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1. Introduction

During wildland fires, which include both planned (prescribed fire)
and unplanned (wildfire) fires, plants lose moisture content due to
evaporation and undergo a two-step thermal degradation process
(pyrolysis and combustion) when exposed to high temperatures [1,2].
In order to improve prescribed fire application, accomplish desired fire
effects, and limit potential runaway fires, an improved understanding of
the fundamental processes related to pyrolysis and ignition of plants is
needed. The pyrolysis of plants is a thermal decomposition process,
which does not require the presence of oxygen. As pyrolysis gases leave
the surface of the plant, the mass transfer pushes the surrounding gas
(presumably air) out of the way, providing a fuel-rich (pyrolysis) zone
near the surface of the plant or in the interior of a flame. Pyrolysis
products may later react with O, at high temperatures, and form flames
in the presence of an ignition source [3-5].

During wildland fires, plants are pyrolyzed and burned through very
complex heat transfer mechanisms [6]. As shown in Fig. 1, heat transfer
mechanisms in wildland fires are: (1) convective heat transfer from hot
gases to plants, especially for wind-driven fires; (2) radiative heat
transfer from burning plants; and (3) radiative heat transfer from flames
[7]. Radiative and convective heat transfer mechanisms are the two
most dominant types of heat transfer mechanisms in wildland fires [8].

The convective heat transfer mechanism is essential for pyrolysis,
ignition of plants, and wildland fire spread [9]. Convection from hot
post-combustion gases heat plants that then give off moisture and
pyrolysis products. The pyrolysis products can later react with oxygen
in the presence of an ignition source and burn. The heat from com-
bustion of the pyrolysis products is transferred to surrounding plants,
starting the evaporation and pyrolysis processes for those plants. This
process repeats continuously and propagates the fire [10]. Radiant heat
energy is transferred from: (1) hot soot particles in the flame; (2)
burning solid fuels such as charred leaves, tree bark, and branches; and
(3) hot gases consisting mainly of post-combustion gases such as H,O
and COs. Soot in wildland fires is mainly formed by the polymerization
of polycyclic aromatic compounds in the pyrolyzed tar. Radiative heat
flux decreases exponentially relative to the distance from the flames

[11].

In order to develop predictive models, it is important to understand
how convection and radiation contribute to the pyrolysis and com-
bustion of live and dead plants. The relative contribution of convective
and radiative heat transfer mechanisms are complicated and not well
understood [11]. There is still a lack of consensus among researchers
regarding the dominant heat transfer mechanism in wildland fires [12].
Some previous researchers proposed that a combination of convective
and radiative heat transfer mechanisms plays a role in fire spread
[6,13], whereas others have demonstrated that radiation is only im-
portant in plant preheating [10,14]. More recent small-scale studies
have indicated that radiative heat transfer, at the levels experienced in
wildland fires, is not sufficient to ignite the plants [15]. However, ig-
nition of plant species can occur via convective heat transfer through
hot gases without an ignition source [16]. Furthermore, it has been
proposed that convection or direct flame-fuel contact is important in
fire spread, especially in windy conditions [15,17-25]. Rothermel [26]
showed that radiation from both burning particles and hot gases is more
important in pre-heating plants during no-wind conditions and backing
fires (when fire spreads against wind). In contrast, convection dom-
inates in pre-heating plants in heading fires (when fire spreads with
wind) [1,11]. The lack of consensus among researchers regarding the
dominant heat transfer mechanism is likely caused by the different data
sets that have been collected in various experimental conditions.

Many studies have been performed during the past few decades
regarding the combustion of wildland fuels. However, there is still a
major gap in the understanding of the effects of different heating modes
on the production and composition of pyrolysis products. In this study,
the effects of convective and radiative heat transfer mechanisms on the
yields and the compositions of pyrolysis products from 14 live plant
species were investigated. Fourteen plant species native to the pine
forests of the southern United States where prescribed burning is used
were selected.

The experiments were performed in a flat-flame burner (FFB) ap-
paratus to mimic pyrolysis of plants during wildland fires. The FFB
apparatus was operated under three heating modes to investigate the
effects of different heat transfer mechanisms on the yields and the

Fig. 1. Heat transfer mechanisms in wildland fires. Taken from [4].
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compositions of pyrolysis products. The heating modes were: (1) ra-
diation-only; (2) convection-only; and (3) a combination of radiation
and convection. During the experiments, pyrolysis products were col-
lected and analyzed using GC-MS for the analysis of tars and GC-TCD
for the analysis of light gases. The results of the convection-only ex-
periments were previously published [5] and then compared with re-
sults on the same species at low heating rates [27]. The purpose of this
paper is to compare the data from radiation-only and combined ra-
diation and convection experiments with the previous convection-only
and slow heating data in order to explore effects of temperature,
heating rate, and pyrolysis environment.

2. Material and methods
2.1. Fuels tested

Table 1 lists the plants used in the pyrolysis experiments. The plants
were nursery-grown in Florida and then were express-mailed to the
combustion laboratory at Brigham Young University (BYU). Images,
proximate and ultimate analyses, and physical properties of these spe-
cies can be found elsewhere [4,5]. Unlike typical pyrolysis experiments,
in these experiments, all samples were left intact with no grinding or
crushing in order to prevent early escape of volatile components in the
plant structure.

2.2. Experimental setup and procedure

A flat-flame burner (FFB) apparatus (as shown in Figs. 2 and 3) was
used to study the pyrolysis of these plants under three different heating
modes. The heating modes were: (1) radiation-only, where the plants
were pyrolyzed at a moderate heating rate of 4 °C s~ ! (radiative flux of
50 kW m~2) and a maximum fuel surface temperature of 550 °C. Ni-
trogen flowed from the burner as a carrier gas, but the burner was not
ignited; (2) convection-only, where the FFB apparatus was operated at a
high heating rate of 180 °C s~ ! (convective heat flux of 100 kW m~2)
and a maximum fuel surface temperature of 750 °C to imitate pyrolysis
under convective heat transfer; and (3) a combination of radiation and
convection, where the plants were exposed to both convective and ra-
diative heat fluxes. In the combined mode, the maximum heating rate
was calculated to be approximately 195 °C s™!. The maximum fuel
surface temperature was 750 °C for the convection-only mode, 550 °C
for the radiation-only mode, and 800 °C for the combined mode. The
heat fluxes which were used in the pyrolysis experiments were the
maximum values that could be obtained from the flat-flame burner
apparatus and the radiation panel. Data from a slow heating experiment
(0.5 °C s~ ! in N, to different temperatures) were published previously
[3] and are also used for comparison. The slow heating rate experi-
ments were performed using the pyrolyzer apparatus, which was
equipped with a metal tube and an electrically-heated programmable
furnace. The tar and gas collection system in the pyrolyzer system was
identical to that used in the FFB system. The details of the apparatus
and its operating conditions were presented elsewhere [3]. Admittedly,
it would have been nice to perform all of the experiments at the same
surface temperature and net heat flux, but this was not possible.

For modes (2) and (3) where the effects of convective heat were
studied, in order to provide pyrolysis conditions and an oxygen-free
environment (i.e., no sample combustion), the FFB was operated in a
fuel-rich mode (equivalence ratio: ® = 1.13). A mixture of CH, and H,
comprised the burner fuel, which was oxidized with atmospheric air.
The samples were heated convectively by the post-flame burner pro-
ducts (CO,, H,0, and CO).

For modes (1) and (3), where the effects of radiative heat were in-
vestigated, an OMEGALUX QH-101060" infrared radiant heating panel

! The use of trade or firm names in this publication is for reader information
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Table 1
List of plants used in pyrolysis experiments.

Scientific name Common name Growth form

Aristida stricta Michx. Wiregrass Grass
Ilex glabra (L.) A. Gray Inkberry Shrub
Ilex vomitoria Aiton ‘Schelling Dwarf’ Yaupon Shrub
Lyonia lucida (Lam.) K. Koch Fetterbush Shrub
Morella cerifera (L.) Small Wax myrtle Shrub
Persea palustris (Raf.) Sarg. Swamp bay Shrub
Pinus palustris Mill. Longleaf pine foliage Tree

Pinus palustris Mill. Longleaf pine litter Tree

Quercus nigra L. Water oak Tree

Quercus virginiana Mill. Live oak Tree

Sabal minor (Jacq.) Pers. Dwarf palmetto Shrub
Schizachyrium scoparium (Michx.) Nash Little bluestem Grass
Serenoa repens (W. Bartram) Small Saw palmetto Shrub
Vaccinium arboreum Marshall Sparkleberry Shrub
Vaccinium darrowii Camp “Rosa’s Blush” Darrow’s blueberry Shrub

was used (as shown in Fig. 3). The radiant heating panel used a fused
quartz glass emitter face. The panel was connected to a temperature
controller. By adjusting the set point to 600 °C, the panel emitted ra-
diation at an output wavelength between 2.5 and 6 um and a constant
heat flux of 50 kW m 2. For mode (1), where the effects of only ra-
diative heat transfer were studied, 16.6 L min ' N, flowed as a carrier
gas through the burner to provide an oxygen-free environment in the
system while the burner was not ignited. Table 2 summarizes the op-
erating conditions during the experiments.

The radiative and convective heat fluxes were measured by a cali-
brated Medtherm 64-series total heat flux sensor (radiometer). The
average gas temperature within the FFB at the height where the sample
was located was measured using a K-type thermocouple. In addition,
the plant surface temperature was recorded by an FLIR A-300 Series
infrared camera, and the data analysis was performed using FLIR
Research IR Max 4 software. The average heating rates were calculated
by finding the difference between the maximum fuel temperature (from
IR temperature data) and room temperature (25 °C) divided by the
corresponding time elapsed to reach the maximum temperature. The
detailed description of how the samples were loaded in the FFB appa-
ratus and how the pyrolysis products were collected and analyzed can
be found elsewhere [3-5].

3. Results and discussion
3.1. Fuel surface temperature

Infrared images taken using an IR camera during the pyrolysis of the
leaves indicate that the leaves did not heat isothermally under three
different heating modes (as illustrated in Fig. 4). Different angles of the
leaves in the pictures were due to the location of the IR camera. For the
radiation only experiments, the IR camera was placed above the FFB
looking down (Fig. 4a), but for the convection-only and the combined
mode the IR camera was placed on one side of the FFB. At the beginning
of the experiments, there were temperature gradients within the leaves;
the edges of the leaves had higher temperatures than the middle of the
leaves. As time passed, the heat traveled from the edges towards the
center until the temperature was uniform across the entire leaf. Live
plants started to pyrolyze from the edges and proceed towards the
center. The maximum fuel surface temperatures for the radiation-only,
convection-only, and the combined modes, were 550, 750, and 800 °C,
respectively, as measured by the IR camera. For the radiation-only
mode, a uniform temperature across the entire leaf was observed after

(footnote continued)
and does not imply endorsement by the U.S. Department of Agriculture of any
product or service.
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Table 2
Operating temperature and heat flux in the experiments.

Heating modes Apparatus Radiative heat flux Convective heat flux Average heating rate Average gas temperature Fuel surface temperature
Slow heating Pyrolyzer n.a. n.a. 0.5°Cs™? Varies varies
Radiation-only FFB 50 kW m ™2 0 kW m~2 4°Cs™?! 105 °C 550 °C
Convection-only FFB 0 kW m~2 100 kW m ™2 180 °Cs™! 765 °C 750 °C
Conv. and Rad. FFB 50 kW m ™2 100 kW m ™2 195°Cs™! 804 °C 800 °C

120 s. However, this equilibration time was approximately 4 s for the
convection-only and the combined modes, due to the higher heat flux.
The convection-only image (Fig. 4b) still has some temperature gra-
dients in the center of the leaf at 4 s, while the leaf in the combined
mode at 4 s is fairly uniform, indicating that the combined mode results
in a slightly faster heating rate and shorter time to uniform temperature
than in the convection-only mode.

3.2. Pyrolysis product yields

The pyrolysis product yield data (i.e., light gas yield, tar yield, and
char yield) from the pyrolysis of the live plant species using the four
heating modes are presented in this section. All the results compared in
this study are the average of three repetitions and the error bars in the
figures represent the = 95% confidence intervals for three repetitions.
Previous studies have shown that temperature and heating rate have

significant impacts on the yields of pyrolysis products [27-33].

A complete set of product yield data for all 14 species is given in the
supplementary material. A summary of the product yields from the four
heating modes is given in Table 3 for the live plant species, where the
ranges represent the lowest and highest values in the data set. The final
pyrolysis temperatures in the slow-heating and radiation-only modes
were very similar (500 vs 550 °C), which seems to explain why the light
gas yields were similar. However, tar yields were generally higher in
the radiation only experiments, and char yields were higher in the
pyrolyzer. The higher temperatures and heating rates in the convection-
only and combined modes generally resulted in higher tar and light gas
yields, and hence lower char yields. Light gas yields were highest and
char yields were lowest in the combined mode. Higher gas and tar
yields at the higher heating rates and temperatures were due to the
further pyrolysis of char and secondary pyrolysis reactions at higher
temperatures and heating rates [31,34-37].
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Fig. 4. Fuel surface temperature over time for (a) the radiation-only mode (inkberry), (b) the convection-only mode (inkberry, different view angle), and (c) the

combined mode (wax myrtle).

Table 3

Summary of pyrolysis product yields for live species for four heating modes.
Heating modes Apparatus  Tar yield® Light gas Char

yield® yield®
Slow Heating to 500 °C Pyrolyzer  44-54 16-24 27-34
[27]

Radiation-only FFB 49-57 16-23 24-29
Convection-only [27] FFB 53-62 18-25 17-22
Convection and Radiation ~ FFB 55-63 20-27 14-19

2 wt% on a dry, ash-free (daf) basis.

The differences in product yields as summarized in Table 3 may be
due to temperature, heating rate, or residence time. Heating rate and
residence time are closely related. One set of slow heating experiments
was performed at a broader range of temperatures in order to compare
the temperature effect on pyrolysis product yields. Pyrolysis data for
longleaf pine litter were obtained in a pyrolyzer at 0.5 °C/s at tem-
peratures up to 800 °C by Amini et al. [3]. Ignoring heating rate, the
pyrolysis product yields for longleaf pine litter are plotted vs. final
temperature in Fig. 5.

The higher heating rate experiments were expected to have higher
total volatiles yields than the slow heating rate experiments. However,
in these experiments, the low heating rate experiments at 500-600 °C
showed higher conversion to volatiles than observed in the radiation-
only experiments in the FFB system. At higher temperatures
(750-800 °C), the total volatile yield from the low and high heating rate
experiments were the same, within experimental error. It was also ex-
pected that the tar yield temperatures above 500 °C would decrease,
due to secondary tar reactions [38]. The decrease in tar yield was ob-
served in the low heating experiment (solid line with triangles), with a
corresponding increase in light gas yield. This decrease in tar yield with
an increase in light gas yield can be explained largely by conversion of
tar to light gas by cracking of heavy molecules to make light molecules.
However, the tar yield in the FFB system increased with increasing
temperature, as did the light gas yield. Certainly the heating rates were
higher in the convection and convection plus radiation modes of
heating than in the pyrolyzer, which may have had an effect. The re-
sidence time of tar in the system at hot temperatures was also much
different between the FFB system and the pyrolyzer system. In any case,
the difference in product yields cannot be explained merely by tem-
perature.

3.2.1. Light gas yields

Light gas yields for each species in each heating mode are given in
Fig. A-1 (i.e., Fig. 1 in the appendix). The average gas yield obtained
from the pyrolysis of all plants was 20 wt% (daf) for the slow-heating
and radiation-only modes, 22 wt% for the convection-only mode, and
24 wt% for the combined mode. For most of the plants, the confidence
intervals of the light gas yield data from the convection-only mode
overlap the data from the combined mode, showing that the difference
between these two heating modes was not statistically significant.

The highest gas yields for each heating mode were observed during
the pyrolysis of: (1) saw palmetto in the radiation-only mode (23 wt%);
(2) saw palmetto in the convection-only mode (25 wt%); and (3) fet-
terbush (27 wt%) followed by saw palmetto (26 wt%) in the combined
mode. Wax myrtle showed the largest difference between the gas yields
for the radiation-only and the combined modes (5 wt%). The high light
gas yield seen in the convection-only and the combined modes is par-
tially due to the higher sample temperature, and may be partially due to
the further cracking of char and secondary reactions of tar that occurs
at higher pyrolysis temperatures and heating rates [39,40]. In addition,
since the post-flame gases in the FFB contain CO, and H,O, there is a
possibility that some heterogeneous gasification of the char sample may

100 ;
pyr FFB
—a -- Char
- -0-G
80 F —a- -A-Tae:s
% -~ -O- Volatiles
=2
g 60
k=3
(<]
A
o
5 40
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K
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0 1 1 | | 1
200 300 400 500 600 700 800
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Fig. 5. Comparison of pyrolysis product yields vs. final temperature for data
from a pyrolyzer (solid lines) at 0.5 °C/s [3] and from the flat flame burner
system (dashed lines) under different modes of heating (radiation only, con-
vection only, and radiation plus convection, see Table 2).
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have occurred, resulting in higher light gas yields. However, this gasi-
fication effect is thought to be small due to the small residence times
and relatively moderate temperatures (compared to commercial gasi-
fiers) in the FFB experiments.

3.2.2. Tar yields

The tar yields for the three heating modes are shown in Figure A-2.
Higher tar yields were obtained by increasing the pyrolysis temperature
and heating rate. The tar yield data from the convection-only mode
were closer to the results of the combined mode than to the results of
the radiation-only mode, similar to the results seen in the light gas yield
data. The tar yield data from the slow-heating and radiation-only modes
showed non-overlapping confidence intervals with the two other
heating modes, indicating that the difference between the tar yields
from the slower heating experiments and the faster heating experiments
was statistically significant. The average tar yield from the pyrolysis of
all plants was 49 wt% (daf) for the slow-heating mode and 53 wt% (daf)
for the radiation-only mode. However, this value was 58 and 59 wt%
(daf) for the convection-only and the combined modes, respectively.
Among all of the plant species, dwarf palmetto showed the highest tar
yield for all four heating modes: (1) 54 wt% in the slow-heating mode;
(2) 57 wt% in the radiation-only mode; (3) 62 wt% in the convection-
only mode; and (4) 63 wt% in the combined mode. The largest differ-
ence between tar yield data sets was observed during the pyrolysis of
longleaf pine foliage with a difference of 9 wt% in tar yields from the
radiation-only and the combined modes.

The tar yield data indicate that the plants from the same family (i.e.,
(i) live oak and water oak, (ii) inkberry and yaupon, and (iii) sparkle-
berry and Darrow’s blueberry) produced very similar tar yields in the
experiments. For example, tar yields for water oak and live oak were 47
and 45 wt% in the slow-heating mode, 53 and 54 wt% in the radiation-
only mode, 56 and 57 wt% in the convection-only mode, and 58 and
60 wt% in the combined mode. Josephson et al. [41] showed that the
fraction of volatiles in fuel and the size of tar can be predicted by
surrogate models.

3.2.3. Char yields

As shown in Figure A-3, the char yields decreased as the pyrolysis
temperature and the heating rate increased, which is consistent with
the gas and tar yield data. Similar observations have been reported in
previous studies [42—45]. For all of the plant species, the char yield data
from the radiation-only mode showed non-overlapping confidence in-
tervals with the results from the two other heating modes, indicating a
significant difference between the char yields obtained in these heating
modes. The char yields from the slow-heating mode showed non-
overlapping confidence intervals with the radiation-only mode for most
species. The highest char yields for each heating mode were observed
during the pyrolysis of: (1) sparkleberry and live oak (34 wt%) in the
slow-heating mode; (2) sparkleberry (29 wt%) in the radiation-only
mode; (2) sparkleberry (23 wt%) in the convection-only mode; and (3)
saw palmetto (19 wt%) in the combined mode. The largest difference
between the char yield data was observed in the pyrolysis of longleaf
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Fig. 6. Light gas species observed during pyrolysis of live sparkleberry (top)
and pine litter (bottom) plotted as a function of final temperature.

pine foliage between the radiation-only and the combined modes
(13 wt%).

3.3. Light gas species analysis

The differences in light gas and tar yields shown above raise the
question of which light gas species are changing with the different
heating modes. The measured yields of light gas species for live plants
in each of the four heating modes are given in Figures A-4-A-7. All
values are reported as wt% of the dry light gas collected (i.e., excluding
the tar and char). A summary of the light gas species yields is presented
in Table 4. In most cases, weight fraction of CO increased by increasing
the pyrolysis temperature and heating rate. The highest yields of CO
were observed during the pyrolysis experiments performed under the
combined mode. In contrast, weight fractions of CO, decreased with
increased pyrolysis temperature and heating rate. The highest yields of
CO,were observed in the slower heating modes. Changes in the H,
yields were small for the different modes of heating, and likely within
experimental error. Note that the mole% of H in the dry light gases was

Table 4

Summary of light gas analysis during pyrolysis of live plants for three heating modes.
Heating mode Apparatus H, Cco CO, CH4

Avg® Rng” Avg Rng Avg Rng Avg Rng

Slow-heating to 500 °C Pyrolyzer 1.4 1.1-1.7 52.1 47-58 38.4 34-42 8.1 5-11
Radiation-only FFB 1.5¢ 1.3-1.9 53.4 51-56 36.0 33-39 9.1 8-10
Convection-only FFB 1.7 1.3-2.1 59.8 53-63 29.5 25-35 8.9 6-11
Convection and Radiation FFB 2.0 1.7-2.4 63.6 60-66 26.8 25-30 7.6 6-8
& Average.
b Range.

¢ Wt% on a dry light gas-only basis.
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much higher (15 to 20 mol%) than the wt% basis.

Representative light gas species data are shown in Fig. 6 for pyr-
olysis of live sparkleberry and dead pine litter. The results indicate that
for all three heating modes, CO was the main light gas species on a wt%
basis, followed by CO,, CH,, and H,.

As shown in Fig. 6, the lowest CO yields were observed during the
slow-heating modes (lowest temperatures) and the highest values were
observed in the combined mode (highest temperature). This trend
suggests that by increasing the temperature and heating rate, higher
yields of CO can be obtained. The highest CO yields for each heating
mode were observed during the pyrolysis of: (1) sparkleberry (50 wt%)
in the slow-heating mode; Darrow’s blueberry (56 wt%) in the radia-
tion-only mode; (2) saw palmetto (63 wt%) in the convection-only
mode; and (3) inkberry (66 wt%) in the combined mode. The little
bluestem showed the largest difference in the CO yield (13 wt%)

Fuel 268 (2020) 117342

between different heating modes. At low pyrolysis temperatures, CO is
formed mostly by the decomposition of hemicellulose and cellulose.
However, at high pyrolysis temperatures, CO yield can be increased due
to the cracking of carbonyl (C = O) and carboxyl (C(=0)OH) groups
[46].

Carbon dioxide was the second most abundant light gas in all three
heating modes. As shown in Fig. 6, CO, showed a different trend
compared to CO when increasing the temperature and heating rate. The
slow-heating modes (i.e., lowest temperatures) produced the highest
CO,, yields, while the convection-only and the combined modes resulted
in lower yields of CO,. The highest weight fractions of CO, for each
heating mode were observed during the pyrolysis of: (1) little bluestem
grass (42 wt%) in the slow-heating mode; (2) wax myrtle (43 wt%) in
the radiation-only mode; (2) swamp bay (35 wt%) in the convection-
only mode; and (3) dwarf palmetto (31 wt%) in the combined mode.
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Little bluestem showed the largest difference in the weight percent of
CO,, between different heating modes (12 wt%), followed by the water
oak (11 wt%). CO, is mainly formed by the degradation of hemi-
cellulose at low temperatures (< 500 °C) [47]. Only a small portion of
CO,, is thought to be formed due to the decomposition of cellulose. At
higher temperatures (> 500 °C), CO, is mainly formed by the cracking
and reforming of oxygen-containing functional groups in the lignin
structure, such as carbonyl groups (C = O) and carboxyl groups
(C(=0)O0H) [28,46,48]. The average ratio of CO/CO,, ratio (wt% basis)
was 1.36 for the slow-heating and radiation-only modes, 1.92 for con-
vection-only mode, and 2.38 for the combined mode. This indicates that
by increasing the pyrolysis temperature and heating rate, the CO,, yield
constantly decreased with a corresponding increase in the CO yield.
Methane was the third most prevalent light gas species in all three
heating modes. The complete results of the CH, yields are shown in
Figure A-6. For most of the plants, higher yields of CH, were observed
during the pyrolysis experiments performed under the radiation-only
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mode. However, for a few plant species, such as Darrow’s blueberry and
swamp bay, higher yields of CH, were obtained during the convection-
only mode. The highest wt% of CH,4 belonged to the pyrolysis of little
bluestem grass (12 wt%) under the convection-only mode. All the main
structural components of plants can contribute to the formation of CHy
during pyrolysis at all temperature ranges. However, lignin is thought
to be the main contributor to CH4 formation, which may be due to its
high methoxy (O-CHs3) content [46].

As shown in Fig. 6, the average yields of H, varied from 1 to 2 wt%
during all heating modes. For all plant species, the greatest H, yields
were observed in the combined mode. Swamp bay showed the highest
H, yield (2.4 wt%) in the combined mode. Among all plant species,
swamp bay exhibited the highest H, weight percent difference (0.9 wt
%) between the radiation-only and the combined modes. H, is mainly
formed due to the dehydrogenation and radical polycondensation that
occur throughout pyrolysis. At high pyrolysis temperatures, H, can be
formed due to either the dehydrogenation reaction or the degradation
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of phenyl groups [46]. It has also been reported that H, may be formed
by the secondary pyrolysis of heavy hydrocarbons in the gas phase [48].
Ring condensation reactions (formation of multiple aromatic ring spe-
cies from smaller aromatic species) can also expel H,.

3.4. Tar species analysis

In the literature, several definitions for tar have been proposed. Tar
is commonly defined as any pyrolysis product that condenses at room
temperature and pressure. Tar has also been defined as a mixture of
condensable hydrocarbon compounds, including polycyclic aromatic
hydrocarbons (PAHs) and oxygen-containing hydrocarbons [49]. Tar
was also defined as all hydrocarbons with molecular weights greater
than benzene [50].

Milne and Evans [51] classified tar into four groups depending on
pyrolysis temperature: primary, secondary, alkyl-tertiary, and con-
densed-tertiary. Primary tars are formed by the breakdown of the plant
building blocks and consist of acids, ketones, aldehydes, alcohols,
phenols, etc. Secondary tars, such as heavier phenols and olefins, are
formed as the primary tars undergo secondary reactions at tempera-
tures above 500 °C. Alkyl-tertiary tars are aromatic compounds with
alkyl attachments on their rings, such as toluene, methyl naphthalene,
etc. Condensed-tertiary tars include PAHs without substituents, such as
pyrene, phenanthrene, etc. However, sometimes the distinctions be-
tween types of tar are not completely clear upon product analysis, such
as the distinction between secondary and tertiary tar compounds [52].

During the pyrolysis of plants, three lignin units (i.e., vanillin,
guaiacol, and catechol) form from the pyrolysis of lignin. The lignin
units then pyrolyze or react with hydrogen to form primary tars, which
include 1-ring aromatic compounds, such as benzene and phenol [53].
Primary pyrolysis reactions are completed at approximately 500 °C. At
higher pyrolysis temperatures and heating rates, lower molecular
weight PAHs (primary pyrolysis products) undergo secondary reactions
and form heavier PAHs, such as naphthalene, anthracene, and pyrene,
which are known as secondary and tertiary tars [54]. Free-radical re-
actions are important factors in the formation of the heavier tars
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(secondary and tertiary tars) from the primary tars. First, the chemical
bonds in the primary tars are broken to form free radicals via homolysis
reactions. Next, the radicals can react with other tar compounds to form
new radicals and heavier tar compounds via ring crosslinking reactions.
Then heavier PAHs can form via a series of reactions, such as hydrogen
transfer reactions, isomerization reactions, etc. Finally, two radicals can
react to form a stable heavy PAH via termination reactions [55,56].

During the experiments, the tars, which were condensed in the cold
trap, were extracted using dichloromethane as a solvent and were
analyzed using GC-MS. Fig. 7 illustrates typical tar analyses for the
same plant species (longleaf pine) which were obtained in the three
different heating modes. The complete results of the tar analysis for all
plant species in the three heating modes are presented elsewhere
[4,57]. The tar analysis indicates that the majority of the tar com-
pounds formed in the slow-heating and radiation-only modes were
primary tars, including Cs-C,, aliphatic molecules and 1-2 ring aro-
matic compounds with multiple attachments (e.g., hydroxyl (OH),
methoxy (O-CHs), etc.). The distribution of tar compounds indicates
that there were no or little secondary pyrolysis reactions occurring in
the radiation-only mode. However, as the pyrolysis temperature and
heating rate increased during the convection-only and the combined
modes, more complex tar compounds were formed, including 1- to 5-
ring aromatic compounds with few attachments on their rings (known
as secondary and tertiary tars).

As shown in Fig. 7, the main tar compounds in the slow-heating and
radiation-only modes were phenol, 1,2-benzenediol, 1,4-benzenediol,
2-methyl phenol, 4-methyl phenol, 2,6-dimethoxy phenol. These tar
compounds, which are known as primary tars, may form from the de-
gradation of lignin, and have single aromatic rings with hydroxyl, alkyl,
and methoxy attachments. Other components in the plant besides
lignin, cellulose, and hemicellulose may also contribute to the tar yield.
In contrast with the tar analysis in the radiation-only mode, some of the
main tar compounds in the convection-only and the combined modes
were naphthalene, fluorene, anthracene, phenanthrene, flouranthene,
pyrene, and benzopyrene. These tar compounds are secondary and
tertiary tars. However, phenol was still a major constituent of the tar in
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the convection-only and the combined modes. In the convection-only
and the combined modes, tar compounds with attachments on the
aromatic rings, such as 2,6-dimethoxy phenol, 1,2,3-benzenetriol, and
4-methyl 1,2, benzenediol were observed, but in lower quantities than
observed in the radiation-only mode.

In a related study, Zhang, et al. [58] noted that by increasing the
pyrolysis temperature from 700 to 900 °C, the measured concentration
of condensed PAHs (condensed means that the aromatic rings have one
side in common) in pyrolysis tar during the pyrolysis of rice straw in-
creased from 7 to 41%. However, this concentration then slightly de-
creased to 37% as temperature was increased to 1000 °C. It was also
reported that the concentration of alkyl aromatics noticeably decreased
at temperatures higher than 800 °C.

Fig. 7 showed results for only one plant species. Complete tar spe-
cies analyses are available [4,57]. Two of the major tar species that
were observed in every experiment were phenol and 1,2-benzenediol;
yields of these two species are shown in Fig. 8 for all four modes of
heating. The yields of each of these two tar species are quite different
for each plant species, with no clear trend with heating mode that is
common to all plant species.

Since there are so many individual tar species, an analysis was
performed by lumping tar species into functional groups for comparison
between heating modes. Fig. 9 shows the distribution of functional
groups in the tar for the pyrolysis of live longleaf pine foliage in the
three heating modes. The tar compounds were classified into three
groups based on their molecular weight and chemical structure as fol-
lows: (1) phenol; (2) derivatives of phenol, including 1,2-benzenediol,
1,4-benzenediol, 2,6-dimethylphenol, etc.; (3) 2-ring aromatic com-
pounds, including naphthalene, 1-methylnaphtalene, etc.; (4) 3- to 5-
ring aromatic compounds, including fluoranthene, anthracene, phe-
nanthrene, etc.; and (5) other hydrocarbons, including alcohols, ethers,
esters, furans, etc.

The results shown in Fig. 9 indicate that an increase in pyrolysis
temperature and heating rate had a significant effect on the distribution
of the functional groups present in the collected tar. Oxygenated com-
pounds, such as phenol (12.1 mol%) and its derivatives (61.5 mol%)
made up the largest portion of tar produced in the radiation-only mode,
which was performed at a lower pyrolysis temperature and heating
rate. This functional group distribution in the radiation-only mode was
similar to the distribution in the slow-heating mode. The remaining
species in the radiation-only tar were 2-ring aromatic compounds
(3.9 mol%) and other oxygenated hydrocarbons (22.6 mol%), such as
alcohols, furans, ketones, etc. The primary pyrolysis tars underwent
relatively few secondary reactions in the radiation-only and slow-
heating modes, judging by the number of multiple ring compounds. In
contrast, the convection-only and the combined modes had a significant
amount of multiple aromatic ring compounds, which is evidence for
secondary pyrolysis reactions.

Cracking and polymerization reactions, which are simultaneous
parallel reactions, play important roles in the conversion and formation
of tar compounds, especially at higher temperatures and heating rates
[59]. By increasing the temperature and heating rate, the yield of
phenol derivatives decreased noticeably to 13.7 and 8.2% for the con-
vection-only and the combined modes, which indicates that the at-
tachments to the phenol ring were removed, leading to a higher yield of
phenol and also contributing to the formation of heavier PAHs. The
yield of 2-ring aromatic compounds increased noticeably from 3.9 mol
% (for the radiation-only) to 13.6 and 11.2 mol% for the convection-
only and the combined modes, respectively. No other oxygenated hy-
drocarbons, such as alcohols, ketones, esters, etc. were observed in tar
at high temperatures and heating rates. It has been reported that the
oxygenated tars are completely decomposed and are not found at
temperatures higher than 1000 °C [58].

The largest portion of the tar included 3- to 5- ring aromatic com-
pounds for the convection-only mode (59.6 mol%) and the combined
mode (67.1 mol%); indicating that the primary tars underwent
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secondary reaction, leading to the presence of heavier PAHs. The
combined mode, which was performed at higher temperatures and
heating rates compared to the convection-only mode, showed higher
quantities of heavy PAHs due to the additional secondary reactions of
tar compounds.

The formation of multiple-ring aromatic compounds at higher
temperatures and heating rates may be due to the availability of radical
sites due to the removal of attachments from the aromatic rings and
then polymerization reactions [58,60]. PAHs may also form as follows:
(i) the transformation of methoxyphenols to phenol by cleaving the C-O
bond, (ii) then phenol may be converted to cyclopentadiene as an in-
termediate via the necessary decarbonylation reactions, and (iii) finally,
PAHs may form from the intermediate through the Diels-Alder reactions
[59,61]. PAHs may later lead to the formation of soot particles. For
example, Johansson suggested a three-stage CHRCR mechanism: (1)
initiator-RSR growth by radical-chain reactions, (2) hydrocarbon clus-
tering by radical-chain reactions, and (3) particle-surface growth by
radical-chain reactions [62]. A detailed model was proposed by Jo-
sephson, et al. [41] to predict soot formation from coal or biomass tar,
including comparison with data.

The results in Fig. 9 are typical of the tars from all plant species
studied. Tars from slow-heating and radiation-only experiments were
primary tars with few 2-ring aromatic compounds and many hydroxy
and methoxy attachments. Tars from the convection-only and combined
modes exhibited many more 2-5 ring aromatic compounds with few
attachments. However, the total tar yields and extent of conversion
during pyrolysis were higher in the convection-only and combined
modes. Therefore the loss of hydroxy and methoxy attachments was
compensated by further degradation of the remaining char at the higher
temperatures and heating rates, resulting in the net increase in tar yield.

4. Conclusion

In this study, the pyrolysis of 14 live wildland fuels was investigated
in a flat-flame burner apparatus, operated under three heating modes: a
radiation-only mode, a convection-only mode, and a mode combining
radiation and convection. Results from a slow-heating pyrolysis ex-
periment were also compared. The main conclusions from this study are
as follows:

1- The analysis of pyrolysis product yields showed that the highest gas
yields were obtained from the combined mode. The radiation-only
and slow-heating modes, which were performed at lower tempera-
tures and heating rates, led to the lowest gas yields for all plant
species. The average light gas yields obtained from the pyrolysis of
all plants were 20 wt% (daf) for the slow-heating and radiation-only
modes, 22 wt% for the convection-only mode, and 24 wt% for the
combined mode.

Similar to the light gas yield data, by increasing the pyrolysis tem-
perature and heating rate, higher tar yields were obtained. The
average tar yield from the pyrolysis of all plants was 53 wt% (daf)
for the radiation-only mode compared to 49% for the slow-heating
mode. However, tar yields were 58 and 59 wt% (daf) for the con-
vection-only and the combined modes, respectively. The higher gas
and tar yields at higher pyrolysis temperatures and heating rates
were due to the further pyrolysis of char and secondary pyrolysis
reactions.

Tar and light gas yields in the flat-flame burner system for longleaf
pine litter did not follow the same trend with increasing tempera-
ture as observed in a low heating rate pyrolyzer. Significant de-
creases in tar yield were observed with increasing temperature in
the slow-heating pyrolyzer, but tar yields increased with tempera-
ture in the higher heating rate experiments. These results imply that
temperature effects alone cannot explain the changes in tar yields.
For all three heating modes, CO was the main light gas species on a
wt% basis, followed by CO,, CH,4, and H,. The lowest CO yields were
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observed during the radiation-only mode, and the highest in the
combined mode. The average percentage of CO in the light gas from
the pyrolysis of plants was 52.1 wt% (dry light gas basis) for the
slow-heating mode, 53.4 wt% for the radiation-only mode, 59.8 wt
% for the convection-only mode, and 63.6 wt% for the combined
mode. In contrast, CO- yields decreased with increasing temperature
and heating rate. The average CO, percentage of the light gas from
the pyrolysis of plants was 38.4 wt% (dry light gas basis) for the
slow-heating mode, 36 wt% for the radiation-only mode, 29.5 wt%
for the convection-only mode, and 26.8% for the combined mode.

For most of the plants, differences in the H, yields (on a wt% of the
dry light gas basis) were small and within experimental error, while
some variation in CH, yields was observed for different plant spe-
cies.

The distribution of tar compounds during the slow-heating and ra-
diation-only modes were completely different than that of the con-
vection-only and the combined modes. During the radiation-only
mode, which was performed at a lower temperature and heating
rate, primary tar compounds were the most prevalent compounds in
the tar, which formed from the decomposition of lignin. However,
during the convection-only and the combined modes, tar included
phenol and a few other 1-ring compounds, but also included a sig-
nificant amount of 3- to 5-ring aromatic compounds with very few
attachments on the rings. The presence of these heavy polycyclic
aromatic hydrocarbons (PAHs) at high temperatures and heating
rates indicate that the primary tar compounds underwent secondary
reactions. However, the tar yield did not decrease with temperature,
which would have been expected with severe cracking of tar to light
gases at elevated temperature.

Comparison of the yields of principal tar compounds, such as phenol
and 1,2-benzenediol, showed wide variations with plant species and
with heating mode, and no clear trend was observed with heating
mode that was general for all plant species.
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