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ABSTRACT: Black carbon (BC) is ubiquitous in the environments and
participates in various biogeochemical processes. Both positive and negative
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effects of BC (especially biochar) on the ecosystem have been identified, which %, vemediaty, o
are mainly derived from its diverse physicochemical properties. Nevertheless, few 4 @f‘\"“ X %:o@ s
studies systematically examined the linkage between the evolution of BC T eoree .
molecular structure with the resulted BC properties, environmental functions as ] ‘ - R
well as potential risk, which is critical for understanding the BC environmental 21 T 18<s N
behavior and utilization as a multifunctional product. Thus, this review highlights R Ty o
the molecular structure evolution of BC during pyrolysis and the impact of BC ™ %, gty
physicochemical properties on its sorption behavior, stability, and potential risk < & d%%

%

in terrestrial and aqueous ecosystems. Given the wide application of BC and its
important role in biogeochemical processes, future research should focus on the
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following: (1) establishing methodology to more precisely predict and design BC

properties on the basis of pyrolysis and phase transformation of biomass; (2) developing an assessment system to evaluate the
long-term effect of BC on stabilization and bioavailability of contaminants, agrochemicals, and nutrient elements in soils; and (3)
elucidating the interaction mechanisms of BC with plant roots, microorganisms, and soil components.

1. INTRODUCTION

Environmental black carbon (BC), including carbonaceous
residue of combustion (i.e., charcoal and soot, or char) and
intentionally made BC (biochar), frequently makes up 1-20%
of the total organic carbon in soils and sediments,"” and play an
important role in various biogeochemical processes (e.g.,
nutrient availability, microbial activity, transport and fate of
chemicals).>~® BC is not a well-defined chemical substance and
commonly referred as a combustion continuum from partially
charred biomass to highly refractory char, soot, and graphite
with striking heterogeneity in physicochemical properties.””
However, several general characteristics of BC can be
summarized from a great deal of existing literature:*~"> (1)
the aromatic C content (in the range of ca. 10-90%) in BC is
greatly elevated relative to non-BC organic matter in soils; (2)
BC is a heterogeneous mixture having both amorphous less-
carbonized fraction and microcrystalline graphitic structure,
mainly determined by pyrolysis condition; (3) a three-
dimensional porous structure with high specific surface area is
developed. Because of the specific properties, BC, especially
biochar, has attracted widespread attention on its potential
benefits in carbon sequestration,lé_18 immobilization of
hazardous chemicals,"”'**° and soil productivity.”'~>* How-
ever, several critical issues before extensive utilization of BC
have to be clarified including molecular structure evolution and
micropore development with heat treatment temperature
(HTT), the relationship between BC physicochemical proper-
ties and its function as a soil modifier and/or sorbent, its
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stability in the terrestrial and aqueous ecosystems, as well as its
related environmental risk. These uncertainties directly
challenge the development of appropriate BC products for
various environmental and agricultural purposes. As a result,
commercial exploitation of BC as a soil amendment is not yet
fully established.**

The occurrence, quantification, characterization of naturally
occurred environmental BC have been comprehensively
studied in the last decades.”> >’ However, with increasing
interest in the application of biochar, there is a growing need to
more accurately characterize and classify the material with an
aim of optimizing production conditions and better under-
standing its environmental behavior.”® While much effort has
been paid on the fractionation and characterization of a range
of BC continuum,'***° the existing literature on the
development of BC structure and its forming mechanism
remains limited. Furthermore, once released into the environ-
ment, some critical properties of BC (such as porosity,
hydrophobicity, and redox capacity) are likely to be altered
by a range of chemical and/or biological processes including
oxidization,*” decomposition,31 and binding with natural
components such as natural organic matter (NOM)** and
minerals. The variation of BC properties would affect its
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Figure 1. lllustration of biomass pyrolysis process, reactions and evolution of various phases with increasing thermal treatment temperature (HTT).
During the process, main components of biomass (hemicellulose, cellulose and lignin) were gradually decomposed and converted into BC phase.
Generally, for pure organic materials, the hemicellulose breaks down with a temperature from 220 to 315 °C and that for cellulose and lignin is in the

range of 315—400 °C and 160—900 °C, respectively.”>

stability in the environment, interaction with environmental
sorbates, and the fate of nutrient elements and hazardous
chemicals. Also, the related environmental risks of BC including
release of contaminants,* toxicity to biota,>* as well as affecting
global carbon fluxes and transport of contaminants® can be
important concerns before its large-scale application in
environmental and agricultural practices.

Currently, a number of reviews have systematically discussed
the physicochemical properties of BC and its agronomic and
environmental benefits, specifically including pyrolysis techni-
ques and structure development,”***™** soil fertility,"*"~**
contaminant removal or stabilization,”****** and carbon
sequestration.”~** Although some studies noticed the possible
environmental risk related to BC applications,*”*° the evolution
of BC molecular structure and its implications on sorption
properties, stability, and risk are seldom addressed. This
knowledge is of importance for BC utilization in an effective
and safe manner, as well as for predicting its environmental
behavior. Therefore, the objectives of the present review are to
(1) critically analyze the latest progress related to the structural
development and characterization of BC, its sorption behavior,
stability, and environmental risk; and (2) highlight the
important knowledge gaps in the aforementioned aspects and
provide suggestions for future research. BC discussed in this
review specifically refers to pyrochars. The production,
properties and applications of hydrochars were summarized
elsewhere.>'

2. MORPHOLOGY, FRACTIONS, AND MOLECULAR
STRUCTURE OF BC

2.1. Biomass Pyrolysis and Thermal Structural
Transition of BC. Biomass pyrolysis can be broadly classified
into two major categories according to the operating
conditions, that is, fast pyrolysis and slow pyrolysis.”> Fast
pyrolysis is characterized by fast heating rate (>200 K/min) and
short vapor residence time (~2 s) at medium temperatures
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(400—600 °C).** This process is more suitable for the
production of liquid and/or gaseous products.”” Slow pyrolysis
is characterized by a slow heating rate (5—10 °C/min) with a
longer vapor residence time (mins to hours) and a wider
temperature range (300—800 °C).”” This condition is similar to
the naturally occurred burning process and more favorable for
the production of BC. Different types of reactions vary with
increasing HTT (see details in the Supporting Information (SI)
Section 1). The overall decomposition of biomass in the slow
pyrolysis (or carbonization) is depicted in Figure 1. The
formation of BC is a complicated physicochemical process,
which is dependent on (1) the pyrolysis mechanisms of the
main biomass components, that is, cellulose, hemicellulose, and
lignin; (2) the interactions of these biomass components;”* and
(3) the effects of inherent inorganic species such as alkali and
alkaline earth metallic elements.” It is generally agreed that
thermal conversion of biomass and resulting BC characteristics
are mainly regulated by the nature of feedstock and heating
temperature.”’*® Although it is difficult to effectively control
and tune the properties of resulted BC, some general trends can
be obtained from the literature. For the heating temperature,
the morphology of BC largely maintains the macrostructure of
teedstock during relatively low temperature pyrolysis since low
HTT (usually < ~300 °C) is not sufficient to break down the
cross-linkage between carbon atoms in raw materials. With
increasing HTT (from 300 to 800 °C), removal of simple
molecules such as ethylene and esters from outer surfaces of
feedstock could gradually enhance the development of pore
structure and surface area of BC. However, a high HTT may
also induce deformation and collapse of some fine-pore
structure.”’ Besides surface area, the alkalinity and pH of BC
can be elevated with increasing HTT, probably due to the
decrease of surface oxyl groups and increased crystallization of
inherent minerals.”**” Cao et al.”* observed that the minimum
aromatic fused ring cluster size increased from 20 to 76 carbons
with HTT from 300 to 700 °C determined by NMR. On the
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other hand, for the nature of feedstock, different compositions
of biomass constituents could significantly affect the degrada-
tion mechanism and BC properties. In general, the higher the
content of lignin in biomass, the higher yields and fixed carbon
content of BC.°"** Similarly, the high yield of BC is closely
related to the high ash content in feedstock (e.g., animal litter
and solid sludge), which is little volatilized but enriched during
the pyrolysis. However, it is still a big challenge to precisely
predict or simulate the pyrolysis mechanism and products of
naturally occurring lignocellulosic biomass when compared
with “pure” mixtures of lignin and cellulose.”>*® One of the
main reasons is the presence of inherent mineral constituents.
Numerous studies found that the mineral elements could
substantially influence the carbonization processes and BC
properties.”>**~®® For instance, several key characteristics of
BC were observed to have positive correlation with mineral
contents, including cation and anion exchange capacity,”” pH,
and alkalinity.”® Oppositely, the high content of minerals could
reduce the carbon content® and porosity of BC.%” Relative to
the pyrolysis of cellulose and lignin, the catalytic activity of
mineral contents in biomass is less understood. An urgent need
is to examine how and to what extent the minerals would affect
the formation of BC, such as the transformation of aliphatic
carbon into aromatic carbon, the size of aromatic clusters and
degree of graphitization, and the species and distribution of
mineral elements in BC. Additionally, it is found that free
radicals can be generated and stabilized during the pyrolysis of
biomass, which could have profound effects on the ecological
functions of BC in the environment such as plant growth” and
organic contaminant degradation.”’ Thus, special attention
should be given to the effect of biomass composition and
charring conditions on the formation, reactivity, and character-
istics of BC’s free radicals.

Based on the pyrolysis reactions of biomass, the charred
materials can be considered as polycondensed aromatic systems
wherein the degree of condensation may differ according to the
pyrolytic conditions.”” Keiluweit et al.'® suggested that
biomass-derived BC can be divided into four distinct categories
(i.e., transition, amorphous, composite, and turbostratic chars)
based on their chemical phases and physical states as HTT
increased from 100 to 700 °C (see section 2 in the SI). It can
be concluded from this thermal transition process that the
highly amorphous carbon materials in biopolymers is gradually
converted into increasingly condensed forms of carbon.
Considering the importance of structural changes of BC, a
number of parameters have been used to quantitatively
characterize the phase transitions in BC (see Section 3 in the
SI). In this review, the variations of aromaticity/aliphaticity and
BET-surface area (N,-Sgrr) of BC as a function of HTT in a
large data set is presented in Figure 2(a). Aromaticity increases
greatly with HTT from 200 °C to ~700 °C and then reaches a
plateau and stays constant with higher HTT. Conversely,
aliphaticity decreases sharply with increasing HTT and cannot
be detected when HTT is higher than 700 °C. Thus, the
majority of variation in molecular structure of BC is completed
under 700 °C. Then, more condensed aromatic forms of
carbon can be further created with higher HTT because the
highest value of aromatic condensation was found to occur at
1000 °C.** Notably, both aromaticity and N,-Sgpy share a
similar increasing trend as a function of HTT, demonstrating
that the development of porosity is mainly contributed by the
aromatic moieties of BC. Particularly, we find that the N,-Sgp
increased sharply as the aromaticity of BC is higher than ~80%.
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Figure 2. Evolution of structure and composition of BC with heat
treatment temperature (HTT). (a) Relationship of aromaticity,
aliphaticity, or BET-surface area (N,-Sppr) with HTT. Aromaticity
(%) or aliphaticity (%) was calculated from C NMR data by
expressing aromatic C (100—16S ppm) or aliphatic C (0—109 ppm) as
a percentage of both aliphatic C and aromatic C (0—165 ppm). Data
were collected from refs 28,82—87. (b) Van Krevelen plot of bulk vs
surficial O/C atomic ratios for BC derived from various feedstock
types. The numbers close to the data points in the figure are the
charring temperatures of BC. Data were either from our own
unpublished data or cited from refs 57,68,85,88—90.

Meanwhile, the 80% aromaticity for most BC can be obtained
when the HTT increases beyond 400 °C. Thus, the
temperature of ~400 °C might be viewed as a boundary
between low-temperature BC and high-temperature BC derived
from plant-biomass. For the low-temperature BC (HTT < 400
°C), the development of porosity remains at a very low level,
which is mainly attributed to the release and/or decomposition
of volatile organic fractions from carbon skeleton.”””* At this
stage, the porous structure is largely dominated by meso- and
ma(:ro-pores.sg’75’76

For the high-temperature BC (HTT > 400 °C), however, its
surface area and pore volume increase dramatically with
increasing HTT, which is mainly derived from the phase
conversion of amorphous C (both aromatic and aliphatic
forms) to graphitic crystallites. The graphene sheets are denser
than the original amorphous C forms, thus the phase
conversion leads to the formation of fine pore structures,
especially micropores (d < 2 nm).'” However, the enhance-
ment of porosity and surface area of BC is not always positively
related to the increase of HTT. Zhang et al.”> found that the
N,-Sggr of rice straw BC significantly increased from 15.4 to
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195.3 m*/g with the HTT from 500 to 700 °C, but then
decreased to 106.2 m*/g when the HTT further increased to
900 °C. Similar results were obtained by others.”””® Several
suggestions were used to explain the reduction of N,-Sppr at
higher HTT, including structural ordering, pore widening and/
or the coalescence of neighboring nanopores,” thermal
deactivation,”” and pore blocking due to carbon melting.
Additionally, the presence of minerals could also affect the
development of porosity. However, considering the close
relationship between aromaticity and N,-Sgpr of BC (Figure
2a), it is reasonable to believe that the biomass components
(mainly lignin) of feedstock play a more important role in the
evolution of porosity than mineral elements especially for plant
biomass. This is probably due to the weak autocatalytic
efficiency of the inherent minerals®” or the low mineral content
in the plant feedstock. By contrast, for the raw materials with
high mineral contents such as animal waste (ca. 24—79%) and
sewage sludge (ca. 37-90%),%" the effect of inorganic
constituents (especially alkali and alkaline earth metals) on
the pore structure of BC cannot be overlooked. A number of
studies examined the structural properties of BC derived from a
wide range of plant-, animal (or municipal) waste-sources,
however, their results are not always consistent. For example,
although the BC was prepared in similar manners including
feedstock and HTT (200—650 °C), Sun et al.*® found that the
N,-Sger (0.8—285 m?*/g) of BC negatively correlated with the
ash contents; while Zhao et al.”® observed that the municipal
waste BC had higher N,-Sppr (13.3—113 m?/g) and pore
volume than plant based BC (2.78—203 m’/g) due to the
higher content of minerals in municipal waste. Thus, the effect
of inorganic constituents seems complicated and sensitive to
charring condition and other biomass constituents. Moreover, it
has been demonstrated that BC is redox-active because of its
quinone and aromatic structures.”’ In principle, the pool of
redox-active moieties in BC could be composed of both organic
and inorganic components. However, the impact of inorganic
constituents (e.g., metal oxides) on BC redox properties is less
understood relative to organic constituents. The growing
evidence for the importance of inorganic constituents in BC
formation and characteristics makes it necessary to systemati-
cally examine the unique role of minerals in the structural
evolution and electron-chemical properties of BC (e.g., redox
properties and electron transferring/storage capacities).

2.2. Elemental Composition and Surface Chemical
Properties of BC. Elemental composition of BC is mainly
composed of C, H, O, N, and mineral elements.”> Relative
elemental contents of BC during the pyrolysis often witness a
progressive decrease in molar ratios of both H/C and O/C with
increasing HTT due to dehydration reactions.”® Relative to
bulk elemental content, the variation of surficial elemental
composition of BC exhibits a more direct effect on its
properties and interaction with surrounding environments.
However, the spatial distribution of elements including C and
O has not been extensively summarized in the literature. Thus,
a Van Krevelen diagram (Figure 2b) was used to compare the
difference in O/C atomic ratios between bulk and surficial
elemental compositions of various BC. For plant-derived BC,
low-temperature samples generally have higher bulk O/C
atomic ratios relative to surficial O/C ratios; however, the
opposite trend is found for high-temperature BC. This indicates
that more O atoms tend to redistribute from interior to BC
surface at higher temperature, which has important implications
for BC’s reactivity. From the collected data (Figure 2b), we

suggest that the range of 300—400 °C can be considered as the
temperature boundary above which the surficial O/C ratios
generally increase beyond the bulk ratios for the plant-derived
BC. Note that the surficial O content of BC produced above
700 °C would be greatly reduced owing to thermolysis of oxyl
groups.”’ For BC derived from sediment or manure, by
contrast, they exhibit higher O/C atomic ratios both in the
surface and bulk than that derived from plants, which is closely
related to its higher content of minerals. The interaction of
organic matter with minerals during BC formation is discussed
elsewhere.”’ Compared with sediment BC, manure BC has
much higher surficial O/C ratio than that of the bulk even at
relatively low temperatures (i.e., 300 °C), likely indicating their
distinct environmental applications. The high bulk O/C ratio in
the sediment BC can be partly ascribed to the lower organic
carbon content (e.g., 22%) in the sediment.”” Also, particle size
of BC could also play a crucial role in the distribution of oxyl
groups. Qiu et al.”’ reported that the surficial O/C ratio of
dissolved rice-straw BC was up to 4.38, which is 10 times higher
than that of bulk BC. Consistently, we recently fractionated BC
particles (produced at 300—600 °C) with different sizes i.e., 0—
0.1, 1-5, 5-50, and 50—250 um and found that the
nanoparticles had significantly higher surficial O/C ratio than
that of the larger-sized particles.

Although surface functional groups play a crucial role in the
properties and environmental applications of BC, the
quantification of oxyl groups on BC surface is still not well
understood.”> Most of studies measured the O-containing
groups of BC by a typical method, that is, Boehm titration.”””*
Different from activated carbon, however, BC contains
inorganic basic components including carbonates, oxides, and
hydroxides, inorganic acidic species (such as silica and alumina)
and organic acids.”® These components can interfere with the
validity of the titration.”> Some efforts have been made to
improve the accuracy of Boehm titration, such as pretreat-
ments” or using various reactants and titration procedures.96
However, little is still known on the respective contribution of
ash and dissolved organic carbon to the functional content of
BC surfaces. The characterization of functional groups on
entire BC surfaces would be more valid by combining chemical
(like acid—base titration) and spectroscopic techniques. For
example, Chen et al.”” identified four major acid/base groups
with a wide range of pK, values on manure-derived BC surface
using an integrated method. Relative to O-containing groups,
the nitrogen composition and species in BC are much less
examined under differing pyrolysis conditions. Generally, the
nitrogen in the forms of protein, amine, pyrrolic, and pyridine is
less heat resistant and likely to convert into heterocyclic-N with
increasing HTT (e.g.,, 300—550 °C).”” The N-doped BCs could
be important functional materials and have improved perform-
ances in sorption, catalysis, and capacitors relative to original
BCs. We recently examined the nature of C—N bonds on the
surface of N-doped BC.”® It was found that pyridine- and
pyrrolic-like N was the main components (>50 atom %) as
pyrolysis temperature was below 600 °C. When the temper-
ature further increased, graphitic-N was formed and increased
at the expense of pyridine- and pyrrolic-like N. Besides N, the
speciation and transformation of other heteroelements (e.g, S,
P, Si) in BC with increasing HTT as well as their effects on BC
properties and functions also need to be further understood in
the future.””'%°
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Figure 3. Proposed interactions of (a) low-temperature BC (LTBC) and (b) high-temperature BC (HTBC) with organic compounds. (c) pH-
dependent sorption trends (I and II) of ionizable organic compounds (IOCs) on BC, where O-® represent positive charge repulsion, negative charge
repulsion, H-bond, hydrophobic effect, 7-bond, and Lewis acid—base interactions, respectively. The contributions of these interactions are highly
pH-dependent. The gray area on X-axis indicates the ranges of pHypc of various BC reported in the literature. The green dot lines represent pK ,
values of a model IOC (e.g, sulfamethoxazole). (d) Sorption trends (III, IV and V) of nonionic HOCs on BC, where only ® and ® (i,

hydrophobic effect and z-bond) play a major role.

3. INTERACTIONS OF BC WITH ORGANIC
COMPOUNDS AND HEAVY METALS

3.1. Interactions of BC with Organic Compounds.
Sorption is a critical process for environmental and agricultural
applications of BC as an amendment. Different from activated
carbon, BC is generally obtained at low temperatures and
without activation process and thus is not fully carbonized.”*'"!
The relative carbonized (for adsorption) and noncarbonized
(for partition) fractions determine its sorption behavior for
organics.” """ Adsorption is characterized by nonlinear
isotherms and competition between coexisting adsorbates;
whereas partition is a linear and noncompetitive process. Figure
3 and SI Table S1 summarize the current knowledge regarding
the molecular interactions of organic compounds with low- and
high-temperature BC (a,b) and pH-dependent sorption trends
of both ionizable organic compounds (IOCs) and hydrophobic
organic compounds (HOCs) on BC (c,d). It is accepted that
the sorption of HOCs on BC can be viewed as a transition from
a partition dominant to an adsorption dominant process with
increasing HTT as a result of increased hydrophobicity and
porosity of BC.”””* During the process, the contributions of
partitioning and H-bond to overall sorption gradually decrease;
whereas those of hydrophobic effect and 7z-bond increase
correspondingly owing to the thermal structural transition of
BC as mentioned above. Also, Coulombic force and Lewis
acid—base interactions can contribute to the organic sorption of
BC, which are dependent on charge density and nature of
functional groups on BC.”
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For sorption of I0Cs, two pH-dependent sorption trends
were reported in previous studies. For trend (I), the sorption
changes slightly in the range of pH < pHypc (zero point of
charge) of BC, and then decreases greatly when the aqueous
pH increases above the pHypc of BC; and for trend (II), the
sorption of IOCs increases with increasing pH and then
decreases similar to trend (I) in the range of pH > pHypc of
BC. The discrepancy between the two sorption trends is mainly
derived from the different contributions of electrostatic
repulsion and sorption contributors (such as H-bond, hydro-
phobic effect, 7-bond, and Lewis acid—base interactions). The
pHzpc of BC is generally higher than 4.0,5%19%1%% and its
dissociation constants (pK,) cover a wide range of pH values
(2—11) due to the various acid/base groups.”” BC is positively
charged at pH < pHypc and negatively charged at pH >
pHzpc.*® The sorption would probably follow the trend (II) if
electrostatic repulsion between positively charged BC and
protonated species of IOCs plays a major role. Otherwise, if the
sorption contributors (H-bond, hydrophobic effect, z-bond,
and Lewis acid—base interactions) can offset the positive charge
repulsion, the sorption would follow the trend (I). For example,
the cationic species of sulfamethoxazole has similar sorption to
BC relative to the neutral species even though it is much less
hydrophobic than the latter."®* That is because the protonated
species is a stronger s-electron-acceptor than the neutral
species due to the electron-withdrawing ability of positively
charged amino group (referred to as #*-z bonding). Addition-
ally, for IOCs with amine groups (e.g, tylosin), Lewis acid—
base interactions between IOCs (as Lewis base) and oxyl
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groups (as Lewis acid) on BC may also contribute to their
sorption within the range of pH < pHzpc.'” In alkaline
conditions, a special H-bond, i.e., negative charge-assisted H-
bond, was recently identified to greatly contribute to the
sorption of anionic IOCs on BC, particularly when the values
between pK, of IOCs and pHypc of BC are similar.**'*

For sorption of HOC:s, different sorption trends (III, IV, and
V) with pH were observed in the literature. For nonpolar
HOCs such as polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), and chlorinated benzenes,
their sorption to BC is independent of solution pH (i.e., trend
IV) because the changes in charge density of sorbate/sorbent
with pH have little effect on their interactions. However, for
nitroaromatic compounds, several studies found that their
sorption on carbon surfaces greatly increased when pH changed
from 2 to 11 (trend III).>”'°° We also noted that 1,3-
dinitrobenzene had stronger competition for the sorption of
1,3-dichlorbenzene on BC at pH 12 relative to pH 2.°” This
probably can be explained by the fact that deprotonation of
acidic groups (—COOH, —OH) of BC was facilitated by
increased pH and thus enhanced 7—r interactions between
nitroaromatics (7-electron acceptors) and BC because —
COO- is a stronger electron donor than — COOH. We can
conclude that, for these nonionic HOCs, only hydrophobic
and/or n— interactions play the major role in their sorption to
BC. By contrast, some HOCs such as aniline and phenolic
chemicals can also be ionizable to an extent and thus involve
specific interactions with BC. Due to hydrophobic nature of
ionizable HOCs (judged by their K, ), however, hydrophobic
effect generally plays a more dominant role in their sorption
relative to the hydrophilic IOCs with multiple pK, values (e.g.,
antibiotics). The lower sorption of dissociated species of
ionizable HOCs (trend V) is mainly due to decreased
hydrophobic effect, electronic repulsion, and/or the disappear-
ing of H-bonding donor ability."”” A potential increased
sorption (trend III) with pH has not been reported for
ionizable HOCs but may be possible on BC according to the
electron donor—acceptor (EDA) theory. The electron-donating
ability of m/n-electron donors such as carboxyl and amino
groups would increase with increasing pH because their
dissociated species are even stronger electron-donors. Hence,
the strength of both 7—7z and n-w EDA interactions with
electron-depleted sites on BC (electron acceptor) could be
enhanced when these groups are ionized at higher pH as the
increased sorption has been observed for chemicals such as 2-
naphthol and 1-naphthylamine with carbon nanotubes.'®®
Overall, the organic sorption on BC is greatly dependent on
the balance between sorption contributors and resisters. More
accurate quantification of their respective contributions to the
overall sorption would be greatly benefited from a compre-
hensive characterization of both BC and organic sorbates at
various environmental conditions, and the development of
modeling techniques such as molecular dynamics simula-
tions.'”"'* This information is important for designing
functional BC sorbent and evaluating the effect of BC on the
environmental behavior of contaminants.

3.2. Interactions of BC with Heavy Metals. Different
from organics, the sorption of heavy metals on BC is mainly
driven by electrostatic interactions and sorption-precipitation
between functional groups of BC and heavy metals.""" Thus,
the sorption affinity and capacity of heavy metals are more
dependent on surface chemistry of BC than the surface area
and pore volume. Generally, heavy metals can be sorbed on the

oppositely charged sites on BC through electrostatic attraction.
The retained heavy metals are considered to be fully hydrated
and present in the diffuse double layer as electrostatic outer-
sphere complexes.''” Therefore, the sorbed heavy metals are
easily replaced and have relatively high leachability. In addition,
four molecular interactions can also be involved based on the
current references (SI Table S2): (1) ion-exchange, (2) metal—
ligand complexation, (3) cation-z bonding, and (4) surface
(co)precipitation.' >~ Ton-exchange is one of the most
observed mechanisms for heavy metal sorption on BC. The
negatively charged sites occupied by cations (e.g, Na', K%,
Ca®", Mg®") are probably the main locations for ion-exchange
of heavy metals on BC. For metal—ligand complexation, the
sorbed heavy metals could be partially dehydrated and
coordinately complexed with oxyl groups on BC to form
inner-sphere and/or outer-sphere complexes, which is unfav-
orable for the exchange with other metal ions in solutions.'"®
Cation-7 bonding likely occurs between metal cations (electron
acceptors) and delocalized z-electrons (C=C, C=O0)
(electron donors) in the surface of BC."'* For example, the
sorption of Cd*" on low-carbonized BC was mainly derived
from Cd**-z bonding with soft ligands such as C=0; while
that on high-carbonized BC most probably involved Cd**
bonding with electron rich domains on graphene-like
structures.''* Conversely, the graphite surface of BC could
also act as an electron acceptor for anions (e.g, F~, CI7, and
Br™).""” However, anion-7 bonding has not been reported for
the sorption of anionic metals on BC in the literature.
Additionally, sorption of heavy metals can also be attributed to
their precipitation mainly as Ehosphate, carbonate or hydroxide
on the surface of BC,">"">"**"*" which could greatly enhance
sorption capacity of heavy metals on BC.

Although sorption efficiency and mechanisms of heavy
metals on various BC are extensively examined,””* the
intrinsic relationship between BC structure and sorption is
still not well understood due to the diversity of BC surface.""*
For example, it was found that ion-exchange was the
predominant mechanism for the sorption of Cd and Pb on
BC (produced at 600 °C) derived from five waste agro-
materials (nut shells, plum stones, wheat straws, grape stalk,
and grape husks).'”” Conversely, Zhang et al.'** attributed Cd
sorption on water hyacinth BC (produced at 450 °C) mainly to
ion-exchange and surface complexation. Wang et al.'** found
that complexation, Pb**-7 interaction and precipitation jointly
contributed to Pb sorption on BC prepared from ten materials
at 300—600 °C. For relatively high temperature BC (>500 °C),
Pb sorption via complexation was reduced, but the contribution
of Pb*"-z interaction was enhanced. Despite significant
differences in physicochemical properties of BC, some useful
information can be obtained from these previous studies: (1)
ion-exchange with exchangeable metal ions on BC is one of the
most important sorption mechanisms of heavy metals on low-
temperature BC. However, with increasing HTT, the sorption
by ion-exchange becomes increasingly overwhelmed by other
controlling factors such as coordination by 7 electrons (C=C)
of carbon and precipitation'** due to the reduction of surface
functional groups and formation of graphitic structures; (2) the
mineral composition and structure of BC also play a crucial role
in the sorption of heavy metals by providing additional active
sites. Meanwhile, the alkalinity of BC induced by minerals
could promote removal of heavy metals through precipitation;
and (3) the interaction between heavy metals and BC is
dependent on thermally induced characteristics of BC including
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pyrolysis of volatile matter, changes of fused carbon rings (e.g,
degree of functionalization, sheet stacking, and size), and the
reaction between carbon and heteroelements because it could
alter the quadrupole moments and polarizability of carbon
surfaces.”® Furthermore, the sorption mechanisms could be
distinct at different reaction conditions (primarily pH and
coexisting ions). Therefore, for the complex reaction system,
statistical methods such as multivariate chemometric techni-
que'”” and meta-analysis may be useful to screening the main
mechanism(s) and their respective contributions, and/or
establishing the ideal conditions for heavy metal removal.

4. STABILITY OF BC IN THE ENVIRONMENT

4.1. Physical Degradation of BC. Once introduced into
soils, BC is likely to experience physical disintegration into
smaller fragments including colloids, nanoparticles.,127 and
dissolved BC” due to weathering and aging, which could
have significant implications for environmental behavior of BC.
The possible mechanisms for BC physical degradation
suggested by Spokas et al.'** include: (1) rapid dissolution of
high O/C ratio BC upon being exposed to desiccation and
rewetting/saturation cycles; and (2) expansion of BC physical
structure from sorption of water molecules due to exothermic
graphitic sheet swelling. The respective fraction of colloidal and
dissolved BC varies greatly for different BC, which may depend
on startin$ raw materials,”® HTT,'* climate and soil
conditions.”®° It was revealed that the colloidal and/or
dissolved BC had unique properties such as higher photo-
transformation/degradation rate,">' more oxygen functional
groups and mineral matters but lower aromaticity,””'*” and
producing more reactive oxygen species.">> The mobility in
dissolved and colloidal phases was suggested to be an important
pathway of BC for downward migration in soils and aquifers.'*’
Thus, it is conceivable that these smaller size fractions of BC
would have distinct environmental behavior and recalcitrance
relative to bulk BC. However, compared with chemical and
microbial degradation of BC, its physical friability in soils has
not aroused sufficient research interests at present despite its
importance for BC’s stability.'”® The kinetics and intrinsic
mechanisms for physical disintegration of BC in soils are largely
unknown; meanwhile, the effect of interaction between soil
components (e.g, NOM and minerals) with BC particles on
this physical process also requires further scrutiny.

4.2. Chemical Decomposition of BC. It has been
suggested that abiotic processes including carbonate dissolu-
tion'*” and chemical oxidation™ significantly contribute to the
decomposition of BC. Carbonate dissolution is one of the
primary patterns for inorganic carbon release from BC.
Comparatively, chemical oxidation may be a more important
mechanism directly regulating BC decomposition. Oxidative
process can increase the contents of oxygen and hydrogen on
BC surface, promote the formation of O-containing groups
(e.g, —OH, —COOH, and C=O0), and alter the amphoteric
properties,*"** all of which could facilitate the decomposition
of BC. Furthermore, oxidation can also benefit for microbial
metabolization of highly aromatic BC, such as by decreasing
hydrophobicity of BC and promoting BC to split into smaller
pieces which is favorable for microbial accessibility."*> The
chemical stability of BC is mainly determined by the molecular
structure of BC and environmental conditions.” It is believed
that the biochemical recalcitrance of BC is closely related with
its aromaticity and condensation degree of aromatic car-
bon,28’31’136 as indicated by the atomic ratios of O/C and H/C.

Nguyen et al,’' reported that carbon loss and potential cation
exchange capacity significantly (p < 0.05) correlated with O/C
ratio of BC. It is suggested that a molar ratio of O/C lower than
0.2 could probably provide at minimum a 1000 year BC half-life
in the environment.” However, besides atomic ratios, the
influences of other BC molecular properties such as the size,
configuration, and heteroatoms of polyaromatic rings on its
resistance to oxidation are seldom examined. For example, both
the configuration of polyaromatic rings and presence of
heteroatoms could affect the generation and activity of free
radicals on carbon surface,"*”~"*° which would have a great
implication to the decomposition of BC.

It should be noted that the stability of BC is also affected by
soil and environmental conditions such as moisture, temper-
ature, pH, and the influence of NOM and minerals.*'*%'*! For
moisture, unsaturated and alternating saturated-unsaturated
conditions are feasible for BC degradation due to the increased
carboxylic and — OH functional groups under these
conditions.'** Similarly, higher incubation temperature (40 or
60 °C) substantially decreased the mean residence time of BC
in different soils'* partly because of the accelerated oxidizing
reactions. Comparatively, few study systematically examined
the effect of pH on BC stability in soils. A previous study found
that the changes of soil pH and electrical conductivity had little
effect on BC mineralization in a 60 days experiment;' ** while a
recent work suggested that the surface roughness and
hydrophilicity of BC increased after incubated in an acidic
Planosol for two years.'** It is reasonable to believe that soil pH
could play an important role in BC decomposition for a long
period because pH has major control on microbial community,
enzyme activity, and biochemical processes. Moreover, the
effect of NOM and minerals on BC stability is more
complicated because diverse mechanisms are involved in this
ternary system. The porous structure of BC makes it a good
sorbent for NOM especially the aliphatic molecules with
smaller size.'* The lower sorption for larger aromatic organics
is mainly caused by the size exclusion effect.'** However, the
current understanding of the interaction between BC and
NOM is still limited. Besides the hydrophobic sorption and size
exclusion, some newly reported mechanisms (e.g, negative
charge-assisted H-bond and EDA interactions) probably also
contribute to the binding of NOM to BC. Thus, more work is
required to investigate the details of nanoscale interactions.
After sorbed, NOM might enhance the stability of BC by
blocking enzymes from accessing the BC surface as well as
oxidation and dissolution of BC components.”> On the other
hand, soil minerals can also incorporate with BC surfaces within
a short-term (e.g, a few months), and the formed complexes
are suggested to increase BC stability.'*""'** Nevertheless, the
involved organo-mineral reactions are highly dependent on the
types of minerals, surficial functional groups, and inorganic
elements of BC, and environmental conditions. For instance,
soil minerals can directly attach to the surfaces of chicken
manure BC due to its plenty of O-containing groups; while the
paper sludge BC prefers to sorb NOM first and then interact
with minerals via NOM bridging because of the higher content
of Ca and Al on the BC surfaces."*® Hence, more specific
mechanistic investigations are needed to better understand the
interactions of BC with mineral phases and predict the BC
stability over time.

4.3. Microbial Decomposition of BC. Relative to abiotic
decomposition, biologically mediated degradation is likely the
dominant pathway for BC decomposition in soils and
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sediments.*”"'*8 Increasing studies indicate that BC-derived

carbon can be utilized by soil microorganisms evidenced by
different methods such as measuring CO, efflux,"*’ fumigation
extraction, and "C- or 'C-isotopic analysis.“w’150 In many
cases, microbial decomposition of BC in soils is roughly
composed of two stages, that is, fast-degrading stage and slow-
degrading stage. The labile or volatile fractions of BC are
rapidly degraded in a short-term, followed by slow degradation
of the condensed aromatic ring structures.'** The labile
fractions in BC would represent an energy source for microbial
community'*® and enhance the activity of soil microorganisms
in the first stage."" Consistently, it was observed that addition
of BC into soils generally induces a positive priming effect, that
is, increasing the mineralization rates of soil organic carbon, in
short-term incubations;"**'*®> however, BC may induce a
negative priming effect on a long-term owing to the sorption
of organic matter on BC surfaces and/or into BC-soil
microaggregates; that is, physical protection mechanism.">*
Thus, it should be noted that extra:golation from any results of
short-term incubation (<2 years)"’ may considerably under-
estimate the mean residence time of BC in soil because these
studies mainly monitor mineralization of labile C components
of BC."*

The diverse properties and high reactivity of BC could
potentially and sometimes differentially affect the microbial
biomass growth, community structure, and activity.'>>~"’
Meanwhile, the responses of microorganisms would in turn
influence the decomposition mechanism and kinetics of BC in
soils. Both positive and negative effects of BC on soil microbial
communities have been reported in the literature. It was found
that the ratio of bacteria/fungi increased but that of Gram-
negative/Gram-positive bacteria decreased after BC amend-
ment in a forest soil, indicating a shift of microbial
communities."”® Similar results were obtained by Chen et
al."*° and Liao et al."*” Nevertheless, Quilliam et al.'®* observed
that BC in the soil did not provide a significant habitat for soil
microbes in a three year incubation experiment. Another 6-year
field experiment also suggested that addition of BC just
increased the microbial metabolic activity but could not change
its community structure.'”” These uncertainties are caused to a
great extent by the diversity of BC physicochemical properties
including the availability of labile carbon'® and nutrients,"®!
pore volume and surface area,'*® particle size,'"> degree of
oxidation,'® and the generation of free radicals.”® Furthermore,
some recent studies suggest that BC could take part in the
electron transfer as an electron shuttle between microorganisms
and NOM, minerals, as well as pollutant molecules.®164716¢
For instance, Xu et al.'® showed that both BC particles and
leachate can facilitate the microbial reduction of hematite
through electron shuttling. More efforts are warranted to
further explore the bioavailability of electrons in different types
of BC, quantification of the reactive components, and the effect
of electron shuttling on the microbial transformation and
biogeochemical cycles of carbon and other soil elements.

5. ENVIRONMENTAL RISK OF BC

5.1. Release of Contaminants from BC. Carbonization
process of biomass makes it possible to form a wide variety of
organic chemicals including volatile organic compounds
(VOCs), PAHs, dioxins, and furans (PCDD/DF).'*”"'®’ The
concentration and composition of compounds that sorb to BC
during pyrolysis are highly dependent on biomass feedstock,
HTT, and BC production method (SI Table S3). A number of

studies suggested that dioxin-like chemicals are mostly formed
on BC surfaces at low HTT (200—400 °C) and short residence
time;'®’ higher concentrations of solvent-extractable PAHs are
largely found in BC produced at medium HTT (400—500
°C);'?” and then the concentrations of dioxins and PAHs in BC
decreased at higher HTT (>600 °C) and longer charring
duration.'®® However, these studies mainly focus on total
concentrations of organic chemicals in BC, and the bioavailable
fractions of these compounds originated from BC have received
less attention. Recently, Mayer et al.'”® found that most of the
BC bound PAHs were desorption-resistant (90—100%) and
probably had little bioavailability due to high sorption affinity.
They suggested that although high PAH content in the BC, it
would act as a sink rather than a source of PAHs. Likewise, it
was reported that the strong sorption of BC for agrochemicals
like herbicides could reduce their bioavailability and efficiency
in soil.'* On the other hand, most of these sorption—
desorption experiments were carried out on freshly prepared
BC and took little consideration of aging effect. The variation in
properties of BC upon environmental exposure (e.g., oxidation
and pore fouling by organic matter) would greatly affect
(strengthen or weaken) the interactions between BC and
organic chemicals.'”! Thus, more precise characterization of BC
structure (e.g., porosity, surface charge, and oxyl groups) and
phase transformation is needed to fully understand and predict
the relationship of BC properties with the release of its inherent
organic chemicals, which is critically important for sustainable
application of BC.

Besides organic compounds, BC may also contain some
metal contaminants (e.g, Cu, Cd, and Pb), which are mainly
originated from heavy metal-containing feedstocks such as
sewage sludge'”” and residue of biogas production'”> (SI Table
S4). It is suggested that pyrolysis is a promising method to
utilize sewage sludge and the obtained BC could significantly
reduce the bioavailability and leaching of heavy metals."'*>'”*
However, a previous study found that the conversion of sewage
sludge to BC reduced the content of PAHs but increased that
of heavy metals (Pb, Cd, Zn, Cu, Ni, and Cr).174 Moreover,
Stefaniuk et al.'”® observed that the contents of PAHs and
certain heavy metals in BC derived from residue of biogas
production increased with increasing HTT. We can infer from
these results that the release of heavy metals from BC not only
depends on heavy metal content in the raw materials but also
the transformation, morphology, mineral types, and dissolution
of heavy metals in BC under different HTTs, all of which
deserve further investigation in the future, especially under
different environmentally relevant conditions.

5.2. Negative Impact to Organisms. Despite the
acceptable content of contaminants (e.g, PAHs and heavy
metals) for the me;jority of BC, it may have a negative effect on
soil/water biota.'”*'”* For example, a significant correlation
between the content of PAHs in BC and toxicity was reported
for a sensitive organism (Daphnia magna).'”> Toxic effects of
BC were also observed for other tested organisms including
wheat,'”® collembolan,'”” and arthropod.173 However, it should
be noted that not all the negative effects are originated from the
inherent contaminants but probably from other characteristics
of BC such as the generation of free radicals,” high pH and
soluble K*, Na*.'””'”® On the other hand, although several BC
quality guidelines have been proposed including the IBI
Biochar Standard, the European Biochar Certificate, and the
UK Biochar Quality Mandate (SI Table SS), they only put a
limit on the total concentrations of PAHs and heavy metals in
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Figure 4. Schematic diagram for transport and fate of BC in soil/water systems. After released into soil, BC generally transports in environmental
matrixes via decomposition, runoff, and infiltration. In the interfaces between BC and solid (soil and sediment) as well as aqueous phase, the
dominant biogeochemical processes mainly include sorption/desorption, transformation by environmental components and/or UV, and interactions
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Figure 5. Suggestions for future research priorities of BC.

BC which could not fully reflect the real ecotoxicity of the
contaminants. Thus, more efforts are needed to examine the
bioavailability of contaminants in BC and closely related issues
such as combined toxicity of coexisting contaminants, effect of
environmental conditions on exposure of BC contaminants,
and precise approach for toxicity assessment.

5.3. Facilitated Transport and Transformation of
Contaminants. As mentioned in part 4.1, BC contains a
fraction of colloidal and dissolved carbon with distinct
environmental behavior relative to that of bulk BC. Figure 4
summarized the transport and fate of BC in the environment.

13525

Due to the high mobility in environments, they not only affect
the stability of BC but also could be a potential carrier for
sorbed contaminants.'”” The colloidal BC exhibits much higher
sorption affinity for PAHs and heavy metals than bulk BC
because of high Szpr and surface activity.'”> However, to our
best knowledge, there are few studies on the facilitated
transport of contaminants by colloidal BC in the soil/water
system. Furthermore, it is expected that the colloidal BC would
interact or heteroaggregate with other natural fine particles
(e.g, minerals) and NOM during the transport process, which
is likely to alter the suspension, chemical composition and/or
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surface charge properties of colloidal BC and thus the sorption
and desorption for contaminants. This knowledge is of
importance for better understanding the transport and
bioavailability of contaminants in the environment.
Additionally, recent studies revealed that BC is not a merely
passive sorbent but a catalytically active material that can
promote the degradation and redox reactions of organic
compounds and metals."**'”* 1t is found that catalytic ability
of BC is mainly derived from (1) the graphitic and (semi-)
quinone structures which can accept and donate electrons®"'®®
and (2) free radicals generated in BC production process which
generally have long lifetimes varying from days to months.”’
These properties of BC have significant consequences for
biogeochemical transformation and environmental behavior of
contaminants in soils. For example, free radical-promoted
degradation of p-nitrophenol,'”” 2-chlorobipenyl,”" and diethyl
phthalate'® was observed for various types of BC. These
studies highlight that apart from sorption, transformation
(degradation and redox) is also an important process regulating
the fate of contaminants after BC application. It is expected that
both the sorbed NOM and BC-colloid heteroaggregate would
affect the composition and redox capacity of BC, and thus alter
its binding mechanism with contaminants. However, compared
to engineered nanoparticles (e.%., graphene oxide,"®" carbon
nanotubes,'** gold nanoparticles 83), the heteroaggregation of
BC nanoparticles with minerals has not received much
attention although they have high stability against self-
aggregation and surface activity in aqueous solution. Additional
work needs to be done to clarify the mechanism of
heteroaggregation and how the attached NOM/minerals affect
(shielding or enhancing) the (electro)chemistry of BC surfaces.

6. SUMMARY AND PERSPECTIVES

In this review, the molecular structure, sorption, stability, and
environmental risk of BC in soil/water systems are discussed. A
majority of studies have demonstrated the great potential of BC
in various ecological and agricultural applications. However,
negative effects and environmental risk related to soil
amendment of BC should not be overlooked. Thus, more
effort should be given to a thorough understanding of BC
properties and their interactions with environmental matrixes
so that we can better predict the effect of BC on soil ecology
and biogeochemical processes. Specifically, several critical
research needs are generalized in Figure S.

First, a critical question confronting researchers is how to
more precisely relate the characteristics of BC with its starting
materials and charring conditions. Thus, the link between
thermal conversion of biomass and resulted BC properties
needs to be more elucidated. The pyrolysis of biomass is a
complicated process which could be distinct among feedstocks
due to varying compositions and contents of constituents. It is
necessary to combine multiple methods such as in situ
monitoring and analysis, advanced pyrolysis technology, and
mathematical modeling to more precisely understand the
pyrolysis mechanism of biomass and formation of BC, and
predict the properties of resulted BC.'** This would be useful
to design BC with preferable physicochemical properties for
specific purpose and effectively control the release of inherent
contaminants. Meanwhile, it is also very beneficial for the
synthesis of BC-based functional materials.

Second, the assessment of BC effect on the stabilization and
bioavailability of contaminants, agrochemicals, and nutrient
elements in soils should be further conducted. While sorption

of BC for a wide range of organic compounds and metal ions is
well-studied, the irreversibility and desorption kinetics of
sorbed chemicals with different soil conditions and increasing
aging time are still poorly understood. It is well accepted that
BC has a pronounced effect on reducing the leachability and
bioavailability of HOCs in soils due to high sorption affinity.
Comparatively, the interactions between BC and ionizable
compounds as well as metal ions are variable with BC surface
chemistry and solution conditions. Thus, further effort should
be focused on examining the aging effect on BC eflicacy in
stabilization of these chemicals under different soil conditions.
On the other hand, the colloidal and dissolved forms of BC can
be readily released from bulk BC by infiltration and surface
runoff,"®> however, how and to what extent can they affect the
transport and fate of contaminants in the environments is still
largely unknown.

Third, in order to maximize the potential benefits of BC in
soil environments, the interaction mechanisms of BC with plant
roots, microorganisms, and soil components (NOM and
minerals) warrant further research. It has been observed that
chemical and physical properties of soil can be influenced by
BC addition, such as pH, water content, and cation exchange
capacity.'®® However, soils have strong buffering ability so
whether the effects of BC are greatly assimilated in a short-term
after addition or it can make a significant change to soil
properties is still not clear at present. Similarly, the character-
istics of BC can also be altered by surrounding NOM, minerals,
and living organisms. For example, pore fouling of BC by humic
substances could result in pore blockage and impeded
desorption of HOCs.'"”'® Accordingly, can we believe that
the actual release of inherent contaminants from BC may be
less than expected? Conversely, we recently found that the
presence of low molecular weight organic acids is favorable to
the release of dissolved organic fractions and probably inherent
contaminants from BC by disrupting their linkages with BC
surface."®” This result at least indicates that the effect of BC in
rhizosphere may be different from that in bulk soil
Comparatively, the influence of BC on biogeochemical
processes in rhizosphere is still poorly known. Overall, the
net effect of BC in soils cannot be generalized at present due to
lack of sufficient data on the relationships of BC properties with
surrounding environments, soil components, and living
organisms.

Apart from the above-mentioned aspects, more concrete BC
classification based on distinct purposes of use need to be
established as soon as possible, which is of very importance for
comparison between BC products and more extensive
applications of BC. Moreover, the easily modified surface
functionality and porosity make BC a promising substrate for
the synthesis of various functional materials,”” which is still in
the infant stage and needs more research focus in the future.
The last but not the least, long-term benefit and risk
assessments of BC application in soils are required for the
development and application of environmental friendly and
sustainable BC materials.
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