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Abstract

There has been an increased interest in the production of sustainable biochar in the past years,
as biochar show versatile physicochemical properties and therefore can have a wide
applicability in diverse fields. Comprehensive studies have been made to characterize biochar
produced from various biomass materials, usingdifferent production technologies and under
different process conditions. However, research is still lacking in correlating biochar
properties needed for certain applications with (i) selection of feedstock, (ii) biochar
production process and conditions and (iii) biochar upgrading and modification strategies. To
produce biochar with the desired properties, there is a need to establish and clarify such
correlations, which can be used for further proper selection of feedstock, tuning and
optimization of the production process and more efficient utilization of biochar. On the other
hand, further elucidation of these correlations is also important for biochar-stakeholder and
end-users for predicting physiochemical properties of biochar from certain feedstock and
production conditions, assessing potential effects of biochar utilization and clearly address
needs towards biochar critical properties. This review summarizes a wide range of literature
published on the impact of feedstocks and production processes and reactions conditions on
the biochar properties. In addition, this review reports and discusses the most important
biochar properties required for the different potential applications. Based on this review,
knowledge gaps and perspectives for future research have been identified regarding the
characterization and production of biochar. This review has also highlighted the importance
of assessing performance of biochar for certain applications.
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Highlights:

o Feedstock, production process and conditions and modifications, influence specific
biochar properties to a different degree.

e Requirements on the properties of biochar for different applications have been
identified and summarized.

e The correlation between biochar properties and requirements of different
applications have been reviewed.

e Recommendations are given regarding selection and improving production
processes and feedstock for producing biochar designed towards certain applications.

Nomenclature

Abbreviations

AD
BF

C
DOC
FAME
H/C
HMs
HTT
OCs
SSA
VM
Symbols
Ca
H,0

K

Na
-NH,
NH,+

Wi

Pe

Anaerobic digestion AW Animal and human waste
Blast furnace BS Biosolids sludge

Carbon CEC Cation exchange capacity
Dissolved organic carbon FC Fixed carbon

Fatty acid methyl ester HB Herbaceous biomass
Hydrogen-to-carbon ratio HHV Higher heating value
Heavy metals HOCs hydrophobic organic contaminants
Highest treatment temperature o/C Oxygen-to-carbon ratio
Organic compounds PC Pulverized coals

Specific surface area TOC Total organic carbon
Volatile matter WD Woody biomass

Calcium CO, Carbon dioxide

Water H,S Hydrogen sulfide
Potassium Mg Magnesium

Sodium N Nitrogen

Amine Symbols NH; Ammonia

Ammonium ion -OH Hydroxyl

Phosphorus SO, Sulfur dioxide

Dry mass of the produced biochar Wy Dry mass of the precursors
Envelope density Ds Skeletal density




1 Introduction

Biochar is a black, carbon-rich and porous solid material (similar to charcoal) that can be
produced through thermochemical conversion of biomass with presence of little or no oxygen [1].
Biochar has unique chemical, physical and biological properties, which make it an interesting
material with diverse applications and a promising solution to some global problems. In the past
decades, there have been increasing interests, studies and practices in converting biomass into
biochar, given its multifold benefits and diverse application potential [2]. Review articles on
biochar have been published with general focuses on: (1) production of biochar, (2) properties of
biochar, and (3) applications of biochar, as summarized in Table 1. Naturally, specific end-user
applications have different requirements to the biochar properties; and the properties can be
clearly affected by the (i) production technology and process conditions, (ii) the type of feedstock
and (iii) post modifications. Nevertheless, there is a knowledge gap between how to select the
feedstock and how to design the operating conditions aiming to produce biochar with properties
that can meet and satisfy requirements of certain applications. The lack of knowledge has hindered
the further development and application of biochar. This work reviewed a wide range of studies
published on biomass feedstock, biochar production technology and conditions and needs of
various applications on biochar characteristics. Further, the work gives recommendations
appropriate to correlation and connecting details on production of biochar, desired biochar
properties and proper application of biochar.

In this work, the selection of reviewed articles has followed a systematic protocol. Firstly, with
considering the overall objectives of the current work, published review articles about biochar
production and characterization, modifications and major applications, were searched and
gathered. Keywords used for literature searching in Google Scholar and Scopus database, were
“biochar property”, “biochar application”, “biochar production”, and “property impacts”. The
recent advances and studies on the same topics and focus on biochar were surveyed for collecting
data that can provide overarching changes in biochar physiochemical properties that can be
compared with those required by different applications. Secondly, knowledge gaps were identified
in orer to provide guidance for preparing biochar with the desired properties. Thirdly, the
identified review articles provided a good database of reference articles relevant to the reviewed
topics. Finally, a cross comparison was done between the surveyed reference articles and those
included in the review articles to avoid missing important and the latest findings. The collected
articles were further screened and categorized according to the research questions and the
important information was retrieved and discussed.

In order to achieve the objective, the following research questions were defined:
— RQ1: What are the requirements on biochar properties from specific applications?

— RQ2: How are the biochar properties correlated with the production conditions and
feedstock characteristics?

— RQ3: How should the production process and feedstock be selected to meet the
requirements of different applications?

The following content is organized as follows: Section 2 briefly introduces the important
properties of biochar; Section 3 summarizes the requirements of different applications on biochar
properties; Section 4 critically discusses the influences of feedstock and processes on the biochar
properties; Section 5 maps out the selection of feedstock and production processes for different
applications; and Section 6 summarizes the key findings, identifies the knowledge gap and gives
recommendations for further work.



Table1 Summary of review works on biochar

Reference ‘ Scope Major findings
Review on properties of biochar
Review on fundamentals of adsorption Identification of a direct link between the biochar
kinetics, mechanisms and equilibrium of | surface properties and its adsorption abilities. The
[3] biochar-based sorbents towards authors highlight the need of incorporating
micropollutants. mechanistic analysis in future research to select
proper Kinetic models.
Review on key properties of biochar and
[4] correlations of them with between Temperature identified as the most dominant
influential factors, including pyrolysis influence on all properties.
temperature and different feedstock.
Classification of methods to assess the stability
biochar as: 1) analysis of biochar micro carbon
[5] Review on the methods for assessing structure, I1) determination of biochar oxidation
biochar-stability. resistance, and 11) evaluation of biochar persistence
by modelling biochar incubation and mineralization
rate.
Review on biochar properties produced at | Quantitative approaches can potentially be used to
different temperatures and from different | predict and link the biochar production conditions
[6] feedstock. with its performance in different applications. The
limitations lay in the lack of comparable data to
perform such studies.
Review on the production and advanced Properties of biochar are influenced by many
utilization of biochar via selective operation parameters. Adjusting operation parameter
pyrolysis of lignocellulosic biomass together with in-situ activation and doping with
heteroatom could be efficient measures to alter
[7] properties of biochar, especially the adsorption
capacity and electrochemical performance. These
measures should be synergistically conducted and
optimized to produce high quality biochar economical
and ecologically friendly.
Review on recent advances in biomass Pyrolysis mechanisms of biomass and
pyrolysis physicochemical properties biochar are considerably
related to and affected by pyrolysis conditions, and
organic and inorganic compositions of biomass.
Interactions between pyrolysis of biomass
[8] components with heat and transfer in the pyrolysis
process are also critical in terms of formation and
properties of intermediate and final products.
Co-pyrolysis and catalytic pyrolysis have great
potential for producing high quality biochar and
by-products from the biomass.
Review on production of biochar
Review on the thermochemical processes
9] for biomass conversion into biochar, Biochar yield and property are heavily affected by
including pyrolysis, carbonization and production conditions.
gasification.
Biochar properties can be considerably improved by
Review on production and applications of | pre and post treatment methods via e.g., chemical or
[10] biochar in removing agricultural magnetic modifications of raw feedstock prior to
contaminants such as antibiotics, pyrolysis. It is important to select the appropriate raw
pesticides and toxic metals. materials, optimizing production conditions to
identify the lowest-cost fabrication methods.
Review on production of biochar from High contents of lignin in lignocellulosic biomass
various lignocellulosic biomass favors the yield of biochar. Temperature, heating rate
[11] : . - . RS
precursors and the parameters influencing | and residence time are found to have direct influences
biochar properties. Recent advances in on the production and properties of biochar.




modification of biochar to enhance
biochar adsorption capacity were also
reviewed.

Activation methods can enhance the specific surface
area and functional groups distribution of biochar.

Review on the physicochemical

Yield of biochar from the gasification process is
lower than torrefaction and slow pyrolysis. Biochar
from gasification had different specific surface areas

[12] properties and applications of biochar and total pore volumes compared to those from slow
from gasification. and fast pyrolysis. When using O, or steam as
gasifying agent, the specific surface area could be
twice of that from pyrolysis for the same feedstock.
Biochar yield is considerably related to the biomass
physicochemical properties, such as the content of
[13] Reviewed the biochar production through | moisture and the presence of cellulose or lignin. The
pyrolysis of biogenic wastes. product distribution and their quality strongly depend
upon the process parameters, such as temperature,
heating rate, residence time etc.
[14] Review and comparison of processes for
production of biochar from different Properties of biochar are influenced by the type of
biomass materials. Physical and chemical | raw biomass material and the conversion process, as
activation methods used to improve the well as the process parameters such as the rate of
physicochemical properties of biochar heating and residence time.
and their effects were also reviewed.
The quantities and qualities of biochar are affected by
. A the production conditions and properties of feedstock,
Review on the principles and concepts . ;
. N - which can be adapted corresponding to the
involved in biochar production, the A o .
[15] factors affecting biochar qualitv and requirement of applications. More work on producing
; tng quality biochar in large-scale is needed to assess the
biochar applications. ; : Lo
environmental and economic feasibility of the
process.
Higher biochar yields often can be obtained from
biomass feedstock with high lignin content.
. . . Production conditions including temperature,
Review on the production of biochar o - ) o
from various sources of lignocellulosic reteptlon time _and heating r_ate were |dent|f_|ed as
[16] - . M. - having strong impacts on yield and properties of
biomass and its application in agriculture - - . . .
produced biochar. Physical, chemical and biological
and wastewater treatment processes. e - -
modification methods can be applied to alter biochar
properties including specific surface area and
functional groups on biochar surface.
Chemical modification methods can improve the
surface properties of biochar. Oxygenated functional
Review on the possible biochar groups are generated with acidic modification while
[17] modifications, functionalities, high ratios of surface aromaticity are produced with
applications and regeneration. alkaline modifications. The removal of organic and
inorganic contaminants can be enhanced with biochar
impregnated with nano-scale materials.
Reviewed the impacts of different Torrefactlo_n temperature af_fects properties of
. . produced biochar more obviously than the other
torrefaction parameters on the final . - .
[18] . . production process parameters. The residence time
improvement of the torrefied biomass o : : .
L affects characteristics of biochar only in certain
qualities.
temperature ranges.
Reviewed the mechanisms of chemical Chemical modifications, including oxidation,
modification and explored their impacts amination, sulfonation and impregnation of metal
on physicochemical properties, oxides into biochar structures, can have major
functionalities and applications of impacts on the biochar chemical bonds and functional
biochar. groups.
Reviewed the property upgrading of some | Combustion efficiency of biomasses is enhanced after
raw biomass through torrefaction torrefaction treatment due to increased fixed carbon
[19] o ;
pre-treatment. content and calorific value as well as by reducing the
volatile content via torrefaction.
. . - Torrefaction temperature and residence time are key
Review on the torrefaction of biomass - : )
[20] . parameters to affect yield and properties of torrefied
materials -
biomass
Review on the different environmental Different agents for modifying biochar properties
[21] applications of biochar composites and have been studied, including clays, metals, metal

the important factors influencing its

oxides, zero-valent ions and organic compounds. In




characteristics. The factors influencing
adsorption capacity of biochar and
different adsorption mechanisms were
discussed.

general, the modifying agents can considerably
improve the adsorptive capacity of biochar.

[22] Reviewed the methods for biochar Different methods to modifybiochar can result in
modification and the corresponding different changes in the specific surface area,
mechanisms. The benefits of using functional groups and pore volume. The importance
modified biochar were also discussed for | of minimizing the effect of biochar modification
the management of contaminated soils methods to avoid environmental contamination was
and water. highlighted.

Review on applications of biochar
Adding biochar in soil can generally enhances the
growth of plants and nutrient content in soil, while
Review on application of biochar in soil decrease the emission of N,O. Burying of biochar in

[23] to sequester carbon and evaluated the soil is a promising large-scale strategy for CO,
corresponding benefits from the offsetting and carbon sequestration. More efforts are
agronomic perspective. needed to find how to realize these benefits that can

vary depending on the type of biochar and soil and
the application rate.
Review on the recent findings about Adsorption mechanisms depend on biochar properties

[24] using biochar to remove heavy metals and target pollutants. Endothermic conditions can be
from aqueous solutions. beneficial for using biochar to remove heavy metal.

Impacts of biochar on soil fertility are mainly due to
that biochar can increase the pH in acid soils or
Review and assessment of the impacts of | improve nutrient retention through cation adsorption;
[25] bi AN . o
iochar on soil biota. and the effects on harbouring plant communities are
due to the sorption of allelopathic compounds as
biochar has high specific surface areas and pore sizes.
Increasing the peak pyrolysis temperature of can
Reviewed different ways to produce affect the properties of biochar, such as aromaticity,

[26] biochar using biomass and the impacts of | fixed carbon content and porosity. As introduced in
adding biochar to agricultural soils on soil, biochar can further enhance the stability of the
soil properties and fertility. carbon and nutrient retention in soil, which could also

improve soil—water retention and soil aeration.

Increasing pyrolysis temperature and extending

residence time can decrease the rates of biochar
Assessed different interactions occurring g?lne;]rallzgg_c;_n. Release of CfOz fro_m 59” _uponf "

[27] between soil micro-, meso- and |c_>|c ar acdi |or;)may ccime__robm ((j') p”é“'f‘g 0 fna Ive

microorganisms and biochar stability. ZC." organic carbon poo's, ('.') lodegrat ation 0
iochar components from direct or indirect
stimulation of soil organisms or (iii) abiotic release of
biochar.
Adsorption capacities of biochar for different
contaminants are summarized. Main conclusions are:
(i) biochar from bamboo was the best for removing
Review on the recent applications of methylene blue dye, (ii) biochar from cow manure,
[1] biochar in water and wastewater pig manure, peanut straw offered excellent adsorption
treatment. capacity for Cu2+, (iii) biochar from cow manure
showed the maximum capacity for removing lead in
water. No single biochar was found that can remove
all the contaminants from water.
Biochar can be used to remove organic (e.g.,
pesticides, dyes, pharmaceutical products) and
Review on the application of biochar in microbial contaminants (e.g., E. coli) as well as
water treatment plants to remove organic | replace or minimize the use of expensive sorbents.

[28] and microbial contamination from the Releasing organic matter through leaching when
perspectives of potential benefits and biochar is produced at lower temperature (<550°C)
challenges. has been pointed out as a problem. More research is

needed to investigate the application of biochar in
demonstration-scales.
Reviewed and summarized the state of The review has shown that there are many benefits of

[29] knowledge regarding biochar interactions | applying biochar in soils. A deeper understanding of

with soil in the long-run and highlighted
the key concerns that require further

the effects of biochar on soil health is still required. In
addition, it was remarked that the feedstock properties




research.

and pyrolysis conditions need to be optimized to
design biochar for specific uses. The authors also
stated that long-term experiments are needed to
understand the effect of aging on biochar.

Reviewed and summarized the sources
and production of biochar, status in
biochar removal of organic pollutants,

The removal mechanisms for different organic
contaminants will vary with the surface chemistry of
biochar. The adsorption mechanisms include
electrostatic attraction, pore filling, interactions
between n-7 electron donor acceptors, H-bonding,

[30] adsorption mechanisms, relevant complexes adsorption, hydrophobic interactions and
adsorption parameters and regeneration partition uncarbonized fraction. Regeneration of
methods. biochar includes thermal regeneration, solvent

regeneration, microwave radiation regeneration and

supercritical fluid regeneration.

The properties of biochar are mainly affected by the
Review on the production technologies of | temperature and residence time of pyrolysis and
biochar and their corresponding feedstock. The removal of heavy metals and organic

[31] properties and recent progress in using pollutants is mainly through single or combination of
biochar for the removal of heavy metals flowing mechanisms including electrostatic attraction,
and organic pollutants. ion-exchange, physical adsorption and chemical

bonding.
Review on using biochar as a green and The active site accessibility for substrates, associated
versatile catalyst support for applications, | with the physicochemical characteristics of biochar, is

[32] such as synthesis of chemical, production | identified as the key factor influencing performance
of biodiesel from biomass, and of biochar as catalyst. Availability of catalytic sites on
degradation of pollutant in the biochar surfaces can be enhanced through post
environment in soil. modifications.

Review on utilization of biochar-based . . .

- - Integration of biochar into the
adsorbents and their capacity to remove oo ient-f fit th
contaminants in water as well as highlight Wate_r-san|tat|on-nutr|ent-_ 0od nexus can benefit the

[33] rospects. constraints. risks and public health. It can provide a low-cost adsorbent for
PrOSPECts, N . water treatment and increase food security by using
knowledge gaps on biochar use in water - -

char as soil amendment and fertilizer.
treatment.
. . . Since the morphology and surface functionality of
Review on catalytic applications of - - - - .
. . biochar can finely tuned via various physical and/or
biochar. It focused on the catalytic )
X N chemical treatments, the authors concluded that
challenges and practices of biochar (e.g., - - - -

[34] s h > biochar has a high potential to replace expensive and
biodiesel production, tar reduction in . .

o non-renewable conventional catalysts. Additionally,
bio-oil and syngas, enhanced syngas ioch P h il - .

roduction, etc.) biochar was found to have potential as an inexpensive
P ‘P electrode of MFC systems.
Review on the role of biochar surface in The removal of contaminants is mainly due to

) .\ . - interactions with active functional groups of biochar.
different applications including pollutant - o .
. - . - Feedstock type and pyrolysis conditions were pointed
interactions with surface functional . - .

[35] . out as the most important factors impacting the
groups and the impact of parameter biochar’s removal processes but the adsorptive
change on biochar capacity to remove a - pr 0rp

: capacity for a specific pollutant can be improved by
certain pollutant. L . o
changing biochar-production conditions.
The high content of oxygenated functional groups and
high specific surface areas enable biochar to be used
as metal-free catalyst, which demonstrates favorable
Reviewed the recent advances in biochar | catalytic performance, but has relative low efficiency

[36] utilizations as catalysts and and low abrasive resistance. Considering the low cost

supercapacitors. and satisfactory performance, using biochar as
electrode is also promising. However, a wide
application needs to further improve the properties of
biochar.
The authors concluded that the main factors
controlling the quality of biochar include biomass
material, retention time and temperature. Returning

Review on the technologies for preparing | biochar to the soil can improve soil compaction,

[37] biochar, the biochar properties and the porosity, permeability, soil density, water content and

implications biochar has on the physical
and chemical properties of the soil.

bulk density. Biochar also promotes mineralization,
fixation and transformation of organic nitrogen in
soils. Biochar can aid in microbe growth and
propagation. Biochar can be used in polluted soils to
absorb poisonous and pernicious substances. In




addition, biochar can retain the carbon in the soil and
reduce the emissions of CHy4, N,O nand CO,.

Review on the applications of biochar for

Several variables are involved in determining the
exact role of biochar for the removal of different
contaminants, e.g., pyrolysis conditions and feedstock

[38] \(/:\?arléa;mlnant management in soil and type. Applicatior_l of biochar_to remg(_iiate o
' contaminated soils can provide additional benefits in
terms carbon sequestration.
Biochar promotes the biomethane production, by
Reviewed the characteristics of biochar acting as support for bacteria.colonies, condgctc_;r for
[39] and its applications in anaerobic digestion electron transfer among species, sorbent for indirect
inhibitors, and reactant in biochar labile carbon
methanization.
Sludge biochar has a lower C content and higher H/C
Comparison of characteristics of biochar ra_ltions when com_pared with other biomass derive_d
derived from wastewater sludge to more bloc_har. Sludge biochar can be used as adsorbent in
. - - particular to recover nutrients or remove metals and

[40] conventional biochar and reviewed the S y
possible applications of wastewater antibiotics from wastewaters. _The b!ochar also shows
biochar a good performance m_amendmg soils and_do _not

' pose threats to the environment when applied in

agricultural lands.
Utilization of biochar has been identified as an
effective measure to increase anaerobic digestion
processes and performance, which can improve global

Reviewed the role of biochar in anaerobic conve_rsion_efficiency of biomass_with economic

[39] digestion processes benefits. Biochar may promote biomethane
' production by acting as a support for bacteria

colonies, as conductor for electron transfer, as sorbent
for indirect inhibitors and as reactant in
methanization.
Physio-chemical properties of biochar are correlated

Review on impacts of pyrolysis to the temperature of pyrolysis for gach feedstock

temperature and characteristics of .group..Specn‘lc_ s_urface area, porosity anql pH are

[41] f - - . identified as critical properties for the ability of

eedstock on biochar properties and its biochar to hold moist d retain fertili trient

application in soil; iochar to hold moisture and retain fertilizer nutrients,
which can further improve nutrient utilization
efficiency.
Based on surveyed qualitative analyses and

Review on the mechanisms controlling adsorption data, biqchar can be_ effici_ently used as

[6] the presence of contaminants in water and adsorbent for cleaning contaml_nants in water.. Using

their removal by biochar Iow-cos_t and abundant waste biomasses for biochar
' production can be an efficient way for waste
management.
Review on the biochar properties relevant | Critical biochar properties that can promote anaerobic
to simultaneously promote anaerobic digestion were identified, including alkalinity, surface

[42] digestion stability as well as increase morphology, surface chemistry and microstructure.
biomethane yield and the quality of the Addition of biochar affect anaerobic digestion to
digestate. different extents.

. . . - When the concentrations of ammonia nitrogen are
Review on using biochar application to high, adding biochar can improve the tolerance of
improve anaerobic digestion from the 19N, adding bloc pre -

. - . anaerobic digestion system. Biochar can improve the
perspectives of biogas production, L. ST .

[43] methane content, buffering capacity, and gffl_Cl_epcy of anaerob_lc dlgestlor_l, asitcan re_d_uce the
alleviation of am’monia and VEAS ' inhibition of ammonium due to its high _speuflc
inhibition gurface areas and fgnctlonal groups, which can

) increase its ammonia adsorption rate.
Review on the modification methods Surface reduction modifications is a better method to
(generally chemical methods) for biochar | improve the content of basic functional groups,
[44] properties, the corresponding heavy especially nitrogenous functional groups which is a

metals (HMs) removal mechanisms and
the potential for reutilization of biochar
loaded with HMs.

reactive functional group that efficiently complexes
with HMs, with high stability constants reported for
the formed complexes.




Review on use of biochar to improve soil
quality, and for carbon sequestration and
[45] enhancement of crop yield. A

meta-analysis of the data was performed
based on multivariate statistical analysis.

Introduction of biochar in soils can increase the crop
yield. The greater nutrients available in the soil can be
accomplished with biochar produced at lower
temperatures. The original properties of the soil are
also an important factor that effects role of biochar as
soil amendment agent.

[46] use in crop agriculture and livestock
production.

Review on the research on biochar and its

The authors concluded that biochar has the potential
to be utilized as animal nutrition (feed additive to
improve e.g., digestion, feed conversion ratio) as well
as odor and gaseous emissions mitigation.

Discussed the suitability of biochar in
[47] various electrochemical applications
related to energy storage and conversion.

It has been concluded that biochar is a potent material
of interest for electrochemical energy storage and
conversion. It also pointed out that the conversion
efficiency

and quality of biomass into biochar are required to be
maintained without additional steps for treatments
and it is necessary to reduce the impurity contents to
acceptable minimum.

Reviewed the use of biochar in
composting, considering both the effects
[48] on adding biochar in the composting
process, the influence on the product and
its application as organic fertilizer.

Biochar can play active role during composting
process, including increasing water holding capacity,
decreasing emissions of NHs, H,S, CH, and N,O
emissions, and positive effect on the microbial
activity. The positive effects of biochar on the
composting product and its use as organic fertilizer or
soil amendment includes making the product less
toxic, enhanced physicochemical properties and
increased fertilising effect leading to higher crop
yields.

2. Requirements on biochar properties for different applications

2.1 Characteristics of biochar

Biochar applications range from soil amendment [49], carbon sequestration [50] and adsorbing
metals and nutrients from waters and wastewaters [41,51]. Additionally, biochar can also be used
for heat generation, metal production, flue gas cleaning and in the production of functional
materials [4]. Biochar with certain properties is desired to meet and satisfy specific requirements
of each application to optimize its effectiveness [1]. The properties of biochars can be described in
terms of yield as well as a number of physical and chemical properties. These properties are
briefly defined in Table 2. A short explanation on the relevance of each biochar property is also

included.

Table 2 Summary of biochar properties

Properties Definition Indication
Yield The ratio of pyrolyzed product Indication of biochar production efficiency
mass to raw biomass mass
Density Mass of the material divided Low density and high porosity indicate low weight

by the volume occupied that
includes interstitial space

Total surface area of a material
per unit of mass.

Specific surface
area (SSA)

Ratio of the volumes of voids or
pore space divided by the total

Porosity

per unit volume. Bulk density is important for
shipping and handling of biochar.

High SSA indicates greater adsorption capacity
and water holding capacity of biochar

The pore volume, pore size distribution pore
structure affects the ability of biochar as




Electric
conductivity

Elemental
composition

pH-value

Surface functional
groups

Heating
value/energy
content

Fixed carbon
content

Volatile matter
content (VM)

Ash content and
composition

Cation exchange
capacity

Hydrophobicity
and water holding
capacity

volumen

How much voltage is required
to get an amount of electric
current to flow

Content of element C, H, N, and
S

H/C mole ratio, O/C mole ratio

pH = —log[H*]

Aromatic and heterocyclic
carbons on biochar surfaces

Heat generated per unit mass or
per unit volume

FC(%) = [100 — (VM + Ash)]
Content of fixed carbon after
substracting ther percentages of
moisture, volatile matter and ash
from one biochar sample

Weight loss after heating the
biochar to 950°C and holding
for 7 min

non-combustible residues from
from the inorganic or mineral
components of biochar

Amount of exchangeable
cations that biochar is able to
hold

Affinity of biochar to water and
capacity of biochar to contain
and retain water

adsorbent, soil amenbdant and reactivity under
certain conditions

It represents the ability of a material to conduct
electric current

Indicator of the degree of carbonization, stability
and amorphous carbon structure

Low O/C and H/C mole ratio normally indicates
high stability of biochar

Alkalinity (or acidity) of biochar ©

Indicator of biochar's capacity to adsorb pollutants
and contaminants in aqueous solution, activity of
biochar in AD, performance of biochar as catalysis

Indicator of the upper limit of the available
thermal energy produced by a complete
combustion

Indicating carbonization degree of one sample and
content of carbon of the sample

VM and FC reflect the labile and recalcitrant
fractions of biochar

Ash content associated with alkaline chemical
species su is often related to liming effects of
biochar. The contents of certain inorganic
elements (i.e., Ca and K) in biochar are important
for potential agronomic and environmental
bebefits for fertilizing soil and enhancing soil
quality

Indicator of biochar's impacts on soil fertility

Indicator of biochar's ability to retain water in the
soil, decrease mobility of the water and reduce
water stress in plants

2.2 Key properties needed by different applications

The properties required by different applications of biochar collected from the literature and the
key properties are presented in Table 3.

Table 3 Applications are mainly related to the properties of biochar

Applications Purpose Key properties of Requirements

biochar
Wastewater Removal of heavy metal ~ pH, surface functional High pH in acid environment and
treatment groups oxygen-containing functional group

Removal of nutrients

surface functional
groups, SSA

are preferred
Oxygen-, acidic, phenolic and
carboxyl groups on surface are



Removal of organic
contaminants

SSA, pH, H/C ratio

preferred
Low pH, high SSA and low H/C
ratio are preferred

Soil amendment

Improve fertilizer use
efficiency or nutrient use
efficiency

Soil carbon sequestration

Soil conditioner

pH
SSA and porosity

Yield and carbon content

SSA, porosity and
nutrient content

High pH is preferred

Large SSA and porosity are
preferred

High yield of biochar and carbon
content are preferred

Large SSA and porosity are
preferred

Biogas production

Biochar as buffer
Biochar as syntrophic
partners for biogas
production

pH
Potassium (K) of biochar
and trace elements

High pH is preferred
High concentrations of potassium
are preferred

Composting Biochar as buffer pH High pH is preferred
Increasing aeration SSA Large SSA is preferred
Adsorption of NH;, NH,*  SSA, pore volume, Large SSA and acidic functional
surface functional groups are preferred
groups
Affinity of heavy metals ~ SSA, surface functional Large SSA and acidic functional
groups groups are preferred
Retention of nutrients SSA and CEC Large SSA giving a high CEC
Protective habitat for pore volume Macro-pores with a size comparable
microorganisms to bacteria
Gas cleaning NOx removal SSA, pore volume Large SSA is preferred
H,S removal
Catalyst Catalyst in a variety of SSA, porosity Large SSA and porosity is preferred

chemical processes

Surface functional group

Large SSA and more SOsH group
are preferred

Metal production

Biochar as reductant

Biochar as fuel

VM

FC

SSA and pore volume

HHV

Normally biochar with low VM is
requested
HighFC values are preferred

Low SSA and pore volume are
preferred
A high HHV value is preferred

Electrochemical
applications

As electrocatalyst

As electrodes of MFC

As electrodes of
supercapacitors

As electrodes of batteries

SSA and porosity

SSA, carbon and ash
contents

SSA, pores distribution,
wettability, electric
conductivity

SSA, pore distribution,
N content

High SSA and porosity are preferred

High SSA and carbon content and
low ash content are preferred

High SSA (>2000 m?g), low
wettability and high electric
conductivity are preferred
High SSA and N content are
preferred

2.2.1 Wastewater treatment

Biochar can be used to remove different pollutants in wastewaters including heavy metals,
nutrients and organic compounds. Micropollutants which have negative impacts in wastewaters
can also be adsorbed by biochar [52], but there is currently little research on this aspect.

Table Al in Appendix A presents key studies on the use of biochar to remove contaminants from
aqueous solutions where the needed biovhar properties were highlighted.

2.2.1.1 Removal of heavy metals in wastewater

Heavy metals are non-biodegradable and can pose a significant risk to the public health and to the
environment as they are toxic and carcinogenic at higher concentrations [53]. Biochar shows a
great affinity to heavy metals and many studies have been conducted to investigate its ability to
remove metals in aqueous solutions [1,35,54]. Li et al. [55] have identified specific surface area,
porosity, pH, surface charge, functional groups and mineral composition of biochar as important



properties that can play a role in heavy metal adsorption. Heavy metals can be physically adsorbed
onto the surfaces of biochars, and removal of heavy metals is mainly via surface interactions
through ion-exchange and complexation between biochar functional groups and heavy metal ions.
Oliveira et al. [35] reported that the pH and surface functional groups are two critical factors
influencing heavy metal surface interactions with biochar . Samsuri et al. [56] stated that the
biochar’s pH was more important than other properties regarding adsorption of Zn, Cu and Pb.
The adsorption of metal on biochar is also influenced by the solution pH, as it affects the surface
charge of the adsorbent as well as the degree of ionization and speciation of the metal ions in
solution [20]. An acidic environment is favorable as using biochar as asorbent, and the adsorption
efficiency can be enhanced by increasing pH of solution. It is important to distinguish between the
pH of biochar and the pH of the solution. The pH of the biochar is an inherent property of the
material that mainly depends on the amount of organic functional groups, soluble organic
compounds, and inorganic alkali salts . Whereas the pH of the solution corresponds to the amount
of hydrogen ions in the solution (wastewater in this case). The pH of the solution can be adjusted
by adding an acid or basic substance. The pH of the solution is adjusted to optimize the adsorption
mechanisms as it can influence the charge of the specific surface area and the degree of ionization
of the adsorbent [57]. Premarathna et al. [21] investigated biochar produced by pyrolysis of hard
wood at 450°C and corn straw at 600°C to remove Cu®* and Zn?*. The results showed that the
adsorption capacity increased with increasing pH until a pH value reached 5. Similarly, Tursi [22]
and Sohi et al. [23] verified an increase in Cu** removal with increasing pH up to a value of
approximately 7. Similar trends were obtained for Cd** adsorption by Inyang et al. [58] and
Lehmann et al. [25], which was increased with increasing pH up to a pH value of 5-8. The low
metal adsorption efficiency at low pH values can be explained by the high concentration of H*
ions that inhibits the contact between the heavy metals and biochar. As the pH increases, the
concentration of H" ions in the solution decreases, and the metal adsorption capacity is therefore
increased due to the negative charge of functional groups such as carboxyl and hydroxyl groups on
the biochar surface [26]. However, with further increase of the pH, the sorption capacity of
biochar decreases as the metal ions start to hydrolyze and metal precipitation occurs [27].

The functional groups on biochar surfaces can also affect the adsorption capacity of heavy metal
[1]. Studies indicated that biochar’s surface functional groups, mainly oxygen containing groups
such as carboxylate and hydroxyl, can have either electrostatic attractions, ion-exchange or surface
complexation interactions with heavy metals [28]. A multivariate analysis carried out by Lone et
al. [29] indicated that functional groups on the biochar surface are important regarding providing
sites for binding heavy metals, such as Cd** and Pb*". In general, the more oxygen-containing
functional groups of biochar, the better adsorption effect of heavy metals.

2.2.1.2 Removal of nutrients in wastewater

Nutrients including nitrogen (N) and phosphorus (P) can be hazardous to the aquatic environment
if their concentrations in water bodies are too high. Nutrients can be removed from domestic
wastewater by using biochar under different conditions [59-62]. Huggins et al. [63] investigated
nutrient removal from industrial wastewater (brewery water) while Gupta et al. [64] and Zhou et al.
[65] reported on nutrient removal from synthetic wastewaters.

Removal of P in the wastewater by biochar can be realized through different mechanisms that often
associated with properties of biochar. Physical and chemical properties of biochar are of importance
for the removal of P and several removal mechanisms can be involved, including among these
precipitation with Mg?" or Ca?*, electrostatic interaction, ligand exchange, surface sorption,
complexation with functional hydroxyl groups and anion exchange [66].Rosales et al. [67] reported
that the chemical composition of the biochar surface is of importance for removing nitrogen since
oxygen-groups generated during low-temperature pyrolysis will increase the cation exchange
capacity (CEC), thus increase removal of N. Acidic and functional phenolic and carboxylic groups
are assumed to promote ammonium [67]. Beckinghausen et al. [62] concluded that the adsorption



capacity is dependent on the feedstock used for production of biochar. Further, it was concluded
that the feedstock used reacted differently even though the treatment conditions were the same.

2.2.1.3 Removal of organic pollutants in wastewater

Organic pollutants (OCs) in wastewater include dyes, phenolics, pesticides, polynuclear aromatics
and antibiotics. Application of biochar has been considered as a promising solution for removing
organic compounds in wastewater, due to the high availability of feedstock for biochar production,
the simplicity of the preparation methods, and the biochar's unique physico-chemical properties
[15,68]. Applications of biochar for removal of various organic pollutants from water have been
investigated [15,30,33,35,68-71]. In general, the efficiency of biochar to remove and capture
organic pollutants is heavily affected by its microscale physical properties (specific surface areas
and pore size distribution), surface functional groups and hydrophobic nature. Owing to the high
specific surface area and micropores volume of biochar, the organic pollutants can be adsorbed
though physical settling and precipitation and pore-filling routes, where the pollutants settles and
forms layer on biochar surface and condensation of pollutants with resulting filling of pores of the
biochar. Again, the specific surface area, total pore volume and size of the pores of biochar are
largely dependent on properties of the raw biomass and production conditions. For instance,
biochar produced at high temperatures has larger surface and more micropores, making it more
suitable for organic pollutants removing and adsorption [72,73]. The adsorption capacity of
biochar also depends on types and amounts of surface functional groups, which affect the
hydrophobic nature of biochar. Qambrani et al. [15] stated that O-H, -CH,, CO=, CC= and
-CHs are main functional groups formed on the biochar surface upon various conditions. With
lower oxygen- and nitrogen-containing functional groups, the biochar is more hydrophobic, which
favors adsorption of insoluble adsorbates. In addition, hydrophilicity/ hydrophobicity of the
biochar is often related to amount of polar-group on surface of biochar. The molar oxygen to
carbon (O/C) mole ratio and hydrogen to carbon (H/C) mole ratio have been considered as an
indicator of carbonization degree and abundance of polar functional groups on biochar [74]. The
biochar produced at higher temperature has lower O/C and O/H mole ratio, indicating the biochar
surface is more aromatic and hydrophobic with high adsorbing affinity to organic pollutants. Hale
et al. [75] compiled biochar adsorption data for neutral organic compounds from twenty-nine
different studies. The general findings are that biochar with larger specific surface area has
stronger capability to adsorb neutral organic compounds, while the adsorption capacity decreases
with increasing O/C and H/C mole ratio of biochar at higher OCs concentration.

In addition, the performance of the biochar as adsorbent is considerably related to solutions pH
and size of organic compounds to be adsorbed. The pH value of the solution affects the surface
charge of biochar and ionization of absorbate. In solutions with different pH values, the behaviour
of surface functional groups (mainly oxygen-containing groups, e.g., carboxylate, COOH and
hydroxyl, OH) on bichar can considerably vary. It consequently affects adsorption mechanism and
process of specific organic pollutant on biochar surfaces [76]. At higher pH and, in particular for
polar organic pollutants, the phenolic -OH groups were dissociated creating a negative charge on
the biochar surface, increasing the electrostatic interactions with the adsorbed molecules.
Adsorption experiments reported by Essandoh et al. [77] showed that with increasing solution pH
from 2-3 to 10, biochar became increasingly negatively charged, causing an increase in the
electrostatic repulsion and decrease of adsorption capacity. However, at pH of 6 and 8 for
ibuprofen and salicylic acid respectively, the sorption capacity reached a maximum and then
dropped as pH increased [78]. An increase in the number of negative charges with increased pH
was observed by Xu et al. [79]. Rise of pH led to an increase in the dissociation of the phenolic
-OH group, which made the negative charge of the biochar even more negative resulting in an
increase in the electrostatic attraction between the biochar and adsorbate. Similar results were also
reported by Shang et al. [76] who used biochar to remove ciprofloxacin.

2.2.2 Application in soil



Biochar has been considered as a promising solution to mitigate soil infertility and desertification
as well as climate change. Studies about applications of biochar in soils have been summarized in
Table A2 in Appendix A. Comprehensive studies have demonstrated the many benefits of biochar
as soil conditioner to improve soil quality, promote plant growth and increase crop yield [49].
Other studies have also focused on the role of biochar in climate change mitigation [80] and
remediation of polluted soils [81].

2.2.2.1 Soil fertility enhancement

Biochar contains high content of inorganic elements that can sever as macro and micro plant
nutrients, which can act as a direct fertilizer and improve plant growth [49,82]. Several studies
have showed that biochar application to low fertility soils may substantially enhance crop
production [23,26,83,84]. Although the total content of nutrients such as N, P and K in biochar
may not necessarily reflect the availability of those nutrient to plants [85], it can be used as an
indirect indicator to select the most suitable biochar to enhance soil fertility [49,86]. Purakayastha
et al. [45]reported that biochar produced at lower temperatures enhance availability of mineral
nutrients in soils. Addition of biochar can also improve the soil environment and quality, bulk
density, porosity, water retention and hydraulic conductivity [45]. Moreover, addition of biochar
can increase the cation exchange capacity of soils and have positive effects on soils fertility and
stability [37,87,88], which enhances root condition and morphology so that plants can exploit
larger soil volumes [82]. In general, soil CEC is directly proportional to soil pH. For the soil with
neutral or basic pH, anionic nutrients are poorly bound, which can be easily leached or flushed
from the soil into ground waters. With long time cultivating and harvesting, the soil suffers
deficiency of nutrients. Thus, to fulfil the shortage of nutrients, a large amount of chemical
fertilizer is added to the soil, leading to deterioration of the environment. The biochar amendment
to the soil has proved to be beneficial to improve soil fertility and retain nutrients, thereby
enhancing plant growth. Normally, biochar with a higher pH value was applied to the soil, the
amended soil generally became less acidic. Moreover, addition of biochar not only increases the K
concentration in soil, but also increases plant nutrient use efficiency (NUE). Biochar can also
stimulate soil microbial population and activity, particularly mycorrhizal fungi [89], which are
critically important for nutrient cycling [90]. However, all these benefits are strongly related to the
biochar type and soil properties. SSA is of high importance as it increases biochar capacity to
adsorb organic compounds and metal ions, which can further improve the use efficiency of
fertilizer or nutrient [49,58,91]. In general, the biochar with high SSA and porosity has high
affinity to nutrients, which are beneficial for retaining moisture and nutrients in the soil for crop
growth. In addition, the porous characteristics of biochar as well as its heterogeneous surface
functional groups can take part in diffusion of nutrients in soil. Therefore, as highlighted by Ding
et al. [49], the favourable properties of biochar to improve soil fertility are high specific surface
area and porosity, rich in active organic functional groups andhigh content of available nutrients.
In addition, Schmidt et al. [92] reported that freshly produced biochar might decrease the crop
yield due to the nutrient immobilization process. Biochar produced at relatively high temperatures
were found to be efficient in neutralizing soil acidity and promoting soil nutrient retention [93]
while biochar produced at relatively low temperature mainly improve soil cation exchange
capacity [94]. In addition, for the purpose of increasing soil fertility, nutrient-rich biochar
produced from e.g. manure or sludge biomass, are the most suitable [95].

2.2.2.2. Soil remediation and amendment

Soil remediation is used to control, modify or destroy pollutants that can pose potential risks to the
environment and human health [96]. Biochar is considered a suitable material for soil remediation
purpose, and can be used to immobilize and transform soil pollutants, such as organic
contaminants, heavy metals, PAHs and other toxic compounds, given its large specific surface
area, porous structure and abundant surface functional groups [96]. The effecicency of biochar for
soil remediation is closely related to the biochar and soil properties, amendment conditions and
contaminant type [95]. Several studies have shown that the capability of biochar to remedy



pollution relates to physical adsorption on the surface and in micro-pore structure [97]. In addition,
the functional groups on biochar surface play important roles in the immobilization of heavy
metals in the soil [1,98]. Other studies have pointed out that organic components [99] and alkaline
minerals contained in biochar [100] also have an important role in stabilizing heavy metals in soils.
Biochar can also be used to amend acid soils [101] resulted from e.g. excessive utilization of
fertilizers. As most of the biochars are alkaline, they can be used to increase the pH of soils and
thus affect the nutrient bioavailability, increase the capacity soil to hold water and enhance soil
quality [45,83]. pH of biochar depends on the content and form of ash forming elements, which is
significantly correlated with properties of biomass. Biochar produced from wood has onaverage a
lower pH value than those produced from non-wood-derived biochar. In addition, higher pyrolysis
temperatures also favor the production of biochar with higher pH values [100]. It could be
attributed to enrichment of non-pyrolyzed inorganic elements as a result of decomposition of the
organic matrix.

Extensive use of pesticides and herbicides in agriculture is deteriorating the soil quality in some
parts of the globe. Safaei Khorram et al. [102] emphasised the need for environmentally sound
remediation methods that can both (i) bind pesticides and reduce their motility into water
resources and living organisms and (ii) provide nutrients to promote plant growth and improve soil
quality. Biochar can meet those requirements as it can reduce the bioavailability of pesticides [1].
Several authors have reported that the adsorption capacity of biochar for pesticides and herbicides
depends mainly on its physico-chemical properties, including organic carbon content, specific
surface area (SSA) and porous structure [103,104]. Therefore, biochar produced at higher
temperature tend to exhibit higher efficiency for absorbing organic contaminants in soils, as is the
case for pesticides and herbicides. Furthermore, biochar with small particle size (<2mm) has much
higher capacity for pesticides adsorption [105]. In addition, the plant uptake of pesticides can be
decreased with increasing biochar application in the soil [106]. With addition of biochar, pesticide
will be adsorbed on biochar surfaces, which is not in the bioavailable fractions of the soil pore
water environment. Therefore, pesticide uptake by plants cultivated in biochar amended soil can
be considerably reduced. Adsorption is normally the key mechanism involved in capturing of
pesticide by biochar. Biochar has been proven as an efficient sorbent for several groups of
pesticides. There are several studies showing that biochar amendment can lead to irreversible
adsorption of the tested pesticides [81,103,107]. On the other hand, desorption of pesticide from
biochar can occur due to deformation of macropores, or loss of binding between pesticide and
biochar [102]. Addition of biochar effects mobility of pesticides and reduce leachability of
pesticides in soil. Remarkable reduction of several types of pesticide in biochar amended soil has
been reported, which was mainly attributed to entrapment and accumulation of pesticide inside
and around biochar particles. Presence of biochar also affect biodegradation of pesticides in along
time prospective. Nonetheless, direct evidence is still to be gathered for different biochar
properties.

There are many harmful pathogens from domestic waste and radioactive substances that may
accumulate in the soil. The capacity of biochar to adsorb them has not been well studied [108].
Besides the biochar characteristics, the efficacy of biochar in soil remediation varies with soil type,
amendment rate and target contaminant. Therefore, several authors suggest that biochar
characteristics cannot be generalised for a specific application but instead a biochar selection
should be made on a case-by-case basis [1,95,109,110].

2.2.3 Carbon sequestration

Production of biochar is a promising option to sequester carbon from plant materials, taking it out
of short-term carbon cycle and binding CO, with long-term storage of carbon in soil. The potential
of carbon sequestered in soil is closely related to: (1) yield of biochar and carbon content in the
biochar, (2) content of stable carbon in the biochar and (3) stability of biochar in soils under
different conditions and time-frames.



The amount of carbon sequestered through burying biochar in the soil primarily depends upon
yield and carbon content of biochar, which are heavily conditional on properties of the feedstock
and pyrolysis conditions. Typically, biochar yield decreases with increasing pyrolysis temperature,
accompanied with increase of gaseous and liquid products at higher temperatures. On the other
hand, the fixed carbon content of produced biochar increases with high production temperature.
Therefore, a more meaningful measure of the biochar production efficiency has been given by the
fixed carbon yield Yrc = Yenar X [FC%/(100 — feed ash%)] [111], where Ycnar is the char yield from
pyrolysis process, % feed ash is the ash content of the raw biomass and FC is the fixed carbon
content of biochar. The fixed carbon yield corresponds to the efficiency of converting carbon in
the biomass to the biochar, which can be used as an indictor of the carbon sequestration potential
of biochar [111].

The other key factor affecting carbon sequestration potential of biochar is the percentage of stable
carbon content [112]. The stability of biochar has been assessed by different methodologies
through either individual or combination of analytical techniques [113-115]. The content of stable
carbon in biochar can be considerably influenced by the production conditions and properties of
the feedstock. With increasing production severity, including highest treatment temperature (HTT),
residence time and slow heating rate, the stable aromatic carbon content in the biochar has higher
stability in soil and carbon sequestration potential. From a production point of view, pyrolysis
temperature is a dominant parameter which affects the stability of biochar. In addition, properties
of biomass feedstock, such as biochemical compositions and contents of inorganic elements, also
play important roles affecting the stability of biochar. However, there is a need to consider the
trade- off between biochar yield and stability. Both yield and stability of biochar greatly influence
carbon sequestration capacity of biochar, which determines the actual amount of carbon that can
be stored. Therefore, production process parameters need to be optimized for producing biochar
with high stability and without significantly sacrificing of the biochar yield. On the other hand,
biochar produced from different feedstocks but under the same process conditions have different
stable carbon contents. Generally, biochar produced from a feedstock with high lignin content,
often has a high content of aromatic carbon and slower mineralization rate, which have a high
stability in the soil and a long-term carbon sequestration potential [116]. There are several
methods that have been developed for assessing stability of biochar produced from a wide range of
biomass and under different conditions. For example, the stability of biochar can be measured by
using both O/C and H/C mole ratio as indicators. O/C was proposed by Spokas et al. [117] for
biochar stability in soils. For example, biochar with an O/C of 0.2 was considered very stable,
possessing an estimated half-life of 1000 years. However, Budai et al. [118] suggested that the
H/C mole ratio is preferred over the O/C, because H is determined experimentally, while O is
calculated, which may lead to overestimation. The results from studies applying these methods can
be used to assess carbon sequestration potentials of different biochars and optimiz production
conditions to obtain biochar with high stability biochar. Using biochar as a carbon sequester is
based on the assumption that stable carbon in biochar can persist in soil for hundreds or even
thousands of years. Once applied to soil, biochar undergoes aging and degradation processes,
including wetting-drying cycles, photochemical irradiation and mild oxidation [5]. It leads to
considerable changes of physicochemical properties of biochar, which causes either enhancement
or detriment of biochar’s performance for carbon sequestration purpose. Therefore, the
physicochemical properties of biochar produced in a specific process will significantly affects
itslong-term environmental behaviours and carbon sequestration capacity. However, the long-term
behaviour of biochar in the soil has not been well studied and summarized, since nature conditions
are complex, and there are many factors that can affect the properties of biochar. Therefore, it is
not clear whether there is a direct relationship between the behaviours of biochar and carbon
sequestration potential from a long time prespective, which needs to be further explored.

2.2.4 Biogas production



It has been reported that addition of biochar is an efficient way to improve anaerobic digestion
(AD) through (i) enhancing yield of biogas and methane content, (ii) adsorbing inhibitors, (iii)
colonizing microbes selectively and (iv) alleviating inhibition of ammonia [41]. The enhancement
degree is often associated with the biochar properties. It has been reported that microstructure,
surface chemistry and content of microelements and pH of biochar are important properties that its
role during AD, which has been summarized in Table A3 in Appendix A.

During AD, ammonia forms as the main metabolic by-product and inhibit the methanogenesis.
Biochar added to AD can adsorb the ammonia, as it has porous structure and large specific surface
area. The adsorption of ammonia on the biochar surface is a dynamic process and involves
different mechanisms, including physical adsorption, surface precipitation and complexation, pore
filling hydrogen bonding, electrostatic attraction and ion exchange. The adsorbed ammonia can
react with different functional groups on biochar surfaces to form amines and amides. This will
reduce accumulation and mobility/bioavailability of the ammonia as a direct inhibitor without
affecting the AD process. In addition to the direct inhibitor, there are also indirect inhibitors such
as volatile fatty acids (VFAs) formed during the AD process. The accumulation of VFAS results in
low pH and reduce the buffering capacity of the system. Addition of alkaline biochar can be used
to regulate the pH value in the AD system and increase methane yield.

It is common to use alkaline biochar to regulate the pH value in the AD system [42]. Fagbohungbe
et al. [119] reported that using biochar with pH of 6.9 can increase biogas production. Qiu et al.[43]
also observed that the alkaline biochar increased biogas production by adding 15-20% of biochar.
Wang et al. [44] added biochar from Holm oak residue with a pH of 8.96 to the AD of municipal
biowaste and observed an increase of biogas production of 5% per dry matter due to 5% biochar
addition. The impacts of the properties of biochar on biogas production are summarized in Table
A3 in Appendix A.

Addition of biochar can also improve biogas yield from AD through enhancing colonization of
microbial cells on the polymerised biochar surfaces[48]. Biochar with porous structure provides a
large solid surface available for physical adsorption of microbial communities that are critical for
facilitating electron transfer between interspecies. The structure and pore size of biochar are
important for determining the capacity of biochar to immobilize microbial cells. Biochar has also
the potential to promote co-metabolism of anaerobic microorganisms. The syntrophic partners for
biogas production involve an indirect interspecies electron transfers mechanism [45]. Kalus et al.
[46] evaluated the impacts of biochar addition on AD. The results show that the amount of trace
elements in biochar, such as K, plays a key role in enhancing biogas production. The
supplementation of trace elements through biochar enhanced the biogas production of the food
waste by 8.5% [48].The ash content is an indicator of the amount of alkali metals remained in the
biochar [48,120]. Alkali metals in biochar can improve the resistance of the anaerobic system and
maintain the syntrophism between acetogenic and methanogenic bacteria.

Detailed information about the effect of properties of biochar such as SSA and pore size
distribution on biogas production are lacking from the scientific literature and the quantitative
effect of other single properties as mentioned above are still not well studied.

2.2.5 Gas cleaning

Biochar can be used for gas cleaning purpose, due to its low-cost and adsorbent properties,
including SSA and pore volume. There have been many studies using biochar to adsorb NO, and
H.S, as shown in Table A4 in Appendix A. The adsorption capacity of biochar increases with the
increase of SSA and pore volume., activation and/or surface functionalization are two measures
normally used to further enhance adsorption capacity of biochar. For example, after the biochar
was activated by using steam treatment (700-850°C, 1-7 h), NO, removal rate was increased from
10% to 46% [57]. NOy removal efficiency of different biochar can be further enhanced through a
simple treatment that creates oxygen functional groups on their surface, which assistes the



chemical adsorption of NOy [1,35,51,68]. Cha et al. [14] used FT-IR spectra for identification of
the functional groups of biochar. The highest efficiency was obtained when the C=0 and C-O
functional groups increase in biochar due to chemical activation. Choudhury and Lansing studied
the performance of biochar addition with Fe impregnation for in-situ desulfurization of biogas
[121]. Corn stover biochar (CSB) and maple wood biochar (MB) were tested, and results showed
that the Fe-impregnated biochar (0.5 g biochar/g manure TS) reactors had no H2S detected in the
CSB-Fe system.

The capability of using biochar to remove gas components is not limited to NOx and H,S, but a
limited number of studies have been made on other gases. Regardless of the potential to use
biochar for gas cleaning, biochar’s adsorption capacity and selectivity towards the desirable
feedstock still needs to be improved.

2.2.6 Biochar as catalyst

Biochar shows great potentials as a versatile catalyst in many chemical processes. Biochar can be
used as catalyst in biodiesel production through esterification. Impacts of SSA, pore volume and
acid functional groups of biochar on the reaction activity during biodiesel production are shown in
Table A5 in Appendix A. Due to its characteristics that include high porosity and carbon content,
it is promising to use biochar to replace conventional solid carbon-based catalysts [56]. In general,
increasing SSA results in an increased transesterification yield. As reported by Yu et al. [122], the
reaction yield was more than doubled when SSA of biochar increased from 1.88 to 640 m?-g™. It
can also be observed that the production of fatty acid methyl ester (FAME) can benefit from
presence of acid functional groups on biochar surfaces [57,123]. Experimental results reported by
Li et al. [124] and Lee et al. [34] showed that biodiesel production increased, which is partially
related to generation of —SOsH groups during the production process as biochar with higher SSA
was introduced. Moreover, when the pore volume of biochar was approximately tripled the
conversion rate of free fatty acids for free fatty acids ( was increased by 27%, which can also
contritbue to increase of biodiesel production capacity [125]. The biochar is also a potential photo
catalyst in the degradation of organic pollutants as reported by Kim and Kan [126]. The study
suggested that the catalytic activity of biochar can be affected by the different properties, such as
pore structure, pore distribution and surface functional groups.

2.2.7 Application in the metal industry

Biochar can be used to replace coke in the metallurgical industry as a reducing agent and fuel
[127]. Studies about the applications of biochar in metal industry have been summarized in Table
A6 in Appendix A

Biochar has been studied and tested as a promising alternative to conventional fossil reductants.
Fixed carbon and volatile matter contents are two important properties, as the biochar is used as
reductant in metallurgical processes. As metallurgical reducing agents, biochar with high FC and
low VM are often required. The fixed carbon and volatile matter of typical reducing agents used in
metallurgical processes are 83.6% and 3.9% (<8.75) respectively [128]. The presence of a high
amount of VM results in an easier and more rapid ignition, at lower ignition temperature [129—
131]. Biochar with high VM content also generates large amount of combustible gases that are
difficult to control and clean. The SSA and micropore volume of typical reducing agents used in
metallurgical processes in rotary kilns is 24-156 m?.g™ and 0.01-0.07 cm®.g™ respectively
[123,132]. Biochar withlarger SSA and porosityoften has higher reactivity and coverted fast in
metallurgical processes. It has been reported, the reactivity of biocharincreased by around 10%
when SSA and micropore volume increased from 363-501 to 444-501 m*.g™* and 0.15-0.21 to
0.19-0.21 cm®-g™ [132].

Biochar can be used to replace fossil fuels in the blast furnace for iron production. Sun et al. [133]
found that using biochar with relatively high fixed carbon content and large particle size (1-5 mm)
in the sintering process, a similar sinter yield and productivity to that obtained by using coke



breeze can be obtained. The blast furnace requires fuels with high heating values and carbon
contents as well as high grindability and densities. Typical blast furnace fossil fuels, such as
pulverized coals have a carbon content of 80-90%, an ash content of around 10% and a heating
value of around 30 MJ-kg™ [134]. In addition to utilization in iron production, the biochar with
properties can also be used for ferroalloy metal production. Mechanical properties of biochar
are crucial considering mass loss and generation of fines during transportation, handling and
further feeding in and flowing in the furnace. In addition, low mechanical strength of biochar
is often associated with high porosity and large surface area, which gives unwanted high
reactivity during metal production process. The studies reporting test and assessment of
mechanical strength of biochar are rather seldom. In one recent published paper, the
mechanical properties of coal, petroleum coke and biochar produced from hard and softwood
are compared [135]. The biochar produced from biomass materials have rather poor
mechanical strength (indicated as compression strength), which is about of that of
metallurgical coke. With considering of this, different measures have been developed and
tested to improve and increase mechanical strength of the biochar. Riva L et al., conducted
series tests to making pellets out of biochar produced under different conditions and studied
effects of pelletization conditions on mechanical properties of produced biochar produced
pellets [134,136]. The results showed that mechanical properties (i.e., compression strength)
of biochar pellets produced with using certain types of binder can be significantly enhanced,
even comparable with fossil fuel pellets and briquettes. Further work is needed for testing
mechanical properties of biochar under conditions relevant to industrial operational processes
and investigating methods to improve mechanical strength of biochar with least efforts.

2.2.8 Electrochemical applications

Some studies about using biochar for electrochemical applications have been summarized in Table
A7 in Appendix A. Electrodes are essential components in microbial fuel cells, which facilitate
exo-electrogenic biofilm growth and electrochemical reactions. Biochar as an electrode could be a
cost-effective and environmentally friendly option. High specific surface area, high conductivity,
low cost, stability, and biocompatibility are the desired properties when selecting materials [137].
In addition, high carbon content in biochar is presumably beneficial for high power density,
provided that the ash content is kept at an acceptable level. Ash is a matter of concern because it
impedes the ionic conductivity, and therefore, reduce the output power [138,139].

Biochar is being used as an electrocatalyst and photocatalyst for hydrogen and oxygen production
via water-splitting [140]. With the increase of the specific surface area, the current density
increases. However, SSA is not necessarily the only property that determines its electrochemical
reactivity. the chemical degree of carbonization is another important factor, which is primarily
represented by H/C and O/C atomic ratios [141]. Doping with heteroatom creates active sites in
biochar for enhanced hydrogen evolution reaction (HER). For example, S-doped and N-doped
biochar derived from peanut root nodule have been reported to be an efficient electrocatalyst for
the HER [141].

Modern supercapacitors are endowed with excellent reliability, high power density, and fast
charging and discharging characteristics. Due to the high specific surface area, biochar is regarded
as a candidate material to fabricate electrodes for supercapacitor applications [142,143]. In
addition to SSA, pore sizes distribution (micropores: same size as ions in electrolyte for higher
energy density; macropores/mesopores: fast electrolyte diffusion for higher power density) and
wettability are other key properties related to such an application [144,145]. The activation
process on the biochar improves its SSA and pore fraction/distribution to meet the demand for
energy storage and conversion processes. Modifications based on metal, metal oxide and metal
hydroxide loading and nitrogen and sulfur doping are also favorable [146].



Cost-effective and sustainable synthesis of biochar and its high specific charge storing capacity
compared to conventional graphite materials, makes it desirable for various kinds of rechargeable
batteries [147]. Similar to the application of supercapacitors, the optimal pore size distribution is
of importance as sub-nanometric pores favour ion diffusion. High N content is also preferable,
since neighboring C is more electronegative, which is prone to intercalate Li [144]. However, the
key influential properties of biochar for battery applications are not well-known due to the lack of
systematic studies with mechanism understanding.

3. Impacts of feedstock and production conditions on biochar properties
3.1 Feedstock and operation conditions

Biomass materials come from a wide range of sources with various properties. Although there is
no univocal way to categorize biomass materials, attempts have been made to group them
according to typical properties for summary and comparison purposes. The categorisation of
biomass materials is often based on their physicochemical properties, organic and inorganic
compositions, and they can have rather similar conversion behaviours under certain conditions.
Considering this, and following recommendations in the literature [22,148], and based on the
biomass used in the studies on biochar production reviewed in this paper the biomass can be
categorized into the groups shown in Table 4. Woody biomasses (WD) include stem, branch and
bark of different tree species. Herbaceous biomasses (HB) are referred to those derived from a
wide range of agricultural crops, including stalks, straw, shells of the crops etc. Biosolid sludge
(BS) derived from wastewater treatment and biogas production processes is another group of
feedstocks. Biosolid sludge has considerably different properties than the conventional biomasses,
including high content of water, ash, nitrogen and heavy metals. Animal and human waste (AW)
includes manure from animals, food waste, paper, plastics, pulps and others.

Table 4 Groups of biomass feedstock used for biochar production

Groups Common feedstock

Stem wood chips, sawdusts, shavings, bark, logging residues,

forest residues, twigs, etc.

Switchgrass, stalks, straw, stover, grass, bamboo, oil palm shells,
etc.

Poultry litter, manure, swine solids, chicken manure, food, fruits,
Anlmal and human waste (AW) paperl plasticsl pulpsl etc.

Woody biomass (WD)

Herbaceous biomass (HB)

Biosolids sludge (BS) Sewage sludge, digestion sludge, etc.

In general, biochar can be produced from processes with different production condition, including
torrefaction (200-350 °C), pyrolysis (350-1000 °C) and gasification (700-900 °C), as shown in
Fig.1. For these thermochemical conversions processes, biochar properties are significantly
affected by temperature, heating rate and residence time.

Table 5 Technology for producing biochar from biomass materials

Production process Production condition Typical biochar yield (wt%)
Temperature  Heating rate Residence time

Torrefaction 200-350°C 1-20 °C/min 10-60 min 75-90%

Slow pyrolysis 350-700°C 0.5-20°C/min Minutes to days 25-35%

Fast pyrolysis 700-1000°C  10-200 °C/s 0.5-10s 12-15%

Gasification 700-900°C 5-30 °C/min Seconds to minutes 5-10%




3.2 Properties of biochar produced from torrefaction
The properties of biochar produced from torrefaction are summarized in Table B1 in Appendix B.

The torrefaction temperature can significantly affect the yield and the properties of biochar [90].
With increasing temperature, the yield of biochar and the content of volatile matter, elemental
oxygen, hydrogen, and nitrogen of the produced biochar decreases, whereas HHV, FC and ash
content increases. In comparison to torrefaction temperature, residence time gives similar but less
pronounced impacts on the properties of the biochar.

3.3 Properties of biochar produced from pyrolysis

The reviewed properties of biochar produced from pyrolysis are summarized in Table B2 in
Appendix B.

3.3.1 Slow pyrolysis

For slow pyrolysis, the highest treatment temperature (HTT) and residence time have the most
significant impacts on properties of produced biochar. Upon an  increase in the pyrolysis
temperature, the volatile matter content of biochar decreases with enrichment of fixed carbon. In
addition, the surface properties and microstructure of biochar produced at diverse temperatures
can be considerably different, which affect further applications [4] Increase in pyrolysis
temperatures generally leads to biochar with larger pore sizes and higher specific surface areas
[122,150]. As reported by Zhao et al. [149], when pyrolysis temperatures increase above 400°C,
the biochar specific surface area gradually increases and at 600°C the highest SSA was achieved
for all the feedstock tested. On the other hand, SSA of biochar can decrease upon further increase
of the pyrolysis temperature, which may be due to restructuring of carbonaceous structure and
re-blocking of micropores. Compared to other feedstock groups, biochar produced from woody
biomasses often have higher SSA and the impacts of temperature on SSA of biochar produced
from WD are more significant.

The data presented in Table B2 in Appendix B suggest that an increase in the temperature leads to
greater losses of elemental H and O when compared to that of C. It is mainly related to
dehydration and decarboxylation reactions during decomposition of biomass material [15,149,151].
As a result, mole ratio of H/C and O/C of biochar decline as biochar produced at higher pyrolysis
temperatures. Large differences in elemental composition can be observed among biochar
produced from different biomass materials at lower pyrolysis temperature, i.e. lower than 600°C.
At a pyrolysis temperature of about 750°C, there is a convergence of H/C to 0.18 for most of the
studied biomass materials. Comparatively, WD has the highest H/C while BS has the highest O/C.
Since, biochar produced from torrefaction is mainly used as fuel, there are few studies about
physical properties, such as SSA and pore size.

The pH-value of biochar increases evidently with the rise in pyrolysis temperature due to the
enrichment of non-pyrolyzed inorganic elements and the presence of salts, such as carbonates and
chlorides of potassium and calcium [150]. Most of the biochar is alkaline, with a pH between 8.2
and 12.4, as shown in Table B2 in Appendix B. For pyrolysis temperatures above 500°C, the pH
value of biochar produced from different biomass materials can be in the range of 10 -12. In
addition, and compared to other feedstock groups, biochar from BS normally has higher pH than
the biochar from other biomass groups. The increase of biochar pH can also be due to the release
of acid functional groups and polymerization/condensation reactions of aliphatic compounds
[23,26]. The biochar produced from different feedstock also have various pH values. For example,
biochar produced from WD has a lower average pH in a solution than that produced from other
feedstock groups at similar conditions. Biochar produced from BS exhibited the highest pH values,
corroborating with the higher amount of basic salts found in its feedstock [25]. The pH of biochar
is related to the presence of oxygen functionalities. Under lower process intensity, more labile —
and more oxygenated — carbon can be retained.



3.3.2 Fast pyrolysis

In fast pyrolysis, the pyrolysis temperature has similar impacts on biochar properties as observed
with slow pyrolysis conditions. For example, there are peak values for H/C and O/C ratios when
temperature changes. However, the peak appears at lower temperatures [152]. The effect of
pyrolysis heating rate on biochar yield is more obvious at low pyrolysis temperatures. For example,
the investigation of Lehmann et al. [153] showed that for the pyrolysis of beech trunk bark there
was a noticeable effect of heating rate on biochar yields and the result was more pronounced at
lower temperature ranges. A high heating rate can enhance the depolymerization of biomass into
volatile components, which decreases the biochar yield. As shown in Table B3, the decrease of
SSA at slow heating rates was faster than at high heating rates. This can be explained by the
release of volatiles. Higher heating rate can reduce the time for the volatiles to be released, which
results in an accumulation of volatiles between and within particles. Heating rate has also a clear
effect on pH of the biochar from fast pyrolysis, which is in a range of 7.59 to 10.15, and is
normally lower than that of the biochar from slow pyrolysis [101].

3.4 Properties of biochar from gasification

The primary goal of gasification is to produce gaseous products. Therefore, the yield of biochar
from a gasification process is lower than the one via slow pyrolysis. On the other hand, due to the
higher conversion temperature and presence of gasification agent (i.e., CO, or air), biochar from
gasification has higher specific surface area and porosity and ash content. The specific surface
areas of biochar derived from different feedstocks under gasification conditions increased as the
temperature increases. Biochar from WD has the largest SSA, as shown in Table B4. Similar
observations have been reported by Bruun et al. [154]. As shown in Table B4, all biochar from
gasification was found to be alkaline (9.3<pH <13) due to the high ash content, with the exception
of biochar produced from WD, which was acidic. [154]. Biochar from BS usually has a larger pH
than other feedstocks. Biochar from WD has the largest variation in volatile matter, as shown in
Table B4, whereas biochar from animal waste showed the smallest variation. The heating value of
biochar increases with increasing gasification temperature, which is more obvious for WD biochar.
WD biochar has shown higher HHV than other feedstocks. The presence of C-H, C-O and O-H
bonds remaining in the biochar is found to influence the HHV of biochar [4]. The properties of
biochar produced from gasification are shown in Table B4 in Appendix B.

3.5 Modification of the biochar properties

To adapt the properties of biochar to different applications, many methods have been studied,
tested and developed. In general, the methods include chemical and physical modifications, which
can be conducted before, during or after biochar production. Chemical modifications have been
widely tested, including chemical oxidation, alkalinity modification and metal salts agent
modifications. Physical modifications mainly include activation through purging and reacting
steam and gas agents. Table B5 in Appendix B lists the change of biochar properties after different
modification treatment.

3.5.1 Chemical methods
3.5.1.1 Acid modification

The main purpose of acid modification is to remove the impurities and increase the
oxygen-containing functional groups such as -OH and-COOH. The commonly used oxidants for
biochar activation are HCI, HNOs, H,0,, H3POy,, etc. Upon acid modification, the pore size and
structure of the biochar can also be changed, and the effect on microstructure and specific surface
area varied with the type and concentration of the acids. The properties of acid modified biochar
are also closely related to the feedstock and preparation conditions. The adsorption capacity of
biochar and its role in different applications can also be affected.

3.5.1.2 Alkaline treatment



The main purpose of alkaline treatment is to increase biochar specific surface area and amount of
the oxygen-containing functional groups. The common alkaline agents include potassium
hydroxide and sodium hydroxide. Potassium hydroxide [155], ammonium hydroxide [156]
andsodium hydroxide [157] are common alkaline agents used to increase SSA and porosity of
biochar [158]. Again, the effect of alkaline treatment on the specific surface area of biochar is also
affected by the type of feedstock and production conditions. For example, using KOH (KOH:
biochar = 1:1, 60°C, 2 h) followed by calcination (700°C, 1 h) can successfully expand SSA of
biochar derived from rice straw and sewage sludge from 140 to 772 m*.g™ and from 18 to 783
m?.g%, respectively. Cha et al. [159] used NaOH treatment to increase SSA, ion-exchange
capacity, and the number of oxygen-containing functional groups of biochar. In another study,
sodium hydroxide modification had no effect on the specific surface area of bamboo-derived
biochar [160] .

3.5.1.3 Metal salts or metal oxides modification

Development of metal salts or metal oxides for modifying the properties of biochar, has gained
interests in past years. With this modification method, the key biochar properties can be changed
and as a result its characteristics including adsorption capacity, catalysis strenghth and magnetism
can be improved. Zinc chloride has been used to increase porosity, specific surface area and
adsorption capacity of biochar [161]. Shen et al. [162] tested different activation temperatures and
impregnation ratios for activation of safflower seed press cake and obtained the best results, with a
SSA of 800 m?.g™, for the highest temperature (900 °C) and highest ratio (1:4) tested. The
increase of the P adsorption in an aqueous solution of the biochar produced from sesame straw
activated by several different metal salts and oxides (MgO, ZnCl,, and K,SO,), was investigated
by Lone et al. [29]. The best results were reached with zinc chloride for the impregnation ratio 1:1
and activation temperature of 600 °C, which was the highest temperature tested. A higher
impregnation ratio of 1:3 did not lead to a higher SSA (370 m?-g™) or pore volume (0.230 cm®.g™).
Yazdani et al. [163] treated biochar from pinecone biomass with NaOH and ZnCl,, (impregnation
ratio 1:2 and temperature 800 °C) and obtained a SSA of 1470 and 1068 m*.g*, and a pore volume
of 0.705 and 0.511 cm®.g™, respectively.

3.5.2 Physical methods

Physical activation usually exposes biochar to a flow of gasifying agents, e.g., steam, CO,, air and
ammonia, at high temperatures. Gas purging modification can cause changes in the biochar
properties mainly through two ways: (1) further release and loss of volatiles and condensates of
biochar and (2) reaction of biochar towards gasifying agents with consumption of carbon [34,164].
Upon modification, the porosity and the specific surface area of biochar can be significantly
increased while more pores can be formed with improved micro-porous structure.

The data in Table A5 suggest that SSA, pore volume, pore size and pH can be considerably
changed with variations in the temperature and residence time. For example, the SSA of WD
biochar can increase from 429 to 621 m?.g™ when the residence time of gasification with purging
of CO, is increased from 0.5 to 1 h [165], and from 435 to 687 m?-g™ when the temperature is
increased from 750 to 920°C [165]. Moreover, the pore volume of the biochar increased from 0.18
to 0.3 cm® g * with an increase in temperature from 750 to 920 °C [165]. The pH of Karanja
kernel-biochar (generated at 300°C in N, for 4 h) decreased to half of its initial value when the
temperature was increased to 500°C [125]. In general, the pore volume and SSA increases
proportionally with an increase in the heating temperature while, the total acidity decreases with
the temperature.

Steam gasification is one efficient way commonly used to modify biochar properties (i.e., specific
surface area and porosity). Steam gasification of biochar is normally conducted in the temperature
range of 700-850°C with different treatment time from 1 to 7 hours [126]. Upon steam
gasification, a series of reactions take place between biochar and steam and other intermediate



products (i.e., CO) from the biochar-steam gasification processes. These reactions cause
consumption of reactive sites on the biochar surface, formation of new pores, enlargement and
expansion of pores and activation of biochar consequently. After steam gasification, the surface
area and total pore volume could increase up to one-order-of magnitude and increase of surface
area as well [128]. For example, SSA of silk biochar can be increased 122-196 times after steam
activation [166]. In addition, steam gasification of biochar can also be conducted with presence of
other agents (i.e., HsPO,) with activation effects. It will further cause increase of micro porosity
and pore volume of biochar, which can then used more efficiently for certain applications.

3.6 Summary of biochar properties from different processes

Table 4 summarizes the properties of biochar produced from different processes and different
kinds of feedstock. Biochar yield decreased as the temperature is increased. The variation in the
properties of biochar produced from different feedstock show very similar trends. It is also worth
pointing out that the physical and chemical properties of biochar produced from WD, AW and HB
are relatively close, but not from wastewater sludge (BS) [167].

As produced from slow pyrolysis processes, the SSA of biochar increases rapidly with the further
increase of production temperature. As the temperature is over 700°C, the increase of SSA
becomes less significant. Different than specific surface area, the porosity of biochar slightly
decreases with as the production temperature is higher than 700 °C. This is more evident for
biochar produced from woody biomass. In addition, biochar derived from woody biomass tend to
have larger SSA when compared to chars derived from herbaceous biomass (Table A4).

With the increase of production temperature, pH of biochar produced from most of biomass
materials included in the four groups linearly increased. It implies that temperature has dominant
impacts on biochar pH. Most biochar is reported to be alkaline, but some biochar produced from
WD, AW and HB may demonstrate neutral or slightly acidic, especially when the production
temperature is lower than 400°C.

The ash content of the biochar generally rises with the increase of production temperature,
whereas VM content declines. Biochar produced from AW shows the highest ash contents while
biochar produced from WD show the lowest. Biochar from WD and AW shows the largest and
smallest variations in VM respectively with increasing temperature.

The stability of biochar could be reflected by O/C and H/C mole ratios [117]. The O/C mole ratio
is affected by processing temperature and type of feedstock. With increase of temperature, O/C
mole ratio decreases almost linearly, because more labile structures of the feedstock are condensed
and stabilized [4]. At the same time, the decrease of H/C mole ratio under high production
temperatures is mainly due to loss of hydrogen as a result of de-hydronation and decomposition of
biomass material. H/C mole ratio of AW biochar decreases faster with increase temperature,
indicating different biochar formation behavior than other biomass materials. Moreover, under
same production temperature, the H/C mole ratio of biochar produced from HB are the evidently
lower compared to biochar produced from biomasses belong to other groups.

As listed in the Table 4, higher heating value of biochar increased as they are produced at high
temperature, except for biochar from HB. As the production temperature exceeds 500°C, there are
significantly increase of HHV of biochar produced from most biomass materials. The differences
in HHV of the biochar formed from different materials are attributed to combustible content like
carbon and hydrogen [6].



Table 6 Biochar properties produced from different processes and feedstock.

proximate analysis

Feeds  Yield SSA Pore pH H/C o/C HHV
tock (%) (m?.g"  Volume (%) (%) (%) (MJ-k \{)M AOSh FOC
l) (cma.g_ g'l) (/0) (/O) (/0)
b
Torref WD  36.9-9 2776 0.026-0 57-8 0.081 0.18-8 19.6-2 4199- 0.3-7. 16.54-
action 8 66.8 -.323 1 2.6 8.62 8.4 80.35 87 50.40
AW 4295  1.4-7 - 7 0.19-1 0.2-10 19.8-2 47.12- 7.6-4 16.46-
-9.3 5.62 35 4.56 90 6.5 25.02
BS 4291, 0.7-66 0.012-0. 536 0.33-1 1058 27.25- 33.14- 195 9091-1
2 ,58 057 17 2.18 31 30.58 70.81 2.33 9.48
HB 30-94 0.6-21 0.022-0. 6.97- 0.09-1 0.1-95 20.0-2 30.52- 0.7-2 12.46-
1.63 031 9.19 5.04 .55 6.76 81.02 2.9 54.56
Slow wbD 153-6 0.17-6 0.023-0. 25-1 0.11-7. 0.06-4 17-19 14.01- 094 21.08-
pyroly 7 37 52 1.62 84 5.57 72.13 35 75.73
sis AW  21-67. 168-9 0.0013- 5.79- 0.61-8 0.2-40 12-17 125-6 9-72. 0.0-37
7 4 0.0199 17 77 13 0.8 4
BS 20-35 4.8-50 0.002-0. 7.28- 0.03-1 0.19-0 2752 19-74 36-1 2339
05 11.6 41 .34 8 3 5.6 8.1
HB 15-32 2.67-2 0.001-0. 49-1 0.19-1 0.20-0 817-3 3.9-82 757 9538
141 0067- 1.9 .79 .26 0.06 .39 6.4 4.3
Fast wD 144-5 0.19-5 0.015-3 4.7-1 0.17-1 0.03-0 - 261-8 034 9.64-9
pyroly 8 40.63 7.87 1.62 .46 v 3.44 1.8 1.55
sis AW  30.6-7 0.57-4 - 73-1 0.20-8 0.05-7 14.75- 183-8 148- 4.5-36
2 01 0.3 .03 0.4 20.9 0.7 59.6 3
BS 52.4-7 0.1-13 0.0014- 4.87- 0.2-1. 0.07-0 15.07- 13.0-7 20.9- 5.6-33
23 3 0.0066 12 54 41 21.12 3.6 72.5 8
HB  11.4-3 0.29-0 0.0047- 6.1-1 0.19-1 0.05-0 28.15- 3.26-7 2.73- 9.70-8
4.18 57 0.0069 1.2 43 .75 30.27 9 21.25 0.70
Gasifi WD 0-955 78-10 0.172-0. 9.3-1 0.060- 0.001- 24.2-2 9.63-1 3.9-4 60.95-
cation 41.83 38 2 0.089 0.012 75 5.34 9.52 77.01
AW - - - 45-1 - - 13-21. 14.7-4 49-3 17-86
2 3 5 3.6
BS 21.35- 87-29 0.038-0. 9.9-1 - - - - 19-27 -
52.22 9 129 2
HB - 188-9 0.17-0.3 9.6-1 0.06-0  0.010. - - - -
31 2 0.8 .082 0.014

-.. not available.



4. Mapping the feedstock and production conditions according to the application of biochar
4.1 Correlation of biochar properties with temperature for different feedstock

Polynomial functions were used to fit the property data of biochar produced from different
processes and different feedstock groups, in which the properties are functions of producing
temperatures. The results are given in Appendix C and the corresponding curves are illustrated in
Fig. 1 to 7. The square of correlation (R?) is calculated for each regression to show the
uncertainties. The confidential intervals are also added for each regression by using shades in
different colors.

It is clear that for all groups of feedstocks, biochar yield decreases as the production temperature
increases (Fig. 2). Comparing to the other three groups, the properties of biochar produced from
BS differ more obviously. In general, the exponential curves well fitted the experimental data for
all feedstock groups, which is similar to the results of Li et al. [6].

As shown in Fig 3, production temperature has clear effects on SSA of biochar produced from
different biomass materials. As the production temperature is higher than 450°C, increase of SSA
of biochar produced from woody and herbaceous biomass are more pronounced, as a result of
severe degradation and decomposition of them at elevated temperatures. It implies that the
dependence on feedstock type is prominent for SSA. Compared to the other groups, the regressed
function for biochar produced from BS has a low R?, which is R?=0.3932.

As shown in Fig. 4 and 5, the changes of H/C and O/C mole ratios with temperature are quite
different. For WD and HB, H/C generally decreases with the increase of temperature; while for
AW and BS, it can go up and down. The regressions for H/C mole ratio all have a low R% This
may be due to the diversity of AW and BS. There are also relatively fewer data compared to other
properties. Differently, O/C mole ratio of surveyed biochar drops with the increase of production
temperature for all feedstock types and all regressions have high R?. Although these ratios don’t
have direct influence on the applications of biochar, they can reflect the stability of biochar.

With the increase of production temperature, pH of biochar produced from almost all types of
feed-stock increases, as shown in Fig.6, even though R? of regressions are not very high. It further
indicates that biochar pH is more sensitive to the process conditions than feedstock.

As shown in Fig. 7, with the increase of temperature, HHVs of biochar produced from different
biomass materials increase, except those produced from AW, which decrease instead. The
regression for WD has a high R? that implies a good consistency in this feedstock type.

Proximate properties of biochar are shown in the Fig. 8. The evaluation trend of volatile matter,
fixed carbon and ash content are similar for all biochar produced from four types of biomass. In
general, FC and ash increase with the rise of production temperature, whereas the VM content
decreases. Biochar produced from AW and BS show clearly higher ash contents while lower FC
than those produced from WD and HB.

4.2 Selection of feedstock and production processes

The selection of production processes and feedstock are suggested through checking if the
properties of biochar match the required properties for different applications, which are
summarized in Table 6. Despite the high interest in using biochar in a diverse range of
applications, there are still knowledge gaps regarding the biochar characteristics, which need to be
bridged, in order to promote biochar. The identified knowledge gaps are also highlighted in Table
6.

When biochar is used for wastewater treatment, high SSA, and numerous functional groups,
mainly oxygen containing groups are required. However, there has been no quantitative
comparison about the influences of different functional groups. pH value is also a key property,



which is depending on the pollutant to be removed. In general, an acid environment is needed, but
increasing pH favors the removal of heavy metal. To achieve a high SSA, high temperature is
preferable. Whereas Fig.6 clearly shows that biochar produced in the temperature range of
200-400°C has the most attractive pH. Therefore, 300-400°C is the most suitable biochar
production temperature for wastewater treatment. Moreover, WD is the preferable feedstock while
HB is not recommended. Since less data are available about pH of AW and BS at low
temperatures, more measurements are needed in order to conclude if AW and BS are suitable
feedstock.

As used for improving soil fertility and property, biochar with high SSA and pH are desired. It is
clear shown in Fig. 3 and 6 that increasing the processing temperature can improve both properties.
Therefore, gasification is superior to pyrolysis and torrefactionand HB is the most favorable
feedstock. Even though biochar produced from BS and AW can have high pH, they are not
preferred feedstock due to low SSA of the produced biochar. For carbon sequestration, conditions
to yield more biochar and rich in carbon contents are desired in order to store greater amount of
carbon in soil. Low production temperatures often favor high biochar yield, which implies
torrefaction may be the best production process. Whereas, the stability of biochar produced at a
low temperature is often poor, which also has high contents of volatile matter. Therefore, therefore,
in order to achieve a balance between high yield and stability it is suggested for the future work to
assess the effect of biochar stability on potential of carbon retention in soil under different
conditions and frames, based on which optimizations of biocarbon production can be done.

Regarding the application in biogas production, alkaline biochar is wanted, which acts as a
buffering agent for alleviating ammonia and acids inhibition simultaneously. Large specific
surface area and porosity are also important to provide a suitable environment favoring
microorganisms colonization, which benefits the yield and quality of biogas. When biochar is used
as syntrophic partners, high contents of ash (>50 %), potassium and other trace elements are
preferred, which should be considered when selecting feedstock. Therefore, higher temperatures
are suggested, which implies that gasification is better than torrefaction and pyrolysis. However,
there is little information in the open literature about the impact of temperature on the content of
trace elements. Moreover, quantitative effects of properties of biochar such as SSA and pore size
distribution on biogas production are lacking. Regarding the feedstock, biochar produced from HB
shows higher pH and ash contents than those produced from other feedstock groups; and hence,
HB is more suitable for the application in biogas production. Similar to the impact of temperature
on trace elements, little work has been done about the impact of feedstock.

Biochar with high SSA and high adsorption capacity can be promising adsorbents for gas cleaning
purpose. As shown in Fig. 2, gasification can be the best production process, and WD and HB are
the most suitable feedstock. However, gasification results in low yield of biochar. A tradeoff needs
to be considered between the SSA and yield to optimize the cost. Furthermore, current studies
mainly focus on the removal of NOy and H,S. The adsorption capacity of biochar as adsorbent for
other pollutants needs more research.

The application of biochar as catalyst is similar to the application for gas cleaning. In addition to
specific surface area, surface oxygen functional groups and metal dispersion and speciation are the
other two most important properties of biochar need to be considered. Moreover, biochar has a
tuneable surface chemistry and porosity that can be engineered to mimic the conventional catalysts.
The production temperature in the range of 500-700 °C is revealed as the optimal in terms of
specific surface area, porosity and stable polycyclic aromatic carbon. However, with increase of
pyrolysis temperature, tarry vapors and volatiles might condensate and block pores.

When using biochar as reductant in metal industry, the typical requirements about FC and VM are
higher than 83.6% and in the range of 3.9 -8.75%, respectively [128]. The higher FC and lower
VM, the better performance of biochar. As VM decreases while FC increases with rise of
production temperature, biochar produced from gasification of WD as feedstock shall be the best.



However, the biochar produced from gasification process has large SSA and porosity, which has
high reactivity and density as well. Therefore, slow pyrolysis is still the most widely applied
technology for making biochar. When using biochar as fuel, high HHV (>26.5 MJ/kg) is required,
which increases with temperature. According to Fig. 6, biochar from HB and WD have
comparable energy content. However, the biocarbon from HB biomass materials often has a high
content of ash, which has negative influences on energy production process with considering ash
related operational problems.

For electrochemical applications, high specific surface areas, pore distribution, high conductivity,
high carbon content, low ash content and high N content are the desired properties. It is clear that
there are some properties that are affected by temperature in opposite ways, such as SSA and low
ash content; while some are not, such as pore distribution. Therefore, as trade-off, pyrolysis is
more suitable compared to gasification and torrefaction. According to the requirements on SSA,
carbon content, and ash content, WD is the best feedstock, while BS is not recommended.
Property modification is also needed to dope N and S on biochar. However, in general, there lacks
deep understanding about the quantitative impacts of different properties on the performance.
More importantly, little information is available about the impacts of production processes and
feedstock on the conductivity of biochar, which is considered as a key property for
electrochemical applications.

5. Concluding remarks

This paper aims to provide guidelines and suggestions about how to select the production process
and feedstock. In order to achieve the objective, the literature survey was carried out to identify
the requirements of different applications on chemical and physical properties of biochar. A larger
number of data available in publications are also collected regarding the properties of biochar
produced under different conditions and using different feedstock.

Even though different properties have been identified to play key roles in different applications,
guantitative analysis about the impacts of properties on application performances is limited. There
have been extremely few quantitative field requirements about the properties for applications. It
would be of significance if the range of properties could be specified in the future. Meanwhile,
although the variation of biochar properties produced from different feedstock with the processing
temperature is clear, which follows a certain trend; due to the versatility of biomass, there is still
lack of data in order to obtain more accurate functions for property prediction. Moreover, for
many properties, high temperatures are always preferable, which nevertheless results in low yields.
Comprehensive economic analysis should be carried out to find the optimal production conditions
to consider the tradeoff of biochar quality and biochar quantity. In addition, it is also suggested for
the future work that the quality of the property data needs to be carefully assessed.



Table 7 Suggestion on feedstock and production process

Applications Purposes Suggestion on Suggestion on Knowledge gap
feedstock production processes
Wastewater Removal of WD is the 300-400°C and There has been no
treatment heavy metal and preferable property modification quantitative comparison
organic feedstock  while to increase the about the influences of
compounds HB is not functional groups different functional
recommended groups. Less data is
available about pH of AW
and BS at produced at low
temperatures
Soil To improve HB is the most High temperature is More efforts are needed to
amendment fertilizer use preferable recommended, i.e., understand the stability of
efficiency or feedstock, Gasification > biochar. Direct
nutrient use followed by WD Pyrolysis > relationship between the
efficiency Torrefaction stability of biochar and
Soil carbon WD>HB>AW>BS Low temperature  carbon sequestration
sequestration favors biochar  potential is unclear, which
production, ie. needs to be further
Torrefaction> explored.
Pyrolysis > Effects of  different
Gasification process parameters, other
To improve soil HB>WD>AW>BS High temperature is than pyrolysis severity
quality recommended, i.e., and properties of biomass
Gasification > feedstock, on stability of
Pyrolysis > biochar. The potential
Torrefaction factors to be studied can
include purge of different
reagents (i.e, CO2 and
02), reactor configuration
and operational mode
(i.e., batch, semi
continuous and
continuous) and  post
treatment of biochar.
Optimization of
pyrolysis conditions to
trade off biochar yield and
stability to maximizing
content of carbon that can
be stored in soil.
Biogas As buffer and HB >BS>AW > Gasification > Little information s
production syntrophic wD Pyrolysis > available about the impact
partners Torrefaction of temperature on trace
elements and the content
of potassium and trace
elements for different
groups of feedstocks.
Quantitative effects of
properties of biochar such
as SSA and pore size
distribution on biogas
production  are  also
lacking
Gas cleaning Remove NOxand WD > HB> Gasification > Thorough review on
H,S AW >BS Pyrolysis > properties of biochar
Torrefaction produced through
gasification is needed,
since it has better

properties then biochar
produced through other
technologies to be used
for gas cleaning purpose.
A tradeoff needs to be
considered between the
SSA and yield to optimize




the cost. The adsorption
capacity of biochar as
adsorbent  for  other
pollutants needs more
research. More detailed
studies are needed to
investigate efficiency of
biochar for cleaning gas
under those mimicking
industrial conditions (i.e.,
variation of temperaturs
and gas compaositions).

Catalyst

As Catalyst or
catalyst carrier

WD >
AW >BS

HB>

Gasification >
Pyrolysis >
Torrefaction.

Modification is also

needed to increase the
functional groups.

Gasification results in low
yield of biochar. A
trade-off needs to be
considered between the
SSA and yield.

Metal industry

As reductant and
fuel

WD > HB > BS

and AW is
recommended

not

Pyrolysis >
Gasification; and
biochar production
through torrefaction is
only recommended for
certain biomass
feedstocks

More quantitative
comparison of biochar
with  fossil fuel and
reductant used in metal
production processes are
needed. There are great
needs to establish reliable
and efficient analysis and
assessment methods to
understand properties and
conversion behaviours
under temperatures and
conditions  relevant to
industrial processes. The
analysis results can be in
turn used for modifying
and optimizing production
process to  produce
biochar  with  desired
properties.

Electrochemical
applications

As
electro-catalyst
and electrodes

WD is the
feedstock,
BS is
recommended

best

while

not

Pyrolysis is
suitable
gasification
torrefaction.

more
than
and

The influences of key
properties have not been
quantified due to lack of
systematic  study  with
mechanism
understanding. Little
information is available
about the impacts of
production processes and
feedstock on the
conductivity of biochar.
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Appendix A

Table Al Application of biochar in wastewater treatment

Application Role of biochar Needed properties Impacts of Other notes Reference
properties
Wastewater | Removal of Cu® pH of 5-6 The lower the pH has more [131]
treatment pH of 5 pH value of obvious influences | [130]
pH of 5 biochar, the for biochar [123]
pH of 5 better the produced at 600°C | [132]
Removal of Zn** pH of 5 adsorption - [123]
Removal of Cu®* pH of 5 capacity. pH influences [132]
and Zn* higher for biochar
produced at 600C
Removal of Cr** pH of 2 Carboxylate and [168]
pH of 2. hydroxy_l groups [169]
play an important
role in Cr
adsorption
Removal of Cd pH of 5-8. - [129]
Removal of SSA: 176 m*-g1 | High specific - [76]
antibiotics and solution pH of | offers more
(Ciprofloxacin) 7. active
Removal of SSA of 499 m?-g? | adsorption . [170]
antibiotics sites, which
can be
produced at a
pyrolysis
temperature of
app 800°C.
Removal of pH (different Sorption Sorption capacity [70]
sulfonamide values depending dominated by of antibiotic
antibiotics on the type of the electrostatic | mixtures is three
sulfonamide) interactions times lower than
between the the one using
antibioticsand | single antibiotic
functionalized solutions.
biochar surface
Removal of pH of 6 and 8 for - - [77]
pharmaceutical salicylic acid and
pollutants ibuprofen
(salicylic acid and | respectively
ibuprofen)
Removal of methyl | Alkaline pH - - [79]
violet (dye) (7.7-8.7), high
amount of soluble
salts
Removal of methyl | pH=7, low ionic Adsorption was | - [171]
blue (dye) strength improved with
increasing pH
(up to pH=7)
Removal of High carbon - - [172]
atrazine content
A2 Application of biochar in soil amendment
Application Role of Needed properties and Impacts of Other notes Ref
biochar performance properties
Soil Carbon Biochar yield. 1.7Mt The higher yield, | - [173]
amendment | sequestration | biochar is equivalentto | the lager value of
2.6Mt CO, stored C stored
long-term, long-term.
Biochar yield. 2.5Mt - [174]
biochar is equivalent to




2.9 Mt CO, stored
long-term,

Biochar yield. 2.9Mt
biochar is equivalent to
5.9 Mt CO, stored
long-term,

Biochar yield. 4.9Mt
biochar is equivalent to
9.9 Mt CO, stored
long-term,

Biochar yield. 16.0Mt
biochar is equivalent to
25.6 Mt CO, stored
long-term,

Biochar yield. 37.3Mt
biochar is equivalent to
55.1 Mt CO, stored
long-term.

Biochar yield. 79.7Mt
biochar is equivalent to
85.9 Mt CO, stored
long-term,

Biochar yield. 83.2Mt
biochar is equivalent to
105.7 Mt CO, stored
long-term.

Biochar yield. 182.1Mt
biochar is equivalent to
313.8 Mt CO, stored
long-term,

[175]

[176]

Soil
Productivity
and
Nutrients
recycling

SSA of 0.7 cm®.g .
Adsorption capacity of
NH,* was 190 mg-kg *

SSAof81.1cm™.g.
Adsorption capacity of
NH,* was 595 mg-kg *

SSA of 234.7 cm-kg ~.
Adsorption capacity of
NH,* was 785 mg-kg *

The larger
specific surface
area, the more
adsorption
capacity.

[177]

Soil
conditioner

pH 5.80. Electrical
conductivity was 1.02
mS-cm™

pH 7.40. Electrical
conductivity was 6.42
mS-cm™

The higher pH,
the better
electrical
conductivity.

Ash 33.85%, TOC
content was 12.36%

Ash 54.85 %, TOC
content was 24.93%

The higher ash
content, the
higher TOC
content.

[178]

SSA of 410 m>.g "
CEC was 101cmol
kgt

SSA of 33 m?.g .
CEC was 30 cmol-kg*

SSA of 0.56 m2.g 7,
CEC was 12 cmol-g*

The larger
specific surface
area, the better
CEC.

[179]

[180]

[181]

A3 Application of biochar in biogas production

Application

Role of
biochar

Needed properties and
performance

Impacts of
properties

Other notes

Reference

Biogas
production

Buffering

pH>7

Alkaline biochar is
better for biogas
production.

[182]

Ash content 3.10 %;

The higher ash

Trace elements of

[183]




Higher heating value
20.00 MJ-kg . Biogas
production 61 dm3-kg™.

Ash content 6.70 %;
Higher heating value
24.90 MJ-kg . Biogas
production 122
dm3-kg?.

pH 6, Ash 4%, Volatile
matter 12 %, Fixed
carbon 83 %.

pH 8, Ash 20%. Volatile
matter 18 %, Fixed
carbon 33 %.

content, the more
biogas is
produced.

biochar are the most
important for gas
production

[184]

[159]

[159]

A4 Application of biochar in flue gas cleaning

Application

Role of
biochar

Needed properties and
performance

Impacts of
properties

Other notes

Reference

Flue gas
cleaning

Remove
NOx

SSA 17.9 m*.g*and
pore volume 0.018
cm?.g™.

Removal 10% of NOx

SSA 63.9 m?-gtand
pore volume 0.039
cm®/g.

Removal 30% of NOx

SSA 782.6 m*.g™Tand
pore volume
0.606cm?2.g™.
Removal 46% of NOX.

SSA 139. m*.g*and
pore volume 0.092
cm®.g™.

Removal 50% of NOx

SSA 363.0 m*-gland
pore volume 0.164
em?.g .

Removal 71 % of NOx

SSA 772.3 m*.gland
pore volume 0.422
sz_g-l

Removal 86 % of NOx

Higher specific
surface area and
larger pore
volume can
increase NOx
adsorption
capacity.

As temperature
increased, NOx
removal efficiency
was reduced and,
however, the NOx
removal efficiency
increased again,
making the efficiency
curve V-shaped.

Transitional metal
oxides can also
enhance the NOx
removal.

[162]

[162]

Remove
H,S

SSA 95.6 t0 83.9
m?.g%.

12% reduction in
adsorption capacity

SSA 1062 m*-g™*and
pore volume cm?.g™*
0.26.

Adsorption capacity 46
m-g*

Lager specific
surface area and
pore volume had
better dynamic
adsorption
performances.

Different activation
agents have a
significant effect on
the performances.

[185]

[186]

Fe-impregnated can
increase the reduction
of H2S by more than
50%.

Fe-impregnated
can effectively
remove H2S

stover biochar (CSB)
and maple wood
biochar

[121]

A5 Application of biochar in catalysts

Application

Role of
biochar

Needed properties and
performance

Impacts of properties

Other notes

Reference

Catalysts

Convert
feedstock
to into

SSA 188 m’g%;
transesterification yield
7.6 %

Increase in specific
surface area and pore
volume of biochar

[122]




fuels

SSA 640 m%gh;
transesterification yield
18.9%

resulting in increased
reaction yield

SSA 274 migl -
SO;H  density 0.6
mmol-g™. FFA
conversion 88%

SSA 584 migl, -
SOsH  density 0.65
mmol-g™. FFA
conversion 89%

Pore volume 0.13-0.2
cm®.gl; Ester yield
70%

Pore  volume 0.46
cm®gl;  Ester yield
97%

SSA 4 m*.g*t. FAME
yield 87.57%.

SSA 376 m>.g’t. FAME
yield 90%.

Biodiesel production
increased as the more
-SOzH groups, and
the larger the specific
surface area and pore
volume.

[187]

[125]

[124]

[34]

A6 Application of biochar in metal industry

Application

Role  of
biochar

Needed properties

Impacts of | Other notes

properties

Reference

Metal
industry

As
reductant

SSA 363-375m2/g,
pore volume 0.15-0.16
cm3/g. reactivity
86.1-87.8%. Volatile
matter 10.0-11.8%.

SSA 444-501, pore
volume
0.19-0.21reactivity
93.7%, Volatile matter
8.6-12.0%.

Volatile Matter 20—
25%, Fixed carbon 20—
25%.

Volatile Matter 55—
65%, Fixed carbon 28—
45%.

Volatile Matter 10—
12%, Fixed carbon 85—
87 %.

Volatile matter < 1.0%;
Ash 8-12%; Sulphur
0.5- 0.9%;
Phosphorous 0.02—
0.06%; Alkalies <
0.3%.

Ash 3.2%

Ash 0.5%

Ash 1.9%

HHYV 18.0%, FC18.2%,
VM 77.0%, Ash 4.8%.

HHYV 32.1%, FC38.7%,
VM 61.3%, Ash 15.7%.

HHV 30.3%, FC1.26%,
Ash 11.7%.

Higher specific -

surface area and
pore volume,
much higher
reactivity.

[128]

[188]

The optimum values
are determined by the
characteristics and
operating conditions
of the blast furnaces.

[189]

[10]

[190]

[189]

[191]

As fuel

VM21.4%, FC68.4%,
Ash 10.1%, HHV 30.53
MJ/kg.

VM 41.0 %, FC
59.2 %, Ash 0.5%,

Higher carbon -

content (lower
VM) and heating

value, the better -

the performance of

[192]




HHV 30.18 MJ/kg at
300°C.

VM18.0%, FC 83 %,
Ash 0.7%, HHV 33.12
MJ/kg at 500°C.

VM 5.1 %, FC 94 %,
Ash 0.9%, HHV 34.31
MJ/kg at 650 C.

biochar as fuel.

Lower biomass size 3— | As the size and - [193]
10 mm. density of biomass
Size 6.4-9.5mm, total increased, the - [194]
Reactive 71.6%, Cold contact area and
Strength 26.8. Hot the interaction
Strength (CSR) 45.8. between the
Size <0.07mm, total biomass and coal | -
Reactive 69.5%, Cold grains decreased
Strength 58.9. Hot
Strength (CSR) 34.2.
AT Electrochemical applications
Application Role of Needed properties Impacts of Other notes Reference
biochar and performance properties
Microbial Fuel | Electrodes Specific surface | Microporosity  is [137]
cells area and the average | important for
pore size increased -~ power
density as
micropores  may
contribute to the
increased
conductivity due to
increased  specific
surface area for
electron transfer.
SSA, porosity and | Higher specific [195]
electrical surface area (higher
conductivity porosity) of the
material is one of
the important
properties of the
cathode in favour.
Biochar
synthesized at
higher temperatures
has a higher
content of pyrrolic,
graphitic and
pyridinic nitrogen,
which can further
facilitate  electron
transfer when used
as a  cathode
catalyst in MFCs.
The catalytic
performance of
biochar was greatly
enhanced by
chemical
activation.
Nitrogen-doped N and P dual-doped [196]

biochar and
heteroatom-doped
biochar

carbon from
cellulose yielded a
higher power
density.




Electrolysis

electrocatalyst
and
photocatalyst

At 550 °C, SSA was
9 m?g and current
density was 0.65
mA/cm?. At
650-850 °C, with
the surface area
increase to 310—450
m?/g, the current
density rose to
1.5-2.5 mA/cm?. A
further increase in
TC to 950-1050 °C
caused both a
current density and
surface area
decrease.

With the increase
of the specific
surface area, the
current density
increases.
However, SSA is
not necessarily the
only property that
determines its
electrochemical
reactivity. the
chemical degree of
carbonization is
another  important
factor, which is
primarily
represented by H/C
and O/C atomic
ratios

increasing
electrical
conductivity ~ of
biochar could
contribute to the
increase in the
current density.

[141]

Supercapacitors
and batteries

Electrodes

Specific surface
area and the average
pore size

The capacitance of
a device is largely
dependent on the
characteristics  of
the electrode
material;
particularly, the
surface-area  and
the pore-size
distribution.
Increases in
specific
surface-area,
generally lead to
increased
capacitance

[145]

Activation

The activation
process on the
biochar  improves
its SSA and pore
fraction/distribution
to meet the demand
for energy storage
and conversion
processes

[197]

Metal, Metal Oxide
and Metal
Hydroxide Loading

Biochar
modification by
loading metals
(Ni), metal oxides
(Mn0O,) and metal
hydroxides
(Ni(OH),) is the
unique approach to
improve the
capacitive
performance of the
biochar.

This modification
can be performed
either on the
surface

or throughout the
biochar network

[198]

Nitrogen and Sulfur
Doping

The incorporation
of various
heteroatoms
including N, P and
S, into carbon
architecture
improves the
electrical
conductivity by
enhancing the
wettability of

[199-
201]




electrode
aqueous electrolyte
system.

in an

Appendix B:

Table B1: Properties of biochar produced from torrefaction

Feedstock Operation T Physiochemical properties
conditions (
oC Refe
Si | Resi | Me ) SS|Vmi| p |H | O |H Proximate Yi | renc
ze | denc | dia Al s | H|lC]|]C]|H analysis el e
i m| | ¢ CVTATF ¢
; m c
™ T:em lg | m¥ | 0 M|imM|[sh|c|%
(min ) |9 ) ol CLopop)
utes) ) % | % | %
) ) | )
Woody | Sawdust - 60 - 2 - - - 1. - 771 0. | - | 94 | [202
biomas 0 3 7 ]
s (WD) 0
3 - - - 0. - - | 40 | 1. - 130
0 5 7
0
RDF - 60 - 2 - - - 1. - - - 14 - 82
(Refuse 0 4
Derived 0
Fuel) 2 - - - 1 - - |57 (24| - | 64
6
0
Willow - 30 N, | 2 - - - - - 20|82 | 1 |16 | 95 | [203
3 22118101 1]
0
2 - - - - - 201 79 | 1. | 18 | 89
5 .6 8 9 41 .6
0
2 - - - - - 20|79 | 2. | 18 | 79
7 8131 6 | .8
0
2 - - - - - |20 |77 2. |20 | 72
9 9 3 3 51 .0
0
Wood 40 N, | 2 - [204
chips 120 8 | o392 A
0 .
2 -
47 | 0.2
240 8151 o7 [ N A A R
0
2 -
46 | 0.2
480 8141 04 [ N A A R R
0
3 -
62 | 0.3
120 4171 o1 [ N A A R
0
4 -
66 | 0.3
120 8 6.8 | 23 [ N A A R R
Black - - - 3 5 [205
locust 0 - - 7' - - - - - - | 42 ]
wood 0
Pitch pine| - - - 3 - - - - - - - - - | 60




wood 0 g
chips 0
Water - - Nitr | 2 0. 75 19 [206
oak oge | O 2%7 %g Lé 10 %g .6 524 Nl 754 ]
n 0 8 6 3 )
Wood Nitr | 2 13 - - - - - - - | 84
oge | O 62. 1 [6]
n 0 7
- 2 29 - - - - - - - |77
6 17 .0
0 1
i 31| - -1+ - -1 -1]66
0 15 A
0 3
3| 14 - - - - - - - | 43
0170 3
0] 2 6
Sla| | |5 | o o]
9 9 | 68 3
0
Pinewood | - - - 1
shavings 5118 - - 15 %g - 1 - 83
0 . .
2
7. | 62. 1. 64
S I B B 7|7
Coconut cir™ | - - ]2 9 | 62 [15]
S L7 - T 27| 94 I N A
0
Pine - - - 1 12
needle 0|07 - - 1 813' - % - 921
litters 0 8 '
Sl | L |e|a B EN P
9 24 | 3 9 6
0
Pine needlp - - - 3 5 | 9.0 7. 57
o N R " B 2] |
Hazelnut| - | 80-9 [ CO [ 3| ) 6 48] |49 [20
0 2 0 4 - 35 | - - 7 98 2| - 7]
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Pine - 1809 | CO |3 15 6 55 1 43
0 2 0 7 - 74 - - .3 4é 2| -
0 2 0
Oak - 809 | CO | 3 61 38
0 2 0 136 - ;5 - 1 gS 5
0 3 2
Oxytree - 20 | CO, | 2 - - - - - - - - | 97 | [208
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0
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0
0
Olive 10 30 N, 2 - - - 0. | 0.7 77| 4. | 16 | - [209
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2 - - - 0. | 05 72 | 4. | 21| -
5 11 4 8169 | .7
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45 - 3 - - - - 24 | 47 | 30 | 25 | -
0 5]1.1(1.11].0
0 6 2 3 2
Bull - - 3 [211
8. | 0. 7.
manure 8 - 3 | 61 02| - - 6 - | 42 ]
poultry S S o. |1 |1o| | || |73
0 3 (47] 1 5 .8
Digested - - 3 9 0 38
dairy 0 - 3 | 61 02| - - 9 - | 42
manure 0
Raw dairy - - 3 9 0
manure 0 - ’ -1 0.2 - - 27 - | 42
0 3 |61
Food - - 3
waste 0 - - - - - - 292 - | 42
0 .
Cattle - - 2 7 8 [15]
manure 51|14 ' - - - - ; - -
0 9 6




Dairy | - - - 2 10 | 15
manure 0| 26 - 7 9|36 | - - - - -
0 3 9
Human| - - - 3 15
manure 0|73 - - .6 ?}% - - Zg - 5;
0 5 . . .
Sow manue - - - 3 8. 8. | 30. 43
8 38 - 9 |33|a7| | || |
Turkey - - - 3
litter 5126 - - IZO :21 - - 33 - 5?
0 . .
Weaner| - - - 3
7. | 26. 45 59
manure 0| 38 - - - - -
0 49 | 87 4 5
Biosoli | Municipal | - 60 - 2 - - - 1. - - - |14 - |89
dssludg waste 0 3
e (BS) 0
3 - - - 0. - - - |1 23| - |63
0 4
0
Paper - - - 3 [211
mill ol - | - |55 150 R - e
sludge 0 )
Biosolids | - - - é 66. | 0.0 | ®. 89 0.5 ?f 55 1]:!- 75 [2::)6
0 58 | 57 | 17 7 41 4 3 8 .3
Pinepitc - - - 3 8. 47. 4. 60 [15]
8 29 - 45|57 T | T |5 |7
Sludge| - i ) 8 5 |9 |32 52 72
0 ) Tl 37742 | |8 |3
Herbac Reed 20 30 N, | 2 - - - - - - - - - 192 | [203
eous canary 3 6 ]
(HB) grass 0
2 - - - - - 20 {80 | 6. | 13 | 84
5 0| 3|4]3].0
0
2 - - - - - 20|76 | 7. | 16 | 72
7 8133 ].11].0
0
2 - - - - - 21 |70 | 8. | 21 | 64
9 8| 5133|435
0
Wheat 2 - - - - - 19 | - - - |91
straw 3 4
0
2 - - - - - 19 |77 | 7. | 15| 82
5 8| 0| 4|6 ].6
0
2 - - - - - 20 (65| 8. |26 |71
7 7124|515
0
2 - - - - - 22 |51 |10 | 38 | 55
9 6| 8|.2].0].1
0
Cotton 20 30 N, | 2 | 18 - - - - 24 | 34|15 |50 | - | [212
stalk -3 2197 8| 6].0]|.2 ]
0 0 2 3 5 8 7
2|20 - - - - 26 | 30 | 14 | 54 | -
5135 3|51 .9]|5
0 5 5 2 2 6
2121 - - - - 25 (31|15 |53 | -
8 |16 0|0} .2]|.7
0 3 6 5 2 3




Corn - 1809 |CO, | 3 14 5 51 | 10 | 37 [207
0 0 1 - Sé - - | 8|.7] 4 ]
0 71013
Jﬁ;; T - 8 e | ] |4 |22| |50 [%f5
0 19 2 1.9 1
Magnolia | - - - 3 61
leaves 0 - - - - - - - - - 6
0 .
Switchgra | - - - 2 41| 00 | s 0. | O 81 3 12 69 [206
SS 0 6 2o | g7 10|60 | -1 .0 13 4 9 ]
0 3 102 2 6 | -
Grass o -2 151 o5 [15]
033 - - .0 55‘ - - - - -
0 4
Mlscsanthu - - - g s | - 8. |8 |37 | 2] |s3
0 ’ 3 | 03| 52 2 8
Orange - - - 1 12
81. 0. 82
peel 5178 - - 2 - - -
0 5 03 5 4
Rice straw | - - - 1 6. 10 18
0| - - - | a3 72| - - 5| - -
0 4 )
Aquati | Macroalga | 40 | 30 N, | 2 - - - 10 ]05|22 (72|65 |19] - | [203
c Spirulina 0 14 | 1 O(.0]0].0 ]
biomas | Platensis 0
S(AB) | Miicroalg | 0- | 10 - 3| - - - 1010479 51 | [213
a 63 0 82| 2 ]
Laminaria | p 0
japonica | m

*- = Not available




Table B2 Properties of biochar produced from slow pyrolysis

Feedstock Operation conditions | T | Physical Chemical properties
propertie Ref
( S eren
Siz| He | Det | M |°C| SS | Vmi |PH|H | O/ |HH |V | A | F |Yi| ce
e ati |enti |ed| )| A | g |H]| /| C| V [M|sh|C]|el
(m | ng on ia (m| (c | .O0]C M| ( ( (1|d
m) | rat | time g | m¥ | ) Ik | % | % | % | (
e | (mi ) |9 9 |)|)|)|%
c| n )
/
mi
n_l
)
Woo | Sawdust | <1 | 10 - N, | 3| - - 7. 0. | 0. - | 54| 1. |41 |42 | [214
dy m 5 6 | 0|34 0|2 |56 ]
biom m 0 5
ass 4 - - 7. 10. 10 - 50 | 0. | 45| 42
(WD 5 0 | 0|32 09| 6] 4
) 0 6
51 - - 7. 10. 10 - | 3] 1 |60 36
5 4 10|21 31034
0 4
6| - - 7. 0. ] 0. - |29 ] 1. | 66|33
5 5 10|15 112]5].3
0 3
Willow - - - - 13 0 [205
chips 5 1% - - - - - - - - - ]
0
Vine - - - - 4
yard 7| 92 - - - - - - - - -
pruning 5
Black - - - - 4
wattle 7 214 - - - - - - - - -
5
Softwood - - - - |5 -
. 4.
pine 0 9 - - - - - - - -
0
Walnut - - - - 9
shell 0 272 - - - - - - - - -
0
Hardwoo - - - 15 16
d 2 4 - - - - - - - - -
0
5 7.
3 9 - - - - - - - - -
8
Apple - - - - |6
wood 0| - - - - - - - - - -
0
Spotted - - - - | 4
gum 0| - - - - - - - - - | 51
wood 0
Black - - - - 4 8
locust 0| - - 1‘ - - - - - - -
wood 0
5
0| - - 86 - - - - - - | 24
0
Pine - - - - 5
chips 5| - - - - - - - - |30
0
Sawdust - - - - g ] ] 0] | ] 0. |17 ]
0 5 94| 5
5| - - - | - - - - - | 28




5
0
Water - - - 4 | 17 00 | 8. 4,113 72 4 22 38 [206
oak 0| .5 23 | 56 21 .9 - A 7 5 7 ]
0 7 3 5 3 0 )
1% ool Sl |5 |% s
ol 3 26 | 99 3 59 5 59 3 .8
8 | 52 0.0 10 | 3. 8. 69 5 24 5
O 7 log|2]916| " |S|es| 2|6
0| 2 5 1|3 5 1|
Apple 10 [ 600 | - | 4 5.1 29 [15]
branch 0 1; - 7 8.3 - - - - 23
0 ) 4 | 4 )
8 | 54 0.
o5 | - |10]7 864 A N 155
0 4 1 )
Pepper 10 | 600 | - | 4 0 9 4. | 22
wood 5 7' - 4' 717 - - - - -
0 6 5
6 | 23 9 2. | 22
0| 4. - 7‘ 8.9 - - - - -
0| 7 6|9
Eucalypt 5 30 - | 4 6. |23
us 0 12 - Z_.) 91 5 - - - - -
0 ) 4 2
Hardwoo - - - | 4 0. 5 4. | 10 38
d 5 4 - 6 3| .6 - - 6| - -
0 1 7 )
Palm 5 30 - 4 5 7 7. | 30
bark 0 5‘ - 1‘ 8 | .1 - - - - -
0 4 9
Pine - - - 3 3. |45
wood 5 166 - - 91 .5 - - 23 - Sg
shavings 0 8 | 7 '
T 63 L 4. 15
0 " - - 11]1.0 - - 7 - 3
0 8|7 '
Rubber - - - 4 3. | 17
wood 5 - - - 8 1.0 - - 1;' - 4;
sawdust 0 911 ) )
8 1.
5 - - - 1 504 - - 120 | - 298
0 8 '
Green 17 10 N, | 3 - - 7. | 1. - - 74 | 3. | 25|98 | [215
waste 0 4 | 4 3|16 |.7] .4 ]
(shredde 0 1
d leaves, 60 - - 8. 10 | - - 48 | 6. | 51 | 48
twigs, 119 6|8 | .46
branches) 4
10 4 - - 9. | 0. - 27. | 25|11 | 74 | 31
5 6 6 5 311173
0 3
60 17 - 10 | O. - 27. |18 | 12 | 81 | 27
0|5 9 5.0 5] .8
1
10 - 6 - - 10 | O. - 27. |11 | 13 | 88 | 24
0 4 13 9 52| 5| 4
0 2
60 46 - 11 | O. - 28. 18 | 13|91 24
3 2 0 8 4121 .9
7
10 7 - - 11 | 0. | - - 3. 113 |96 | 26
5 4 |2 5 9|1 5| 4
0 1
60 - - 11 | O. - - 1. | 13|98 | 23




.6 1 9 4117
6
Wood - 17 10 [N, | 3| - - 4, | 1. | - - | 7810.]22]89
0 5|3 0| 3|.01|3.8
0
60 6 - 5 | 0. - - 42 | 0. | 57 | 43
7 7 6|5 417
9
10 4 4 - 6. | 0. - 32. | 21| 1. | 78| 29
5 6 | 5 5 410 | 61|.2
0 6
60 23 - 6. | 0. - 32. |16 | 1. | 83 | 27
7 4 9 .8 2 2 1.0
9
10 - 6 | 19 - 6. | 0. - 34. 1 8. | 1. |91 24
0 6 7 3 4 2 2 8| 4
0 5
60 12 - 9. | 0. - 34. | 6. | 1. |93 |23
7 1 3 4 4 3 6.3
0
10 7| 12 - 10 | O. - - 2. 1. |97 |23
5] 8 2|1 6 |1|.4].0
0 9
60 - - 10 | 0. | - - 2. 1. 97|22
A4 1 6 1 417
5
Apple 0.2 | 10 130 | N, | 3 2. 0.0 | 7. 1] 0. - 60 | 6. | 32 | - [149
tree 5 0|39 | 00 | 48 29 J 1725 ]
branches 0 13 7 0
4| 7. 100 | - - - - 297 |62 -
0| 00 | 00 8|8 | .3
0 52 5 0
51370011 - | - - | 2310 |66 -
0| .21]01] .6 1107
0| 4 58 2 9|6 |5
6|10 | 00| 10 | 0. |O. - | 1419 |75 -
0|8 |37 | 6| 4]06 8|40 | .7
0|59 | 87 0 |1 6 3
Ani Bull - - - - 4 9 0. 0 9 [211
mal manure 0| - - 3' 6 2‘ - - 0' - |31 ]
wast 0 1
e 5 0.
(AW ol - | - % 6| %] - |- 1(? - | 2
) 0 1 ’
6 0.
0 - - % 6 ?2 - - 111 - |21
0 1
Poultr - - - - 4 1.
e S A PR B
0 7 ) :
Sl e k] | 2] e
0 3 7 01 5 A
g ) ) 9. i 1. ) ) 56 ) 64
0 3 7 01 1 .9
Digested - - - - | 4 0.
dairy ol - | -2 6|2 - |- ¥ |2
3 2 3
manure 0 1
5 0.
o - | - 365 -|-|%] ]|
0 1 )
6 0.
0 - - % 6 g - - 198 - |21
0 1 )
Raw - - - - 4 - - 9. 10.|0. - - 129 - |31




dairy 0 3 6|2
manure 0 1
5 0.
of - | - |26 ] - |- |32
0 1
6 0.
0 - - % 6 % - - 132 -1]21
0 1
Poultry - - - - 13
litter 5 - - 1;) - - - - - - -
0 .
4 10
5 - - 4 | - - - - - - -
0 5
5 10
5 - - T - - - - - - -
0 5
0 79
Farm - - - - |5
9.
manure 5 - - 7 - - - - - - -
0
Cow o R 10 17 | 67
manure 0 - - - - - - -
2 215
0
Pi - - - - 3
man?Jre 5 - - y - - - 271370 -
65 41 .2
0
6
0 - - 17 | - - - - - - -
0
Swine - - - - 6 3 0.
manure 0 4' - 00 | - - - - - - -
0 13
Turkey - - - - |7
litter 0 281 - - - - - - - - -
ol
Broiled - - - - 3 8. | 40
litter 5| 9% - - 7.1 - - - - -
0 71 3
7 3. 116
0| 60 - - 0.0 - - - - -
0 419
Cattle - - - - 5 58 10 18
manure 5 - - - - - - -
.6 3 .6
0
7 2. | 26
0 - - - 4 1 2 - - 75 - -
0 3|11 )
Poultry <1 | 10 - N, | 3 - - 8. | - - - 60 | 38 | 0. | 59 | [214
litter m 5 2 812|016 ]
m 0
4 - - 9. | - - - 46 | 51 | 1. | 47
5 8 9(1.0|0] .1
0
5 - - 9. | - - - 45 | 50 | 2. | 42
5 8 7131 81].0
0
6 - - 9. | - - - 42 | 48 | 7. | 40
5 9 18| 5] .2
0
Goat-ma - 10 30 [N, | 4] 3 |00 - - - | 15| 31|37 |31 44| [216
nure-deri 01|27 | 01 85 3 5 ]
ved 0 3
biochar 5| 1. |00 - - - | 16. |21 |41 |36 |40




0|68 | 01 0 6
0 3
6 | 13 | 0.0 | - - | - | 16. |16 |44 | 37 | 37
0 9| 07 3 9
0] 2 8
713 |00 - - | - |16 |14 | 45|36 |35
0| .0 19 15 5
0| 8 9
8 93|00 - 16. | 12 | 49 | 35| 33
0 4 | 49 05 | .5 8
0] 9
Bios Sludge 05 | 10 - N, | 3| 4 - 7.0 -1 - - - - - - | [217
olids -1, 0| 8 26 ]
slud 25 0
ge 5 | 47 - 7.0 -1 - - - - - -
(BS) 0 28
0
6 | 50 - 7.0 -1 - - - - - -
0 45
0
Organic - 5 30 - 13| -100]9 |00 - |31 15|46 | - | [78]
fraction 0 13 |70 | 0|24 6| 6|5
of 0 4
dumpsite 4| - (00| 8 |00 - |26 |5 |23 -
0 02 | 31 |0 |24 21013
0 9
5| - ]100| - {0.]0. - - - - -
0 39 0|19
0 3
7| - (00| 8 |0]0O - | 26]9 |63 -
0 5 |00 |1|34 4128
0 5
Herb | Corn cob - - - - |5 - - 9. | - | - - 9. |5 [ 8| - |[179
aceo 5 2 64 | 61| .8 ]
us 0
(HB) | Elephant | - 10 - INp O - - 7.1 |1 |15 |8 |8 |9 | - |[218
grass 0 |7 08| 97 | .3|07]|053 ]
9 9
4 11710019 | - | - - | 2112349 -
0| .2]01| 9 J1.113
0| 7 7 3
5121|009 | -] - - | 13|28|51| -
0| 4|06 | 9 91 9|.2
0] 1 313]|5
6|17 00| 10| - | - - 8. 130 |54 | -
0| 9]0 ]| .0 81| 3| .6
0] 2 1] 4
Cotton - - - - 18 19 [206
0.0 72 | 6,
seed hull 8 58 78 - - - - 58 4| 9 35 ]
Rice - - - -1 3] - - - |1 |0 - | 62]16 |21 | - | [148
0 3139 3]15|.0 ]
0 3 5|7 8
4 | - - - |0 |0 - | 322641 -
0 8 | 22 21.71.0
0 1 111109
51 - - - |0 |0 - | 23130 |45 -
0 7 |16 61419
0 6 09 |2
6| - - - 1010 - 116|33|50| -
0 4 |10 3133
0 8 4 1610
7| - - - |10 |0 - | 14|37 |48 -
0 4 |09 0]9|.0
0 1 1]1]|8
Peanut - - - - | 7144 ]102]10]|2 |15] - - | 8 | - |21] [15]
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5
5
4
2
v
4
8
1

4

23 | 94

7
5

.6
1
2
4
8
9
0
8
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26 | 95| 23
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Table B3 Properties of biochar produced from fast pyrolysis

Feedstoc | Operation conditions T Physical | Chemical properties Ref
k o ropertie eren
(°C | prop
s ce
)
Si | He | Resi | M SS|{Vn|p |[H|O |HH|V |A |F |Yi
ze |ati | den |ed A |liw |H |/ |C |V [M|sh|C el
( | ng |ce ia c M CC1(C|d
m | rat | Tim (mije |(H Jk | % | % | %
mle |e g | m® | ,0 9 |) )
) (mi ) [ 19) |)
(°C | nute
/ s)
mi
n-1
)
Woo | Cocoa - - - - 450 10 [219
dy pod -65 | - - - - - y A e A ]
biom | husk 0 5
ass
(WD Empty - - - - 450
) oil palm -65 | - - - - |- ) ) 5 |- )
fruit 0
bunch
8 0, |- [211
400 | - - 16 ) ) 1| ]
1 1 3 31
0 -
8. )
el R I P - |- (2 |- |2
1
0 -
8. )
600 |- - |y |® - -2 |- |2
1
Pine - - - - 8 0, | -
400 | - - 16 0.
1 1 - - 7 |- 31
0 -
8. )
500 | - - 6 0.
1 1 - - 7 |- 26
8 |0 |-
600 | - - 1 |6 ) ) 1 |- 21
1
Oak - - - - 8. |0, |-
400 | - - 1 |6 ) ) 0. | 31
1 7
8 |0 |-
500 | - - 1 |6 ) ) 3| %6
1 7
8 |0 |-
600 | - - 1 |6 ) i 1| 21
1 3
Pine - - - - 5 0. 44 52 [220
0.
wood 450 1 |g |24 |- .6 %7 2 266 ]
5 2 |




6. 0.
600 5 09 By |77 15
.6 05 2 2
8 9 |-
10 0.
800 4 03 2 |5 [ %o
61 | 19 | ; 5
5
Pitch 4, [205
pine 400 8 - - - i ) i i 1
wood
chips 500 | - - - - I I R
A4
Pine 6.
sawdust 400 | - . 35 ) - g - 55
0.0
500 | 36 | o |- - R
0.0 | 9.
700 | 65 48 | o8 - ) g i i
800 | - - - - ) ) i 17
g
Hickory 12 13 [15]
wood 450 - 8 T
9 S I N
6
17
40 9.
600 - A
1 4 1
Coconut 4. 7 0 [221
300 | 49 | - : : 3. ]
5 41 40 - 76 | - -
54 10 0
700 | 0. | - 5 2'5 ) 6. | _ i
63 3 65
Apple 3002 [01]7. - 60 | 6. | 32 | 47 | [149
tree 39 |3 48 T 17215 1.9 ]
Branche 7 0 |4
s 400 | 7. 05 | - - 29| 7. | 62| 35
00 |2 8|8 |.3]|.4
5 0 |9
500 | 37 | 15 | - - 23 |10 | 66 | 31
2 8 110 .7 .7
4 9 |6 |5 |3
600 | 10 | 37. | 11 - 14 9. | 75| 28
8. 87 .6 8 |40 |.7 | 4
59 2 6 3 8
Ani | Chicken 1 [15]
mal | litter 620 | - - - 69 293l | ae
wast 2
e
(Aw | Dairy 1 9 33
) manure 350 6. - 2' 5 |24 |54
1 2 9
9. 7.
700 | 18 | - 39
6. 9 23 s |7 |




Goat - 3 70
manure 400 | - 4 ; . .| 44
- 3 9 5
49
800 953 - T ) ) ) 33
. 7 8
Human - 11 16
manure 700 - 0. |. . |62 130
A 16 5 6
Poultry | - 3 8 30
litter 350 | o ' 5 | _ 130 | |54
9 7 3 7 3
22
700 590 130 8 | ) 46 | 36
' : 8 2 4
18
1. 8.
350 .6 35
1 7 6 - - 9 |- 72
10
700 | 9 3 - ) ) 52 | _ a4
4
Sow manure 12 10 9.
500 P 3 06 | - ) .569 ) 46
Swine - 0 21
manure 350 9' - 5| |32 |62
5 5 3
Swine - 9 31
solid 350 6. - 2 | ) 34 | 58
4 .8 A
620 | - - - 44
- - 7 |- 46
700 4. - g ) ) 52 | 36
1 7 9 4
0 0. 7. 0. 19. | 73120 | 5. | -
53 8 41 | 39 6 1.9 |6
350 | 03 8. 0. 21. | 49 |32 |17 | -
92 4 16 |12 |8 |5 |.7
700 | 4. 9. 0. 15. |13 |52 | 33| -
11 5 o7 |07 | 4|9 |.8
Turkey - 66 12
litter 700 - 9 | 149 139
7 5 9 9




Bios | Sewage - 6. [222
. 550 | - - - |- 4, | 70 | 25
olids | sludge 81 - 2905 |2 |- 1
slud
ge Sludge 50 300 | - - 5 |- |- - 331529 |72][223
(BS) | biochar 32 818 1|1 |3 ]
- 400 | - - 4, |- | - - 25|63 | 6. | 63
87 7 1.3 |8 4
- 500 | - - 7. |- |- - 20 | 68 | 7. | 57
27 7 1.2 |6 .9
- 700 | - - 12 |- |- - 15|72 |8 |52
8.5 |3 4
Sewage - 400 | O. 007 |- |- - 21 |52 | 26 | - [224
sludge 1 |o1 |7 3.0 |7 1
4
- 450 | 2. 0018 |- |- - 17 | 55 | 27 | -
9 03 | 2 3 1.6 |.1
6
- 500 | 3. 0019 |- |- - 14 | 57 | 28 | -
2 01 |0 2 1.6 |.2
7
- 550 | 13 [ 0.0 | 9. |- | - - 13 | 58 | 28 | -
3 106 |9 O[5 ]5
6
Herb | Safflow 10 60 400 | 2. 0018 |0 ]0. 28. |25 | 7. | 67 | 34 | [225
aceo | er seed 67 |05 |18 |7 |26 |15 |.2 |50 |.3 |.1 1
us press 0 1 0 8
(HB) | cake
450 | 3. 001]9 (0. ]0. 28. |20 | 8. | 71| -
33 |05 |13 |5 |24 |8 |.0 |20]|.8
3 9 0
500 | 4. 001]9 (0. ]0. 29. |16 | 8. | 75| -
23 |06 |44 |5 |23 |39 |5 |50 .0
7 0 0 0
550 | 3. 001]9 (0. ]0. 29. |13 | 8. | 77 | -
78 |06 |67 |4 |21 |31 |.9 [90].2
0 4 0 0
600 | 3. 009 |0.|O 30. |11 ] 9. | 79| 26
41 |06 |89 |3 |20 |06 |6 |20]|.2 .0
4 8 0 0 |6
30 60 400 | 2. 00 (7. |0.|O0 28. |21 |8 | 70| -
26 |03 |59 |6 |26 |51 |4 |40 2
6 0 0 0
450 | 2. 00 (8 |0.|O 28. |18 | 8. | 72| -
92 |04 |71 |5 |25 | 98 .7 150 |.8
6 5 0 0
500 | 3. 009 |0.}O0 29. |15 8. | 76| -
98 |06 |52 |4 |23 |59 |.2|60].2
3 9 0 0
550 | 3. 009 |0.}O0 29. |12 | 9. | 78| -
26 |04 |70 |4 |22 |97 |3 |10]| 6
1 5 0 0




600 (2. |00 |20]0.{0. [30. [20]|9 |79 -
8 |05 |.1 |3 |21 |7 8 [301].9
9 |5 |8 0 0
1. 150 | 60 | N |400 |1 |00 |8 |[0.]|0 |28 |19|8 |71|29
8 2 89 |02 |07 |6 |26 |77 |.8 |50 |.7 .7
9 4 0 0
450 | 2. {00 |8 |0 |0 |29 |17 |8. |74]-
71 |04 |46 |5 |25 |2 4 160 |.0
3 4 0
5003 |00|9 |00 |29 |14]|8 |77]-
64 |05 |30 |4 |23 |73 |3 |70|.0
7 8 0
550 {2. |00]9 |0.]0 |30 |11|9 [79]-
83 |04 |56 |4 |22 |12 |4 ]10|5
5 7 0
600 | 2. |00|9 |0.]0 |30 |9 |9 |80 24
47 |03 |77 |4 |21 |27 |8 |50 |.7 |.8
9 3
Maize - - - - 450 [9]
stover -65 | - - - - T ) 2 e
0 15
Sorghu - - - - 450
m stover -65 | - = - - |- ) A R O
0
Switchg | - | - - - 450 | - - 9. |0.]0. |- 26 | 13 | 58 | 31 | [220
rass 1 6 | 17 414131311
2 3 |4 |8
600 | - - 100 (0. |0 |- 11|19 | 68 | 16
6 |4 |06 114|519
2 5 |3 |4
800 | - - 11 0. (0. |- 3. (2174|111
2 |1 |05 26 |5 .6 |.4
9 2 9
Table B4 Properties of biochar produced from gasification
Feedstock Gasif | Resid | T Physical Chemical properties Refer
ying | ence | (°C) | properties ence
agent | Time
(min) SS | Vmi |pH |H/ | O/ |HH |V | As | FC|Yi
A cro C Cc \% M h (% | eld
H MI | (% | (% |) (%
(m? | (cm | .0 k) ) |) )
9 |9 |)
Wood | Wood | Air - 650 | 78 00 |- - - - - 49. | - - [226]
y Chips 8 52
bioma
ss 800 | 281 |01 |- - - - - 86 | - -
(WD) 3 8
Ponde | - - - 296 | - 10. 100 |00l - - - - - [227]




rosa 2 81 | 12
pine
wood - 0.0 [00]- - -1 T-
233 9.3 89 | o1
Beech | - - - - - - 275 | 12. | 17. | 70. | - [228]
670 1 3 5 2
Wood | - - - - - - 244 | 13. | 22. | 64. | -
670 9 3 5 2
Cocon | N, 60 750 631. | 0.2 | i i [229]
ut 52 1 - - 39| - -
shells
120 772. | 0.2
750 30 6 - - - ) ) 771 - )
180 884. | 0.3
750 00 0 - - - ) ) 60 | - )
60 104 | 0.3
80 | 183 |4 [ N R - |82|- |-
120 103 | 0.3
80 1260 | 8 [ R N - |7 |-
Oil N, 60 490. | 0.1
palm ™0 oo |7 i 1 - - | 44]- |-
shells
120 504. | 0.1
™0 1o |8 ) - ) - - 46 | - .
180 529. | 0.1
750 90 9 - - - ) ) 48 | - )
60 667. | 0.2
850 | o s |- | | - ~ o lae . |-
120 776. | 0.2
850 00 6 - - - . B 56 | - -
180 931. | 0.3
850 00 5 - - - } ) 83 | - )
Wood | CO, |- 731- [467. 101 |- |- |- |- 15. [ 23.[60. [ - | [230]
chips 862 |1 72 34 |68 | 95
710- | 748. | 0.2 | - - - - 9.6 | 13. | 77. | -
916 |5 87. 3 29 | 01
Anim | chicke | air - 750 | - 12. | - 17108 | - - 86 | 17 | - [231]
al n 3
waste | manur
(AW) | e stea | - 750 | - - - - - - - |- |78 ]-
m
air - 750 | - - - - - - - - 86 | -
Biosol | Waste | Stea | 120 750 | - - - - - - - - - 21. | [232]
ids sludge | m 35
3|udge 850 - - - - - - - - - 32.
(BS) 80
950 | - - - - - - - - - 52.
22
Herba | Switc | N, 240 850 | 260 | - 96 0.0 (00| - - - - - [227]
ceous | hgras 82 | 14




(HB) - - i 10. | 0.0 | 0.0 | - - - - -
850 | 188 8 60 | 10
Corn N> 240 - 10. | 0.0 | 0.0 | - - - - -
stover 850 | 196 4 65 |1
- - - - 10. | 0.0 | 0.0 | - - - - -
176 0 60 | 08
Switc | - - 730 | - - - - - - - - 23. | - [231]
hgrass 9
760 | - - - - - - - - 31 | -
4
Green | Stea | - 600 | 87 00 |12 | - - - - 25 | - -
house | m 38
waste
Air - 600 | 159 | 0.0 | 9.9 | - - - - 19 | - -
69
Stea | - 750 | 251 |01 |11. - - - - 27 | - -
m 08 6
Air - 750 | 299 | 0.1 |10. |- - - - 25 | - -
29 6
Corn - - - - - - - - - - - 95. | [228]
stover 700 50
Bamb | N, 60 750 544. 101 | ¢ i 23, [233]
00 97 8 - - 6 - -
guadu
a 120 750 648. | 0.2 | i i o
20 1 - - 5 - -
180 605. | 0.2
750 a1 0 - - - ) ) 54. ) )
60 807. | 0.2
850 70 4 - - - ) ) ’g‘l. i i
120 850 723. 102 | i i 4.
59 1 - - 0 - -
180 850 | - - - - - ) ) 57. | -
9
B5 Modifications of biochar properties
Modifications methods Change of biochar properties Modification Reference
Specific Pore C% Effects
Surface Area | Volume
(m2/g) (cm3/g)
Chemical Impregnated  into | From 212.58 | from 0.077 from 88.63 | The  carbon | [234]
methods AICI; solutions for 6 | to 418.14 to 0.056 t0 39.10 content
h and dried at 80 °C significantly
for 48 h. decreased,
while SSA
significantly
increased with
the metal
content of the
biochar.
5% HzPO, at 70— | from 199 from 0.026 - The  H;3PO, | [235]
80 °C for 2 h under | to 557 t0 0.22 modification
stirring before enhanced SSA
pyrolysis and pore size
Immersed in HsPO, | from 227.56 | from 0.07 - significantly. [236]




solution for 24 h at | to 372.21 to 0.14
25 °C.
Mixed with Na,S or | from 32.85 - Chemical [31]
KOH solution and | to 59.23 modification
stirred for 4 h. can effectively
KOH, 60°C, 2 h from 18 - increase SSA, | [237]
to 783 which can
KOH, 700 °C, 1 h from 140 - further
to 772 increase  the
KOH at ambient | from 0.13 - sorption [187]
temperature (25 °C) | to 207 capacity.
NaOH: biochar=8:1, | From From [238]
2h 28.1317 to | 0.03125 to
115.494 0.19143
mz_g-l cme-g'l
NaOH:biochar=2:1 | from 0.583 | 0.01 to [163]
(800 °C) to 1470.266 | 0.705
mz_g-l cm3-g'1
ZnCl,:biochar=2:1 from 0.583 | from 0.01 to [163]
(800 °C) to 1067.902 | 0.511
mz_g-l
ZnCl,:biochar=1:3, From From 0.143, [239]
1:1, 3:1 (600 °C) 289.2to 0.163,
319.4,365.6, | 0.227, and
and 0.230
371m?.g*?, cm®.g?,
respectivly respectively
ZnCly:biochar=4:1 From 14.14 | - [197]
(900 °C) to
801.5m?.g*
Physical heated to 700- | from 220 from 0.13 Enhanced the | [240]
methods 850 °Cfor1-7h to 1018 t0 0.21 catalytic
Heated to 900 °C by | from 702 from 0.53 activity due to | [108]
microwave, for 75 | To 2079 to 1.212 the increases
min, of SSA and
mesopore
volume.
steam activation from 496 from 0.27 to Increased SSA | [162]
to 516 t0 0.08 and pore size.
Heated to 800 °C | from 227 from 0.17 [166]
using steam for 15 | to 1365 to1.2
min
Heating Almond | from 204 from 0.118 [241]
tree  pruning to | to 1080 t0 0.95
850 °C using steam
for 30 min
Heating Almond | from 42 from 0.094
shell to 850 °C | to601 t0 0.375
using steam for 30
min
Heating Olive stone | from 53 from 0.036
to 850 °C wusing | to 813 to 0.555
steam for 30 min
CO2 treatment from 5-12 - [242]
to 60
Using steam to heat | from 429 | - The pore | [165]
at 750 °C (0.5h) volume and
to 621 (1 h) SSA were
Heated to 750 or | from 435 | from 0.18 proportional
920 °C; in COy/N, | (750 °C) (750 °C) while the total
(mol%:10/90%) for | to 687 | to 0.30 acidity  was
0.5h (920 °C) (920 °C) inversely
H2S04 at 180, 280, | from 5.3 | from 5.4 proportional to | [243]
or 380 °C; N2;48h | (180 °C) to | (180 °C) to the  heating
18.7 29.6 temperature.




(280 °C) to | (280 °C) to | (280 °C)
23.4 37.2 to 2.2
(380 °C) (380 °C) (380 °C)

Heated to 300 °C to | from 13 to | from 0.02 to | -

500°C in N, for 4 h 16 0.03

[244]

Appendix C

Yield

AW (3.5998 e-04)x2 + (-0.4237)x + (163.6182)
BS (2.5938 e-04)x2 + (-0.3275)x + (141.9240)
HB (3.3097 e-04)x2 + (-0.4334)x + (160.8863)
WD (2.9657 e-04)x2 + (-0.3946)x + (149.3555)

Specific surface area

AW

(-7.1626e-07)x3 + (1.4159¢-03)x2 + (-0.6237)x + (97.3073)

BS (-3.6831e-06)x3 + (6.6890e-03)x2 + (-3.5696)x + (591.0094)
HB (4.0566e-06)x3 + (-3.2001e-03)x2 + (0.6022)x + (41.9945)
WD (-5.2283-06)x3 + (1.0499e-02)x2 + (-5.3434)x + (861.0902)
pH

AW (2.0508e-06)x2 + (2.1193 e-03)x + (7.8873)

BS (1.3227e-05)x2 + (-5.7155 e-03)x + (7.8918)

HB (1.0658e-06)x” + (5.7810 e-03)x + (6.7043)

WD (1.7464e-06)x2 + (4.8364 e-03)x + (5.4733)

H/C

AW (-5.9163e-07)x2 +(5.1385 e-04)x + (-3.7862e-2)

BS (6.6298e-07)x2 +(-7.8740 e-04)x + (0.2453)

HB (-1.7407e-07)x2 +(1.1662 e-04)x + (2.6995¢-2)

WD (-2.0091e-07)x2 +(1.0335 e-04)x + (6.0484e-2)

oIC

AW (-1.5668e-08)x3 + (2.4600e-05)x2 + (-1.3091e-2) + (2.5758)
BS (-5.0711e-10)x3 + (1.3863e-06)x2 + (-1.4986€-3)x + (0.6491)
HB (-6.00436-09)x3 + (1.0679e-05)x2 + (-6.7090e-3)x + (1.6233)
WD (-8.0591e-09)x3 + (1.3904e-05)x2 + (-8.28966-3)x + (1.8546)

Higher Heating Value

AW

(-7.9188e-06)x2 + (3.3163e-3)x + (21.1897)

BS (1.2366e-05)x2 + (-6.7986e-4)x + (24.8202)
HB (-2.4748e-05)x2 + (4.2966e-2)x + (11.9773)
WD (-4.4655e-05)x2 + (6.4086e-02)x + (9.4117)
Volatile matter

AW (1.5584e-04)x2 + (-0.2470)x + (120.6111)
BS (2.9131e-04)x2 + (-0.3837)x + (139.0015)
HB (2.7676e-04)x2 + (-0.3878)x + (145.8539)
WD (1.6299e-04)x2 + (-0.2761)x + (125.7159)
Ash

AW (-1.5058e-04)x2 + (0.2123)x + (-23.6852)
BS (-1.2157e-05)x2 + (6.6494e-02)x + (5.2750)
HB (1.0101e-04)x2 + (-5.5933e-02)x + (25.9766)
WD (2.4210e-05)x2 + (1.2412e-02)x + (-0.4586)
Fixed carbon

AW (1.7783e-04)x2 + (-0.1401)x + (43.1360)
BS (2.3908e-05)x2 + (6.5476e-2)x + (-0.9765)
HB (-2.9973e-04)x2 + (0.4115)x + (-59.4818)
WD (-1.0881e-04)x2 + (0.2084)x + (-17.7345)
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Highlights:

e Requirements on the properties of biochar for different applications have been identified
and summarized.

e The correlation between biochar properties and requirements of different applications have
been reviewed.

¢ Recommendations are given regarding selection and improving production processes and
feedstock for producing biochar designed towards certain applications.





