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Abstract 

Char black carbon (BC), the solid residue of incomplete combustion, is continuously being 

added to soils and sediments due to natural vegetation fires, anthropogenic pollution, and new 

strategies for carbon sequestration (‘biochar’). Here we present a molecular-level assessment of 

the physical organization and chemical complexity of biomass-derived chars and, specifically, 

that of aromatic carbon in char structures. BET-N2 surface area, X-ray diffraction (XRD), 

synchrotron-based Near-edge X-ray Absorption Fine Structure (NEXAFS), and Fourier 

transform infrared (FT-IR) spectroscopy are used to show how two plant materials (wood and 

grass) undergo analogous, but quantitatively different physical-chemical transitions as charring 

temperature increases from 100 to 700˚C.  These changes suggest the existence of four distinct 

categories of char consisting of a unique mixture of chemical phases and physical states: (i) in 

transition chars the crystalline character of the precursor materials is preserved, (ii) in amorphous 

chars the heat-altered molecules and incipient aromatic polycondensates are randomly mixed, 

(iii) composite chars consist of poorly ordered graphene stacks embedded in amorphous phases, 

and (iv) turbostratic chars are dominated by disordered graphitic crystallites. The molecular 

variations among the different char categories translate into differences in their ability to persist 

in the environment and function as environmental sorbents. 
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Introduction 

Black carbon (BC) is an important constituent of soils and sediments (1-4). BC has 

received much attention for three reasons. First, there is a general lack of knowledge of the 

processes that lead to the loss of BC from soils and sediments which prevents a clear 

understanding of fluxes into and out of the Earth’s slow cycling C pools (3). Second, the addition 

of synthetic BC (“biochar”) in soils combined with bioenergy production has been suggested as a 

means to mitigate climate change (5, 6). Finally, BC in soils and sediments is recognized as an 

effective sorbent for potentially hazardous organic compounds (2, 7). Evidently, there is 

gathering interest in understanding the behavior of BC; precise information regarding the 

structure and properties of BC is needed. However, BC is not a well-defined chemical substance 

and encompasses C forms with varying degrees of aromaticity such as partly charred plant 

matter, char, soot, and graphite (8). This fact creates difficulties in quantifying BC 

concentrations in natural environments (9), it complicates the identification of biochars with 

properties beneficial to soils (5),  and results in large variations in the sorptive potential of BC 

(10). Masiello (3) summarized the nature of the problem when she stated: “discrepancies 

between BC studies occur at least in part because of a lack of a common model of BC.” 

Biomass-derived char BC is defined as the solid residue of incomplete combustion. A 

widely accepted conceptual approach to represent the transient chemical properties of char BC is 

based on the gradual increase in aromaticity observed for the heat-induced transformation of 

plant biomass into char (3, 11). This concept is commonly referred to as the “combustion 

continuum” and assumes that, with increasing charring temperature, plant biomass undergoes 

chemical transformations leading to the formation of aromatic ring structures, followed by a 

progressive condensation of smaller aromatic units into larger conjugated sheets (4). Recently, 
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Knicker and co-workers (12, 13) conceptualized char BC created at a temperature of 350˚C and 

in the presence of O2 as a heterogeneous mixture of thermally altered biomacromolecules with 

substantial substitution with O, H, and S and average cluster sizes of aromatic units smaller than 

six rings.  

While Knicker et al. did not attempt to relate physical properties of their char BC to its 

molecular structure, the recent past has revealed indications of the occurrence of nonlinearities 

and phase transitions during the thermal decomposition of biomass, which can be explained only 

by relatively abrupt changes in physical properties of chars, namely crystallinity and porosity. 

For instance, N2-accessible surface area (SA) of char BC exhibits a rapid increase at intermediate 

charring temperatures (5, 10). This is approximately the same temperature region where X-ray 

diffraction data (14-16) show a transition from low-density disordered C to the formation of 

turbostratic crystallites. 

It thus appears critical for the prediction of fate and reactivity of char BC to relate the 

evolution of the chemical structure of chars created across a relevant temperature range to their 

physical properties. Consequently, the primary objective of this study is to integrate physical and 

chemical information into a comprehensive model for the physical nature of plant biomass-

derived char. We test the hypothesis that physical transitions expressed by changes in SA along a 

representative charring temperature range are reflected in corresponding changes in crystal 

structure as determined by X-ray diffraction. We further explore the extent to which physical 

phase transitions as observed by Paris et al. (16) are reflected in chemical changes, and test 

whether this information can be combined with chemical data to recognize specific categories of 

chars. 
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Plant biomass variability is considered by using lignin-rich Pine wood shavings (Pinus 

ponderosa) and lignin poor Tall fescue grass (Festuca arundinacea) starting materials for char 

production across a charring temperature range of 100 to 700˚C. The properties of the chars are 

characterized via elemental and gravimetric analysis, BET-N2 SA measurements, and Fourier 

transform infrared spectroscopy. Synchrotron-based near-edge X-ray absorption fine structure 

spectroscopy at the carbon K absorption edge is employed to relate C speciation to the degree of 

structural order of carbonaceous matter. 

Experimental Section 

Production. Commercially available Ponderosa Pine shavings were purchased through 

GEM Shavings in Auburn, WA. Tall Fescue straw was collected at the Oregon State University 

Hyslop Field Research Laboratory in Corvallis, OR. After grinding to obtain a particle size of 

less than 1.5 mm, the materials were charred at 100, 200, 300, 400, 500, 600 and 700˚C for 1 

hour in a closed container under oxygen-limited conditions in a 550 Series Fisher Scientific 

Isotemp muffle furnace (Fisher Scientific, Pittsburgh, PA). Char yield was recorded and the 

samples were milled to pass a 0.25 mm sieve (60 mesh) prior to further analyses. Samples are 

hereafter referred to as WX00 (wood) and GX00 (grass) with “X” indicating the final charring 

temperature (100-700˚C). For comparison, fresh plant material (W000 and G000) was included 

in some analyses. 

Characterization. All chars were subjected to the following procedures. Gravimetric 

analyses were conducted according to the American Society for Testing and Materials (ASTM) 

D1762-84 (17) to determine volatile matter, fixed C, and ash contents. Total carbon, nitrogen, 

and hydrogen were measured on a Carlo Erba NA-1500 CNS analyzer (Carlo Erba Instruments, 

Milan, Italy). BET-N2 SA’s of all char samples were obtained using an NOVA 2200e surface 
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area analyzer (Quantachrome Instruments Corp., Boynton Beach, FL). All N2 measurements 

were performed in triplicate (N = 3). FT-IR spectroscopy was performed using a Thermo Nicolet 

Nexus 470 FT-IR 6700 spectrophotometer equipped with a smart endurance single-bounce 

diamond ATR accessory (Thermo Fisher Scientific, Waltham, MA). Diffraction patterns were 

recorded on a PANanalytical X’Pert Pro Instrument using Co-K radiation. Near-edge X-ray 

absorption fine structure spectra were collected using a synchrotron-based scanning transmission 

X-ray microscope (STXM) at the Advanced Light Source, Lawrence Berkeley National 

Laboratory, Beamline 5.3.2. A more detailed account of the production and characterization 

procedures and peak assignments for FT-IR and NEXAFS (Table S-1 and S-2, respectively) 

including references is available in the Supporting Information (SI). 

Results and Discussion 

Characterization. Table 1 displays the numerical results for proximate and elemental 

analyses and BET-N2 SA measurements for wood and grass char samples generated at various 

charring temperatures. Yields begin to decline most rapidly at 200˚C for wood and at 300˚C for 

grass, and remain relatively stable above 400˚C. Final yields of grass char (~29%) are higher 

than those of wood char (~22%). 

Volatile matter (VM) and fixed C contents gives a relative measure of the more labile 

and more stable components of chars, respectively (see SI for details). Volatile components of 

both wood and grass char decrease substantially between 400 and 600˚C. Fixed C values show a 

reverse trend in this temperature range. This corroborates observations by Schenkel (18) 

summarized in Antal and Gronli (19), who find a large increase of fixed C contents between 300 

and 500˚C. Ash contents in wood char increase slightly at 400˚C and stabilize at ~4% at higher 

temperatures, whereas those of grass chars are generally higher and eventually stabilize at ~19%. 
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Relative elemental contents show the rapid loss of oxygen and hydrogen between 300 

and 500˚C suggesting similar condensation reactions for wood and grass. When plotted in a 

typical van Krevelen diagram (as shown in the SI, Figure S-1), the progressive decrease in the 

H/C and O/C atomic ratios with temperature follows the trajectory associated with dehydration 

reactions (20). N contents are relatively stable for wood chars but show a maximum (1.24%) at 

400˚C, indicating the enrichment of N-containing compounds. Starting at 400 and 500˚C for 

wood and grass chars, respectively, a dramatic rise in SA is observed with increasing 

temperatures. Final values for wood char (347 m2 g-1) are significantly higher than those of grass 

char (140 m2 g-1). The falloff in SA observed for wood chars at the final temperatures is 

consistent with observations showing SA maxima at relatively high temperatures (500-900˚C) 

(19). 

FT-IR. The evolution of FT-IR spectra of wood and grass chars as a function of 

charring temperature is shown in Fig. 1. The reader is referred to the SI for a more detailed 

discussion of these results. To summarize, (i) no FT-IR detectable chemical changes occur as 

plant material is heated to 100 and 200˚C. Spectra then show (ii) dehydration of cellulosic and 

ligneous components starting at 300˚C (3500-3200 cm-1), (iii) presence lignin/cellulose-derived 

transformation products at 400˚C (multiple peaks 1600-700 cm-1), and (iv) an increasing degree 

of condensation at charring temperatures of 500˚C and beyond (loss of intensity at 1650-1500 

cm-1 relative to 885-752 cm-1).  

XRD. The X-ray diffraction patterns of the grass and wood chars are represented in Fig. 

2, showing intensity of the diffracted beam as a function of the Bragg angle (˚2θ). Sharp, non-

labeled peaks in grass chars indicate miscellaneous inorganic components. Although not 

discussed in detail, the greater prevalence of these peaks is consistent with the higher percentage 
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of ash in the grass chars. Peak spacings of 0.60; 0.53; 0.404 and 0.259 nm are assigned to the hkl 

101, 110, 200, and 004 crystallographic planes of completely ordered (i.e., crystalline) regions of 

cellulose, respectively, assuming a monoclinic unit cell with c as the fiber axis (21). Spacings 

between 0.392 and 0.372 nm and between 0.209 and 0.207 nm are assigned to the hkl 002 and 

the overlapping 101;100 planes, respectively, of graphene sheets within turbostratic carbon 

crystallites (14, 15). 

As the charring temperature increases from 100 to 300˚C, strong peaks from cellulose 

(i.e., 0.60, 0.53, 0.404, and 0.259 nm) progressively loose intensity and become broader (Fig. 2), 

indicating a gradual decrease in cellulose crystallinity. A complete loss of crystal structure in 

cellulose is indicated by the disappearance of the 0.60 and 0.53 nm signals and the coincidental 

shift of the 0.404 nm signal to higher angles in the 400˚C treatment (0.392 nm).  

Further heating gives rise to broad peaks around 0.381 and 0.207 nm. The narrowing of 

these peaks with increasing temperature indicates developing atomic order in the increasingly 

carbonized plant material and is attributed to the formation and evolution of turbostratic 

crystallites. At advanced carbonization stages (i.e., temperatures > 400˚C), X-ray scattering has 

revealed progressive stacking of graphene sheets (14, 16). These small graphene packets are 

arranged in turbostratic disorder and therefore referred to as turbostratic crystallites. Lateral 

growth of graphene planes is indicated by the increasing intensity of the 101;100 planes at 0.208-

0.207 nm (22). Note that the 0.381 nm peak in the wood chars is narrower and shows much 

higher intensities than the signal in the respective grass chars (Fig. 2), indicating that wood chars 

are significantly more crystalline. Compared to XRD peaks of pure graphite (23), those of G700 

and W700 are broad and featureless. The presented results are a further indication of the 
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structural differences between chars consisting of turbostratic chrystallites and highly ordered 

graphite. 

The XRD-data demonstrate that cellulose crystallinity of wood and grass chars is lost 

between 300 and 400˚C, while turbostratic crystallites evolve at charring temperatures above 

400˚C. In addition to these two crystalline phases, X-ray scattering has revealed an intermediate, 

amorphous C stage within the narrow temperature interval 410-450˚C during the charring 

process of wood (16). Our data suggest such a disintegrated and entirely random C phase for 

wood and grass within a narrow temperature interval between 300 and 400˚C, where crystallinity 

stemming from both cellulosic components and turbostratic crystallites is at its minimum.  

NEXAFS. Stacked C 1s NEXAFS spectra of each wood and grass char are displayed in 

Fig. 3. The large number of peaks observed at low temperatures (100-300˚C) demonstrates how 

the greater variety of C forms present in fresh plant material remains preserved. The 1s-π* C=C 

transition at 285.3 eV corresponding to H-, CH3- or C-bonded aromatic C (24) is more prominent 

for wood than for grass, which can be ascribed to the higher lignin content of woody material. 

Further, lignin in coniferous wood (here Ponderosa Pine) is comprised of phenolic monomers 

derived from coniferyl alcohol, forming a peak at 287 eV which is prominent in the wood spectra 

(25). However, we also expect a contribution of the mixed 1s-3p/σ* resonance at this energy that 

correlates with aliphatic C-H. A second common feature associated with aromatic C is a broader 

band between 292 and 295 eV (1s-σ* resonance) (26). Spectra of grass chars show additional 

features in the intermediate region (286-287.5 eV). Here resonances of carbonyl groups (286.4 

eV), aliphatic C-H and phenolic C-OH (287.1-287.3 eV) are located. At higher energies, 

carboxyl C-OOH (288.6 eV) and C-O (289.3 eV) of (hemi)cellulose and lignin are found (see 

peak assignments in Table S-2). 
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With intensity gains for the prominent bands in wood (285 and 287 eV) and almost all 

characteristic peaks in grass char at 300˚C, spectral features appear to be in a transitional state 

toward those observed at higher temperatures. 

Charring at 400˚C results in a pronounced increase in aromatic C (1s-π* transition at 

285 eV) and a drastic loss of other functional groups. The 1s-π* transition band slightly 

broadens, extending towards 284-285 and 286 eV. Absorption bands at this energy correspond to 

C=C π-transitions of molecules with low energy π* states such as quinone-like components (27, 

28). Concomitantly, almost all bands associated with O-containing and aliphatic groups in the 

intermediate region are lost. 

Increasing the charring temperature leads to the formation of a plateau between 286 and 

288 eV. The gradual increase of the ratio of absorption at 285 eV (aromatic C) to that at 286-288 

eV (aliphatic/oxygen-containing C) is an indication of the increasingly condensed nature of these 

chars. In pure graphite samples, this plateau is found at a 285 to 286-288 eV ratio of ~2.0 (29). In 

our work, the ratio for wood and grass chars are ~1.0 at 400˚C and, as the plateau gradually 

flattens, rises to ~1.5 at 700˚C. The remaining absorbance at 286.4 eV and 288.6 eV may be due 

to residual oxygenated functional groups (30, 31). However, this region has also been associated 

with “interlayer states” caused by poor alignment of graphene sheets (29, 32). 

The notion that condensation takes place is further supported by the broad absorption 

band emerging at 500˚C between 291 and 295 eV. This signal is thought to arise from 1s-σ* 

C=C transitions (33) and has a possible contribution of the 1s-σ* exciton band (see below). The 

1s-π* transitions at 285 eV are characteristic of aromatic double bonds, but lack information on 

the degree of condensation of these aromatic components. The 1s-σ* resonance, however, has 

been used to infer the degree of condensation and the long-range order of other carbonaceous 
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materials (28, 34). Sharp 1s-σ* exciton peaks absorbing between 291 and 292 eV (see Fig. 3 for 

an idealized peak representation insert) are induced by long-range ordering of extensive 

polycondensed domains (see the SI for a brief discussion of 1s-σ* excitons). We observe 

evidence for such distinct features in spectra of chars produced at 600 and 700˚C (Fig. 3). 

Brandes et al. (29) used 1s-π* transitions in combination with 1s-σ* resonance and exciton 

features to propose a scheme to classify the crystallinity (i.e., the degree of structural order) of 

natural graphite samples. According to this scheme, well-ordered graphite features both distinct 

peaks at 285 eV and 292 eV as well as a distinctive 1s-σ* exciton peak. A missing or poorly 

expressed exciton peak, however, is thought to indicate the presence of smaller graphene sheets. 

Chars produced at 600 and 700˚C in this study would fall in the latter category, thus representing 

poorly crystalline materials. 

NEXAFS spectra for chars reveal that (i) aromatic and quinonic compounds become 

prevalent while O-containing and aliphatic groups are lost at 400˚C, (ii) first evidence for 

condensation reactions is found at 500˚C, and (iii) chars produced at 600 and 700˚C are poorly 

crystalline in nature.  

Specific Char Categories and their Components. FT-IR, XRD, and NEXAXS 

illustrate how chars derived from wood and grass biomass experience several phase transitions 

leading from microcrystalline cellulose over a largely amorphous intermediate phase towards the 

formation of turbostratic crystallites. They allow for the identification of four distinct categories 

of char (Figure 4).  

Plant material - largely unaltered by thermal treatment 
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At initial charring stages, char yield and XRD-data indicate the loss of water and initial 

dehydration reactions of the wood and grass precursors. Overall, the native structure of the plant 

biopolymers (i.e., cellulose, hemicellulose, and lignin) remains preserved. 

Transition chars - volatile dissociation products forming amorphous centers amidst a largely 

intact crystalline matrix  

At the next charring stage, FT-IR spectra (loss of 1030 cm-1 peak) and lower H/C and 

O/C ratio clearly show that plant materials increasingly undergo dehydration and 

depolymerization of plant biopolymers, creating small volatile dissociation products. Greater 

signals of ketones, aldehyde, and carboxyl C observed in FT-IR spectra are indicative of 

depolymerization products derived from lignin (35) and cellulose (36). Volatile compounds such 

as anhydrosugars, pyrans, and furans are typical transformation products (37-39). Moreover, the 

stronger presence of phenols (NEXAFS absorbance at 285 eV and 287 eV) may form through 

secondary reactions of cellulose-derived intermediates (38). Despite the dissociation of such 

products, lignin sustains strong IR absorption (at 1510, 1440, and 1375 cm-1) and XRD patterns 

illustrate that cellulose retains a notable portion of its crystallinity. 

Amorphous char - an entirely amorphous mixture comprised of small, heat-resistant aliphatic 

and (hetero)aromatic elements 

The sharp rise in aromatic C detected spectroscopically and the increasing growth of 

XRD reflections associated with condensation reactions are characteristic of this charring stage. 

The absence of pronounced 1s-σ* features in the NEXAFS data indicates that there is not yet 

significant long range ordering as expected in the presence of larger condensed sheets. Instead, 

broad XRD signals present at 0.392-0.372 and 0.209-0.207 nm suggest the dominance of small 

aromatic units arranged in random order. In good agreement with the model proposed by 
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Knicker et al. (12, 13) and studies of pyrolysis processes (19, 37-39), we observe (i) the 

formation of intermediates such as pyranones, anhydrosugars, phenols, quinones, pyrroles, and 

furans as well as small (poly)aromatic units, and (ii) the relative enrichment of stable aromatic 

lignin residues due to the loss of less heat-resistant material reflected in the dramatic decline in 

char yield, non-C atoms, and VM contents. In addition, substantial amounts of VM, along with 

aliphatic signals in NEXAFS and FT-IR spectra, suggest that not only cyclic and aromatic 

volatiles are retained. Almendros et al. (40) proposed that aliphatic components such as cutans 

and lipids are “fixed” in predominantly aromatic matrices, thereby resisting volatilization and 

degradation. The fact that crystalline cellulose is almost completely depolymerized combined 

with the evidence presented above suggest a disintegrated and randomly disordered C phase. 

Composite char - turbostratic crystallites embedded in a low-density amorphous phase 

A larger degree of condensation as reflected in FT-IR (out-of-plane vibrations) and 

NEXAFS spectra (285 to 286-288 eV ratio) and the formation of turbostratic crystallites as seen 

in the 002 XRD reflections are distinctive for chars formed upon further heating. 

BET-N2 SA values are well below the maximum achieved at higher temperatures, while 

gravimetric and elemental analyses indicate that some volatile non-condensed components are 

retained in the char matrix. Bourke et al. (23) found that the lack of atomic pore space within the 

crystallite carbon layers as well as recondensation and trapping of VM in pores reduces the SA. 

Spectroscopic information presented in this study points specifically to the preservation of 

aromatic, aliphatic, and O-containing components, forming the amorphous matrix surrounding 

turbostratic crystallites. 

Turbostratic char - nanoporous phase of turbostratic crystallites 



   
  14 

At high temperatures, successive growth and increasing long-range order of the 

turbostratic crystallites are seen. Condensation proceeds as inferred from the more prominent 1s-

σ* resonance band in NEXAFS spectra, whereas the appearance of the exciton feature, along 

with the evolution of the 002 XRD reflection, verifies the presence of increasingly crystalline 

structures. The dramatic rise in N2-accessible SA at this charring stage is in part due to the lateral 

growth of graphene-like sheets at the expense of amorphous C (both aromatic and aliphatic) (14). 

The graphitic crystallites are denser than the original amorphous C forms, thus conversion of the 

former into the latter eventually leads to the formation of nanopores (d < 2 nm). Moreover, the 

fact that turbostratic chars are poorly crystalline in nature maintains a clear division between 

chars and natural or synthetic graphite. Bourke et al. (23) revealed the structural differences 

using XRD in conjunction with NMR and MALDI-TOF MS. It is shown that the relatively high 

heteroatom content, SA, electrical conductivity, and the abundance of unpaired electrons in the 

structure unequivocally distinguish chars from graphite. 

Fig. 4B summarizes the trends in char and fixed-C yield observed herein as well as 

those discussed in the review by Antal and Gronli (19). Collectively these studies report a rapid 

decrease in char yield and a relative increase in fixed-C yield at charring temperatures greater 

than ~250-300˚C followed by a stabilization in yields at charring temperatures greater than 

~700˚C.  

Comparison of Precursor Materials. FT-IR spectra and elemental ratios suggest that 

the breakdown of grass appears to begin at slightly lower temperatures than that of wood. 

Generally, heat-induced decomposition of hemicellulose and cellulose in biomass occurs rapidly  

at low temperatures (between 230-400˚C), whereas that of lignin happens over a broader 

temperature range (160-900˚C) (41). This suggests that the activation energy for heat-induced 
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alteration of grass char is lower, presumably due to higher contents of thermally labile 

hemicelluloses, than for the more complex ligneous polymer structure of wood. The relative 

quantities of biopolymers in the native plant material thus determine the specific conditions 

under which biomass charring yields transition chars (Fig. 4). 

The transition from amorphous C into ordered turbostratic crystallites is not only seen 

for wood chars, but also quite evident for grass chars. Consequently, the two-phase model by 

Kercher and Nagle (14) initially developed for wood chars may be applicable to various types of 

plant biomass. However, it is clear that higher yields of crystalline chars with larger SAs from 

wood can be achieved at lower temperatures than from grass biomass. This will be important for 

applications seeking to maximize the reactivity of chars as soil amendments (5).  

Implications for degradability are probable and already have been suggested. Hamer et 

al. (42) showed that corn stover and rye char were mineralized more rapidly than wood char. 

Nguyen and Lehmann (43) reported that mineralization and oxidation decrease at higher 

temperatures for corn (grass) chars, whereas no such effect was observed for oak (wood) char. 

Environmental Implications 

Persistence in the Environment. The “paradox of refractory-labile BC” (44) refers to the 

lack of explanations for the large observed differences in residence time between seemingly 

refractory BC forms and other forms that appear to be more dynamic. Our investigation has 

revealed structural and chemical differences which make it plain that the persistence of BC in the 

environment depends to a great extend on its particular chemistry and physical structure.  

Attempts to rationalize observed variations in the chars’ resistance to abiotic and biotic 

degradation (or “aging”) (20, 42) will lead to more robust results when they are based on the 

multiphase model presented in Figure 4. 
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Chars as Environmental Sorbents.  A clear distinction between the categories of chars 

and their various phases entering soils and sediments will aid the more accurate description of 

the sorption behavior of organic contaminants. Different types of char have different BC-water 

distribution coefficients (KBC) values (2). These variations are attributed to differences in SA and 

pore size distributions which are well-reflected in the proposed categories. Chen et al. (10) 

divides chars into a non-condensed partition (absorption) medium and carbonized phases that are 

viewed as a sorbent surface, but are indifferent toward the molecular properties of the non-

condensed phase. Our results show that mobile, non-condensed components may comprise both 

crystalline (i.e., native cellulose) and heat-altered amorphous components (i.e., lignin residues, 

aliphatics, and small (poly)aromatic units) which are expected to show dissimilar sorptive 

behavior. 

Quantification in Environmental Systems. Despite substantial progress, different 

techniques yield widely varying BC “contents” for soils and sediments (9). These authors 

conclude that all quantification methods are selective, e.g., for amorphous wood char or more 

condensed wood chars. We suggest considering that the quantification protocols tested might be 

selective for one or more char categories. The reader is referred to the SI for a more detailed 

account of the environmental implications of the structural differences among the char 

categories. 

We conclude with the suggestion that future research efforts need to recognize the 

existence of various categories of char BC with distinct (i) physical architecture and (ii) 

molecular compositions (Fig. 4). The unique combination of physical and chemical features in 

each category is likely to translate into widely differing dynamics and functions in soil and 

sediment environments. Future investigations of the effect of both charring conditions (e.g., 
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charring duration and ramp rates) and biomass properties (e.g., other than wood and grass) on 

properties and yields of individual char categories will help to refine the presented classification 

scheme. 
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TABLE 1. Char and fixed-C yields, volatile matter, and ash contents, 
elemental composition and ratios, and BET-N2 surface area (N=3) of wood 
and grass chars prepared at various charring temperatures. 
Sample 

 
 Yield VM Fixed C Ash C N H O  H/C O/C  BET-N2 

SAa 

  [wt %]b  atomic 
ratiob 

 [m2 g-1] 

W100  99.8 77.1 21.7 1.2 50.6 0.05 6.68 42.7  1.59 0.63  1.6±0.3 

W200  95.9 77.1 21.4 1.5 50.9 0.04 6.95 42.2  1.64 0.62  2.3±0.1 

W300  62.2 70.3 28.2 1.5 54.8 0.05 6.50 38.7  1.42 0.53  3.0±0.0 

W400  35.3 36.4 62.2 1.4 74.1 0.06 4.95 20.9  0.80 0.21  28.7±1.5 

W500  28.4 25.2 72.7 2.1 81.9 0.08 3.54 14.5  0.52 0.13  196±11 

W600 

W700 

 23.9 11.1 85.2 3.7 89.0 0.06 2.99 8.0  0.40 

0.21 

0.07 

0.05 

 392±11 

 22.0 6.3 92.0 1.7 92.3 0.08 1.62 6.0  347±11 

               

G100  99.9 69.6 23.5 6.9 48.6 0.64 7.25 44.1  1.81 0.69  1.8±0.4 

G200  96.9 70.7 23.6 5.7 47.2 0.61 7.11 45.1  1.81 0.72  3.3±0.4 

G300  75.8 54.4 36.2 9.4 59.7 1.02 6.64 32.7  1.34 0.41  4.5±0.6 

G400  37.2 26.8 56.9 16.3 77.3 1.24 4.70 16.7  0.73 0.16  8.7±0.5 

G500  31.4 20.3 64.3 15.4 82.2 1.09 3.32 13.4  0.48 0.12  50±0.4 

G600 

G700 

 29.8 13.5 67.6 18.9 89.0 0.99 2.47 7.6  0.33 

0.20 

0.06 

0.03 

 75±12 

 28.8 9.1 71.6 19.3 94.2 0.70 1.53 3.6  139±11 

a Shown are average values calculated from N replicate measurements ± standard deviations. 

b Yields and fixed C, ash, and VM contents are on a water-free basis (dried at 105˚C). 
lemental contents and atomic ratios are on water- and ash-free basis. E
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Figure captions 

Figure 1: Stacked ATR FT-IR spectra of (a) wood and (b) grass char samples heated to 

temperatures ranging from 100 to 700˚C. 

Figure 2: X-ray diffraction profiles (cobalt radiation) of (a) wood and (b) grass chars generated at 

temperatures ranging from 100 to 700˚C. Vertical lines indicate peak positions; associated 

numbers are d-spacings between crystallographic planes in nm. Sharp, non-labeled peaks are 

from inorganic components. 

Figure 3: C NEXAFS spectra of (a) wood and (b) grass char temperature series including a non-

charred sample of each. Individual spectra are shifted on the absorbance axis for better 

discrimination. The grey shaded area indicates the region in which 1s-σ* resonance and 1s-σ* 

exciton peak are located. The black line represents the idealized spectral features arising from 1s-

σ* exciton and resonance characteristic of highly conjugated graphene sheets adapted from 

Brandes et al. (29). Additionally, absorption bands at 297.2 and 299 eV are attributed to 

potassium (K) LIII and LII edges, respectively. 

Figure 4: Dynamic molecular structure of plant biomass-derived black carbon (biochar) across a 

charring gradient and schematic representation of the four proposed char categories and their 

individual phases. (A) Physical and chemical characteristics of organic phases. Exact 

temperature ranges for each category are controlled by both charring conditions (i.e., 

temperature, duration, and atmosphere) and relative contents of plant biomass components (i.e., 

hemicellulose, cellulose, and lignin). (B) Char composition as inferred from gravimetric analysis. 

Yields, VM, fixed-C, and ash contents are averaged across wood and grass chars. Relative 

contributions above 700˚C are estimates. 
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