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The heterogeneous nature of pyrogenic carbon, also known as black carbon (BC), still
stands in the way of comprehensive determination of the total proportion of combustion
derived carbon in environmental mixtures. Char and charcoal occur mostly in the low tem-
perature region of the BC continuum and as such are characterized using specific chemical
and physical properties that set them apart from the more condensed forms of high tem-
perature BC species (i.e., soot). This study aimed to assess the feasibility of using the molec-
ular marker levoglucosan, exclusively produced from hemicellulose/cellulose combustion,
to characterize and quantify char BC in the environment. A second objective was to com-
pare the results from the molecular analysis with those from acid dichromate oxidation in
terms of char BC characterization.

First, we examined levoglucosan levels in a suite of BC materials derived from biomass
burning and fossil fuel combustion, as well as non-BC materials (coal and melanoidin).
The results confirm that levoglucosan is exclusively in the char BC materials, derived from
biomass combustion. However, a large variability in levoglucosan yield was observed
among the different char BC materials.

To understand the causes of such variability, we analyzed levoglucosan in three series of
laboratory-produced char samples (n = 23) made from honey mesquite (Prosopis glandulosa
Torr.), cordgrass (Spartina spartinae) and loblolly pine (Pinus taeda) under controlled com-
bustion conditions (150–1050 �C, 0.5–5 h). The results show that temperature is the most
influential factor affecting levoglucosan yield in char. Combustion duration, on the other
hand, had no influence on yield. Notably, levoglucosan was only detectable in low temper-
ature char samples (150–350 �C), with maximum yield obtained from samples produced at
250 �C, regardless of plant species. Large differences in levoglucosan yield were also
observed across species. This taxonomic difference could not be corrected simply on the
basis of hemicellulose and cellulose content, indicating that the relationship between com-
bustion and levoglucosan formation is a complex function of many factors. Our observa-
tions also demonstrate that levoglucosan can hardly be used quantitatively for the
determination of char BC in environmental samples since such samples often represent
mixtures of different chars characterized by variable levoglucosan yield. Acid dichromate
oxidation, as opposed to the levoglucosan method, detected mid- to high temperature char
BC (P350 �C) but not low temperature char (6250 �C). Our results indicate that the overlap
in the analytical windows of the two methods is limited to the upper limit of the latter.

The study demonstrates that levoglucosan can serve as a good qualitative indicator for
the presence of char produced under low temperature conditions in soil, sediments, and
ultrafine aerosols. Although levoglucosan is not a proper quantitative proxy for char BC
. All rights reserved.
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content in the environment, this molecular marker has a unique role in the current BC
methods continuum because it traces combustion material often missed with most oxida-
tion-based methods.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Black carbon (BC) is a generic term initially introduced
by Novakov (1982) to illustrate the role of soot in atmo-
spheric sulfur chemistry. It was further described by Gold-
berg (1985) as a spectrum of highly recalcitrant organic
residues remaining after combustion of biomass or fossil
fuel. Over the past few decades, it has been found widely
distributed in many surficial reservoirs (e.g., soil, sedi-
ments, freshwater, seawater and the atmosphere; Gold-
berg, 1985), where it can influence many important
biogeochemical and environmental processes (Gustafsson
et al., 1997; Kuhlbusch, 1998; Masiello, 2004; Koelmans
et al., 2006). In the light of these many applications and
interests, Hedges et al. (2000) synthesized the available
knowledge on the source and fate of combustion byprod-
ucts in the environment. This led to the development of a
conceptual continuum representing the diverse nature of
BC, from slightly charred material to highly refractory soot.
Masiello (2004) and recently Hammes et al. (2007) further
refined the BC continuum by providing additional detail on
BC characteristics, including temperature of formation, ele-
mental ratios, particle size, reactivity, sources, and reser-
voirs. One major consensus emerging from these studies
is that the BC continuum comprises two major categories,
char/charcoal and soot/graphite. The first is a solid residue,
which retains some original structural information from
the parent material and with particle size in the millimeter
to micron range. Although the present ‘‘paradigm” defining
the spectrum of material within the BC continuum consid-
ers that char is mostly derived from biomass burning, mu-
nicipal and domestic incineration of solid waste can also be
a significant source of char at the local level (Louchouarn
et al., 2007). In contrast to char, whose production path-
way always remains in the solid phase, soot is formed from
the extensive recombination of small free radicals con-
densing from the gas phase and originates from both bio-
mass and fossil fuel combustion. This formation
mechanism leads to submicron soot particles that can re-
main suspended in the atmosphere on the order of months
and be transported over wide geographic scales (Masiello,
2004).

Many techniques have been proposed to characterize
and quantify BC in environmental media (Schmidt and
Noack, 2000; Schmidt et al., 2001; Gustafsson et al.,
2001; Hammes et al., 2007). While the methods for
identifying and quantifying the soot/graphite portion of
the continuum are relatively well established (Gustafsson
et al., 2001; Gélinas et al., 2001; Louchouarn et al., 2007),
quantifying the char/charcoal portion of the continuum
suffers from many analytical limitations (Masiello, 2004;
Hammes et al., 2007). Many BC methods are based on
oxidation approaches that seek to remove non combus-
tion-derived organics by assuming reactivity differences
between operationally defined BC and non-BC materials.
.-J. et al., Can levogluco
geochem.2008.04.026
Because chars/charcoals are usually labile to such treat-
ment, oxidative approaches often fail to detect these com-
plex combustion byproducts in environmental media. In a
recent review of the sources and fate of pyrogenic carbon
in the environment, Preston and Schmidt (2006) indicated
that an appropriate comparative analysis of published
charcoal production estimates is still hampered by vari-
ability in the methods used. Hence, the development and
validation of a method that is specific for char/charcoal
measurement remains a major priority in BC research.

Analytical methods based on molecular markers are
potentially attractive for char/charcoal characterization
and quantification due to their specificity. Among many
biomass combustion markers, levoglucosan (1,6-anhydro-
b-D-glucopyranose; CAS 498-07-7) is a good candidate for
study. Because it is a monosaccharide derivative formed
exclusively from the thermal breakdown of cellulose dur-
ing combustion, it is source specific and should hypothet-
ically be found in any combustion residue of fuel
containing cellulose and hemicellulose (Shafizadeh et al.,
1979; Simoneit et al., 1999; Simoneit and Elias, 2000; Elias
et al., 2001; Otto et al., 2006). The nature of levoglucosan is
thus different from benzene polycarboxylic acids (BPCAs),
a suite of molecular markers proposed for BC quantifica-
tion (Glaser et al., 1998; Brodowski et al., 2005; Dittmar,
2008). BPCAs are the byproducts from oxidation of con-
densed aromatic structures and as such are more indica-
tive of aromatization, whereas levoglucosan is an
indicator of thermal alteration of parent structure.

Previous studies have reported the presence of levoglu-
cosan in fire impacted soils and sediments (Elias et al.,
2001; Oros et al., 2002; Otto et al., 2006). Elias et al.
(2001) also showed that levoglucosan distribution in a lake
sediment core correlated with counted charcoal content.
However, to our knowledge, no further study has system-
atically investigated the relationship between levogluco-
san and char BC.

The present study aimed to further evaluate the appli-
cation of levoglucosan in characterizing and quantifying
char BC in environmental samples. To test the sensitivity
of the method for char BC determination, we conducted
an extensive examination of levoglucosan yield in diverse
BC materials (derived from both fossil fuels and biomass
combustion), BC-like materials (coal and melanoidin),
and soil and sediments with and/or without fire impacts.
To evaluate whether levoglucosan is a proper molecular
marker for the quantification of char BC or not, we ana-
lyzed the yield from twenty three char samples, produced
in the laboratory from three different plant species and dif-
ferent combustion temperature and duration. These were
also used to assess the factors that affect levoglucosan
yield. Finally, we compared the performance of the levo-
glucosan approach in char BC determination with another
well established BC analytical method, acid dichromate
oxidation.
san be used to characterize and quantify char/charcoal ...,
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2. Materials and methods

2.1. Materials

Three different plant species were used to produce syn-
thetic char. Honey mesquite (Prosopis glandulosa Torr.) and
cordgrass (Spartina spartinae) were sampled from Laguna
Atascosa National Wildlife Refuge (Rio Hondo, TX, USA)
in June 2005. Loblolly pine (Pinus taeda) was collected from
Bastrop State Park (Bastrop, TX, USA) in April 2006. The
three species cover a suite of vascular plant tissue and tax-
onomy: angiosperm/gymnosperm pair [honey mesquite
(HM)-cordgrass (CG)/loblolly pine (PI)], woody/non-woody
pair (HM-PI/CG), as well as a C3/C4 pair (HM-PI/CG). Twigs
of HM and PI were collected using a saw or by hand and the
CG stem was collected using shears. In the laboratory, the
plants were cut into small pieces (HM and PI, 0.5–1.5 cm
long; CG, 2 cm long) and oven dried at 60 �C for 3 d before
charring. To mimic wildfire conditions in the field, we did
not remove the bark from HM and PI and combusted the
sample whole. Following drying, small blocks of HM and
PI and stem pieces from CG were placed in individual
quartz crucibles and charred in a muffle furnace (Lindberg
Hevi-Duty box furnace Model 51442 with instrument con-
sole Model 59344, Asheville, NC, USA). The quartz crucible
was capped with a quartz lid to create an oxygen-limited
environment during combustion. The raw materials were
heated from room temperature to the desired final temper-
atures (150–1050 �C) at 26 �C/min and held there for a
scheduled period (0.5–5 h). The combustion duration was
counted after the temperature stabilized at its maximum.
After combustion, the synthetic char samples were allowed
Table 1
Elemental composition and mass loss for honey mesquite, cordgrass and loblolly

Plant species Sample Combustion temperature (�C) Combustion

Honey mesquite HM raw
HM 200 200 1
HM 250 250 1
HM 300 300 1
HM 350 350 1
HM 400 400 1
HM 450 450 1
HM 650 650 1
HM 850 850 1
HM 1050 1050 1
HM 250-0.5 250 0.5
HM 250-3 250 3
HM 250-5 250 5

Cordgrass CG raw
CG 150 150 1
CG 200 200 1
CG 250 250 1
CG 300 300 1
CG 350 350 1
CG 400 400 1
CG 550 550 1

Loblolly pine PI raw
PI 200 200 1
PI 250 250 1
PI 300 300 1
PI 350 350 1

a Calculated by difference.
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to cool down in the furnace overnight without opening the
door, to prevent the char from being exposed to excess
oxygen at high temperature. All samples were ground to
a fine powder (< 60 mesh) and stored in glass vials in a
desiccator.

In addition to the above laboratory produced char sam-
ples, we used a series of ‘‘standardized” materials contain-
ing combustion derived constituents or known to generate
potential interferences during BC analysis (see Table 1 and
short description below). Because some of these were the
subjects of a recent multi-author, multi-institution com-
parative study, we point to Hammes et al. (2007) for a de-
tailed description of these samples and their BC
quantification. Two synthetic chars, chestnut wood char
and rice straw char, were obtained from M.W.I. Schmidt
(University of Zurich, Switzerland). A detailed description
of how these synthetic char samples were produced is pro-
vided by Hammes et al. (2006). Urea-glucose melanoidin
was also obtained from M.W.I. Schmidt. Four coal stan-
dards were obtained from Argonne National Laboratory
(ANL; Argonne, IL, USA): Pittsburgh bituminous coal, Poca-
hontas bituminous coal, Blind canyon bituminous coal and
Beulah-Zap lignite. The standard reference materials
(SRMs) of diesel particulate matter (SRM 2975), bitumi-
nous coal (SRM 1632c), New York/New Jersey waterway
sediment (SRM 1944), urban dust (SRM 1649a) and air par-
ticulate matter on filter media (RM 8785) were obtained
from the US National Institute of Standards and Technol-
ogy (Gaithersburg, MD, USA). Additional samples include
a natural charcoal recovered from a charred pine (Pinus
ponderosa) stump in a forested area of the Catalina Moun-
tains (AZ, USA) that burned during a wildfire in 2003. The
pine before and after combustion

duration (h) N (%) C (%) H (%) Ash (%) O (%)a Mass loss (%)

1.39 44.7 6.3 5.51 42.1
1.29 47.2 6.0 6.14 39.3 8.75
1.51 52.3 5.7 6.85 33.7 23.7
1.60 62.1 4.7 9.44 22.2 46.05
1.70 63.5 4.2 10.02 20.6 54.64
1.68 64.6 3.5 11.69 18.6 61.68
1.55 68.1 3.2 13.43 18.2 65.49
1.47 72.6 1.8 15.62 8.5 71.58
1.19 75.1 1.1 17.53 5.1 74.82
0.84 74.9 0.7 18.85 4.7 76.59
1.34 52.7 5.7 6.07 34.1 21.83
1.39 53.6 5.3 5.72 34.0 28.28
1.42 55.3 5.0 5.55 32.7 31.12

0.46 41.0 6.4 8.79 43.3
0.60 43.9 5.9 9.82 39.7 6.97
0.54 46.2 5.8 10.55 36.9 17.7
0.57 49.3 5.4 12.40 32.4 29.63
0.71 56.1 4.2 17.05 22.0 50.12
0.77 55.2 3.5 20.18 20.3 57.01
0.75 55.1 3.1 22.98 18.2 63.71
0.66 54.1 2.2 30.29 12.8 72.21

0.19 45.9 6.5 1.34 46.1
0.27 51.8 6.2 2.06 39.6 6.28
0.29 55.7 5.8 1.86 36.3 16.88
0.30 63.8 5.2 2.35 28.3 39.12
0.40 68.3 4.3 3.42 23.6 55.72

san be used to characterize and quantify char/charcoal ...,
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charred material was collected in a sealable plastic bag,
dried in the laboratory at 45 �C overnight and homoge-
nized in an agate mortar. Pre-fire and post-fire soils from
a controlled burn site in New Mexico (USA) were provided
by P. D’Odorico (University of Virginia, VA, USA). The soil
samples were air dried and passed through a 2 mm sieve.
Carbon black (from acetylene; average particle size
0.042 lm) was obtained from Alfa Aesar (Ward Hill, MA,
USA). Activated charcoal was obtained from Sigma–Aldrich
(St. Louis, MO, USA). Lampblack was obtained from Fisher
Scientific (Fair Lawn, New Jersey, USA). Finally, charred
particulate residues were collected from the wall of a res-
idential wood-fired chimney in College Station, TX.

2.2. Levoglucosan analysis

All samples were spiked with the internal standard
sedoheptulosan (Sigma, MO, USA; Simpson et al., 2004)
and extracted via pressurized fluid extraction (PFE) with
an accelerated solvent extractor (Dionex ASE 200) using a
mixture of CH2Cl2 and MeOH (9/1 (v/v)) at 10.3 MPa and
100 �C. The extracts were concentrated using a heating
mantle with a modified Kuderna-Danish apparatus and
dried under a gentle stream of N2. Samples were redis-
solved in 500 lL pyridine (absolute, P99.8%, Fluka, Swit-
zerland). An aliquot (100 lL) was transferred to a glass
vial to which 100 lL of N,O-bis(trimethylsilyl)trifluoroace-
tamide (BSTFA) containing 1% trimethylchlorosilane
(TMCS; Supelco, PA, USA) was added. The sample was
derivatized by heating at 78 �C for 1 h in a heating block.
After derivatization, 50 lL triisopropylbenzene (Aldrich,
MO, USA; Simpson et al., 2004) were added as GC internal
standard.

For gas chromatography–mass spectrometry (GC/MS)
we initially used a system (6890N-5973), whose mass
selective detector (MSD) was operated at 70 eV in selective
ion monitoring (SIM) mode. A DB5-MS column (J&W Inc.,
30 m � 0.25 mm i.d., 0.25 lm thickness) was used, with
the GC oven temperature programmed from 65 �C
(2 min) to 300 �C (5 min) at 6 �C/min. The injector temper-
ature was 270 �C and He was used as carrier gas. Data were
acquired and processed with the Agilent Chemstation soft-
ware. During a second phase of testing with low concentra-
tion samples (RM 8785), we used a Varian GC/MS–MS
system (Varian 3800/4000), with the spectrometer at
70 eV in full scan mode. A VF-5MS ultra-low bleed column
(Varian Inc., 60 m � 0.25 mm i.d., 0.25 lm thickness) was
used with the same GC oven and injector temperature pro-
grams described above. Data were acquired and processed
with the Varian MS Workstation software (version 6.6).
Comparative analyses of reference material SRM 1649a
on both systems produced similar results (p > 0.05).

Positive identification of levoglucosan was performed
using retention time and by comparing the relative
abundance of quantification/confirmation ions from each
sample to those produced by authentic standards (levoglu-
cosan, 99%, Aldrich, St. Louis, MO, USA). The linear re-
sponse curves (r2 0.999) were created from two sets of
five point calibration standards with levoglucosan concen-
tration ranging from 0.1 to 2.0 and 0.1 to 20 ng/lL. The
detection limit was 0.016 ng/lL, equivalent to 20 ng levo-
Please cite this article in press as: Kuo, L.-J. et al., Can levogluco
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glucosan in a sample. The minimum amount reported for
any sample was at least 5 times above the limit.

2.3. Acid dichromate oxidation

The acid dichromate oxidation approach (Wolbach and
Anders, 1989; Bird and Gröcke, 1997; Masiello et al., 2002)
was used to determine the different carbon fractions and
the BC content of our experimental chars. The methodol-
ogy was modified from Bird and Gröcke (1997) and Masi-
ello et al. (2002). Briefly, 100 mg char were weighed and
transferred to a 42 mL centrifuge tube (Nalgene PPCO
Oak Ridge tube with polypropylene screw closure) to
which 30 mL 0.25 M K2Cr2O7 in 2 M H2SO4 were added
to oxidize the sample at room temperature. If the solution
began to discolor, the tube was centrifuged and the super-
natant removed using a glass pipette. Fresh dichromate
solution was added for the reaction to continue. During
the reaction, the tubes were periodically uncapped to
release evolved gas and the contents were re-mixed using
a vortex mixer. Oxidation was performed over periods
ranging from 0.5 to 1200 h. At the end of the designated
oxidation time, samples were centrifuged and rinsed with
nano-pure water (�4) to remove residual oxidation
reagent. The oxidized samples were then freeze dried for
further analysis.

All glassware was heated (4 h, 450 �C) to remove organ-
ic matter before use. All solutions were prepared using
nano-pure water (Diamond UV ultrapure water system,
Branstead International, Iowa, USA). Statistical analysis
was performed with SPSS software (SPSS Inc., Chicago, IL,
USA).

2.4. Elemental analysis and ash content

C and N contents were determined with a Vario EL III
elemental analyzer (Elementar Americas, Inc., Mt. Laurel,
NJ, USA). The temperature of the combustion reactor was
set at 1150 �C. Quantification was performed using sulfa-
nilic acid (Merck KgaA, Germany) as calibration standard.
For soil and sediment samples, the acid vapor acidification
method was used to remove inorganic carbon before ele-
mental analysis (Hedges and Stern, 1984; Harris et al.,
2001). Char samples were also analyzed for H content at
the UC Davis Stable Isotope Facility (Davis, CA, USA). Atom-
ic C/N and H/C ratios were calculated from the measured C,
H and N contents. Oxygen content was calculated by differ-
ence. Atomic O/C ratio values were calculated using this
oxygen estimate. Ash content was determined using the
modified ASTM 1102-84 method (ASTM, 2000).

2.5. Hemicellulose/cellulose analysis

Three plants were sent to the Soil, Water and Forage
Testing Laboratory in Texas A&M University for neutral
detergent fiber (NDF), acid detergent fiber (ADF) and acid
detergent lignin (ADL) analysis. Hemicellulose content
was calculated from the difference between ADF and NDF
contents, while cellulose content was determined by sub-
tracting ADL from ADF (Van Soest and Robertson, 1980).
All values were corrected for ash content.
san be used to characterize and quantify char/charcoal ...,
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3. Results and discussion

3.1. Characterization of synthetic char

The elemental composition and mass loss during pyro-
lysis of all synthetic char samples and their precursor plant
material are presented in Table 1. Similar mass loss per-
centages were found for synthetic chars of the three plant
types at each combustion temperature. The values are all
consistent with reported ranges in mass loss during char-
ring of plant material (Baldock and Smernik, 2002; Bra-
adbaart et al., 2004). The plant char samples experienced
the most dramatic mass loss between 200 and 300 �C.
These results are relatively similar to those for the temper-
ature range (220–270 �C) reported by Braadbaart et al.
(2004) during the combustion of peas in an O2-free envi-
ronment. With increasing combustion temperature, the C
content increased, while that of H and O decreased. The
N content increased initially but then decreased in materi-
als combusted at temperatures > 350 �C. N preservation in
combustion products formed at relatively low temperature
was also documented by Baldock and Smernik (2002),
Almendros et al. (2003), Knicker et al. (2005) and Hammes
et al. (2006).

Insight into the changes in char composition and possi-
ble reactions induced by pyrolysis was inferred from a van
Krevelen diagram (Fig. 1) using atomic H/C and O/C ratios
(Baldock and Smernik, 2002; Braadbaart et al., 2004; Ham-
mes et al., 2006). Char samples from the three plants have
very similar patterns, indicating two major reaction path-
ways. The first occurs at 6 250 �C and is dominated by
dehydration, resulting in a loss of H approximately twice
that of O. The rapid loss of H > 300 �C indicates that aroma-
tization occurs. At temperatures >650 �C, aromatization re-
sults in highly condensed aromatic materials which plot
close to typical soot BC, such as hexane soot and diesel soot
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Fig. 1. Van Krevelen plot for synthetic
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(Baldock and Smernik, 2002; Braadbaart et al., 2004;
Nguyen et al., 2004). The combustion temperature for the
transition from dehydration-dominated to aromatization-
dominated pathways appears to be between 250 and
300 �C, consistent with a transition temperature of 270 �C
suggested by Braadbaart et al. (2004). However, the results
are different from those reported by Baldock and Smernik
(2002) for the combustion of red pine (Pinus resinosa).
The difference is probably due to a longer and variable
heating time (24–72 h) in their experiment, which would
result in further alteration in atomic H/C and O/C ratios.

3.2. Levoglucosan analysis

3.2.1. Environmental samples
Levoglucosan levels in a number of environmental

materials are shown in Table 2. As expected, the soot resi-
due from diesel combustion (SRM 2975) did not yield any
measurable amount of levoglucosan, nor did any of the
coal samples (ANL coals and SRM 1632c). Similarly, no
detectable level was observed for melanoidin, a common
product of the Maillard reaction of amino acids and carbo-
hydrates, which is recognized as a potentially interfering
material during BC determination (Schmidt et al., 2001;
Hammes et al., 2007). Since carbon black and lampblack
are not derived from combustion of biomass precursors,
none of these samples yielded any levoglucosan on solvent
extraction. It was more surprising, however, that an urban
estuarine sediment (SRM 1944), close to sources of com-
bustion, and an activated carbon, derived from the pyroly-
sis of biomass precursor, did not produce any traces.
Similarly, no levoglucosan was produced from a synthetic
charcoal sample prepared from chestnut wood under con-
trolled laboratory conditions (450 �C, 5 h; Hammes et al.,
2006). In comparison, a ‘‘companion” charcoal produced
from rice straw under the same conditions (Hammes
0.5 0.6 0.7 0.8 0.9

ic ratio

Cordgrass chars
Loblolly Pine chars
Honey Mesquite chars
Baldock and Smernik, 2002
Braadbaart et al., 2004
SRM 2975 (Nguyen et al., 2004)
Hexane soot (Nguyen et al., 2004)

starting materials

250°C

Cordgrass chars
Loblolly Pine chars
Honey Mesquite chars
Baldock and Smernik, 2002
Braadbaart et al., 2004
SRM 2975 (Nguyen et al., 2004)
Hexane soot (Nguyen et al., 2004)

chars (including literature data).
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Table 2
Levoglucosan concentration in different environmental materials

Material Description Levoglucosan
(lg/g)

n

SRM 2975 Diesel particulate matter BDLb 2
ANLa coals Pittsburgh bituminous coal, Pocahontas bituminous coal, Blind canyon bituminous coal, and Beulah-Zap lignite BDL 2c

SRM 1632c Bituminous coal BDL 3
Melanoidin Urea-glucose melanoidin BDL 1
Carbon black Acetylene black BDL 2
Lampblack Crude oil combustion residue BDL 2
SRM 1944 NY/NJ water way sediment BDL 2
Activated carbon Commercial product from plant combustion BDL 2
Char-BC 1 Chestnut wood char BDL 2
Char-BC 2 Rice straw char 14.7 ± 0.8 2
Natural charcoal Pine wood char 69.4 ± 12.5 2
Pre-fire soil Surface soils from controlled burning site in New Mexico (US) 0.85 ± 0.01 2
Post-fire soil 38.0 ± 11.7 2
SRM 1649a Urban dust 163.9 ± 11.8 11
RM 8785 Air particulate matter (PM2.5) on filter media 158.4 ± 8.8 2
Chimney soot Chimney residues from Texas (US) private residence 26888.1 1

a Argonne National Laboratory (ANL).
b Below detection limit (BDL).
c n = 2 for each coal standard.
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et al., 2006) did produce a significant and reproducible
levoglucosan content of 14.7 ± 0.8 lg/g. The analysis of a
natural charcoal sample, recovered from a pine stump (Pi-
nus ponderosa) after a major wildfire on Mount Lemmon
(AZ) in 2003, produced close to 4–5 times more levogluco-
san but with greater variability (69.4 ± 12.5 lg/g) than the
synthetic rice straw char. Soil samples collected prior to,
and subsequent to, a control burn in New Mexico, show a
distinct change in levoglucosan yield, with a � 50 fold in-
crease in the post-fire soil concentration (38.0 ± 11.7 lg/g)
with respect to pre-fire conditions (0.85 ± 0.01 lg/g). Three
samples showed exceptionally high levoglucosan values.
The bulk urban dust NIST standard (SRM 1649a) and its ul-
tra-fine particulate matter isolated on a quartz fiber filter
(RM 8785) yielded twice as much levoglucosan
(163.9 ± 11.8 and 158.4 ± 8.8 lg/g, respectively) than the
natural pine charcoal. Finally, particulate black residues
recovered from a wood-fired chimney gave values
(26.9 mg/g) of the same order of magnitude as those mea-
sured for fire derived aerosols (11.6 mg/g) collected in
South Texas following massive regional wildfires in Central
America (Fraser and Lakshmanan, 2000).

These data confirm that levoglucosan occurs exclusively
in biomass combustion residues and is absent from petro-
leum combustion byproducts or coal materials. The abun-
dant presence of this molecular marker in natural
charcoal and solid residues from a wood-fired chimney,
as well as its combined occurrence with chars in post-fire
soils, demonstrate that this compound can trace inputs of
biomass combustion to environmental media.

In addition, the levoglucosan yields for SRM 1649a and
RM 8785 are similar to values reported recently by Larsen
et al. (2006) for a freezer-stored sample of SRM 1649a
(162 ± 8 lg/g) and three filter replicates of RM 8785
(163 ± 37 lg/g). The results suggest that levoglucosan can
be reproducibly extracted from particulate phase materials
Please cite this article in press as: Kuo, L.-J. et al., Can levogluco
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under different laboratory conditions and so point to the
potential comparative nature of such results. Moreover,
the similar levoglucosan concentration observed for these
two reference materials, under different experimental pro-
tocols and instrumentation, shows that levoglucosan is
homogeneously distributed in this urban dust sample
and is associated with ultrafine particulates (mean diame-
ter from volume distribution in SRM 1649a is 34.6 ± 0.4 lm
whereas the RM 8785 consists entirely of the fine fraction
6 2.5 lm). The comparative nature of these inter-labora-
tory data points to the potential for SRM 1649a to serve
as a working standard for levoglucosan analysis. One dis-
crepancy exists, however, in the study by Larsen et al.
(2006), which reported an anomalously low value for a
sample of SRM 1649a stored at room temperature for 25
years (81.1 ± 9.4 lg/g). To explain this discrepancy, the
authors hypothesized that levoglucosan may be unstable
in solid samples over long periods. Since it has been shown
to resist both photochemical oxidation and acid catalyzed
hydrolysis in atmospheric aerosols (Locke, 1988; Fraser
and Lakshmanan, 2000), as well as diagenesis during long
term preservation in sedimentary deposits spanning over
7000 years (Elias et al., 2001), we believe that the twofold
difference between the cluster of SRM replicates and the
anomalous value may instead be due to the compromised
nature of this specific SRM or to a quantification artifact.

3.2.2. Char samples made under different combustion
conditions

The wide range of levoglucosan concentration mea-
sured in biomass combustion products (Table 2) suggests
that the yields from environmental media are not simply
proportional to the quantity of combustion residue. We
thus tested the impact of combustion conditions and car-
bon source on yield. Fig. 2 shows the organic carbon nor-
malized levoglucosan levels in synthetic chars made at
san be used to characterize and quantify char/charcoal ...,
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different temperatures. Interestingly, chars from the three
plants all show similar patterns of levoglucosan distribu-
tion as a function of temperature, despite significant differ-
ences in yield across species. For the series, the
levoglucosan concentration peaks at 250 �C (1800.4 lg/
goc, 1542.3 lg/goc, and 521.5 lg/goc for CG, PI, and HM,
respectively) and becomes virtually undetectable
> 350 �C. The CG chars generally gave the highest levoglu-
cosan level, except at 300 �C where PI showed the highest
value. Our observation of peak levoglucosan production at
250 �C matches recent observations by Dickens et al.
(2007) who showed similar temperature maxima in the
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yield of a suite of benzene carboxylic acids extracted from
laboratory charcoal samples produced from pine wood at
70, 150, 200, 250, 300 and 350 �C. These parallel observa-
tions suggest that similar processes are responsible for
the production of slightly altered combustion byproducts
during the incineration of plant matter.

Because temperature duration at a constant tempera-
ture was shown to alter the elemental composition of char
(Table 1), we also investigated the potential change in
levoglucosan yield under four combustion durations for
one sample (HM at 0.5, 1, 3 and 5 h). As shown in Fig. 3,
there was no significant impact on concentration.
3 3.5 4 4.5 5 5.5
 duration (h)

eld of honey mesquite char combusted at 250 �C.
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Pastorova et al. (1993) conducted a series of analyses
for the characterization of charred microcrystalline cellu-
lose under combustion temperatures ranging from 190 to
390 �C. Their study showed that a significant proportion
of D-glucose oligosaccharides could be preserved up to
270 �C, followed by a dramatic drop in concentration at
higher combustion temperatures. They therefore sug-
gested that, at 270 �C, a new thermostable and condensed
phase start to dominate the char composition and replace
the transglycosylation pathway responsible for levogluco-
san formation. The observed yields under different com-
bustion temperatures in the present study are consistent
with these proposed mechanisms. Furthermore, Hosoya
et al. (2006) reported that thermal degradation of levoglu-
cosan can be substantially suppressed in the presence of
some aromatic substances due to interaction among them.
Hence the combination of levoglucosan with certain aro-
matic compounds could maintain its thermal stability at
up to 340 �C, in contrast to a rapid decomposition at tem-
peratures as low as 240 �C when it is heated in isolation.
Interestingly, the aromatic nature of lignin structural units
found in all vascular plant tissues could potentially stabi-
lize levoglucosan during combustion (Hosoya et al.,
2006). Our results add strength to this hypothesis. As
shown in Fig. 2, the yield for CG char decreases markedly
from 250 to 300 �C relative to the change observed for
HM and PI char. Unlike the woody tissue of HM and PI,
the CG sample is derived from soft tissue recognized for
lower lignin content (Table 3), potentially providing fewer
stabilization sites for levoglucosan preservation. The upper
limit (350 �C) of levoglucosan occurrence for our synthetic
char samples is thus consistent with the literature. In the
light of these observations, the significant levoglucosan
concentration (17.7 ± 0.8 lg/g) measured for rice straw
char produced under controlled conditions at 450 �C
(Hammes et al., 2006), is initially surprising. Hammes
et al. (2007) showed that this same charcoal sample affor-
ded more soot BC than wood charcoal (chestnut) under the
same conditions. They suggested that occluded organic
matter within phytoliths (silica structures abundant in
some grasses) may have been responsible for most of the
organic carbon measured as BC in the rice straw char. Since
the occluded OC in phytoliths is composed predominantly
of carbohydrate (mostly crystalline cellulose; Krull et al.,
2003), the apparent resistance of levoglucosan to tempera-
Table 3
Hemicellulose, cellulose and lignin contents of honey mesquite, cordgrass
and loblolly pine

Plant species Hemicellulose
(%)

Cellulose
(%)

Holocellulosea

(%)
Lignin
(%)

Honey mesquite
(Prosopis
glandulosa
Torr.)

11.5 54.1 65.6 11.5

Cordgrass
(Spartina
spartinae)

31.7 41.7 73.4 4.2

Loblolly pine
(Pinus taeda)

10.4 56.4 66.8 15.0

a Holocellulose = hemicellulose + cellulose.
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ture in the rice straw char may thus be a function of a min-
eral protection effect and does not contradict the earlier
statement that levoglucosan yield for chars is substantial
only at combustion temperatures < 400 �C.

We also tested the possibility that the highly vari-
able levoglucosan yield across plant species could be
‘‘normalized” to the content of levoglucosan precursor
(hemicellulose/cellulose). Roughly-estimated hemicellu-
lose, cellulose, and holocellulose contents of HM, CG and
PI via a wet chemical method (Table 3) were applied in this
correction attempt. However, results showed that cellulose
and holocellulose normalization could not correct for the
large differences among char samples of different origin,
whereas hemicellulose normalization does provide some
corrections but only for the two angiosperm plant tissues
(CG and HM; data not shown).

The failure to fully normalize the levoglucosan yield for
char from different plants highlights the inherent complex-
ity in biomass pyrolysis and the levoglucosan formation
mechanism. Several studies have indicated that trace
amounts of inorganic salts containing alkali or alkaline cat-
ions could lead to significant decreases in char yield and
levoglucosan formation (Antal and Varhegyi, 1995; Mül-
ler-Hagedorn et al., 2003). Piskorz et al. (1989) suggested
that highly polar and small alkaline cations could retard
the chain reaction leading to the formation of levoglucosan
from cellulose through interaction with the terminal chain
end of cellulose. This also brings out the competitive nat-
ure of several parallel pathways observed during cellulose
pyrolysis (Piskorz et al., 1989; Boon et al., 1994; Antal and
Varhegyi, 1995). In the study by Boon et al. (1994), three
major pathways of cellulose dissociation (transglycosyla-
tion, cycloreversion and Ei-elimination), were proposed,
showing that plant composition, presence of inorganic
salts and combustion conditions influence which pathway
might predominate during combustion. This variability in
combustion mechanisms may thus explain the level of var-
iability in levoglucosan yield observed across a diverse
suite of plant taxonomic groups and tissue types. For
example, when the transglycosylation pathway is favored,
levoglucosan would form and accumulate preferentially in
the combustion products.

The poor normalization potential also demonstrates
that levoglucosan is not a proper quantitative marker for
char BC in environmental matrices such as soils and sedi-
ments. Char BC in these systems is often produced under
diverse combustion conditions and plant sources, with
potentially large variability in yield. The large scale fluctu-
ation in yield over a limited temperature range (150–
350 �C), as well as the large differences across plant spe-
cies, provides a reasonable explanation for the reported
variation in levoglucosan value among the different bio-
mass combustion products listed in Table 2. For instance,
despite its biomass origin, activated charcoal would not
be expected to yield any levoglucosan as a result of its high
temperature of formation. In contrast, the inefficient com-
bustion typical of a residential stove results in production
of particulate residue enriched in levoglucosan. Similarly,
the abundance of levoglucosan in the natural pine char
and the post-fire soil imply a relatively low combustion
temperature in the field (Scott, 1989). Coupled with the
san be used to characterize and quantify char/charcoal ...,
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lack of levoglucosan from other materials not derived from
biomass burning, our results confirm that levoglucosan
could serve as an exclusive marker for a limited set of chars
produced under low combustion temperature conditions.

3.3. Acid dichromate oxidation of synthetic char

The acid dichromate oxidation method has been widely
used for BC quantification in diverse environmental set-
tings (Masiello and Druffel, 1998; Masiello et al., 2002;
Rumpel et al., 2006). It was initially developed by Wolbach
and Anders (1989) to separate kerogen from elemental car-
bon, including soot and charcoal, in sedimentary rocks for
the purpose of studying historical global fire events over
long temporal scales. The method was also applied to
quantify the flux of BC to marine sediments (Masiello
and Druffel, 1998), as well as assess the impact of slash
and burn agriculture on soil erosion and BC carbon export
(Rumpel et al., 2006). The major drawback is that it is very
time consuming and rate dependent, so is influenced by
empirical conditions. Its advantages, on the other hand, in-
clude the capacity for isotopic monitoring of BC residues
and a relatively wide analytical window. There are many
modified versions of the method, with varying level of effi-
ciency (Lim and Cachier, 1996; Bird and Gröcke, 1997;
Masiello et al., 2002). We adopted the experimental condi-
tions proposed by Masiello et al. (2002) for comparative
purposes of BC half life. These conditions have been dem-
onstrated to be as effective as those of Wolbach and Anders
(1989).

Four synthetic samples, HM 250, HM 350, HM 850 and
CG 350, were selected to evaluate the performance of the
acid dichromate oxidation method for the quantification
of BC in levoglucosan-bearing char and char from different
sources, as well as combustion temperature. Each oxida-
tion experiment was conducted in duplicate. As shown in
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Fig. 4, different char samples exhibited very different OC
loss curves. HM 250 decayed very quickly and was elimi-
nated at 96 h. In contrast, HM 850 was refractory. Both
HM 350 and CG 350 showed intermediate oxidation
behavior. Apparent differences among HM 250, HM 350
and HM 850 show the effect of combustion temperature
on the resistance of char BC. The difference between HM
350 and CG 350 reflects difference in BC resistance across
char samples from different plant species. The increased
proportion of lignin in woody tissue (HM) may explain this
latter difference, as suggested by Bird and Gröcke (1997).
Mass based data showed similar trends to the organic car-
bon based data.

We also used multiple component nonlinear regression
to model the decay curves of each oxidation treatment
according to the method developed by Wolbach and An-
ders (1989) and Masiello et al. (2002). For HM 250, HM
350 and CG 350, a three term exponential regression equa-
tion provided a good fit to the mass based experimental
data (r2 0.992-0.998 for HM 250, 350 and CG 350). The
equation is

N ¼ N1e�k1t þ N2e�k2t þ N3e�k3t ð1Þ

where N is the mass or OC left at time t; N1, N2 and N3 de-
note the mass or OC of components 1, 2 and 3 in the origi-
nal material, respectively; k1, k2, k3 are decay rate
constants of components 1, 2, 3, respectively. The three
term equation suggests that these chars are a mixture of
three components, each characterized by a short, medium,
and long half life (t1/2; Table 4). In contrast, the decay curve
for HM 850 was best fitted by a single term exponential
regression, implying that this material is dominated by
one component characterized by a long t1/2, which is with-
in the range of commercial activated charcoal or soot
materials, the common representatives of highly refractory
components in the BC continuum (Wolbach and Anders,
0 800 1000 1200
 time (h)

HM 850
HM 350
CG 350
HM 250

50, 350, 250 and cordgrass char CG 350 after acid dichromate oxidation.
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Table 4
Half-lives (t1/2) and fractions (%) of short, medium and long lived components of synthetic chars in acid dichromate oxidation experiments (values of t1/2 and
fraction were calculated from a multiple-component nonlinear regression based on mass and organic carbon (OC) data)

Material Combustion
temperature (�C)

Short-life
fraction (%)

t1/2 short
(h)

Medium-life
fraction (%)

t1/2 medium
(h)

Long-life
fraction (%)

t1/2 long (h) Reference

HM 250a 250 37 ± 7 0.05 ± 0.03 35 ± 4 1.99 ± 1.28 28.0 ± 2.8 23.1 ± 0.0 This
study

HM 350a 350 19 ± 1 0.13 ± 0.01 17 ± 0 12.71 ± 1.63 64.5 ± 0.7 1576.2 ± 50.7 This
study

HM 850a 850 – – – – 87.5 ± 0.7 3500.7 ± 495.1 This
study

CG 350a 350 26 ± 1 0.16 ± 0.02 28 ± 1 13.86 ± 0.00 46.0 ± 1.4 1083.3 ± 23.9 This
study

Charcoal
briquettea,c

Unknown – – – – 62 860 R1e

Coconut activated
charcoala,c

Unknown – – – – 81 2000 R1e

Carbon blacka,d Unknown – – – – 101 900 R1e

Bone Black
(activated)a,c

Unknown – – – – 63 910 R1e

Norite� activated
carbona,c

Unknown – – – – 60 810 R1e

HM 250b 250 65.0 ± 2.8 0.18 ± 0.04 35.0 ± 2.8 14.04 ± 1.18 – – This
study

HM 350b 350 17.0 ± 1.4 0.13 ± 0.01 19 ± 0 14.37 ± 1.47 64.5 ± 0.7 1541.1 ± 48.4 This
study

HM 850b 850 – – – – 84.5 ± 0.7 2089.6 ± 675.5 This
study

CG 350b 350 20.0 ± 1.4 0.09 ± 0.04 30 ± 0 13.96 ± 1.80 50.0 ± 1.4 1083.3 ± 23.9 This
study

Coconut charcoalb Unknown – – – – 100 ± 10 637 ± 66 R2e

Lampblack sootb Unknown – – – – 101 ± 2 4000 R2e

a Mass-based data.
b OC-based data.
c Data for long-life fraction were % mass left after being oxidized in acid-dichromate reagent for 600 h.
d Calculated from the raw data in Wolbach and Anders (1989).
e R1 = Wolbach and Anders, 1989; R2 = Masiello et al., 2002.
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1989; Masiello et al., 2002) (Table 4). The HM 350 and CG
350 chars also showed a substantial proportion of refrac-
tory constituents (ca. 64% and 46%, respectively) with com-
parable long t1/2, no matter whether in OC or mass based
data.

The characteristics of the HM250 sample showed, on
the other hand, the largest departure from those of other
materials (Table 4). For the mass based data, even though
it was also comprised of three components, the t1/2 of its
most refractory fraction was only 23 h, closer to the med-
ium life fraction for the other chars. For the OC based
data, HM 250 was best fitted with a two term regression
and did not contain the longer half life fraction (Table 4).
This indicates that, under the definition of the acid
dichromate oxidation method, HM 250 does not contain
any highly resistant fraction, i.e., the so-called BC fraction.
Because it is the char with the highest levoglucosan yield
in the HM series, our results show a lack of overlap be-
tween the maxima in the analytical windows for levoglu-
cosan and acid dichromate oxidation. Some overlap exists,
however, at the high end of the levoglucosan analytical
window (350 �C) because parts of HM 350 and CG 350
were defined as BC with the oxidation method. This
observation is consistent with the findings of Boon et al.
(1994), who showed that an acid resistant and thermally
stable fraction will dominate the char at combustion tem-
peratures > 350 �C.
Please cite this article in press as: Kuo, L.-J. et al., Can levogluco
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3.4. The role and applications of the levoglucosan approach in
BC studies

As mentioned in the Introduction, BC is a continuum of
combustion products originating from different materials
and combustion conditions. The lack of clear demarcation
lines between combustion products makes it nearly impos-
sible to detect the entire range of BC with a universal
method. Masiello (2004) proposed a black carbon method
continuum encompassing most of the available analytical
methods and their possible analytical windows in the con-
tinuum. This method continuum describes well the distinct
detectable regions for different methods and demonstrates
the difficulty that arises when one seeks to compare BC
values produced by two methods with different analytical
windows. In the present study, using systematically pro-
duced synthetic char samples, we compared the levogluco-
san approach with the acid dichromate oxidation approach
for char, the broadest and least defined portion of the BC
continuum. As shown in Fig. 5, we created a simplified
BC method continuum diagram for method comparison.
With the aid of atomic H/C ratio, the chemothermal oxida-
tion technique (often abbreviated as CTO-375; Gustafsson
et al., 2001; Hammes et al., 2007), another popular BC
method, is included in the comparison. Based on the low
temperature range of char samples containing levogluco-
san (150–350 �C), the analytical window for this molecular
san be used to characterize and quantify char/charcoal ...,



Fig. 5. Conceptual diagram of black carbon method continuum showing the analytical windows of levoglucosan, acid dichromate oxidation and chemo-
thermal oxidation (CTO-375) based on the observations in this study and literature data. The black bar for each method represents its positive analytical
window, while the gray split bars indicate the uncertainty in the method. Values of atomic H/C ratio and corresponding combustion temperature are based
on the experimental results in Table 1. The diagram was inspired by Hammes et al. (2007).
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marker is located at the low end of the BC continuum,
whose upper limit is defined by an atomic H/C ratio of
0.8, the value for both HM 350 and CG 350. The acid
dichromate oxidation method could detect BC fractions
that include char and soot. Its lower limit might be located
between atomic H/C values of 1.3 (adopted from the value
for HM 250) and 0.8 (adopted from the value for HM 350).
In contrast, CTO-375 is more of a soot-specific method
(Hammes et al., 2007). In the literature, two char reference
materials (chestnut wood char and rice straw char), both
with an atomic H/C value of 0.7 (Hammes et al., 2006),
have been found to yield no or only very low CTO-375 BC
(abbreviated as BC-CTO; Elmquist et al., 2006; Hammes
et al., 2007). This confirmed the work of Nguyen et al.
(2004), who only observed measurable BC-CTO in syn-
thetic char samples produced at very high temperature
(�1000 �C) and with atomic H/C values ranging 0.08 to
0.14. Quénéa et al. (2006) further demonstrated that
char/charcoal are eliminated from soil samples with the
CTO-375 treatment. Considering that the atomic H/C val-
ues of the recognized BC-CTO are 6 0.2 (Nguyen et al.,
2004; Hammes et al., 2007), we thus defined the lower lim-
it of the CTO-375 analytical window at an atomic H/C value
of 0.2, the value for oxidized hexane soot (Nguyen et al.,
2004). It should be kept in mind that this definition is rel-
atively arbitrary since there are many factors controlling
the pyrolysis results that may alter the specific analytical
window for each BC method. For example, the survivability
of BC under CTO-375 is also related to the microporosity of
the sample and the presence of mineral oxides (Elmquist
et al., 2006). Chars made under different combustion tem-
perature ramp rates may reach slightly different atomic H/
C values despite similar final temperatures (Nguyen et al.,
2004). All of these may result in the slight differences in
the proposed analytical ranges for CTO-375 and acid
dichromate oxidation method between Hammes et al.
(2007) and our conceptual diagram, which is primarily
based on our experimental data. Although the atomic H/C
ratio may not be a perfect criterion for defining limits of
BC ranges, it nevertheless provides a useful basis for meth-
od comparison. For example, because the acid dichromate
Please cite this article in press as: Kuo, L.-J. et al., Can levogluco
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oxidation method produced virtually no resistant BC from
low temperature char (i.e. HM 250) the lower limit of the
analytical window for this method overlaps only slightly
with the levoglucosan analytical window. At its upper lim-
it, the acid dichromate oxidation does produce some over-
lap with the CTO-375 method.

The proposed simplified BC method continuum high-
lights the significance of the molecular marker levogluco-
san in BC research. The levoglucosan-bearing char
samples were all produced at low temperature (6 350 �C)
and feature a lower aromaticity and thermal resistance,
with a higher chemical reactivity. These characteristics
make them less amenable to detection with most BC meth-
ods. To our knowledge, with the exception of microscopy,
there is no other BC method that selectively detects low
temperature char. The relative ease of use and specific ana-
lytical window makes the levoglucosan approach a unique
addition to the BC method continuum. In addition, the rel-
atively good relationship observed between charcoal parti-
cles and levoglucosan in sedimentary archives (Elias et al.,
2001) suggests that levoglucosan is a good proxy for paleo-
fire reconstruction and that a substantial portion of the
preserved charcoal particles were produced at relatively
low temperatures.

Our results also address the concern about the ‘‘miss-
ing black carbon” conundrum (Druffel, 2004; Masiello,
2004; Schmidt, 2004). Indeed, BC production estimates
from biomass burning and fossil fuel combustion exceed
the accountable inventories in soils and sediments and
loss rates from their standing stocks (Masiello, 2004;
Schmidt, 2004). Efforts to reconcile this imbalance are
still ongoing but suggest that a combination of processes
such as an uncharacterized reactivity in soils, the seques-
tration in yet poorly quantified reservoirs (i.e., dissolved
organic matter in the ocean) and methodological artifacts
are standing in our way to a better understanding of the
BC cycle in the environment (Druffel, 2004). For example,
proposed mechanisms to explain BC losses from soils and
sediments include consumption by subsequent fires, slow
chemical oxidation and solubilization, and biological deg-
radation, as well as the vertical and lateral transport out
san be used to characterize and quantify char/charcoal ...,
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of these reservoirs (Preston and Schmidt, 2006). The pres-
ent study highlights two issues faced by BC research: (i)
An important portion of the BC continuum is not detected
using commonly applied BC methods. (ii) This undetected
portion of the BC continuum is characterized by a shorter
half life as a result of its higher reactivity. Table 2 shows
that many natural charcoals and post-fire soils afford sub-
stantial amounts of levoglucosan, pointing to potentially
low combustion temperatures in the field, an observation
that confirms relatively low temperatures measured dur-
ing controlled burns of savannah in the southeast USA
(Alexis et al., 2007). Therefore, although a significant
amount of low temperature char should be found on
the ground following wildfires, it is often ‘‘missing” from
most BC investigations, partly because the applied meth-
od could not detect it, or because it is prone to
degradation.

4. Conclusions

Levoglucosan is exclusively formed from hemicellulose/
cellulose combustion and is not found in fossil fuel com-
bustion products. Despite being a promising vegetation
combustion molecular marker, its yield is still affected by
several factors. In the present study, combustion tempera-
ture was found to be the primary factor governing levoglu-
cosan yield, whereas combustion duration showed no
significant effect. The analysis of synthetic char samples,
made from three different plant species, showed that levo-
glucosan exists only in low temperature char (6 350 �C)
unless mineral structures in the plant tissue (i.e. phyto-
liths) provide physical protection to carbohydrates, allow-
ing this molecular marker to persist at higher
temperatures. Large differences among samples from dif-
ferent plant species were also found. Even though efforts
were made to correct for this taxonomic effect (i.e., hemi-
cellulose and cellulose normalization), the variable levo-
glucosan yield observed across plant species suggest
heterogeneous processes that may include factors such as
the presence of inorganic salts and lignin content in the
precursor tissue. Therefore, these unavoidable complexi-
ties in biomass combustion make it hard for levoglucosan
to act as a quantitative tool for char characterization in
environmental media. However, the fact that it is specific
to low temperature char imparts a unique role to this
molecular marker in the identification of BC materials
within the wide range of the BC continuum. In contrast
to CTO-375, for example, levoglucosan could be used as a
qualitative indicator of low temperature char, at the low
end of the BC continuum. The approach seems particularly
useful in characterizing fire-impacted soil samples or aero-
sols. For examples, it is believed that fire-impacted soils
would contain a larger proportion of char/charcoal with re-
spect to soot BC (Quénéa et al., 2006). As such, to evaluate
the presence of such char in soil samples, we suggest con-
ducting a quick ‘‘low-temperature char assay” using the
levoglucosan method before applying other BC methods.
In the case of aerosols, the important presence of this bio-
marker in ultrafine particles suggests that our conven-
tional view of size distribution decreasing and
atmospheric residence time increasing along the char to
Please cite this article in press as: Kuo, L.-J. et al., Can levogluco
Org. Geochem. (2008), doi:10.1016/j.orggeochem.2008.04.026
soot continuum may have to be revised to include these
small char particles.

Acknowledgments

We would like to thank Dr. T. Wade for support. We
also thank B. Jones, S. Sweet, L. McDonald and S. Kumar,
and C. Powell for technical assistance. Analytical support
was provided by the Geochemical Environmental Research
Group (GERG), Drs. T. Bianchi, D. Little and A. Kronenberg.
Reviews by two anonymous reviewers greatly improved
the manuscript.

Associate Editor——G.D. Abbott

References

Alexis, M.A., Rasse, D.P., Rumpel, C., Bardoux, G., Péchot, N., Schmalzer, P.,
Drake, B., Mariotti, A., 2007. Fire impact on C and N losses and charcoal
production in a scrub oak ecosystem. Biogeochemistry 82, 201–216.

Almendros, G., Knicker, H., Gonzalez-Vila, F.J., 2003. Rearrangement of
carbon and nitrogen forms in peat after progressive thermal oxidation
as determined by solid-state 13C and 15N NMR spectroscopy. Organic
Geochemistry 34, 1559–1568.

Antal, M.J., Varhegyi, G., 1995. Cellulose pyrolysis kinetics – the current
state of knowledge. Industrial & Engineering Chemistry Research 34,
703–717.

ASTM, 2000. D1102-84 (Reapproved 1995) Standard Test Method for Ash
in Wood. American Society for Testing and Materials, West
Conshohocken, PA.

Baldock, J.A., Smernik, R.J., 2002. Chemical composition and
bioavailability of thermally altered Pinus resinosa (Red Pine) wood.
Organic Geochemistry 33, 1093–1109.

Bird, M.I., Gröcke, D.R., 1997. Determination of the abundance and carbon
isotope composition of elemental carbon in sediments. Geochimica et
Cosmochimica Acta 61, 3413–3423.

Boon, J.J., Pastorova, I., Botto, R.E., Arisz, P.W., 1994. Structural studies on
cellulose Pyrolysis and cellulose chars by PY-MS, PY-GC-MS, FTIR,
NMR and by wet chemical techniques. Biomass & Bioenergy 7, 25–32.

Brodowski, S., Rodionov, A., Haumaier, L., Glaser, B., Amelung, W., 2005.
Revised black carbon assessment using benzene polycarboxylic acids.
Organic Geochemistry 36, 1299–1310.

Braadbaart, F., Boon, J.J., van der Horst, J., van Bergen, P.F., 2004.
Laboratory simulations of the transformation of peas as a result of
heating: the change of the molecular composition by DTMS. Journal of
Analytical and Applied Pyrolysis 71, 997–1026.

Dickens, A.F., Gudeman, J.A., Gélinas, Y., Baldock, J.A., Tinner, W., Hu, F.S.,
Hedges, J.I., 2007. Sources and distribution of CuO-derived benzene
carboxylic acids in soils and sediments. Organic Geochemistry 38,
1256–1276.

Dittmar, T., 2008. The molecular level determination of black carbon in
marine dissolved organic matter. Organic Geochemistry. doi:10.1016/
j.orggeochem.2008.01.015.

Druffel, E.R.M., 2004. Comments on the importance of black carbon in the
global carbon cycle. Marine Chemistry 92, 197–200.

Elias, V.O., Simoneit, B.R.T., Cordeiro, R.C., Turcq, B., 2001. Evaluating
levoglucosan as an indicator of biomass burning in Carajas,
Amazonia: a comparison to the charcoal record. Geochimica et
Cosmochimica Acta 65, 267–272.

Elmquist, M., Cornelissen, G., Kukulska, Z., Gustafsson, Ö., 2006. Distinct
oxidative stabilities of char versus soot black carbon: implications for
quantification and environmental recalcitrance. Global
Biogeochemical Cycles 20, GB2009. doi:10.1029/2005GB00262.

Fraser, M.P., Lakshmanan, K., 2000. Using levoglucosan as a molecular
marker for the long-range transport of biomass combustion aerosols.
Environmental Science & Technology 34, 4560–4564.

Gélinas, Y., Prentice, K.M., Baldock, J.A., Hedges, J.I., 2001. An improved
thermal oxidation method for the quantification of soot/graphitic
black carbon in sediments and soils. Environmental Science &
Technology 35, 3519–3525.

Glaser, B., Haumaier, L., Guggenberger, G., Zech, W., 1998. Black carbon in
soils: the use of benzenecarboxylic acids as specific markers. Organic
Geochemistry 29, 811–819.

Goldberg, E.D., 1985. Black Carbon in the Environment: Properties and
Distribution. John Wiley.
san be used to characterize and quantify char/charcoal ...,

http://dx.doi.org/10.1016/j.orggeochem.2008.01.015
http://dx.doi.org/10.1016/j.orggeochem.2008.01.015
http://dx.doi.org/10.1029/2005GB00262


L.-J. Kuo et al. / Organic Geochemistry xxx (2008) xxx–xxx 13

ARTICLE IN PRESS
Gustafsson, Ö., Bucheli, T.D., Kukulska, Z., Andersson, M., Largeau, C.,
Rouzaud, J.N., Reddy, C.M., Eglinton, T.I., 2001. Evaluation of a
protocol for the quantification of black carbon in sediments. Global
Biogeochemical Cycles 15, 881–890.

Gustafsson, Ö., Haghseta, F., Chan, C., Macfarlane, J., Gschwend, P.M.,
1997. Quantification of the dilute sedimentary soot phase:
implications for PAH speciation and bioavailability. Environmental
Science & Technology 31, 203–209.

Hammes, K., Smernik, R.J., Skjemstad, J.O., Herzog, A., Vogt, U.F., Schmidt,
M.W.I., 2006. Synthesis and characterization of laboratory-charred
grass straw (Oryza sativa) and chestnut wood (Castanea sativa) as
reference materials for black carbon quantification. Organic
Geochemistry 37, 1629–1633.

Hammes, K., Schmidt, M.W.I., Smernik, R.J., Currie, L.A., Ball, W.P., et al,
2007. Comparison of quantification methods to measure fire-derived
(black/elemental) carbon in soils and sediments using reference
materials from soil, water, sediment and the atmosphere. Global
Biogeochemical Cycles 21. doi:10.1029/2006GB00291.

Harris, D., Horwath, W.R., van Kessel, C., 2001. Acid fumigation of soils to
remove carbonates prior to total organic carbon or carbon-13 isotopic
analysis. Soil Science Society of America Journal 65, 1853–1856.

Hedges, J.I., Eglinton, G., Hatcher, P.G., Kirchman, D.L., Arnosti, C., Derenne,
S., Evershed, R.P., Kögel-Knabner, I., de Leeuw, J.W., Littke, R.,
Michaelis, W., Rullkotter, J., 2000. The molecularly-uncharacterized
component of nonliving organic matter in natural environments.
Organic Geochemistry 31, 945–958.

Hedges, J.I., Stern, J.H., 1984. Carbon and nitrogen determinations of
carbonate-containing solids. Limnology and Oceanography 29, 657–
663.

Hosoya, T., Kawamoto, H., Saka, S., 2006. Thermal stabilization of
levoglucosan in aromatic substances. Carbohydrate Research 341,
2293–2297.

Knicker, H., Gonzalez-Vila, F.J., Polvillo, O., Gonzalez, J.A., Almendros, G.,
2005. Fire-induced transformation of C- and N-forms in different
organic soil fractions from a Dystric Cambisol under a Mediterranean
pine forest (Pinus pinaster). Soil Biology & Biochemistry 37, 701–718.

Koelmans, A.A., Jonker, M.T.O., Cornelissen, G., Bucheli, T.D., Van Noort,
P.C.M., Gustafsson, Ö., 2006. Black carbon: the reverse of its dark side.
Chemosphere 63, 365–377.

Krull, E.S., Skjemstad, J.O., Graetz, D., Grice, K., Dunning, W., Cook, G., Parr,
J.F., 2003. 13C-depleted charcoal from C4 grasses and the role of
occluded carbon in phytoliths. Organic Geochemistry 34, 1337–1352.

Kuhlbusch, T.A.J., 1998. Black carbon and the carbon cycle. Science 280,
1903–1904.

Larsen, R.K., Schantz, M.M., Wise, S.A., 2006. Determination of
levoglucosan in particulate matter reference materials. Aerosol
Science and Technology 40, 781–787.

Lim, B., Cachier, H., 1996. Determination of black carbon by chemical
oxidation and thermal treatment in recent marine and lake sediments
and Cretaceous-Tertiary clays. Chemical Geology 131, 143–154.

Locke, H.B., 1988. The use of levoglucosan to assess the environmental
impact of residential wood-burning on air quality. Ph.D. thesis,
Dartmouth College, NH, USA.

Louchouarn, P., Chillrud, S.N., Houel, S., Yan, B., Chaky, D., Rumpel, C.,
Largeau, C., Bardoux, G., Walsh, D., Bopp, R.F., 2007. Elemental and
molecular evidence of soot- and char-derived black carbon inputs to
New York City’s atmosphere during the 20th century. Environmental
Science & Technology 41, 82–87.

Masiello, C.A., 2004. New directions in black carbon organic
geochemistry. Marine Chemistry 92, 201–213.

Masiello, C.A., Druffel, E.R.M., 1998. Black carbon in deep-sea sediments.
Science 280, 1911–1913.

Masiello, C.A., Druffel, E.R.M., Currie, L.A., 2002. Radiocarbon
measurements of black carbon in aerosols and ocean sediments.
Geochimica et Cosmochimica Acta 66, 1025–1036.
Please cite this article in press as: Kuo, L.-J. et al., Can levogluco
Org. Geochem. (2008), doi:10.1016/j.orggeochem.2008.04.026
Müller-Hagedorn, M., Bockhorn, H., Krebs, L., Muller, U., 2003. A
comparative kinetic study on the pyrolysis of three different wood
species. Journal of Analytical and Applied Pyrolysis, 231–249.

Nguyen, T.H., Brown, R.A., Ball, W.P., 2004. An evaluation of thermal
resistance as a measure of black carbon content in diesel soot, wood
char, and sediment. Organic Geochemistry 35, 217–234.

Novakov, T., 1982. Characterization of aerosol sulfur, carbon, and nitrogen
by ESCA and thermal-analysis. Transactions of the American Nuclear
Society 41, 193.

Oros, D.R., Mazurek, M.A., Baham, J.E., Simoneit, B.R.T., 2002. Organic
tracers from wild fire residues in soils and rain/river wash-out. Water
Air and Soil Pollution 137, 203–233.

Otto, A., Gondokusumo, R., Simpson, M.J., 2006. Characterization and
quantification of biomarkers from biomass burning at a recent
wildfire site in Northern Alberta, Canada. Applied Geochemistry 21,
166–183.

Pastorova, I., Arisz, P.W., Boon, J.J., 1993. Preservation of D-glucose-
oligosaccharides in cellulose chars. Carbohydrate Research 248, 151–
165.

Piskorz, J., Radlein, D.S., Scott, D.S., Czernik, S., 1989. Pretreatment of
wood and cellulose for production of sugars by fast pyrolysis. Journal
of Analytical and Applied Pyrolysis 16, 127–142.

Preston, C.M., Schmidt, M.W.I., 2006. Black (pyrogenic) carbon: a
synthesis of current knowledge and uncertainties with special
consideration of boreal regions. Biogeosciences 3, 397–420.

Quénéa, K., Derenne, S., Rumpel, C., Rouzaud, J.N., Gustafsson, Ö.,
Carcaillet, C., Mariotti, A., Largeau, C., 2006. Black carbon yields and
types in forest and cultivated sandy soils (Landes de Gascogne,
France) as determined with different methods: Influence of change in
land use. Organic Geochemistry 37, 1185–1189.

Rumpel, C., Alexis, M., Chabbi, A., Chaplot, V., Rasse, D.P., Valentin, C.,
Mariotti, A., 2006. Black carbon contribution to soil organic matter
composition in tropical sloping land under slash and bum agriculture.
Geoderma 130, 35–46.

Schmidt, M.W.I., 2004. Biogeochemistry – carbon budget in the black.
Nature 427, 305–307.

Schmidt, M.W.I., Noack, A.G., 2000. Black carbon in soils and sediments:
analysis, distribution, implications, and current challenges. Global
Biogeochemical Cycles 14, 777–793.

Schmidt, M.W.I., Skjemstad, J.O., Czimczik, C.I., Glaser, B., Prentice, K.M.,
Gélinas, Y., Kuhlbusch, T.A.J., 2001. Comparative analysis of black
carbon in soils. Global Biogeochemical Cycles 15, 163–167.

Scott, A.C., 1989. Observations on the nature and origin of fusain.
International Journal of Coal Geology 12, 443–475.

Simoneit, B.R.T., Elias, V.O., 2000. Organic tracers from biomass burning in
atmospheric particulate matter over the ocean. Marine Chemistry 69,
301–312.

Simoneit, B.R.T., Schauer, J.J., Nolte, C.G., Oros, D.R., Elias, V.O., Fraser, M.P.,
Rogge, W.F., Cass, G.R., 1999. Levoglucosan, a tracer for cellulose in
biomass burning and atmospheric particles. Atmospheric
Environment 33, 173–182.

Simpson, C.D., Dills, R.L., Katz, B.S., Kalman, D.A., 2004. Determination of
levoglucosan in atmospheric fine particulate matter. Journal of the Air
& Waste Management Association 54, 689–694.

Shafizadeh, F., Furneaux, R.H., Cochran, T.G., Scholl, J.P., Sakai, Y., 1979.
Production of levoglucosan and glucose from pyrolysis of cellulosic
materials. Journal of Applied Polymer Science 23, 3525–3539.

Van Soest, P.J., Robertson, J.B., 1980. Systems of analysis for evaluating
fibrous feeds. In: Pigden, W.J., Balch, C.C., Graham, M. (Eds.),
Standardization of Analytical Methodology for Feeds. IDRC-134e.
International Development Research Centre, Ottawa, Canada, pp. 49–
60.

Wolbach, W.S., Anders, E., 1989. Elemental carbon in sediments:
determination and isotopic analysis in the presence of kerogen.
Geochimica et Cosmochimica Acta 53, 1637–1647.
san be used to characterize and quantify char/charcoal ...,

http://dx.doi.org/10.1029/2006GB00291

	Can levoglucosan be used to characterize and quantify char/charcoal black carbon in environmental media?
	Introduction
	Materials and methods
	Materials
	Levoglucosan analysis
	Acid dichromate oxidation
	Elemental analysis and ash content
	Hemicellulose/cellulose analysis

	Results and discussion
	Characterization of synthetic char
	Levoglucosan analysis
	Environmental samples
	Char samples made under different combustion conditions

	Acid dichromate oxidation of synthetic char
	The role and applications of the levoglucosan approach in BC studies

	Conclusions
	Acknowledgments
	References


