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Developing a molecular-level
understanding of biochar materials
using public characterization data

Rosie Wood,1 Ond�rej Ma�sek,2 and Valentina Erastova1,*
SUMMARY

Biochars are black carbonaceous solids produced through biomass
pyrolysis under conditions of little or no oxygen. While their proper-
ties and applications are well studied, the underlying molecular
structures are poorly defined. Consequently, there has been limited
computational study of biochars, despite the advantages of such
techniques. In part one of this two-part study, we review the exper-
imental techniques to characterize biochar and biochar-like mate-
rials and discuss the ambiguities, errors, and uncertainties inherent
to each technique. We focus on techniques that provide chemical in-
formation and molecular-level insights, thereby adding to our un-
derstanding of the molecular structures comprising biochars. We
also collect publicly available characterization data for woody bio-
chars across a range of the highest treatment temperatures of pyrol-
ysis. These collected data provide a quantitative description of the
changes in biochar properties with increasing pyrolysis tempera-
ture. The collected data, shared as an open database, support the
further development of biochar molecular models, reported in
part two of this work.
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INTRODUCTION

Biochars, charcoals, and chars are black carbonaceous solids produced through

the pyrolysis of biomass, an organic material from previously living organisms

as well as anthropogenic waste materials, under conditions of little or no oxygen.

The properties of the resulting materials are incredibly variable and heavily

influenced both by the starting feedstock and the conditions used during

pyrolysis. This variability renders biochars suitable for diverse applications. Water

decontamination, carbon capture, and soil-nutrient enhancement are but a few

examples.1

A clear understanding of structure-property relationships within biochars is vital

when attempting to identify optimal feedstocks and production conditions for a

given application. This can be achieved through a series of systematic and well-

thought-out experiments. However, this process is highly laborious, resource inten-

sive, and, due to the heterogeneity of biochars, must be repeated many times to

reduce uncertainties. Computational techniques, such as molecular dynamics

(MD), have been gaining popularity due to their ability to describe a system’s struc-

ture-property relationships. Modeling allows for systematic and reproducible inves-

tigations, testing hypotheses, and informing experiments. However, while the prop-

erties of biochars are well understood individually,2 relatively little is known about

the underlying molecular structures. As a result, realistic molecular models of
Cell Reports Physical Science 5, 102036, July 17, 2024 ª 2024 The Authors. Published by Elsevier Inc.
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biochars are virtually non-existent, drastically limiting the scope ofMD study of these

materials.

The goal of this work is to gain insights into the molecular structures of biochars, un-

derstand how these structures vary with production conditions, and create and

distribute a set of biochar molecular models to be used in MD studies. This work

is in two parts: part 1 provides insights into the molecular structures within biochars

(current article), and part 2 covers the development of realistic molecular models of

biochars (seeWood et al.3 in this issue ofCell Reports Physical Science). We begin by

setting biochars in context and with a brief discussion of feedstocks and their influ-

ence on biochar properties. We then examine the different analytical techniques

used to characterize these materials along with their ambiguities, errors, and uncer-

tainties. This allows us to assess the information gained by each technique critically.

We focus predominantly on techniques that yield molecular-level insights into bio-

chars, thereby adding to our understanding of biochars’ molecular makeup. We

also collect experimental data from the literature into an open database (accessible

via https://github.com/Erastova-group/Biochar_MolecularModels). And finally, we

use these data to gather quantitative insights into the influence of one of the most

significant production parameters—the highest treatment temperature (HTT)—on

the properties of biochars. We use these data to illustrate the relationships between

HTT and biochar properties and, therefore, to infer the influence of HTT on molec-

ular structure. The collected data, supported by the deeper understanding of bio-

chars’ molecular makeup, aid us in the development of a set of realistic molecular

models of biochars, presented in the second part of this work.3
Natural and manufactured carbonaceous materials

Biochars are formed through the carbonization of organic matter during pyrolysis. As

they share similar precursors (lignocellulosic biomass), it is useful to consider bio-

chars alongside natural carbonaceous solids, such as coals and kerogens. These

may be regarded as natural analogs to biochars,4 and, as a result, many of the analyt-

ical techniques used to characterize biochars originate from the characterization of

these natural materials.

Coals are defined as carbonaceous sedimentary rocks containing at least 50 wt %

organic matter. They are usually formed from terrestrial biomass, such as woody

organic matter.4,5 On the other hand, kerogens are carbonaceous solids derived

from sedimentary rocks containing less than 50 wt % organic matter. They are

defined as being insoluble in non-oxidizing acids, bases, and organic solvents.4

There are three main types of kerogens: types I and II, which originate from marine

biomass, and type III, which originates from terrestrial biomass.

The relationship between biomass, biochars, coals, and kerogens can be presented

as atomic ratios of key organic elements H/C vs. O/C with a Van Krevelen diagram,

shown schematically in Figure 1. Dirk Van Krevelen originally developed these dia-

grams to assess and compare the compositions of coal samples.6,7 Biomass, a col-

lective term used to describe a wide range of plant-derived materials, occupies a

large area at the top right corner of the diagram in Figure 1, indicating the presence

of relatively large amounts of oxygen and hydrogen in its structure. On the other

hand, the three materials derived from biomass—biochars, coals, and kerogens—

occupy more discrete bands, indicating their distinct properties and chemical

compositions.4
2 Cell Reports Physical Science 5, 102036, July 17, 2024
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Figure 1. A schematic guide to the relationship between carbonaceous materials (biomass,

biochars, coals, and kerogens)

Shown as a Van Krevelen diagram; data are taken from Surup et al.,8,9 Smidt et al.,10 Bakshi et al.,11

Domingues et al.,12 Pereira et al.,13 Brewer and Brown,14 Tintner et al.,15 and Suliman et al.16
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Biochars, coals, and kerogens originate from biomass and begin their existence with

chemical compositions not vastly dissimilar from it. However, with increasing pro-

cessing (for biochars) or maturity (for coals and kerogens), hydrogen and oxygen

are lost from these materials, leading to a relative increase in carbon content and

a decrease in H/C and O/C ratios.

While the chemical compositions of coals and type III kerogens almost entirely over-

lap—a consequence of their similar origins (lignocellulosic biomass)—the composi-

tions of biochars are distinct. This divergence is evidence of the differences between

the structures created during pyrolysis (higher temperature, shorter times) and the

natural maturation (higher pressure and geological timescale) of biomass.4,17 Never-

theless, biochars possess enough similarity to coals and kerogens to allow the

analytical techniques used in characterizing those materials to be transferred into

their study.

Feedstocks and plant biomass

Any form of dried biomass can be used to produce a biochar. Plant biomass,

commonly derived from agricultural waste, such as sawdust, wood chips, straw, or

husks, is a notable example. It can be thought of as consisting of two fractions—

an organic fraction, containing carbon-rich molecular structures, and an inorganic

fraction, containing a range of mineral compounds and water. An example sche-

matic composition of dried plant biomass is shown in Figure 2.

The organic fraction of plant biomass consists primarily of three types of biopoly-

mers: cellulose, hemicellulose, and lignin. Upon pyrolysis, these biopolymers ther-

mally decompose in characteristic manners to produce biochar, bio-oil, and syngas.
Figure 2. Biomass composition

A schematic representation of a macromolecular composition of plant biomass after drying.

Cell Reports Physical Science 5, 102036, July 17, 2024 3



Figure 3. A schematic guide to the chemical composition of biochars

The upper band depicts the composition of a material, including both organic—volatile matter

(VM) and fixed carbon (FC)—and inorganic—ash and moisture—fractions; the lower band depicts

the elemental composition of the organic fraction only.
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Cellulose and hemicellulose have low thermal stabilities and decompose between

temperatures of approximately 300�C–400�C and 200�C–300�C, respectively.18–20

During their decomposition, a large proportion of their mass are lost as bio-oils

and syngas; thus, as a result, cellulose and hemicellulose contribute only moderately

to biochar yields.18,19,21 Lignin polymers have higher thermal stability, and their

thermal decomposition occurs across a wide temperature range due to their hetero-

geneity, beginning at approximately 200�C and continuing to temperatures as high

as 900�C.18,19 Lignins decompose with relatively low mass loss and are, therefore,

the main contributors to biochar yields.18–22

The relative quantities of cellulose, hemicellulose, and lignin within a feedstock

heavily influence the properties of the biochar it produces.19,21,23,24 Lignin polymers

have the highest carbon content and are often considered the most influential of all

biopolymers for biochar formation. Due to lignin’s carbon content and stability,

lignin-rich feedstocks are generally found to produce highly carbonized biochars.25

The mineral constituents of biomass are mostly non-volatile and are primarily con-

verted to pyrolysis ash. As a result, feedstocks with high mineral content produce

biochars with high ash contents, while those with low mineral content produce bio-

chars with low ash contents.12,13,26–28 These inorganic minerals are also known to

have both catalytic effects, which can promote a variety of reactions during the

carbonization process, and stabilizing effects, which may protect or inhibit the

decomposition of certain molecular structures.1,12,23,26,29–31 As a result, high-ash

biochars may contain distinctly different molecular structures than their low ash

counterparts.12,32
CHARACTERIZATION OF BIOCHARS

In the following section, we discuss the characterization of biochars, focusing on the

different methods used and the molecular descriptors obtained. Owing to the vari-

ety of techniques available, many properties of biochars can bemeasured. However,

it is essential to understand the limitations and sources of error within these mea-

surements, as well as how different techniques can complement each other to obtain

a holistic understanding of the properties of biochars.
Chemical composition

The chemical composition of a biochar can be determined through proximate and

ultimate analyses. The proximate analysis allows for the identification of fractions

of moisture, fixed carbon (FC), volatile matter (VM), and ash in a material. In contrast,

the ultimate analysis provides insights into the discrete elements within the material.

Figure 3 shows a schematic representation of biochar composition that can be ob-

tained through these methods, respectively.
4 Cell Reports Physical Science 5, 102036, July 17, 2024
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As with biomass, biochars can be thought of as being composed of organic and inor-

ganic fractions, as shown in Figure 3.14 The organic fraction consists of heteroge-

neous organic matter with varying thermal stabilities: components that are stable

at high temperatures are known as FC, while those which decompose at high tem-

peratures are known as VM.5,33 At room temperature, however, both FC and VM

exist as solids. The inorganic fraction of a biochar consists of ash and a small amount

of residual moisture.

Proximate analysis has its roots in coal chemistry, where it is used to determine the

fractions of moisture, ash, VM, and FC in a material at an operational temperature of

950�C.5 It has been translated into the study of biochars and is now one of the most

commonly used characterization techniques within biochar research.16,23,26,29,34–36

Traditionally, proximate analyses are carried out using the standard procedures

detailed in ASTM D1762-84, ‘‘Standard Test Method for Chemical Analysis of

Wood Charcoal.’’33 In brief, moisture is defined as the mass lost when a sample is

heated to 105�C in an inert atmosphere, VM is defined as the mass lost (minus

that due to moisture) when a sample is heated to 950�C in an inert atmosphere,

and ash is the mass remaining after combustion of a sample at 750�C. FC is then

calculated by difference. Uncertainties in these measured values primarily arise

from unwanted or unaccounted-for mass changes during heating/combustion

(e.g., adsorbed atmospheric moisture, partial combustion, volatilization of ash com-

pounds), fluctuations in the temperature of the furnace, and sample inhomogene-

ity.5,36,37 Averaging across multiple measurements helps to reduce the error.

More modern techniques, based upon thermogravimetric analysis (TGA), are also

used and measure mass loss in situ throughout the heating process.16,27,36,38,39

TGA-based proximate analyses can be automated through use of a preset heating

program, making it more convenient and reliable than the traditional method. How-

ever, TGA is still susceptible to many of the same issues outlined above, and, since

very small sample sizes are often used, TGA-based analyses can be especially

affected by sample inhomogeneity.36 Averaging across multiple samples is, there-

fore, essential when using TGA.

Although useful for determining the proportions of inorganic to organic matter

within biochars, proximate analyses provide no absolute insights into their molecular

structures. These molecular structures must, therefore, be characterized using other

techniques. Nevertheless, knowing the ash and moisture content of a sample is crit-

ical when carrying out further characterization as, often, both ash and moisture can

strongly interfere with results.23,26,36,40 In many cases, samples may be dried and de-

ashed before any further characterization to limit these effects, particularly for high-

ash biochars.

The organic fraction of a biochar consists predominantly of carbon, hydrogen, oxy-

gen, and, to lesser extents, nitrogen, phosphorus, and sulfur (Figure 3). The relative

amounts of these elements within a biochar sample are measured by ultimate

analysis.

Ultimate analyses rely on the characterization of the gases produced after the com-

plete combustion of a dried sample of known mass in an oxygen-rich atmosphere.

The gases produced are collected and separated, and the quantities of CO2, H2O,

N2, and SO2 are determined. These are then used to calculate the organic C, N,

H, and S contents, respectively, of the original sample. While the O content can,
Cell Reports Physical Science 5, 102036, July 17, 2024 5
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in principle, be determined by CNHS analyzer, in practice, this is often done based

on the assumption that the quantities of other elements in the sample are negligible,

so the amount of oxygen is calculated as a difference.36

To gain insights into the molecular structures within biochars, the elemental compo-

sition determined by ultimate analysis must only correspond to the organic fraction

of a sample. However, biochar ash often contains carbon in the form of carbonates,41

resulting in a measured C content corresponding to both the total organic and total

inorganic carbon (TOC and TIC, respectively) fractions.36,37 To remove the influence

of these carbonates, samples should be washed before analysis, yet in many cases,

this is not carried out.9,11,12,29,42–47 When the ash content of a sample is low, this is

passable, as the contribution of the TIC to the total carbon (TC) content is likely

negligible, and so the TOC can be approximated as the TC.11,26 However, when

the ash content of a sample is high, the TC is not a good indicator of the TOC and

should not be used as such.26 Knowledge of a sample’s ash content via proximate

analysis is, therefore, required when examining the results of an ultimate analysis.

Furthermore, in highly carbonized biochars with significant amounts of combus-

tion-resistant carbon, incomplete combustion can also be problematic and lead to

an underestimation of C contents. Utilizing a combustion catalyst can help reduce

this occurance.36

Within biochar research, the results of ultimate analyses are often used to calculate

molar H/C and O/C ratios.11,12,15,16,22,48–52 These ratios can be used to assess the

extent of carbonization of a sample—with lower H/C and O/C ratios indicating a

higher degree of carbonization—and are often presented against each other in a

Van Krevelen diagram, such as that shown in Figure 1.8–16 Strictly speaking, these ra-

tios should be calculated using only the TOC content to give clear insights into the

carbonization of the organic matter within biochars.5 However, in cases where the

organic C content has not been explicitly measured, these ratios are usually calcu-

lated using the TC contents.9,12,43–46 As a result, many of the reported H/C and

O/C ratios of high-ash biochars may be misleading.11

Ultimate analyses provide direct insights into the elemental compositions of bio-

chars and are, therefore, useful when attempting to represent their molecular struc-

tures. However, due to the multitude of ways in which atoms can be arranged while

retaining the same elemental composition,53 ultimate analyses alone cannot be

used to predict the molecular structures within a sample.
Aromatic molecular structures

The aromatic molecular structures within biochars can be defined by their aroma-

ticity indices (the proportion of aromatic carbons) and their aromatic domain sizes

(the number of conjugated aromatic rings within polyaromatic domains).34,50,54–60

The schematic in Figure 4 shows the relationship between these two properties.

Three simple compounds that can be used as illustrative examples of these proper-

ties are benzene, naphthalene, and butylbenzene. Both benzene and naphthalene

have aromaticity indices of 100%, whereas butylbenzene, with its alkyl group, has

an aromaticity index of 60% (6 out of 10 carbons being involved in aromatic molec-

ular structures). Both benzene and butylbenzene have aromatic domain sizes of one

ring, whereas naphthalene has an aromatic domain size of two rings. This exemplifies

the importance of both properties when attempting to define the aromatic molecu-

lar structures within a biochar.
6 Cell Reports Physical Science 5, 102036, July 17, 2024



Figure 4. Aromaticity in biochars

Schematic guide to the aromaticity indices and aromatic domain sizes of biochars.
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13C solid-state nuclear magnetic resonance (ssNMR) can detect the various chemical

environments within a biochar sample. It is then possible to calculate its aromaticity

index using the relative proportion of aromatic and non-aromatic chemical environ-

ments.34,56,59,60 Highly conjugated aromatic chemical environments can, however,

be challenging to observe/detect using a typical 13C ssNMR setup34,58,60,61 and

can lead to errors when calculating aromaticity indices of highly carbonized bio-

chars. Alternative setups can be used to reduce this effect,58,60 yet complex spectra

and difficulties in deconvoluting peaks may still yield relatively high uncertainties

when calculating aromaticity indices.

Aromatic domain sizes are even more difficult to characterize, though a number of

techniques have been developed.34,50,52,56–63 The simplest method uses H/C to es-

timate the average aromatic domain size, n, of a biochar.52,59 This is performed by

solving Equation 1 for n, following the assumption that all organic carbon within

the sample is in the form of 6-membered aromatic rings solely consisting of C and

H and that aromatic domains are distributed as a 2-dimensional grid of
ffiffiffi

n
p

by
ffiffiffi

n
p

ar-

omatic rings, as shown in Figure 5A.52 Aromaticity indices are then assumed to

be 100%.

H

C
=
2

ffiffiffi

n
p

+1

n+2
ffiffiffi

n
p (Equation 1)

Generally, the aromatic domain sizes predicted using this method are expected to

be underestimated when the actual H/C is higher than the idealized one (from the

Equation 1) for the same domain size. The H/C ratio will be higher when aromatic

domains are distributed irregularly, yielding a more significant number of aromatic

edge sites (as shown in Figure 5B) and/or when functional groups with higher H/C

than defined in the Equation 1 are present (as shown in Figures 5C and 5D). Only

in a small number of cases will the functional groups or carbon atom substitutions

reduce the overall H/C ratio (as shown in Figure 5E), and then the aromatic domain

sizes will be overestimated. Despite these apparent downfalls, this method offers a

quick and easy route to estimating aromatic domain sizes within a sample. However,

these values should generally be taken only as rough guides.

High-resolution mass spectrometry (MS) is a collection of techniques, all based upon

the separation of ionized particles by their time of flight in the electromagnetic field.
Cell Reports Physical Science 5, 102036, July 17, 2024 7



Figure 5. Characterization of aromatic domain sizes

Variation in H/C ratio for structures with the domain size of nine rings.

ll
OPEN ACCESS

Please cite this article in press as: Wood et al., Developing a molecular-level understanding of biochar materials using public characterization
data, Cell Reports Physical Science (2024), https://doi.org/10.1016/j.xcrp.2024.102036

Perspective
The MS instrument measures the mass-to-charge ratio that can be matched to the

known molecular fragments; for example, spacings of 14 Da indicate N+, as well

as CO2+ and CH2+, and spacings of 72 Da indicate C6 (i.e., aromatic moi-

eties).29,64–66 Furthermore, the separation provide insights into the shape and inter-

action of the domains with the electromagnetic field. There are many types of MS,

depending on the methods of ionization and detection. There are two major tech-

niques of ionization—electrospray ionization, which first requires the sample to be

in a solution, and laser-desorption ionization (e.g., MALDI), which applies rapid

heat to vaporize the sample. Therefore, when it comes to the solid amorphous ma-

terial, such as biochar, the main limitation of MS is in the accessibility of the struc-

tures for ionization, i.e., the obtained results are unlikely to be representative of

the overall material.23,47,66–68 However, the information obtained will still yield inter-

esting and useful insights into the molecular structures within a biochar sample and,

especially, their aromatic domain sizes.

Aromaticity indices and aromatic domain size distributions must both be known to

capture the aromatic molecular structures within biochars. However, more informa-

tion is still needed to describe these molecular structures’ morphologies and how

they pack together into nanostructures within the overall material.
Graphitization and crystallinity

Carbon-rich materials can be thought of as either graphitizing or non-graphitizing,

as shown in Figure 6.54,69 Graphitizing materials are those that form nanostructures

resembling crystalline graphite when treated at temperatures of 2,200�C–3,000�C,
while non-graphitizing materials are those that resist this ordering process and

remain largely amorphous even when heated to temperatures exceeding

3,000�C.54,70 The structural differences between these two types of materials are

believed to result from the formation of defects, such as non-hexagonal rings, within

their aromatic nanostructures.66,70–80 These defects introduce curvature and act to

disrupt packing and limit long-range ordering. In general, biochars possess only

minimal graphitic crystallinity and, though rarely heated to temperatures as high

as 2,200�C, are thought to be non-graphitizing.8,9,55,81–84
8 Cell Reports Physical Science 5, 102036, July 17, 2024



Figure 6. HRTEM images of carbon prepared from graphitizing anthracene and non-graphitizing sucrose at 1,000�C
Graphitizing anthracene shown at left and non-graphitizing sucrose shown at right. Insets show the diffraction pattern of the area. Reprinted from Harris

et al.72 Copyright 2000, with permission from Taylor & Francis.
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The morphologies and nanostructures within biochars can be challenging to define

in absolute terms. As a result, many techniques used to characterize these nano-

structures yield only qualitative or relative results. These are, nevertheless, incred-

ibly useful when attempting to understand biochars on the molecular level.

High-resolution transmission electron microscopy (HRTEM) can be used to image

nanoscale regions of a biochar sample and can produce micrographs with up to

atomic-level resolutions. From these, a wide range of features can be identified,

including pentagonal, hexagonal, and heptagonal rings, graphitic and non-graphitic

regions, and a range of different nanostructures.8,9,47,55,82,84–86 However, due to the

extremely high magnifications used, sample inhomogeneity can heavily bias the re-

sults of an HRTEM analysis. To reduce this, many areas of the sample should be

imaged to obtain a representative overview of the sample and its nanostructures.

It is also possible to use HRTEM to visualize individual components of a biochar by

first carrying out solvent extraction and liquid-phase exfoliation.47,64,68 While this

provides exciting and specific insights into the molecular structures, the methods

through which individual components are removed are biased toward those that

can be displaced from the main sample. As with MS, these components may not

be representative of the overall material, and analysis of these alone may yield a

biased view.

Raman spectroscopy is often used in conjunction with TEM8,9,55,84,85 to detect

Raman-active vibrational modes (those which scatter radiation inelastically) within

a sample. Within Raman spectra, the presence of a peak centered around

1,590 cm�1 can be attributed to ordered graphitic nanostructures, such as those

of crystalline graphite, and the presence of a broad peak centered around

1,350 cm�1 can be attributed to defective or disordered nanostructures, such as

those present in non-graphitizing materials.55,84,85,87 These two peaks are referred

to as G and D peaks, respectively. Simply, the presence of a D peak in the Raman

spectrum of a biochar indicates disorder within its nanostructures, yet the relative

extent of disorder in a sample can also be assessed through comparison of the D
Cell Reports Physical Science 5, 102036, July 17, 2024 9



Figure 7. Diffraction analysis

A schematic guide to the interlayer spacing, domain sizes, and stack heights of graphitic crystallites

within biochars.
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and G peak areas9,88–91 or peak intensities.30,64,84,85,89,92,93 A low D-to-G ratio indi-

cates a relatively low degree of disorder, whereas a high D-to-G ratio indicates a

relatively high degree of disorder.55,74,77,89,91 This D-to-G ratio gives relative infor-

mation about the nanostructures within a biochar and can be used to compare be-

tween samples but not to obtain absolute measures. However, as both peak areas

and peak intensities, along with a range of different deconvolution procedures,

are used throughout the literature, many D-to-G ratios are not directly

comparable.69,84,87,89–91,94,95 Furthermore, excessive grinding of a sample, which

may mechanically introduce defects and add to the D peak,88,95 or unintentional

heating of the sample by the incident radiation, which may lead to peak shifting,

can also be sources of error and uncertainty when characterizing biochars using

Raman spectroscopy.91

Despite biochar’s very limited graphitization, short-range graphitic structures have

been found within them.9,23,47,55,84,96 These graphitic nanostructures are thought

to consist of nanoscale regions of p-p stacked aromatic sheets, often referred to

as crystallites.54 When analyzed by X-ray diffraction or electron diffraction (ED), crys-

tallite-containing biochars produce diffractograms characteristic of crystalline

graphite.10,23,45,46,55,81,96–98 The inserts of Figure 6 are the selected-area ED pat-

terns carried out alongside TEM. These patterns demonstrate the symmetric diffrac-

tion rings of amorphous structure and arcs, confirming layer alignments for the

graphitizing structure, with the short sharp peaks corresponding to the {002} inter-

layer spacings. The diffraction pattern is an overlay of signals, which can be decon-

voluted through Fourier transform (FT) and then used to calculate the interlayer

spacing, average domain size, and stack height of crystallites within the sample

(Figure 7).

The Bragg’s law defines a geometric relation between atomic planes and the scat-

tering angles at a given wavelength,99,100 and so it allows the interlayer spacings

within the crystalline material to be calculated. Knowing the X-ray’s wavelength al-

lows for determining the atomic distances, producing sharp peaks for an orderly

crystal. Nevertheless, stacking faults and disordered materials will result in broader,

overlapping peaks with lower intensity, creating the uncertainties in the measured

distances.

On the other hand, the average domain sizes and stack heights of crystallites are

calculated using the Scherrer equation, which is based on the idea that crystallites

of <200 nm cause peak broadening in a diffractogram.101 However, there is some

debate as to whether this holds true in complex carbonaceous materials, as the

Scherrer equation does not account for the many other factors that can also

contribute to this peak broadening,102 for example, instrumental effects, curvature

caused by strain within the crystallites, and defects, such as dislocations and grain
10 Cell Reports Physical Science 5, 102036, July 17, 2024



Figure 8. Functional groups diversity

Examples of types of carbon- and oxygen-based functionalities present within biochars.

ll
OPEN ACCESS

Please cite this article in press as: Wood et al., Developing a molecular-level understanding of biochar materials using public characterization
data, Cell Reports Physical Science (2024), https://doi.org/10.1016/j.xcrp.2024.102036

Perspective
boundaries, within the nanostructures of a sample.102 In biochars, it is near impos-

sible to determine which of these many factors is the main source of peak broad-

ening. Furthermore, the Scherrer equation uses a shape constant, K , to calculate

the average domain sizes and stack heights within a biochar sample.101 This constant

must be chosen to represent the shapes of fragments within crystallites, yet, for bio-

chars, this shape is unknown. Many different values of K have been suggested, but a

consensus has yet to be reached.37,45,103–106 As a result, the calculated average

domain sizes and stack heights will vary depending on the chosen K value. Other

causes of uncertainty in these calculated values may arise due to peak asymmetry,

noise/background scattering, and/or issues when fitting curves to peaks.37

These techniques give complementary insights into the aromatic molecular struc-

tures within biochars and can be combined to gain an overview of the nanostructures

present within a sample.
Functional groups

Biochars contain significantly fewer functional groups than their biomass precursors.

These are related, through chemical transformations, to those found within biomass.

Carbon- and oxygen-based functionalities dominate, including aryl, hydroxyl,

carbonyl, and many more. Examples of these are shown in Figure 8.49,92,96,107–118

Depending upon the composition of the starting biomass, a variety of nitrogen-,

phosphorous-, and sulfur-based functionalities may also be present; nevertheless,

those are found in significantly lower quantities than oxygen-based groups.116,119

Depending on its origin, the biomass may contain a wide variety of functional

groups; nevertheless, many become unstable during pyrolysis. As a result, the range

of functional groups present within biochars is much more limited. The approximate

stabilities of a variety of common oxygen-based functional groups are shown in Fig-

ure 9. From this, we can see that each functional group decomposes across a wide

temperature range, as opposed to at a single value. This is due to the influence of

the chemical environment surrounding a group. This effect is particularly of note

in the production of biochars, as a range of factors will affect how functional groups

develop during pyrolysis. For example, as previously mentioned, inorganic com-

pounds can have both catalytic and stabilizing effects, and so the presence of these

compounds may significantly affect the decomposition and/or transformations of

functional groups when producing a biochar.12 Feedstock inhomogeneity may exac-

erbate this effect and result in significant variation in the functional groups of the

produced biochar.120 Nevertheless, from Figure 9, we can see that certain functional

groups (e.g., carbonyls and pyrones) are more stable than others (e.g., carboxyl). At
Cell Reports Physical Science 5, 102036, July 17, 2024 11



Figure 9. A schematic guide to the stability of oxygen-containing functional groups

Colored bars indicate temperatures at which each functional group is stable, and dashed areas

indicate approximate temperature ranges at which each functional group becomes unstable. Data

are from Li et al.,121 de la Puente et al.,122 Otake and Jenkins,123 Zhuang et al.,124 Zielke et al.,125

Marchon et al.,126 Figueiredo et al.,127 Samant et al.,128 and Figueiredo and Pereira.129
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the same time, the carboxylic group in a highly acidic form will decompose 100�

earlier than its weakly acidic counterpart where H-bonding with neighboring atoms

will stabilize it.121

Despite only being present in relatively low numbers, the functional groups within

biochars are central to how biochars interact with their surrounding environment.

A holistic understanding of these functionalities, particularly those exposed on sur-

faces, is, therefore, crucial when building a molecular-level understanding of these

materials. A combination of analytical techniques can be used to achieve this.

FT infrared (FTIR) spectroscopy is most commonly used to characterize the func-

tional groups within biochars by probing their vibrational frequencies.92,96,110–114

This is typically done by detecting IR frequencies reflected by the surface of a sam-

ple.25,36,37,130–132 However, low resolutions and difficulties in assigning peaks,

particularly when broad or overlapping peaks are present, can be problematic

when attempting to characterize the functional groups using FTIR. These spectral

features make it difficult to confidently distinguish between functionalities, and so

only a loose identification of functional group is often possible.

X-ray photoelectron spectroscopy (XPS) also offers insights into the functional

groups present within biochars by probing atomic environments upon the surface

of a sample, typically up to �10 nm depth.16,36,115–117 The relative quantities of

sp2 and sp3 carbons, aromatic carbons, and single and double-bonded oxygens

within a sample can be identified in this way. As a highly sensitive surface technique,

XPS is strongly influenced by contamination, oxidation, or the presence of moisture

upon the surface being examined, and so samples should be prepared in situ to yield

accurate results.36

The acidic functional groups within biochars can be distinguished through their

dissociation constants (pKas). Strongly acidic groups, such as carboxylic acids and

anhydrides, can be neutralized with weak bases, while mildly acidic groups, such

as lactones, and weakly acidic groups, such as hydroxyls and phenols, require pro-

gressively stronger bases.36,107–109

Boehm titrations utilize these differences in acidity to determine the amounts of

strongly acidic, mildly acidic, and weakly acidic functional groups present upon
12 Cell Reports Physical Science 5, 102036, July 17, 2024
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the surface of a sample, which, in biochars, are assumed to be carboxyl, lactonic, and

phenolic functional groups, respectively.16,36,39,49,118,133 Themethod is, in principle,

straightforward—the carbon material is first treated with a reaction base, which is

neutralized by the most acidic functional groups, and second, the remaining base

is quantified by the acid-base titration. The standard bases from pKa = 6.4

(NaHCO3) to pKa = 20.6 (NaOEt) are used and are assumed to neutralize all oxygens

that are more acidic.108 These titrations were originally developed to analyze carbo-

naceous materials with negligible ash content107–109 and so will be affected by the

presence of ash within a sample due to the pH-altering effects of soluble inorganic

species.36 Ash and any other bufferingmaterials should, therefore, be removed prior

to analysis, yet this is infrequently carried out and may lead to incorrect

results.16,39,49,118,133

When characterizing biochars, FTIR, XPS, and Boehm titrations will only detect func-

tional groups that are either exposed (or very close) to the samples surface. The

extent of sample grinding prior to analysis likely influences results. Although finely

ground samples offer the most complete overview of the functionalities present

within the overall biochar, the grinding processmaymechanically alter the molecular

structures within a sample and lead to skewed results.88,95,134–137 On the other hand,

the analysis of unground samples may yield unrepresentative results and can be

heavily influenced by sample inhomogeneity. A combination of the above tech-

niques should be used to gain complementary insights into the functionalities pre-

sent within a biochar sample.

pHpzc and pH

Adding a biochar to a solution will cause a change in pH due to the presence of min-

erals, soluble inorganic species, and the protonation/deprotonation of acidic/basic

functional groups at the surface. In solution, these groups will protonate and deprot-

onate in accordance with their pKas, allowing the biochar surface to become posi-

tively or negatively charged.

Two pH-related properties are often measured in biochar research: the ‘‘pH’’ of the

biochar, which gives an indication of the overall acidity or basicity of a sample and is

measured as the pH at which a solution containing biochar equilibrates, and the

point of net zero charge (pHpzc), which is a measure of the pH at which the net surface

charge of biochar is zero and is calculated as the pH at which the addition of biochar

to solution results in no change in pH.12,26,27,36,42,49,110 However, both measures are

dictated by ash and soluble inorganic species and give relatively limited insight into

the functional groups present within the organic fraction of a biochar.12,16,26,49,138

Furthermore, both pH and pHpzc are heavily dependent on experimental setup,

and the lack of standardized protocols renders many literature values incomparable.

Density and porosity

Biochars are mesoporous materials with pore size distributions (PSDs) spanningmul-

tiple length scales. These pores are divided into three categories based on their di-

ameters: macropores with diameters between 0.05 and 1,000 mm, mesopores with

diameters between 2 and 50 nm, and micropores with diameters less than 2 nm.1

Generally, the macropores within a biochar sample are determined by the structures

of the feedstock.16,36,97,139 Meso- and microporosity develop throughout the pyrol-

ysis process as volatiles escape the solid matrix.

The density of porous materials can be defined in several ways depending upon the

extent to which pores are included in the volume measurement. Three density
Cell Reports Physical Science 5, 102036, July 17, 2024 13



Figure 10. Schematic guide to the densities of biochars

Biochars shown in gray. (A) shows the volume measured (in orange) when calculating bulk density,

(B) shows the volume measured (in blue) when calculating envelope density, and (C) shows the

volume measured (in green) when calculating true density.

ll
OPEN ACCESS

Please cite this article in press as: Wood et al., Developing a molecular-level understanding of biochar materials using public characterization
data, Cell Reports Physical Science (2024), https://doi.org/10.1016/j.xcrp.2024.102036

Perspective
measures are relevant to the study of biochars: bulk density, envelope density, and

true density. These densities and their corresponding volumes are depicted in

Figure 10.

Bulk density, also known as packing density or tap density, is the simplest measure of

density. It is found by adding a known sample mass to a container and measuring its

volume after vibrating or tapping to obtain optimal packing of particles. Bulk den-

sities include the volumes of the particles themselves, the pores within them

(intra-particle pores), and the voids between them (extra-particle voids) (Figure 10A).

Therefore, they largely depend on the sizes and shapes of particles within a sam-

ple—with those that can pack together more effectively returning higher bulk

densities.

Envelope density, also known as apparent density or particle density, is a more

refined measure of density. It represents the average density of individual particles

within a sample, including intra-particle pores, while excluding extra-particle voids.

The envelope density of a sample can be calculated by measuring the volume dis-

placed when a known mass of the sample is completely immersed and consolidated

in a container of smaller non-wetting particles.36,44 In this way, the volumes of only

the biochar particles and their intra-particle pores are included in the calculation

of envelope density (Figure 10B). When carrying out this measurement, it is impor-

tant that the non-wetting particles completely surround and pack tightly around

the sample. The sizes of non-wetting particles, the forces used to consolidate

them, and the ratio of sample to non-wetting particles can therefore significantly

impact results.44 The non-wetting particles should be small enough, the consolida-

tion force should be high enough, and the ratio of sample to non-wetting particles

should be low enough to ensure that all extra-particle voids are occupied. However,

consolidation forces that are too large may cause the fracturing of particles and

should, therefore, not be excessively high.44

True density, also known as skeletal density or helium density, is the finest measure

of density. It represents the average density of individual particles within a dried

sample, excluding intra-particle pores and extra-particle voids. True densities are

measured using helium pycnometry. This technique uses the isothermal expansion

of helium gas to calculate the volume occupied by a sample. It is assumed that he-

lium gas can penetrate all open/accessible intra-particle pores and, therefore, that

only the volumes of the particles themselves and any closed/inaccessible intra-par-

ticle pores are included in the calculation of true density (Figure 10C). This is an

important assumption when calculating true densities, as changes to particle sizes

(e.g., through grinding) can expose additional intra-particle pores and thereby
14 Cell Reports Physical Science 5, 102036, July 17, 2024
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increase the measured true density of the sample.44 Fine grinding prior to analysis

can reduce this variability by exposing the maximum number of intra-particle pores,

thus allowing comparison between samples.44 Degassing to remove adsorbed

moisture, volatile compounds, and/or tarry substances, which can also block pores

and lead to error, is also recommended.36 Furthermore, as the closest approach

of a helium atom to the surface of a sample is its collision radius (�1.3 Å),140 a volume

near the surface will be excluded from analysis.140 In materials with very high specific

surface areas (SSAs), such as activated carbons that have SSA on the order of thou-

sands of m2g�1, this excluded-volume effect can cause significant errors in re-

sults.140–142 However, it has been shown to be negligible in biochar-like materials

that have SSAs only on the order of hundreds of m2g�1.140,142 A second important

assumption made when calculating true densities by helium pycnometry is that he-

lium does not adsorb to the samples surface. This, however, is not the case for all

carbonaceous solids.141,143,144 Adsorption effects become especially significant in

high SSA materials,140,141,144 and so, as with excluded-volume effects, adsorption

effects have been shown to be negligible in biochars.144 Further sources of error

or uncertainty in these measured true densities can arise from insufficient equilibra-

tion or measurement cycles and sample inhomogeneity.145 Generally, using 20+

equilibration cycles and averaging across 10+ measurement cycles are therefore

recommended.15,34,36,37,145

True densities are of the most relevance when attempting to understand biochars on

themolecular level, as they include only minimal porosity and therefore give the best

indication of the density and packing of nanostructures within a sample. Comparison

of the true densities of biochars to that of graphite can yield insights into the degree

of aromatic condensation and graphitization of biochar: ash-free biochars have den-

sities below that of graphite, indicating that they have lower degrees of aromatic

condensation and less ordered nanostructures. The measured true density of a bio-

char, however, is an average of all different components within it, including both

organic and inorganic fractions. This should be considered when using true densities

of biochars to obtain information about their nanostructures. In general, the inor-

ganic fraction of a biochar will have a higher density than the organic fraction,34

and so, in high-ash biochars, the measured true densities will be slightly inflated.

When combined, envelope densities and true densities can also be used to gain in-

sights into the porosity of a biochar as a percentage volume.44,146 This porosity is

calculated as the percentage difference between the densities measured by each

technique and therefore represents the percentage volume of intra-particle pores

within a biochar sample. However, this calculation is only valid when both measure-

ments are carried out on samples with approximately equivalent particle sizes.36

A second technique used to characterize the densities and porosities of biochars is

mercury porosimetry. Mercury is a non-wetting fluid and so will only enter the pores

of a material under pressure. During a mercury porosimetry measurement, a sample

is enveloped by mercury, and the pressure of the system is gradually increased, forc-

ing the mercury to enter progressively smaller pores. The volume changes are

measured throughout this process, allowing the porosity and PSD within a sample,

along with its envelope and true density, to be calculated.44 Mercury porosimetry

can be problematic for biochars, as the high pressures may cause damage to the

sample, leading to permanent changes in its pore structures and erroneous in re-

sults. Furthermore, although pores are assumed to be cylindrical when calculating

PSDs, a range of different pore shapes/structures are likely to be present within bio-

chars, and the diameter of pore openings may not be representative of internal pore
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diameters. As a result, the calculated PSDs may differ from those within the sample.

In addition, the contact angle between the mercury and the sample, which is used to

calculate porosity and PSDs, is likely to vary greatly due to surface roughness and

surface-exposed functional groups, yet this is infrequently considered.9,44,147

Surface area and porosity

Biochars have a relatively high SSA due to their porous nature. Gas adsorption is

traditionally used to characterize these SSA, with N2 and CO2 being the most com-

mon choices of the adsorbate.22,30,34,36,44,49,82,96,139,148–153 Gas adsorption tech-

niques generally rely on applying adsorption models to calculate the SSAs of a sam-

ple of known mass from the relationship between the adsorbed amount and the

adsorbate pressure. The choice of both adsorption model and adsorbate will affect

these calculated properties.37,149,151 Experimental setup can also significantly affect

the adsorption isotherms of biochars. The degassing temperature, for example, has

been shown to have strong effects due to the volatilization of organic and tarry com-

pounds at increased temperatures.151

The Brunauer-Emmett-Teller (BET) model is most commonly used to calculate the

SSA of biochars.22,34,49,96,149,151,153 It assumes that all adsorption sites are equiva-

lent, and so it is unsuitable for the characterization of heterogeneous or microporous

materials.148,154 Biochars, however, are both heterogeneous and microporous,

which makes the BET model prone to incorrect result. Furthermore, the standard

relative pressure range of 0.05–0.35 is often too large when applied to biochars

and should be adjusted to ensure the validity of the BET model.148,149,155,156

Although methods have been developed to aid in this adjustment,148,155 the correct

relative pressure range can be difficult to identify,148,149 leading to further error and

uncertainty.

The adsorption of N2 at 77 K is typically used to determine the SSA of biochars.

When using the BET model, the SSA of the sample is found by multiplying the mo-

lecular cross-sectional area of N2 by the monolayer adsorbed amount and normal-

izing by the mass of the sample being analyzed. As a standard, the molecular

cross-sectional area of N2 is calculated assuming that molecules are adsorbed in a

hexagonal close-packed monolayer.148,154 However, N2 has a quadrupole moment

that can interact with polar surfaces, such as those of biochars, and lead to deviations

from this standard value. As a result, BET SSAs of biochars calculated using the stan-

dard N2 cross-sectional area may be significantly incorrect.148,154 Hysteresis, long

equilibration times, and micropore filling/condensation can lead to further errors.

These issues may be overcome through the use of alternative adsorption models

and/or alternative adsorbate gases.148,154

Gas adsorption can also be used to assess pore volumes and PSDs within bio-

chars.30,44,82,139,149–152 As with SSAs, this can be achieved through the application of

adsorption models, such as the Barrett-Joyner-Halenda model,30,98,132,139,148,157 or

through computational techniques, such as density functional theory (DFT) and non-

local DFT,148–150,158 which use fluid dynamics to characterize pores.

The N2 at 77 K is kinetically unable to access micropores <0.5 nm; instead, CO2 at

273 K is often used when characterizing the pore volumes and PSDs of bio-

chars.148,149,156 The CO2 isotherms can be analyzed in much the same way as N2 iso-

therms; however, as CO2 is only able to probe pores up to approximately 1.5 nm,

only microporosities can be characterized using CO2 adsorption isotherms.148 Un-

fortunately, CO2 possesses an even greater quadrupole moment than N2 and so
16 Cell Reports Physical Science 5, 102036, July 17, 2024



Figure 11. Influence of HTT on proximate composition of woody biochar

(A) VM, (B) FC, (C) moisture, and (D) ash as weight percent. The number of data points, n, for each plot is given in the legend.
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may still yield unreliable results.148,151,154,159 Gases such as Ar, O2, and H2, which

have much smaller (or zero) quadrupole moments, have been proposed as alterna-

tives and are likely, in the future, to replace N2 and CO2 in the characterization of bio-

chars and biochar-like materials.148,154,159–161
HTT EFFECT ON BIOCHAR STRUCTURE AND PROPERTIES

Although many conditions can be varied during biochar production, the HTT

reached during pyrolysis is widely accepted as the most influential of these.27 As a

result, thermo-sequences, in which biochars are produced across a series of HTTs,

are often used when studying their properties. The temperature ranges studied

generally range from as low as 200�C–300�C and reach highs of 1,000�C–1,200�C.
Thus, the changes in biochar properties with increasing carbonization can be seen.

We collected data from the UKBRC Charchive (http://www.charchive.org), the UC

Davis Biochar Database (http://biochar.ucdavis.edu/), and a number of published

studies2,15,38,44,48,56,58–60,146,162,163 in order to observe these effects, focusing solely

upon biochars produced from woody feedstocks. The trends observed through

these data are also true of other feedstock types.2,12,16,25–27,58,164,165 The collected

data can be downloaded from https://github.com/Erastova-group/Biochar_

MolecularModels.

The influence of HTT on proximate composition is shown in Figure 11, and ultimate

composition is shown in Figures 12 and 13. From these, we can clearly see that with

increasing HTT, the FC content of biochars increases, while the VM content and H/C
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Figure 12. Influence of HTT on ultimate composition of woody biochar

(A) C, (B) H, (C) N, and (D) O contents as weight percent. The number of data points, n, for each plot is given in the legend.
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and O/C molar ratios decrease. These changes correspond to the increase in

carbonization of the organic matter within biochars with increasing HTT via the for-

mation of stable carbon-rich molecular structures and the loss of oxygen- and

hydrogen-rich volatile organic compounds. The effects of HTT on moisture and

ash content (Figures 11C and 11D), however, are less obvious, as these components

comprise much smaller fractions of the total biochar and are, therefore, more

strongly influenced by the abovementioned characterization issues. In general,

moisture slightly decreases with HTT, whereas ash becomes relatively enriched

with an increasing HTT due to the loss of organic matter.
Figure 13. Influence of HTT on molar ratios

Effect on (A) H/C and (B) O/C molar ratios of woody biochars. The number of data points, n, for each plot is given in the legend.
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Figure 14. Influence of HTT on aromaticity

Effect on (A) aromaticity and (B) aromatic domain size of woody biochars. The number of data points, n, for each plot is given in the legend.
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Figure 14 shows the influence of HTT on the aromaticity index and aromatic domain

size. From this, we can see that both the aromaticity index and aromatic domain size

increase with increasing HTT. While the aromaticity index increases fairly rapidly be-

tween 200�C and 500�C, aromatic domain size increases more gradually. This corre-

sponds to the increase in carbonization of the organic matter within biochars with

increasing HTT, first through the formation of smaller clusters of aromatic rings

and then through the gradual condensation of these structures into a highly conju-

gated aromatic carbon network.

The influence of HTT on pH is shown in Figure 15. From this, we can see that pH

generally increases with increasing HTT. While this change is primarily due to the in-

crease in alkaline ash content (Figure 11D), it is also partly related to the loss of acidic

functional groups (Figures 9 and 12B) from the organic matter of these biochars with

increasing HTT.

The influence of HTT on the true density and SSA is shown in Figure 16. From

this, we can see that the true density increases with increasing HTT and

plateaus at a density of �2,000 kg m�3, just below that of graphite (density

�2,250 kg m�3).14,15,48 Again, this change primarily corresponds to the increase

in carbonization of the organic matter of these biochars with increasing HTT.

The surface area also appears to increase with increasing HTT; however, the larger
Figure 15. Influence of HTT on pH of woody biochars

The number of data points, n, for each plot is given in the legend.
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Figure 16. Influence of HTT on porosity

Effect on (A) true density and (B) specific surface area (SSA) of woody biochars. The number of data points, n, for each plot is given in the legend.
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spread of data caused by the issues outlined earlier and the lack of data points at

higher HTTs make this trend more challenging to discern. The increase in SSA with

increasing HTT is due to the development of porosity, particularly micro- and mes-

oporosity, at increased HTTs. This porosity is formed as volatiles exit the biochar,

leaving behind voids and channels and exposing additional surface.164

The influence of HTT on the functional groups within biochars is difficult to

quantify numerically. However, these effects can still be observed and understood

through a review of the literature. In woody biochars, functional groups will be

predominantly oxygen based due to the woody feedstocks’ low nitrogen, phos-

phorus, and sulfur contents.12,26,96,116,119,164 Biochars produced at lower

HTTs have lower aromaticity indices and, therefore, greater numbers and a wider va-

riety of functional groups. With increasing HTT, both hydrogen and oxygen are lost

(Figures 12 and 13), and, as a result, the total numbers of functional groups present

will decrease. Furthermore, as many functional groups become unstable at high

temperatures (Figure 9), the range of functional groups present will be reduced.25

Biochars produced at high HTTs will be predominantly aromatic, with limited

numbers of more thermally stable functional groups, many of which will be conju-

gated into the aromatic molecular structures of these materials.25

The aim of our work is to bring much-needed molecular-level understanding of bio-

char materials. Here, we present the first part of the work, where we have critically

assessed the analytical techniques used to characterize biochars and, in doing so,

assembled the information necessary to develop a molecular-level understanding

of these materials. We have gathered and presented a large collection of character-

ization data, obtained from public domains, allowing us to gain insights into the

changes in the chemical, physical, and molecular properties of woody biochars as

a function of biochar’s processing, quantified as the HTT. This information, sup-

ported by an understanding of limitations of each analytical technique, has allowed

us to gain understanding of themolecular structures comprising woody biochars and

thus paved the way for the next part of this work—the development of realistic bio-

char molecular models for simulations. Further analysis of the collected data and the

development of a set of realistic biochar models for molecular simulations can be

found in Wood et al.3
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data were derived from the following resources available in the public domains:

https://www.charchive.org and https://biochar.ucdavis.edu.
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