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ABSTRACT: Few studies have investigated the effects of structural heterogeneity
(particularly the interactions of silicon and carbon) on the mechanisms for the
recalcitrance of biochar. In this study, the molecular mechanisms for the
recalcitrance of biochars derived from rice straw at 300, 500, and 700 °C
(named RS300, RSS00, and RS700, respectively) were elucidated. Short-term (24
h) and long-term (240 h) oxidation kinetics experiments were conducted under
different concentrations of H,0, to distinguish the stable carbon pools in the
biochars. We discovered that the stabilities of the biochars were influenced not only
by their aromaticity but also through possible protection by silicon encapsulation,
which is regulated by pyrolysis temperatures. The aromatic components and
recalcitrance of the biochars increased with increasing pyrolysis temperatures. The
morphologies of the carbon forms in all of the biochars were also greatly associated
with those of silica. Silica-encapsulation protection only occurred for RS500, not for

Aromatic carbon and amorphous
silica-encapsulated carbon

S
Condensed aromatic carbon
and crystalline silica

Amorphous carbon and
amorphous silica

RS300 and RS700. In RS300, carbon and silica were both amorphous, and they were easily decomposed by H,O,. The separation
of crystalline silica from condensed aromatic carbon in RS700 eliminated the protective role of silicon on carbon. The effect of
the biochar particle size on the stability of the biochar was greatly influenced by C—Si interactions and by the oxidation
intensities. A novel silicon-and-carbon-coupled framework model was proposed to guide biochar carbon sequestration.

B INTRODUCTION

Biochar is a carbon-rich residue that is formed during the
pyrolysis of biomass, and it has been shown to be highly stable,
persistin§ longer in soils than other forms of soil organic
matter."”> Therefore, biochar amendment is considered to be an
emerging tool for carbon sequestration.” Biochar is charac-
terized as a heterogeneous material with a range of partially to
completely carbonized carbon forms,*” and it contains
different forms of crystallized aromatic carbons and non-
polyaromatic carbons,® as well as distinct ash contents in
biochars derived from various feedstocks."”"" Aromatic carbon
typically has the greatest contribution to the recalcitrance of
biochar.” Understanding the long-term stability of biochar is
hindered by its heterogeneous nature and particulate
form.”'>" The oxidation of biochar typically begins on its
surfaces. Therefore, quantifying the decomposition of fresh
biochar may lead to an overestimation of its long-term decay.”’
A recent report revealed that CO, production primarily
originated from polycyclic aromatic components rather than
from any minor labile components for biochars that were
produced at 650 and 700 °C by short-term lab incubation and
with a predicted half-life of 67 years.” Furthermore, if the half-
lifetime of biochar is extrapolated to more than 1000 years,'*'®
polyaromatic carbons might not be the only determinant for
the stabilities of biochars.

Apart from polyaromatic carbons, silica in biomass primarily
consists of amorphous phytoliths and opal A particles.'® For
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example, 80—98 wt % rice hull ash silicas are amorphous,'” and
they are always involved in the organic matrix mixture, formin:

a rigid microstructure that stabilizes the structures of plants'

and presumably is bound to carbohydrates.'® Silica ash can
change the physical and structural compositions of biochar
through pyrolysis via fusion and sintering.”'>*° As previously
reported, lower ash contents and higi!,her temperatures will
produce more highly aromatic biochars.""*"** Conversely, high
ash contents may hinder the formation of aromatic carbon,”
because minerals in the precursor samples act as a barrier to the
diffusion of heat and the release of degraded volatiles during the
charring process.'' In addition, the fixed carbon contents were
shown to decrease with increasing pyrolysis temperatures when
biochars contained greater than 20% ash, suggesting possible
interactions between organic and inorganic constituents during
feedstock pyrolysis.”' Furthermore, the presence of significant
amounts of minerals may cause defects in aromatic structures,
thereby reducing the number of cross-links between layers and
decreasing the overall stability of a structure that is dominated
by C links.”> A wide distribution of silicon in the dry weight of
biomass,*> ranging from 0.1% to 10%,>* generally causes silicon
to accumulate in biochar during charring processes. With
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increasing pyrolysis temperatures, the morphologies of the
silicon components change from amorphous to crystal-
line,"¥*7%7 resulting in interactions between silicon and
carbon.’® For example, a tiny amount of carbon from
incompletely burned rice husk residue was not completely
eliminated by higher and longer temperature treatments due to
intertwined hydrated silica and lignocellulose.”” Silicon may
play an important role in arranging the heterogeneous
structural composition of carbon pools,"® including aromatic
carbons, thereby having a considerable impact on carbon
evolution when amended in soils. However, the roles of silicon
components on the stabilities of biochars remain unknown.

Thus, identifying the mechanisms for the recalcitrance of
biochars and elucidating the interactive effects of silicon and
carbon components are critical for determining the stabilities of
biochars, which is the primary objective of this study. The
relative stabilities of biochars were examined via their carbon
loss through chemical oxidation. Acidic hydrogen peroxide was
employed to evaluate the stabilities of heterogeneous carbon
pools because H,O, as an oxidizer can remove >95% of natural
organic matter”> and decompose most refractory organic
matter, especially aromatic carbons.”**° Therefore, this
compound might be a promising indicator for distinguishing
the heterogeneity of the labile and stable components of
biochar. Short-term (24 h) and long-term (240 h) oxidation
kinetics experiments with a series of H,O, concentrations were
conducted to evaluate carbon stability in rice-straw-derived
biochars. The impacts of the preparation temperature and
particle size on the carbon loss of biochars were examined. The
microstructures of the raw biochars and oxidized biochars were
characterized using scanning electron microscopy with energy
dispersive spectrometry (SEM-EDS) and Fourier transform
infrared spectroscopy (FTIR).

B MATERIALS AND METHODS

Preparation of Biochars. Rice straw, one of the most
abundant crop residues,> was collected from Anhui Province,
China, and air-dried and milled through 30, 60, 100, and 200
mesh sieves. Five different particle sizes (<30, 30—60, 60—100,
100—200, and >200 mesh) of rice straw were prepared as the
biomass precursors. Biochar was produced by pyrolyzing the
biomasses under oxygen-limiting conditions at 300, 500, and
700 °C using a previously reported method.®” Briefly,
approximately 110 g of powdered rice straw was packed tightly
in a ceramic crucible, which was then covered with a tight-
fitting lid and then pyrolyzed in a mufile furnace for 4 h. The
charred samples were sieved through 30, 60, 100, and 200 mesh
sieves to obtain the final biochar samples. Biochars for RS300
with different particle sizes were named RS300-(<)30, RS300-
30—60, RS300-60—100, RS300-100—200, and RS300-(>)200.
The symbol of (<)30 corresponds to the particle size without
being sieved through a 30 mesh sieve, thus the particle size of
(<)30 is larger than that of 30—60, 60—100, 100—200, and
>200. The symbol of (>)200 corresponds to the particles
sieved through a 200 mesh sieve, which is less that the particle
size of 30—60, 60—100, and 100—200. The other particle sizes
lie within the different meshes. For example, RS300—30—60
means RS300 with the particle passed through 30 mesh sieve
but intercepted by 60 mesh sieve. The RSS00 and RS700
samples were characterized using the same procedures. RS300,
RS500, and RS700 refer to rice straw biochars produced at 300,
500, and 700 °C, respectively.

Chemical Oxidation Kinetics Experiment. The chemical
oxidation of biochars by H,0, is commonly used to evaluate
their recalcitrance, which is relevant to the degradation of
biochar under natural soil conditions.*"**7>* The concentration
gradient of H,O, in the oxidation experiments was regarded as
the level of oxidation. Additionally, the stock concentration of
H,0, used in this study was 30% w/w, and it was diluted to
different concentrations. The H,0, oxidation experiment was
conducted in a thermostatic water bath on the basis of a
modification of a previously reported method.”® The oxidation
of organic matter by hydrogen peroxide is influenced by many
parameters (such as temperature, pH, and concentration) , with
temperature being a key parameter: a higher temperature can
accelerate the reaction rate and shorten the process. Because
hydrogen peroxide rapidly decomposes at temperatures greater
than 70 °C,** a suitable temperature of 60 °C was selected for
the incubation experiment. Briefly, after 100 mg of biochar was
added to a 50 mL plastic tube, 40.0 mL of H,0, was slowly
added to the tube and stirred with a vortex mixer for 1 min to
ensure that the water and solid mixed well. The covered tube
was placed in a thermostatic water bath, and the temperature
was maintained at 60 + 0.5 °C for 24 h for each treatment.
During oxidation, the tube was repeatedly uncovered to release
the air; the liquid was removed by filtration with a 0.45 ym
membrane as soon as the experiment finished. The final
oxidized residues were washed with deionized water and dried
in an oven at 80 °C.

The following three oxidation kinetics experiments were
performed: short-term (24 h) oxidation, long-term (240 h)
oxidation and effect of particle size. (1) For short-term
oxidation, 16 concentrations of H,0, (0.0%, 0.5%, 1.0%,
2.0%, 3.0%, 4.0%, 6.0%, 8.0%, 10.0%, 12.0%, 15.0%, 18.0%,
21.0%, 24.0%, 27.0% and 30.0% w/w) were selected to
investigate carbon stability in biochars under different levels of
oxidation. The selected samples of RS300, RS500, and RS700
with 60—100 mesh particle sizes were reacted with H,0,
solutions in a one-time 24 h treatment. (2) For long-term
oxidation, three H,0, concentrations (0.5%, 2.0%, and 8.0%)
were selected as the different oxidation levels, and RS300,
RS500, and RS700 samples with 60—100 mesh particle sizes
were selected as the model biochars. The long-term experi-
ments consisted of 10 successive 24 h treatments to probe the
microstructures and chemical characteristics of the multilayered
composition of biochar. (3) To investigate the effect of particle
size on carbon loss under different degrees of oxidation, five
particle size ranges (<30, 30—60, 60—100, 100—200, and >200
mesh) of RS300, RS500, and RS700 and three concentrations
of H,0, (0.5%, 2.0%, and 8.0%) were selected for the 240 h
oxidation treatments.

The carbon loss obtained from oxidation is defined as a
negative increase from 0 to —100%. The carbon loss was
calculated as follows:

c =597 % o 00w
loss — — o 0

¢ (1)

Where Cy., represents the carbon loss percentage, C; refers to
the carbon content in primary biochars, and C, refers to the
carbon content in oxidized biochar residues.

Sample Characterization. The carbon contents (OC%) in
the biochars and oxidized biochars were determined using a
TOC-V carbon analysis instrument (SSM-S000A, Shimadzu,
Japan). The ash contents (ash%) were measured by heating the
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Figure 1. SEM-EDS images of RS300 (A, B), RSS00 (C, D) and RS700 (E, F). (B) One spot of agglomeration in RS300 that mainly consisted of
K,0. (D) One of the crystals of potassium chlorite on the surface of R$500. (F) Shows the other surface of RS700 with accumulated silicate crystals.
Note that the elemental components are the same color as the corresponding lines of the elements.

samples at 800 °C under an air atmosphere for 4 h. The organic
carbon contents on an ash-free basis (OC,g %) were
calculated as OC, g 4% = OC% / (100% — ash%). FTIR
spectra were recorded in the 4000—400 cm™' region with a
resolution of 4 cm™ using an FTIR spectrometer (Nicolet
6700, Thermo Scientific) and processed using the Thermo
Scientific OMNIC software. SEM-EDS images of the samples
were obtained by scanning the sample surfaces with a field-
emission scanning electron microscopy (Quanta 3D FEG, FEI).
EDS line spectra were acquired by drawing ~60 pm arrows at a
1000X magnification for 300 s to achieve a sufficient signal-to-
noise ratio. The results were autocorrected and optimized using
the Inca software. The specific surface areas of the prepared
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biochars were measured by N, (0.162 nm*) gas adsorption at
liquid N, temperature (—196 °C) using a NOVA-2000E surface
area analyzer. Prior to the surface area measurements, the
samples were degassed under vacuum (less than 0.1 Pa) for 12
h at 378 K. Four data points, between relative pressures of 0.05
and 0.3, were used to determine the monolayer adsorption

capacity.

B RESULTS AND DISCUSSION

Characterization of the Rice-Straw-Derived Biochars.
The carbon and ash contents in the RS300, RS500, and RS700
samples with different particle sizes are listed in Table S-1 of

dx.doi.org/10.1021/es405647e | Environ. Sci. Technol. 2014, 48, 9103—9112
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the Supporting Information. For all of the biochar samples, the
carbon content on an ash-free basis decreased with decreasing
particle size, and the ash content correspondingly increased.
According to the elemental compositions presented in Table S-
2, RS700 was highly carbonized with polyaromatic carbon
according to the measured O/C,,, = 0.40 and H/C,, = 0.29.
Comparatively, RS300 was the least carbonized biochar, with an
elemental composition of O/C,,, = 0.39 and H/C,,, = 0.75,
and RSSO0 had a considerably lower O/C,, = 0.33 but an
intermediate H/C,,, = 0.37, indicating that this sample was
partially carbonized; these results are consistent with the
previously reported NMR results® and with the standards of
the International Biochar Initiative, as H/C,,, <0.7 corresponds
to a greater proportion of fused aromatic ring structures.>> A
large increase in aromaticity and a low degree of average
condensation for biochars under 350—500 °C were observed,
whereas average aromatic cluster sizes of 7—14 were observed
for biochars at 500 °C ~ 700 °C.>> Only one particle size of
60—100 mesh was selected as a representative for the biochar
structural characterization because biochars with this particle
size were selected in most of the chemical oxidation
experiments. The surface areas (SAs) of RS300 and RSS00
were 18.54 and 11.75 m*/g, respectively, which were smaller
than the SA of RS700 (193.52 m?*/g), suggesting that the pores
in RS700 were opened under the high carbonizing temper-
ature.”

The SEM images and EDS line spectra of RS300, RS500 and
RS700 are shown in Figure 1. As shown in Figure 1A,B, there
were considerable amounts of KCI and K,O on the surface of
RS300. However, K,O was not observed on the high-
temperature biochars, which was consistent with a previous
finding that K,O was dissociated at 620 K to catalyze the
melting of silica.®® Interestingly, RS500 has a structure that
contains silicon and carbon, which are possibly intertwined with
each other but heterogeneously distributed (Figure 1C). We
observed that KCI crystals were present on the surface of
RSS00 (Figure 1D). However, when the pyrolysis temperature
increased to 700 °C, the KCI and silica became a mixture of
aggregated crystallites that appeared on the opposite side of
RS700 (Figure 1F), indicating that most of the silicon in the
RS700 separated from the carbon structure (Figure 1E).
Recently, Xiao et al.'® systematically elucidated the trans-
formation and morphology of carbon and silicon in rice straw
biochars by XRD, FTIR, and SEM, and they found that
increasing the pyrolysis temperature changed the silicon
speciation from amorphous to crystalline, whereas the organic
matter evolved from aliphatic to aromatic. A proposed mutual
protection relationship'> between carbon and silicon under
different pyrolysis temperatures was used to explain the stability
of carbon in RS500.

The FTIR spectra of RS300, RS500, and RS700 are shown in
Figure S-1. The FTIR band assignments of biochars have been
frequently described in previous reports.”” In RS300, there
were strong C=O stretching vibrations at 1704 em™,¢ C=0
stretching vibrations of ketones at 1442 cm_l,37 and C-0
bending vibrations of phenols at 1380 cm™,*® but the relative
intensities of these features decreased in RSS00 and even
disappeared in RS700, indicating increasing carbonization by
the removal of O. The relative intensities of the C=C
stretching vibrations at 1580—1619 cm ™' progressively declined
from RS300 to RS700,*”*° but there was a relatively broad peak
located between 1569 and 1619 cm™! for RS700, indicating the

9106

formation of different types of aromatic carbon forms
compared with RS300 and RS500.

The peaks at 1100, 796, and 467 cm™ were primarily
assigned to Si—O-—Si asymmetric vibrations, symmetrical
stretching vibrations, and flexural vibrations, respectively.*® As
previously reported, the C—O stretching vibration also
appeared in the range of 1170—950 cm™."* Biochars prepared
at 300 °C are generally composed of residues of biopolymers
such as cellulose,””* so the possibility of C—O stretching
cannot be excluded in RS300. The Si—O—Si peak at 1100—
1050 cm™" was mainly assigned to the stretching of Si—O,*"
which shifted from 1099 cm™ for RS300 to 1091 cm™' for
RS500 and to 1056 cm™' for RS700, indicating that the
morphologies of silicon changed with increasing pyrolysis
temperature. These results are supported by the SEM-EDS
images shown in Figure 1.

Effect of Short-Term H,0, Oxidation on the Carbon
Losses of Biochars. Biochars prepared at three different
temperatures (i.e, RS300, RSSO0 and RS700) exhibited
different carbon loss trends under different concentrations of
H,0, during short-term oxidation (Figure 2). RS300 exhibited

—a— RS300
04 —e— RS500
e 4 —A— RS700
172 v*?"'\
-20 \. —e
— ALt jr/—'/"\"'*f’””%\
X \ T L L =
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Figure 2. Carbon losses of RS300, RS500, and RS700 after short-term
oxidation under 16 concentrations of H,O, ranging from 0 to 30%
with a particle size of 60—100 mesh.

an exponential-like loss of its carbon from —(17.1 + 0.44)% to
—(82.8 + 1.33)%, whereas RSS00 experienced three losses: a
constant carbon loss of approximately —(8.2 + 2.4)%, an
increase from —18% to —54.2% and another constant loss with
an average of —(62.8 = 1.7)%. Therefore, the carbon pool of
RS500 presumably consists of at least three components,
including approximately 8.2% labile carbon (ie., the initial
decomposed carbon), 18—54% semilabile carbon, and 38—45%
stable carbon. In contrast, RS700 maintained a constant carbon
loss with an average of —(25.3 + 2.3)% under different
oxidation levels; this loss presumably consisted of -easily
removed labile carbon. RS700 is hypothesized to consist of
two different pools corresponding to approximately 25% labile
carbon and 75% stable carbon. The degree of oxidation barely
influenced the carbon loss of RS700 in the short term.

When the H,0, concentration was less than 8%, the carbon
loss followed the sequence RS500 < RS700 < RS300, indicating
that RS500 was more stable than the other two biochars under
relatively low oxidation intensities. When the concentration of
H,0, increased to 8%, the carbon loss followed the sequence

dx.doi.org/10.1021/es405647e | Environ. Sci. Technol. 2014, 48, 9103-9112
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Figure 3. Carbon losses of RS300 (A), RSS00 (B), and RS700 (C) with long-term oxidation under 0.5%, 2%, and 8% H,0,.

RS700 < RS500 <RS300, suggesting that RS700 was more
stable than RS500 and RS300 under a higher degree of
oxidation in the short term. These observations suggest that
short-term oxidation clearly reveals the distinct carbon
compositions of biochars and their different stabilities. Their
recalcitrance mechanisms will be elucidated next.

Effect of Time-Dependent H,0, Oxidation on the
Carbon Losses of Biochars. The evolution of the carbon
losses of RS300, RS500, and RS700 during 10 cycles of 24 h
oxidation under 0.5%, 2%, and 8% H,0, is shown in Figure 3.
Because oxidation starts from the outer surface of the biochar,**
each cycle of H,0, oxidation in our experiment is regarded as
the removal of one layer of carbon from the biochar. The
degree of carbon removal was closely associated with the
biochar preparation temperature and oxidation level. Under
0.5% H,0,, the carbon loss of RS300 was —27.5% for the first
24 h, which gradually increased with subsequent oxidation
cycles up to —84.3% for the 10th 24 h oxidation cycle (Figure
3A). Under a higher degree of oxidation, the carbon loss of
RS300 was enhanced, that is, from —45.7% for the first cycle to
greater than —99.4% for the eighth cycle with 2% H,0O, and
correspondingly from 66.3% to greater than —99.20% in the
fifth cycle with 8% H,O,. These results suggest that there are
no significant differences between the carbon structures from
the external surfaces to the interiors of the RS300 particles,
which cannot be distinguished by the degree of oxidation.

Compared with RS300, RS500 had smaller losses of —7.7%
and —9.1% carbon under 0.5% and 2% H,0,, respectively, for
the first oxidation cycle (Figure 3B). Even under 8% H,0,, no
greater carbon loss was observed: the loss was only —24.5%
compared with —66.3% for RS300. For RSS500, there was a
carbon loss of —80.8% after the 10th oxidation cycle under
0.5% H,0,. After the fifth cycle, the same carbon loss of
approximately 80% occurred under 2% and 8% H,O,.
Interestingly, the degree of oxidation insignificantly influenced
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the carbon losses of RSS00, even at the high degrees of
oxidation, because carbon losses of —93.6% under 2% H,O,
and —85.7% under 8% H,O, were obtained after the 10th
oxidation cycle. This result suggests that RSS00 might consist
of various carbon forms, in which at least 6.3% of the carbon is
highly oxidation resistant and is encapsulated by silica, thereby
protecting carbon from oxidation.

RS700 had a —25.6% carbon loss after the first 24 h oxidation
cycle under 0.5% H,0, (Figure 3C); thereafter, no further
losses of carbon were observed until the seventh cycle.
Interestingly, a sudden decrease in the carbon loss of —22.9%
after the eighth cycle, followed by further continuous increases
to —26.5% and —39.6% after the ninth and tenth oxidation
cycles, respectively, were observed. RS700 exhibited a sharp
carbon loss from initial values of —25.7% and —34.9% to similar
carbon losses of —99.5% in the eighth and fourth oxidation
cycles under 2% and 8% H,O,, respectively. These findings
suggest that RS700 was primarily composed of two carbon
pools (ie., labile and stable carbon), which was defined as the
fast- and slow-decomposed carbon pools,” respectively. The
stable C pools mostly consist of highly aromatic and condensed
C forms. Correspondingly, the fast carbon pool in RS700
accounted for approximately 25%, and the remainder belonged
to the slow carbon pool. Again, among the tested biochars,
RS500 possessed carbon that was highly oxidation resistant
under long-term oxidation cycles, whereas RS300 had a
comparatively homogeneous carbon pool under H,O,
oxidation regardless of the oxidation time or level.

Influence of Particle Sizes on the Carbon Losses of
Biochar under Long-Term Oxidation Using H,0,. The
carbon losses of RS300, RS500, and RS700 with five particle
sizes after long-term oxidation with H,O, are shown in Figure
S-2. For 0.5% H,0, (lower relative oxidation intensity), the
three biochars generally showed similar trends (i.e., the largest
particles had the lowest carbon losses). For 2% H,0,, this trend
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Figure 4. Stacked FTIR spectra of RS300 (A, B, C), RS500 (D, E, F) and RS700 (G, J, H) after long-term oxidation, in which were tested the
following conditions: A, D, G were tested under 0.5% H,O,; B, F, ] were under tested under 2% H,O,; and C, F, H were tested under 8% H,0O,.

was less significant, and for 8% H,0O,, no observable differences FTIR Spectra of Oxidized Biochars. The FTIR spectra of
among particles could be found, which is consistent with the oxidized RS300, RS500, and RS700 after five different oxidation
FTIR results shown in Figure S-3 and with the detailed cycles under 0.5%, 2%, and 8% H,O, are shown in Figure 4.

information presented in Supporting Information, indicating For RS300, the stretching vibrations of C=C at 1616 cm™" and
that large particles affected the mineralization rate of biochar.** C=0 at 1710 cm™' initially increased but then rapidly
Two mechanisms have been proposed to explain these decreased in later oxidation cycles. Under 0.5% H,O,, the Si—

O—Si peaks at 1100, 800, and 464 cm™ continuously increased,
and simultaneously, changes in the C=C and C=O peaks
occurred. Higher degrees of oxidation led to a rapid decrease in
the C=C and C=O peaks and finally removed the C=0O
peak, followed by the C=C peak, whereas the Si—O—Si peak
initially increased and then rapidly decreased, and this peak
almost completely disappeared (Figure 4B,C). These phenom-
ena were more significant under 8% H,0,, indicating that the
carbon loss in RS300 is minimally affected by silicon
components but strongly affected by the degree of oxidation.
Therefore, these results may explain why the carbon
components in RS300 cannot be distinguished under oxidation

phenomena. Eirst, large particles contain more aromatic regions
and fewer reactive sites upon hydrolysis and oxidation
compared with smaller particles because the larger particles
have more distinct heterogeneous components than the smaller
ones.”’ Second, the environmental degradation of the biochar
represent surface photo-oxidation and chemical-oxidation
phenomena;*** therefore, larger particles would oxidize
more slowly and presumably have a longer turnover time
than smaller particles. In contrast, Nguyen et al. found that a
large amount of large particles were broken into smaller
particles of <5 um after 30 years,*® whereas the smaller <5 ym

particles became considerably more stable when adsorbed to with H,O,.

soil minerals,*” with a longer turnover time of greater than 100 For RSS00 (Figure 4D—F), the evolution of the FTIR
years. Our results suggest that the smaller particles generally spectra with subsequent oxidation cycles was quite different
experience greater oxidation because they have a larger surface from that for RS300. Under 0.5% H,0,, the C=0 peaks were
area compared to the larger particles, and therefore, they located at 1700 cm™, and the C=C peaks shifted from 1589 to
potentially have a more reactive surface. Therefore, it can be 1619 cm™' with subsequent oxidation cycles, but their peak
concluded that large particles may potentially play a intensities remained almost unchanged. Correspondingly, the
determining role in the initial degradation of biochar in soil. intensities of the Si—O—Si peaks at 1100, 800, and 464 cm™"
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gradually increased, indicating that removal of carbon made
vibrations of the remaining “naked Si—O-—Si bond” consid-
erably stronger. Higher oxidation resulted in slight but gradual
decreases in the intensities of the C=C and C=0 peaks and
even removed the C=O peak. In contrast, the Si—O—Si peak
intensities increased with increasing oxidation cycles, and the
peak at 1100 cm™" split into two peaks (ie, 1114 and 108S
cm™', Figure 4F) after the 10th oxidation cycle, which indicated
that two types of silica components were present in RS500. The
evolution of the FTIR spectra assigned to the carbon and
silicon components strongly suggests that carbon is closely
associated with silicon and that the presence of silicon has a
significant impact on the carbon losses of RS500 under all of
the aforementioned oxidation conditions. The high degree of
oxidation has a less significant influence on the carbon loss,
especially during the later stages of oxidation.

However, RS700 exhibited completely different FTIR
spectral changes under the three oxidation conditions (Figures
4G, ], H). Under 0.5% H,0,, there were stronger C=C
stretching vibrations at 1573 cm™, and no significant changes
were observed for the oxidized biochars. A C=O peak
appeared at 1724 cm™' after the seventh oxidation cycle,
indicating that the initial oxidation had no observable effect on
the carbon structure and that the surface oxidation of RS700
was progressive. The Si—O—Si peak intensities remained
unchanged, but the Si—O peaks at 1052 cm™ gradually
disappeared, which indicated that part of the silica was easily
removed. For RS700 under 2% and 8% H,0,, the C=0 peaks
disappeared, the C=C peaks dramatically decreased, and only
small peaks remained after the first oxidation cycle.
Correspondingly, the intensities of the Si—O—Si peaks became
considerably stronger with increasing oxidation cycles. The Si—
O peak at 1052 cm™" was removed faster under higher degrees
of oxidation. This peak disappeared after the third oxidation
cycle under 2% H,O,, and it disappeared after the first
oxidation cycle under 8% H,0,, suggesting that these forms of
silicon were relatively easily removed by H,O, oxidation. The
carbon in RS700 could thus be concluded to consist mainly of
polyaromatic carbon forms, with the isolated silica in RS700
having a less significant impact on the carbon loss.

The FTIR spectra of RSS00 after the 10 day oxidation under
0.5%, 2%, and 8% with five different particle sizes are shown in
Figure S-3. After 0.5% H,O, oxidation, the intensities of the
peaks of C=C at 1599—1628 cm ™' and of C=0 at 1708 cm™"
increased with decreasing particle size. Conversely, the
intensities of the Si—O-—Si peaks decreased with increasing
particle size, suggesting that the large particles contained less
silicon than the small particles, which might partially explain
why the larger particles exhibited higher antioxidation abilities.
Higher oxidation under 2% and 8% H,O, resulted in significant
changes of all peaks, with stronger Si—O—Si peaks, weaker C=
C and C=O0 peaks and even the removal of C=0 peaks, as
shown in Figure S-3B, S-3C. Thus, the high degree of oxidation
had a more significant impact on the carbon loss than the
particle size.

SEM Images of Oxidized RS500 and RS700. The SEM
images of the oxidized biochars after the first, third, fifth and
tenth cycles of 24 h oxidation under 2% H,0, are shown in
Figure S for RS500 and in Figure S-4 for RS700. The SEM
images provided a clear map of the oxidized biochars and are in
sharp contrast to the as-prepared biochars. After H,O,
oxidation, the solid structures of RS500 with smooth surfaces
in Figure SA were eroded into rough surfaces, and both large
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Figure 5. SEM images of RSS00 after the first (A), third (B), fifth (C)
and tenth (D) successive 24 h treatment under 2% H,0,.

and small concave pits with diameters ranging from
approximately 100 to 615 nm are observed in Figure SB.
This erosive effect became greater with further oxidation. More
concave regions appeared, and the smaller pits were filled. In
addition, the oxidized structure became considerably looser, but
a relatively clear structure still remained, as shown in Figure
SC,D. This observation indicated the preservation of carbon in
RS500, which was supported by the aforementioned results that
14.3% carbon remained after oxidation and by the FTIR spectra
in Figure SD—F. Furthermore, upon surface oxidation, the
repeated oxidation could result in a sequential multilayer
removal of carbon in the outside layer while the carbon inside
could survive. Therefore, a sufficient degree of oxidation could
completely decompose any form of carbon, but the
encapsulated carbon would be unaffected and survive.

RS700 was initially covered with ash components (Figure S-
4A). Further oxidation exposed a clear intact and dense
structure (Figure S-4B). After the fifth oxidation cycle, the
biochar residues exhibited more distinct features with more
large and small holes, indicating that the biochar structures
were partially destroyed. As shown in Figure S-4D, after the
10th oxidation cycle, no dense structure could be observed, but
a large number of porous particles were observed, demonstrat-
ing that the entire structure had been almost completely
destroyed, with nearly no carbon components surviving after
strong oxidation. On the basis of the above SEM images, we
determined that the structure of RS700 was considerably easier
to break than that of RS500.

Recalcitrance Mechanism for the Stability of Rice-
Straw-Derived Biochars. There have been no systematic
investigations of the recalcitrance mechanism to explain the
stabilities of biochars, although many studies have considered
aromaticity to be a main contributor. As Lehmann proposed,”
several factors that influence the recalcitrance of biochars
hinder the precise prediction of their half-life in soils. Many
other factors, such as strongly interlinked iron and organic
carbon,?® might affect the recalcitrance of organic carbon in a
biochar.

Our investigation provided a new perspective regarding
carbon forms and silicon morphologies and the effect of their
coupled interaction on the stabilities of biochars. The tested
biochars (RS300, RSS00, and RS700) exhibited different
stability mechanisms. Both the short-term and long-term
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oxidation results indicated that the low-temperature biochar
(RS300) was partially carbonized, which included non-
carbonized and carbonized organic matter.® The noncarbonized
organic matter was labile carbon, and the carbonized matter
was also easily decomposed by an oxidizer such as H,O,.
Carbon losses under long-term oxidation resulted in at least
6.3% of the carbon, including aromatic carbon, remaining in the
oxidized residues of RS500. This finding is partially related to
the fact that ash minerals change their physical and structural
compositions during pyrolysis via fusion and sintering.>"?
Notably, the varying morphologies of silicon components with
increasing temperature, changing from amorphous to crystal-
line,” " and silicon phase changes from metastable a-quartz
to stable B-quartz*®*® were presumed to be the main
contributors to this intertwined structure and the encapsulation
of carbon by silica.*® Reasonably, the Si-encapsulated carbon is
more physically stable than other forms of carbon components
fixed by surface adsorption.

We determined that RS700 primarily consisted of 25% labile
carbon and 75% highly stable carbon. The latter remained
constant from the second to seventh 24 h oxidation cycle
because RS700 had characteristics similar to that of basic
activated carbon® and may act as a BC/BC* (BC refers to
black carbon) electron-carrier catalyst similar to AC/AC* (AC
refers to activated carbon).>® The surface of RS700 catalyzed a
certain moiety of radical (OH-) formation®® and concurrently
catalyzed the decomposition of H,0, into O, and H,0.*"
However, the sudden carbon loss in the eighth oxidation cycle
denoted the start of structural destruction, which was due to
the erosive effect of these radicals (OH-) and caused
destruction of the biochar itself, as indicated by the increasing
C=0 peaks and decreasing C=C peaks in the FTIR spectra
with enhanced oxidation. In general, the stability of carbon in
RS700 is mainly attributed to highly polyaromatic carbon,
which can catalyze the decomposition of H,0O, and prevent
itself from being damaged for a considerable length of time;
only a sufficient degree of oxidation could destroy its aromatic
structure. Biochar might therefore lose its catalytic function,
indicating that RS700 is presumably relatively stable under low
oxidation levels in the soil, which could ensure the long
turnover time of biochar.

To elucidate the recalcitrance mechanism for the carbon
stability of biochars, we initially propose a framework model in
Figure 6 for the silicon—carbon-coupling mechanism that
affects the stability of biochars. Silicon is a key factor that
influences the arrangement of carbon and its structural
composition. RS300 biochar mainly consists of partly
carbonized carbon®” and amorphous silica."* For RS500, the
silicon was blended with carbon and formed a dense
structure, forming Si-encapsulated carbon. However, for
RS700, the silicon components were changed into the
crystalline phase and separated from the carbon structure.
They subsequently formed larger silica crystals and enlarged the
naked polyaromatic carbon regions.'> Thus, this polyaromatic
carbon is the main contributor to the stability of RS700, which
is consistent with the results from Ascough et al,®! who
reported that aromatic compounds larger than 19-ring PAHs
were abundant at >700 °C but that no fused rings > coronene
(7 rings) were present at <500 °C. Note that KCI crystals were
present in all temperature-dependent biochars (RS300, RSS00
and RS700), but its distribution is closely related with silica and
plays a role in catalyzing the melting of silica.””*
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Figure 6. Model proposed for a silicon—carbon-coupling mechanism

that affects the stability of biochar.

These investigations reveal that the stability of biochars is not
only determined by aromatic structures but also influenced by
silicon protection and particle size. The interaction between Si
and C provides a new perspective for assessing the stability of
biochar with respect to its soil carbon storage potential and fills
a gap in understanding the stability associated with the
morphologies of carbon and silica. This silica-encapsulated
carbon structure can protect the biochar against physical and
chemical oxidation and presumably leads to a longer turnover
time in soils and thus a greater potential for carbon
sequestration. More studies are required to probe the evolution
of biochar turnover and associated lifetime related with silica as
a whole and their molecular composition at nanoscale levels.
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The elemental compositions and ash contents of the biochars
are presented in Table S-1 and S-2. The FTIR spectra of
primary biochars are presented in Figure S-1. The carbon losses
of RS300, RS500, and RS700 with five types of particle sizes
after long-term oxidation are presented in Figure S-2. Stacked
FTIR spectra of RSS00 with different particle sizes are
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free of charge via the Internet at http://pubs.acs.org.
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