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Abstract

Biochar is the carbon-rich product of the pyrolysis of biomass under oxygen-limited conditions, 

and it has received increasing attention due to its multiple functions in the fields of climate change 

mitigation, sustainable agriculture, environmental control, and novel materials. To design a 

“smart” biochar for environmentally sustainable applications, one must understand recent 

advances in biochar molecular structures and explore potential applications to generalize upon 

structure–application relationships. In this review, multiple and multilevel structures of biochars 

are interpreted based on their elemental compositions, phase components, surface properties, and 

molecular structures. Applications such as carbon fixators, fertilizers, sorbents, and carbon-based 

materials are highlighted based on the biochar multilevel structures as well as their structure-

application relationships. Further studies are suggested for more detailed biochar structural 

analysis and separation and for the combination of macroscopic and microscopic information to 

develop a higher-level biochar structural design for selective applications.

1. INTRODUCTION

Biochar is a solid, carbon-rich product obtained from the thermal treatment of biomass 

pyrolyzed under an oxygen-limited atmosphere.1 The massive production of agricultural 

waste in the world provides an abundant source for biochar preparation. It was estimated that 

both China and the USA have ~1.4 billion tons of annual agricultural biomass waste 

production, which has the potential to produce ~420 Mton biochar per year.2,3 Other 

countries, such as Zimbabwe4 and Ghana,5 can produce 3.5 and 7.2 Mton of biochar 

annually, respectively. Increasing attention is being devoted to biochar applications in the 

fields of agriculture, climate change, environmental remediation, and materials science. 
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Biochar, originating 2000 years ago in the Amazon Basin as terra preta black soil, is a long-

lasting additive producing rich agricultural soil.6,7 In 2006, Johannes Lehmann commented 

that biochar could lock-up carbon from the atmosphere in the soil to mitigate climate 

change.8,9 Later on, the sorption behaviors of biochar toward different organic pollutants and 

heavy metals were investigated for environmental remediation in 200810 and 2009,11 

respectively. Recently, biochars were developed into functional materials due to their cheap 

and sustainable properties.12 The diverse functionalities of biochar suggest multipurpose 

applications, but they require deeper understanding for smart biochar design.

Many different biomass materials can be utilized to produce biochars for different purposes. 

The challenge is how to choose the right precursors and preparation procedures to obtain 

biochars for specific purposes. The preparation methods for biochars could be classified as 

pyrolysis, gasification, hydrothermal carbonization, and flash carbonization.13 Compared to 

biomass, which is a living, colorful, and water-rich material with a low surface area, biochar 

is a black carbon-rich product with a high surface area and no cellular structure. The 

transformation of biomass during pyrolysis alters the structure in different ways and further 

influences the properties of biochar. Typical properties vary with the pyrolysis temperature 

and are listed in Figure 1. With increasing pyrolysis temperatures (100~700 °C), the biomass 

color changes from its original color to black, and the product yield (typically 91%–14% for 

pine needle-derived biochars10), polarity, hydrogen content (H%) (typically 6.2–1.3% for 

pine needle-derived biochars10), oxygen content (O%) (typically 42–11% for pine needle-

derived biochars10), and albedo of the biochars decreased. In contrast, the carbon content (C

%) (typically 50%–86% for pine needle-derived biochars10), ash percentage (typically 13%–

49% for rice straw-derived biochars14), aromaticity, pH, surface area (typically 0.65–490 m2 

g−1 for pine needle-derived biochars10), and zeta potential (ζ) increased with increasing 

pyrolysis temperature (100–700 °C). The hydrophobicity of biochar increases and then 

decreases with pyrolysis temperature, as recent studies show that aromatic surfaces are 

intrinsically mildly hydrophilic, but adsorbed hydrocarbon contaminants provide the 

hydrophobicity of the aromatic surfaces in the midtemperature range.15 The diversity of 

biochar with regards to its properties, structures, applications, and mechanisms inevitably 

requires a clarification of the relationships among variables, especially for structure-

application relationships, which are indispensable and of fundamental concern.

Several reviews summarized the applications of biochar.16,17 For example, researchers 

reviewed the sorption properties of biochars toward both organic and inorganic 

contaminants.18,19 Applications for climate13 and agriculture20 were also reviewed. In 2015, 

Liu et al. suggested that biochars be considered as functional carbon platform materials 

considering their lost-cost and sustainability, thus increasing the applications of biochar into 

the field of novel materials.12 These reviews made great strides to summarize and 

characterize biochar applications, which will greatly promote research. However, the body 

of literature regarding the structure of biochar, especially with regards to biochar 

applications, is inadequate. Despite considerable research and reviews on biochar, a critical 

review on the structure and application relationships of biochar is urgently needed to 

understand and develop these novel materials.
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A large number of precursor biomass and different preparation methods offers selective 

utilization opportunities for biochar, despite the enormous uncertainty and heterogeneity of 

biochar structures. To investigate the aromatic structure of biochar, many researchers 

suggested graphene and/or graphite as an ideal model.1,21,22 Nonetheless, the biomass will 

go through aromatization and graphitization processes at high pyrolysis temperatures 

(≥500 °C), but the heterogeneous nature and structures of middle pyrolysis temperature-

derived biochar are not fully comprehended. Additionally, besides the major element 

“carbon”, many other elements exist in biochar, which affects the corresponding role, 

function, and application of the material. The elements form different phases within biochar, 

which provides unique physical properties. The surface chemistry of biochar becomes 

critical because the interfaces between biochar and the aqueous phase provides important 

sites for sorption and reaction, including surface functional groups, surface radicals and 

surface charge. Heterogeneous biochar can be viewed as an aggregation of multiple 

molecules, containing both skeletal and small extracted molecules (Figure 2). To date, a few 

studies have focused on biochar structures, but a systematic summary detailing the structures 

of biochars is still lacking. In 2017, a quaternary structural model of biochars was proposed 

from the macroscopic to microscopic level for high pyrolysis temperature-derived biochars.
21 In this review, we will interpret the multiple and multilevel structures of biochars from 

their elements, to phases, to surfaces, and to molecular structures (Figure 2). With the 

knowledge of biochar structures, their relationships to applications are further discussed in 

four different areas: agriculture, fertilizers; climate, carbon sequestration; environment, 

sorbents; and materials, functionalization. We summarize the advances in biochar structures 

and applications and begin to establish structure–application relationships with the overall 

goal to design smart biochars for environmentally sustainable applications.

2. MULTIPLE AND MULTILEVEL STRUCTURES OF BIOCHARS

2.1. Elements.

The elements present are the fundamental building blocks of biochars. During the pyrolysis 

of biomass, elements within the biochar experience different physicochemical processes and 

form different species and products, thus contributing to the diversity of biochars. The 

species and functions of these elements are listed in Table 1. These elements are part of 

global geochemical processing, and they have different mass percentages and functions 

within biochars. Among these elements, C, H, O, and N are the most common elements and 

generally contribute to the major structures of biochar; Si, Fe, P, and S show a wide range of 

mass percentages in specific biochars, whereas some elements (such as Si, N, P, S, and Fe) 

are nutrient elements for specific plants. In global geochemistry cycles, some elements (C, 

H, O, S, and N) are bidirectional in their cycling from the atmosphere to the earth, whereas 

other elements (P,and Si) are unidirectional due to the lack of atmospheric species. The 

multiple roles of multiple elements endow biochar with unique structures and functions. 

Thus, in this section, the chemical state, species, functions, applications, and geochemistry 

cycling involved with biochars are discussed.

Carbon.—Carbon is the most important and the most abundant element in biochars. The 

carbon species within biochars can be classified as carbonate and bicarbonate in the 
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inorganic phase and aliphatic carbon, aromatic carbon and functionalized carbon in the 

organic phase (Table 1). It is quite difficult to precisely differentiate these carbon species. 

During the pyrolysis process, the inorganic carbon may transform from hydrated carbonate 

to bicarbonate, carbonate or even be lost in the form of CO2, depending on the type of 

inorganic crystal.38 As for the organic carbon, the carbon transformed from cellulose/

hemicellulose/lignin in the biomass becomes aliphatic carbon in the middle pyrolysis 

temperature-derived biochars, and further also results in aromatic carbon at high pyrolysis 

temperatures after dewatering, cracking, and aromatization reactions.39 These transitions 

were confirmed by Fourier transform infrared spectroscopy (FT-IR),10,40 Raman 

spectroscopy,41 cross-polarization magic angle spinning (CPMAS), solid 13C nuclear 

magnetic resonance spectroscopy (NMR),42 and other characterizations. More recently 

developed technologies were applied to gather more chemical information about the carbon 

species in biochar, such as two-dimensional 13C NMR.43,44 These characterization methods 

can distinguish between atomic and alkyl carbons; however, it is still difficult to differentiate 

the functionalization of the carbon. The chemical species of carbon is critical for 

applications in agriculture, ecosystems, and carbon sequestration because the chemical 

species determine the stability and reactivity of the carbon in biochar.

Silicon.—Although not all of the biomass or agricultural waste that is pyrolyzed into 

biochars contains silicon, silicon-rich biomass such as rice straw, rice husk, and corn straw 

are vital feedstocks for biochar production and essential plants for food production.14,45 In 

fact, silicon is a required nutrient for silicophilic plants (such as rice, maize, wheat, and 

barley),46 protecting these plants from insects, heavy metals, infestation, light, and drought.
47–49 Moreover, our previous studies found that the silicon in biochars contributed to the 

sorption and retention of heavy metals (such as aluminum26,50 and cadmium24) in aqueous 

systems. The dissolution of silicon from biochars to form monosilicic acid in water25 was 

found to be important in the biochar sorption of metals.

Our research group first investigated silicon transformation in rice straw derived biochars 

under different pyrolysis temperatures.14 In the biomass, silicon existed as phytoliths in the 

form of silicic acid and polymeric silicon that can easily dissolve.45 During charring, the 

silicon becomes dehydrated and polymerized, and upon further pyrolysis, and the polymeric 

silicon was partially crystallized. Rice straw biochars pyrolized at high temperature display 

higher silicon dissolution than low pyrolysis temperature-derived biochars. Additionally, Si-

rich biochars show much higher silicon dissolution tendencies than their corresponding ash 

or soil, which contain large amounts of silicon in the form of silicate.14,51 Because many 

arable lands in the world are suffering from silicon depletion, the Si-rich biochars with high 

silicon dissolution capacities may provide a slow-release Si-fertilizer for soil.

Silicon represents a major fraction of the inorganic phase in Sirich biochars (composing 

~38% of the mass in rice straw ash),14 and it seems to be separated from the organic matter 

in biochars. However, according to the results of scanning electron microscopy-energy 

dispersive spectroscopy (SEM-EDS), a mutual protection exists between carbon and silicon 

under different pyrolysis temperatures. The carbon layer protects the silicon from dissolution 

under low pyrolysis temperatures, and the silicon layer protects the carbon from loss under 
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high pyrolysis temperatures.14 Our study further indicated that the silicon may promote 

recalcitrance and stability in biochars.52

Figure 3 provides a schematic of the coupling cycles of carbon and silicon in biochar and the 

terrestrial ecosystem. In the environment, the Si-rich biomass takes-up CO2 from the 

atmosphere and silicic acid from the soil solution. However, with increased charring 

temperature, the interlaced C−Si content starts to separate and form corresponding crystals, 

which are stable over long periods. With burning and dissolution over a long period of time, 

the carbon and silicate minerals release CO2 and silicic acid which becomes available to 

plants, thus completing the geochemical cycle. This type of C−Si coupling illustrates the 

vital role that biochars play in the geochemical cycling of these essential nutrient elements. 

It also indicates the need for more research for a better understanding of the role of biochar 

in global carbon and silicon balances as well as the important agricultural function of silicon 

in biochar.

Hydrogen.—There are three species of hydrogen that exist in biochars: aliphatic hydrogen, 

aromatic hydrogen, and active functionalized hydrogen (Table 1). For typical biochar, the 

hydrogen weight percentage in organic matter decreases from ~6% at low pyrolysis 

temperatures to ~1% at high pyrolysis temperatures.10 The low hydrogen content makes it 

more difficult to characterize biochars by FT-IR or H NMR. Therefore, the speciation of 

hydrogen within biochar is qualitatively assessed by elemental analysis and characterizing 

other elements, such as carbon or oxygen. Because the H/C atomic ratio for aliphatic organic 

matter in biochars is approximately 2.0, and the H/C atomic ratio of aromatic organic matter 

decreases with larger fused aromatic clusters, the H/C atomic ratio is widely regarded as an 

aromaticity index for biochars.22 Compared to the stable aliphatic and aromatic hydrogen in 

biochars, more uncertainty exists regarding the active functionalized hydrogen. Active 

hydrogen atoms in functional groups can be associated/dissociated under proper pH 

conditions, and this is easily probed by a pH meter. The association/dissociation interaction 

may lead to formation of intra-and intermolecular H-bonds, causing different polarities 

between the bulk biochar and its surface.53 Hydrogen bonds (D−H···:A) are generated 

between the biochar surface and ionizable molecules by sharing protons.54 Therefore, 

hydrogen acts as an important building block for biochar structures, and it plays a key 

bridging role in biochar sorption toward ionizable molecules.

Oxygen.—In the inorganic phase of biochars, oxygen mainly exists in the form of metallic 

oxides, hydroxides, or inorganic clusters such as carbonate, bicarbonate, and sulfate (Table 

1). Inorganic oxygen is generally stable and contributes to the alkalinity of biochars. In the 

organic phase of biochars, oxygen atoms are mostly attached to carbon atoms, forming 

different types of functional groups, including hydroxyl, epoxy, carboxyl, acyl, carbonyl, 

ether, ester, and sulfonic groups (Table 1). Because the oxidation process in natural 

environments regularly induces oxygen into the organic structures of biochars, the O/C 

atomic ratio is thus widely considered to be an indicator of the degree of aging/oxidization 

undergone by biochars.55–58 This oxidation induces the formation of carboxyl groups, and it 

could somehow benefit the sorption of aluminum59 and lead.60 The release of CO2 from 

carboxyl groups may be an important reaction in the labile fraction of biochars, although the 
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structural framework to which the carboxyl groups were attached might be considered to be 

stable carbon. More details are discussed in the section on surface functional groups because 

oxygen-containing groups contribute significantly to biochar functional groups.

Nitrogen.—In biomass, nitrogen mainly contributes to the peptide bond in protein. 

Normally, biochar feedstocks such as plants and wood are nitrogen-poor materials due to 

their rather low protein content, whereas materials such as grass or leaves contain relatively 

higher protein contents and are nitrogen-rich materials. For example, casein, grass, and 

wood-derived biochars were reported as containing ~15%, ~7%, and 0.3−1 wt % nitrogen, 

respectively.10,61 Although many researchers have studied nitrogen-rich biochars, only a few 

focused on the nitrogen speciation within biochars. Theoretically, the structures related to 

nitrogen contain pyrrole, pyridine, amine, imine, acylamide, nitroso, and nitro groups (Table 

1). Reports indicate that the total nitrogen content within biochars increases and then slightly 

decreases with increasing pyrolysis temperature.10,61,62 Knicker et al. identified a model 

biochar and suggested that the N forms are mainly pyrrole-N, amide-N, and pyridine-N.63 

During pyrolysis, peptide-N bonds were transformed to N-heteroar-omatic carbon 

compounds, whereas some amide-N within biochars decreased with increasing pyrolysis 

temperature.61 Pietrzak et al.64,65 studied the reaction of ammonia/urea with coal and found 

that the nitrogen was introduced at 500−700 °C in the form of pyridinic-N and pyrrolic-N as 

well as imine-N, amine-N, and amide-N. For the pyridinic-N and pyrrolic-N, many studies 

on carbon materials (such as graphene66) were conducted with nitrogen-doped carbon 

materials to modify the electronic band structures, and they acted as the active sites for 

reaction. This may explain the observations that nitrogen-rich biochars show greater heat 

resistance but less chemical-oxidation stability than nitrogen-poor biochars.61 After 

application into soil, the fate of extractable N becomes of research interest. By applying 

different extraction methods, different species of extractable N, including that from 

ammonia, amino sugars, amino acids, and total hydrolyzable forms, were found to decrease 

with pyrolysis temperature.67

In fact, there is uncertainty whether the extracted N comes from organic matter or inorganic 

matter in biochar. Nitro- and nitrito-N were also found in biochars derived from agricultural 

biomass (rice husk), forestry waste (sawdust), and wetland plants (Acorus calamus) at 

650 °C.68 However, the nitrogen content of biochars is usually too low to be considered a 

nitrogen fertilizer alone. The biochars with high C/N ratios have limited N availability, and 

additional nitrogen fertilizer might be needed to improve microbial and plant growth in soils.
69–71 For example, it was reported that 5% biochar combined with mineral fertilizer 

(containing 0.0134% N) shows remarkably higher promotion of oat growth than biochar 

alone.72

The nitrogen dynamics of biochars applied as additives in soil systems are of considerable 

interest, including the effects on nitrogen-sorption, nitrogen-fixation, nitrification, and N2O 

greenhouse gas (GHG) emissions. Multiple studies indicate that biochars show a high 

affinity for the sorption of ammonium nitrogen (NH4
+) by cation-exchange, but no influence 

on the removal of nitrate-N.73–77 Ammonia sorbed onto biochars is reported to be 

bioavailable,78 and thus biochars are regarded as a nutrient-retention additive to maintain the 

nitrogen in soil.73,79 It is a soil “conditioner,” which improves the tilth, water holding 
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capacity, and nutrient holding capacity of soil.1 Additionally, it stabilizes the carbon and 

nitrogen, thus reducing the emissions of GHGs (CO2 and N2O). Biochars were reported to 

increase the biological nitrogen fixation proportion of common beans from 50% without 

biochar to 72% with 90 g kg−1 biochar added,28 and stimulated both the nitrification and 

denitrification processes with a result of reducing N2O emissions.80 The reduction order of 

N2O emissions by giant reed-derived biochars additives in soils differed with pyrolysis 

temperatures, following the order BC200 ≈ BC600 > BC500 ≈ BC300 ≈ BC350 > BC400 

(BC refers to biochar, the suffix number represents the preparation pyrolysis temperature of 

biochar).81 The “electron shuttle” of biochar may facilitate the transfer of electrons to 

denitrifying microorganisms as well as the “liming effect” of biochars, which promote the 

reduction of N2O to N2, leading to a 10−90% decrease in N2O emissions in 14 different 

agricultural soils.82 The carbon and nitrogen cycles are affected in three ways by biochar. (1) 

During biochar processing, carbon becomes more recalcitrant and nitrogen becomes less 

available, thus stabilizing the biochar product.83 (2) Microbial and plant growth in soils with 

biochar additives are limited by the low nitrogen content, and less microbial growth 

stabilizes and reduces carbon mineralization.84 (3) The sorption of NH4
+ onto the carbon 

components of biochars improves the nitrogen retention in soil systems.

Phosphorus.—Unlike carbon, hydrogen, oxygen, and nitrogen, which are lost during the 

pyrolysis process, phosphorus does not volatilize at temperatures below 700 °C,16 leading to 

an enhancement of phosphorus under typical pyrolysis temperatures. Ngo et al.85 reported 

an overwhelming dominance of inorganic phosphorus compared to organic phosphorus in 

bamboo-derived biochar produced at 500−600 °C. Considering the fact that the phosphorus 

in biomass is mostly organic (such as monophosphate and phosphate diesters62) (Table 1), 

the phosphorus species transformation during pyrolysis is dramatic and discussed by 

Uchimiya and Hiradate.86 Using 31P NMR analysis, they proposed that the phytate is 

converted to inorganic phosphorus from manure and plant-derived biochars at 350 °C.86 

Regarding inorganic phosphorus, the pyrophosphate (P2O7
4−) in plant material was 

persistent in biochars pyrolyzed at temperatures up to 650 °C and the orthophosphate 

(PO4
3−) became the sole P-species for manure biochars at pyrolysis temperatures higher 

than 500 °C.86

Similar to silicon, phosphorus is an important nutrient for plant and microbe growth. The 

geochemical cycle of phosphorus is also unidirectional from land to sea because there is no 

gaseous phosphorus species, and it is difficult to transport ocean phosphorus back to the land 

ecosystem except via the slow crustal plate movement of subduction. Thus, making a slow 

releasing P-additive in the form of biochar was proposed to retain more phosphorus in soil.87 

The effects of the pH and other anions and cations on the release of phosphorus were further 

investigated.88 These results report that high pH soils greatly hinder the release of 

phosphorus.88 However, other anions could enhance the orthophosphate (PO4
3−) release due 

to competing ion exchange reactions.89 Competing cations will decrease the release of P due 

to the formation of precipitates.89 Furthermore, phosphate in biochars could immobilize 

some heavy metals by precipitation, such as β-Pb9(PO4)6 precipitates11or insoluble 

hydroxypyromorphite Pb5(PO4)3(OH).90 In summary, phosphorus in biomass was 
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transformed from organic P to inorganic P via carbonization and can then serve as a nutrient 

for the soil system or as a sorption site for heavy metals.

Other Elements.—In addition to the major elements mentioned above, there are other 

trace elements that could exist in biochar. Under most circumstances, these elements 

constitute only a small fraction of biochars (typically with the concentration level of mg kg
−128). Dopants may also be added to provide special chemical properties to biochars. 

Nutrient elements such as Na, K, Ca, Mg, and Mn88,91–96 constitute important fractions of 

biochars, and other elements designed to functionalize biochars may be added. For example, 

~20% Mg (in the form of MgO) was loaded onto biochars and increased CO2 capture from 

~0.1 to ~5 mol CO2 per kg biochar.35 By inducing sulfuric acid groups onto biochars, a solid 

acid catalyst can be formed for transesterification,97,98 hydrolysis reactions,30,99 and 

biodiesel production.100,101 Sulfonation is known to increase the solubility of carbon 

materials in aqueous systems.29 Early in 2011, our research group31 reported on novel 

magnetic biochars prepared by the coprecipitation of Fe3+/Fe2+ onto orange peels followed 

by pyrolysis. These magnetic biochars (with ~13 wt % Fe) show efficient sorption 

performance toward organic pollutants and almost thrice the sorption capacity toward 

phosphate compared to nonmagnetic biochars pyrolyzed at 700 °C. Magnetic biochars can 

be easily separated from wastewater and thus have great potential for environmental and 

agricultural applications. Manganese oxide-modified biochars have been reported to benefit 

the sorption of arsenate, lead, and copper.102,103 Moreover, some elements have a great 

impact on shaping the biochar structure, such as Zn as a pore-maker and Fe for its promotion 

of graphitization.32 In addition, some trace metals (such as Cu and Al) show promise for 

producing favorable structural properties in biochars, but they must be evaluated for their 

toxicity prior to being adopted as soil additives.104,105 There are many other elements that 

could be bonded to biochars, but we must first understand their toxicity, speciation within 

biochars during pyrolysis, and influence on biochar carbon stability and structure.

2.2. The Phases.

Organic Phase.—The bulk of biochar was formed via forming massive chemical bonds 

between the mentioned elements. Previous researchers, without knowing the exact structure, 

considered biochar to be a solid phase. Furthermore, this solid biochar could be subdivided 

into various different phases. Our knowledge of biochar phases continues to evolve over 

time (Figure 4). Besides classifying biochars into organic and inorganic phases, we may also 

consider their aliphatic and aromatic chemical nature.106–108 In terms of their sorption 

mechanisms, we can differentiate biochar into an organic-partitioning and a surface 

adsorption phase, which comprises the total sorption of organic molecules.10,109–111 

Furthermore, on the basis of solubility, biochar can be classified into a dissolved phase and 

an undissolved phase;25,112–114 and in view of carbon stability, a labile phase can be defined 

in which the carbon fraction can be mineralized under natural soil conditions, while the 

stable phase remains recalcitrant.115–118 With increasing pyrolysis temperature, biochar 

undergoes dehydration, disruption of the organic components, and successive aromatization. 

The aliphatic labile portion and dissolved-phase fraction decrease, whereas the aromatic 

stable portion and undissolved-phase increase. It was reported that the labile carbon 

percentage of sugar cane-derived biochars decreased from 1.08% at a 350 °C pyrolysis 
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temperature to 0.29% at a 550 °C pyrolysis temperature.118 Additionally, the dissolved 

carbon percentage decreased from ~14% in 100 °C-derived dairy manure biochar to ~0.2% 

in 700 °C-derived dairy manure biochar at a pH of ~12.25

Recently, four different chemical phases and physical states were proposed: (1) a transition 

phase with the preserved crystalline character of the precursors; (2) an amorphous phase 

with cracked molecules and aromatic polycondensations; (3) a composite phase with poorly 

ordered graphene stacks; and (4) a turbostratic phase with disordered graphitic crystallites.40 

The aliphatic phase, labile phase, partition phase, and dissolved phase are similar but not the 

same as each other. The aromatic phase, stable phase, adsorption phase, and undissolved 

phase are also similar but not the same as each other. For example, unlike the other phases 

where the pH has little effect, the dissolved carbon phase is strongly affected by the pH.25 

Part of the dissolved carbon phase can be oxidized to CO2, indicating that the dissolved 

phase partially contributes to the labile phase.113 The labile carbon fraction is related but not 

the same as the dissolved carbon fraction.117 A portion of the biochar aromatic phase 

represents the labile form in biochars but may not be persistent.108 Even though there are 

various definitions and research on the organic phase of biochar, more investigations are 

needed, especially regarding the separation methods, structure−function relationships, 

biological effects, and environmental fate of these different phases including their 

nanoformed particles.

Inorganic Phase.—Because of the existence of minerals in biomass, biochars are actually 

a mixture of interlaced inorganic−organic structures. These inorganic phases interact with 

and influence the organic phases in biochars and thus impact their properties, making the 

understanding of mineral phase transformations during pyrolysis of great importance.

Figure 5 summarizes the possible phase transformations of several typical mineral 

components generated during biomass pyrolysis. Possible reactions that could occur in the 

inorganic phase during pyrolysis include dehydration, dechlorination, polymerization, 

decarboxylation, crystallization, and reduction. For example, the silicic acid within the rice 

straw will polymerize to form polymer silicon and further crystallize to quartz with 

increasing pyrolysis temperatures.14 Commonly, with increasing pyrolysis temperatures 

under limited oxygen, the inorganic matter starts as chloritized, hydroxylated, or carbonated 

metals and then transitions to metallic oxides, some of which can be reduced to pure metals 

because of the strong reducing atmosphere during pyrolysis (Figure 5). By taking advantage 

of this transformation process during biochar preparation, researchers are able to create 

magnetic,31 zerovalent Fe,33 and zerovalent Cu coated biochars.120 Under higher pyrolysis 

temperatures, calcium carbide (CaC2), an important starting material for the production of 

many chemicals, could be manufactured by mixing fine biochars with CaO.121 Figure 5 

gives the mineral speciation of several elements in biochar. Studies on the inorganic phase of 

biochars are relatively easier to define than the organic phase due to the higher atomic 

sensitivity of metal atoms for characterization. Still, there are many other metals, species and 

mixed crystals that remain unknown and require further research.

The functions of inorganic matter in biochars include but not limited to the following: 

providing magnetism;31 catalyzing the decomposition of organic pollutants and metals-
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involved catalysis reactions;33,37,120,124–127 and providing pore-forming agents,128–130 

carbon sequestration agents,35,131,132 slow-release nutrients,87,88,133–136 heavy metal 

coprecipitators,11,103,137–144 and heavy metal stabilizers.145 Magnetism emanates from the 

loading of γ-Fe2O3
31 and the catalysis is from active zerovalent iron or transition metals,

33,37,120,124–127 and pore-forming agents include KOH, ZnCl2, and others.128–130 The effect 

of carbon fixation depends on the mineral type. A five year laboratory experiment indicated 

that 0.5%−8.9% of biochar carbon was mineralized, and manure-derived biochars mineralize 

faster than plant-derived biochars,131 whereas copyrolysis with kaolin, calcite (CaCO3), or 

calcium dihydrogen phosphate (Ca-(H2PO4)2) decreases 0.3%−38% loss of carbon from 

biochars during tests with potassium dichromate oxidation.132

By converting the easy-to-dissolve metallic elements to their difficult-to-dissolve species, 

heavy metals can be stabilized within biochars.145 In summary, mineral species within the 

biochar are transformed by the pyrolysis temperature and affect the biochar structure and 

applications in various ways. However, more knowledge is needed on the dissolution 

behavior, toxicity, carbon stability, nanoeffects, and possible catalytic ability of inorganic 

nanoparticles.

2.3. The Surfaces.

The surface of biochar is the main interface where many chemical and biological reactions 

and interactions occur. Knowledge of the biochar surface chemistry has evolved over time 

(Figure 4). After categorizing the nature of the biochar surface (aliphatic or aromatic), the 

functional groups on biochar were elucidated.25 Following that came the discovery of free 

radicals on the biochar surface.146 In this section, the surface functional groups, charge, and 

free radicals are discussed.

Surface Functional Groups.—Characterizing the surface functional groups of biochars 

can explain their surface chemistry and reactions. Besides aliphatic and aromatic groups, 

surfaces may include hydroxyl, epoxy, carboxyl, acyl, carbonyl, ether, ester, amido, sulfonic, 

and azyl groups. Characterization methods have been applied to analyze these functional 

groups, such as solid-state 13C NMR,147 FT-IR,148 X-ray photoelectron spectroscopy (XPS),
149 and C-1s near-edge X-ray absorption fine structure spectroscopy (NEXAFS).149–153 

Although there are many different types of functional groups and advanced technology for 

the analysis of functional groups, the precise characterization to distinguish all functional 

groups was still difficult.

To simplify this process, some studies have focused on surface phenolic−OH, carboxyl, 

carbonyl, and ester groups as functional groups on biochars.101,154 These are among the 

most abundant functional groups at the surface of biochars.149,154 Another reason is that 

these functional groups can associate/dissociate with protons in the environment, thus 

leading to hydrogen bondinduced sorption,59,143,155–157 biochar alkalis,23 pH buffering,158 

hydrophilicity/hydrophobicity, surface charge alterations, a cation exchange capacity (CEC),
158 and capacitance improvement.159 Consequently, defining the dissociation constants 

(pKa) and the contents of these functional groups become vital to understanding the surface 

properties of biochars. Boehm titration methods have been widely applied to measure the 
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carboxylic acid fraction, lactonic group fraction, and phenolic functional groups for organic 

materials by NaHCO3, Na2CO3, and NaOH, respectively.160–162 This method offers an easy 

way to measure different functional groups without knowing their pKa values.

Recently, we proposed an integrated method combining FT-IR and a modified acid/base 

consuming model to quantitatively identify the chemical states, dissociation constants (pKa), 

and contents of surface functional groups within dairy manure-derived biochars.25 This 

model offers a method to quantify the contents of different functional groups, but it still 

requires further investigation to improve the detection accuracy and parameter-fitting results 

due to the complexity of biochars.

Surface functional groups vary greatly with pyrolysis temperature. The original 

lignocellulose H-bond networks in biomass were removed, and free hydroxyls were 

transformed into carboxyls during the pyrolysis process.163 FT-IR indicated that oxygen-

containing groups decreased markedly with increasing pyrolysis temperatures.10,164 Two-

dimensional (2D) 13C NMR data showed that carbonization resulted in a dehydroxylation/

dehydrogenation and aromatization process, along with cleavage of O-alkylate and aromatic 

O−C−O groups as well as the formation of aromatic C−O groups.43

The functional groups on biochar not only served as sorption sites for metal 

cations26,50,155,157,165 and ionizable organic pollutants166,167 but also provided a perfect and 

cheap active site for the surface chemistry modification of biochar, including oxidation,60 

amination,168 and sulfonation.98 For example, the oxidation of biochar can induce more 

carboxyl groups after soil aging149 or treatment with hydrogen peroxide.60 The amino-

modification of biochar enhanced the sorption of copper ions.168 Additionally, sulfonation 

increased the stearic acid esterification speed of pine pellet biochar.98 Other studies have 

reported the introduction of sulfonic acid as benefiting the solubility of carbon materials.29 

As a vital part of the biochar surface, functional groups are important interfacial sites, and 

more studies are required to quantify them, their contents, their chemical states, and their 

corresponding applications.

Surface Charge.—We are lacking sufficient knowledge of the surface charge on biochars. 

The surface charge makes biochar attractive or repulsive to other charged molecules24,169 

and bacteria,170 forming an electrical double layered structure. Thus, biochars display 

colloidal properties similar to the properties of soil. The origin of the surface charge on 

biochars is believed to be its aliphatic/aromatic surface and the dissociation of functional 

groups, such as carboxyl moieties.163 Therefore, the surface charge of biochars is highly 

correlated to the pH in the aqueous phase. It remains negative over the natural pH range (pH 

= 4−12), but in strongly acidic systems, the surfaces of biochars are positively charged. Once 

the pH increases above a pH of 4, the surfaces of biochars become more negatively charged.
171 Nonetheless, electrostatic interactions impact the transport of ions, nanoparticles, and 

biochar particles.172 This influence is strongly regulated by the solution pH.

Surface Free Radicals.—In 2014, Liao et al. published a comprehensive description of 

the biochar’s surface free radicals of biochars.173 They reported abundant and quite 

persistent free radicals within biochars derived from corn stalks, rice and wheat straws as 
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observed by electron paramagnetic resonance (EPR).173 The radical species transitioned 

from oxygen-centered radicals to carbon-centered and oxygen-centered combined radicals 

with increasing pyrolysis temperatures.173 Free radicals can be generated during the charring 

process.173–175 Free radical transitions were monitored via in situ EPR observations.173 

Aromatic carbon atoms played an important role in stabilizing the surface free radicals due 

to their electron-rich aromatic surface at high pyrolysis temperatures.

Although it is difficult to know the specific structures of all free radicals, phenoxyl and 

semiquinone radicals were typically assumed to be the oxygen-centered radicals.173 Strong 

·OH radicals in the aqueous phase were induced by free radicals in biochars. The free 

radicals in biochars may be a major reason for the inhibition of the germination of plant 

seeds, root and shoot growth retardation, and damage to the plasma membrane.173 Other 

studies indicated that abundant free radicals on the biochar surface could react to activate 

hydrogen peroxide,146 persulfate176 and benefit the degradation of organic contaminants, 

such as 2-chlorobiphenyl,146 diethyl phthalate177 and polychlorinated biphenyls.176 Free 

radicals within biochars may be the reason for the electron accepting capacity in high 

temperature pyrolysisderived biochars, as measured by mediated electrochemical analysis.
178 Surface radicals on biochars are essential reactive sites, and more attention to their 

persistence, toxicity, pollutant degradation ability, and environmental impact should be paid.

2.4. Molecular Structures.

Extracted Small Compounds.—As one part of biochar molecules, the extracted small 

compounds have received much attention due to their high mobility and possible toxicity. It 

was reported that the released fraction from two softwood pellets-derived biochars with high 

volatile organic compounds (VOCs) almost completely inhibited 94% and 100% of cress 

seed germination under 5% biochar treatment.179 After excluding the effects of salt and 

water stress, researchers believed that the mobile organic compounds were responsible for 

the adverse effects on germination.180 However, it is still unclear which compounds are 

responsible, although phenolic compounds are the leading suspect.180 Additionally, full 

identification remains a big challenge due to their low concentration on biochars, lack of 

viable extraction methods, and theoretical limitation for interpreting mass spectral results. 

Even if these compounds could be identified, quantification becomes difficult due to the lack 

of standards and low concentrations. In that case, using a similar compound as a standard or 

applying relative contents calculated from the peak area could be compromise methods.
181,182

The extraction of small molecules from different biochars is reported in Table S1.183–190 

Regarding content analysis of the compounds, the depolymerization and C3-side chain 

shortening occurred at approximately 200−300 °C. The demethoxylation of syringyl and 

gualacyl lignins appeared at 300−400 °C; dehydroxylation and demethoxylation to remove 

methoxyl groups appeared at 350−400 °C; complete dehydroxylation of lignin and other 

biopolymers occurred at 400−500 °C; condensation into aromatic clusters occurred at 

300−500 °C; and the partial removal of alkyl bridges between aromatic moieties occurred at 

450−500 °C.182 The related results showed that short carbon chain aldehydes, furans and 

ketones were the major adsorbed VOCs on biochars pyrolyzed below 350 °C, whereas 
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adsorbed aromatic compounds and longer carbon chain hydrocarbons dominated in biochars 

produced under 350 °C.

Regardless of the impact of the pyrolysis temperature, gasified biochars contained higher 

polycyclic aromatic hydrocarbons (PAHs) and more bioavailable PAHs than produced by 

fast pyrolysis, which were generally less than biochars derived at slow pyrolysis 

temperatures.185 Normally, the total PAH content within a biochar was ~60 mg kg−1, which 

also depends on the type of precursors. For example, biochars produced from rice husks 

contained 64 mg total PAHs/kg, whereas wood biochar produced 9.5 mg kg−1 PAH.189 

Hydrothermally carbonized plant materials displayed much higher VOC contents (0.2−1.6 

wt %), including benzenic, phenolic and furanic volatiles along with other aldehydes and 

ketones.183 Mostly, the total PAHs refers to the 16 USEPA PAHs, which are considered 

toxic and persistent. They generally decrease with increasing pyrolysis time and 

temperature,185 and some researchers suggested that the solvent-extractable PAH 

concentrations in biochars reach a peak concentration at a pyrolysis temperature between 

400 and 500 °C.187,191 However, some researchers argued that the total PAHs extracted from 

biochars are quite low in most cases, and they are below the existing environmental quality 

standards (maximum acceptable concentration of 8 mg kg−1 for Norway).184,185

The conversion of sewage sludge containing noticeable PAHs to biochar could greatly 

reduce the PAH content,190 and the addition of biochar could adsorb the dissolved PAHs 

from sewage sludge.192 Thermal drying at 100, 200, and 300 °C can greatly reduce the PAH 

concentrations of biochar within 24 h at the levels of 33.8−88.1%, >93.3%, and >97%, 

respectively.188 In addition, blending with low VOC biochar (containing 90% low VOC 

biochar) was effective in reducing the toxicity of small compounds by at least 50%, whereas 

simple open-air storage was insufficient.179 In short, the extraction of small compounds 

comprised only a small part of the total biochar mass (generally <5%), whereas a large 

fraction of the small molecules in biochar remain unknown. The mobility, toxicity, 

concentration, and bioavailability are the main questions regarding these small compounds 

extracted from biochars. Whether biochar is a source or sink for small extracted compounds 

and the role of these compounds in the formation of surface radicals remain unclear.

Skeletal Structures and Models of Biochars.—The small compounds extracted from 

biochars differ depending on various precursors (Table S1) and pyrolysis temperatures. 

However, the small extracted molecules comprise only a small part of biochar mass, less 

than one-hundredth. Thus, a large amount of biochar mass remains nonextractable and 

unknown. Theoretically, the unextracted fraction of biochars should contain larger molecular 

weight compounds and stronger chemical bonds than the extracted compounds and are thus 

difficult to detect. As it contains heterogeneous structures, biochar is postulated to contain 

multiple molecules with different molecular weights following the Gaussian distribution law,
21 similar to the molecular weight distribution in polymers. Therefore, the research focus of 

biochar structures should consider both the entirety of the structure and small-scale features. 

Studying the extracted small compounds will benefit the understanding of reactions and 

properties at the micro- and nanoscales. Meanwhile, an integrated and skeletal structural 

view will help to elucidate the heterogeneous structures of biochars and will assist in the 
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modification, engineering, and application of biochars for solving new problems, especially 

as we begin to see their potential as integrated global materials.

To investigate the skeletal structures of biochars, solid 13C NMR, Raman spectroscopy, and 

the H/C atomic ratio were applied. Understanding biochar skeletal structures evolved from a 

hypothesis to a calculated structure to an actual observation (Figure 4). According to the 

ideal development of biochar structures proposed by Downie et al.,1 the skeletal carbon 

within biochars experienced amorphous aromatic carbon, conjugated aromatic carbon, and 

graphitic carbon successively with increasing pyrolysis temperatures.1 Later on, Brewer et 

al. characterized the structures of biochars from fast pyrolysis and gasification, and they 

proposed aromatic cluster models of these biochars calculated by quantitative 13C NMR.119 

The skeletal structures of the chars in Terra Preta soils were analyzed by quantitative 13C 

NMR spectroscopy and were shown to have ~6 fused aromatic rings with abundant COO− 

groups. Recently, we proposed a simplified method to calculate the fused aromatic clusters 

of biochars derived from different pyrolysis temperatures by the H/C atomic ratios according 

to the rectangle-like polycyclic aromatic ring model.22 The aromatic cluster structures of 

biochars derived at pyrolysis temperatures of 500 and 700 °C were further calculated as 

owning 5 × 5 and 10 × 10 rectangle-like polycyclic aromatic structures with the aromatic 

cluster sizes of 1.25 nm × 1.25 and 2.5 nm × 2.5 nm, respectively.22 In addition, the H/C 

atomic ratio could also act as a smart linkage to build a quantitative relationship based on the 

pyrolysis temperatures, aromatic clusters, and sorption properties of biochars, as 

summarized from published and unpublished data from worldwide laboratories with diverse 

precursor materials.22 Afterward, an observation of clear aromatic clusters within biochars 

was reported by applying high-resolution transmission electron microscopy.21

The Stone−Wales transformation was also first reported in biochar,21 which is possibly the 

reason why fullerenes can be found in the natural environment.193 These studies provide an 

integrated and skeletal structure in view of aromatic clusters especially attributed to biochars 

produced under high pyrolysis temperatures. Although alkyl moieties may coexist with the 

aromatic clusters in the high pyrolysis temperatures-derived biochars,147 the hypothesized 

and observed aromatic structures of biochars provide a simplified and integrated structural 

model by considering biochar as a whole. These models do not deny the existence of other 

small compounds though, either internal to biochar or on the surface. We recognize that 

further studies are still needed to improve the structure to account for more varied 

observations. In addition, challenges remain to understand typical skeletal structures for 

biochars derived at middle pyrolysis temperatures.

3. BIOCHAR APPLICATIONS

3.1. Carbon Sequestration in Soil.

In the field of climate, the most important application of biochar is to capture the carbon and 

store it in biochar amended soils, which makes the stability of biochar essential for the 

control of climate change and for implementing negative GHG emissions. Measuring the 

carbon stability of biochars is key to evaluating carbon fixation.
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Five different evaluation methods have been proposed to measure carbon stability in 

biochars including the following: the H/C atomic ratio method194 as well as physical,195 

chemical,194,196 biological,197 and thermodynamic methods.198 The H/C atomic ratio is 

considered to be an index of the aromaticity of biochars due to hydrogenation and 

dehydrogenation processes,22 and the O/C atomic ratio refers to the oxidative degree of 

biochars due to oxidation or reduction processes.27,55,56,58,199 Elemental ratios offer an easy 

first-approximation to evaluate the integral properties and carbon stability of biochar. 

Nevertheless, it is worth noting that the elemental analysis may not be accurate when other 

elements (such as S, P, Cl,...) are ignored, and this inaccuracy becomes even larger when 

oxygen is determined indirectly by weight difference.22 Physical processes generally refer to 

the disintegration process due to frost, temperature, and moisture changes; salt weathering; 

root stress; or mechanical stress through tillage.200 They are not widely used195 because of 

the low carbon loss and because no standard physical method is available for carbon stability 

evaluations. Several studies propose physical methods to imitate natural weathering 

processes by repeated wetting/drying and freezing/thawing.57,201 Biological carbon stability 

is highly related to the types of biochar, microbes and soils,197,202 making the results 

somewhat variable and uncertain. It is conducted by incubating biochars with soils for many 

days.57,201

Chemical evaluation is the most popular method to measure carbon stability, which can be 

differentiated into the H2O2 and the dichromate method. In the H2O2 method, 0.1 g of 

biochars is treated with 7 mL of 5% H2O2 at 80 °C for 48 h, and the stable carbon is 

reported as the percentage of the initial 0.1 g biochar that remains after the reaction.194 

Borrowed from the national environmental protection standard of China related to soil 

organic matter (SOM), Chen et al.196 proposed a dichromate method to test biochar carbon 

stability, described as 0.15 g of biochar added to 55 mL of 0.1 M K2Cr2O7 and 11 M H2SO4 

and heated at 135 °C for 30 min. The carbon remaining is regarded as stable carbon. Other 

modified dichromate methods have also been reported.201,203 As for thermal carbon 

stability, in 2012, Harvey et al.198 reported an index, a ratio of the temperatures of biochar to 

graphite, where 50% of the weight of the organic matter was lost (ash-correction was 

needed) under thermogravimetric analysis using a 10 mL min−1 air flow.

Of course, the application of biochar for carbon sequestration is not only a matter of 

stabilizing the carbon within the biochar itself but also the mass of carbon that the biochar 

could remove from the atmosphere. For example, the uptake of CO2 was reported as 73.55 

mg g−1 at 25 °C for biochar produced from sugar cane bagasse at 600 °C.204 Regardless, the 

impact on the soil carbon sink should be evaluated after biochar is added into the soil. The 

clay in the soil could benefit carbon stability in biochars due to the protection of carbon from 

microbial decomposition.205 Carbon mineralization of biochars can be influenced by the 

type of soil.70,206 Variables include the growth of plant carbon and vegetation, SOM, 

microbial carbon in the soil, GHG, and atmospheric carbon dioxide concentrations (Figure 

6). The addition of biochars to soils affects carbon sinks and sources, but mostly, the biochar 

acts as a carbon sink for CO2 from the atmosphere, which is stored in the soil. In turn, the 

biochar may cause plants and microbes to grow better and store more carbon, increasing the 

SOM, and CO2 in the soil.
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Regarding plant carbon, it is reported that the addition of 4% straw-derived biochar to soil 

increased ryegrass production by 68% compared to the control.207 Although many short-

term positive effects of biochars on plant growth were reported,208,209 there were few 

statistically significant positive results in long-term experiments.210 However, statistically, a 

meta-analysis composed of 177 individual studies indicated an average increase in crop 

productivity of approximately 10% with the addition of biochar.17 Another recent meta-

analysis of 371 independent studies from 114 published papers revealed a similar positive 

effect of biochar addition on crop productivity.96 As for the effect of biochar on SOM 

mineralization, contrary effects (such as stimulating (known as the “positive priming 

effect”),211,212 suppressing (known as the “negative priming effect”),118,213,214 and no 

effect215,216) were reported.217,218 A meta-analysis of 650 data points from 18 studies 

revealed an average positive priming effect of 0.3 mg C g−1 soil on the SOM, and this 

priming effect decreased with time.217

The labile fraction may also trigger the activity of soil microorganisms in the short term,217 

and a higher dissolved organic carbon flux was observed in one study.219 Over the long-

term, the positive priming effect will decrease or even turn into a negative priming effect due 

to physical protection mechanisms by adsorbing organic matter onto the biochar surface or 

into microaggregates.217,220,221 In fact, much of the variation of the SOM with the addition 

of biochar can be explained by the activities of the soil microbial community.222 The impact 

of biochar on soil microbes depends on the precursors of the biochar and soil type. 

Steinbeiss et al. stated that the yeast-derived biochar can promote fungal microorganisms, 

whereas glucose-derived biochar can be utilized by Gram-negative bacteria in soil.223 The 

application of biochar increased the bacterial biomass in flinty clay loam soil, especially the 

abundance of Gram-negative bacteria and Actinobacteria.84 Meanwhile, for coarse textured 

soils, the addition of biochar decreased the microbial community.224

Other functions of biochars are providing nutrients or acting as conductive carbon materials 

due to their aromatic structures, which enhances the metabolism of microorganisms.225–227 

Moreover, biochar can also be the habitat for immobilized bacteria to enhance the 

bioremediation of PAH-contaminated soil.228 GHGs in soils may be affected by the addition 

of biochar. These can be divided into CO2 and non-CO2 gases, which usually refer to CH4 

and N2O. As a GHG, CH4 is 23 times and N2O is several hundred times more potent than 

CO2.229 Biochar was reported to reduce GHGs emission by approximately 37−91.2% in 

most cases.229–234 On the other hand, a few studies reported no obvious reduction235 or even 

a 100% increase in CO2 emissions from soils as a result of the addition of biochar.236

The weathering process can greatly weaken the function of fresh biochars in reducing GHG 

emissions.237 According to real-time quantitative polymerase chain reaction (qPCR), the 

mechanism of the CH4 emission reductions in the presence of biochar in Chinese paddy 

soils was not the inhibition of methanogenic archaeal growth but rather the 3−7 times 

increase in the abundance of methanotrophic proteobacterial as well as a decrease in the 

ratio of methanogenic to methanotrophic abundances (from 36.2% to 4.0%−5.3%).238

Rather than focusing on the impact of biochars to a single carbon sink, full-scale 

assessments, such as life cycle assessments of biochar on soil carbon systems, are needed. It 
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was reported that the addition of biochar to soils has a carbon abatement potential,239 and 

the biochars obtained through slow pyrolysis show the best carbon abatement performance.
240 However, after analyzing the energetic, economic, and climate change potential, 

researchers are still concerned that biochar only delivers climate change mitigation benefits, 

whereas the economic viability still remains unclear, and the need for proper waste 

management shows a greater potential for economic profitability.241

The relationships between the structures and carbon stability of biochars could be 

interpreted from their elements, phases, surfaces, and molecules. The species and content of 

carbon are certainly two of the most important factors that determine biochar carbon 

fixation. As for the phases, the loading of the inorganic phase has a great effect on biochar 

carbon stability.108 It has been reported that some special structures between the organic and 

inorganic phases (such as the core−shell C−Si phase structure) may influence the carbon 

stability of biochars,14,52 suggesting that the precursor structures can be an important way to 

improve biochar carbon sequestration. The surface charge and surface free radicals of 

biochars prevented microbes from attaching and mineralizing on the carbon structure, thus 

making biochars less bioavailable and enhancing carbon stability. The loss of small extracted 

molecules and the oxidation of skeletal carbon molecules are vital ways to lose carbon. 

Molecular computer calculations can be utilized to distinguish the labile functionalized 

carbon type. In summary, to evaluate the effect of the addition of biochar to soils on climate 

change, many studies have included stability assessment methods, analyzed the impact of 

biochar toward other GHGs, and evaluated the life cycle of biochar in carbon fixation. 

However, assessing different biochar structures and their effects on the life cycle assessment 

are still needed to engineer and design the best biochar.

3.2. Fertilizer for Soil.

In the field of agriculture, one of the key applications for biochars is the use of biochar as a 

fertilizer for plant growth. Unlike traditional fertilizers that could possibly cause serious 

eutrophication,242 biochar can be used as a slow-releasing nutrient material, which has been 

receiving increasing attention. Two major mechanisms endow biochar with the slow-

releasing property: unique biochar structures and the sorption−desorption process. For 

unique biochar structures, the porous network within biochars hinders the release of the 

nutrients. Unique connections (including the chemical bonding and physical wrapping) of 

nutrient elements to the carbon materials also leads to slow nutrient release. For example, 

the silicon dissolution in biochars was reported to protect the carbon structure due to a 

silicon−carbon wrapping effect.14 The strong sorption behavior of biochar makes it a perfect 

naturally formed soil additive to concentrate nutrients in soil and thus allow for slow 

desorption into the aqueous phase for plant uptake. Many researchers are now taking 

advantage of this biochar sorption ability to recycle phosphate and other nutrient elements 

and to hold them in the soil longer.87 With this property of the slow-release of fertilizers 

from biochars, the design of biochar for specific nutrient release is vital for agricultural 

applications, either by loading nutrient species onto biochars or by choosing the right 

precursors. Multiple precursors offer the possibility for different choices. For example, rice 

straw is known for its high silicon content;14 soybean-derived biochar contains a high 

nitrogen percentage; eggshell-derived biochar has a large amount of calcium;104 and 
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manure-derived biochar is rich in mineral content. These various attributes in different 

precursors allow biochars to be selectively chosen as specific elemental fertilizers. 

Moreover, the elemental species and structures within biochars have a great effect on biochar 

fertilizer release. It was reported that silicic acid is much easier to release than crystal silicon 

within biochars,14 and nitrogen becomes less available under increasing pyrolysis 

temperatures resulting from a transformation of NH4
+ to heterocyclic-N.243 Because the 

recent literature has focused on biochar function as a fertilizer, more information is needed 

about the release of other nutrients, such as Si, Na, Mg, and some rare elements. Future 

challenges remain regarding the control of the precise release rate of nutrients by designing 

proper structures of biochars and by coupling different nutrient elements.

3.3. Sorbent for Removing Pollutants.

In the environmental remediation field, sorption is an essential interfacial process that 

controls the catalysis, transformation, sorption/desorption, fate, and bioavailability of 

pollutants. Thus, this review seeks to summarize and develop structure-sorption relationships 

for various biochars and pollutants. Typical pollutants include nonpolar organic pollutants, 

polar organic pollutants, ionizable organic pollutants, inorganic ions, heavy metals, and 

gases. The sorption of these pollutants is greatly affected by the biochar structure including 

the elements, phases, surfaces and molecules. Strong interactions between two elements can 

be applied for selective pollutant removal, such as the S−Hg bond.244 The sorption of 

ionizable pollutants and cationic heavy metals may lead to a hydrogen proton release or 

adsorption, possibly resulting from H-bonding and/or ionexchange sorption mechanisms.167

Phase effects on the sorption of charcoal have been studied for a long time. As shown in 

Figure 7, we found that the sorption mechanisms of aromatic contaminants by biochars 

under different pyrolysis temperatures evolved from the dominance of a partitioning 

behavior at low temperature to an adsorption dominance at high pyrolysis temperatures.10 

The adsorption mechanism of biochar transited from polar-selective to pore filling character 

with increasing pyrolysis temperatures.10 This transitional sorption mechanism from 

partitioning to adsorption induced the sorption rate transition from a fast to a slow process 

and finally back to fast with increasing pyrolysis temperature.245 This structural transition of 

biochars further influenced bisolute sorption and the thermodynamic behavior of biochars.
246 In addition, the washing process with water or the deashing process increased the 

sorption by biochars because of their enhanced hydrophobic sorption sites.53 Furthermore, 

the existence of dissolved organic matter will block the micropores and hinder the sorption 

of biochars.247

New phases may be generated in biochars when heavy metals are adsorbed due to a 

coprecipitation mechanism. For the most-studied heavy metals, a coprecipitation sorption 

mechanism was widely reported between the metal ions and biochar inorganic phases. 

Biochar inorganic phases are characterized as containing CO3
2−, PO4

3−, SiO3
2−, OH−, 

silicon particles,26 γ-Fe2O3 particles,248 and MnOx particles,36 while also forming 

precipitates such as β-Pb9(PO4)6,11 Pb3(CO3)2(OH)2,11 5PbO·P2O5· SiO2,143 

Cu3(CO3)2(OH)2,249 KAlSi3O,26 CdCO3, Cd3P2, Cd3(PO4)2, and K4CdCl6.250

Xiao et al. Page 18

Environ Sci Technol. Author manuscript; available in PMC 2019 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Surface functional groups are responsible for the surface effect on the sorption of biochars. 

The dissociation/association of biochar surface functional groups and the ionizable organic 

pollutants control the H-bond interactions. Many researchers reported a pH-dependent 

sorption behavior of ionizable organic pollutants.166,251–254 For the sorption of 

sulfamethazine onto charcoal, the sorption mechanism was proposed to be a π+−π donor

−acceptor interaction at low pH, and a negative charge-assisted H-bond at high pH 

((−)CAHB, Figure 7).166 A quantitative study on the H-bond interactions is still needed to 

evaluate the contribution of H-bonding with pKa considerations from both biochar functional 

groups and ionizable pollutants.

As for inorganic pollutants, complexation, electrostatic effects, and coprecipitation are called 

upon to describe the interactions between metal ions and the surface of biochars (Figure 7). 

In a sorption study of rice straw-derived biochars toward Pb2+, low pyrolysis temperature 

biochars exhibited a higher sorption ability,255,256 which may be due to abundant oxygen-

containing groups and uncrystallized silicon.157 The highest adsorption for metal cations 

occurred for low and middle pyrolysis temperature-derived biochars (Figure 7). As for other 

anionic inorganic pollutants, such as F−, ClO4
−, PO4

3−, Cr(III), and Cr(VI), they generally 

exhibited much lower sorption onto biochars due to electrostatic repulsion interactions. 

Besides electrostatic interactions, H-bonding to oxygen-containing functional groups within 

biochars could be a dominant mechanism for ClO4
− adsorption, and this hydrogen bonding 

could be enhanced by the aromatic and hydrophobic surfaces of high pyrolysis temperature-

derived biochars,171 leading to the best sorption toward inorganic anions occurring for high 

pyrolysis temperature-derived biochars (Figure 7).

Regarding molecular effects, only a few researchers have reached this far. In 2016, a 

structure−sorption relationship between biochar and naphthalene/phenanthrene was 

proposed after considering the assumed aromatic cluster structures and summarizing dozens 

of published or unpublished data.22 This is probably a very important step to build a 

structure−sorption relationship between biochar molecular structures and various pollutants. 

Most studies on sorption mechanisms remains at the empirical/observational level. However, 

understanding at the molecular level is needed to distinguish the contributions of various 

sorption mechanisms and different fractions of biochars.

3.4. Carbon-Based Materials.

Much previous traditional carbon-based material research was focused on activated carbon. 

The difference between biochars and activated carbon include the following: (1) biochars 

usually contains mineral constituents, whereas activated carbon does not, and biochar can be 

considered to be a robust product, while activated carbon was a refined product; (2) the 

preparation temperature for biochars (<700 °C) is generally lower than that of activated 

carbon (>800 °C), and biochar preparation does not need an activation process, whereas the 

preparation of activated carbon does need chemical activation; (3) biochar shows a much 

lower surface area than activated carbon; and (4) the types of precursors for biochar 

preparation are much wider than those for activated carbon, making biochar much cheaper 

than activated carbon. Because of the cheapness and the wide elements of biochars, biochar 

is more suitable for carbon fixation and as a soil fertilizer. Although activated carbon shows 
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a higher sorption ability than biochar, a soil remediation project could hardly afford 

activated carbon as a sorbent, in addition to the fact that other organic matters in the soil may 

block the pores of activated carbon and thus decrease its sorption ability. Meanwhile, 

activated carbon is still preferable for rigorous situations such as medicine purification.

Recently, because of the cheap biomass sources, biochars are increasingly considered as 

carbon-based materials for economically viable and sustainable applications. Chemical 

modification of biochars and microbial attachment for bioaugmentation are receiving 

increased attention. Chemical modifications could be designed based on the multilevel 

structures of biochars. Other elements such as MgO have been loaded onto biochars for 

phosphate retention34,87 and CO2 capture.35 The additions of magnetic Fe was first reported 

in 2011 to enhance the sorption performance and to benefit the solid−liquid phase separation 

of biochars.31 By inducing sulfuric acid groups onto biochars as functional groups, a 

biochar-based solid acid catalyst was built for transesterification,97,98 hydrolysis reactions,
30,99 and biodiesel production.100,101 Liu et al. has summarized five major directions for 

biochar modification, including activation, amination, oxidation, sulfonation, and 

recombination with supported nanostructures.12 In short, the purpose behind the 

modification of biochars was to add other properties, such as increasing their sorption ability 

and attaching nanoparticles, or by loading the catalyst and taking advantage of the aromatic 

platform on biochar, its functional groups, and/or high surface area.12,257 Modifications have 

enriched the applications of biochars, but evaluation of their practicality and stability are 

lacking. Attached chemicals and nanoparticles may be lost, and feasible applications require 

more research. Homogeneous carbon structures and special three-dimensional structural 

designs may be needed to achieve better performance for carbon-based material 

applications.

Another important application of biochars as carbon-based materials is for microbial growth. 

By taking advantage of the sorption ability of biochar, for example, the bioremediation 

ability of Pseudomonas putida bacterial strains was enhanced to degrade PAHs by 24%

−38% once immobilized onto biochars compared to biomass.228 The electron shuttle role 

that biochars can play may benefit Shewanella for reduction reactions.227 Microbial growth 

on biochars actually combines the merits of both biochars and microbes, where biochars can 

adsorb but not degrade the pollutants, whereas microbes can then access the contaminant 

and degrade them. Interactions between biochars and microbes are achieving increasing 

attention in the agricultural field. In addition, due to the conductive properties of high 

pyrolysis temperature-derived biochar, biochar could also be used for energy applications as 

a carbon-based material, such as microbial fuel cells,258 supercapacitors,159 

electrocoagulation,259 and other systems.

4. OUTLOOK OF BIOCHAR STRUCTURES AND APPLICATIONS

Extensive research on biochars continues because of their low cost and versatile 

applications. Multiple biochar sources and multilevel structures as well as their diverse 

applications have created many opportunities. We summarize several aspects of biochar 

structures and applications in Figure 8. Similar to the multilevel discussion in this review, 

the studies on biochar structures should evolve from the bulk, to the surface and finally to 
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the molecular scale. Applications for biochar include carbon fixation, soil improvement, and 

novel carbon-based materials as soil additives including fertilizers, sorbents, and the 

bioaugmentation of microbes. Regarding the biochar structure, a deeper understanding is 

expected on the functions, mobility, toxicity, concentration, bioavailability, and 

environmental fate of phases, surface radicals, and molecules. Furthermore, the development 

of standard methods will be needed, including but not limited to the following: the 

quantification and identification of different species, phases, surfaces, and molecules of 

varying molecular weights in biochars, standard extraction procedures, standard methods for 

the exfoliation of biochars, and standard comparison methods.

For applications, the deeper our understanding of the structure−application relationships, the 

better we can choose and design biochars. As shown in Figure 8, the relationships between 

the structure and application of biochars are gradually improving from qualitative to 

semiquantitative and finally to quantitative relationships. Although some of these 

relationships have been previously explored, much research remains related to the structure

−application relationships, especially for molecular structural relationships. Phenomena have 

been reported where one property impacts an application behavior, but seldom do we know 

the underlying mechanism, and we can never predict a quantitative relationship. On the basis 

of the interpretation of biochar structures in this review, we recommend that studies on 

biochars should combine at both the macroscopic and the microscopic levels, while 

distinguishing both causes and effects. For example, when considering the fate of biochars in 

soil systems, research should report the release of total elements (including carbon), and the 

effects on biochar-nanoparticles, the dissolved biochar phase, extracted molecules, and the 

skeletal biochar structure. When considering biochar toxicity, the persistent free radicals, 

trace heavy metals, small extracted molecules, and main skeletal molecules of biochars 

should be investigated. More attention should be paid to linking the structures of biochar 

with its applications based on fundamental underlying mechanisms. Precise and quantitative 

predictions of different biochars with various structures for various applications are needed. 

We anticipate the intelligent design of biochars to achieve the greatest agricultural and 

environmental benefits possible.
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Figure 1. 
Biochar property variations with increased pyrolysis temperatures.
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Figure 2. 
Heterogeneous structures and potential applications of biochar from a consideration of the 

elemental composition, phase, surface chemistry, and molecular structure.
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Figure 3. 
Carbon and silicon cycles along with the carbon−silicon coupling relationship in biochar and 

the terrestrial ecosystem.
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Figure 4. 
Knowledge evolution concerning the phases, surface chemistry, and molecular structure of 

biochars as a function of the inverse biochar scale (size) and research time. Inner figures 

were cited from refs 1, 21, 22, 40, 119. Copyright 2010, 2016, 2017 American Chemical 

Society.
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Figure 5. 
Possible phase and chemical transformations of several mineral components during biomass 

pyrolysis under limited oxygen. For each inorganic element, the color illustrates the 

corresponding transition from one state to another. Cited from the corresponding references: 

Si,14 Ni,37 Fe,37,122,123 and Mg.34,35
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Figure 6. 
Factors affecting biochar stability as well as net carbon sequestration and, in turn, positive 

biochar effects on plant vegetation and soil properties.
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Figure 7. 
Sorption mechanisms of organic (left) and inorganic pollutants (right) to biochars prepared 

under different pyrolytic temperatures. PAHs: polycyclic aromatic hydrocarbons. CAHB: 

charge-assisted H-bond, including negative charge-assisted H-bond (−) CAHB and positive 

charge-assisted H-bond (+) CAHB.
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Figure 8. 
Structure−application relationships of biochars.
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