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Abstract In recent times, biochar production, its modification, and utilization have
gainedmuch attention. The uniqueness of biochar properties allows its ease inmodifi-
cation tomeet upwith the application requirements. Low production cost, abundance
of rawmaterial, and its applications have contributed to enhancing the research work
of biochar. Various biochar production pathways (raw material, process conditions)
and their utilization require standardization to maintain quality. In this chapter, the
characterization of engineered biochar is explained in detail, which provides robust
insight into the analyses, procedures, and expected results for a typical biochar.
Specifically, proximate, ultimate, physicochemical, surface, and molecular analyses
are described.
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1 Introduction

The area of biochar production, utilization, and engineering is attracting attention
due to its applicability in many different fields, low-cost production, environmental-
friendly impact, and its use as a tool that can help solve global problems related
to climate change, environmental pollution, and soil degradation (Mayer et al.
2014).Different applications, for example, solid fuel productions, pollutants removal,
carbon sequestration, soil amelioration (Oliveira et al. 2017), odors mitigation from
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livestock production (Chen et al. 2021a; Lee et al. 2021), biological processes of
organic waste treatment (methane fermentation and composting) (Malinowski et al.
2019), supercapacitor and high yield sorbent material production (Bartoli et al.
2020), geoengineering (Wani et al. 2021) require biochar with completely different
properties.

Different analyses have been either developed or adopted from other fields to
analyze and compare biochar. In this chapter, standard methods and results to be
expected are described. The methods are ordered from the most used like proximate
analysis to more sophisticated molecular analyses. Analyses and biochar proper-
ties described in this work are presented in Fig. 1. The presented classification is
simplified, because some methods/properties may belong to more than one group
of analyses. The analyses are divided into five subsections, namely: proximate, ulti-
mate, physicochemical, surface, and molecular analyses. The chapter ends with the
main conclusions and future prospects of biochar analyses.
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2 Proximate Analysis

The proximate analysis has been used for over 180 years (Suárez-Ruiz and Ward
2008). It is one of themost basic, andwidespread analyses usedmainly for solid fuels
comparison. The data from the analysis provides information about moisture content
(MC), volatile matter (VM), fixed carbon (FC), and ash (AC) in fuel. These proper-
ties are related to the amount of water, materials that burn in either gaseous and solid
state, and the mass of inorganic residues contained in the fuel, respectively (Nunes
et al. 2018). There are many standards for proximate analysis such as ISO (Interna-
tional Organization for Standardization), ASTM (American Society for Testing and
Materials), and a lot of variations for materials, e.g., ASTM D3172-13 for coals, or
ISO 18122 and ISO 18123 for biofuels. Though proximate analysis is a relatively
simple analysis, some methods were developed to perform it quicker, for example,
by using thermogravimetric equipment (Torquato et al. 2017). As biochar is made
from biomass and its properties resemble coal properties, using the aforementioned
standards or methods appears fitting.

Regardless of the standard used, the proximate analysis is about the heating of
analyzed material in specific conditions (temperatures, times, and atmospheres).
Different standards varied mainly by slight differences in temperature, time, and
device used. First, a raw sample is dried at 105 °C until the mass losses resulting
from water evaporation stops. During drying some volatile organic compounds may
also be released. Then the difference inmass before and after dryingmoisture content
is calculated. The dry sample is then pyrolyzed at 950 °C for 7 min. The difference
in mass before and after pyrolysis is the mass of volatile matter. Then, the sample is
burned at 600–700 °C, and the residue that result is ash. After that, the fixed carbon
is calculated by subtraction from 100%, the sum of the percentage share of moisture
content, volatile matter, and ash content.

The results of the proximate analysis can be given in four ways. The air-dry
sample is related to mass after surface water is removed. Additionally, the dry basis
presents the result that is related to the mass of the sample after all possible removal
of moisture (by drying at 105 °C). A dry ash-free (daf) basis presents results that
are related to the mass of the sample after all moisture and ash have been removed
(Torquato et al. 2017).

The properties of proximate analysis differ significantly between biochar, and
the main reason for this is the variation in pyrolysis conditions and raw materials.
The temperature typically varies from 200 to 800 °C, from several minutes up to
hours. Biochar can be made from any organic materials like wood, or non-wood raw
material, e.g., agricultural waste (plants, manures), sewage sludge, algae, etc. (Jafri
et al. 2018). In general, higher temperatures and longer residence times promote
an increase in fixed carbon and ash content in biochar. It follows from the fact that
during pyrolysis all moisture content is removed and most volatiles are released.
The more severe the process conditions, the more volatiles are released. Moreover,
some volatiles can be converted into fixed-carbon if they stay too long in the reactor
due to secondary reactions (Safdari et al. 2018). As a result, depending on the used
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raw material, ash content differs from 1 to 20%, wherein it is higher for non-wood
biochar than wood-based biochar. The content of volatile matter in biochar differs
from 6 to 88%, whereas fixed carbon differs from 11 to 86% (Jafri et al. 2018).

Based on the proximate analysis results, the fuel ratio (FR) can be calculated. FR
is the ratio of fixed carbon to volatile matter. The FR for different coals is ≥10 for
anthracite, 6–10 for semi-anthracite, 3–6 for semi-bituminous, and <3 for bituminous
(Thrush 1968). In comparison wood and wood-based biochar made at 220, 350, and
550 °C in 30 min, have an FR value of 0.13, 0.16, 1.23, and 5.6, respectively (Wang
and Howard 2018). Kim et al. (2019) have established a correlation between FR and
the emission of NOx for coal. Their work showed the possibility of predicting NOx

emission during biochar/coal combustion (Kim et al. 2019).
The additional useful biochar properties are total solids (drymass) and the volatile

solids (VS) content (loss of ignition or organic matter content). Both TS and VS
are not a part of the proximate analysis but their determination is done by a similar
method. TheTS can be determined by subtraction from100%of themoisture content.
The VS is determined after dry sample incineration at 550 °C, where the difference
between initial mass and residues is a mass of VS. The % share of VS is always
related to the drymass of the sample (Kelly Orhorhoro et al. 2017). These parameters
are important for biochar used as an additive for biological processes like methane
fermentation/ composting (Kelly Orhorhoro et al. 2017; Stegenta-Dąbrowska et al.
2020).

3 Ultimate Analysis

The ultimate analysis (elemental analysis) is the term given for the determination of
carbon (C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O) content in the
sample. The C, H, N, S, and O elements are the main constituents of solid biofuel
(Caillat and Vakkilainen 2013). Besides the different analyzers, there are equally
varied approaches to determining the elemental composition, but the basic principles
remain the same. The sample is combusted at 1000 °C by using pure oxygen. As a
result, the elements C, H, N, and S are converted into carbon dioxide, water, oxides
of nitrogen, and sulfur dioxide, respectively (Ramola et al. 2014). Next, combustion
products are carried by using heliumgas heated at around 600 °C in a copper tube. The
copper removes all residual oxygen and converts any nitrogen oxides into nitrogen
gas. Then, combustion gases are carried further through the absorbent traps in order
to remove unwanted gases, e.g., hydrogen chloride. Finally, the clean carbon dioxide,
water, nitrogen, and sulfur dioxide can be quantified by using gas chromatography,
or by separate infrared and thermal conductivity cells (Thompson 2008).

From an energetic point of view, biochar with high carbon content is desired. C,
H, and S are elements that contribute to increasing the heating value. Nevertheless,
during pyrolysis, most of the H will go to the volatile matter, and S will be the
source of unwanted SOx emissions. Also, N contained in the fuel is the main source
of NOx emission (Caillat and Vakkilainen 2013). The concentration of elements in
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biochar varies significantly depending on substrate and pyrolysis regime. In previous
work, 10 substrates were pyrolyzed from 300 up to 500 °C and residence times of
20–60 min (with intervals of 20 °C and 20 min) (Świechowski et al. 2020). The
results showed that for some materials, the pyrolysis process results in increasing the
carbon content with an increase in temperature. Materials that followed this trend
were fabrics, and wood, where C content increased from 44 and 47% up to 71 and
67%, respectively, for biochar made at 500 °C. Other materials like kitchen waste or
paper were characterized by an initial increase in the carbon content at lower temper-
atures in comparison with the raw material, but with increasing temperature, the C
content decreased. Moreover, for materials like plastic, rubber, or refuse solid fuel,
the C content decreased compared to raw material at all temperatures (Świechowski
et al. 2020, 2021). Regardless of processed material, the devolatilization results in
hydrogen and oxygen removal. The mass of removed H and O depends mainly on the
temperature and it increases with an increase in temperature. As result, biochar has
lower H and O content in comparison with raw materials used for their production
(Ramola et al. 2014; Świechowski et al. 2020, 2021). Since each of the elements
is removed at a different rate depending on process conditions, the final elemental
composition is the result of the weight loss of the individual components and ash
residues (Zhang et al. 2018).

Besides, the elemental composition is used to perform graphical solid fuel classi-
fication. It is done by plotting amodifiedVanKrevelen diagram that shows the degree
of coalification and energy densification (Pudasainee et al. 2020). The diagram has
two axes, on the y-axis is the atomic H to C ratio, whereas on the x-axis is the atomic
O to C ratio (Pudasainee et al. 2020). The atomic ratios can be calculated by using the
following equations; H/C = (H/1)/(C/12), O/C = (O/16)/(C/12), where the numbers
stand for the atomic masses of elements (Świechowski et al. 2019). Commonly, the
diagram is ordered into 5 groups; anthracite, coal, lignite, peat, and biomass. The
value of the H/C ratio varied from 0.1 for anthracite to 2 for biomass, and the value of
the O/C ratio varied from 0.1 to 1 for anthracite and biomass, respectively. Generally,
the lower the O/C and H/C ratios, the greater the energy and the higher coalifica-
tion (Pudasainee et al. 2020). By plotting the biochar elemental composition on the
modified Van Krevelen diagram, biochar classification and end uses determination
are possible. Depending on the raw material and pyrolysis conditions, biochar H/C
ratio values vary from 0.4 to 1.2, and the O/C ratio varies from 0.2 to 0.4 (Santín
et al. 2017). Additionally, the knowledge of the elemental composition of biochar
allows the indirect calculation of the higher heating value of biochar. For example,
a modification of Dulong’s formula can be used (Hosokai et al. 2016).

HHV = 33.8C + 1.223

(
H −

(
O

8

))
+ 9.4S (1)

where
HHV—high heating value of fuel, MJ kg−1,
C—elemental carbon content in dry fuel, %
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H—elemental hydrogen content in dry fuel, %
O—elemental oxygen content in dry fuel, % and
S—elemental sulfur content in dry fuel, %.
Besides the ultimate analysis, other elements are also determined for biochar.

When used for energy purposes (e.g., co-fired in boiler), the knowledge about oxides
is useful for the calculation of slagging and fouling indicators. There are many
different indicators and most of them are based on SiO2, CaO, K2O, P2O5, Fe2O3,
Al2O3, MgO, Na2O, and SO3 composition (Lachman et al. 2021). When biochar
is used as an additive for biological processes or a soil amendment, other elements
need to be determined. These include macronutrients (P and S) and micronutrients
(Ca, K, Mg, Na, Fe, Mn, Zn) (Morales et al. 2015). These macro- and microelements
are determined by using inductively coupled plasma optical emission spectrometry
(ICP-OES) according to ISO 11885:2009 standard. Morales et al. (2015) analyzed
micro and macro elements in 102 different biochar. The amount of P, S, Ca, K, Mg,
Na, Fe, and Zn varied significantly depending on pyrolyzed substrate and process
conditions. An increase in temperature slightly increased the P content for manure
and kitchen waste-derived biochar, while a slight decrease was observed for wood
biochar. For other materials the changes were imperceptible. For most of the tested
biochar, the increasing temperature had no significant effect on Ca and S content.
In general, the value of Ca slightly increased or remained unchanged. The highest
increase in Ca was observed for biochar made of paper and chicken manure. An
increase in process temperature led to an increase in the amount of K, Mg, and Mn
in the biochar. For some materials, the increase was insignificant, while for materials
such as manure, corn, and kitchen waste the increase was significant. Regardless of
the raw materials, pyrolysis resulted in a slight increase in Fe content, especially
for materials like cattle manure waste, food waste, and paper waste (Morales et al.
2015).

4 Physicochemical Analyses

4.1 Physical Analyses

4.1.1 Porosity

In pyrolysiswhen temperature increases beyond 500 °C, the degree of porosity differs
in different rawmaterials. It was investigated that biochar produced at 350 °C resulted
in an average porosity ≤10 μm (Weber and Quicker 2018; Batista et al. 2018).

Porosity is described as the percent of the biochar particle volume not filled by
solid (Brewer et al. 2014). This would include all pore volumes that open directly
to the exterior of the biochar particle, yet are smaller than the DryFlo® particle
standard size of 75–8000 μm (Wade et al. 2015). According to Plötze and Niemz
(2011) porosity of biochar can be calculated as follows:
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n = 1 − ρ/ρs × 100 (2)

where
n—porosity in percent,
ρ—oven-dry bulk density, and
ρs—specific solid density.
Some parameters have been associated with porosity, like pore accessibility and

mercury porosimetry. Pore accessibility is when pores within given particles would
not all have access to the exterior (Brewer et al. 2014). Mercury porosimetry can
be used to determine the pore size distribution and porosity of biochar. It is used by
applying pressure to a sample immersed inmercury. The applied external pressure for
mercury penetrates the biochar pores, because of the high contact angle of mercury.
The specific amount of pressure required to intrude into the pores is inversely propor-
tional to sample pores size. The larger the pore, the smaller the pressure needed to
penetrate the pores (Anderson 2021). This can be determined, for example, using
Auto Pore IV mercury porosimeter (Micromeritics, Norcross, GA) (Brewer et al.
2014).

4.1.2 Density

The density simply refers to a measure of mass per unit volume. The density of
wood biochar is a very vital parameter especially after it undergoes the pyrolysis
process. Just like how hardwood is different from softwood, different types of wood
raw material would vary across biochar density with pyrolysis temperature (Plötze
and Niemz 2011; Brewer et al. 2014; Weber and Quicker 2018). Some parameters
have been associated with density. These include envelope density, skeletal density,
and true density/true particle density. The envelope density is the ratio of the sample
mass of biochar particles to the sum of the volume of wood biochar sample in each
piece and the voids within each piece. This means that within close-fitting imaginary
envelopes surrounding each piece and it takes the solid structure, all pores, and
surface irregularities into consideration (Webb 2001). Envelope density typically is
determined by (ASTMD3766), using, for example, Geopyc 1360 Envelope Density
Analyzer (Micromeritics, Norcross, GA). The ratio of wood biochar particle mass
can also be measured by the BSI standard (Webb 2001; Brewer et al. 2014). The
bulk density of wood biochar refers to the total mass of solid material divided by
the volume occupied, which include the space between the biochar particle (Webb
2001). As gases devolatilize from the wood biomass structure during pyrolysis, a
porous char remains behind. Higher porosity means lighter char per unit volume
(Plötze and Niemz 2011). Bulk density can be measured by (ASTMD5004). The
skeletal density involves two facets namely: (a) the mass of the discrete pieces of
solidmaterial; and (b) the sum of the volume of solidmaterial in the pieces and closed
pores within the pieces. Understanding the skeletal density requires the ratio between
these above-mentioned two facets, and it can be determined by ASTMD3766 (Webb
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2001; Brewer et al. 2014). The true density/true particle density of biochar particle
is the mass of a wood material after it has undergone the pyrolysis process, divided
by its volume without including open and closed pores (Webb 2001).

4.1.3 Micropore Volume

Micropore, mesopore, and macropore volume, respectively, are categorized by pore
sizes <2 μm, <50 μm, and >50 μm, all of which occur in biochar (Paar). Micropore
volume is influenced by the pyrolysis temperature. The type of rawmaterial also influ-
ences the total pore volume. Biochar formed at 400, 600, and 800 °Cwith amicropore
volume range (5–30 μm) of biochar produced from woody biomass are larger than
those formed by another raw material (Kameyama et al. 2019). Micropore volume
can be measured by using an Autosorb-3b gas sorption analyzer (Quantachrome
Instruments, Boynton Beach, FL) (Brewer et al. 2014).

4.1.4 Hydrophobicity and Water-Holding Capacity

Thedecrease in functional groups alters the affinity of biochar toward thewater and an
increase in porosity changes the amount of water that can be adsorbed (Brewer et al.
2014). Depending on the pyrolysis temperature, samples produced at 400 °C would
appear to have higher hydrophobic properties than that biochar samples formed at
a temperature range of 600–800 °C. This simply reflects that low pyrolysis temper-
ature might increase the hydrophobicity of biochar, resulting in limiting the water
retention capacity (Kameyama et al. 2019; Masís-Meléndez et al. 2020). Hydropho-
bicity and water-holding capacity of biochar can be measured by using the mercury
intrusion porosimetry (MIP) method, plant-available water capacity (AWC), and
water-retention curve (WRC). According to some workers (Kinney et al. 2012), the
surface hydrophobicity of biochar samples can be determined by using the molarity
of an ethanol drop (MED) test.

4.1.5 Grindability

Grindability refers to the ability of a (wood) biomass material to be made smaller
by grinding. Typically, grindability explains the characteristic of coal particularly
the ease by which it pulverizes. It can also be considered as mechanical proper-
ties of given biochar that could limit its overall applicability (Weber and Quicker
2018). However, the pyrolysis or torrefaction usually reduces the energy required
for grinding biomass material and the process temperature is the most important
parameter that influences grindability, as the grindability index of the processed
biomass increases with the temperature (Repellin et al. 2010; Basu 2018). The stan-
dard method of biochar grindability analysis is Hardgrove Grindability Index (HGI).
It was investigated by numerous studies that the lower HGI measure depicts that the
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biomass material is poorly grindable and the higher measure value indicates that the
material is grindable (Weber and Quicker 2018).

The HGI measuring method involves the use of a miniature ball mill type of
pulverizer that comprises ground coal of standard mass size (50 g) within a specific
time and known force. The resultant product, when subject to a sieve of standard
mesh size (75 μm), would be compared with the amount of the material sieve size
of the desirable/specified reference standard (Basu 2018). The grindability index of
biomass samples is influenced by the pyrolysis temperature and it also depends on
the biomass type. For example, poplar wood investigated by Basu (2018) showed
that process temperatures of 210 and 270 °C resulted in 8 and 47 HGI, respectively.

4.1.6 Thermal Conductivity

The thermal properties and yields of biochar depend on raw material, pyrolysis
temperature, and the direction of heat flow (Yang et al. 2017; Weber and Quicker
2018). Moreover, the higher density of biomass material typically leads to a higher
conductivity value and porous structure results in decreased thermal conductivity of
biochar compared to the raw material (Weber and Quicker 2018). The direction of
the heat flow impacts the value of thermal conductivity (Weber and Quicker 2018)
as the highest value is obtained when the heat flow is parallel to the biomass sample
direction at a range of 1.5–2.7 times in comparison to the perpendicular direction.
Thermal conductivity and heat flow in the context of biochar can be measured by
using NETZSCH HFM 446 Heat Flow Meter following ASTM C518 (Jeon et al.
2021).

4.1.7 The High Heating Value (HHV)

The HHV of biochar produced from raw material is one of the important parameters
in the consideration of energy analyses, which can be defined as the energy released
per unit mass (Yang et al. 2017). The HHV of biomass material depends and varies
with pyrolysis temperature and raw material. (Yang et al. 2017) analyzed biochar
produced from eight different biomass types that undergo pyrolysis process in two
selected temperature values (350 and 500 °C). HHVs of pyrolyzed biochar produced
from Miscanthus and bamboo sawdust at 500 °C were higher than samples formed
at 350 °C, while the opposite result was obtained in the case of rice straw and
bamboo leaves biochar. However, most of these examined raw materials had similar
HHVs values (ranging from 18.44 to 20.10 MJ kg−1) except pecan shells and rice
straw which appeared lower at 15.85 and 16.95 MJ kg−1, respectively. HHV can be
measured using bomb calorimeter ASTM 200. Briefly, this would involve a given
amount of sample (1 g) placed into the bomb chamber that is linked to the ignition
wire by a specific thread. This would follow by the vessel being filled with oxygen
at a pressure of up to 30 bar. After the ignition, the core temperature of the crucible
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can increase to 1,000 °C during the combustion of organic material. Finally, the heat
value can be determined (Basu 2018).

4.1.8 Agglomeration Potential

Agglomeration of pyrolyzed biochar is typically a way to increase the strength and
density of biochar, to make it easier to transport for economical benefit, preserva-
tion, and suitable handling (Weber and Quicker 2018). The agglomeration potential
in the context of biochar can be performed in two common ways such as press
agglomeration, which can be achieved by applying pressure and tumble agglomera-
tion method, which can be done by the tumbling process. Weber and Quicker 2018
stated that agglomeration potential is slightly influenced by process temperature, in
the sense that at <200 °C, it is higher while seems to be stable at temperature >200 °C.
Basu 2018 showed the impact of raw materials such as straw, sunflower husk, wood
chips, sawdust, and rice husk on agglomeration potential values (5, 4, 1, 1, and 0)
respectively.

4.2 Chemical Analyses

4.2.1 Composition (Hemicellulose, Cellulose, and Lignin)

Wood and agricultural waste-derived biochar are made up of hemicellulose, cellu-
lose, and lignin constituents. As a result, the concentration of these constituents does
impact the pyrolysis process and the physical properties of biochar. For example,
biochar produced from animal litter has lower carbon content, specific surface area,
and higher cation exchange capacity than biochar produced from wood. The reason
for this is the difference in lignin and cellulose content (Tomczyk et al. 2020).
During pyrolysis, hemicellulose and cellulose are mainly responsible for volatile
matter production, whereas lignin is responsible for solid products (Narzari et al.
2015). Hemicellulose is a complex mixture of polysaccharides, and most of them
almost completely decompose at 200–380 °C (Werner et al. 2014). Cellulose is more
temperature resistant and its degradation takes place at 300–350 °C. Lignin is the
most thermal resistant and decomposes at 300–500 °C (Carrier et al. 2011). There
are two main ways to determine the composition of these constituents. According
to wood industry methodology, tested material is pre-treated at the beginning to
remove extractives. Then lignin, holocellulose, and α-cellulose extraction are done.
According to food industry methodology, tested materials are pre-treated for neutral
detergent fiber (NDF) determination. Then, acid detergent fiber (ADF), and acid
detergent lignin (ADL) are determined. Both methods with procedures are described
in the work of (Carrier et al. 2011).
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4.2.2 pH Analysis and Electrical Conductivity (EC)

The pH value of biochar is an important property for agricultural applications such as
soil amendment (Weber and Quicker 2018). Biochar pH value and electrical conduc-
tivity (EC) are measured with a glass electrode connected to a digital pH meter.
Biochar is a dry material, and pH and EC can be obtained from a sample mixed with
deionized water or KCl. Samples are generally stirred thoroughly and allowed to
stand for a different time before measurement (Fig. 2). Different biochar-to-water or
biochar -to - KCl ratios, are (i) biochar-to-water/KCl ratio of 1:10 (Al-Wabel et al.
2013), (ii) biochar-to-water/KCl ratio of 1:20 solution, after 12 h rest and stirring of
suspension (Rodriguez et al. 2021), (iii) 1 g of sample with 60 ml distilled water, the
solution was then shaken for 1 h in a shaker and allowed to cool to room temperature
(Bian et al. 2018).

Zhao et al. (2021) showed that, under different pyrolysis temperatures, the elec-
trical conductivity varied in the biochar. EC of biochar increased with the increment
of temperature. For example, EC of biochar at 400, 600, 800, and 1000 °C was
0.001, 0.03, 0.8, and 6.3 S m−1, respectively. Additionally, the EC increased dras-
tically when the temperature exceeded 800 °C (Zhao et al. 2021). The electrical
conductivity of biochar positively depends on the degree of carbonization.

Interestingly a new phenomenon has been termed, i.e., “elastic behavior of elec-
trical conductivity of biochar” meaning EC increased with compressive loading and
dropped to the pre-compression levelwhen the loading is released (Gabhi et al. 2017).
In general, biochar generated from various organic waste is characterized by lower
electrical conductivity compared with other carbon materials (Shao et al. 2019).
Higher pyrolysis temperature increases the pH of most biochar. Ahmad et al. (2012)

Fig. 2 Scheme of pH analysis and electrical conductivity (EC) measurement in biochar
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discovered that pH value is a direct result of an increasing degree of carbonization.
Increasing pyrolysis temperature generally increases the pH of biochar by producing
more alkaline components, ash contents, and exchangeable and soluble cations (Li
and Chen 2018).

4.2.3 Cation Exchange Capacity and Anion Exchange Capacity

The cation-exchanging ability or lack thereof of biochar is evident by the magnitude
of its cation exchange capacity (CEC) (Das et al. 2010). The CEC is defined as
the number of exchangeable cations (e.g., K+, Na+, NH4+, Mg2+, Ca2+, Fe3+, Al3+,
Ni2+, and Zn2+), often expressed as centimoles (cmol) or millimoles (mmol) of total
or specific cations per kilogram (kg) of soil. <50 mmol kg−1 of CEC in the soil is
regarded as serious deficiency, >50 and ≤250 mmol kg−1 is a moderate CEC range,
and >250 mmol kg−1 is exceptionally high CEC Lee et al. (2013).

CECmeasurement is performed in modified protocol fromAOACmethod 973.09
(Rippy and Nelson 2007). The procedure for CEC analysis is given elsewhere (Huff
et al. 2018).

(Rizwan et al. 2016) reported that the higher cation exchange capacity of the
biochar means higher adsorption of metals. However, the cation exchange capacity
decreased with pyrolysis temperatures >350 °C.

CEC content in biochar gives important information for biochar usefulness as
a possible adsorbent of different pollutants. The exchange of protons and ionized
cations with dissolved salts on the biochar surface is the main principle of the CEC
mechanism. Biochar adsorption capacity to remove heavy metals depends upon the
pollutant size and surface functional group of the biochar (Rizwan et al. 2016). For
example, (Trakal et al. 2016) investigated the removal of Cd and Pb using biochar
prepared from different raw materials such as wheat straw, grape stalk, grape husk,
plum stone, and nutshell. The results showed higher Pb and Cd removal efficiency
for the raw material containing iron oxides. The presence of iron in the raw material
enhanced the cation exchange capacity of the biochar (Ambaye et al. 2021).

It is known that biochar which has an increased CEC generally possesses a greater
nutrient retention capacity. These biochars with greater CEC generally possess a
significant amount of hydrophilic oxygen-containing groups, such as phenolic and
carboxylic groups, which impart the greater cation exchangeability (Das et al. 2010).
The mechanisms responsible for the change of CEC in biochar are well established.
However, the evidence presented by Cheng et al. (2008) indicates that biochar AEC
pathways are not fully understood. Furthermore, biochar with high AEC has the
potential to be used in water treatment for the removal of anionic contaminants;
hence high AEC is a potentially useful property that may contribute to biochar value.
Biochar AEC is limited under neutral and alkaline conditions (Lawrinenko and Laird
2015).

AEC is measured by Cl− for Br− compulsive exchange of 1 g biochar samples
in water for which Br− is assayed by ion chromatography using a Dionex® 1100
ion chromatograph equipped with an ASRS 300 4 mm conductivity detector. The
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mobile phase is 8 mM Na2CO3/1 mM NaHCO3 and the method is run isocratically
at 0.7 mL min−1 using an IonPac® AG14A 5 μm 3 × 30 mm guard column and
an IonPac® AS14A 5 μm 3 × 150 mm analytical column (Lawrinenko et al. 2017).
Lawrinenko et al. (2017) reported that pyrolysis temperature and the distribution of
metal oxyhydroxides in biochar prepared by slow pyrolysis of biomass pre-treated
with Al or Fe trichlorides strongly influenced biochar AEC. Biochar produced at
700 °C exhibits greater AEC than biochar prepared at 500 °C.

5 Surface Analyses

5.1 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is a quick and cost-effective method to examine the surface
of materials. The laboratory-based FTIR and Raman spectroscopy imaging effec-
tively provides a deeper understanding of the chemical reactions occurring during
biochar production, and the distribution of chemical phases onmicron andmillimeter
scales (Chia et al. 2012). Multiple linear regression functions could explain the
infrared absorption behavior as analyzed by FTIR spectra for specific regions of func-
tional groups with coefficients of determination mostly from 60 to 90% (Janu et al.
2021). FTIR analyses can be performed using infrared spectroscopy for example the
Thermo Scientific Nicolet iZ10 FT-IR spectrometer––the module of Thermo Scien-
tific Nicolet iN10 MX microscope equipped with a Smart iTX accessory with a
diamond plate (Wiercik et al. 2020) or DRIFTS (diffuse reflectance infrared Fourier
transform spectroscopy; instrument: Bruker Tensor 37 with microtiter plate module
Bruker HTS-XT) (Rodriguez et al. 2021). Each spectrum is usually an average of
32 or 64 scans in the 400–4000 cm−1 wave-number range at the 4 cm−1 spectral
resolution (Janu et al. 2021).

Pyrolysis temperature impact the functional groups of biochar. Some workers
(Sahoo et al. 2021) reported a decrease in the polar functional groupswith an increase
in pyrolysis temperature. Hydrophobic chars with very few functional groups were
obtained at a higher pyrolysis temperature of 600 °C, due to more dehydration and
deoxygenation reactions. They were characterized by a well-assembled layer of
carbon. This agreed with the findings of another group of workers (Ahmad et al.
2014). This method could help to get a quick overview of the usability of different
biochar for the immobilization of specific environmental contaminants or long-term
carbon sequestration (Janu et al. 2021).
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5.2 Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM) is used to characterize the biochar
morphology. SEM images give detailed descriptions regarding the microp-
orous/mesoporous distributions and pore arrangement present in the biochar. The
surface morphology before and after the adsorption process can be predicted using
SEM (Yaashikaa et al. 2020). For SEM analyses, the samples are placed on supports
with copper surfaces, followed by the application of a thin layer of gold (Veiga et al.
2021). The microscope used has a resolution of 3 nm and a zoom range of 10 ×
60,000 (Munar-Florez et al. 2021). SEM pictures of biochar demonstrate changes in
the surface morphology of the biochar particles due to pyrolysis. Additionally, the
increasing temperature may bring about a huge improvement in the pore properties
of biochar (Yaashikaa et al. 2020). However, intensified degree of carbonation of
biochar at 700 °C leads to the destruction of the porous structure of biochar (Maljaee
et al. 2021).

5.3 Specific Surface Area (BET)

In the process of pyrolysis, the pore structure is formed as there is the precipitation
of volatile matter from the biomass. The process of carbonization makes a certain
specific surface area and pore volume in biochar (Kong et al. 2021). The surface area
of biochar can be examined using BET analysis. The study of the specific surface
area is important because this property of biochar is mainly responsible for pollutant
removal from soil and aqueous environment.

The higher temperatures of pyrolysis result in mass loss increase while providing
biochar with a higher specific surface area (Howell et al. 2021). In general, the high
carbonization temperature (450, 550, 650 °C) allows an enlarged specific surface
area of produced biochar (Kong et al. 2021). On other hand, some workers (Ramola
et al. 2020) found that the surface area of the biochar-mineral composite increases
up to pyrolysis temperature of 500 °C, and then above 700 °C starts to decrease. It
shows that optimum temperature is required for a high surface area of biochar. The
reason for this can be the recondensation of volatilized organic compounds from the
biochar-mineral composite on its surface that resulted in blocked pores and decreased
surface area.

6 Molecular Analyses

Besides the positive effects of biochar, some negative effects “the dark side of the
biochar” have also been reported (Bernardo et al. 2010; Gell et al. 2011; Rogovska
et al. 2012; Quilliam et al. 2012; Loppinet-Serani et al. 2013; Oleszczuk et al. 2013;
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Kloss et al. 2014; Buss andMašek 2014; Białowiec et al. 2018). Contaminants within
biocharmaypose an environmental risk. Several studies have determined the total and
bioavailable concentrations of heavy metals and polycyclic aromatic hydrocarbons
(PAHs) in biochar prepared from various raw materials under various torrefaction
and pyrolysis conditions (Spokas et al. 2011). It has been also confirmed that PAHs in
biochar is suspected to have been responsible for acute toxicity to various organisms
(Rogovska et al. 2012; Oleszczuk et al. 2013).

Biochar has the potential to introduce toxic chemicals into the soil that could
damage soil functions. Three groups of potentially toxic substances, namely: metals
and metalloids (such as, As, Cu, Pb, Ni, Zn, etc.); PAHs; dioxins, and other
compounds, are the most likely agents to be present in biochar. Although envi-
ronmental impacts attributable to metals, metalloids, PAHs, and dioxins associated
with biochar are likely to be minimal (Hale et al. 2012; Freddo et al. 2012), special
care is required to ensure the raw material, particularly biowastes, are not overly
burdened with high concentrations of metals, metalloids, or chlorinated compounds
(that may serve as dioxin precursors). Spokas et al. (2011), studied 77 different
biochars produced from various raw materials in temperatures ranging from 200
to 800 °C. The analyses showed that biochar contained 140 different chemical
compounds and 77 of these chemicals were common for each biochar.

Biochar prepared at lower pyrolytic temperatures (≤350 °C) produced VOCs
consisting of short carbon chain aldehydes, furans, and ketones. Biochar prepared at
elevated temperature (>350 °C) typically were dominated by aromatic compounds
and longer carbon chain hydrocarbons. Similar conclusions came from (Wang et al.
2017) as the minimum concentration of PAH was observed in slow pyrolysis and
longer retention (inside reactor) time. All the identified compounds in biochar
prepared from RDF are organized into five groups (Białowiec et al. 2019). These
are: (i) alkyl derivatives of benzene or phenols (32 compounds), (ii) alkyl derivatives
of two-ring aromatic hydrocarbon (16 compounds), (iii) derivatives of heterocyclic
amines (7 compounds), (iv) compounds that are generally considered as lower risk
(e.g., present naturally in food) (22 compounds), (v) compounds that belong to other
groups or with unknown structures (7 compounds).

The content of heavy metals including As, Cd, Cr, Co, Cu, Zn, Pb, Mo, and
Ni can be easily analyzed with the application of ICP-AES or MP-AES after
microwave-assisted aqua regia digestion. Organic pollutants content in biochar may
be determined with the application of the following methods and protocols:

(i) Qualitative and quantitative analyses of PAH is determined using the
approach described in (Hilber et al. 2012; Wang et al. 2017; Geiss
et al. 2018). The sample of biochar is extracted with a nonpolar solvent
(hexane or dichloromethane), and if necessary concentrated on MIP-
SPE cartridges. Samples may be analyzed in liquid injection techniques
on GC–MS. Quantification is based on available standards covering
Acenaphthylene, Anthracene, Benz[a]anthracene, Benzo[b]fluoranthene,
Benzo[k]fluoranthene, Benzo[ghi]perylene Benzo[a]pyrene, Chrysene,
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Dibenz[a,h]anthracene, FluoreneIndeno[1,2,3-cd]pyrene, Phenanthrene,
Pyrene.

(ii) Dioxins/Furans (PCDD/Fs) are analyzed according to US EPA 8290 (2007).
(iii) The NMR analyses of biochar are performed according to (Mao et al. 2013;

Hmid et al. 2014) to characterize wide varieties of leachable compounds.
(iv) PAH and PCA (polychlorinated aromatic) are also analyzed using the LC–

MS approach. Biochar sample is extracted with nonpolar solvent (hexane
or dichloromethane), and if necessary concentrated on MIP-SPE or equiv-
alent cartridges. A sample is submitted to LC–MS with MRM (multiple
reaction monitoring) mode. Quantification is based on standards. Equipment
parameters may be set according to (Bucheli et al. 2015).

(v) Measurements of VOCs may be done according to (Białowiec et al. 2018)
headspace (HS) solid-phase microextraction (SPME) methodology for gas
extraction and gas chromatography coupled with mass spectrometry (GC–
MS) for analyses.

The application of the presented protocols allows for the determination of
potentially harmful effects of biochar on the environment and humans. Moreover,
humans can be exposed to biochar-associated (toxic) heavymetals, PAHs, and VOCs
either directly through inhalation of particles or indirectly through the ingestion of
fruits/vegetables grown in biochar-amended soil. Such exposure can pose a signifi-
cant threat to human health due to the toxic, mutagenic, and carcinogenic effects of
VOCs and PAHs. People involved in the handling, storage, and application of VOC-
rich biochar could be exposed to VOCs that can pose a threat to health. Therefore, it
is important to monitor these threats.

7 Limitations of Characterization of Engineered Biochar

The term “biochar” as a research topic, started to grow in 2009 when only 41 docu-
ments on this topic were available on the Web of Science. Since then, the research
about biochar has grown exponentially reaching well over 5000 publications in
2021. In the early years of biochar research, awareness and understanding of the
properties of biochar were low and it resulted in applying methods originally estab-
lished for soils, fertilizers, and composts instead of developing analyticalmethods for
biochar. As a result, biochar characterization methods vary and are not standardized
(Igalavithana et al. 2017).

Some workers (Bachmann et al. 2016) considered the challenges associated with
biochar analyses standardization. In their study, 3 biochar were prepared and homog-
enized, and subsequently sent to 22 independent laboratories in 12 countries for
the determination of their properties. Roughly, 38 physical and chemical parame-
ters were analyzed by each laboratory. The laboratories applied their discretion to
choose the preferredmethod(s) to adopt for biochar characterization since their objec-
tive involved comparing the estimated reliability of the obtained analyzed results.
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These workers demonstrated a good or at least acceptable degree of intralaboratory
repeatability, despite the variations in interlaboratory results (Bachmann et al. 2016).

8 Conclusions and Future Prospects

Biochar properties can be measured by a wide range of analyses from basic physical
to advance molecular analysis and each analysis can be conducted in several ways.
Each type of analysis has a different purpose and meaning. However, due to the
wide variability of biochar and their numerous application, specific analyses should
be considered regarding the final application. Some recommendations about biochar
analyses performance have been put forward (Nartey andZhao 2014;Bachmann et al.
2016; Igalavithana et al. 2017). However, considering the vast biochar types, their
applications, and various laboratory equipment available for researchers, the devel-
opment of an international standard for use in the near future by the majority seems
unlikely. It ismore probable that the current existing/sophisticated analyticalmethods
will continue to undergo modifications, which would enable the adoption/creation
of enhanced/novel descriptions of biochar properties to emerge.
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