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Introduction: the many
faces of pyrogenic carbon
in the environment

Pyrogenic carbon is produced from the
incomplete combustion of any type
of biomass. The combustion process
can be natural, such as wild fires, or
controlled by humans, such as fossil
fuel burning or domestic fires for heat
and cooking. These processes have a
very long history on Earth, with wildfires
present from at least 400 million years
ago,' and the use of fire possibly stretch-
ing back over almost the whole history
of the human species.? During fires, a
proportion of biomass is usually pyro-
lysed (exposed to high temperatures
in conditions of restricted oxygen), and
converted to pyrogenic carbon, which we
also know as char, charcoal or soot. This
process dramatically raises the carbon
content of the material, and usually
produces a highly polyaromatic structure,
which is much more resistant to environ-
mental degradation than the uncharred
biomass. In recent years there has been
a massive growth in interest surrounding
how pyrogenic carbon behaves in the
environment, as we have realised it can
have some powerful negative effects. For
example, we now know that pyrogenic
carbon in the atmosphere is second only
to CO, in terms of inducing global warm-
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ing and is a key factor in the retreat of
Himalayan glaciers and Arctic sea ice
though albedo feedbacks.*® Further,
there are implications for global public
health surrounding pyrogenic carbon
emissions, which result in thousands of
premature deaths through lowered air
quality.

On the other hand, pyrogenic carbon
is extremely useful for studies in archae-
ology and environmental science, as its
aromatic structure means it remains in
the environment for very long periods of
time. As a result, it is one of the most
common materials submitted for radio-
carbon dating, and provides invaluable
information on the activities of past soci-
eties and the chronology of past changes
in environment. There is also intense
interest in the possibility of using char-
coal as a climate change mitigation tool;
the idea underlying this is that carbon is
“locked up” for millennia when biomass
is converted to charcoal, also known in
this context as “biochar”, which is then
buried in soils.® Despite this interest,
however, we still know little about how
pyrogenic carbon behaves in the environ-
ment, crucially, whether it forms a global
sink of carbon and over how long this
sink is stable. To address this knowledge
gap, we need to know how much pyro-
genic carbon exists in different global

carbon reservoirs and how rapidly it
degrades, which is largely a function of
its chemical structure. Because we pres-
ently have no definite answers to these
questions, pyrogenic carbon could form
a "missing” link in the global carbon
cycle, explaining discrepancies in current
carbon cycle models.” One reason these
questions remain open is that pyrogenic
carbon is a difficult substance to isolate
and study. There is a lack of consensus
on what pyrogenic carbon actually is, and
definitions cover a range of physical and
chemical characteristics, as illustrated in
the continuum of properties shown in
Figure 1.

As a result, a range of analytical meth-
ods have been applied to try and extract
pyrogenic carbon from environmental
samples in order to better characterise it.
A problem with many of these methods
is that the pyrogenic carbon each tech-
nique isolates is operationally defined,
and most techniques can result in a
range of possible positive and negative
artefacts. These problems result in vari-
ations of several orders of magnitude
when a single method is applied to the
same samples in different laboratories,®
and lead to large uncertainties over the
actual amount of pyrogenic carbon in
different carbon reservoirs; for example,
uncertainty associated with published
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Figure 1. The “pyrogenic carbon continuum” showing variability in physical and chemical
characteristics of biomass that has been altered by fire. Note that the term “pyrogenic carbon”
itself refers to a continuum of characteristics and not a single type of material. Reprinted from

Reference 8 with permission from Elsevier.

estimates of atmospheric black carbon
(the most resistant fraction of pyro-
genic carbon) is a factor of two to five
on regional scales and at least £50%
on global scales.”® A serious problem is
the lack of understanding over BC (black
carbon) degradation pathways and turn-
over times in soils and sediments. While
previous estimates of pyrogenic carbon
indicated its extreme stability, leading
to environmental half-lives of ~3000
years,"" suspicions of decadal or even
annual pyrogenic carbon degradation'
are supported by new data showing
degradation of charcoal over 67 days.”
There is therefore an urgent need to
better characterise pyrogenic carbon, and
understand its role in the global carbon
cycle.

Novel methods to
iInvestigate pyrogenic
carbon’s molecular form
We have been using a new method to
isolate a chemically well-defined pyro-
genic carbon fraction from a range of
environmental materials (e.g. soils,
dissolved organic carbon from rivers and
aerosols). The method uses high-pres-
sure hydrogen to reductively remove
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non-pyrogenic carbon from a sample,
and is known as hydropyrolysis (HyPy).
This technique isolates the pyrogenic
carbon in a sample, which can then be
quantified and characterised in more
detail. In addition, the non-pyrogenic
carbon fraction is trapped and can itself
be investigated at the molecular level,
for example by gas chromatography-
mass spectrometry (GC-MS)."* During
field trials HyPy has been used to track
the fate of pyrogenic and non-pyrogenic
carbon fractions in soils. HyPy is particu-
larly sensitive to changes in these reser-
voirs and combining this with GC-MS
analysis of extractable PAHs (polycy-
clic aromatic hydrocarbons) indicated
that the latter decreased markedly with
time over a two-year study. HyPy was

_“...important questions
“role of pyrogenic carbog.in

applied to 12 reference materials from
a pyrogenic carbon ring trial,? compris-
ing five environmental matrices (two
soils, aerosol, dissolved organic mate-
rial and marine sediment), three labora-
tory-produced materials (two charcoals
and soot), and four “blank” materials
(melanoidin, lignite, shale and coal).”
This was to assess whether our method
could accurately and precisely give us
the pyrogenic carbon content in all of
these types of materials. The method
performs well for all materials apart from
the coal, where HyPy cannot discrimi-
nate between pyrogenic carbon and the
polyaromatic structure of the coal itself
(which is not produced by biomass burn-
ing), and tests revealed that HyPy is the
only method whereby the composition
of the BC measured can be defined,
atomic H/C < 0.5 corresponding to
seven rings and larger with the non-BC
fraction comprising up to and including
six rings. In further tests, HyPy was effec
tively able to “clean up” ancient charcoals
(ca 30,000-50,000 years old) for radio-
carbon dating.'® Here, spectroscopy is an
invaluable tool to track the removal of
contaminants, with *C-solid state nuclear
magnetic resonance (*CSS-NMR) partic
ularly useful in this regard. Pyrogenic
carbon gives a distinctive peak in *C
SS-NMR spectra, centred on 130 ppm,"”
so it is possible to track the removal of
contaminants such as cellulose, with
its characteristic peaks between ca
20-105ppm, see, for example, Figure 2.

Spectroscopy is also crucial in under-
standing the breakdown of pyrogenic
carbon in the environment. Here, Fourier
transform infrared (FT-IR) spectroscopy is
very useful, providing information on the
molecular structure of pyrogenic carbon
itself, and on substances that can be
extracted from this material after it has

"
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Figure 2. '>C SS-NMR spectra of archaeological charcoals (raw charcoal is spectra 1) showing
the incomplete removal of contaminants (e.g. cellulose) by acid-base treatment (spectra 2) and
chemical oxidation (spectra 3), versus the complete removal of non-pyrogenic carbon by HyPy
(spectra 4). (AZ: from the Faial Island, Azores; TSB: Toca do Serrote da Bastinia, Brazil). Reprinted

from Reference 16 with permission.

been exposed to environmental condi-
tions (i.e. the products of degradation).
The C=C bonds of pyrogenic carbon are
very distinct in FT-IR spectra, and can be
readily separated from spectral contribu-
tions from other materials in the sample.
FT-IR spectroscopy has also revealed
that the process of pyrogenic carbon
degradation involves carboxylation of
the aromatic structure, again producing
a very distinct IR spectral response. The
application of FT-IR to these questions,
using archaeological sample material,
has revealed that after an extended time
in soils or sediments, a portion of pyro-
genic carbon is likely to be transformed
into substances that are mobile in the
soil, and could be leached away from the
pyrogenic carbon structure, potentially
then entering a faster-cycling pool of the
global carbon cycle.'®

Another application that gives ultra-
high resolution insights into pyrogenic
carbon dynamics in the environment is
radiocarbon dating. This method applies
accelerator mass spectrometry (AMS) to
count individual atoms of the radioactive
isotope of carbon, *C. Carbon-containing
samples in the environment contain
different levels of C depending on the
time of precursor death or moment of
final formation, meaning that AMS allows
us to identify how long a sample of pyro-
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genic carbon has been in the environ-
ment, and how quickly it is turning over
in the carbon cycle. AMS also allows us
to discriminate between different sources
of pyrogenic carbon in a sample, particu-
larly one derived from fossil fuel burning
versus biomass burning. This is helpful
in understanding the sources of air pollu-
tion sources, for example, and is possi-
ble because biomass contains “modern”
levels of *C, whereas fossil fuels do not
contain measureable levels of C, due to
their great age.

Figure 3. X-Ray microtomographic images
of ancient charcoal. Image C shows the pres-
ence of mineral inclusions along micropores
internal to the sample. Reprinted from
Reference 19 with permission from Elsevier.

These methods of chemically charac
terising pyrogenic carbon can be backed
up with methods of physically charac
terising its structure. An exciting devel-
opment in this regard is the application
of X-ray microtomography, which is a
3D scan of the surface and interior of
pyrogenic carbon particles (Figure 3).
This allows us to understand the surface
area and porosity of samples, together
with identifying mineral material that has
become trapped inside the sample, and
which may play a role in degradation of
pyrogenic carbon in the environment.

Dates and fates:
understanding the global
cycling of pyrogenic
carbon

Current understanding of pyrogenic
carbon’s role in the carbon cycle is
evolving quickly, and reveals its impor-
tance as a form of carbon that has not
yet effectively been incorporated into
carbon cycle models. We now know
that annual pyrogenic carbon produc
tion of 50—200 million tons per year®®
releases 7.5—17million tons of pyro-
genic carbon to the atmosphere,?' and
contributes to storage of 54—109 billion
tons pyrogenic carbon in soils.?? Inter-
reservoir pyrogenic carbon fluxes are
substantial, with an estimated trans-
port of 19-80million tons per year by
rivers to the ocean?' and atmosphere-
ocean transport of 7million tons pyro-
genic carbon per year, respectively.??
One concem is that climate change and
human activity are currently playing a
role in mobilising stocks of pyrogenic
carbon that have been stored for peri-
ods of up to several thousand years. An
example is enhanced melting of Arctic
permafrost, which is a major reposi-
tory of pyrogenic carbon as a result of
boreal fires over millennia.?® In addition,
historical destruction of Brazil's Atlantic
forest by humans since the time of the
15"—16" century explorer Christopher
Columbus has generated massive
stocks of pyrogenic carbon, that is being
transported to the oceans at the rate
of 50,000-70,000tons each year.?*
We simply do not know how much of
this pyrogenic carbon is released to the
atmosphere as CO,, versus that being
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stored in long-term sedimentary depos-
its, such as on the ocean floor.

Our work is starting to shed light on
some of these questions, by monitor-
ing the release of carbon from pyro-
genic carbon in the environment. In
the Daintree rainforest of Australia, we
have observed loss of pyrogenic carbon
on annual timescales, the rate of which
appears linked to the chemistry of the
soil in which the pyrogenic carbon is
deposited. We have also observed the
release of CO, derived from charcoal
during laboratory soil incubation experi-
ments on the order of months. This loss
of pyrogenic carbon is strongly linked
to the activity of soil microbes, which
appear capable of breaking down pyro-
genic carbon in order to obtain energy.
The conditions that pyrogenic carbon is
produced under also appear to play a
role in its environmental fate; for exam-
ple, fungi most readily colonise the
surface of pyrogenic carbon produced at
lower temperatures.?

Summary

In summary, important questions remain
surrounding the role of pyrogenic carbon
in the global carbon cycle, and we are
only just starting to address some of
these questions. It seems as though
the fate of pyrogenic carbon in the
environment depends strongly upon,
not only the specific chemistry of the
material itself, but also the depositional
environment in which it is emplaced.
Spectroscopy is central to answering
these questions, predominantly in the
form of *C-SS-NMR and FT-IR, although
it is the integration of several methodolo-
gies that offers the most fruitful approach
to understanding this missing link in the
carbon cycle.
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