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Pyrogenic or “black” carbon is a soil and sediment component
that may control pollutant migration. Biochar, black carbon
made intentionally by biomass pyrolysis, is increasingly discussed
as a possible soil amendment to increase fertility and sequester
carbon. Though thought to be extremely refractory, it must
degrade at some rate. Better understanding of the rates and
factors controlling its remineralization in the environment is needed.
Release of CO, was measured over 1 year from microbial

and sterile incubations of biochars made from a range of biomass
types and combustion conditions. Carbon release from

abiotic incubations was 50—90% that of microbially inoculated
incubations, and both generally decreased with increasing
charring temperature. All biochars displayed log—linearly
decreasing mineralization rates that, when modeled, were used
to calculate 100 year C losses of 3—26% and biochar C half-
lives on orders ranging from 102 to 107 years. Because biochar
lability was found to be strongly controlled by the relative
amount of a more aliphatic and volatile component, measurements
of volatile weight content may be a convenient predictor of
biochar C longevity. These results are of practical value to those
considering biochar as a tool for soil remediation, amelioration,
or atmospheric C sequestration.

Introduction

Black carbon (BC) is composed of a continuum of pyrogenic
organic materials ranging from slightly charred biomass to
charcoal to soot (I). It has received recent attention from
environmental chemists for its strong sorption affinity for
organic contaminants (2) and for the recent realization that
a large portion of the organic carbon found in soils and
sediments may be BC (5—40%; e.g., refs 3—6). Thus, BC
represents alarge, but poorly understood portion of the global
carbon that may have served as a carbon sink and oxygen
source over geological time scales (7). The intentional
production of BC by pyrolysis of biomass yields biochar,
which has been suggested as a soil amendment both to
improve soil fertility (8) and to sequester atmospheric CO,
into soils (9). One can envision a “closed-loop” system
whereby agricultural or other waste biomass is pyrolyzed to
produce bioenergy, and biochar is added back to the soil,
aiding the growth of more biomass and yielding “carbon
offsets” for the producer or user.

Before we can understand the role BC may have played
in past climate changes or how it can be used to mitigate
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future climate change, however, we must better understand
the stability of BC or biochar in the environment. Because
of its highly condensed aromatic structure, its resistance to
chemical treatment (e.g., refs 10 and 11) and its occurrence
in ancient soils and sediments (e.g., refs 12 and 13); BC has
generally been regarded as biologically and chemically
recalcitrant (e.g., refs 5, 14, and 15). However, a number of
recent observations suggest that, to the contrary, abiotic
oxidation of BC occurs and BC can be utilized, at least to
some extent, by microbes as a carbon source.

Assuming a BC production rate via natural biomass
burning of 0.05—0.3 Gt of Cyear™! (7) and a 80 Gt C inventory
of BC in soil representing, on average, 5% of the total soil
organic matter (1600 Gt of C (16)), an average BC residence
time of between 266 and 1600 years (or half-lives of 10>—103
years) can be calculated, assuming steady-state conditions.
Itis clear that there must be BClosses; otherwise, soil carbon
would be primarily BC (7). Even in the soils of regions of
documented repeated fire activity, the quantity of BC
calculated to have been produced has notbeen found (17, 18).
Some BC may be lost to erosion, but the pool of BC found
in marine sediments is not large enough to balance terrestrial
BC production (1). Using *C-dating of BC in sediment, BC
turnover has been estimated to be in the 1000 year time
scale (4), while a soil study comparing fire-affected and fire-
protected savannah soils calculated a BC half-life of <100
years (19).

Degradation of BC may occur both abiotically (e.g.,
chemical oxidation, photooxidation, and solublization) and
biotically (microbial incorporation or oxidative respiration
of carbon). A number of studies have claimed that abiotic
processes play a major, perhaps even dominant, role in
transforming BC. In the presence of oxygen and elevated
temperatures (20—22), chemical oxidants (23, 24), ozone
(25, 26), or air alone (20, 27—29), the BC surface has been
observed to gain O-containing functional groups such as
carboxylic acid and become more hydrophilic over time.

Biological utilization of very refractory carbon sources
such as charred wood and coal (e.g., refs 30 and 31) and
graphite incubated in soils (32) have long been observed.
More recently, longer time scale (month to year) laboratory
incubations of a number of biochar types have been carried
out. Baldock and Smernik (33) found that 20, 13, and 2% of
the carbon in red pine wood uncharred or charred at 150
and 350 °C, respectively, was remineralized after 4 months
(though this conclusion was based on the insensitive
technique of C weight loss). During 60 day microbial
incubations, Hamer et al. (34) measured a 0.8, 0.7, and 0.3%
loss char BC derived from maize and rye (350 °C, 2 h) and
0ak (800 °C, 22 h), respectively, as recorded by CO, evolution.
Incubations of BC mixed with soils have also been carried
out with a limited number of biochar types and yielded BC
losses of about 0.5 and 3% over 48 days for rye grass and pine
(charred briefly in air at 350 °C), respectively (35), and about
4% over 3 years for rye grass charred at 400 °C for 13 h (36).

Because these previous studies were each carried out on
a limited number of biochar types, we still have a poor
understanding of the natural range of BC lability and how
the chemical and physical characteristics of BC control its
degradation rate. Here, both abiotic (sterilized) and microbial
incubations were carried out on a suite of well-characterized
biochars made from a number of parent biomass types and
under arange of well-defined combustion conditions. Carbon
remineralization was measured monthly as evolved CO, over
the course of about a year, generating enough detailed data
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to construct, for the first time, experimentally based long-
term biochar degradation rate models.

Materials and Methods

Biochar Production. Black carbon was produced from six
biomass types: the living wood portion of oak (Laurel oak,
Quercus laurifolia), pine (Loblolly pine, Pinus taeda), cedar
(Eastern red cedar, Juniperus virginiana), and bubinga (the
tropical hardwood, Guibourtia demeusei), mixed stems and
blades of live Eastern gamma grass (Tripsacum dactyloides),
and sugar cane baggase (sugar cane following industrial
processing provided by Florida Crystal Corp.). These materi-
als, all obtained from Florida sources except for bubinga,
were dried (60 °C for at least 5 days), cutinto 1 cm x 1 cm
x 5 cm pieces, and either placed in a thin layer and combusted
in an 0.04 m® oven under full atmosphere (250 °C, chosen
to minimize ash formation) or pyrolyzed under N, at 400,
525, or 650 °C. For the latter, samples were loosely wrapped
in foil in portions of about 4 cm x 4 cm x 10 cm and placed
in a 5.5 cm diameter x 50 cm length pipe, which was piped
with flowing N, (2.3 oven volumes exchanged/min). The
temperature routine was 26 °C min~! heating rate, followed
by a3 h peak temperature hold time and a 3 °C min ™! cooling
rate. After cooling, biochars were lightly crushed and sieved
into particle size fractions of <0.25 (fine) and 0.25—2 mm
(coarse). Additionally, an oak sample and a pine sample were
pyrolyzed for peak temperature durations of 72 h.

Biochar Characterization. The biochars produced were
chemically and physically examined by anumber of methods
to investigate the characteristics of BC that may be related
to its lability. Specific surface area was determined a
Quantachrome Autosorb 1 using both N, and CO, adsorption
for mesopore and micropore surfaces, respectively. Elemental
C, N, and H abundances were determined on a Carlo-Erba
NA-1500 elemental analyzer, and oxygen content was
determined by difference, assuming biochar to be composed
of C, N, H, and O only. Volatile matter and ash content
(inorganic mass) were determined using a slightly modified
ASTM method (D-1762-84) involving measurement of weight
loss following combustion of about 10 g of char in a ceramic
crucible at 900 °C for 6 min and 750 °C for 6 h, respectively.
Volatile C was determined by mass balance following C
analysis of the nonvolatile residue. Detailed method descrip-
tions are provided in the Supporting Information.

BC Mineralization Rate. Abiotic and microbial incuba-
tions of biochar were carried out in sterilized 12 mL
borosilicate vials with rubber septa. For each treatment, six
replicate incubations of 20 mg of biochar + 200 mg of cleaned
quartz sand + 80 uL of aqueous nutrient solution [60 g of
(NH,)>S0, + 6 g of KH,PO, L] were prepared. The sand was
added to increase permeability, thus increasing the water
and oxygen accessibility for the char. To half of the vials, 20
uL (bringing the incubation to water holding capacity) of
sterilized water (abiotic incubation) was added, and to half
was added a microbial inoculate, the supernatant of a local
forest soil after 24 h shaking in water and centrifugation (biotic
incubation). Tubes were incubated in the dark at 32 °C.
Oxidation of BC was determined every 2 weeks initially and
every 6 weeks after the first 3 months by measuring CO,
evolution into the vial headspace. Molecular genetic char-
acterization of the microbial inoculate is published else-
where (37).

Headspace CO, was measured by purging for 5 min with
CO,-free air into an automated CO, coulometer (UIC Inc.,
Joliet, IL), leaving the vials refilled with CO,-free air for
reincubation. The analytical detection limit for CO,, deter-
mined using acidification of CaCOj3 standards, was found to
be 0.1 ug of C. About every 4 months, 50 uL of sterilized
deionized water was added to vials to return samples to about
water holding capacity state. For most abiotic and microbial
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incubation time periods, variation in C mineralized among
replicates was low (standard deviation represented only 13%
of the mean, on average, but usually less than 5%). Higher
variation often indicated leakage and was corrected by
changing the septa in tube caps. Experimental control tubes
that were empty or inoculated but contained no char yielded
CO, measurements of less than 2 ug for any given time period,
or the equivalent of 0.1 mg of C/(g of char).

Results

The physical and chemical characteristics of the biochars
produced, including their elemental composition and surface
area, are provided in Table S1 of the Supporting Information.
Time-course plots of cumulative C mineralization and the
C mineralization rate for different oak biochars (char weight-
normalized, Figure la,b and Figure 1c,d, respectively) il-
lustrate trends that were generally observed for all biochar
types. First, carbon mineralized from sterilized incubations
(abiotic) was always less than or equal to those inoculated
with soil microbes (on average, by 41% for oak biochars and
27% overall). Next, the fine biochar (<0.25 mm) grain size
fraction released more CO, than its corresponding coarse
fraction (on average, by 23% for oak biochar and 34% overall
for abiotic incubations, and by 22% for oak biochar and 16%
overall for microbially inoculated incubations). Lastly, bio-
mass charred at lower temperatures was generally more labile
than when charred at higher temperatures. The carbon
mineralization rate decreased over the year in both inoculated
and abiotic incubations (Figure 1c,d). For both incubation
conditions, about half of the C mineralized during 1 year
occurred in the first 3—4 months, after which time, miner-
alization rates were more stable and similar for different
biochar types.

So that the lability of different biochar types could be
more easily compared, 1 year (exactly) mineralization rates
were calculated for all biochars using the slope of the cumula-
tive mineralization versus time curve for the last three data
points collected, which was linear in all cases. The results,
plotted on both a char weight and C-normalized basis (Figure
2a,b, respectively), show that char lability was controlled
more strongly by combustion temperature and duration than
by parent biomass type. However, two-way ANOVA analysis
(with replication) indicated that both charring temperature
and biomass type effects on lability were significant, as was
the interaction between these effects.

Compared to lightly charred oak (250 °C under atmo-
sphere, coarse fraction), the Cmineralized in 1 year microbial
incubations was 27, 43, 44, and 72% less for 400, 525, and
650 °C, and 650 °C at 72 h charred oak, respectively. This
pattern of decreasing lability with increasing pyrolysis
temperature held for all wood biochars and abiotic incuba-
tions as well. However, abiotic and microbial incubations of
grass biochar and microbial incubations of sugar cane
baggase biochar released the most CO, in 1 year when
pyrolyzed at 400 °C. A significant direct linear relationship
was found between microbial and abiotic C mineralization,
both within biomass types (e.g., for oak, > = 0.86, p = 0.01),
and overall, (77 = 0.55, p > 0.01).

Since the C content of these biochars generally increased
with charring temperature and duration, the general trend
of increasing recalcitrance with increasing charring tem-
perature is even more pronounced when C mineralization
is expressed on a C-normalized basis (Figure 2b). Thus, there
was a significant negative linear correlation between char C
content and cumulative C mineralized in inoculated and
abiotic incubations within biomass types such as oak (1> =
0.65, p = 0.01 and 7* = 0.65, p = 0.02, respectively) and for
chars as a whole (#* = 0.34, and 0.36, respectively; p > 0.01
for both). Figure 2b also depicts the proportion of BC that
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FIGURE 1. Cumulative carbon mineralized (upper panels) and C mineralization rate (lower panels) during 1 year total (microbial +
abiotic) and abiotic incubations of oak biochars (all weight-normalized). Note different scales on left axes.

was oxidized during 1 year to have ranged between 0.4 and
3% (1.4 + 0.75% average + standard deviation (SD)for
inoculated biochar C loss and 1.0 + 0.5% for abiotic C loss).

Discussion

The mineralization rates measured in this study are similar
to those found in previous studies, though these other studies
differed in many details including char type (parent material
and charring regime), inoculant, incubation time and tem-
perature, and BC mineralization measurement technique.
In addition, the general finding of others of greater biochar
stability when charring takes place at greater temperature or
over longer time (33, 35, 38) was confirmed. However, in
contrast to Hilscher et al. (35), no consistent difference was
found between the short-term lability of hardwood, softwood,
or grasses. Also, the finding that biotic processes were
consistently responsible for about half the BC oxidation
during the year contrasted with the findings of Cheng et al.
(20) who judged abiotic processes to be more important than
biotic ones by examining changes in surficial functional group
chemistry following 4-month incubations. It is likely, how-
ever, that BC loss via oxidation to CO, (mineralization) and
the oxidation of the BC surface to O-containing functional
groups occur at different rates and by different processes.

Although the abiotic evolution of CO, might be attributed
to CO, desorption from biochar surfaces, this is unlikely
because the ratios of abiotic to biotic CO;, production rate
generally increased over the course of the incubations. Abiotic
production of CO, during humification-type reactions has
been shown, such as by the ring cleavage and decarboxylation
of catechol (39) and pyrogallol (40). While these reactions
were catalyzed by metal oxides, the acidic surface of biochar
may have similar catalytic properties toward the oxidation
of organic acids and phenols leached from biochar.

The similarities in biochar degradation rate with those in
studies in which incubations were carried out in mixtures
with soil are somewhat surprising given the probable
influence soil would have on moisture and oxygen availability
and interactions with minerals and dissolved organic and
inorganicions. Though the stimulatory effect of the presence
of labile organic compounds on BC degradation due to co-
metabolic “priming” has been shown using additions of
glucose (34, 36), the effects of soil humic substances on
biochar degradation, and vice versa, is controvertible (41, 42).
In any case, this study shows that a labile co-metabolite is
not required for microbial utilization of BC. Biochar deg-
radation rates measured in the field may be lower than those
measured in the laboratory because of less favorable tem-
perature and moisture conditions in the field, or greater due
to the stimulatory effects of bioturbation and the possibility
of additional Closs due to photodegradation and BCleaching
due to water flow-through.

Biochar Degradation Model. While laboratory-derived
degradation rates are, inevitably, made on time scales of a
few months or years, longer term estimates of biochar C
stability are needed to enable calculations of the effectiveness
of biochar amendments as a C sequestration technique and
to model the effects of fire on global C cycling. A direct
relationship was observed between the logarithmically
transformed experimental degradation rate (k in units of
year™!) and time (in units of years) data collected over 1 year
for both microbial and abiotic incubations. Example least-
squares fits are shown in Figure 3, but this relationship was
strong for nearly all char types. Linear coefficients of
correlation averaged 0.84 4+ 0.11 SD (n = 36) for microbial
and 0.70 £ 0.16 SD for abiotic incubations (n = 29) excluding
three chars for which 7 < 0.4. Linear parameters for all
samples are given in the Supporting Information.
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FIGURE 2. Microbially inoculated and abiotic carbon mineralized ((a) char weight-normalized and (b) C-normalized) during 1 year
incubations of biochars made from different parent biomass types and combustion temperatures (as detailed in text).

Assuming this time-degradation rate relationship is
maintained into the future, biochar C loss after any given
period oftime, t, can be calculated by integrating an equation
describing C loss over time, from an initial time, %, with the
carbon amount C,, to a final time ¢ with carbon amount C..
Thus, with m and b as the slope and intercept, respectively,

d£ — bom
4 = Gt 1)

which, after integration can be transformed to

Ciost = G

o

Coeb ) 141
- G= (m 3 @)

and the C half-life can be calculated as

m 4+ 1\/on+D)
LA = ( ) 3)

2¢e?

Results of C half-life and percent C loss after 100 years
calculated by this method for biotic incubations of coarse-
sized biochars are given in Table 1. Detailed equation
derivation steps and alternate solutions for cases where
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m =1 and m < —1, along with full results for 100 and 1000
years solutions, are given in the Supporting Information. For
all incubations, including all biomass types, char temper-
atures, and particle sizes, the average biochar %C loss after
100 years was 10.3 &+ 6.2 SD and 28.4 + 20.0 SD after 1000
years for microbial incubations. The average long-term %C
loss attributable to abiotic processes was quite similar to
that derived from the microbial incubations, but the standard
deviation was much higher (11.1 £+ 10.9 SD after 100 years
and 28.8 &+ 21.8 SD after 1000 years).

Although the results obtained by this method are quite
sensitive to small changes in m and b, so cannot be regarded
as hard values, they likely represent, within an order of
magnitude, realistic biochar decay characteristics. In addi-
tion, they display trends that are generally expected and
similar to those observed for 1 year mineralization data. That
is, half-life increases drastically with pyrolysis temperature.
However, in the long-term modeled results there is a general
increase in biochar degradation rate from wood to grass
parent materials.

Chemistry and Controls of Biochar Degradation. While
the degree to which the biochar degradation rates derived
from laboratory incubations are reliable or represent the
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of four representative biochars and linear correlations. Degradation rate in units of mg of C (g of char) ' year™' was divided by 1000
to yield units of year™' in which degradation rates are often expressed.

TABLE 1. Modeled Biochar Degradation Parameters (from Abiotic + Biotic Incubations)

250 °C 400 °C 525 °C 650 °C 72 h at 650 °C
Pafema tllzb (V) clnst 100years (%) t1/2 (V) cIust 100years (%) tI/Z (V) clost 100years (%) t1l2 (V) clnst 100years (%) t1/2 (V) closl 100years (%)

oak 840 20 1020 18 9590 7 96200 6 4.0 x 107 1.9
pine c 7 990 14 6790 8 17000 6 71800 3.2
cedar 730 16 23800 7 12800 7 2.0 x 107 3 nd nd
Bubinga 1200 15 4300 8 nd9 nd 15600 6 nd nd
gamma grass 260 26 370 27 930 17 150¢ 37 nd nd
sugar cane 690 17 9310 11 2280 12 146600 4 nd nd

2 All data are for coarse (0.25—2 mm) size fraction, 3 h at peak temperature except where indicated. ? Biochar carbon
half-life. © Cannot be calculated.  nd = not determined. ¢ Not reliable since r? < 0.4.

actual rate of BC loss in soil or sediments can be argued,
these findings and the theoretical model developed here
provide insight into the chemical nature of biochar and the
controls on its lability. The stability of organic matter in the
environment is generally thought to be controlled by both
its degree of protection by physical structures from micro-
bially produced exoenzymes and to its inherent chemical
recalcitrance (e.g., ref 43). There is contradictory evidence
as to the importance of the former mechanism, via aggregate
formation, for BC in soil (44, 45). In any case, physical
protection imparted by associated minerals cannot account
for variations in BC lability in this study which used biochar
and quartz sand alone. However, our finding that biochar of
finer particle size mineralized C at greater rates than their
corresponding coarse fraction, even though the fine and
coarse fractions had similar N,—BET surface areas (data not
shown), indicates that intrasurface accessibility may be a
controlling factor. For biotic incubations, it may be that
extracelluar enzymes are size-excluded or sterically hindered
from much of the BC surface, whereas, for abiotic incubations,
a diffusional limitation of some reactant such as water or
oxygen to internal surfaces may be invoked.

A conceptual model of recently produced biochar deg-
radation has been presented in which biochar is generalized
to be biphasic, containing alabile and a stable pool of carbon
(46). The chemical character of these two pools are as follows:
(1) an aliphatic portion that is more readily remineralized
and is in less abundance for biochar produced at higher
temperatures and (2) an aromatic portion that is oxidized
more slowly (perhaps mainly abiotically), forming surficial,
oxygen-containing functional groups including carboxylic

acids. Elemental signatures and NMR and FT-IR spectroscopy
have detected the disappearance of aliphatic C and increase
in aromatic C (and O-aryl C) that occurs with increased
pyrolysis temperature (33, 35), and the consumption of
aliphatic C and production of carboxyl/carbonyl C following
incubation (20, 35).

Further insight into the controls on BC degradation can
be gained through an examination of the relationships
between degradation parameters (both measured and mod-
eled C loss) and the physical and chemical characteristic of
biochar (Tables S1 and S2 and Figure S1 in the Supporting
Information). The strongest linear relationship was found
between measures of C lability such as measured total and
abiotic 1 year Closs or modeled 100 year %C lost and biochar
volatile weight content (> = 0.35-0.44, all p < 0.01). Strong
indirect relationships were also found between these mea-
sures of biochar lability and both mesopore and micropore
surface area (measured by N, and CO, adsorption, respec-
tively) with 7 ranging from 0.18 to 0.49. Biochar lability was
also directly related to oxygen content and indirectly to C
content but was only weakly related to volatile C content.
These relationships suggest a biphasic biochar composition
consisting of a more labile volatile component of relatively
lower C and higher oxygen content (relatively aliphatic) and
anonvolatile, high C and low O material (relatively aromatic).
The former may primarily occur within pores made up of a
lattice of the latter material, as suggested by the rapid increase
in surface area that occurs with higher pyrolysis temperatures.

However, the mathematical model developed here to fit the
biochar incubation data implies that BC loss rates are not
biphasic but, rather, vary along a continuum from more labile
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to extremely refractory. A similar model, the so-called “power-
model” has been used to describe the log—log relationship
between degradation rate and time of burial of a mixture of
organic matter types in a sediment core (47). Reactivity
continuously and exponentially decreases as more labile or,
perhaps, more physically accessible organic compounds oxidize,
leaving behind a progressively more refractory or more physi-
cally inaccessible residue. In a sample of biochar, the C that is
lost first is most likely to be aliphatic and closer to a particle’s
external surfaces, and residual C is more likely to be either part
of highly condensed aromatic structures or condensates within
protective internal pores that are more abundant in higher
temperature biochars. The greater degradation rate of the
biochar samples of finer particle size attests to the additional
importance of physical protection in controlling BC degradation.

For the purposes of those planning C sequestration
projects or assigning C credits for biochar burial, volatile
content appears to be the most convenient method for
estimating biochar C longevity. A figure and equation
describing the linear relationship between biochar C loss
after 100 years and volatile carbon content is provided in
the Supporting Information. However, experiments as-
sessing the role of the soil environment, including tem-
perature and moisture, are needed to better predict biochar
C sequestration.
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Additional Method Information
Specific Surface Area was determined using both N, and CO; adsorption on a Quantachrome

Autosorb 1. External surface area, which includes pores >1.5 nm was calculated using multi-
point adsorption data from the linear segment (in partial pressur range of 0.001 to 0.03) of the N,
adsorption isotherms (at 77 K) using Brunauer-Emmett-Teller (BET: Brunauer et al., 1938)
theory. Pore size distributions were calculated from desorption branch isotherms using the
Barrett-Joyner-Halenda (BJH) theory (Barrett et al., 1951). Internal surface area and pore volume
for pores <1.5 nm were determined using CO; adsorption isotherms (at 273 K) generated in the
partial pressure range <0.02. These isotherms, which constitute the so-called kernel, are
interpreted using Grand Canonical Monte Carlo (GCMC) simulations or the Non-Local Density
Functional Theory (NLDFT). All BC samples were de-gassed under vacuum at 200°C for at least
24 hours prior to analysis.

Elemental C, N and H abundances were determined on a Carlo-Erba NA-1500 CNS Elemental
Analyzer. After grinding in a silica mortar and pestle, biochar amounts of about 6 mg for H and
N and about 0.5 mg for C were weighed into tin capsules. Samples were flash-combusted in a
quartz column containing chromium oxide and silvered cobaltous/cobaltic oxide at 1000°C in an
oxygen-rich atmosphere. The sample gas is then carried in a He carrier stream through a hot
reduction column (650°C) consisting of reduced elemental copper to remove oxygen and convert
NOx to N2. The effluent stream then passes through a chemical (magnesium perchlorate) trap to
remove water. The stream then passes through a 1.5 meter gas chromatographic column at 55°C
that separates the N, H, and CO, gases before detection by thermal conductivity. Oxygen
content was calculated by difference assuming a composition of C, N, H, and O, only. This
assumption could have led to an over-estimate of oxygen content. If ash content (below) is
assumed to represent inorganic elemental weight %, oxygen weight% can be re-calculated as 1-
10% less for most samples. For Oak650, for an ash content of 3.7%, oxygen weight% would be
20.4% less and the grasses, with ash contents ranging 7-25% would have re-calculated oxygen
weight% that are 16-50% less.

Volatile matter and ash content was determined using a slightly modified version of ASTM
method (D-1762-84). About 10 mg of non-ground biochar that had been kept in a drying oven

for at least 2 hrs at 100°C and allowed to cool in a desiccator was weighed into pre-weighed
SI-3



ceramic crucibles. Volatile matter content was determined as weight loss after combustion with a
loose ceramic cap at 850-900°C for 6 min. (set-point was 900°C but some cooling occurred while
oven door was open). Ash content was determined as weight loss after combustion at 750°C for 6
h with no ceramic cap. Sample weight was taken after cooling in a desiccator for 1 h. Volatile C
was determined by mass balance following analysis of the C content of the ground non-volatile
residue (as above).
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Solution for biochar degradation equation

NOTE: This solution can be applied only when the slope, m > -1 because of mathematical
restrictions.

Using the equation for first order degradation, change in amount of carbon, C, over time, t is:
dc

i -C,k (1)

where C, is the initial C present and k is the apparent degradation rate constant.

Also, k was found to vary with time such that:

In(-k)=min(t)+b )

where m is slope and b is the intercept when fitted to a line using least squares technique.

Re-arranging eq. 2,

—k =e’t"™ ©)
and substituting eq. 3 into eq. 1 yields:

dC bem

—=-C_e’t 4
dt ] ( )

Now, integrating eq. 4 from time = 0 to time t, yields:

b
C = (E5tm 4K (5)
m+1

where C; is carbon present at time t and K is the integration constant.
Whent =0, C, = K so C lost at any time t can be written as:

c,e’ +
Clost = C:o _Ct = (o_)tm ' (6)
m+1

To calculate biochar C half-life
At the C half-life:

c, 1 C,
to :C_t:E or Ci=— (7)

0

Re-arranging eq. 6:
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Coeb
m+1

C, =C,(A-4rt™) (8)

Substituting eg. 7 into eq. 8 and re-arranging:

m+165)
m+ 9
R, (©)

b2 :(

Alternate solution for biochar C loss equation

NOTE: When m < -1, the above equation is not solvable so it is necessary to integrate choosing
the initial time, t,, to be something greater than zero (0.01 y, for example). One can view this as
necessary, in physical terms, because the equation predicts physically unreasonable large decay
rates at times approaching zero. However, still, a carbon half life cannot be calculated because
degradation rate diminishes so rapidly that the amount of carbon remaining, C;, becomes
asymptotic with some value of carbon greater than half the initial amount.

Integrating eq. 4 (above) from a time of t, to t yields:

c.e’ C.e’\, me
C, = (=)™t 4+ (2% ™ 4 C, (10)
m+1 m+1

So C lost at any time, t, can be written as:
b

C me+
™) (11)

m+

Coq =C, —C, =(

lost o}

Alternate solution for biochar C loss equation for special case of when m = -1

When m = -1, can integrate eq. 4 fromtime =1to t.

c,=-C.elint+c, (12)
Then C lost is:

_~ b
CIoss - Coe In(t) (13)
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Table S1. Chemical and physical characteristics of biochars

Biomass/Char T" oc* 0% Yield Volatle VolatleC Ash  S.A-N, S.A-CO,
(Wgt.%) (wgt.%) (wgt.%) (wgt.%) (wgt%) (wgt.%) (m%g) (m?/g)

Bubinga (parent) 46.1
Bubinga 250 61.5 34.9 52.5 66.4 32.6 0.9 54 262.5
Bubinga 400 78.6 17.6 33.2 41.1 28.7 1.8 6.1 428.8
Bubinga 525 85.3 11.4 28.5 35.0 27.0 1.2 500.9 613.1
Bubinga 650 83.0 13.8 29.3 22.3 15.8 1.3 548.9 627.1
Cedar (parent) 47.1
Cedar 250 65.6 314 24.6 62.6 34.2 0.9 68.1 522.2
Cedar 400 77.8 17.9 35.3 52.0 37.0 0.4 7.2 354.1
Cedar 525 85.4 11.3 30.3 39.1 33.0 1.3 386.5 598.1
Cedar 650 84.2 11.4 29.5 30.9 23.8 1.0 490.1 607.0
G. Grass (parent) 41.0
G. Grass 250 52.7 42.5 52.2 62.5 28.6 6.8 4.1 146.0
G. Grass 400 58.6 354 65.5 51.4 29.6 13.2 12.9 129.0
G. Grass 525 55.0 40.6 40.9 36.7 23.9 24.8 31.5 335.1
G. Grass 650 63.8 318 34.6 33.0 20.6 15.9 425.9 345.0
L. Oak (parent) 44.5
L. Oak 250 55.2 415 441 66.0 27.0 1.4 1.8 270.1
L. Oak 400 69.6 25.9 46.9 51.9 30.6 2.6 2.2 176.0
L. Oak 525 75.1 21.7 29.2 36.4 22.0 6.8 38.2 525.4
L. Oak 650 78.8 18.2 321 20.7 15.1 3.7 218.7 486.9
L. Pine (parent) 45.4
L. Pine 250 58.0 38.2 28.4 61.1 25.0 0.3 139.7 501.2
L. Pine 400 68.6 25.9 41.3 58.6 33.3 0.5 2.9 410.8
L. Pine 525 80.6 14.0 37.8 25.7 14.6 1.2 206.1 396.4
L. Pine 650 83.0 12.2 26.6 25.2 16.5 11 393.9 585.7
Sug. Cn. Bag. (parent) 45.2
Sug. Cn. Bag. 250 56.2 404 32.8 71.8 36.9 9.5 24.3 334.9
Sug. Cn. Bag. 400 60.9 33.7 26.1 63.9 32.8 2.7 6.4 204.4
Sug. Cn. Bag. 525 65.7 30.2 20.7 55.1 31.4 8.7 416.3 523.1
Sug. Cn. Bag. 650 72.0 24.0 371 48.8 334 6.8 116.6 576.0
L. Oak 400_72hrs 63.2 31.8 43.6 41.9 16.0 5.2 2.3 nd
L. Oak 650 _72hrs 77.3 20.1 285 14.7 54 7.4 505.0 nd
L. Pine 400_72hrs 72.1 22.3 37.3 51.2 32.6 0.9 4.9 289.2
L. Pine 650 72hrs 82.5 14.2 27.2 21.7 19.8 1.2 416.4 640.9

1. Additional details on plant type described in text. Peak temperature of combustion held at 3 h unless

specified otherwise

2. OC = organic carbon content, O is oxygen content, yield = weight biochar/parent biomass, volatile is
mass volatized after 6 min at 900 C, ash is residual weight after combustion at 750 C for 6 h, S.A.-N, and
S.A.-CO, is surface area determined by N, and CO, adsorption, respectively, nd = not determined.
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Table S2. Microbially inoculated and abiotic carbon mineralized during one year incubations (char weight-normalized: mg g ) of biochars made from

different parent biomass types and combustion temperatures (as shown in Figure 2 or manuscript).

Parent

Oak

Pine

Cedar
Bubinga
Gamma grass

Sugar Cane

250 °C

biotic abiotic
141+0.7 84+1
18.0+24 9.2+0.9
3.0+£0.2 8.2+0.1
89+04 7.8+0.1
6.2+0.2 5.6+0.2
9.8+0.4 9.6+0.5

400 °C

biotic abiotic
14+1.3 6.1+0.5
7.7+0.3 59+0.2
8.2+0.3 6.2+0.6
7.0+£0.2 6.5+0.5
158+1.1 11.7+05
11.2+08 4.5+0.3

525 °C

biotic abiotic
6.2+0.3 4.7+0.8
44+04 2.8+0.2
79+04 42 +0.5
nd. 4.7+0.6
7.6+0.2 6.8+0.5
7.7+0.6 3.8+0.5

SI-8

biotic

6.3+£0.2

7.4+15

46+0.1

5.2+0.2

6.9+0.3

46+0.1

650 °C

abiotic

47+05
34+04
44+04
4.7+0.4
29+0.3

3.8%0.5

72 hr @ 650°C

biotic abiotic

28+0.1 23+0.2

33%0.1 23+0.2

n.d. n.d.
n.d. n.d.
n.d. n.d.
n.d. n.d.



Table S3. Microbially inoculated and abiotic carbon mineralized during one year incubations (char C-normalized: mgC gC* ) of biochars made from

different parent biomass types and combustion temperatures (as shown in Figure 2 or manuscript).

Parent

Oak

Pine

Cedar
Bubinga
Gamma grass

Sugar Cane

250 °C
biotic abiotic
22.5+1.1 134+1.7
29.3+3.9 14.7+15
12.8+0.3 12.4+0.2
14.4+0.7 12.7+0.2
125+04 11.4+04
174+0.6 17.1+0.8

400 °C

biotic abiotic
20719 9.1+0.7
11.2+05 8504
10.5+04 8.0+0.8
89+0.3 83+0.6
30.2+2 22.4+0.9
183+1.3 7.3+05

525 °C

biotic abiotic

7.8+0.3 6.0+1.0

8.4+0.7 52+04

9.3+0.5 49+0.6

nd. 55+0.7
15.7+04 141+1.1

11.7+1.0 5.7+0.8
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650 °C

biotic abiotic
8.5+0.2 6.2+0.6
9.1+1.8 42+0.5
55+0.1 52+04
6.2+0.3 5.6+0.5
125+0.5 5.3+05
6.0+£0.2 49+0.7

72 hr @ 650°C

biotic abiotic

3.6%£0.1 29+0.2

4.1+0.2 2.8+0.2

n.d. n.d.
n.d. n.d.
n.d. n.d.
n.d. n.d.



Table S4. Significant relationships between biochar mineralization rate and chemical and physical characteristics of biochars

Modeled Measured Measured Volatile  Volatile

abiotic tot. min tot. abiotic min S'A'z_Nzl SA-CO, OC o Yield matter  Carbon
; ) ’ (M7 m</ wght.% wght.% wght. %
%Ciosti00y  (MC/g chary) (mgClg char-y) (M79) (M78)  (Wght36) - (WGLSE) - (WGht.%) — Lo o6 (waht.5%)
Modeled 0.46° 0.45 0.56 0.24 0.47 0.49 0.47 0.36 0.35 0.18
%Clost'loo y
Modeled abiotic 0.22 0.50 0.41 0.30 0.36 0.33 0.39 0.42 0.27
%Clost'loo y
Measured tot. min. 0.55 0.20 0.22 0.34 0.33 n.s. 0.35 n.s.
(mg C/g char-y)
Measured tot. abiotic 0.40 0.18 0.36 0.36 0.27 0.44 0.29
min. (mg C/g char-y)
SA-N, mzlg 0.53 0.40 0.37 0.31 0.48 0.28
S.A.-COZmZ/g 0.51 0.46 0.55 0.33 n.s.
n.s.
OC (wght.%) 0.99 0.24 0.53
n.s.
O (wght.%) 0.21 0.52
Yield (wght.%) 0.29 n.s.
Volatile matter 0.66
(wght.%)

1. Abbreviation same as Table S1.

2. Correlation coefficient (r?) for linear significant (i.e. p > 0.05) relationship between two variables; underlined when relationship is
indirect, n.s. = relationship not significant at 95% level.
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Table S5. Degradation parameters for total (biotic + abiotic) mineralization

Biochar Linear Parameters (In k vs. In t)* Modeled Degradation Parameters
Bliac?éeansts Cgrgr?]l;st Size? slope intercept Cor'(r%OEf' tio %Ciost100y ~ MRT® 100y %Ciost1ky MRT® 14y
Bubinga 250 cs -0.511 -4.879 0.697 1,203 14.8 1380 45.7 4472
Bubinga 400 cs -0.520 -5.441 0.773 4,296 8.2 2532 24.8 8389
Bubinga 650 cs -0.583 -5.594 0.905 15,558 6.1 3937 15.9 15065
Cedar 250 cs -0.437 -4.980 0.749 733 16.3 1090 59.6 2983
Cedar 400 (e -0.642 -5.331 0.940 23,815 7.0 3967 16.1 17382
Cedar 400 fn -0.648 -5.253 0.948 21,770 7.5 3779 16.9 16804
Cedar 525 cs -0.603 -5.375 0.864 12,838 7.3 3465 18.1 13878
Cedar 525 fn -0.504 -5.231 0.863 2,283 10.6 1903 33.2 6071
Cedar 650 cs -0.764 -6.137 0.973 2.E+07 2.7 15621 4.7 90751
Grass 250 cs -0.313 -4.899 0.520 263 25.7 566 125.1 1163
Grass 400 cs -0.535 -4.211 0.901 373 27.1 793 79.1 2721
Grass 525 cs -0.521 -4.704 0.750 934 17.2 1218 51.7 4044
Grass 650 cs -0.267 -4.683 0.124 152 36.9 370 199.3 685
Oak 250 cs -0.574 -4.417 0.955 843 20.2 1164 53.8 4363
Oak 250 fn -0.564 -4.330 0.858 622 22.5 1018 61.5 3726
Oak 400 cs -0.570 -4.516 0.948 1,021 18.4 1263 49.6 4695
Oak 525 cs -0.582 -5.398 0.879 9,592 7.4 3223 19.4 12311
Oak 525 fn -0.808 -5.631 0.978 3.E+07 4.5 11537 7.0 74202
Oak 650 cs -0.679 -5.513 0.901 96,169 5.5 5652 11.5 26985
Oak 650 fn -0.591 -5.350 0.636 9,923 7.6 3205 19.6 12501
Pine 250 cs -1.047 -4.706 0.960 a 6.7 13738 8.2 153088
Pine 400 cs -0.456 -5.054 0.881 990 14.4 1280 50.3 3657
Pine 525 cs -0.556 -5.419 0.753 6,786 7.7 2928 21.4 10542
Pine 525 fn -0.519 -5.217 0.753 2,649 10.3 2011 313 6642
Pine 650 cs -0.536 -5.264 0.780 3,643 9.4 2284 27.5 7856
Pine 650 fn -0.589 -5.5687 0.754 16,991 6.1 4018 15.6 15590
SugCane 250 cs -0.486 -4.720 0.794 691 18.5 1051 60.5 3215
SugCane 400 cs -0.662 -4.868 0.933 9,306 10.8 2740 23.5 12574
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SugCane 525 cs -0.542 -5.016 0.870 2,281 11.9 1829 34.3 6369

SugCane 650 cs -0.647 -5.934 0.881 146,556 3.8 7430 8.6 32954

Oak 400-72h cs -0.703 -5.197 0.884 64,218 7.3 4598 14.5 23188

Oak 650 - 72h cs -0.747 -6.498 0.966 4.E+07 1.9 20660 3.4 115259

Pine 400-72h cs -0.656 -6.033 0.787 249,055 3.4 8558 7.5 38777

Pine 650 -72h cs -0.580 -6.254 0.921 71,801 3.2 7528 8.3 28645
Notes

1. When In(k) in units of y™*and In(t) are in units of y
2. Cs = coarse (250-2000 um), fn = fine (<250 pm)

3. MRT = Instantaneous mean residence time for the time given (in y), calculated as the inverse of the degradation constant k.

a = cannot be calculated
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Table S6. Degradation parameters for abiotic mineralization

Biochar Linear Parameters (In k vs. In t)* Model Degradation Parameters
Blzi)c?éeansts Cgrgr?]l;St Size? slope intercept Cor'(rg:)oef' ti %Ciost100y ~ MRT® 150y %Ciost1ky MRT® 100y
Bubinga 250 cs -0.490 -4.985 0.861 1,205 14.0 1,396 45.5 4,312
Bubinga 400 cs -0.500 -5.138 0.675 1,818 11.7 1,705 37.1 5,395
Bubinga 525 (] -0.600 -5.771 0.739 33,300 4.9 5,097 12.3 20,312
Bubinga 650 cs -0.701 -5.911 0.757 671,579 3.6 9,318 7.1 46,824
Cedar 250 cs -0.614 -5.001 0.830 5,999 10.3 2,515 25.1 10,349
Cedar 400 Cs -0.548 -5.445 0.747 6,392 7.7 2,895 21.6 10,236
Cedar 400 fn -0.523 -5.196 0.853 2,654 10.5 2,004 314 6,677
Cedar 525 cs -0.712 -5.943 0.948 1.E+06 3.4 10,115 6.7 52,124
Cedar 525 fn -0.449 -5.477 0.404 1,996 9.6 1,889 34.2 5,310
Cedar 650 cs -0.481 -5.678 0.741 4,183 7.2 2,677 23.8 8,098
Grass 250 cs -0.384 -4.935 0.721 446 19.9 815 82.2 1,974
Grass 400 CS -0.419 -4.508 0.899 280 27.5 626 104.7 1,644
Grass 525 cs -0.710 -5.020 0.707 42,633 8.7 3,989 16.9 20,474
Grass 650 cs -0.536 -5.637 0.492 8,045 6.5 3,305 19.0 11,341
Oak 250 cs -0.543 -4.744 0.808 1,269 15.6 1,398 44.8 4,877
Oak 250 fn -0.547 -4.841 0.505 1,644 14.1 1,570 39.9 5,527
Oak 400 cs -0.458 -5.290 0.525 1,558 11.3 1,635 39.3 4,693
Oak 525 cs -0.506 -5.564 0.534 4,592 7.6 2,681 23.5 8,597
Oak 525 fn -0.338 -5.380 0.124 636 14.7 1,029 67.4 2,239
Oak 650 cs -0.500 -5.691 0.485 5,514 6.7 2,967 21.3 9,394
Oak 650 fn -0.405 -5.252 0.549 887 13.6 1,232 53.7 3,130
Pine 250 cs -0.575 -4.845 0.487 2,323 13.1 1,792 34.9 6,730
Pine 400 cs -0.182 -5.092 0.101 170 325 377 213.3 574
Pine 525 cs -1.044 -6.694 0.739 a 0.9 98,890 11 1.E+06
Pine 525 fn -0.235 -4.700 0.205 133 40.3 325 234.3 558
Pine 650 cs -0.729 -5.829 0.939 1.E+06 3.8 9,760 7.1 52,293
Pine 650 fn -0.618 -5.649 0.619 34,628 54 4,887 12.9 20,279
SugCane 250 cs -0.426 -4.662 0.671 381 23.2 751 87.0 2,001
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SugCane 400 Ccs -0.494 -5.448 0.543 3,131 8.7 2,259 28.1 7,042
SugCane 525 cs -0.709 -5.903 0.756 853,859 3.6 9,580 7.0 49,010
Oak 650-72h cs -0.718 -6.683 0.903 2.E+07 1.6 21,757 3.1 113,530

Notes same as Sup. Table 3
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Figure S1. Linear relationship between biochar C lost after 100 y (modeled using data from of
microbially-inoculated incubations of “coarse-grained’ biochar; 0.25-2 mm) and volatile carbon content
(determined as weight loss after combustion at 850-900°C for 6 min.).
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