Chen, and Bin Gao. 2021. Adsorption of 
emerging contaminants from water and wastewater by 

modified biochar: A review. Environmental Pollution. 
DOI:https://doi.org/10.1016/j.envpol.2021.116448 

[29] Sheng Cheng, Tao Chen, Wenbin Xu, Jian Huang, 

Shaojun Jiang, and Bo Yan. 2020. Application research of 
biochar for the remediation of soil heavy metals 

contamination: A review. Molecules. 
DOI:https://doi.org/10.3390/molecules25143167 

[30] Nguyen Thúy Lan Chi, Susaimanickam Anto, Tharifkhan 

Shan Ahamed, Smita S. Kumar, Sabarathinam 
Shanmugam, Melvin S. Samuel, Thangavel Mathimani, 

Kathirvel Brindhadevi, and Arivalagan Pugazhendhi. 
2021. A review on biochar production techniques and 

biochar based catalyst for biofuel production from algae. 

Fuel (2021). 
DOI:https://doi.org/10.1016/j.fuel.2020.119411 

[31] D. Czajczyńska, L. Anguilano, H. Ghazal, R. Krzyżyńska, 
A.J. Reynolds, N. Spencer, and H. Jouhara. 2017. 

Potential of pyrolysis processes in the waste management 

sector. Therm. Sci. Eng. Prog. 3, (September 2017), 171–
197. DOI:https://doi.org/10.1016/j.tsep.2017.06.003 

[32] Oisik Das and Ajit K. Sarmah. 2015. The love-hate 
relationship of pyrolysis biochar and water: A perspective. 

Science of the Total Environment. 
DOI:https://doi.org/10.1016/j.scitotenv.2015.01.061 

[33] Shaon Kumar Das, Goutam Kumar Ghosh, R. K. Avasthe, 

and Kanchan Sinha. 2021. Compositional heterogeneity 
of different biochar: Effect of pyrolysis temperature and 

feedstocks. J. Environ. Manage. (2021). 
DOI:https://doi.org/10.1016/j.jenvman.2020.111501 

[34] Mackenzie J. Denyes, Michèle A. Parisien, Allison Rutter, 

and Barbara A. Zeeb. 2014. Physical, chemical and 
biological characterization of six biochars produced for 

the remediation of contaminated sites. J. Vis. Exp. (2014). 

DOI:https://doi.org/10.3791/52183 

[35] Vaibhav Dhyani and Thallada Bhaskar. 2018. A 

comprehensive review on the pyrolysis of lignocellulosic 
biomass. Renew. Energy 129, (December 2018), 695–716. 
DOI:https://doi.org/10.1016/j.renene.2017.04.035 

[36] Carlos A. Diaz, Rahul Ketan Shah, Tyler Evans, Thomas 

A. Trabold, and Kathleen Draper. 2020. Thermoformed 

containers based on starch and starch/coffee waste biochar 
composites. Energies (2020). 
DOI:https://doi.org/10.3390/en13226034 

[37] Deinma T. Dick, Oluranti Agboola, and Augustine O. 

Ayeni. 2020. Pyrolysis of waste tyre for high-quality fuel 

products: A review. AIMS Energy. 

DOI:https://doi.org/10.3934/ENERGY.2020.5.869 

[38] Theodore Dickerson and Juan Soria. 2013. Catalytic fast 

pyrolysis: A review. Energies (2013). 
DOI:https://doi.org/10.3390/en6010514 

[39] Charles Chinyere Dike, Esmaeil Shahsavari, Aravind 
Surapaneni, Kalpit Shah, and Andrew S. Ball. 2021. Can 

biochar be an effective and reliable biostimulating agent 

for the remediation of hydrocarbon-contaminated soils? 
Environment International. 
DOI:https://doi.org/10.1016/j.envint.2021.106553 

[40] R. T. Dilks, F. Monette, and M. Glaus. 2016. The major 

parameters on biomass pyrolysis for hyperaccumulative 

plants - A review. Chemosphere. 
DOI:https://doi.org/10.1016/j.chemosphere.2015.12.062 

[41] Yang Ding, Yunguo Liu, Shaobo Liu, Zhongwu Li, 

Xiaofei Tan, Xixian Huang, Guangming Zeng, Lu Zhou, 

and Bohong Zheng. 2016. Biochar to improve soil 

fertility. A review. Agronomy for Sustainable 
Development. DOI:https://doi.org/10.1007/s13593-016-
0372-z 

[42] Yanming Ding, Wenlong Zhang, Lei Yu, and Kaihua Lu. 

2019. The accuracy and efficiency of GA and PSO 

optimization schemes on estimating reaction kinetic 
parameters of biomass pyrolysis. Energy (2019). 
DOI:https://doi.org/10.1016/j.energy.2019.04.030 

[43] Pavani Dulanja Dissanayake, Siming You, Avanthi 

Deshani Igalavithana, Yinfeng Xia, Amit Bhatnagar, 
Souradeep Gupta, Harn Wei Kua, Sumin Kim, Jung Hwan 

Kwon, Daniel C.W. Tsang, and Yong Sik Ok. 2020. 

Biochar-based adsorbents for carbon dioxide capture: A 
critical review. Renewable and Sustainable Energy 
Reviews. DOI:https://doi.org/10.1016/j.rser.2019.109582 

[44] Savvas L. Douvartzides, Nikolaos D. Charisiou, Kyriakos 

N. Papageridis, and Maria A. Goula. 2019. Green Diesel: 

Biomass Feedstocks, Production Technologies, Catalytic 
Research, Fuel Properties and Performance in 

Compression Ignition Internal Combustion Engines. 

Energies 12, 5 (February 2019), 809. 
DOI:https://doi.org/10.3390/en12050809 

[45] Hong Du, Xiuyun Ma, Miao Jiang, Peifang Yan, and Z. 
Conrad Zhang. 2021. Autocatalytic co-upgrading of 

biochar and pyrolysis gas to syngas. Energy (2021). 
DOI:https://doi.org/10.1016/j.energy.2021.119837 

[46] Tamer Y. A. Fahmy, Yehia Fahmy, Fardous Mobarak, 

Mohamed El-Sakhawy, and Ragab E. Abou-Zeid. 2020. 
Biomass pyrolysis: past, present, and future. Environ. 

Dev. Sustain. 22, 1 (January 2020), 17–32. 

DOI:https://doi.org/10.1007/s10668-018-0200-5 

[47] Olugbenga Abiola Fakayode, Elmuez Alsir Ahmed 

Aboagarib, Cunshan Zhou, and Haile Ma. 2020. Co-
pyrolysis of lignocellulosic and macroalgae biomasses for 

the production of biochar – A review. Bioresource 

Technology. 
DOI:https://doi.org/10.1016/j.biortech.2019.122408 

[48] Mengjiao Fan, Chao Li, Yifan Sun, Lijun Zhang, Shu 
Zhang, and Xun Hu. 2021. In situ characterization of 

functional groups of biochar in pyrolysis of cellulose. Sci. 

Total Environ. (2021). 
DOI:https://doi.org/10.1016/j.scitotenv.2021.149354 

[49] Dongdong Feng, Dawei Guo, Yu Zhang, Shaozeng Sun, 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

Yijun Zhao, Qi Shang, Hongliang Sun, Jiangquan Wu, 
and Heping Tan. 2021. Functionalized construction of 

biochar with hierarchical pore structures and surface O-

/N-containing groups for phenol adsorption. Chem. Eng. 
J. (2021). DOI:https://doi.org/10.1016/j.cej.2020.127707 

[50] Argemiro P.Martins Filho, Erika V. De Medeiros, Jose 
Romualdo S. Lima, Diogo P. Da Costa, Gustavo P. Duda, 

Jenifer S.A. Da Silva, Julyana B. De Oliveira, Antonio 

C.D. Antonino, Romulo S.C. Menezes, and Claude 
Hammecker. 2021. Impact of coffee Biochar on carbon, 

microbial biomass and enzyme activities of a sandy soil 

cultivated with bean. An. Acad. Bras. Cienc. (2021). 
DOI:https://doi.org/10.1590/0001-3765202120200096 

[51] Argemiro Pereira Martins Filho, Erika Valente de 
Medeiros, José Romualdo de Sousa Lima, Gustavo 

Pereira Duda, Wendson de Moraes Silva, Antônio Celso 

Dantas Antonino, Jenifer Sthephanie Araújo da Silva, 

Julyana Braga de Oliveira, and Claude Hammecker. 2020. 

Impact of coffee biochar on soil carbon, microbial 

biomass and enzymatic activities in semiarid sandy soil 
cultivated with maize. Rev. Bras. Geogr. Fis. (2020). 
DOI:https://doi.org/10.26848/rbgf.v13.3.p903-914 

[52] Silvia Fiore, Franco Berruti, and Cedric Briens. 2018. 

Investigation of innovative and conventional pyrolysis of 

ligneous and herbaceous biomasses for biochar 
production. Biomass and Bioenergy (2018). 
DOI:https://doi.org/10.1016/j.biombioe.2018.10.010 

[53] Alessandro Flammini, Erik Brundin, Rikard Grill, and 

Hannes Zellweger. 2020. Supply chain uncertainties of 
small-scale coffee husk-biochar production for activated 

carbon in Vietnam. Sustain. (2020). 
DOI:https://doi.org/10.3390/su12198069 

[54] Shin Ying Foong, Rock Keey Liew, Yafeng Yang, Yoke 

Wang Cheng, Peter Nai Yuh Yek, Wan Adibah Wan 
Mahari, Xie Yi Lee, Chai Sean Han, Dai Viet N. Vo, 

Quyet Van Le, Mortaza Aghbashlo, Meisam Tabatabaei, 

Christian Sonne, Wanxi Peng, and Su Shiung Lam. 2020. 
Valorization of biomass waste to engineered activated 

biochar by microwave pyrolysis: Progress, challenges, 

and future directions. Chem. Eng. J. (2020). 
DOI:https://doi.org/10.1016/j.cej.2020.124401 

[55] Jenny R. Frank, Tristan R. Brown, Robert W. 
Malmsheimer, Timothy A. Volk, and Hak Soo Ha. 2020. 

The financial trade-off between the production of biochar 

and biofuel via pyrolysis under uncertainty. Biofuels, 
Bioprod. Biorefining (2020). 
DOI:https://doi.org/10.1002/bbb.2092 

[56] Jagdish W. Gabhane, Vivek P. Bhange, Pravin D. Patil, 

Sneha T. Bankar, and Sachin Kumar. 2020. Recent trends 

in biochar production methods and its application as a soil 
health conditioner: a review. SN Applied Sciences. 
DOI:https://doi.org/10.1007/s42452-020-3121-5 

[57] Xi Gao, Liqiang Lu, Mehrdad Shahnam, William A. 

Rogers, Kristin Smith, Katherine Gaston, David 

Robichaud, M. Brennan Pecha, Meagan Crowley, Peter N. 
Ciesielski, Paulo Debiagi, Tiziano Faravelli, Gavin 

Wiggins, Charles E.A. Finney, and James E. Parks. 2021. 

Assessment of a detailed biomass pyrolysis kinetic 
scheme in multiscale simulations of a single-particle 

pyrolyzer and a pilot-scale entrained flow pyrolyzer. 

Chem. Eng. J. (2021). 
DOI:https://doi.org/10.1016/j.cej.2021.129347 

[58] Ankit Garg, Insha Wani, Honghu Zhu, and Vinod 
Kushvaha. 2021. Exploring efficiency of biochar in 

enhancing water retention in soils with varying grain size 

distributions using ANN technique. Acta Geotech. (2021). 
DOI:https://doi.org/10.1007/s11440-021-01411-6 

[59] Gennady Gerasimov, Vladimir Khaskhachikh, Oleg 
Potapov, Grigory Dvoskin, Valentina Kornileva, and 

Lyudmila Dudkina. 2019. Pyrolysis of sewage sludge by 

solid heat carrier. Waste Manag. (2019). 
DOI:https://doi.org/10.1016/j.wasman.2019.02.016 

[60] Fabian Gievers, Achim Loewen, and Michael Nelles. 
2021. Life cycle assessment of sewage sludge pyrolysis: 

Environmental impacts of biochar as carbon sequestrator 

and nutrient recycler. Detritus (2021). 
DOI:https://doi.org/10.31025/2611-4135/2021.15111 

[61] Mauro Giorcelli and Mattia Bartoli. 2019. Development 

of coffee biochar filler for the production of electrical 

conductive reinforced plastic. Polymers (Basel). (2019). 
DOI:https://doi.org/10.3390/polym11121916 

[62] Paola Giudicianni, Valentina Gargiulo, Corinna Maria 

Grottola, Michela Alfè, Ana Isabel Ferreiro, Miguel 
Abreu Almeida Mendes, Massimo Fagnano, and Raffaele 

Ragucci. 2021. Inherent Metal Elements in Biomass 

Pyrolysis: A Review. Energy and Fuels. 
DOI:https://doi.org/10.1021/acs.energyfuels.0c04046 

[63] D O Glushkov, G S Nyashina, R Anand, and P A Strizhak. 

2021. Composition of gas produced from the direct 

combustion and pyrolysis of biomass. Process Saf. 
Environ. Prot. 156, (2021), 43–56. 

DOI:https://doi.org/https://doi.org/10.1016/j.psep.2021.0
9.039 

[64] Andrey V. Gorovtsov, Tatiana M. Minkina, Saglara S. 

Mandzhieva, Leonid V. Perelomov, Gerhard Soja, Inna V. 
Zamulina, Vishnu D. Rajput, Svetlana N. Sushkova, 

Dinesh Mohan, and Jun Yao. 2020. The mechanisms of 

biochar interactions with microorganisms in soil. Environ. 
Geochem. Health (2020). 
DOI:https://doi.org/10.1007/s10653-019-00412-5 

[65] Ressourcen Gmbn Greenlife. 2017. Recycling of sewage 
sludges : pyrolysis . Green Life (2017). 

[66] Raquel Escrivani Guedes, Aderval S. Luna, and 

Alexandre Rodrigues Torres. 2018. Operating parameters 

for bio-oil production in biomass pyrolysis: A review. 
Journal of Analytical and Applied Pyrolysis. 
DOI:https://doi.org/10.1016/j.jaap.2017.11.019 

[67] Shamim Gul, Joann K. Whalen, Ben W. Thomas, Vanita 

Sachdeva, and Hongyuan Deng. 2015. Physico-chemical 

properties and microbial responses in biochar-amended 
soils: Mechanisms and future directions. Agriculture, 

Ecosystems and Environment. 
DOI:https://doi.org/10.1016/j.agee.2015.03.015 

[68] Souradeep Gupta and Harn Wei Kua. 2017. Factors 

Determining the Potential of Biochar As a Carbon 
Capturing and Sequestering Construction Material: 

Critical Review. J. Mater. Civ. Eng. (2017). 

DOI:https://doi.org/10.1061/(asce)mt.1943-
5533.0001924 

[69] Souradeep Gupta and Harn Wei Kua. 2020. Combination 
of Biochar and Silica Fume as Partial Cement 

Replacement in Mortar: Performance Evaluation Under 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

Normal and Elevated Temperature. Waste and Biomass 
Valorization (2020). DOI:https://doi.org/10.1007/s12649-
018-00573-x 

[70] Souradeep Gupta, Harn Wei Kua, and Chin Yang Low. 

2018. Use of biochar as carbon sequestering additive in 

cement mortar. Cem. Concr. Compos. (2018). 
DOI:https://doi.org/10.1016/j.cemconcomp.2017.12.009 

[71] Souradeep Gupta, Kumuduni Niroshika Palansooriya, 
Pavani Dulanja Dissanayake, Yong Sik Ok, and Harn Wei 

Kua. 2020. Carbonaceous inserts from lignocellulosic and 

non-lignocellulosic sources in cement mortar: Preparation 
conditions and its effect on hydration kinetics and 

physical properties. Constr. Build. Mater. (2020). 
DOI:https://doi.org/10.1016/j.conbuildmat.2020.120214 

[72] Samreen Hameed, Abhishek Sharma, Vishnu Pareek, 

Hongwei Wu, and Yun Yu. 2019. A review on biomass 

pyrolysis models: Kinetic, network and mechanistic 

models. Biomass and Bioenergy. 
DOI:https://doi.org/10.1016/j.biombioe.2019.02.008 

[73] Anh Tuan Hoang, Hwai Chyuan Ong, I. M.Rizwanul 

Fattah, Cheng Tung Chong, Chin Kui Cheng, R. 
Sakthivel, and Yong Sik Ok. 2021. Progress on the 

lignocellulosic biomass pyrolysis for biofuel production 

toward environmental sustainability. Fuel Processing 
Technology. 
DOI:https://doi.org/10.1016/j.fuproc.2021.106997 

[74] Krish Homagain, Chander Shahi, Nancy Luckai, and 

Mahadev Sharma. 2016. Life cycle cost and economic 
assessment of biochar-based bioenergy production and 

biochar land application in Northwestern Ontario, 

Canada. For. Ecosyst. (2016). 
DOI:https://doi.org/10.1186/s40663-016-0081-8 

[75] Qiang Hu, Janelle Jung, Dexiang Chen, Ken Leong, 
Shuang Song, Fanghua Li, Babu Cadiam Mohan, Zhiyi 

Yao, Arun Kumar Prabhakar, Xuan Hao Lin, Ee Yang 

Lim, Le Zhang, Gupta Souradeep, Yong Sik Ok, Harn 
Wei Kua, Sam F.Y. Li, Hugh T.W. Tan, Yanjun Dai, Yen 

Wah Tong, Yinghong Peng, Stephen Joseph, and Chi Hwa 

Wang. 2021. Biochar industry to circular economy. Sci. 
Total Environ. (2021). 
DOI:https://doi.org/10.1016/j.scitotenv.2020.143820 

[76] Xun Hu and Mortaza Gholizadeh. 2019. Biomass 

pyrolysis: A review of the process development and 

challenges from initial researches up to the 
commercialisation stage. Journal of Energy Chemistry. 
DOI:https://doi.org/10.1016/j.jechem.2019.01.024 

[77] Yu Fong Huang, Pei Te Chiueh, and Shang Lien Lo. 2016. 

A review on microwave pyrolysis of lignocellulosic 

biomass. Sustainable Environment Research. 
DOI:https://doi.org/10.1016/j.serj.2016.04.012 

[78] Naeem Hussain, Suchada Chantrapromma, Thitipone 
Suwunwong, and Khamphe Phoungthong. 2020. 

Cadmium (II) removal from aqueous solution using 

magnetic spent coffee ground biochar: Kinetics, isotherm 
and thermodynamic adsorption. Mater. Res. Express 
(2020). DOI:https://doi.org/10.1088/2053-1591/abae27 

[79] Pravin Jagdale, Daniele Ziegler, Massimo Rovere, Jean 

Marc Tulliani, and Alberto Tagliaferro. 2019. Waste 

coffee ground biochar: A material for humidity sensors. 
Sensors (Switzerland) (2019). 
DOI:https://doi.org/10.3390/s19040801 

[80] Mohammad I. Jahirul, Mohammad G. Rasul, Ashfaque 
Ahmed Chowdhury, and Nanjappa Ashwath. 2012. 

Biofuels production through biomass pyrolysis- A 

technological review. Energies. 
DOI:https://doi.org/10.3390/en5124952 

[81] Simon Jeffery, Diego Abalos, Marija Prodana, Ana 
Catarina Bastos, Jan Willem Van Groenigen, Bruce A. 

Hungate, and Frank Verheijen. 2017. Biochar boosts 

tropical but not temperate crop yields. Environmental 
Research Letters. DOI:https://doi.org/10.1088/1748-
9326/aa67bd 

[82] Harish Jeswani, Christian Krüger, Manfred Russ, Maike 

Horlacher, Florian Antony, Simon Hann, and Adisa 

Azapagic. 2021. Life cycle environmental impacts of 
chemical recycling via pyrolysis of mixed plastic waste in 

comparison with mechanical recycling and energy 

recovery. Sci. Total Environ. (2021). 

DOI:https://doi.org/10.1016/j.scitotenv.2020.144483 

[83] Jimmy Jia, Rob Qian, and Jilai He. 2019. Achieving 
resilience and sustainability through innovative design for 

oil shale pyrolysis process model. Oil Shale (2019). 
DOI:https://doi.org/10.3176/oil.2019.2S.05 

[84] Shun Feng Jiang, Guo Ping Sheng, and Hong Jiang. 2019. 

Advances in the characterization methods of biomass 
pyrolysis products. ACS Sustainable Chemistry and 

Engineering. 
DOI:https://doi.org/10.1021/acssuschemeng.9b00868 

[85] Yogalakshmi K N, Poornima Devi T, Sivashanmugam P, 
Kavitha S, Yukesh Kannah R, Sunita Varjani, S. 

AdishKumar, Gopalakrishnan Kumar, and Rajesh Banu J. 

2022. Lignocellulosic biomass-based pyrolysis: A 
comprehensive review. Chemosphere (2022). 

DOI:https://doi.org/10.1016/j.chemosphere.2021.131824 

[86] Zuzanna Kaczor, Zbigniew Buliński, and Sebastian 

Werle. 2020. Modelling approaches to waste biomass 

pyrolysis: a review. Renew. Energy (2020). 
DOI:https://doi.org/10.1016/j.renene.2020.05.110 

[87] Tao Kan, Vladimir Strezov, and Tim J. Evans. 2016. 
Lignocellulosic biomass pyrolysis: A review of product 

properties and effects of pyrolysis parameters. Renewable 

and Sustainable Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2015.12.185 

[88] Haruo Kawamoto. 2017. Lignin pyrolysis reactions. J. 
Wood Sci. 63, 2 (April 2017), 117–132. 
DOI:https://doi.org/10.1007/s10086-016-1606-z 

[89] Kevin L. Kenney, William A. Smith, Garold L. Gresham, 

and Tyler L. Westover. 2013. Understanding biomass 

feedstock variability. Biofuels. 
DOI:https://doi.org/10.4155/bfs.12.83 

[90] Nicholas Kiggundu and Julius Sittamukyoto. 2019. 
Pryloysis of Coffee Husks for Biochar Production. J. 

Environ. Prot. (Irvine,. Calif). (2019). 
DOI:https://doi.org/10.4236/jep.2019.1012092 

[91] Haisol Kim, Miaoxin Gong, Elias Kristensson, Andreas 

Ehn, Marcus Aldén, and Christian Brackmann. 2021. 
Time-resolved polarization lock-in filtering for 

background suppression in Raman spectroscopy of 

biomass pyrolysis. Combust. Flame (2021). 
DOI:https://doi.org/10.1016/j.combustflame.2020.12.011 

[92] Soosan Kim, Younghyun Lee, Kun Yi Andrew Lin, 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

Eunmi Hong, Eilhann E. Kwon, and Jechan Lee. 2020. 
The valorization of food waste via pyrolysis. Journal of 

Cleaner Production. 
DOI:https://doi.org/10.1016/j.jclepro.2020.120816 

[93] Michał Kopeć, Agnieszka Baran, Monika Mierzwa-

Hersztek, Krzysztof Gondek, and Maria Jolanta Chmiel. 
2018. Effect of the Addition of Biochar and Coffee 

Grounds on the Biological Properties and Ecotoxicity of 

Composts. Waste and Biomass Valorization (2018). 
DOI:https://doi.org/10.1007/s12649-017-9916-y 

[94] Chatsuda Kosaiyakanon and Suratsawadee Kungsanant. 
2020. Adsorption of reactive dyes from wastewater using 

cationic surfactant-modified coffee Husk Biochar. 

Environ. Nat. Resour. J. (2020). 
DOI:https://doi.org/10.32526/ennrj.18.1.2020.03 

[95] Jennifer E. Kroeger, Ghasideh Pourhashem, Kenneth B. 

Medlock, and Caroline A. Masiello. 2021. Water cost 

savings from soil biochar amendment: A spatial analysis. 

GCB Bioenergy (2021). 
DOI:https://doi.org/10.1111/gcbb.12765 

[96] R. Kumar, V. Strezov, H. Weldekidan, J. He, S. Singh, T. 
Kan, and B. Dastjerdi. 2020. Lignocellulose biomass 

pyrolysis for bio-oil production: A review of biomass pre-

treatment methods for production of drop-in fuels. 
Renewable and Sustainable Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2020.109763 

[97] Gihoon Kwon, Amit Bhatnagar, Hailong Wang, Eilhann 

E. Kwon, and Hocheol Song. 2020. A review of recent 
advancements in utilization of biomass and industrial 

wastes into engineered biochar. J. Hazard. Mater. (2020). 
DOI:https://doi.org/10.1016/j.jhazmat.2020.123242 

[98] Jechan Lee, Ki Hyun Kim, and Eilhann E. Kwon. 2017. 

Biochar as a Catalyst. Renewable and Sustainable Energy 
Reviews. DOI:https://doi.org/10.1016/j.rser.2017.04.002 

[99] Taewoo Lee, In Hyun Nam, Sungyup Jung, Young Kwon 
Park, and Eilhann E. Kwon. 2020. Synthesis of 

nickel/biochar composite from pyrolysis of Microcystis 

aeruginosa and its practical use for syngas production. 
Bioresour. Technol. (2020). 
DOI:https://doi.org/10.1016/j.biortech.2019.122712 

[100] Xin Jiat Lee, Hwai Chyuan Ong, Yong Yang Gan, Wei 

Hsin Chen, and Teuku Meurah Indra Mahlia. 2020. State 

of art review on conventional and advanced pyrolysis of 
macroalgae and microalgae for biochar, bio-oil and bio-

syngas production. Energy Conversion and Management. 
DOI:https://doi.org/10.1016/j.enconman.2020.112707 

[101] Lijian Leng, Qin Xiong, Lihong Yang, Hui Li, Yaoyu 

Zhou, Weijin Zhang, Shaojian Jiang, Hailong Li, and 
Huajun Huang. 2021. An overview on engineering the 

surface area and porosity of biochar. Science of the Total 

Environment. 
DOI:https://doi.org/10.1016/j.scitotenv.2020.144204 

[102] Fanghua Li, Xin He, Arora Srishti, Shuang Song, Hugh 
Tiang Wah Tan, Daniel J. Sweeney, Subhadip Ghosh, and 

Chi Hwa Wang. 2021. Water hyacinth for energy and 

environmental applications: A review. Bioresource 
Technology. 
DOI:https://doi.org/10.1016/j.biortech.2021.124809 

[103] Hongbo Li, Xiaoling Dong, Evandro B. da Silva, Letuzia 

M. de Oliveira, Yanshan Chen, and Lena Q. Ma. 2017. 

Mechanisms of metal sorption by biochars: Biochar 
characteristics and modifications. Chemosphere. 
DOI:https://doi.org/10.1016/j.chemosphere.2017.03.072 

[104] Jing Li, Jianjun Dai, Guangqing Liu, Hedong Zhang, 

Zuopeng Gao, Jie Fu, Yanfeng He, and Yan Huang. 2016. 

Biochar from microwave pyrolysis of biomass: A review. 
Biomass and Bioenergy. 
DOI:https://doi.org/10.1016/j.biombioe.2016.09.010 

[105] Shengnan Li, Shih Hsin Ho, Tao Hua, Qixing Zhou, 

Fengxiang Li, and Jingchun Tang. 2021. Sustainable 

biochar as an electrocatalysts for the oxygen reduction 
reaction in microbial fuel cells. Green Energy and 

Environment. 
DOI:https://doi.org/10.1016/j.gee.2020.11.010 

[106] Yuanling Li, Han Yu, Lina Liu, and Hongbing Yu. 2021. 

Application of co-pyrolysis biochar for the adsorption and 

immobilization of heavy metals in contaminated 

environmental substrates. Journal of Hazardous 

Materials. 
DOI:https://doi.org/10.1016/j.jhazmat.2021.126655 

[107] Yunchao Li, Bo Xing, Yan Ding, Xinhong Han, and 
Shurong Wang. 2020. A critical review of the production 

and advanced utilization of biochar via selective pyrolysis 

of lignocellulosic biomass. Bioresource Technology. 
DOI:https://doi.org/10.1016/j.biortech.2020.123614 

[108] Jie Liang, Guangcun Shan, and Yifei Sun. 2021. Catalytic 

fast pyrolysis of lignocellulosic biomass: Critical role of 

zeolite catalysts. Renewable and Sustainable Energy 
Reviews. DOI:https://doi.org/10.1016/j.rser.2021.110707 

[109] Liping Liang, Fenfen Xi, Weishou Tan, Xu Meng, Baowei 
Hu, and Xiangke Wang. 2021. Review of organic and 

inorganic pollutants removal by biochar and biochar-

based composites. Biochar. 
DOI:https://doi.org/10.1007/s42773-021-00101-6 

[110] Alexander Lin, Yu Kiat Tan, Chi Hwa Wang, Harn Wei 
Kua, and Hayden Taylor. 2020. Utilization of waste 

materials in a novel mortar–polymer laminar composite to 

be applied in construction 3D-printing. Compos. Struct. 
(2020). 
DOI:https://doi.org/10.1016/j.compstruct.2020.112764 

[111] Junjian Liu, Qidong Hou, Meiting Ju, Peng Ji, Qingmei 

Sun, and Weizun Li. 2020. Biomass pyrolysis technology 

by catalytic fast pyrolysis, catalytic co-pyrolysis and 
microwave-assisted pyrolysis: A review. Catalysts. 
DOI:https://doi.org/10.3390/catal10070742 

[112] Junjian Liu, Qidong Hou, Meiting Ju, Peng Ji, Qingmei 

Sun, and Weizun Li. 2020. Biomass Pyrolysis Technology 

by Catalytic Fast Pyrolysis, Catalytic Co-Pyrolysis and 
Microwave-Assisted Pyrolysis: A Review. Catalysts 10, 7 

(July 2020), 742. 
DOI:https://doi.org/10.3390/catal10070742 

[113] Yuqin Liu, Qian Zhang, Bin Wu, Xiaodong Li, Fujun Ma, 

Fasheng Li, and Qingbao Gu. 2020. Hematite-facilitated 
pyrolysis: An innovative method for remediating soils 

contaminated with heavy hydrocarbons. J. Hazard. Mater. 

(2020). 
DOI:https://doi.org/10.1016/j.jhazmat.2019.121165 

[114] Jia Shun Lu, Yingju Chang, Chi Sun Poon, and Duu Jong 
Lee. 2020. Slow pyrolysis of municipal solid waste 

(MSW): A review. Bioresource Technology. 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

DOI:https://doi.org/10.1016/j.biortech.2020.123615 

[115] Laipeng Luo, Zhiyi Zhang, Chong Li, Nishu, Fang He, 

Xingguang Zhang, and Junmeng Cai. 2021. Insight into 
master plots method for kinetic analysis of lignocellulosic 

biomass pyrolysis. Energy (2021). 
DOI:https://doi.org/10.1016/j.energy.2021.121194 

[116] Aspasia Lykoudi, Zacharias Frontistis, John Vakros, 

Ioannis D. Manariotis, and Dionissios Mantzavinos. 2020. 
Degradation of sulfamethoxazole with persulfate using 

spent coffee grounds biochar as activator. J. Environ. 

Manage. (2020). 
DOI:https://doi.org/10.1016/j.jenvman.2020.111022 

[117] Honghong Lyu, Qianru Zhang, and Boxiong Shen. 2020. 
Application of biochar and its composites in catalysis. 

Chemosphere (2020). 
DOI:https://doi.org/10.1016/j.chemosphere.2019.124842 

[118] Ibrahim M. Maafa. 2021. Pyrolysis of polystyrene waste: 

A review. Polymers. 
DOI:https://doi.org/10.3390/polym13020225 

[119] Aneta Magdziarz, Małgorzata Wilk, and Mariusz 
Wądrzyk. 2020. Pyrolysis of hydrochar derived from 

biomass – Experimental investigation. Fuel (2020). 
DOI:https://doi.org/10.1016/j.fuel.2020.117246 

[120] Hamid Maljaee, Rozita Madadi, Helena Paiva, Luis 

Tarelho, and Victor M. Ferreira. 2021. Incorporation of 
biochar in cementitious materials: A roadmap of biochar 

selection. Construction and Building Materials. 
DOI:https://doi.org/10.1016/j.conbuildmat.2021.122757 

[121] Sandip Mandal, Shengyan Pu, Lixiang Shangguan, Shibin 
Liu, Hui Ma, Sangeeta Adhikari, and Deyi Hou. 2020. 

Synergistic construction of green tea biochar supported 

nZVI for immobilization of lead in soil: A mechanistic 
investigation. Environ. Int. (2020). 
DOI:https://doi.org/10.1016/j.envint.2019.105374 

[122] Joan J. Manyà, Manuel Azuara, and José A. Manso. 2018. 

Biochar production through slow pyrolysis of different 

biomass materials: Seeking the best operating conditions. 
Biomass and Bioenergy (2018). 
DOI:https://doi.org/10.1016/j.biombioe.2018.07.019 

[123] M. A. Martín-Lara, A. Piñar, A. Ligero, G. Blázquez, and 

M. Calero. 2021. Characterization and use of char 

produced from pyrolysis of post-consumer mixed plastic 
waste. Water (Switzerland) (2021). 
DOI:https://doi.org/10.3390/w13091188 

[124] Rhoda Afriyie Mensah, Vigneshwaran Shanmugam, 

Sreenivasan Narayanan, Seyed Mohammad Javad Razavi, 

Adrian Ulfberg, Thomas Blanksvärd, Faez Sayahi, Peter 
Simonsson, Benjamin Reinke, Michael Försth, Gabriel 

Sas, Daria Sas, and Oisik Das. 2021. Biochar-added 

cementitious materials—a review on mechanical, thermal, 
and environmental properties. Sustain. (2021). 
DOI:https://doi.org/10.3390/su13169336 

[125] Rashid Miandad, Mohammad Rehan, Mohammad A. 

Barakat, Asad S. Aburiazaiza, Hizbullah Khan, Iqbal M.I. 

Ismail, Jeya Dhavamani, Jabbar Gardy, Ali Hassanpour, 
and Abdul Sattar Nizami. 2019. Catalytic pyrolysis of 

plastic waste: Moving toward pyrolysis based 

biorefineries. Front. Energy Res. (2019). 
DOI:https://doi.org/10.3389/fenrg.2019.00027 

[126] Mardawani Mohamad, Rizki Wannahari, Rosmawani 

Mohammad, Noor Fazliani Shoparwe, Ahmad Saufi 
Mohd Nawi, Kwan Wei Lun, and Lim Jun Wei. 2021. 

Adsorption of malachite green dye using spent coffee 

ground biochar: Optimisation using response surface 
methodology. J. Teknol. (2021). 
DOI:https://doi.org/10.11113/jurnalteknologi.v83.14904 

[127] Rayane Mrad and Ghassan Chehab. 2019. Mechanical and 

microstructure properties of biochar-based mortar: An 

internal curing agent for PCC. Sustain. (2019). 
DOI:https://doi.org/10.3390/su11092491 

[128] Salman Raza Naqvi, Rumaisa Tariq, Muhammad 
Shahbaz, Muhammad Naqvi, Muhammad Aslam, Zakir 

Khan, Hamish Mackey, Gordon Mckay, and Tareq Al-

Ansari. 2021. Recent developments on sewage sludge 
pyrolysis and its kinetics: Resources recovery, 

thermogravimetric platforms, and innovative prospects. 

Computers and Chemical Engineering. 

DOI:https://doi.org/10.1016/j.compchemeng.2021.10732
5 

[129] M. C. Ndukwu, I. T. Horsfall, E. A. Ubouh, F. N. Orji, I. 

E. Ekop, and N. R. Ezejiofor. 2021. Review of solar-

biomass pyrolysis systems: Focus on the configuration of 
thermal-solar systems and reactor orientation. Journal of 

King Saud University - Engineering Sciences. 
DOI:https://doi.org/10.1016/j.jksues.2020.05.004 

[130] Van Truc Nguyen, Thi Dieu Hien Vo, Thanh Tran, Thanh 
Nho Nguyen, Thi Ngoc Chau Le, Xuan Thanh Bui, and 

Long Giang Bach. 2021. Biochar derived from the spent 

coffee ground for ammonium adsorption from aqueous 
solution. Case Stud. Chem. Environ. Eng. (2021). 
DOI:https://doi.org/10.1016/j.cscee.2021.100141 

[131] Manuel Nunez Manzano, Arturo Gonzalez Quiroga, 

Patrice Perreault, Sepehr Madanikashani, Laurien A. 

Vandewalle, Guy B. Marin, Geraldine J. Heynderickx, 
and Kevin M. Van Geem. 2021. Biomass fast pyrolysis in 

an innovative gas-solid vortex reactor: Experimental 

proof of concept. J. Anal. Appl. Pyrolysis (2021). 
DOI:https://doi.org/10.1016/j.jaap.2021.105165 

[132] Shoki Ochiai, Kazunori Iwabuchi, Takanori Itoh, 
Toshihiro Watanabe, Mitsuru Osaki, and Katsumori 

Taniguro. 2021. Effects of Different Feedstock Type and 

Carbonization Temperature of Biochar on Oat Growth and 
Nitrogen Uptake in Coapplication with Compost. J. Soil 

Sci. Plant Nutr. (2021). 
DOI:https://doi.org/10.1007/s42729-020-00359-y 

[133] Seok Young Oh, Myungsu Shin, Yong Deuk Seo, and Soo 

Won Cha. 2020. Evaluation of commercial biochar in 
South Korea for environmental application and carbon 

sequestration. Environ. Prog. Sustain. Energy (2020). 

DOI:https://doi.org/10.1002/ep.13440 

[134] Babalola Aisosa Oni, Olubukola Oziegbe, and Obembe O. 

Olawole. 2019. Significance of biochar application to the 
environment and economy. Annals of Agricultural 
Sciences. DOI:https://doi.org/10.1016/j.aoas.2019.12.006 

[135] Ahmed I Osman, Neha Mehta, Ahmed M Elgarahy, Amer 

Al-Hinai, Ala’a H Al-Muhtaseb, and David W Rooney. 

2021. Conversion of biomass to biofuels and life cycle 
assessment: a review. Environ. Chem. Lett. 19, 6 (2021), 

4075–4118. DOI:https://doi.org/10.1007/s10311-021-
01273-0 

[136] Xuqin Pan, Zhepei Gu, Weiming Chen, and Qibin Li. 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

2021. Preparation of biochar and biochar composites and 
their application in a Fenton-like process for wastewater 

decontamination: A review. Science of the Total 

Environment. 
DOI:https://doi.org/10.1016/j.scitotenv.2020.142104 

[137] Yoong Xin Pang, Yuxin Yan, Dominic C.Y. Foo, Nusrat 
Sharmin, Haitao Zhao, Edward Lester, Tao Wu, and 

Cheng Heng Pang. 2021. The influence of lignocellulose 

on biomass pyrolysis product distribution and economics 
via steady state process simulation. J. Anal. Appl. 

Pyrolysis (2021). 
DOI:https://doi.org/10.1016/j.jaap.2020.104968 

[138] N. L. Panwar, Ashish Pawar, and B. L. Salvi. 2019. 

Comprehensive review on production and utilization of 
biochar. SN Applied Sciences. 
DOI:https://doi.org/10.1007/s42452-019-0172-6 

[139] Jens F. Peters, Scott W. Banks, Anthony V. Bridgwater, 

and Javier Dufour. 2017. A kinetic reaction model for 

biomass pyrolysis processes in Aspen Plus. Appl. Energy 
(2017). 
DOI:https://doi.org/10.1016/j.apenergy.2016.12.030 

[140] Nguyen Van Phuong, Nguyen Khanh Hoang, Le Van 

Luan, and L. V. Tan. 2021. Evaluation of NH4+ 

Adsorption Capacity in Water of Coffee Husk-Derived 
Biochar at Different Pyrolysis Temperatures. Int. J. 

Agron. (2021). 
DOI:https://doi.org/10.1155/2021/1463814 

[141] Vinoth Kumar Ponnusamy, Senthil Nagappan, Rahul R. 
Bhosale, Chyi How Lay, Dinh Duc Nguyen, Arivalagan 

Pugazhendhi, Soon Woong Chang, and Gopalakrishnan 

Kumar. 2020. Review on sustainable production of 
biochar through hydrothermal liquefaction: Physico-

chemical properties and applications. Bioresource 

Technology. 
DOI:https://doi.org/10.1016/j.biortech.2020.123414 

[142] A. Pudełko, P. Postawa, T. Stachowiak, K. Malińska, and 
D. Dróżdż. 2021. Waste derived biochar as an alternative 

filler in biocomposites - Mechanical, thermal and 

morphological properties of biochar added biocomposites. 
J. Clean. Prod. (2021). 
DOI:https://doi.org/10.1016/j.jclepro.2020.123850 

[143] Guoli Qi, Zhongwei Wang, Songsong Zhang, Yong Dong, 

Jian Guan, and Peng Dong. 2020. Numerical simulation 

on biomass-pyrolysis and thermal cracking of 
condensable volatile component. Int. J. Hydrogen Energy 

(2020). 
DOI:https://doi.org/10.1016/j.ijhydene.2020.02.199 

[144] Kezhen Qian, Ajay Kumar, Hailin Zhang, Danielle 

Bellmer, and Raymond Huhnke. 2015. Recent advances 
in utilization of biochar. Renewable and Sustainable 

Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2014.10.074 

[145] Bingbing Qiu, Xuedong Tao, Hao Wang, Wenke Li, 

Xiang Ding, and Huaqiang Chu. 2021. Biochar as a low-
cost adsorbent for aqueous heavy metal removal: A 

review. Journal of Analytical and Applied Pyrolysis. 
DOI:https://doi.org/10.1016/j.jaap.2021.105081 

[146] Muhammad Saad Qureshi, Anja Oasmaa, Hanna Pihkola, 

Ivan Deviatkin, Anna Tenhunen, Juha Mannila, Hannu 
Minkkinen, Maija Pohjakallio, and Jutta Laine-Ylijoki. 

2020. Pyrolysis of plastic waste: Opportunities and 

challenges. J. Anal. Appl. Pyrolysis (2020). 
DOI:https://doi.org/10.1016/j.jaap.2020.104804 

[147] Amirul Rajib and Elham H. Fini. 2020. Inherently 
Functionalized Carbon from Lipid and Protein-Rich 

Biomass to Reduce Ultraviolet-Induced Damages in 

Bituminous Materials. ACS Omega (2020). 
DOI:https://doi.org/10.1021/acsomega.0c03514 

[148] Amirul Rajib, Shadi Saadeh, Pritam Katawal, Barzin 
Mobasher, and Elham H. Fini. 2021. Enhancing Biomass 

Value Chain by Utilizing Biochar as A Free Radical 

Scavenger to Delay Ultraviolet Aging of Bituminous 
Composites Used in Outdoor Construction. Resour. 

Conserv. Recycl. (2021). 
DOI:https://doi.org/10.1016/j.resconrec.2020.105302 

[149] Gunasunderi Raju, Mohammad Khalid, Mahmoud M. 

Shaban, and Baharin Azahari. 2021. Preparation and 

characterization of eco-friendly spent coffee/enr50 

biocomposite in comparison to carbon black. Polymers 

(Basel). (2021). 
DOI:https://doi.org/10.3390/polym13162796 

[150] Eliseo Ranzi, Paulo Eduardo Amaral Debiagi, and Alessio 
Frassoldati. 2017. Mathematical Modeling of Fast 

Biomass Pyrolysis and Bio-Oil Formation. Note II: 

Secondary Gas-Phase Reactions and Bio-Oil Formation. 
ACS Sustain. Chem. Eng. (2017). 
DOI:https://doi.org/10.1021/acssuschemeng.6b03098 

[151] Mohsin Raza, Abrar Inayat, Ashfaq Ahmed, Farrukh 

Jamil, Chaouki Ghenai, Salman R. Naqvi, Abdallah 
Shanableh, Muhammad Ayoub, Ammara Waris, and 

Young Kwon Park. 2021. Progress of the pyrolyzer 

reactors and advanced technologies for biomass pyrolysis 
processing. Sustainability (Switzerland). 
DOI:https://doi.org/10.3390/su131911061 

[152] Domenico Ronga, Mario Parisi, Luisa Barbieri, Isabella 

Lancellotti, Fernanda Andreola, and Cristina Bignami. 

2020. Valorization of spent coffee grounds, biochar and 
other residues to produce lightweight clay ceramic 

aggregates suitable for nursery grapevine production. 

Horticulturae (2020). 
DOI:https://doi.org/10.3390/horticulturae6040058 

[153] Frederik Ronsse, Sven van Hecke, Dane Dickinson, and 
Wolter Prins. 2013. Production and characterization of 

slow pyrolysis biochar: Influence of feedstock type and 

pyrolysis conditions. GCB Bioenergy (2013). 
DOI:https://doi.org/10.1111/gcbb.12018 

[154] Asif H. Rony, Daniel Mosiman, Zhao Sun, Dengfeng Qin, 
Yuan Zheng, John H. Boman, and Maohong Fan. 2018. A 

novel solar powered biomass pyrolysis reactor for 

producing fuels and chemicals. J. Anal. Appl. Pyrolysis 
(2018). DOI:https://doi.org/10.1016/j.jaap.2018.03.020 

[155] Scott H. Russell, Juan Luis Turrion-Gomez, Will 
Meredith, Paul Langston, and Colin E. Snape. 2017. 

Increased charcoal yield and production of lighter oils 

from the slow pyrolysis of biomass. J. Anal. Appl. 
Pyrolysis (2017). 
DOI:https://doi.org/10.1016/j.jaap.2017.01.028 

[156] E. Russo, J. G.M. Kuerten, and B. J. Geurts. 2014. Delay 

of biomass pyrolysis by gas-particle interaction. J. Anal. 

Appl. Pyrolysis (2014). 
DOI:https://doi.org/10.1016/j.jaap.2014.08.011 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

[157] Swapna Sagarika Sahoo, Virendra Kumar Vijay, Ram 
Chandra, and Himanshu Kumar. 2021. Production and 

characterization of biochar produced from slow pyrolysis 

of pigeon pea stalk and bamboo. Clean. Eng. Technol. 
(2021). DOI:https://doi.org/10.1016/j.clet.2021.100101 

[158] Anil Kumar Sakhiya, Abhijeet Anand, and Priyanka 
Kaushal. 2020. Production, activation, and applications of 

biochar in recent times. Biochar. 
DOI:https://doi.org/10.1007/s42773-020-00047-1 

[159] Patipan Sakulkit, Arkom Palamanit, Racha 

Dejchanchaiwong, and Prasert Reubroycharoen. 2020. 
Characteristics of pyrolysis products from pyrolysis and 

co-pyrolysis of rubber wood and oil palm trunk biomass 

for biofuel and value-added applications. J. Environ. 
Chem. Eng. (2020). 
DOI:https://doi.org/10.1016/j.jece.2020.104561 

[160] Stefan Schneider, Siegfried Bajohr, Frank Graf, and 

Thomas Kolb. 2020. State of the Art of Hydrogen 

Production via Pyrolysis of Natural Gas. ChemBioEng 
Reviews. DOI:https://doi.org/10.1002/cben.202000014 

[161] Manigandan Sekar, Thangavel Mathimani, Avinash 
Alagumalai, Nguyen Thuy Lan Chi, Pham Anh Duc, 

Shashi Kant Bhatia, Kathirvel Brindhadevi, and 

Arivalagan Pugazhendhi. 2021. A review on the pyrolysis 
of algal biomass for biochar and bio-oil – Bottlenecks and 

scope. Fuel 283, (January 2021), 119190. 
DOI:https://doi.org/10.1016/j.fuel.2020.119190 

[162] Hua Shang, Qinglong Fu, Shicheng Zhang, and 
Xiangdong Zhu. 2021. Heating temperature dependence 

of molecular characteristics and biological response for 

biomass pyrolysis volatile-derived water-dissolved 
organic matter. Sci. Total Environ. (2021). 

DOI:https://doi.org/10.1016/j.scitotenv.2020.143749 

[163] Abhishek Sharma, Vishnu Pareek, and Dongke Zhang. 

2015. Biomass pyrolysis - A review of modelling, process 

parameters and catalytic studies. Renewable and 
Sustainable Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2015.04.193 

[164] Yafei Shen, Shili Yu, Rui Yuan, and Pu Wang. 2020. 

Biomass pyrolysis with alkaline-earth-metal additive for 

co-production of bio-oil and biochar-based soil 
amendment. Sci. Total Environ. (2020). 
DOI:https://doi.org/10.1016/j.scitotenv.2020.140760 

[165] Wei Shi, Yanyan Ju, Rongjun Bian, Lianqing Li, Stephen 

Joseph, David R.G. Mitchell, Paul Munroe, Sarasadat 

Taherymoosavi, and Genxing Pan. 2020. Biochar bound 
urea boosts plant growth and reduces nitrogen leaching. 

Sci. Total Environ. (2020). 

DOI:https://doi.org/10.1016/j.scitotenv.2019.134424 

[166] Cintia Caroline Gouveia da Silva, Erika Valente de 

Medeiros, Giselle Gomes Monteiro Fracetto, Felipe José 
Cury Fracetto, Argemiro Pereira Martins Filho, José 

Romualdo de Sousa Lima, Gustavo Pereira Duda, Diogo 

Paes da Costa, Mário Andrade Lira Junior, and Claude 
Hammecker. 2021. Coffee waste as an eco-friendly and 

low-cost alternative for biochar production impacts on 

sandy soil chemical attributes and microbial gene 
abundance. Bragantia (2021). 
DOI:https://doi.org/10.1590/1678-4499.20200459 

[167] Asha Singh, Rozi Sharma, Deepak Pant, and Piyush 

Malaviya. 2021. Engineered algal biochar for contaminant 

remediation and electrochemical applications. Science of 
the Total Environment. 
DOI:https://doi.org/10.1016/j.scitotenv.2021.145676 

[168] Hyeon Ji Song, Jae Han Lee, Su Hun Kim, Ho Cheol Lee, 

Yoshiyuki Shinogi, and Taek Keun Oh. 2018. Effect of 

Biochar derived from Coffee sludge on growth of Chinese 
cabbage (Brassica campestris l. Ssp.pekinensis) in field 

soil and bed soil. J. Fac. Agric. Kyushu Univ. (2018). 
DOI:https://doi.org/10.5109/1911212 

[169] Prakash Srinivasan, Ajit K. Sarmah, Ron Smernik, Oisik 

Das, Mohammed Farid, and Wei Gao. 2015. A feasibility 
study of agricultural and sewage biomass as biochar, 

bioenergy and biocomposite feedstock: Production, 

characterization and potential applications. Sci. Total 
Environ. (2015). 
DOI:https://doi.org/10.1016/j.scitotenv.2015.01.068 

[170] Yide Su, Weiwei Zhang, Aili Zhang, and Wenju Shao. 

2020. Biorefinery: The production of isobutanol from 

biomass feedstocks. Applied Sciences (Switzerland). 
DOI:https://doi.org/10.3390/app10228222 

[171] Davide di Summa, Giuseppe Ruscica, Patrizia Savi, 
Renato Pelosato, and Isabella Natali Sora. 2021. Biochar-

containing construction materials for electromagnetic 

shielding in the microwave frequency region: the 
importance of water content. Clean Technol. Environ. 

Policy (2021). DOI:https://doi.org/10.1007/s10098-021-
02182-0 

[172] Xiaoyin Sun, Ruifeng Shan, Xuhui Li, Jihua Pan, Xing 
Liu, Ruonan Deng, and Junyao Song. 2017. 

Characterization of 60 types of Chinese biomass waste 

and resultant biochars in terms of their candidacy for soil 
application. GCB Bioenergy (2017). 

DOI:https://doi.org/10.1111/gcbb.12435 

[173] Qinghui Tang, Yingquan Chen, Haiping Yang, Ming Liu, 

Haoyu Xiao, Shurong Wang, Hanping Chen, and Salman 

Raza Naqvi. 2021. Machine learning prediction of 
pyrolytic gas yield and compositions with feature 

reduction methods: Effects of pyrolysis conditions and 

biomass characteristics. Bioresour. Technol. (2021). 
DOI:https://doi.org/10.1016/j.biortech.2021.125581 

[174] Naruephat Tangmankongworakoon. 2019. An approach 
to produce biochar from coffee residue for fuel and soil 

amendment purpose. Int. J. Recycl. Org. Waste Agric. 
(2019). DOI:https://doi.org/10.1007/s40093-019-0267-5 

[175] Agnieszka Tomczyk, Zofia Sokołowska, and Patrycja 

Boguta. 2020. Biochar physicochemical properties: 
pyrolysis temperature and feedstock kind effects. Rev. 

Environ. Sci. Bio/Technology 19, 1 (March 2020), 191–

215. DOI:https://doi.org/10.1007/s11157-020-09523-3 

[176] Manoj Tripathi, J. N. Sahu, and P. Ganesan. 2016. Effect 

of process parameters on production of biochar from 
biomass waste through pyrolysis: A review. Renewable 

and Sustainable Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2015.10.122 

[177] Chen Tu, Jing Wei, Feng Guan, Ying Liu, Yuhuan Sun, 

and Yongming Luo. 2020. Biochar and bacteria 
inoculated biochar enhanced Cd and Cu immobilization 

and enzymatic activity in a polluted soil. Environ. Int. 

(2020). 
DOI:https://doi.org/10.1016/j.envint.2020.105576 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

[178] M. N. Uddin, Kuaanan Techato, Juntakan Taweekun, Md 
Mofijur Rahman, M. G. Rasul, T. M.I. Mahlia, and S. M. 

Ashrafur. 2018. An overview of recent developments in 

biomass pyrolysis technologies. Energies. 
DOI:https://doi.org/10.3390/en11113115 

[179] Kalu Samuel Ukanwa, Kumar Patchigolla, Ruben 
Sakrabani, Edward Anthony, and Sachin Mandavgane. 

2019. A review of chemicals to produce activated carbon 

from agricultural waste biomass. Sustainability 
(Switzerland). DOI:https://doi.org/10.3390/su11226204 

[180] V. Veena, Sobha Cyrus, Benny Mathews Abraham, and 
Babu T. Jose. 2021. Effect of partial replacement of 

bentonite with biochar in liner soils. Biomass Convers. 

Biorefinery (2021). DOI:https://doi.org/10.1007/s13399-
021-01319-x 

[181] Shruti Vikram, Pali Rosha, and Sandeep Kumar. 2021. 

Recent modeling approaches to biomass pyrolysis: A 

review. Energy and Fuels. 
DOI:https://doi.org/10.1021/acs.energyfuels.1c00251 

[182] Ngoc Thuy Vu and Khac Uan Do. 2021. Insights into 

adsorption of ammonium by biochar derived from low 
temperature pyrolysis of coffee husk. Biomass Convers. 

Biorefinery (2021). DOI:https://doi.org/10.1007/s13399-
021-01337-9 

[183] Duo Wang, Peikun Jiang, Haibo Zhang, and Wenqiao 
Yuan. 2020. Biochar production and applications in agro 

and forestry systems: A review. Sci. Total Environ. 

(2020). 
DOI:https://doi.org/10.1016/j.scitotenv.2020.137775 

[184] Fan Wang, Ping Wang, Abdul Raheem, Guozhao Ji, 
Muhammad Zaki Memon, Yinqiang Song, and Ming 

Zhao. 2019. Enhancing hydrogen production from 

biomass pyrolysis by dental-wastes-derived sodium 
zirconate. Int. J. Hydrogen Energy (2019). 
DOI:https://doi.org/10.1016/j.ijhydene.2019.07.095 

[185] Guanyu Wang, Yujie Dai, Haiping Yang, Qingang Xiong, 

Kaige Wang, Jinsong Zhou, Yunchao Li, and Shurong 

Wang. 2020. A review of recent advances in biomass 
pyrolysis. Energy and Fuels. 
DOI:https://doi.org/10.1021/acs.energyfuels.0c03107 

[186] Jianlong Wang and Shizong Wang. 2019. Preparation, 

modification and environmental application of biochar: A 

review. Journal of Cleaner Production. 
DOI:https://doi.org/10.1016/j.jclepro.2019.04.282 

[187] Jianqiao Wang, Boxiong Shen, Dongrui Kang, Peng 
Yuan, and Chunfei Wu. 2019. Investigate the interactions 

between biomass components during pyrolysis using in-

situ DRIFTS and TGA. Chem. Eng. Sci. (2019). 
DOI:https://doi.org/10.1016/j.ces.2018.10.023 

[188] Jie Wang, Liang Shi, Lulu Zhai, Haowen Zhang, 
Shengxiao Wang, Jianwen Zou, Zhenguo Shen, Chunlan 

Lian, and Yahua Chen. 2021. Analysis of the long-term 

effectiveness of biochar immobilization remediation on 
heavy metal contaminated soil and the potential 

environmental factors weakening the remediation effect: 

A review. Ecotoxicology and Environmental Safety. 
DOI:https://doi.org/10.1016/j.ecoenv.2020.111261 

[189] Lei Wang, Liang Chen, C. S. Poon, Chi Hwa Wang, Yong 
Sik Ok, Viktor Mechtcherine, and Daniel C.W. Tsang. 

2021. Roles of Biochar and CO2Curing in Sustainable 

Magnesia Cement-Based Composites. ACS Sustain. 
Chem. Eng. (2021). 
DOI:https://doi.org/10.1021/acssuschemeng.1c02008 

[190] Lei Wang, Liang Chen, Daniel C.W. Tsang, Harn Wei 

Kua, Jian Yang, Yong Sik Ok, Shiming Ding, Deyi Hou, 

and Chi Sun Poon. 2019. The roles of biochar as green 
admixture for sediment-based construction products. 

Cem. Concr. Compos. (2019). 
DOI:https://doi.org/10.1016/j.cemconcomp.2019.103348 

[191] Min Wang, Sheng Li Zhang, and Pei Gao Duan. 2019. 

Slow pyrolysis of biomass: effects of effective hydrogen-
to-carbon atomic ratio of biomass and reaction 

atmospheres. Energy Sources, Part A Recover. Util. 

Environ. Eff. (2019). 
DOI:https://doi.org/10.1080/15567036.2019.1665150 

[192] Shurong Wang, Gongxin Dai, Haiping Yang, and 

Zhongyang Luo. 2017. Lignocellulosic biomass pyrolysis 

mechanism: A state-of-the-art review. Prog. Energy 

Combust. Sci. 62, (September 2017), 33–86. 
DOI:https://doi.org/10.1016/j.pecs.2017.05.004 

[193] Yuxi Wang, Jingxin Wang, Jamie Schuler, Damon 
Hartley, Timothy Volk, and Mark Eisenbies. 2020. 

Optimization of harvest and logistics for multiple 

lignocellulosic biomass feedstocks in the northeastern 
United States. Energy (2020). 
DOI:https://doi.org/10.1016/j.energy.2020.117260 

[194] Ziyi Wang, Zhiqiang Gong, Zhenbo Wang, Xiaoyu Li, 

and Zhiwei Chu. 2021. Application and development of 
pyrolysis technology in petroleum oily sludge treatment. 

Environ. Eng. Res. (2021). 
DOI:https://doi.org/10.4491/eer.2019.460 

[195] Simon Weldon, Daniel P. Rasse, Alice Budai, Oliver 

Tomic, and Peter Dörsch. 2019. The effect of a biochar 
temperature series on denitrification: which biochar 

properties matter? Soil Biol. Biochem. (2019). 
DOI:https://doi.org/10.1016/j.soilbio.2019.04.018 

[196] Yuming Wen, Ilman Nuran Zaini, Shule Wang, 

Wangzhong Mu, Pär Göran Jönsson, and Weihong Yang. 
2021. Synergistic effect of the co-pyrolysis of cardboard 

and polyethylene: A kinetic and thermodynamic study. 

Energy (2021). 
DOI:https://doi.org/10.1016/j.energy.2021.120693 

[197] Dominic Woolf, James E Amonette, F Alayne Street-
Perrott, Johannes Lehmann, and Stephen Joseph. 2010. 

Sustainable biochar to mitigate global climate change . 

Nat. Commun. 1, 1 (2010), 56. 
DOI:https://doi.org/10.1038/ncomms1053 

[198] Fengze Wu, Haoxi Ben, Yunyi Yang, Hang Jia, Rui 
Wang, and Guangting Han. 2020. Effects of different 

conditions on co-pyrolysis behavior of corn stover and 

polypropylene. Polymers (Basel). (2020). 
DOI:https://doi.org/10.3390/POLYM12040973 

[199] Changlei Xia, Liping Cai, Haifeng Zhang, Lei Zuo, 
Sheldon Q. Shi, and Su Shiung Lam. 2021. A review on 

the modeling and validation of biomass pyrolysis with a 

focus on product yield and composition. Biofuel Res. J. 
(2021). DOI:https://doi.org/10.18331/BRJ2021.8.1.2 

[200] Wei Xiang, Xueyang Zhang, Jianjun Chen, Weixin Zou, 
Feng He, Xin Hu, Daniel C.W. Tsang, Yong Sik Ok, and 

Bin Gao. 2020. Biochar technology in wastewater 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

treatment: A critical review. Chemosphere. 
DOI:https://doi.org/10.1016/j.chemosphere.2020.126539 

[201] Ruirui Xiao, Wei Yang, Xingshun Cong, Kai Dong, Jie 
Xu, Dengfeng Wang, and Xin Yang. 2020. 

Thermogravimetric analysis and reaction kinetics of 

lignocellulosic biomass pyrolysis. Energy (2020). 
DOI:https://doi.org/10.1016/j.energy.2020.117537 

[202] Qingang Xiong, Fei Xu, Yaoyu Pan, Yang Yang, Zhiming 
Gao, Shuli Shu, Kun Hong, Francois Bertrand, and Jamal 

Chaouki. 2018. Major trends and roadblocks in CFD-

aided process intensification of biomass pyrolysis. Chem. 
Eng. Process. - Process Intensif. (2018). 
DOI:https://doi.org/10.1016/j.cep.2018.04.005 

[203] Wenhuan Xu, William B. Whitman, Michael J. Gundale, 

Chuan Chi Chien, and Chih Yu Chiu. 2021. Functional 

response of the soil microbial community to biochar 

applications. GCB Bioenergy (2021). 
DOI:https://doi.org/10.1111/gcbb.12773 

[204] P. R. Yaashikaa, P. Senthil Kumar, Sunita Varjani, and A. 

Saravanan. 2020. A critical review on the biochar 

production techniques, characterization, stability and 
applications for circular bioeconomy. Biotechnology 
Reports. DOI:https://doi.org/10.1016/j.btre.2020.e00570 

[205] P. R. Yaashikaa, P. Senthil Kumar, Sunita J. Varjani, and 

A. Saravanan. 2019. Advances in production and 
application of biochar from lignocellulosic feedstocks for 

remediation of environmental pollutants. Bioresource 

Technology. 
DOI:https://doi.org/10.1016/j.biortech.2019.122030 

[206] Qing Yang, Fei Han, Yingquan Chen, Haiping Yang, and 
Hanping Chen. 2016. Greenhouse gas emissions of a 

biomass-based pyrolysis plant in China. Renewable and 

Sustainable Energy Reviews. 
DOI:https://doi.org/10.1016/j.rser.2015.09.049 

[207] Shiliang Yang, Ruihan Dong, Yanxiang Du, Shuai Wang, 
and Hua Wang. 2021. Numerical study of the biomass 

pyrolysis process in a spouted bed reactor through 

computational fluid dynamics. Energy (2021). 
DOI:https://doi.org/10.1016/j.energy.2020.118839 

[208] Xue Yang, Shiqiu Zhang, Meiting Ju, and Le Liu. 2019. 
Preparation and modification of biochar materials and 

their application in soil remediation. Applied Sciences 
(Switzerland). DOI:https://doi.org/10.3390/app9071365 

[209] Jiandong Ye, Jun Xiao, Xiaodong Huo, Yang Gao, 

Jingwen Hao, and Min Song. 2020. Effect of CO2 
atmosphere on biomass pyrolysis and in-line catalytic 

reforming. Int. J. Energy Res. (2020). 

DOI:https://doi.org/10.1002/er.5602 

[210] Peter Nai Yuh Yek, Rock Keey Liew, Mohammad Shahril 

Osman, Chern Leing Lee, Joon Huang Chuah, Young 
Kwon Park, and Su Shiung Lam. 2019. Microwave steam 

activation, an innovative pyrolysis approach to convert 

waste palm shell into highly microporous activated 
carbon. J. Environ. Manage. (2019). 
DOI:https://doi.org/10.1016/j.jenvman.2019.01.010 

[211] L. J. Yin, D. Z. Chen, H. Wang, X. B. Ma, and G. M. 

Zhou. 2014. Simulation of an innovative reactor for waste 

plastics pyrolysis. Chem. Eng. J. (2014). 
DOI:https://doi.org/10.1016/j.cej.2013.09.114 

[212] Kai Ling Yu, Pau Loke Show, Hwai Chyuan Ong, Tau 

Chuan Ling, John Chi-Wei Lan, Wei Hsin Chen, and Jo 
Shu Chang. 2017. Microalgae from wastewater treatment 

to biochar – Feedstock preparation and conversion 

technologies. Energy Conversion and Management. 
DOI:https://doi.org/10.1016/j.enconman.2017.07.060 

[213] Shengnan Yuan, Mengfan Hong, Hui Li, Zhixiong Ye, 
Huabo Gong, Jinyu Zhang, Qiaoyun Huang, and 

Zhongxin Tan. 2020. Contributions and mechanisms of 

components in modified biochar to adsorb cadmium in 
aqueous solution. Sci. Total Environ. (2020). 
DOI:https://doi.org/10.1016/j.scitotenv.2020.139320 

[214] Anastasia Zabaniotou and Katerina Stamou. 2020. 

Balancing waste and nutrient flows between urban 

agglomerations and rural ecosystems: Biochar for 
improving crop growth and urban air quality in the 

Mediterranean region. Atmosphere. 
DOI:https://doi.org/10.3390/atmos11050539 

[215] Zahra Echresh Zadeh, Ali Abdulkhani, Omar 

Aboelazayem, and Basudeb Saha. 2020. Recent insights 
into lignocellulosic biomass pyrolysis: A critical review 

on pretreatment, characterization, and products 

upgrading. Processes. 
DOI:https://doi.org/10.3390/pr8070799 

[216] Ali Zaker, Zhi Chen, Xiaolei Wang, and Qiang Zhang. 
2019. Microwave-assisted pyrolysis of sewage sludge: A 

review. Fuel Processing Technology. 
DOI:https://doi.org/10.1016/j.fuproc.2018.12.011 

[217] Kuo Zeng, Jun Li, Yingpu Xie, Haiping Yang, Xinyi 
Yang, Dian Zhong, Wanxin Zhen, Gilles Flamant, and 

Hanping Chen. 2020. Molten salt pyrolysis of biomass: 

The mechanism of volatile reforming and pyrolysis. 
Energy (2020). 

DOI:https://doi.org/10.1016/j.energy.2020.118801 

[218] Huiyan Zhang, Yiwen Zhu, Qingyu Liu, and Xiaowen Li. 

2022. Preparation of porous carbon materials from 

biomass pyrolysis vapors for hydrogen storage. Appl. 
Energy (2022). 
DOI:https://doi.org/10.1016/j.apenergy.2021.118131 

[219] Laibao Zhang, Zhenghong Bao, Shunxiang Xia, Qiang 

Lu, and Keisha B. Walters. 2018. Catalytic pyrolysis of 

biomass and polymer wastes. Catalysts. 
DOI:https://doi.org/10.3390/catal8120659 

[220] Zhikun Zhang, Zongyuan Zhu, Boxiong Shen, and Lina 
Liu. 2019. Insights into biochar and hydrochar production 

and applications: A review. Energy. 
DOI:https://doi.org/10.1016/j.energy.2019.01.035 

[221] Ziliang Zhang, Prasanta C. Bhowmik, and Vidya Suseela. 

2021. Effect of soil carbon amendments in reversing the 
legacy effect of plant invasion. J. Appl. Ecol. (2021). 
DOI:https://doi.org/10.1111/1365-2664.13757 

[222] Ming Zhao, Muhammad Zaki Memon, Guozhao Ji, 

Xiaoxiao Yang, Arun K. Vuppaladadiyam, Yinqiang 

Song, Abdul Raheem, Jinhui Li, Wei Wang, and Hui 
Zhou. 2020. Alkali metal bifunctional catalyst-sorbents 

enabled biomass pyrolysis for enhanced hydrogen 

production. Renew. Energy (2020). 
DOI:https://doi.org/10.1016/j.renene.2019.12.006 

[223] Shuyu Zhou, Yuan Xue, Junmeng Cai, Cunhao Cui, Ziang 
Ni, and Zhongyue Zhou. 2021. An understanding for 

improved biomass pyrolysis: Toward a systematic 



Journal of Xi’an Shiyou University, Natural Science Edition                                                                                                         ISSN: 1673-064X 

http://xisdxjxsu.asia                                                          VOLUME 19 ISSUE 01 JANUARY 2023                                                           662-690 

comparison of different acid pretreatments. Chem. Eng. J. 
(2021). DOI:https://doi.org/10.1016/j.cej.2021.128513 

[224] Xinxing Zhou, Guangyuan Zhao, Shaopeng Wu, Susan 
Tighe, Daniel Pickel, Meizhu Chen, Sanjeev Adhikari, 

and Yangming Gao. 2020. Effects of biochar on the 

chemical changes and phase separation of bio-asphalt 
under different aging conditions. J. Clean. Prod. (2020). 
DOI:https://doi.org/10.1016/j.jclepro.2020.121532 

 

 

 

 

 

 


