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G R A P H I C A L  A B S T R A C T  

A B S T R A C T  

Prescribed burning (controlled burning) is used to decrease accumulation of combustible materials and reduce 
impact of uncontrolled wildland fires. Prescribed fires are often used to burn undergrowth in Southern forests of 
the United States. 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 combustion of 
heterogeneous fuel beds of live and dead fuels is needed. The initial processes of combustion involve pyrolysis 
and ignition. During this research, fast pyrolysis of 14 live and dead (biomass) plant species which are native to 
the Southern United States have been studied using a flat-flame burner (FFB) apparatus. The FFB apparatus 
enables experiments at a high heating rate (∼100 °C s−1, or  ∼100 kW m−2) and moderate temperature 
(∼765 °C) to imitate pyrolysis during typical fire spread conditions. Pyrolysis products have been analyzed in 
detail using a gas chromatograph equipped with a mass spectrometer (GC–MS) for analysis of tars, and a gas 
chromatograph equipped with a thermal conductivity detector (GC-TCD) for analysis of permanent (light or non-
condensable) gases. Differences between yields of light gas species were small between plant species. 
Composition of tars included aromatic compounds with 1–5 rings with very few attachments. The pyrolysis 
products observed at this temperature and heating rate appear to have experienced secondary pyrolysis. The tar 
composition showed some large changes with plant species. Comparison of products from pyrolysis of live 
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vegetation and dead vegetation of the same plant species showed differences in tar, gas, and char yields, but no 
major changes in the types of chemical compounds observed. 

1. Introduction 

Wildland fire is an important component of many ecosystems. 
Wildland fires often occur in highly dense live fuel forests, burn live and 
dead vegetation, and have significant ecological and economic impacts 
[1]. In 2000, an estimated 3.5 million km2 were burned by wildland fire 
world-wide [2]. Prescribed burning (controlled burning) is one way to 
remove smaller plants in order to decrease accumulation of combustible 
materials and avoid occurrence of uncontrolled wildland fires [3]. The 
land managers use prescribed fire to manage a variety of ecosystems in 
the United States to reduce accumulation of hazardous fuels, manage 
wildlife habitat, and protect ecological forests and infrastructures [4]. 
In 2014, in the United States, an estimated 47,372 km2 were treated 
with prescribed fire; in the southern U.S., 25,051 km2 of forest land was 
treated [5]. Prescribed fires (as shown in Fig. 1) are often used to burn 
undergrowth in Southern forests of the United States. 

During wildland fires, solid fuel samples undergo irreversible 
thermal degradation when exposed to high temperatures. The thermal 
degradation process consists of two sequential steps: pyrolysis and 
combustion [6]. In order to improve prescribed fire application, ac-
complish desired fire effects, and limit potential runaway fires, an im-
proved understanding of the fundamental processes related to pyrolysis 
and ignition in heterogeneous fuel beds of live and dead fuels is needed. 

The focus of this research is on pyrolysis, which is the first ther-
mochemical reaction that occurs following the evaporation of moisture 
in the burning of some fuels like coal, wood, paper, polymers, plants, 
etc. As volatiles leave the surface, the mass transfer pushes the sur-
rounding gas (presumably air) out of the way, creating a fuel-rich zone 
near the surface or in the interior of a flame. The results from this re-
search can help to determine the heat release and investigate reactions 
that occur during the fast pyrolysis of live and dead vegetation. Finding 
mechanisms of formation of pyrolysis products helps to prepare more 
accurate combustion and fire spread models to predict the best condi-
tions to properly perform prescribed burning, predict fire propagation, 
and limit fire runaway. 

Pyrolysis is the thermal decomposition process of organic material 
without requiring oxygen. Flames occur when pyrolysis products and 
oxygen mix in the presence of an ignition source at high temperatures 
within the flammability limits. For example, by increasing temperature, 
lignocellulosic materials start to pyrolyze, releasing gaseous products 
which react with oxygen and may result in a flame. Pyrolysis can be 
classified into three groups: (1) conventional or slow pyrolysis which is 
performed with a slow heating rate (0.1–1 °C s−1), low temperature 
(300–400 °C), and long gas and solid residence time (more than 
30 min); (2) fast pyrolysis which is operated with a fast heating rate 
(1–100 °C s−1), high temperature (500–900 °C), and short gas and solid 
residence time (10–20 s); and (3) flash pyrolysis which is operated 
under a very high heating rate (more than 1000 °C s−1) and very short 
residence time (1 s) [7,8]. 

Pyrolysis of solid fuels includes two main steps: primary and sec-
ondary pyrolysis. In primary pyrolysis, the solid fuel degrades into 
volatile gases and char. The primary pyrolysis products of solid fuels are 
non-condensable (light) gases (e.g., CO, CO2, H2O, and H2), light hy-
drocarbons (e.g., CH4, C2H4), condensable gases (tars), solid residue 
(char), and mineral ash. If the products of primary pyrolysis undergo 
further reactions at higher temperatures and longer residence times, it 
is known as secondary pyrolysis. Secondary pyrolysis includes processes 
such as cracking, polymerization, condensation, and carbon deposition, 
which can occur either homogeneously (when reactants are in the gas 
phase), or heterogeneously (when the reactions occur at the surface of a 

solid fuel or char particle). Secondary pyrolysis is not as widely studied 
as primary pyrolysis, but some secondary reactions, such as tar 
cracking, can have significant effects on the distribution of products 
[9]. During secondary pyrolysis, the tars heat up in the flame and either 
decompose to lighter gases or polymerize to form soot. The orange color 
of flames is due to the radiation from the tiny soot particles in the fuel-
rich part of the flame [10]. Yields of tar and total volatiles, as well as 
distribution of volatile species, depend on heating rate, temperature, 
fuel type, etc. [11]. 

Pyrolysis of biomass (dead and dried vegetation) and wood have 
been explored in detail [10,12–14]. However, there are insufficient 
research studies in the field of pyrolysis of live plants. Live and dead 
plants burn differently [15]. A plant is considered dead when the dry-
basis moisture content is less than 30 wt%, but may be as low as 4%. 
Dead fuels may have a moisture content higher than 35 wt% only when 
water from the surface of the leaf is absorbed into the cell cavities [16]. 
Dry-basis moisture content of live fuels may exceed 250 wt% which 
causes significant amounts of water to remain in the fuel during igni-
tion. Wet dead fuels absorb water in their cell walls, and by heating the 
fuels, this vapor diffuses out. However, in live fuels, some of the un-
evaporated water expands rapidly causing the cell walls to burst [1,17]. 
Moisture content in live fuels converts to water vapor, dilutes the 
gaseous pyrolyzates and has noticeable effects on flame behavior by 
slowing down the burning rate [3]. In addition, it has been suggested 
that components such as non-structural carbohydrates, fats, and other 
components may impact combustion behavior of live fuels, but are not 
usually found in dead fuels [18–20]. 

Biomass pyrolysis consists of 4 main steps; moisture evolution, 
hemicellulose, cellulose, and then lignin decomposition [21]. Hemi-
cellulose, cellulose, and lignin are biopolymers that form plant cell 
walls. The temperature range of pyrolysis for hemicellulose, cellulose, 
and lignin is 180–240, 230–310, and 300–400 °C, respectively, de-
pending on heating rate [8]. At temperatures lower than 180 °C, bio-
mass is primarily stable and pyrolysis does not occur [22]. In addition 
to lignocellulosic materials, live plants contain significant fractions of 
proteins, starches, sugars, and lipids [23]. 

During this research, fast pyrolysis of 14 live and dead plant species 
which are native to the Southern United States have been studied using 
a flat-flame burner (FFB) apparatus. The FFB apparatus enables ex-
periments at high heating rates and high temperatures to imitate pre-
scribed fire conditions under a convective heating mode only. 
Distribution of pyrolysis products was studied at high heating rates 
using a gas chromatograph equipped with a mass spectrometer 

Fig. 1. Prescribed burning of the southern forests of the U.S. 
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Table 1 
List of plants used in pyrolysis experiments. 

Common name Scientific name Picture 

Darrow’s 
blueberry 

Vaccinium 
darrowii 

Dwarf palmetto Sabal minor 

Fetterbush Lyonia lucida 

Inkberry Ilex glabra 

Live oak Quercus 
virginiana 

Little bluestem 
grass 

Schizachyrium 
scoparium 

Longleaf pine Pinus palustris 

Table 1 (continued) 

Common name Scientific name Picture 

Pine straw 
(Longleaf 
pine litter) 

Pinus palustris 

Saw palmetto Serenoa repens 

Sparkleberry Vaccinium 
arboreum 

Swamp bay Persea palustris 

Water oak Quercus nigra 

Wax myrtle Morella cerifera 

Wiregrass Aristida stricta 

(continued on next page) 
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Table 1 (continued) 

Common name Scientific name Picture 

Yaupon Ilex vomitoria 

(GC–MS) for analysis of tars, and a gas chromatograph equipped with a 
thermal conductivity detector (GC-TCD) for analysis of light gases. 

2. Material and methods 

For each plant species, pre-burn measurements such as proximate 
and ultimate analysis as well as physical measurements were per-
formed. The pyrolysis of both live and dead plants was studied and 
factors such as temperature, heating rate, and change of mass over time 
were measured. In addition, the products of pyrolysis, including tars 
and light gases, were collected and analyzed using GC–MS and GC-TCD, 
respectively. 

2.1. Fuels tested 

Live potted plants of 14 different species, as listed in Table 1, were 
grown in a nursery and then express-mailed to the combustion la-
boratory at Brigham Young University (BYU) for pyrolysis experiments. 
The plants were kept in a location with sufficient sunlight and water to 
keep them alive. Two of the plant species were grasses (little bluestem 
and wiregrass), one was a needle-like species (longleaf pine), and the 
other plants were broadleaf species. In addition, longleaf pine litter 
(i.e., pine straw) was studied and compared with the live and 1-week 
old dead longleaf pine foliage data. 

In addition, before performing experiments, initial mass of the 
samples, proximate analysis (including moisture, ash, fixed carbon, and 
volatile content), ultimate analysis (or elemental analysis), and physical 

measurements (including width, length and thickness of the leaves and 
stem) were performed. 

2.2. Proximate and ultimate analysis 

The moisture content of the plant samples was measured using a 
Computrac MAX 1000 moisture analyzer. The proximate and ultimate 
analysis were measured by the University of Wisconsin Forage 
Laboratory according to ASTM D7582 and ASTM D5291 procedures, 
and the results are shown in Table 2. In addition, high and low heat 
values were measured using the ASTM E711 procedure. 

The proximate analysis revealed that the foliage samples were 
generally similar. For the live plants, the moisture content ranged from 
114 to 239 wt% (dry basis). In contrast, the moisture content of the 
longleaf pine litter was only 15 wt%. Ash content (silica) ranged from a 
low of 1.65 wt% for saw palmetto to a high of 4.33 wt% for yaupon. 
While the two grasses (little bluestem grass and wiregrass) had similar 
ash content, other closely related species differed in ash content (e.g., 
inkberry and yaupon, saw palmetto and dwarf palmetto). Volatile ma-
terial ranged from 75.2 to 87.2 wt%. The fixed carbon (FC) ranged from 
a low of 9.9 wt% for dwarf palmetto to a high of 23.2 wt% for saw 
palmetto. Proximate analysis of the palmettos were similar to the re-
sults for date palm (Phoenix dactylifera) [24]. Ultimate analysis of the 
plants yielded no surprises in that the elemental composition of the 
foliage fell within the accepted ranges. The C and N content of the 
fetterbush and inkberry agreed well with published values [25]. The 
longleaf pine litter contained twice as much H as the fresh foliage and 5 
percent less O. 

2.3. Physical measurement 

The blade thickness of the leaves (not including central vein) was 
measured using a caliper. The width of the leaves was measured at their 
widest point. In addition, the length of the leaves was measured, which 
included the leaf blade and the leaf petiole. Stem thickness was mea-
sured at various points along the stem except for longleaf pine which 
was provided as a “plug seedling” and did not have a pronounced stem 
[26]. The results of the physical measurements are shown in Table 3. 
The results are the averages of at least three measurements in-
cluding ± 95% confidence intervals. 

Table 2 
Proximate and ultimate analysis of plant species. 

Common name MC1 Proximate analysis2 Ultimate analysis3 

Ash VM FC C H N S O LHV HHV 

Darrow’s blueberry 104 2.85 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Dwarf palmetto 164 3.26 89.8 10.2 47.36 5.93 2.14 0.66 43.91 19.04 20.61 
Fetterbush 91 2.24 77.7 22.3 54.36 5.81 0.80 0.12 38.91 19.00 20.57 
Inkberry 85 1.88 80.2 19.8 54.63 6.42 0.87 0.11 37.97 20.94 22.52 
Live oak 103 2.71 80.9 19.1 49.57 6.01 2.30 0.15 41.97 18.21 19.81 
Little bluestem 217 4.12 84.9 15.1 51.22 5.66 2.22 0.15 40.75 17.63 19.09 
Longleaf pine foliage 207 2.02 79.7 20.3 51.37 3.00 1.21 0.11 44.31 19.26 20.11 
Longleaf pine litter 111 1.77 78.3 21.7 52.31 6.09 2.31 0.06 39.23 19.59 21.10 
Saw palmetto 112 3.19 76.4 23.6 49.49 5.48 0.90 0.17 43.96 19.09 20.56 
Sparkleberry 103 3.10 79.0 21.0 52.49 7.71 0.74 0.16 38.90 18.96 20.90 
Swamp bay 116 1.84 79.6 20.4 52.48 6.11 1.36 0.17 39.88 20.50 22.10 
Water oak 170 4.18 80.6 19.4 50.06 5.57 1.47 0.10 42.80 18.23 19.96 
Wax myrtle 118 2.41 77.4 22.6 50.65 5.44 2.31 0.14 41.46 19.98 21.36 
Wiregrass 135 4.34 81.7 18.3 47.42 6.34 3.31 0.25 42.68 17.74 19.34 
Yaupon 104 4.89 86.2 13.8 51.34 6.28 1.46 0.18 40.74 19.79 21.43 

n.a. means not available. 
1 MC (moisture content wt% dry basis) of samples used in experiment at BYU. 
2 VM (volatile material), FC (fixed carbon). Values are wt% dry-ash free. ASTM D7582. 
3 C, H, N, S, O – values are % dry mass; LHV – low heating value, HHV – high heating value (kJ g−1, dry-ash free basis). ASTM D5291, D4239, E711. 
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Table 3 
Physical measurements. 

Common name Thickness of leaves (mm) Length of leaves (mm) Width of leaves (mm) Thickness of stem (mm) Width/Length ratio 

Darrow’s blueberry 0.23* ± 0.06ǂ 22 ± 5 7 ± 4 0.7 ± 0.4 0.32 
Dwarf palmetto 0.21 ± 0.04 120 ± 25 9 ± 3 – 0.08 
Fetterbush 0.20 ± 0.08 27 ± 6 15 ± 4 1.2 ± 0.4 0.56 
Inkberry 0.32 ± 0.06 29 ± 5 15 ± 3 2 ± 0.8 0.52 
Live oak 0.33 ± 0.05 61 ± 9 29 ± 6 3 ± 1.2 0.48 
Little bluestem grass 0.11 ± 0.03 175 ± 67 2.3 ± 0.6 – 0.01 
Longleaf pine foliage 0.42 ± 0.04 106 ± 4 – – – 
Longleaf pine litter 0.46 ± 0.03 104 ± 4 – – – 
Saw palmetto 0.22 ± 0.06 95 ± 22 14 ± 4 – 0.15 
Sparkleberry 0.24 ± 0.05 20 ± 4 8 ± 2 0.6 ± 0.2 0.40 
Swamp bay 0.30 ± 0.06 104 ± 8 27 ± 4 3.4 ± 0.5 0.26 
Water oak 0.18 ± 0.03 63 ± 17 16 ± 7 2.2 ± 0.8 0.25 
Wax myrtle 0.19 ± 0.04 33 ± 4 12 ± 2 0.7 ± 0.2 0.36 
Wiregrass 0.31 ± 0.04 154 ± 49 – – – 
Yaupon 0.31 ± 0.09 11 ± 3 6 ± 2 1.4 ± 0.2 0.55 

* Average. 
ǂ 95% confidence interval. 

Fig. 2. Flat-flame burner (FFB) apparatus. 

Sample 

Burner 

Funnel 

Hot Gases 

Fig. 3. Photo of the flat-flame burner apparatus with flame and pyrolyzing 
sample. 

2.4. Experimental setup and procedure 

In order to simulate pyrolysis of live and dead vegetation in wild-
land fires, pyrolysis experiments were performed using the flat-flame 
burner (FFB) apparatus to investigate the distribution of pyrolysis 
products at high heating rate (∼100 °C s−1) and moderate gas tem-
perature (∼765 °C). Experiments were performed both on live and dead 
samples. For live plants, the experiments were performed immediately 
after cutting the plants from their roots while they had very high 
moisture contents, which sometimes exceeded 100 wt% (dry basis). For 
dead plants (biomass), the samples were cut and then allowed to dry 
out at room temperature for about a week until their moisture content 
decreased to ∼5 wt% before running experiments. 

The FFB apparatus (Figs. 2 and 3) provides high heating rate to 
represent fast pyrolysis. Previous researchers used a similar setup at 
Brigham Young University to study: (1) the influence of seasonal 
change and heating mode on wildland fire behavior [27]; (2) live fuel 
combustion properties [28]; (3) semi-empirical modeling for fire spread 
in shrub fuels [29]; (4) difference in burning behavior of live and dead 
leaves [30]. 

In order to provide pyrolysis conditions and an oxygen-free en-
vironment (no combustion), the FFB was operated in a fuel-rich mode 
(equivalence ratio: Φ = 1.13). The fuel was a mixture of methane 
(26.5 L min−1) and hydrogen (16.6 L min−1). Air (258.8 L min−1) was 
used as an oxidizer. The samples were exposed to convective heat 
transfer from the post-flame products of the burner (CO2, H2O, and CO). 
No flaming or smoldering of the plant samples were observed during 
the experiments since the FFB was operated in fuel-rich mode. The 
average gas temperature within the FFB at the height where the sample 
was loaded was measured to be 765 °C by an OMEGA K-type thermo-
couple (wire diameter of 0.38 mm, response time of 0.8 s, and max-
imum working temperature of 871 °C), corrected for radiation losses. 

A heat  flux meter was also used to measure radiative, convective and 
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Fig. 4. Product yields of live plant species on a dry, ash-free (daf) basis. 

Fig. 5. Product yields of dead plant species on a dry, ash-free (daf) basis. 

total heat flux during the experiments. The total heat flux at the position 
of the plant species was measured to be 100 kW m−2, with less than 5% 
due to radiation. The total heating rate was estimated to be approximately 
100 °C s−1 (as reported by Engstrom et al. [31]). This heating rate and 
heat flux provide a high heating rate pyrolysis condition similar to what 
has been observed in wildland fires. The FFB was equipped with a cooling 
water recirculation system to prevent overheating and potential damage, 
which kept the burner surface cool enough that radiation from the burner 
to the sample was negligible. The burner surface temperature, as mea-
sured by a thermocouple at various locations, was 80 ± 5 °C. The gaps 
between the burner and glass walls were filled with zirconia felt to pre-
vent oxygen from entering the system. 

The gases within the FFB were analyzed continuously with GC-TCD 
to insure there was no O2 in the system. The total mass of the samples 
was weighed before loading samples into the FFB by using a Denver 
Instrument A-200DS balance. Then the samples were attached to a 
horizontal rod using a clip. The rod was attached to a Mettler Toledo 
XS204 scale which recorded the mass at a data rate of 50 Hz using 
LabVIEW software. The FFB structure was placed on wheels and was 
equipped with a conveyor belt which enabled the structure to be 
moveable. After loading the sample, the burner was pulled into position 
to stop under the sample. The vertical distance between the burner and 
the sample was 26 cm. In addition, plant surface temperature was re-
corded by an FLIR A-300 Series infrared camera, and the data analysis 
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Fig. 6. Light gas species analysis for (a) live plants and (b) dead plants. 

M.-S. Safdari et al. 

was performed using FLIR ResearchIR Max 4 software. Additional de-
tails can be found in Safdari [32]. 

As illustrated in Fig. 2, the sample was placed below a funnel into 
which the pyrolysis gases were pulled using an oil-less Air Cadet va-
cuum pump. The distance between the sample and the top of the funnel 
was 10 cm. The velocity of the gases at the location of the plant sample 
was 1m s−1. The estimated residence time of pyrolysis gases between 
the sample and the top of the funnel was 100 ms. After entering the 
funnel, the pyrolysis gases flowed through a transfer line that was held 
at a temperature of 300 °C using heating tape to avoid the condensation 

of heavy hydrocarbons in the line. Several thermocouples were placed 
along the heated transfer line to record the temperature. In order to 
collect condensable pyrolysis products (tars), the pyrolysis gases then 
flowed through a series of test tubes which were filled with glass wool 
and placed inside an ice bath. The light gases were then collected in 5 L 
Tedlar® bags which were placed at the end of the process line. Upon the 
completion of the experiments, light gases were then analyzed off-line 
using a ThermoFisher Scientific Trace 1310 gas chromatograph 
equipped with Chrompack Molsieve5A (25 m × 0.32 mm × 30 μm) and 
TracePLOT TG-Bond Q (30 m × 0.32 mm × 10 μm) columns and a 
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Table 4 
Average light gas compositions of all plant species. 

Gas Species Live (wt% dry) Dead (wt% dry) 

CO 
CO2 

CH4 

H2 

59.8 
29.6 
9.0 
1.7 

58.4 
30.2 
9.8 
1.5 

thermal conductivity detector (GC-TCD). The oven temperature was 
programmed to hold the sample at 40 °C for 3 min, then heated to 
250 °C at 10 °Cmin−1, and then held at 250 °C for 4 min. Helium was 
used as a carrier gas and the size of the sample was 10.0 μL with a split 
ratio of 25 [33]. Furthermore, the glass wool was removed from the test 
tubes and placed in a beaker. Tars were extracted from the glass wool 
and the sides of the test tubes using dichloromethane (DCM) as a sol-
vent. About 2 g of anhydrous CaSO4 powder was added to the DCM/tar 
solution to absorb any H2O present. The decanted DCM/tar solution 
was then analyzed off-line by an HP 5890 gas chromatograph equipped 
with a Restek Rxi-1ms capillary column (60 m × 0.25 mm × 1 μm) and 
an HP 5972 mass spectrometer (GC–MS). The oven temperature was 
programmed to hold the sample at 50 °C for 5 min, then heated to 
310 °C at 10 °C min−1, and held at 310 °C for 5 min. Helium was used as 
a carrier gas, and the size of the sample was 1.0 μL with a split ratio of 
10 [34]. After each experimental run, the line, test tubes, and the funnel 
were cleaned using acetone and dichloromethane as solvents in order to 
remove contaminants and prepare the setup for the next experiments. 

2.5. Statistical analysis 

All experiments, including light gas and tar analysis were repeated 
three times. ANOVA data analysis tool in Microsoft Excel 2017 was 
used and the results are expressed as arithmetic mean values with 
a ± 95% confidence interval [35]. 

3. Results and discussion 

3.1. Pyrolysis product yields 

Distribution of pyrolysis products (tar, light gas, and char) is in-
fluenced by several factors such as: operating temperature, heating rate, 

reactor type, solid residence time, solid particle size, and etc. [7]. Figs. 
4 and 5 illustrate the distribution of pyrolysis products for live and dead 
plant species in the FFB apparatus, respectively. The results are the 
average of three experiments and are expressed on a dry ash-free basis. 
The data reproducibility was excellent, with a standard deviation of less 
than 5%. The char yields were obtained from the final mass of the solid 
residue. The tar yields were determined by finding the difference be-
tween the initial mass of the test tubes and the final mass. The gas yields 
were determined by difference. 

Tar yields were in the range of 52–62 wt% for live plants, and 
54–62 wt% for dead plants. Gas yields were in the range of 18–28 wt% 
for live plants, and 17–24 wt% for dead plants. Char yields varied be-
tween 16 and 22 wt% for live plants, and 17–23 wt% for dead plants. 
There was not a significant difference in pyrolysis product yields be-
tween live and dead samples for a specific plant species; the largest 
differences in both tar yield (3 wt%) and char yield (4 wt%) were found 
between live longleaf pine and dead longleaf litter. The swamp bay 
showed the largest difference in gas yield (4 wt%) between the live and 
dead samples. Variation in pyrolysis product yields can be caused by 
changes in the composition of plants as well as the interaction of the 
plant constituents (cellulose, hemicellulose, and lignin) [36]. However, 
none of the differences in yields of tar, light gas, or char for live and 
dead samples for a given species seem more than 5 relative % different 
in these experiments. 

3.2. Light gas analysis 

The major post-flame gas analysis from the flat-flame burner using 
the GC-TCD was 69.7 mol% N2, 19.9 mol% H2O, 6.1 mol% CO2, 3.1 mol 
% CO, and 1.7 mol% H2. This background was subtracted in order to 
find the actual concentration of light gases from the pyrolysis of plant 
species. The measured composition of light gas species for both live and 
dead plants are shown in Fig. 6 on a dry (H2O-free) basis. Weight 
fraction here means the ratio of the mass of gas to the total mass of 
gases collected in the gas collection bag. All other species seemed to be 
below the detection limit of the GC-TCD system. Light gas species data 
are presented on a wt% basis in order to correlate with the light gas 
yield, which is also on a mass basis. The results are the average of three 
tests. The average relative confidence intervals (i.e., the confidence 
interval divided by the mean) for the live plant analysis were 12%, 7%, 
12%, and 18% for H2, CO, CO2, and CH4, respectively. Similar relative 
confidence intervals were obtained for the dead plant species analysis. 

Fig. 7. GC–MS chromatogram of tar from high-heating rate pyrolysis of live inkberry in FFB. 
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1 

Compound No. Peak retention time (min) Compound name Chemical class Compound type Molecular formula Structure 

12.636 2-Cyclopenten-1-one Alkene Oxygenated C5H6O 

2 12.697 Furfural Aldehydes Monocyclic aromatic C5H4O2 

3 12.986 2-Pentanone, 4-hydroxy-4-methyl- Ketones Oxygenated C6H12O2 

4 13.260 2-Furanmethanol Alcohols Monocyclic aromatic C5H6O2 

5 14.050 2(3H)-Furanone Ketones Monocyclic aromatic C4H4O2 

6 14.540 Ethanone, 1-(2-furanyl)- Ketones Monocyclic aromatic C6H6O2 

14.730 1,2-Cyclopentanedione Ketones Oxygenated C5H6O2 

15.132 3-Heptyne, 5-methyl- Alkynes Aliphatic C8H14 

7 

8 

M.-S. Safdari et al. 

Carbon monoxide is the main component in the light gases on a wt% 
dry basis, followed by CO2, CH4, and H2. The wt% of CO was between 
53–63% for live plants, and 55–60% for dead plants. The little bluestem 
grass demonstrated the highest statistically significant difference in CO 
(5.16 wt%) between the live and dead samples (P value < 0.05). 
Longleaf pine litter, Darrow’s blueberry, and fetterbush exhibited the 
next highest live vs. dead differences in CO of 4.36 wt%, 3.34 wt%, and 
3.19 wt%, respectively. The high CO concentration is attributed to a 
decarbonylation reaction at high heating rates and temperatures [37]. 

Carbon dioxide was the second most abundant light gas. CO2 

composition varied between 25 and 34 wt% for live plants, and be-
tween 27 and 32 wt% for dead plants. The largest statistically sig-
nificant difference in the weight percent of CO2 between live and dead 
samples (P < 0.05) was observed in the Darrow’s blueberry (3.71 wt 
%), followed by the longleaf pine litter (2.72 wt%) and the saw pal-
metto (2.61 wt%). At high heating rates and temperatures, CO2 is 
formed mainly by lignin degradation. Formation of CO2 is also due to a 
decarboxylation reaction, especially at lower temperatures [38]. 

Methane comprised about 6–11 wt% (dry) of light gases in live 
plants. This range was 6–12 wt% for dead plants. The largest statisti-
cally significant difference in CH4 composition between live and dead 
samples (P < 0.05) was observed in the little bluestem grass (3.66 wt 
%), the fetterbush (2.72 wt%), and the longleaf pine litter (1.68 wt%). 
At high pyrolysis temperatures, CH4 mainly forms due to the splitting of 
C-O bonds during lignin degradation as well as removal of methoxy 
groups from the aromatic rings [39]. 

H2 yield varied between 1 and 2 wt% (dry). Among all the plant 
species, the dwarf palmetto exhibited the highest statistically sig-
nificant difference (P < 0.05) in H2 weight percent (0.46 wt%) be-
tween the live and dead samples. The next largest differences were 
found in the Darrow’s blueberry (0.41 wt%) and the saw palmetto 
(0.33 wt%). The formation of H2 is caused by dehydrogenation during 
pyrolysis. Hydrogen can form by two mechanisms at high pyrolysis 
temperatures: first, the decomposition of phenolic groups in lignin; and 
second, the secondary reactions of heavy gaseous hydrocarbons, which 
causes cracking and the rearrangement of aromatic bonds [37,39]. 

In most of the cases, weight fractions of CO and H2 were slightly 
higher in pyrolysis of live plants than that of the dead plants. In con-
trast, weight fractions of CO2 and CH4 were slightly higher in pyrolysis 

Table 5 
Identified compounds in tar analysis using GC–MS. 

Fuel 229 (2018) 151–166 

of dead plants. It is interesting that the length of aging of the longleaf 
pine needles did not have a large effect on any of the light gas yields 
(changes of less than 5 wt% for any major light gas species). 

It is interesting that the changes in the light gas species for little 
bluestem grass, longleaf pine litter, and Darrow’s blueberry were the 
most statistically significant between live and dead samples. Changes in 
the light gas species for the other plant species were not statistically 
consistent. From a combustion perspective, the differences in the H2 wt 
% among all species, live or dead, seemed minor. The swamp bay 
sample showed an observable difference in CO and CO2 from the rest of 
the plant species. For the most part, it may be reasonable to assume an 
average composition of light gases (on a dry basis) for live or dead plant 
species, as shown in Table 4. 

3.3. Tar analysis 

Tar is defined here as the mixture of pyrolyzed hydrocarbons that 
condensed in the cold trap. Biomass tars generally consist of a complex 
mixture of 1- to 5-ring aromatic compounds made up of oxygen-con-
taining hydrocarbons and polycyclic aromatic hydrocarbons [40,41]. 
Tars can be classified into five subclasses based on their solubility and 
condensability: (1) heterocyclic aromatic compounds with high solu-
bility (e.g. pyridine); (2) light single-ring aromatic compounds (e.g. 
toluene); (3) light polycyclic aromatic compounds with 2–3 rings (e.g. 
naphthalene); (4) heavy polycyclic aromatic compounds with 4–7 rings 
(e.g. pyrene); (5) very heavy tars which are not detectable by gas 
chromatography [41,42]. 

During the experiments in the FFB, the pyrolysis liquids (tars) which 
were condensed and collected in the ice bath were brownish. The tars 
then were extracted by dichloromethane as a solvent and analyzed 
using GC–MS. The majority of the identified tar from high heating rate 
pyrolysis includes compounds that are composed of 1- to 5-ring aro-
matics with very few attachments. Fig. 7 illustrates the chromatogram 
of tar analysis for live inkberry that was pyrolyzed in the FFB apparatus 
and then analyzed by the GC–MS instrument. This is one example of 
more than 90 tar analysis experiments that were performed on pyrolysis 
of live and dead vegetation. Table 5 shows a list of tar compounds 
which were identified by GC–MS during high-heating rate pyrolysis of 
live (L) and dead (D) plant species in the FFB apparatus. 
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Compound No. Peak retention time (min) Compound name Chemical class Compound type Molecular formula Structure 

9 15.218 Pyridazine Pyridines Heterocyclic aromatic C4H4N2 

10 15.296 2,3-Pentanedione Ketones Aliphatic C5H8O2 

11 15.563 4H-Pyran-4-one Ketones Heterocyclic aromatic C5H4O2 

12 15.585 2-Furancarboxaldehyde, 5-methyl- Aldehydes Monocyclic aromatic C6H6O2 

13 15.876 Phenol Phenols Monocyclic aromatic C6H6O 

14 16.183 2-Penten-1-ol, 2-methyl- Alcohols Oxygenated C6H12O 

15 16.868 1,2-Cyclopentanedione, 3-methyl- Ketones Oxygenated C6H8O2 

16 17.076 Benzyl Alcohol Alcohols Monocyclic aromatic C7H8O 

17 17.712 Phenol, 4-methyl- Phenols Monocyclic aromatic C7H8O 

18 17.383 Phenol, 2-methyl- Phenols Monocyclic aromatic C7H8O 

19 17.805 1-Octen-3-ol Alcohols Oxygenated C8H16O 

20 18.172 Phenol, 2-methoxy- (guaiacol) Phenols Monocyclic aromatic C7H8O2 

21 19.071 Phenol, 3,4-dimethyl- Phenols Monocyclic aromatic C8H10O 

22 19.312 Phenol, 4-ethyl- Phenols Monocyclic aromatic C8H10O 

23 19.635 1,2-Benzenediol Phenols Monocyclic aromatic C6H6O2 

24 19.948 1,3-Benzenediol, 4-ethyl- Phenols Monocyclic aromatic C8H10O2 

25 20.047 Naphthalene Benzenoid Polycyclic aromatic C10H8 

26 20.058 Benzofuran, 2,3-dihydro- Furans Monocyclic aromatic C8H8O 

27 20.611 1,4-Benzenediol Phenols Monocyclic aromatic C6H6O2 

28 20.726 1,2-Benzenediol, 3-methyl- Phenols Monocyclic aromatic C7H8O2 

29 20.891 Quinoline Benzenoid Heterocyclic aromatic C9H7N 

30 21.004 1,2-Benzenediol, 3-methoxy- Phenols Monocyclic aromatic C7H8O3 

31 21.132 1,2-Benzenediol, 4-methyl- Phenols Monocyclic aromatic C7H8O2 

32 21.322 Phenol, 4-ethyl-2-methoxy- Phenols Monocyclic aromatic C9H12O2 

M.-S. Safdari et al. Fuel 229 (2018) 151–166 

Table 5 (continued) 
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Table 5 (continued) 

Compound No. Peak retention time (min) Compound name Chemical class Compound type Molecular formula Structure 

33 21.429 Indole Benzenoid Heterocyclic aromatic C8H7N 

34 21.786 Ethanone, 1-(2-hydroxy-5-methylphenyl)- Ketones Monocyclic aromatic C9H10O2 

35 21.940 2-Methoxy-6-methylphenol Phenols Monocyclic aromatic C8H10O2 

36 22.146 Phenol, 2,6-dimethoxy- Phenols Monocyclic aromatic C8H10O3 

37 22.366 1,2,3-Benzenetriol Phenols Monocyclic aromatic C6H6O3 

38 22.535 1,2-Benzenediol, 4-ethyl- Phenols Monocyclic aromatic C8H10O2 

39 23.025 Benzene ethanol, 4-hydroxy- Phenols Monocyclic aromatic C8H10O2 

40 23.495 1-Methylnaphthalene Benzenoid Polycyclic aromatic C11H10 

41 23.736 1,2,3-Benzenetriol, 5-methyl- Phenols Monocyclic aromatic C7H8O3 

42 24.196 Acenaphthylene Benzenoid Polycyclic aromatic C12H8 

43 24.559 2-Methylnaphthalene Benzenoid Polycyclic aromatic C11H10 

44 25.941 Fluorene Benzenoid Polycyclic aromatic C13H10 

45 26.877 Naphthalene, 2,6-diisopropyl- Benzenoid Polycyclic aromatic C16H20 

46 28.352 Anthracene Benzenoid Polycyclic aromatic C14H10 

47 28.473 Phenanthrene Benzenoid Polycyclic aromatic C14H10 

48 29.898 4H Cyclopenta[def]phenanthrene Benzenoid Polycyclic aromatic C15H10 

49 30.237 Naphthalene, 2-phenyl- Benzenoid Polycyclic aromatic C16H12 

50 31.378 Fluoranthene Benzenoid Polycyclic aromatic C16H10 

51 31.762 Benzo[e]pyrene Benzenoid Polycyclic aromatic C20H12 

52 31.992 Pyrene Benzenoid Polycyclic aromatic C16H10 

53 32.935 7H-Benzo[c]fluorene Benzenoid Polycyclic aromatic C17H12 

54 32.979 11H-Benzo[a]fluorene Benzenoid Polycyclic aromatic C17H12 

55 34.732 Benzo[c]phenanthrene Benzenoid Polycyclic aromatic C18H12 

56 34.889 Benzo(a)fluoranthene Benzenoid Polycyclic aromatic C20H12 

57 34.941 Cyclopenta[cd]pyrene Benzenoid Polycyclic aromatic C18H10 

58 35.430 Naphthacene Benzenoid Polycyclic aromatic C18H12 

59 35.517 Benz(a)anthracene Benzenoid Polycyclic aromatic C18H12 

60 35.988 Chrysene Benzenoid Polycyclic aromatic C18H12 
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Fig. 8. Analysis of tar compounds for live versus dead plant species. 

The results of tar analysis from fast pyrolysis of live versus dead 
plant species are shown in Fig. 8. Identified tar compounds and the 
average of their relative peak area, which represent mole fraction in tar 
samples, are shown. Mole fractions are shown because there may be 
some compounds that were too heavy to detect in the GC–MS system. 
The error bars represent the ± 95% confidence intervals for three tests. 
The results of tar analysis for live and dead longleaf pine foliage, along 

with longleaf pine litter (pine straw), are shown in Fig. 8g. For brevity, 
tar species with 0.0 mol% are not shown in this figure. 

During high heating rate pyrolysis of both live and dead plants, 1- to 
5-ring compounds were observed with very few attachments on the 
rings. Phenol, naphthalene, fluorene, anthracene, phenanthrene, 
fluoranthene, and pyrene were the major identified tar compounds. 
Differences in tar composition were observed for each plant species. For 

162 



M.-S. Safdari et al. Fuel 229 (2018) 151–166 

6 

8 

10 

12 

m
ol

e 
%

 o
f t

ar
 

2-
M

et
ho

xy
-6

-m
et

hy
lp

he
no

l

Ph
en

ol
Ph

en
ol

, 4
-m

et
hy

l-
1,

2-
B

en
ze

ne
di

ol
N

ap
ht

ha
le

ne
1,

4-
B

en
ze

ne
di

ol
Ph

en
ol

, 4
-e

th
yl

-2
-m

et
ho

xy
-

20 

18 

16 

Longleaf pine (live) Longleaf pine (dead) Longleaf pine litter (g) 

14 

4 

2 

0 

C
hr

ys
en

e 

1,
2,

3-
B

en
ze

ne
tri

ol
B

en
ze

ne
et

ha
no

l, 
4-

hy
dr

ox
y-

1-
M

et
hy

ln
ap

ht
ha

le
ne

A
ce

na
ph

th
yl

en
e

Ph
en

ol
, 2

,6
-d

im
et

ho
xy

-

2-
M

et
hy

ln
ap

ht
ha

le
ne

Fl
uo

re
ne

N
ap

ht
ha

le
ne

, 2
,6

-d
iis

op
ro

py
l-

A
nt

hr
ac

en
e

Ph
en

an
th

re
ne

4H
 C

yc
lo

pe
nt

a[
de

f]
ph

en
an

th
re

ne
N

ap
ht

ha
le

ne
, 2

-p
he

ny
l-

Fl
uo

ra
nt

he
ne

B
en

zo
[e

]p
yr

en
e

Py
re

ne
7H

-B
en

zo
[c

]f
lu

or
en

e
11

H
-B

en
zo

[a
]f

lu
or

en
e

B
en

zo
[c

]p
he

na
nt

hr
en

e
B

en
zo

(a
)f

lu
or

an
th

en
e

C
yc

lo
pe

nt
a[

cd
]p

yr
en

e
N

ap
ht

ha
ce

ne
B

en
z(

a)
an

th
ra

ce
ne

40 

Saw palmetto (live) Saw palmetto (dead) (h) 
35 

30 

10 

5 

0 

15 

20 

25 

Ph
en

ol
Ph

en
ol

, 4
-m

et
hy

l-
1,

2-
B

en
ze

ne
di

ol
N

ap
ht

ha
le

ne
1,

4-
B

en
ze

ne
di

ol
Q

ui
no

lin
e

In
do

le
Et

ha
no

ne
, 1

-(
2-

hy
dr

ox
y-

5-
m

et
hy

lp
he

ny
l)-

Ph
en

ol
, 2

,6
-d

im
et

ho
xy

-
1-

M
et

hy
ln

ap
ht

ha
le

ne
A

ce
na

ph
th

yl
en

e
2-

M
et

hy
ln

ap
ht

ha
le

ne
Fl

uo
re

ne
N

ap
ht

ha
le

ne
, 2

,6
-d

iis
op

ro
py

l-
A

nt
hr

ac
en

e
Ph

en
an

th
re

ne
4H

 C
yc

lo
pe

nt
a[

de
f]

ph
en

an
th

re
ne

N
ap

ht
ha

le
ne

, 2
-p

he
ny

l-
Fl

uo
ra

nt
he

ne
B

en
zo

[e
]p

yr
en

e
Py

re
ne

7H
-B

en
zo

[c
]f

lu
or

en
e

11
H

-B
en

zo
[a

]f
lu

or
en

e
B

en
zo

[c
]p

he
na

nt
hr

en
e

B
en

zo
(a

)f
lu

or
an

th
en

e
C

yc
lo

pe
nt

a[
cd

]p
yr

en
e

N
ap

ht
ha

ce
ne

B
en

z(
a)

an
th

ra
ce

ne
C

hr
ys

en
e

m
ol

e 
%

 o
f t

ar
 

6 m
ol

e 
%

 o
f t

ar
 

10 

8 

1,
2-

B
en

ze
ne

di
ol

, 3
-m

et
hy

l-

Ph
en

ol
B

en
zy

l A
lc

oh
ol

Ph
en

ol
, 4

-m
et

hy
l-

Ph
en

ol
, 2

-m
et

ho
xy

- (
gu

ai
ac

ol
)

1,
2-

B
en

ze
ne

di
ol

N
ap

ht
ha

le
ne

B
en

zo
fu

ra
n,

 2
,3

-d
ih

yd
ro

-
1,

4-
B

en
ze

ne
di

ol

4 

2 

0 

Q
ui

no
lin

e

Sparkleberry (live) Sparkleberry (dead) (i) 
16 

14 

12 

C
hr

ys
en

e 

1,
2-

B
en

ze
ne

di
ol

, 3
-m

et
ho

xy
-

1,
2-

B
en

ze
ne

di
ol

, 4
-m

et
hy

l-

Ph
en

ol
, 2

,6
-d

im
et

ho
xy

-
1,

2,
3-

B
en

ze
ne

tri
ol

In
do

le

1,
2-

B
en

ze
ne

di
ol

, 4
-e

th
yl

-
1-

M
et

hy
ln

ap
ht

ha
le

ne
1,

2,
3-

B
en

ze
ne

tri
ol

, 5
-m

et
hy

l-
A

ce
na

ph
th

yl
en

e
2-

M
et

hy
ln

ap
ht

ha
le

ne
Fl

uo
re

ne
N

ap
ht

ha
le

ne
, 2

,6
-d

iis
op

ro
py

l-
A

nt
hr

ac
en

e
Ph

en
an

th
re

ne
4H

 C
yc

lo
pe

nt
a[

de
f]

ph
en

an
th

re
ne

N
ap

ht
ha

le
ne

, 2
-p

he
ny

l-
Fl

uo
ra

nt
he

ne
B

en
zo

[e
]p

yr
en

e
Py

re
ne

7H
-B

en
zo

[c
]f

lu
or

en
e

11
H

-B
en

zo
[a

]f
lu

or
en

e
B

en
zo

[c
]p

he
na

nt
hr

en
e

B
en

zo
(a

)f
lu

or
an

th
en

e
C

yc
lo

pe
nt

a[
cd

]p
yr

en
e

N
ap

ht
ha

ce
ne

B
en

z(
a)

an
th

ra
ce

ne

4 

2 

0 

Swamp bay (live) Swamp bay (dead) (j)
16 

14 

12 

m
ol

e 
%

 o
f t

ar
 

10 

6 

8 

Ph
en

ol
Ph

en
ol

, 4
-m

et
hy

l-
Ph

en
ol

, 2
-m

et
ho

xy
- (

gu
ai

ac
ol

)
1,

2-
B

en
ze

ne
di

ol
N

ap
ht

ha
le

ne
B

en
zo

fu
ra

n,
 2

,3
-d

ih
yd

ro
-

1,
4-

B
en

ze
ne

di
ol

1,
2-

B
en

ze
ne

di
ol

, 3
-m

et
hy

l-
Q

ui
no

lin
e

1,
2-

B
en

ze
ne

di
ol

, 4
-m

et
hy

l-
In

do
le

Ph
en

ol
, 2

,6
-d

im
et

ho
xy

-
1,

2,
3-

B
en

ze
ne

tri
ol

1-
M

et
hy

ln
ap

ht
ha

le
ne

1,
2,

3-
B

en
ze

ne
tri

ol
, 5

-m
et

hy
l-

2-
M

et
hy

ln
ap

ht
ha

le
ne

A
ce

na
ph

th
yl

en
e

Fl
uo

re
ne

N
ap

ht
ha

le
ne

, 2
,6

-d
iis

op
ro

py
l-

A
nt

hr
ac

en
e

Ph
en

an
th

re
ne

4H
 C

yc
lo

pe
nt

a[
de

f]
ph

en
an

th
re

ne
N

ap
ht

ha
le

ne
, 2

-p
he

ny
l-

B
en

zo
[e

]p
yr

en
e

Fl
uo

ra
nt

he
ne

Py
re

ne
7H

-B
en

zo
[c

]f
lu

or
en

e
11

H
-B

en
zo

[a
]f

lu
or

en
e

B
en

zo
[c

]p
he

na
nt

hr
en

e
B

en
zo

(a
)f

lu
or

an
th

en
e

C
yc

lo
pe

nt
a[

cd
]p

yr
en

e
N

ap
ht

ha
ce

ne
B

en
z(

a)
an

th
ra

ce
ne

C
hr

ys
en

e

m
ol

e 
%

 o
f t

ar
 

15 

20 

1,
2-

B
en

ze
ne

di
ol

, 4
-m

et
hy

l-

Ph
en

ol
Ph

en
ol

, 4
-m

et
hy

l-
1,

2-
B

en
ze

ne
di

ol
N

ap
ht

ha
le

ne
1,

4-
B

en
ze

ne
di

ol
Q

ui
no

lin
e

In
do

le

10 

5 

0 

1,
2,

3-
B

en
ze

ne
tri

ol
1-

M
et

hy
ln

ap
ht

ha
le

ne
A

ce
na

ph
th

yl
en

e
2-

M
et

hy
ln

ap
ht

ha
le

ne
Fl

uo
re

ne
N

ap
ht

ha
le

ne
, 2

,6
-d

iis
op

ro
py

l-
A

nt
hr

ac
en

e
Ph

en
an

th
re

ne
4H

 C
yc

lo
pe

nt
a[

de
f]

ph
en

an
th

re
ne

Water oak (live) Water oak (dead) (k) 
30 

25 

N
ap

ht
ha

le
ne

, 2
-p

he
ny

l-
Fl

uo
ra

nt
he

ne
B

en
zo

[e
]p

yr
en

e
Py

re
ne

7H
-B

en
zo

[c
]f

lu
or

en
e

11
H

-B
en

zo
[a

]f
lu

or
en

e
B

en
zo

[c
]p

he
na

nt
hr

en
e

B
en

zo
(a

)f
lu

or
an

th
en

e
C

yc
lo

pe
nt

a[
cd

]p
yr

en
e

N
ap

ht
ha

ce
ne

B
en

z(
a)

an
th

ra
ce

ne
C

hr
ys

en
e 

5

0 

Wax myrtle (live) Wax myrtle (dead) (l) 
25 

20 

m
ol

e 
%

 o
f t

ar
 

10 

15 

Ph
en

ol
Ph

en
ol

, 4
-m

et
hy

l-
Ph

en
ol

, 2
-m

et
ho

xy
- (

gu
ai

ac
ol

)
Ph

en
ol

, 3
,4

-d
im

et
hy

l-
1,

2-
B

en
ze

ne
di

ol
N

ap
ht

ha
le

ne
1,

4-
B

en
ze

ne
di

ol
1,

2-
B

en
ze

ne
di

ol
, 3

-m
et

hy
l-

Q
ui

no
lin

e
1,

2-
B

en
ze

ne
di

ol
, 3

-m
et

ho
xy

-
1,

2-
B

en
ze

ne
di

ol
, 4

-m
et

hy
l-

In
do

le
Ph

en
ol

, 2
,6

-d
im

et
ho

xy
-

1-
M

et
hy

ln
ap

ht
ha

le
ne

A
ce

na
ph

th
yl

en
e

Fl
uo

re
ne

A
nt

hr
ac

en
e

Ph
en

an
th

re
ne

4H
 C

yc
lo

pe
nt

a[
de

f]
ph

en
an

th
re

ne
N

ap
ht

ha
le

ne
, 2

-p
he

ny
l-

Fl
uo

ra
nt

he
ne

B
en

zo
[e

]p
yr

en
e

Py
re

ne
7H

-B
en

zo
[c

]f
lu

or
en

e
11

H
-B

en
zo

[a
]f

lu
or

en
e

B
en

zo
[c

]p
he

na
nt

hr
en

e
B

en
zo

(a
)f

lu
or

an
th

en
e

C
yc

lo
pe

nt
a[

cd
]p

yr
en

e
N

ap
ht

ha
ce

ne
B

en
z(

a)
an

th
ra

ce
ne

C
hr

ys
en

e 

Fig. 8. (continued) 

example, in tar analysis, phenol ranged from 6 mol% in dead little 
bluestem grass to 36 mol% in live saw palmetto. Two plants from the 
same family, saw palmetto and dwarf palmetto, showed the highest 
phenol formation at 36% and 33 mol%, respectively. The grasses (little 
bluestem and wiregrass) and needle-like species (i.e., longleaf pine) 
exhibited the lowest concentrations of phenol with 6%, 10%, and 
13 mol%, respectively. In grasses, higher concentrations of fluorene 
(12–27 mol%) and pyrene (7–14%) were observed compared to the rest 

of the plant species. Phenolic compounds were generally the main 
constituents of tar. Phenolic compounds, such as 4-methyl phenol, 2-
methoxy phenol (guaiacol), and 3,4-dimethyl phenol, mainly form by 
the depolymerization of lignin building blocks [39,43]. 

3.4. Tar formation mechanisms 

Lignin is highly reactive due to the presence of phenolic hydroxyl 
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Fig. 8. (continued) 

Fig. 9. Mechanisms of PAH precursor formation from lignin decomposition [45]. 

Fig. 10. Mechanism of formation of naphthalene from benzene [8]. 

and methoxyl groups in its chemical structure. Lignin decomposition 
leads to the formation of single-ring, low molecular weight aromatics 
[44]. Fig. 9 indicates a proposed mechanism of lignin decomposition 
and formation of polycyclic aromatic hydrocarbon (PAH) precursors 
[22]. This mechanism explains the presence of the many phenolic 
compounds observed in Fig. 8. 

The presence of multi-ring compounds in Fig. 8 is related to the 
formation of naphthalene from benzene (with phenylacetylene as a 
possible intermediate via hydrogen abstraction acetylene addition) as 
shown in Fig. 10 [8]. 

The heavier polycyclic aromatic hydrocarbons (PAHs) of 3+ rings 
in Fig. 8 can form from naphthalene via various mechanisms. For ex-
ample, acenaphthylene can evolve by the addition of acetylene to 
naphthalene [46]. The presence of furans (and their derivatives) in tar 
is mainly believed to be from hemicellulose, and the evolution of car-
bonyl and carboxylic groups are from the pyrolysis of cellulose [47,48]. 
These mechanisms may explain the presence of the tar species in Fig. 8 
with oxygen in the ring or C]O groups. 

3.5. Distribution of functional groups in tar 

Fig. 11 shows the distribution of functional groups in tar for four 
plant species as an example of more than 90 tar analysis experiments 
that were performed on pyrolysis of live and dead vegetation. These 
plant species were chosen to be representative of palmetto-type, 
broadleaf, grass, and needle-like species. 

There is only a small difference between the distribution of func-
tional groups in tar for live and dead plant species. For example, phe-
nols comprised 48% and 45% of the tar from live and dead dwarf 
palmetto, respectively. Three-ring aromatics comprise 13% of the tar 
from live dwarf palmetto vs. about 15 mol% from dead dwarf palmetto. 
This trend of small differences in the yields of functional groups for live 
vs. dead samples was observed in all plant species. For the majority of 
the live plants, slightly more phenol, anthracene, pyrene, and 1,2-
benzenediol formed during pyrolysis. On the other hand, slightly more 
1,4-benzenediol, fluorene, phenanthrene, and fluoranthene evolved 
during the pyrolysis of dead plants. 

In contrast, when comparing tar compounds from different plant 
species a significant difference in the distribution of functional groups 
was observed. For live inkberry (a broad-leaf plant), the tar consisted of 
more than 35 mol% phenolic compounds and 60 mol% polycyclic aro-
matic hydrocarbons, which included about 4% 2-ring, 14% 3-ring, 32% 
4-ring, and 10% 5-ring aromatics. For needle-like plants such as live 
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Fig. 11. Distribution of functional groups in tar for live and dead plants. 

longleaf pine, the functional group distribution was noticeably different 
from live broad-leaf plants. In live longleaf pine, about 26% and 73 mol 
% of the tar were phenols and polycyclic aromatics, respectively. In 
contrast, phenols and polycyclic aromatics were 11% and 89 mol% in 
the little bluestem grass, which seems to be evidence of different dis-
tributions of functional groups in tar from pyrolysis of plant species. 

4. Conclusion 

Fast pyrolysis of 14 live and dead plant species which are native to 
the Southern United States were studied using a fuel-rich flat-flame 
burner (FFB) apparatus. Distribution of pyrolysis products was in-
vestigated using GC–MS for analysis of the tars, and GC-TCD for ana-
lysis of the light gases. 

The main conclusions from this research are listed as follows: 

1- Tar yields for live plants ranged from 52 to 62 wt% (dry basis), and 
corresponding light gas yields ranged from 18 to 28 wt%. 

2- There was only a slight difference in pyrolysis product yields be-
tween live and dead samples for a specific plant species. 

3- Carbon monoxide was the main component in the light gases on a wt 
% dry basis, followed by CO2, CH4, and H2. For most plant species, 
weight fractions of CO and H2 were slightly higher in pyrolysis of 
live plants than that of the dead plants. In contrast, weight fractions 
of CO2 and CH4 were slightly greater in pyrolysis of dead plants. 

4- Most plant species from the same type of plant (broadleaf, grass, or 
needle-like) showed only small differences in yields of the light 
gases (CO, CO2, CH4, and H2). 

5- Tar compounds from high heating rate pyrolysis of both live and 
dead plants consisted of 1- to 5-ring compounds with very few at-
tachments on the rings. Major tar species observed included phenol, 
naphthalene, fluorene, anthracene, phenanthrene, fluoranthene, 
and pyrene. 

6- For a given plant species, there was only a small difference between 
the distribution of functional groups in tar for live and dead plants. 
For the majority of the live plants, slightly more phenol, anthracene, 
pyrene, and 1,2-benzenediol formed during pyrolysis. On the other 
hand, slightly more 1,4-benzenediol, fluorene, phenanthrene, and 
fluoranthene evolved during the pyrolysis of dead plants. 

7- Tar compounds from different plant species exhibited a significant 
difference in the distribution of functional groups. The greatest 
concentrations of phenolic compounds were observed in the 
broadleaf species, with especially high concentrations in the pal-
metto species. However, for needle-like plants such as longleaf pine, 
fewer phenolic compounds were observed in the tar but more 3-ring 
compounds were observed. The tars from grass species had very 
little phenolic compounds, but increased levels of 3- and 4-rings 
compounds. 

These data can be used to find the heat release and investigate re-
actions that occur during the fast pyrolysis and subsequent combustion 
of live and dead vegetation. Finding mechanisms of formation of pyr-
olysis products will likely help to prepare more accurate models to 
predict the best conditions to properly perform prescribed burning, 
predict fire propagation, and limit fire runaway. 
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