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a b s t r a c t

Forest understory grasses are of significance in the initiation, establishment and maintenance of fire,
whether used as a management tool or when occurring as wildfire. The fundamental thermal properties
of such grasses are critical to their behavior in fire situations and have been investigated in the current
work by the application of thermogravimetric analysis (TGA). TGA was performed in nitrogen and air,
over a range of heating rates, allowing for the determination of activation energies and temperatures
vailable online 15 October 2010

eywords:
hermogravimetric analysis
rasses
ctivation energy

associated with the degradation of hemicelluloses and cellulose. Of particular interest is the behavior
of Imperata cylindrica (cogongrass) an invasive species in the southern United States, which has been
found to result in elevated temperatures during fires in forested ecosystems. The results from TGA for
this species are in accord with these observations from the field. Published by Elsevier B.V.
orest
ire

. Introduction

Fire in a forested environment can have a number of con-
equences, some of which are destructive while others are
iologically essential or important management tools. Among the
actors that control fire behavior are the combustion properties of
he fuels, exerting considerable influence on fire initiation, estab-
ishment and propagation.

Forest fuels have been studied at various levels of organiza-
ion, providing a range of information on their combustion. Large
cale studies involving the application of laboratory burners for the
valuation of flame height have been reported for understory tree
pecies [1] and pine needles [2]. Also using samples of relatively
arge size (∼100 mm × 100 mm), cone calorimetry has been exten-
ively used for the determination of heat release rate, mass loss
ate, time to ignition, and effective heat of combustion. White et al.
3] report results from cone calorimetry on landscaping plants from
alifornia, a number of tree and understory species from Colorado,
nd native and invasive plants from the northeastern United States.

o significant differences were detected between the species, but
igh and low flammability species were identified. Weise et al. [4]
orking with 10 ornamental species reported heat release rates

f 49–331 kW m−2 for dry material and correlated these results

∗ Corresponding author. Tel.: +1 318 473 7008; fax: +1 318 473 7246.
E-mail addresses: telder@fs.fed.us (T. Elder), kushjoh@auburn.edu (J.S. Kush),

ermasm@auburn.edu (S.M. Hermann).

040-6031/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.tca.2010.10.001
with an intermediate scale calorimeter. Studying a large num-
ber of native and invasive plants [5], cone calorimetry results
indicated that the heat of combustion was somewhat lower for
invasives.

At a more fundamental level, thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) have been used to eval-
uate basic characteristics of thermal degradation on the chemical
kinetics of reactions at elevated temperatures. These techniques
have been applied to herbaceous materials in general [6–10] and
forest fuels in particular [11–15].

TGA results for a number of Mediterranean scrub species [15]
indicate a typical multi-step process with onset temperatures rang-
ing from 540 to 572 K and offset temperatures for cellulose of
634–684 K, increasing as would be predicted with heating rate.
The results allowed for the classification of materials into groups
based on weight loss at a given temperature, with Erica arborea and
Pinus pinaster exhibiting greater weight loss percentage than Cistus
monspeliensis and Arbutus unedo.

Rovira et al. [14] examined forest litter from four European pine
forests, at six stages of decomposition. Two peaks were found in the
DTGA (differential thermogravimetric analysis) plots, which shift to
lower temperatures with degradation. Energy storage is reported
to increase with decomposition, attributed to an increase in the

recalcitrance of the remaining organic matter.

Ignition and combustion, as studied by TGA has been reported
by Liodakis et al. [13] for Pinus halepensis, Pistacia lentiscus, Quercus
coccifera, Cistus incanus, A. unedo and leaf litter. The authors defined
the ignition temperature as the onset of gas-phase combustion,

dx.doi.org/10.1016/j.tca.2010.10.001
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:telder@fs.fed.us
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Fig. 1. DTGA

hich was reported to range from 459 K to 476 K, with the forest
itter sample representing the highest value. The maximum weight
oss rate as measured from the DTGA results, proposed to be directly
elated to combustibility exhibited considerable variability, with P.
alepensis having the highest value.

The purpose of the current work is to examine the degradation
emperatures and kinetic parameters of a number of understory
rasses found in the longleaf pine (Pinus palustris) ecosystem of
he southern United States, by the application of TGA. The longleaf
ine ecosystem is of significance because at the time of European
ettlement it was a dominant tree species accounting for over 2/3
f the southeastern United States. Furthermore, these forests that
ere historically maintained by fire have been reduced to ∼3% of

he original area, much of which currently receives inadequate fire.

s such, this forest type has been described as one of the most
ndangered ecosystems in the United States [16]. Longleaf pine
anagement and restoration are dependent on periodic fire events,

nd as such the understory species through which the fires are ini-
iated and propagated are of critical importance. TGA experiments
ºC

s in nitrogen.

were done in nitrogen and air, to determine thermal behavior asso-
ciated with both pyrolysis and combustion, respectively.

2. Methods and materials

2.1. Sample collection and preparation

The grass species to be evaluated in the current work are,
Danthonia sericea, Aristida purpurascens, Schizachryrium tenerum,
Sporobolus junceus, Andropogon virginicus, Aristida stricta, Imperata
cylindrica and Eragrostis spp. Samples were collected in the late-
winter/early spring of 2010 in Alabama and Florida. The samples
were dried at 40 ◦C for 4 h and ground on a Wiley mill to pass a
20 mesh screen. The mild drying conditions were selected to avoid

any thermal degradation as a result of this initial processing step.
After grinding the samples were stored under ambient conditions
prior to analysis. This gave samples with reasonably consistent
moisture contents (air-dry basis), which at the time of testing were
D. sericea (6.2%), A. purpurascens (6.5%), S. tenerum (5.8%), S. junceus
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Fig. 2. DTG

6.2%), A. virginicus (6.9%), A. stricta (7.4%), I. cylindrica (8.0%) and
ragrostis spp (7.5%).

.2. Thermogravimetric analysis (TGA)

Analyses were performed in open, platinum sample holders,
sing a TA-Instruments Q-50 thermogravimetric analysis sys-
em. Samples of approximately 20 mg were heated from ambient
∼25 ◦C) to 750 ◦C at ˇ values 2.5, 5, 10 and 15 ◦C min−1, in nitro-
en and air with a gas flow rate of 60 mL min−1. Temperatures
ssociated with the onset of hemicellulose degradation (Tonset(HC)),
he peak of hemicellulose degradation (Tshoulder), the point of

aximum devolatilization, primarily concerned with cellulose
egradation (Tpeak), and the point at which lignin degradation is ini-
iated (Toffset(C)) were determined as described by Grønli et al. [17].

onset(HC) is determined graphically by extrapolating the slope of the
dY/dt curve at the first maximum of the −d2Y/dt2 curve to zero
n the Y-axis. Tshoulder is identified as the value on the −dY/dt curve
t the first minimum of the −d2Y/dt2 curve. Tpeak is the maximum
f the −dY/dt curve. Toffset(C) is determined by extrapolating the
ºC

ults in air.

slope of the −dY/dt curve at the second minimum of the −d2Y/dt2

curve to zero on the Y-axis. In addition the residual weight per-
centages associated with Tshoulder (Yshoulder), Tpeak (Ypeak), and at
500 ◦C (Y500 ◦C) were determined in accordance with Grønli et al.
[17].

To facilitate comparisons between the various degradation tem-
peratures, the method of Yao et al. [9] was adopted in which each
heating rate (ˇ) is extrapolated to ˇ = 0. This technique is based on
the known linear increase in these temperatures as a function of
heating rate. The data for a given thermal parameter (Ti) is fitted to
Ti = aˇ + b, where the intercept b is the value for Ti at ˇ = 0.

The activation energy (Ea, kJ mol−1) was calculated using the
isoconversional method of Flynn and Wall [18] as implemented in
ASTM E-1641-07 [19]. In this procedure, runs are performed with
a minimum of three different heating rates. For a given level of

conversion, the absolute temperature is recorded and a plot of the
logarithm of the heating rate (ˇ) and reciprocal of the temperature
in degrees kelvin is constructed, resulting in a linear relationship.
Through an iterative procedure, the activation energy is calculated
from the slope of the line.
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Fig. 3. Tonset(HC), Tshoulder, Tpeak

. Results and discussion

.1. DTGA results

DTGA curves for the degradation of the grasses in nitrogen and
ir are shown in Figs. 1 and 2, respectively.

.1.1. DTGA results in nitrogen
Fig. 1 shows the results for degradation in nitrogen at a heating

ate of 2.5 ◦C min−1. The typical pattern of two peaks, with varying
egrees of resolution can be observed. The shoulder at about 270 ◦C

s due to the overlap in decomposition temperature between cel-
ulose and hemicellulose. Differing levels of separation have been
eported for wood [17] with the shoulder being more distinct for
ardwoods than softwoods. Yao et al. [9] found a similar pattern
or wood and also observed such differences among agricultural
bers. In the current results A. purpurascens, S. tenerum, S. junceus
nd D. sericea exhibit relatively low resolution, while the peaks
or A. stricta, I. cylindrica, A. viginicus and Eragrostis spp. are more
ompletely separated. The different degrees of peak separation are
A

(C) results in nitrogen and air.

due to changes in the rate of weight loss with temperature. In
the curves which exhibit lower resolution, there is more overlap
between the hemicellulose and cellulose peaks and a more uni-
form rate of weight loss is maintained. The results with greater
resolution correspond to a marked slowing of the weight loss rate
between the peaks for hemicellulose and cellulose. Such behavior
could be due to different levels of cellulose crystallinity or associ-
ation between hemicellulose and cellulose (Sunkyu Park, personal
communication). It can also be seen that A. virginicus, S. tenerum
and D. sericea have small shoulders ∼200 ◦C which is consistent
with the volatilization of extractives [17].

3.1.2. DTGA results in air
Fig. 2 shows the results for degradation in air at a heating rate

of 2.5 ◦C min−1. While somewhat sharper, the general form of the

curves is similar to the results in nitrogen, with a shoulder at
∼250 ◦C and major peak at ∼300 ◦C. In addition, as is typically seen
in lignocellulosic samples heated in air, a reasonably well resolved
peak occurs at ∼400 ◦C, assigned to char oxidation [20]. As with
the results in nitrogen, there are differences in the resolution of
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he hemicellulose and cellulose peaks, with A. stricta, D. sericea and
ragrostis spp. exhibiting higher degrees of separation. It is interest-
ng to note the substantial differences in degradation patterns for
. tenerum and S. junceus. The former is very poorly resolved with
he initial peak, which would normally just be a shoulder actu-
lly having the higher magnitude. In addition, it appears as if there
re multiple, poorly resolved high temperature peaks beginning at
bout 350 ◦C. In contrast, S. junceus shows reasonable resolution,
ut the initial hemicellulose peak is quite large, obscuring the cel-

ulose peak. Based on these data, S. tenerum and S. junceus appear
o have markedly different thermal degradation behaviors under
ir than the other grasses examined.
.2. Temperature results

The values for Tonset(HC), Tshoulder, Tpeak and Toffset(C) extrapo-
ated to ˇ = 0 for all species in both nitrogen and air are shown
n Fig. 3. In general, these degradations occur at higher tempera-
ults in nitrogen and air.

tures under nitrogen than air. It can also be seen that for all points
except Toffset(C), the highest temperatures are associated with I.
cylindrica. These observations, particularly Tonset(HC) taken as a mea-
sure of ignition temperature [13,15], are consistent with reports
that the presence of I. cylindrica in forest understory can result
in fires with elevated temperatures [21]. It is also interesting to
note that the degradation temperatures for Eragrostis spp. are only
slightly lower than for I. cylindrica, and both of these grasses are
exotics in locations in which they were collected. Parenthetically,
since these values are derived from the DTGA curves, the results
reported for S. tenerum in air should be viewed with a consider-
able degree of skepticism, due to the irregularity observed for this
species of grass under these conditions (Fig. 2). An evaluation of

the literature shows that Tonset(HC) values in the current work are
slightly lower than those reported by Jeguirim and Trouvé [7] and
Leroy et al. [15]. The Tpeak values are somewhat lower than those
Jeguirim and Trouvé [7] while agreeing fairly well with Leroy et al.
[15] and Munir et al. [8]. The latter paper also reports that Tpeak
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Fig. 5. Activation energy d

n air is lowered ∼30–50 ◦C as compared to nitrogen, which is in
greement with the current results.

.3. Residual weight percentages

The results for the residual weight percentages associated with
shoulder (Yshoulder), Tpeak (Ypeak), and at 500 ◦C (Y500 ◦C) are as shown
n Fig. 4. As might be expected from the preceding temperature
esults, Eragrostis spp. and I. cylindrica exhibit the highest levels
f degradation as measured by residual weight percentage. This
s quite obvious for the Yshoulder values under nitrogen in which
hese two species have lost considerably more weight than the
ther grasses at this point. The introduction of air however, leads to
ore mixed results, perhaps indicating different chemistries asso-
iated with oxidation at lower temperatures. The Ypeak and Y500 ◦C
alues for air and nitrogen roughly parallel each other, again with
ragrostis spp. and I. cylindrica having lost the largest weight per-
entages. The Y500 ◦C results indicate that S. junceus has much higher
sh content than the other species under examination.
100500
% conversion

utions in nitrogen and air.

3.4. Activation energy distributions

The distribution of activation energies (Ea) in kJ mol−1 as a func-
tion of conversion percentage for each species in air and nitrogen
are as shown in Fig. 5. Heating rates of 2.5, 5, 10 and 15 ◦C min−1

were used in these calculations. In nitrogen the curves generally
exhibit an initially low activation energy at low conversion per-
centages, increasing to a plateau at 25–30% conversion, followed
by a decrease at higher levels of conversion. The first step would
correspond to the rapid degradation of hemicelluloses which might
be expected due to their lower molecular weights and less-ordered
character. The plateau region would be assigned to cellulose
volatilization with the final stages associated with lignin degra-
dation. The exception to this general form is once again S. tenerum,
which even at low levels of conversion has an activation energy in

excess of 100 kJ mol−1, with only a minimal increase to the plateau
region. A. purpurescens also has an initial Ea over 100 kJ mol−1, but
more typically shows an increase of about 50 kJ mol−1 associated
with cellulose degradation. A. virginicus, D. sericea and Eragrostis
spp. have early Ea values of 50–75 kJ mol−1, while I. cylindrica, A.
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tricta and S. junceus are found to have quite low activation energies
t low levels of conversion. The former results might be indicative
f lower levels of hemicellulose or hemicellulose with increased
hermal resistance. The latter results would indicate a relatively
ow energy barrier associated with hemicellulose degradation. This
s particularly notable for I. cylindrica which was also found to have
he highest temperatures for this step.

The plateau regions assigned to cellulose degradation have dif-
erential activation energies and durations between species. The
pecies with higher activation energies (A. stricta, I. cylindrica, A.
urpurescens, and Eragrostis spp.) are generally also those for which
he plateau region is longer (∼20–80% conversion). Among the
emaining species, for which Ea ranges from 134 to 97 kJ mol−1

or this degradation, the plateaus are somewhat shortened and
egin to decrease at about 60% conversion. These differences could
e related to variations in chemistry or physical properties of the
ellulose components. Finally, it can be observed that S. tenerum
ontinues to have very different properties from the other species
ith an abbreviated and variable region of cellulose degradation.

n general, the activation energies compare well with the literature
6,7].

As might be expected, the introduction of air results in dramatic
hanges in the mechanisms of thermal degradation as shown by the
ctivation energy distributions. The activation energies in air are
igher than in nitrogen, and considerably more variable. Notably,
here is no plateau region as in nitrogen and in several cases (A.
tricta, S. junceus and S. tenerum) there is an initial decrease in Ea

t low conversion levels. A. virginicus, I. cylindrica, S. tenerum, D.
ericea, A. stricta and Eragrostis spp. exhibit generally increasing
ctivation energies up to 60–70% conversion, perhaps indicative
f competitive reactions with similar rates [22,23]. At the highest
onversion levels A. purpurescens, I. cylindrica, D. sericea, and A. vir-
inicus, have abrupt increases in Ea, while Eragrostis spp., A. stricta, S.
enerum and S. junceus decrease or remain relatively constant. These
esults would indicate that very different combustion chemistries
ay be at work between these species.

. Conclusions

Forests dominated by longleaf pine (P. palustris) are exam-
les of ecosystems that are dependent on frequent, low-intensity
res. These forest types must burn every few years to maintain
cosystem integrity through the control of mid-story competition.
ong-term studies have documented significant forest degradation
ven if the fire-return interval is extended by as little as 1–2 years.
n longleaf pine forests, the fuels for the periodic fires include fallen
ine needles and the grasses which comprise the understory [24].
mong the grasses evaluated in the current work, A. virginicus is the
ajor species in the western part of the native longleaf range, while

. stricta is dominant in the east [25]. I. cylindrica and Eragrostis spp.
re exotics, of which the former has received considerable attention
ecause of its behavior in fires. The remaining species (D. sericea,
. purpurescens, S. tenerum, and S. junceus) are all native to the lon-
leaf range but not as generally distributed as A. virginicus and A.
tricta. Given the importance of fire in the longleaf pine ecosystem,
he role grasses play in the process and the occurrence of these
pecies in association with longleaf pine, the current study was
ndertaken to examine the fundamental thermal properties of the
rasses. Furthermore, this is the first report of such results for these
pecies and as a consequence, the comparative literature is limited

o the thermal analysis of other herbaceous material. Indeed, with
he exception of the dominant species (A. virginicus and A. stricta)
nd I. cylindrica, due to its invasive nature, even the biological liter-
ture is limited for these grasses. There has also been recent interest
n the inclusion of information such as ignition thresholds, combus-
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tion rates and transitions within combustion into physics-based fire
models, representing an additional rationale for the current work.

To address these issues, thermogravimetric analyses have been
performed. DTGA results show that the grasses differ in their degra-
dation rates in both air and nitrogen. Varying levels of resolution in
the DTGA results may be indicative of differences in chemical com-
position or structure. This is particularly evident for S. tenerum and
S. junceus, in which atypical patterns of degradation are observed
in air. The temperatures associated with the degradation events
are consistently higher in nitrogen than in air. Among the most
potentially interesting of these temperatures is Tonset(HC), taken as
the relative spontaneous ignition temperature [13]. From Fig. 3, it
can be seen that I. cylindrica and Eragrostis spp. exhibit the highest
levels for this term which would be consistent with the elevated
temperatures that have been reported for fires when I. cylindrica is
present. This trend continues for the Tshoulder and Tpeak values, rep-
resenting hemicellulose and cellulose degradation, respectively. As
before I. cylindrica and Eragrostis spp. consistently exhibit the high-
est degradation temperatures. Both of these grasses are tropical
in origin, with I. cylindrica native to south-east Asia and Eragrostis
spp. from Africa. It might be speculated that the observed thermal
behavior could impart advantages to these grasses in their native
habitats. Among the other species, A. purpurescens, A. stricta and A.
virgninicus are quite similar with respect to Tshoulder and Tpeak. The
dominance of the latter two in the longleaf pine environment may
be the result of such uniform thermal behavior. Complementary
gravimetric data on the residue remaining at a given temperature
also shows that I. cylindrica is degraded to the greatest extent. While
distributions of activation energy over a wide range of conversions
are reasonably uniform in nitrogen, in an oxidizing atmosphere the
grasses appear to have quite different combustion mechanisms.

In summary, the current study represents initial work into the
thermal properties of understory grasses that are of importance in
the fire-dependent longleaf pine ecosystem. Subsequent work will
relate this information to biological and ecological research on the
behavior and management of these species.
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