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Abstract. Pyrolysis is the frst step in a series of chemical 
and physical processes that produce fammable organic gases 
from wildland fuels that can result in a wildland fre. We 
report results using a new time-resolved Fourier transform 
infrared (FTIR) method that correlates the measured FTIR 
spectrum with an infrared thermal image sequence, enabling 
the identifcation and quantifcation of gases within different 
phases of the fre process. The fame from burning fuel beds 
composed of pine needles (Pinus palustris) and mixtures of 
sparkleberry, fetterbush, and inkberry plants was the natural 
heat source for pyrolysis. Extractive gas samples were ana-
lyzed and identifed in both static and dynamic modes syn-
chronized to thermal infrared imaging: a total of 29 gases 
were identifed including small alkanes, alkenes, aldehydes, 
nitrogen compounds, and aromatics, most previously mea-
sured by FTIR in wildland fres. This study presents one of 
the frst identifcations of phenol associated with both pre-
combustion and combustion phases using ca. 1 Hz temporal 
resolution. Preliminary results indicate ∼ 2.5× greater phe-
nol emissions from sparkleberry and inkberry compared to 
fetterbush, with differing temporal profles. 

1 Introduction 

Wildland fre is an important component of many ecosys-
tems and has been used by humans for several thousand years 
(Crutzen and Goldammer, 1993; Pyne, 1997; Scott et al., 
2014). Many North American ecosystems have evolved as 

a result of persistent fre (Barbour and Billings, 2000). The 
importance of fre in pine forests worldwide including the 
southern US is well-known (Agee, 2000; Christensen, 2000). 
In the US, prescribed burning is used on approximately 8 mil-
lion ha annually to accomplish a variety of forestry and agri-
cultural objectives (Melvin, 2015); the impact of smoke from 
these fres has been studied for over 50 years (Chi et al., 
1979; Biswell, 1989; Ward and Hardy, 1991; Hardy et al., 
2001). In the southern US, forest management objectives in-
clude hazardous fuel reduction, site preparation, improved 
wildlife habitat, insect and disease control, enhanced appear-
ance, and perpetuation of fre-dependent species and nat-
ural communities (Carter and Foster, 2004; Waldrop and 
Goodrick, 2012). The US Department of Defense (DoD) uses 
prescribed burning on approximately 243 000 ha annually for 
many of these objectives in addition to the maintenance of 
critical training areas (Cohen et al., 2014). Many land man-
agers rely on fre behavior models to calculate fre move-
ment on the landscape, energy release, smoke plume devel-
opment, dispersion, and content (Bytnerowicz et al., 2009, 
Paton-Walsh et al., 2014). However, few fre behavior mod-
els account for the plethora of chemical reactions involved 
in the fre. The heat transfer processes that take place in the 
fre environment are also only coarsely described. In order to 
improve the use of prescribed burning to accomplish refned 
objectives, more detailed descriptions and modeling of the 
physical and chemical processes in fre are needed (Cohen et 
al., 2014). 
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The chemical phases of wildland fre, described as pre-
heating, faming, smoldering, and glowing (Ward, 2001), are 
understood in a chemical sense but only to varying degrees: 
while the chemical effuents of the faming and smoldering 
phases have been characterized for many ecosystems and 
fuel types at different scales (Ward and Radke, 1993), the 
physics and chemistry of the preheating (pyrolysis) phase 
have fewer studies beyond the bench scale (e.g., Depew et 
al., 1972; Dimitrakopoulos, 2001; Susott, 1982; Tihay and 
Gillard, 2010). To improve fre application models, accom-
plish the desired fre effects, and limit potential fugitive emis-
sions, improved understanding is thus needed for many fun-
damental processes, particularly for pyrolysis and ignition in 
heterogeneous fuel beds of live and dead fuels that refect 
the diversity of vegetation found worldwide (Guérette et al., 
2018). 

Prior to oxidative combustion, biomass thermally decom-
poses in a heated environment. To study this decomposition, 
thermogravimetric analysis has been applied to a small set 
of plant species deemed to represent major wildland fuel 
types (e.g., Burgan and Susott, 1991; Susott, 1982). Others 
have determined the caloric content of southern fuels, which 
is related to the composition of pyrolysis products (Hough, 
1969; Behm et al., 2004). However, most such prior work 
used dried, ground fuel samples in either an inert or oxidiz-
ing environment subject to uniform heating and heat transfer, 
(Kibet et al., 2012) thereby eliminating the effects of mois-
ture and heat transfer, which are key fre behavior variables. 
While pyrolysis and combustion of wildland fuels are known 
to be complex processes (Zhou and Mahalingam, 2001), they 
are often modeled using simple approximations in the rele-
vant computer codes using the dominant gases of H2, CO, 
CO2, and CH4. Heat transfer in a wildland setting is less ef-
fcient than in thermogravimetric analysis: the amount and 
composition of pyrolyzed species produced strongly depend 
on heating rate and temperature, and they typically consist 
of oxidized small-molecule gases such as CO, CO2, or H2O, 
as well as non-oxidized or partially oxidized species such as 
H2, CH4, CxHy , CxHyOz, and tars. The products of primary 
pyrolysis may react in the gas phase at elevated temperatures 
(i.e., secondary pyrolysis), which may affect the amount of 
tar remaining. 

This work is part of a larger project to measure and 
model pyrolysis gases from common wildland fuels found 
on DoD installations in the southern United States (Weise 
et al., 2018). The project includes bench-level, laboratory-
scale, and feld plot burns; integrating the results of the feld 
and laboratory measurements with the modeling results to 
identify potential improvements can enhance understanding 
of pyrolysis and ignition in wildland fuels. During the course 
of the project, Fourier transform infrared (FTIR) methods 
were used on several occasions to non-intrusively measure 
the composition and concentration of the pyrolysis gases in-
cluding the gases liberated by (i) heating single leaf samples 
from several common southern fuels using different heating 

modes in a pyrolyzer and in a simple fat-fame burner sys-
tem (Amini et al., 2019; Safdari et al., 2020), (ii) heating 
shrubs in prescribed burns at Ft. Jackson, South Carolina 
(Scharko et al., 2019a, b), and (iii) heating nursery plants 
with fames from longleaf pine needle fuel beds inside a wind 
tunnel (Aminfar et al., 2019). In order to achieve the goal 
that the results be applicable to prescribed burns, a key fo-
cus has been linking the bench-scale, wind tunnel, and feld 
data to the models using realistic values and identities for 
the pyrolysis gases. Chemical analysis of the foliage and re-
sults of the bench-scale tests so far suggest that describing 
wood pyrolysis may not be suitable for foliage fuels (live 
and dead; Jolly et al., 2012, 2016; Matt et al., 2020). To date, 
pyrolysis and ignition of wildland fuels have typically been 
based on results for only cellulose or wood (e.g., Varhegyi et 
al., 1994; Di Blasi, 2008). In this paper a small wind tunnel 
was used to bridge the bench-scale studies to the feld-scale 
pyrolysis measurements using a subset of the plant species 
from the bench-scale tests. The wind tunnel measurements 
were set to emulate the larger-scale FTIR experiments us-
ing canister samples in 0.1 ha prescribed burns at Ft. Jackson 
in May 2018. The specifc goal is to provide better tempo-
ral and fame-phase resolution than provided by larger feld 
studies such as the Ft. Jackson burns or from large chamber 
facilities such as the Fire Sciences Laboratory (FSL) in Mon-
tana (Yokelson et al., 1996, Burling et al., 2010); the FSL 
has a long-path optical cell coupled to an FTIR in addition 
to many other powerful analytical methods, such as proton-
transfer mass spectrometry (Christian et al., 2004; Warneke 
et al., 2011; Yokelson et al., 2013). The FSL has made frst 
detections for dozens of chemical species and has pioneered 
the science of biomass burning in many ways. But because 
the sampling platform is 4 m above the foor, there is mix-
ing of gases from different phases such as volatilization and 
pyrolysis. The combustion and smoldering phases are typ-
ically easier to differentiate, primarily via the intrinsic di-
agnostic of the modifed combustion effciency (Ward and 
Hao, 1991), a measure that is not independent of the compo-
sition of smoke (Weise et al., 2020). Similar ambiguities as 
to the nature of the phase of the fre also apply to extractive 
methods whereby a sampling device attempts to capture pre-
combustion-phase gases. Such sampling systems, typically 
connected to a feld canister, are effective but are subject to 
the vagaries of sniffer gas inlet placement, i.e., proximity to 
the pyrolyzing plant (Scharko et al., 2019a, b). Here we de-
scribe the use of an FTIR with a probe to temporally isolate, 
identify, and quantify some of the early-stage and pyroly-
sis gases from burns at a mid-scale laboratory facility. Ex-
periments were conducted at the Riverside Fire Lab (RFL) 
in a wind tunnel using fuel beds composed of longleaf pine 
needles and the live plants fetterbush, inkberry, sparkleberry, 
and blueberry. Multiple methods were used such as quantum-
cascade lasers (Phillips et al., 2020), gas chromatography– 
mass spectrometry, and FTIR with the overall objectives of 
the following: (i) using careful chemometric extraction from 
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the acquired data to see what pyrolysis species can be identi-
fed by the techniques; (ii) using the various methods to de-
termine the degree of oxidation or combustion, i.e., pyrol-
ysis characterization; (iii) making frst attempts to quantify 
the rates of evolution of pyrolysis products for certain plant 
species; and ideally (iv) determining if differences exist be-
tween the pyrolysis emissions and temporal profles for dif-
ferent plant species. We take advantage of the high-resolution 
and time-resolved capabilities offered by IR spectroscopy 
and couple these to the fame and solid fuel temperature di-
agnostics of an IR camera to analyze the emissions from a 
series of RFL burns. 

2 Materials and methods 

2.1 Wind tunnel and experimental confguration 

As part of the project a total of 88 laboratory-scale burns 
were conducted at the USDA Forest Service Pacifc South-
west Research Station in Riverside, California; this paper 
reports on the 21 burns from November 2018. The River-
side laboratory includes a wind tunnel ca. 3 m long and 1 m 
wide, which was set up to simulate a forest foor of lit-
ter and live plants. Fuel beds composed of 1 kg of dry lon-
gleaf pine needles and various combinations of inkberry (Ilex 
glabra (L.) A. Gray), fetterbush (Lyonia lucida (Lam.) K. 
Koch), sparkleberry (Vaccinium arboreum L.), and blueberry 
(V. darrowii Camp) were burned under either “no wind” or 
1 ms−1 wind conditions. Fuel moisture content and mass 
loading, ambient temperature, and relative humidity in the 
tunnel were varied between experiments; fuel beds were ig-
nited with a line fre that propagated the length of the fuel 
bed as seen in Fig. 1b. Multiple techniques were used to 
study the fre characteristics and the gas effuents: thermo-
couples, a Schmidt–Boelter heat fux sensor, a nadir ther-
mal IR camera, and background-oriented Schlieren pho-
tography (Aminfar et al., 2019) to estimate heat transfer 
and airfow around the plants, canister samples analyzed by 
GC–FID, quantum-cascade (QC) infrared laser spectroscopy 
(Phillips et al., 2020), and broadband Fourier transform in-
frared (FTIR) spectroscopy. A schematic overview of the ex-
perimental setup is seen in Fig. 1c. 

Because the probe was inserted directly above the plants 
(Fig. 1b) and because Tefon melts at ca. 327 ◦C, the gas 
samples were pumped into the cell and FTIR instrument via 
a stainless-steel tube that was heated for those sections out-
side the wind tunnel. This has proven effective at preventing 
adhesion for nearly all gases except amines (Scharko et al., 
2019a). Gas from further probes was pumped into canisters 
for offine analysis using gas chromatography. A total of 66 
or 74 live plants were distributed within the longleaf pine 
needles in ceramic holders. Figure 1a shows the confgura-
tion of the fuel bed with instrumentation for in situ analy-
sis. Plant species were prepared on site, and samples of dry 

and live fuel were clipped to determine fuel moisture content 
prior to each burn set. The experiments were set under vary-
ing fuel bed and environmental conditions, as summarized in 
Table 1 for the 21 experiments presented in this paper. 

2.2 Instrumentation 

Gases were extracted from the burns via 3/800 stainless-steel 
tubing, HEPA-fltered to eliminate tar and char contamina-
tion, and pumped into an 8 m White cell (Bruker A136, 2.2 L 
volume)1 housed inside a Bruker Tensor 37 spectrometer 
(Fig. 1c). The extractive probe was placed directly above 
a plant as close as possible to the foliage. To prevent ana-
lyte and tar condensation, both the transfer tubing and the 
gas cell were heated to ∼ 55 ◦C using heating tape (and a 
voltage regulator) and a cell heating shroud, respectively. A 
thermocouple was suspended into the White cell to record 
the gas temperature for subsequent spectral analysis, with a 
pressure gauge mounted atop the cell. Prior to data collec-
tion, the White cell was aligned using the FTIR’s Ge / CaF2 
beamsplitter and tungsten lamp source. Once aligned, these 
were replaced with a Ge / KBr beamsplitter and mid-IR glo-
bar source, along with a mercury cadmium telluride detec-
tor, thereby confguring the Tensor 37 to record spectral data 
from 7500 to 500 cm−1. 

The FTIR system was tested for leaks, followed by a 
gas cell path length calibration using purifed isopropyl al-
cohol (IPA – Sigma Aldrich 99.5 %). A total of 10 spec-
tra with IPA pressures between 0.6 and 10.5 Torr (0.8– 
14.0 hPa) were recorded to 0.1 Torr accuracy using an MKS 
KF15 pressure transducer. The integrated area of the 3515– 
3290 cm−1 spectral domain (Bruker OPUS 5.5 software), 
along with recorded temperatures and pressures, was used 
to create a Beer–Lambert plot (Scharko et al., 2019a). Us-
ing the integrals from the 10 recorded spectra, the cell path 
length was determined to be 6.5 ± 0.2 m. Prior to spectral 
analysis (Sect. 2.4), the infrared spectra were calibrated on 
the wavelength axis using a series of 30 water rotational– 
vibrational lines from the PNNL gas-phase database (Sharpe 
et al., 2002; Williams et al., 2013). FTIR interferograms 
were acquired using double-sided, forward–backward acqui-
sition; these were apodized using a Blackman–Harris three-
term function phase-corrected with Mertz’s method prior to 
Fourier transformation. For both acquisition modes (static 
and dynamic), a single Io reference spectrum at the appro-
priate resolution was collected by fowing ambient gas into 
the cell at the start of each day to form the single (static) or 
multiple (dynamic) decadic absorbance spectra using Beer’s 
law: −log10(I/Io). Acquiring such a blank or zero Io spec-
trum effectively accounts for any trace volatile organic com-
pound (VOC) emissions from the White cell, wind tunnel, 
and/or tubing. 

1The use of trade or frm names in this publication is for reader 
information and does not imply endorsement by the US Department 
of Agriculture of any product or service. 
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Figure 1. (a) Overhead view of the wind tunnel down its length with longleaf pine needles and interspersed inkberry plants; (b) fame front 
progressing down the wind tunnel with FTIR extraction tube visible; (c) cartoon (top view) of experimental layout with laser and FTIR 
systems. 

2.3 Infrared spectral acquisition 

Two data acquisition modes were used to analyze the burn 
gases: an extractive (or static) mode and a dynamic mode. In 
the extractive mode the gas fowing through the White cell 
was isolated for analysis; the inlet–outlet valves were simul-
taneously closed such that the emitted gases were isolated 
in the cell at a desired pressure of ca. 740–700 Torr (990– 
930 hPa) for high pressures and 430–400 Torr (570–530 hPa) 
for lower pressure measurements. The valves were closed 
just prior to the fame front reaching the probe in an attempt 
to capture pre-combustion phases including evaporation and 
pyrolysis. The goal of the extractive mode was to obtain a 
higher-fdelity “snapshot” for a given point in time of the 
burn; data were averaged longer at higher spectral resolution, 
allowing for detection of more gaseous species with higher 
sensitivity (Scharko et al., 2019a). The dynamic-mode mea-
surements recorded fewer scans at lower resolution to capture 
changing chemical identities and compositions correspond-
ing to different fre phases (pyrolysis, faming combustion, 
smoldering combustion), achieving temporal resolutions of 
ca. 1 Hz. 

Of the 21 burns, 10 were recorded using the static method 
(Table 1). The static experiment spectra were recorded us-
ing the spectrometer’s 0.6 cm−1 full resolution with an opti-
cal aperture of 2 mm. Interferograms were double-sided with 
forward–backward acquisition. Due to the higher resolution 
and lower light throughput, multiple scans were averaged 
for a 30 min acquisition time, resulting in vastly improved 
signal-to-noise ratios (SNRs). For analysis of such compli-
cated gas-phase mixtures, infrared spectral resolutions of 
1 cm−1 or better have been demonstrated to be advantageous 
(Burling et al., 2010; Akagi et al., 2014; Scharko et al., 
2019a). While one goal was to isolate gases to include only 
the pyrolysis and pre-combustion phases, one vagary of the 
technique involved the timed closing of the valves relative to 
arrival of the fame front approaching the inlet. If the valves 
were shut too early, the captured emissions would consist 
of only (warmed) ambient gas before the onset of thermal 
degradation of the solid fuel as opposed to the desired pyrol-
ysis phase. Conversely, if shut too late, faming or possibly 
even smoldering conditions would be sampled. 

The second method was the dynamic mode whereby 
the OPUS software was used to continuously collect inter-
ferograms throughout the duration of the burn, capturing 
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Table 1. Summary of burn schedule for November 2018 studies including burn number, date and time, fuel description, acquisition method, 
and spectral resolution used for wind tunnel experiments under 1 ms−1 of imposed airfow. The harmonic mean fame spread rate is 
0.01 ms−1. The FTIR acquisition methods are described in the text. 

Burn 
number 

Date 
(2018) 

Local ignition 
time (PDT) 

Local fnish 
time (PDT) 

Plant 
species 

Acquisition 
method 

Resolution 
(cm−1) 

76 30 Oct 11:48:01 11:52:00 inkberry static 0.6 
77 30 Oct 14:19:10 14:23:37 fetterbush dynamic 2.0 
78 30 Oct 15:12:30 15:16:33 sparkleberry static 0.6 
79 30 Oct 16:17:00 16:21:10 inkberry dynamic 2.0 
80 31 Oct 09:32:00 09:35:45 sparkleberry static 0.6 
81 31 Oct 10:35:00 10:38:52 fetterbush dynamic 1.0 
82 31 Oct 11:30:30 11:35:15 sparkleberry static 0.6 
83 31 Oct 13:19:00 13:22:58 inkberry dynamic 1.0 
84 31 Oct 14:12:15 14:16:30 fetterbush static 0.6 
85 31 Oct 15:30:30 15:34:24 fetterbush dynamic 2.0 
86 1 Nov 09:30:00 09:33:02 sparkleberry dynamic 1.0 
87 1 Nov 10:40:00 10:42:49 inkberry dynamic 1.0 
88 1 Nov 11:40:00 11:42:59 fetterbush static 0.6 
89 1 Nov 13:35:00 13:38:48 inkberry static 0.6 
90 1 Nov 14:45:00 14:49:47 sparkleberry static 0.6 
92 2 Nov 09:30:00 09:34:05 inkberry dynamic 0.6 
93 2 Nov 10:41:15 10:45:44 fetterbush dynamic 1.0 
94 2 Nov 11:28:15 11:32:28 sparkleberry static 0.6 
95 2 Nov 13:42:45 13:46:17 sparkleberry static 0.6 
97 2 Nov 15:38:38 15:41:40 sparkleberry dynamic 0.6 

the chemical compositions associated with different phases, 
e.g., volatilization, heating, pyrolysis, faming or smoldering 
combustion. Fourier transformation of the interferograms oc-
curred after the burns to yield faster acquisition times. The 
dynamic acquisition mode was used in combination with 
thermal IR video imaging recorded from above the fame 
bed to help synchronize spectral acquisition to the various 
burn phases for a total of 11 burns. Instead of averaging 
for 30 min, the dynamic method allowed for 40–80 contin-
uous interferometer scans (differing on the duration of the 
burn) and yielded a spectrum every 1.5 s for data taken at 
1.0 cm−1 resolution, every 0.79 s for data at 2.0 cm−1 reso-
lution, and every 2.5 s for 0.6 cm−1 resolution spectra. Data 
acquisition began as the fame front encroached upon the ex-
tractive probe and continued until the fame had passed. Due 
to the faster acquisition rate these spectra are signifcantly 
noisier than the data collected using the extractive method. 
To compare results from the static and dynamic modes, fres 
87 and 89 will be presented. The 2 m length fuel beds for 
both experiments 87 and 89 consisted of 1 kg of longleaf pine 
needles with interspersed inkberry plants. 

For time synchronization, it was necessary to quantify the 
time lag from the time the emissions entered the extractive 
probe to the midpoint in their fow through the White cell. 
A fow rate test was thus conducted using freon gas, CFC-
11 (trichlorofuoromethane), which is comparable in molec-
ular weight to the heavier gases detected by the FTIR. Fig-
ure 2 shows such a test with CFC-11 being introduced and 

spectra recorded every 0.79 s using 2.0 cm−1 resolution. The 
time from the introduction of the freon at the extractive probe 
(t = 0, scan 0) to the frst appearance in scan 4 (maroon trace) 
was 3.2 s. The freon spectra had maximized at scan 6 (red 
trace) for a total 1t = 4.8 s lag from the probe to the instru-
ment. With this information, FTIR time-stamped data were 
then adjusted to refect the 4.8 s delay, which was used when 
correlating the spectral data with the visual and thermal IR 
video images. 

2.4 Spectral analysis 

A combination of software was used for the post-acquisition 
spectral analysis and confrmation of the species observed 
during the campaign. The MALT5 software (Griffth, 2016), 
utilizing both HITRAN line-by-line data (Gordon et al., 
2017) and the PNNL 50 ◦C gas-phase reference spectra 
(Kochanov et al., 2019; Johnson et al., 2006, 2010) as in-
put libraries, was used to identify and quantify vapor-phase 
chemicals in the spectra. Spectra were compiled into parame-
ter fles and analyzed by the MALT5 software using parame-
ters including pressure, temperature, path length, resolution, 
and estimated initial values for chemical mixing ratios. The 
software generates a spectrum to simulate the measured spec-
trum by adjusting mixing ratios until the residual between 
the simulated and measured spectra is minimized. To con-
frm the species were actually present, each spectrum gener-
ated by MALT5 was input to OPUS and subtracted from the 
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Figure 2. Dynamic spectra recording the introduction of CFC-11 
from the extractive probe to the gas cell. Scan 0 represents the start 
of spectral acquisition and freon release near the probe. Spectra 
were produced every 0.79 s. The frst freon observation occurs with 
scan 4; maximal absorbance of CFC-11 and stabilization occur at 
scan 6. 

measured spectrum; the target compound was purposefully 
omitted from the subtraction process to visually inspect if 
the omitted compound was in fact present (see, e.g., Fig. 5). 

3 Results and discussion 

3.1 Analysis of static spectra 

A total of 10 spectra were recorded from different burns us-
ing the static mode with the gas cell valves closed simultane-
ously; gases were sampled prior to arrival of the fame front. 
A total of 29 compounds were detected and confrmed using 
MALT5 and OPUS 5.5. Along with CO, CO2, and nitrogen 
compounds, the gas-phase species are largely lightweight hy-
drocarbons (HCs), volatile organic compounds (VOCs), and 
oxygenated volatile organic compounds (OVOCs). Table 2 
provides a summary of all compounds observed during the 
static measurements and is broken down into subcategories 
of chemical classes by rows labeled a–e, with ambient gases 
such as CO and CO2 in group a, alkanes and alkenes in group 
b, alcohols, aldehydes, and carboxylic acids in group c, aro-
matic species in group d, and N-bearing compounds in group 
e. The benefts of the in situ laboratory static measurements 
were controlled gas sample collection with FTIR analysis 
and longer scan times for increased SNRs at higher spec-
tral resolution. Valves were shut before the fame front ar-
rived, allowing for minimal mixing of air and fame gases 
near the extractive probe. In this manner the targeted pyroly-
sis phase was likely to be sampled with a greater mole frac-
tion than that of the combustion phase. The gases listed in Ta-

ble 2 have previously been observed in smoke in either feld 
or laboratory settings, and some of them have been linked 
to pyrolysis (Scharko et al., 2019a, b; Burling et al., 2010, 
2011; Christian et al., 2004; Gilman et al., 2015; Goode et 
al., 1999, 2000; Hatch et al., 2017; Selimovic et al., 2018; 
Stockwell et al., 2014; Yokelson et al., 1996, 1997; Akagi 
et al., 2013, 2014; Alves et al., 2010; Hurst et al., 1994a, b; 
Karl et al., 2007; Paton-Walsh et al., 2010). Compounds as-
sociated with the pyrolysis phase and observed in several of 
the static measurements include acetic acid, ethene (C2H4), 
allene, 1,3-butadiene, acetaldehyde, formic acid, formalde-
hyde, acrolein, benzene, furan, furaldehyde, naphthalene, 
and phenol. 

As seen in Table 2, ammonia gas (NH3) was also detected 
at fairly low mixing ratios in the laboratory-scale experi-
ments, which had previously not been detected in the Ft. 
Jackson feld study: the lack of NH3 detection in those stud-
ies was ascribed to the known adsorptivity of the compound 
as it may have adhered to either the transfer canister walls, 
the extractive probe, or the White cell, all at ambient temper-
atures as used in those studies (Scharko et al., 2019a; Rosci-
oli et al., 2015; Stockwell et al., 2014; Yokelson et al., 2003; 
Neuman et al., 1999). Adhesion losses were minimized in the 
present experiments by (a) measuring the gas parcel directly 
without storage and (b) heating transfer lines and the gas cell 
to ∼ 55 ◦C. 

When comparing the RFL laboratory-scale experiments to 
the 2018 Ft. Jackson feld-scale experiments (Table 3), it is 
evident that feld-scale values via the static mode are greater 
than those in the laboratory, even though the laboratory ex-
periment attempted to replicate Ft. Jackson fuel beds and sce-
narios. In most cases, a comparison of compounds found in 
the RFL laboratory burns and the Ft. Jackson 2018 feld burns 
fnds Ft. Jackson mixing ratios approximately 4 to 10 times 
greater than those of the RFL 2018 tunnel data. Field-scale 
measurements typically yield more emissions than experi-
ments conducted in the laboratory due to larger fuel quan-
tities (Yokelson et al., 2013; Scharko et al., 2019b; Weise et 
al., 2015). However, while the mixing ratios may differ, the 
information describing the composition of the mixture is rel-
ative in nature and is contained in the log ratios of the various 
gases. Analysis of the data as compositional data (Aitchison, 
1986), however, is beyond the scope of the present paper. 
Table 3 displays the minimum and maximum mixing ratio 
values in parts per million (ppm) for fve compounds from 
the Ft. Jackson studies presented in Scharko et al. (2019a) 
versus the present RFL laboratory results. Of the fve species 
compared, acetaldehyde, acrolein, and allene all follow the 
trend of having Ft. Jackson results being signifcantly higher 
than the RFL studies by a factor of ∼ 4. Naphthalene, a poly-
cyclic aromatic hydrocarbon (PAH), was the only exception 
to this trend, having comparable mixing ratio values in the 
two studies. This anomaly could be attributed to one of naph-
thalene’s pyrolysis formation routes as suggested by Fairburn 
et al., whereby a single ringed aromatic compound under-
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Table 2. Mixing ratio of chemicals from spectra collected using the static acquisition method. Burns are labeled by number and plant 
species. Mixing ratios are reported in parts per million (ppm) (with the exception of H2O and CO2 reported as percents) and categorized 
by (a) background ambient compounds, (b) simple hydrocarbons, (c) oxygenated organic compounds, (d) aromatics and furans, and (e) N-
bearing species. 

Burn 76 Burn 78 Burn 80 Burn 82 Burn 84 Burn 88 Burn 89 Burn 90 Burn 94 Burn 95 
inkberry sparkleberry sparkleberry sparkleberry fetterbush fetterbush inkberry sparkleberry sparkleberry sparkleberry 

% H2O 
% CO2 
CO 

1.24 
0.06 
1.45 

1.05 
0.09 
3.90 

3.23 
2.06 
808 

2.03 
0.48 
192 

3.54 
1.51 
1089 

3.08 
2.06 
1057 

3.46 
1.36 
391 

1.82 
0.34 
160 

6.21 
4.60 
7506 

4.10 
2.08 
2651 

N2O 0.35 0.34 1.21 0.50 1.28 1.79 0.44 0.41 3.22 1.78 

CH4 
C2H2 
C2H4 
C2H6 
C3H6 
allene 

2.27 
0.01 
0.07 

0.17 

2.21 
0.06 
0.05 

45.3 
23.8 
29.3 
0.83 
4.02 
0.64 

10.7 
4.52 
7.05 

0.99 
0.29 

54.5 
23.4 
39.9 

5.55 
1.12 

50.3 
23.2 
39.3 
2.76 
5.48 
1.21 

15.4 
8.82 
9.66 

0.75 
0.25 

11.3 
5.62 
6.52 

0.77 
0.12 

682 
351 
452 
24.2 
61.3 
8.69 

198 
96.5 
133 
6.29 
18.1 
2.30 

1,3-butadiene 
isobutene 

1.63 
0.75 

0.37 1.98 
0.74 

2.07 
0.52 

0.26 0.43 28.1 
3.16 

7.57 
1.07 

isoprene 1.78 0.39 1.72 1.43 0.31 0.32 11.7 4.22 

CH3OH 
C2H5OH 
acetic acid 

0.89 
1.37 
0.07 

0.24 6.81 

5.93 

1.53 

3.55 

6.92 

13.4 

9.44 

13.8 

1.66 

11.0 

0.93 

2.49 

42.3 

13.4 

18.0 

9.62 
formic acid 15.9 5.14 32.35 35.3 9.20 3.64 130 73.6 
acetaldehyde 
acrolein 

5.87 
2.59 

1.69 
1.29 

7.62 
3.99 

8.65 
4.35 

1.51 
0.98 

0.94 
0.00 

73.6 
26.0 

22.6 
9.53 

crotonaldehyde 
formaldehyde 0.08 

1.51 
13.6 

0.54 
4.31 21.3 22.5 

0.73 
5.41 

0.17 
3.33 

9.97 
114 

5.64 
52.8 

benzene 4.08 2.23 5.19 4.24 1.93 1.48 61.3 18.6 
furan 0.75 0.39 0.54 3.07 1.16 
furfural 0.65 0.06 0.13 3.34 1.24 
naphthalene 
phenol 

4.48 
0.90 

1.06 
0.30 

3.60 
1.36 

4.80 
1.63 

3.40 
1.75 

0.82 
0.37 

14.6 
2.19 

1.42 
1.63 

NH3 
HCN 

0.10 0.29 0.19 
5.84 

1.29 
2.19 

1.79 
8.25 

0.88 
6.94 

1.08 
3.36 

0.41 
1.69 

0.58 
64.2 

0.57 
21.0 

HNCO 1.89 0.67 2.61 2.94 1.27 0.70 5.37 1.98 
HONO 0.11 9.40 2.53 9.72 12.7 8.92 1.75 26.9 11.3 

(a) 

(b) 

(c) 

(d) 

(e) 

goes a Diels–Alder reaction of an alkene (Fairburn et al., Table 3. Calculated minimum and maximum mixing ratios (ppm) 
for the 10 canister measurements taken at Ft. Jackson (Scharko et 
al., 2019b), along with the minimum and maximum mixing ratios 
(ppm) for the 10 static measurements during the RFL laboratory
experiment with acetaldehyde, acrolein, allene, methyl nitrite, and 
naphthalene. 

1990; Liu et al., 2017). Of the four compounds compared, 
naphthalene is the only one to be derived from a secondary 
reaction, whereas acetaldehyde and acrolein are derived di-
rectly from the pyrolysis of cellulose (Stein et al., 1983), 
and allene is a compound known to be a precursor of aro-
matic compounds and soot (Frenklach et al., 1983, 1988). As 
noted, most compounds detected in the RFL laboratory stud-
ies yielded mixing ratios ∼ 4 to 10 times lower compared 
to the feld-scale studies at Ft. Jackson. Along with naph-
thalene, however, acetic acid, formaldehyde, isoprene, and 
isobutene were also found to have mixing ratios comparable 
to those reported in the Ft. Jackson studies. This could be 
due to the four compounds being products of secondary re-
actions or fragmentation of species such as lignin, xylan, and 
glucomannan (Collard and Blin, 2014). It should be noted 
that of the fve novel compounds detected in Scharko et 
al. (2019b), only four were detected in these laboratory-scale 
experiments. Methyl nitrite was not observed (Table 3). This 

Target 
compound 

Ft. Jackson mixing 
ratio (ppm) 

RFL mixing 
ratio (ppm) 

min max min max 

acetaldehyde 
acrolein 

34.5 264.8 
14.7 125.7 

0.9 73.6 
1.0 26.0 

allene 2.2 37.8 0.1 8.7 
methyl nitrite 2.3 21.0 – – 
naphthalene 1.4 19.9 0.9 14.6 

is attributed to the feld experiment being on the Ft. Jack- (Scharko et al., 2019b), or possibly due to lower concentra-
son base, where there is known to be unexploded ordinance tion levels that are below the detection limits of the present 

laboratory-scale experiment. 
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It is clear that the static method as deployed was not per-
fect at either strictly isolating the pyrolysis-phase gases or 
capturing extremely high fractions of combustion gases. The 
method relied heavily on valves being closed prior to the 
fame front, typically using visual cues as opposed to using 
other techniques, e.g., thermal IR detection. While not read-
ily visible to the human eye, radiant and convective heating 
(as determined by background-oriented Schlieren measure-
ments – Aminfar et al., 2019) occurred well in advance of 
the fame front, suggesting this as a possible alternate visual-
ization of pyrolysis gas release (Aminfar, 2019). In any case, 
there is a narrow temporal window for the pre-combustion 
phase, making the valve-close time extremely important. For 
example, spectra from Burns 76 and 78 largely show the de-
tection of only ambient air compounds, indicating the valves 
were closed too early. Conversely, in other samples there is 
clearly some mixing of both upstream and downstream air 
before the gas enters the extractive probe. Despite the short-
comings of the static method, most of the attempts to obtain 
pre-combustion gases were successful as evidenced in part 
by the chemical composition of the isolated gases. 

3.2 Spectral–thermal correlation to isolate pyrolysis 
phase 

Dynamic IR data and visual image acquisition proved ad-
vantageous to resolve the different phases of the experi-
ments (e.g., pyrolysis, faming combustion, smoldering com-
bustion). This was important since the modifed combustion 
effciency (MCE) is a function of the gas composition and 
is not unique to phase; i.e., the same value of MCE results 
if the same relative amounts of CO and CO2 are observed 
whether in the pyrolysis, faming, or smoldering combus-
tion phases. MCE, defned as 1CO2/(1CO + 1CO2), has 
been used many times to distinguish phases of combustion, 
namely faming vs. smoldering, although Ward and Radke 
(1993) recommended combustion effciency as the preferred 
descriptor of the combustion system. MCE has not been used 
to identify pyrolysis nor should it be for the non-uniqueness 
described previously. Recent studies have introduced more 
sophisticated techniques to analyze smoke emissions data 
with compositional data methods (Weise et al., 2020). How-
ever, since primary and secondary pyrolysis occurs both prior 
to and after the onset of combustion or oxidation, meth-
ods such as the MCE are not appropriate. We were not 
able to use the metric suggested by Sekimoto et al. (2018), 
namely high-temperature vs. low-temperature pyrolysis as 
determined from the acetylene-to-furan ratio, owing to weak 
furan signals in the present study due to shortened scan times. 
The analysis diffculty was further exacerbated because fu-
ran’s strongest vibrational band, the ν19 vibrational band near 
745 cm−1 corresponding to the C−H out-of-plane bend (Shi-
manouchi, 1972), was obscured by saturated carbon dioxide 
lines, and thus MALT was not able to generate a satisfactory 
ft for this microwindow. 

The pre-fame arrival gases were identifed by one of two 
methods: the frst method involved a simple time subtrac-
tion of 4.8 s from the recording of the infrared spectrum time 
stamp and associating that time with the corresponding vi-
sual and thermal infrared video images (Fig. 3). This pro-
vided a relatively accurate verifcation that the gases being 
investigated were emitted prior to the onset of combustion as 
seen in Table 4. The second method used the FTIR spectra 
directly: demarcations for the fame front were denoted by 
the maximal value obtained for both CO and CO2 concentra-
tions, i.e., the greatest fraction of gas from the combustion 
phase. From this value the FTIR scans were selected for py-
rolysis corresponding to the ∼ 10 s before arrival (∼ 0.1 m 
distance) of the fame front. 

The FTIR time-resolved scans (including derived chem-
ical mixing ratios) synchronized to the RFL time-stamped 
thermal IR temperature images provide insight into the 
chemical composition of each burn. As an example, Table 4 
pairs data from the two systems for Burn 87. The FTIR scan 
number, FTIR time stamp, RFL forward-looking infrared 
(FLIR) recorded temperature near the extractive probe, and 
a selection of chemical concentrations are shown. The table 
demonstrates that spectral data for FTIR scans 0–8 saw no 
signifcant detections above ambient levels, as corroborated 
by the FLIR images displaying temperatures ranging from 
40 to 80 ◦C (see Table 4 and Fig. 3a); the extractive probe 
is still in the low-temperature region. The gradual increase 
in mixing ratios for most compounds (excluding ammonia, 
which is primarily a smoldering gas) begins after FTIR scan 
9. The magenta- and orange-colored domains seen in Fig. 3b 
indicate the encroaching fame front and a rise in thermal 
temperatures. The frames corresponding to FTIR scans 16– 
19 display IR temperatures between 175 and 220 ◦C. In this 
temperature range compounds associated with the pyrolysis 
phase such as acetaldehyde, acetic acid, and allene (shown 
in Table 4) are not only manifest in the IR spectra, but their 
mixing ratios also rise rapidly. Shortly thereafter the great-
est mixing ratios of CO2 occur at scans 20 through 22, indi-
cating the faming stage; this is corroborated by thermal IR 
video of the inkberry plant beginning to be fully consumed 
in fames (Fig. 3c). As the fame front progressed down the 
tunnel, temperatures near the plant holder began to drop with 
the onset of the smoldering phase as indicated by lower mix-
ing ratios and the thermal IR visual, as seen in Fig. 3d. (We 
note in Fig. 3 that the temperature directly near and/or above 
the holders is much cooler due to minimal pine needle cover 
and the plants being green.) The video stopped recording at 
scan 48, when the fame reached the end of the fuel bed, al-
though the FTIR continued to collect interferograms to mon-
itor smoldering from the fre. 

As stated, a second method was also used to analyze 
and/or corroborate the different stages of the burn, whereby 
mixing ratios of CO2, CO, and C2H4 were analyzed to fnd 
their burn maxima (Viatte et al., 2015). The CO2 elevated 
mixing ratios (esp. relative to CO) are associated with the 
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Table 4. Burn 87 with inkberry amongst a pine needle fuel bed FTIR scan summary synchronized to FLIR temperature data. Scan number, 
FTIR time stamp, and FLIR video emission temperature at the extractive probe accounting for time delays and mixing ratios from carbon 
dioxide (CO2), carbon monoxide (CO), ethene (C2H4), acetic acid (CH3COOH), formaldehyde (HCHO), acetaldehyde (CH3CHO), and 
phenol (C6H6O). 

FTIR FTIR time 4.8 s earlier FLIR CO2 CO C2H4 CH3COOH HCHO CH3CHO C6H6O 
scan stamp FLIR video temperature (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
number time stamp at inlet 

(◦C) 

Sm
ol

de
ri

ng
 c

om
bu

st
io

n 
Fl

am
in

g 
co

m
bu

st
io

n 
Vo

la
til

iz
at

io
n 

an
d 

py
ro

ly
si

s 
A

m
bi

en
t 

scan 0 10:41:23.69 10:41:18.89 41.4 1548 49.5 2.4 0.0 0.6 – – 
scan 1 10:41:25.20 10:41:20.40 44.2 1912 74.5 1.9 1.7 0.9 – – 
scan 2 10:41:26.70 10:41:21.90 51.0 1562 63.7 2.3 1.1 0.3 – – 
scan 3 10:41:28.21 10:41:23.41 54.9 1290 58.4 1.1 0.5 0.5 – – 
scan 4 10:41:29.71 10:41:24.91 53.4 1882 63.1 1.2 1.2 0.8 – – 
scan 5 10:41:31.21 10:41:26.41 63.2 1946 57.0 1.5 1.1 0.4 – – 
scan 6 10:41:32.72 10:41:27.92 72.8 3811 102 4.7 1.8 1.2 – – 
scan 7 10:41:34.22 10:41:29.42 77.6 4722 138 2.7 1.9 1.5 – – 
scan 8 10:41:35.73 10:41:30.93 86.2 3553 109 0.9 2.2 1.4 – – 

scan 9 10:41:37.23 10:41:32.43 116.9 2957 97 1.0 2.4 0.7 – – 
scan 10 10:41:38.73 10:41:33.93 132.1 3360 138 1.8 2.8 1.2 1.4 – 
scan 11 10:41:40.24 10:41:35.44 115.7 7476 246 4.2 2.6 3.6 0.0 – 
scan 12 10:41:41.74 10:41:36.94 121.3 10 274 291 6.2 9.0 4.8 4.2 0.7 
scan 13 10:41:43.25 10:41:38.45 183.3 10 890 391 11.4 11.5 7.1 1.1 1.6 
scan 14 10:41:44.75 10:41:39.95 159.4 11 833 635 23.5 14.5 13.5 3.3 1.5 
scan 15 10:41:46.25 10:41:41.45 163.8 16 080 1214 48.5 16.8 28.7 7.2 1.5 
scan 16 10:41:47.76 10:41:42.96 176.9 25 757 2217 95.3 16.3 54.4 17.6 1.0 
scan 17 10:41:49.26 10:41:44.46 181.3 31 856 2915 129 14.4 70.5 24.0 1.4 
scan 18 10:41:50.77 10:41:45.97 220.1 41 291 2878 260 13.1 92.6 34.5 1.4 
scan 19 10:41:52.27 10:41:47.47 219.0 61 166 8228 435 12.3 121 44.3 2.1 

scan 20 10:41:53.77 10:41:48.97 296.1 79332 11354 747 13.1 178 80.7 2.9 
scan 21 10:41:55.28 10:41:50.48 261.7 54 381 9729 1167 17.6 255 140 4.7 
scan 22 10:41:56.78 10:41:51.98 456.1 64 077 12954 1025 15.3 185 103 6.0 
scan 23 10:41:58.29 10:41:53.49 429.9 41 495 8620 530 15.4 123 63.3 6.3 
scan 24 10:41:59.79 10:41:54.99 516.5 25 879 3453 257 15.5 74.5 33.9 6.8 
scan 25 10:42:01.29 10:41:56.49 514.5 15 965 3110 116 15.1 45.7 19.6 6.8 
scan 26 10:42:02.80 10:41:58.00 460.1 11 819 2416 53.2 15.6 35.2 12.0 5.6 
scan 27 10:42:04.30 10:41:59.50 453.7 8566 1875 36.6 14.7 27.4 6.9 5.2 
scan 28 10:42:05.81 10:42:01.01 448.0 5795 1320 14.5 13.2 21.8 3.0 5.6 
scan 29 10:42:07.31 10:42:02.51 440.2 5235 1302 11.0 14.6 20.0 5.1 4.5 
scan 30 10:42:08.81 10:42:04.01 484.7 3626 916 5.8 15.1 15.0 5.2 4.2 
scan 31 10:42:10.32 10:42:05.52 470.4 2368 570 3.3 11.5 11.1 2.7 3.8 
scan 32 10:42:11.82 10:42:07.02 497.5 1636 377 1.6 10.8 9.4 0.3 3.7 
scan 33 10:42:13.33 10:42:08.53 477.4 1684 399 1.0 9.2 8.8 2.1 3.4 
scan 34 10:42:14.83 10:42:10.03 450.1 1986 519 0.9 10.4 9.5 −1.5 3.0 

scan 35 10:42:16.33 10:42:11.53 397.9 1968 518 0.7 9.9 9.3 2.8 3.2 
scan 36 10:42:17.84 10:42:13.04 410.2 1901 495 1.4 9.6 8.8 0.9 2.8 
scan 37 10:42:19.34 10:42:14.54 401.6 1936 516 1.5 9.2 9.4 0.0 2.7 
scan 38 10:42:20.85 10:42:16.05 358.3 1935 513 1.6 9.0 9.5 1.1 2.8 
scan 39 10:42:22.35 10:42:17.55 341.8 1753 439 1.8 9.7 8.9 1.1 2.3 
scan 40 10:42:23.85 10:42:19.05 320.6 1438 345 1.4 10.4 8.3 −0.5 2.9 
scan 41 10:42:25.36 10:42:20.56 305.9 1224 277 −0.1 10.9 7.4 1.4 2.8 
scan 42 10:42:26.86 10:42:22.06 295.0 1377 324 1.4 11.6 8.2 −2.0 2.4 
scan 43 10:42:28.37 10:42:23.57 272.5 1629 411 1.1 11.8 8.4 0.3 2.4 
scan 44 10:42:29.87 10:42:25.07 258.3 1366 325 0.8 12.8 7.8 2.5 2.7 
scan 45 10:42:31.37 10:42:26.57 260.1 1059 212 0.4 11.9 6.7 3.4 2.7 
scan 46 10:42:32.88 10:42:28.08 238.5 1037 212 0.8 13.1 7.1 0.5 2.3 
scan 47 10:42:34.38 10:42:29.58 223.9 1094 236 0.9 14.4 6.7 1.1 1.2 
scan 48 10:42:35.89 10:42:31.09 226.7 1117 248 1.2 13.1 7.0 −0.4 2.7 
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Figure 3. Burn 87 with inkberry on a longleaf pine needle fuel bed, with FLIR thermal imaging for burn progression. (a) Frame corresponding 
to FTIR scan 5 signaling the pre-combustion phase, (b) frame corresponding to FTIR scan 16 with the fame front nearing the sample probe, 
(c) frame corresponding to FTIR scan 21 with inkberry bush consumed by fame, and (d) frame corresponding to FTIR scan 44 in which the 
fame front has passed the probe. Dark circles are ceramic plant holders. The temperature scale is seen on the right axis. 

hottest, faming stage of biomass burns (Yokelson et al., 
1996). To temporally isolate the faming stage, the MCE cri-
teria were employed, and values of 88 %–95 %, indicative 
of faming, were found for the region. Having identifed the 
faming stage, the pyrolysis stage was estimated by subtract-
ing 6–8 s from that spectrum with maximal CO/CO2 emis-
sions, corresponding to approximately four FTIR scans (at 
1 cm−1 resolution). The agreement between the two methods 
was quite good and helped to demarcate the stages as seen in 
Table 4. 

Figure 4 displays the infrared spectral progression of Burn 
87 in longleaf pine needles with inkberry at 1.0 cm−1 reso-
lution looking at two different spectral regions. The CO (and 
CO2) profles are seen in Fig. 4a. Noted on the z axis is scan 
22; scans 20–22 are the time frames wherein maximal CO2 
and CO emissions were observed. The region is also denoted 
by red spectral traces. Once the faming stage had been iden-
tifed, the pyrolysis phase was then demarcated. In the pyrol-
ysis phase CO was evident (partially from upwind mixing) 
and was beginning to signifcantly increase; the stage is indi-
cated by orange traces (scans 16–19) in Fig. 4. Other stages 
assigned were noted as the pre-fame stage wherein 1CO and 
1CO2 were near zero in the FTIR data and are seen as scans 

0–8 with purple traces. Blue traces correspond to the smol-
dering phase of combustion, wherein CO2 mixing ratios de-
creased, the fame front had passed the extractive probe, and 
MCE values were on the order of 85 %–75 %. The spectral 
profle and mixing ratios of ethene (C2H4) were also used to 
evaluate the time-resolved FTIR data (Johnson et al., 1993). 
This lightweight hydrocarbon is a product of primary pyrol-
ysis and, if detected, can be used to determine certain stages 
of the burn (e.g., Yang et al., 2007). Figure 4b primarily dis-
plays the ν7 band of ethene at 949.4 cm−1 (Shimanouchi, 
1972). Ethene reached its maximal mixing ratio at scan 22 
(red traces) before it quickly disappeared, being a pyrolysis 
gas that was oxidized by the fame. It was frst seen to appear 
as early as scan 13 (green traces) but became clearly evident 
in scan 16 (orange traces, pyrolysis phase) and continued to 
grow. The rapid disappearance of C2H4 upon combustion is 
similar to that of formaldehyde and acetaldehyde (Table 4), 
whose concentrations also dropped after scan 23, but the dis-
appearance is juxtaposed with acetic acid, whose values re-
mained approximately constant throughout the faming and 
smoldering phases. As seen in the IR data, the C2H4 gas sig-
nal corroborated that ethene is a key product of the primary 
pyrolysis phase. Other compounds showing signifcant sig-
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Figure 4. Burn 87 with inkberry and longleaf pine needles: (a) CO and CO2 spectral profle from 2250–2000 cm−1. Purple traces indicate 
the ambient stage, green and orange traces indicate the pre-combustion and pyrolysis stage, red spectral traces indicate the faming stage, 
and blue traces indicate smoldering. (b) Largely C2H4 spectral waterfall plot from 1000–900 cm−1 with accompanying C2H4 reference 
spectrum as a black trace. 

nals in this time domain and described as pyrolysis gases in-
clude acrolein and allene (Scharko et al., 2019a; Akagi et al., 
2013; Frenklach et al., 1983, 1988; Stein et al., 1983; Koss et 
al., 2018; Brilli et al., 2014). 

The two methods to determine the pyrolysis, faming com-
bustion, and smoldering phases yielded congruent results: the 
isolated burn stages determined from method one, in which 
FTIR gas-phase data were synchronized to the FLIR ther-
mal imaging, and from method two, using the FTIR time-
resolved data only, were found to be virtually identical. This 
is evidenced by linking the scans determined to be in the 
pyrolysis phase (scans 16–19) using method two as seen in 
Fig. 4, with the temperature data recorded by the FLIR using 
method one and seen in Table 4. For these scans, the tem-
perature profle ranges from 175–220 ◦C, corresponding to 
temperatures associated with the frst stages of pyrolysis. 

For most analyte biomass burning gas mixing ratios, the 
concentration values observed at the peak of the dynamic 
measurement values were signifcantly greater than for the 

concentrations recorded in the static measurements. The dy-
namic experiments were of course carried out for the dura-
tion of the burn, whereas the static burns (in an effort to 
characterize pre-combustion phases) attempted to isolate a 
specifc time when the pyrolyzate concentrations were max-
imized. Analyzing the data using the dynamic technique al-
lowed for confrmation of certain compounds such as naph-
thalene, allene, acetaldehyde, and acrolein as compounds 
that appeared during the pyrolysis phase. These compounds, 
which have been previously detected as pyrolysis gases us-
ing FTIR for feld plot burns (Scharko et al., 2019b), were 
again observed during these laboratory-scale tests and in al-
most all cases appeared before the fame front encroached on 
the sampling probe. 

3.3 Dynamic detection of phenol in pre-combustion 
through smoldering stages 

In the present study phenol (C6H6O) was detected dur-
ing several burns; its origin is ascribed to the pyrolysis of 
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lignin(s) (Kibet et al., 2012; Hawthorne et al., 1989), and it 
has mostly been observed using other techniques such as gas 
chromatography mass spectrometry (GC-MS; Saiz-Jimenez 
and de Leeuw, 1986). Phenol and phenolic compounds are 
also known to contribute to the formation of secondary or-
ganic aerosols (Yee et al., 2013). Phenol has been observed 
in simple pyrolysis experiments emanating from both pine 
and spruce species (e.g., Saiz-Jimenez and de Leeuw, 1986; 
Ingemarsson et al., 1998). In addition to simply pyrolytic 
emissions, phenol has also been identifed as a common 
component of tar as a pyrolysis product. In biomass burn-
ing, phenol has been observed using both FTIR and other 
methods, (Gilman et al., 2015; Yokelson et al., 2013), e.g., 
proton-transfer mass spectrometry (PTR-MS) and GC-MS. 
In 2013 phenol was detected in a closed-cell, airborne FTIR 
feld experiment but not in an open-path FTIR lab experi-
ment (Yokelson et al., 2013). The absence of C6H6O in the 
lab experiment was attributed to the lack of consumption of 
rotten wood as fuel. In those studies, airborne phenol emis-
sions measured in the feld with closed-cell FTIR were also 
noted as being 2 to 4 times greater than the phenol emissions 
captured by PTR-MS in the laboratory. 

Compositional analysis of inkberry, fetterbush, and lon-
gleaf pine needles used in the present study showed that the 
fuels contained 23 % to 30 % structural lignin in the foliage 
and 3 % to 9 % phenols (Matt et al., 2020). Note that none 
of the fuels in the wind tunnel experiments or the bench-
scale experiments contained rotten wood. In the present ex-
periments, phenol was detected in 8 of the 10 static mea-
surements (recall that two of the static measurements only 
showed ambient gases due to early closure of the valves). 
Figure 5 demonstrates the static spectrum from Burn 89, cor-
responding to the burning of longleaf pine with inkberry. 
Seen in Fig. 5 are the experimental spectrum (blue trace) and 
also the reference spectrum of acetic acid (green trace). Af-
ter subtraction of the CH3COOH vapor spectrum, the resid-
ual contained two small peaks that were readily identifed as 
phenol vapor via the ν15 vibrational band near 1176.2 cm−1 

and the ν16 band at 1150.2 cm−1 (Keresztury et al., 1998). 
The phenol reference spectrum from the PNNL spectral li-
brary (red trace) was then subtracted from that residual (pur-
ple trace) with an overall residual that is mostly noise (black 
trace). For the dynamic spectra the process is repeated for 
each of the individual spectral time slices, represented by 
the scan number, using the concentration of phenol deter-
mined by the MALT program. To confrm the spectral anal-
ysis, in each case the mixing ratio calculated by MALT was 
converted to a spectrum by multiplying by the appropriate 
concentration path length factor; the predicted spectrum was 
visually compared to the actual data. 

Phenol was also detected using the dynamic method, and 
Fig. 6 displays a series of dynamic spectra recorded for Burn 
87. The spectra in the left frame (a) are individual spectra af-
ter the acetic acid (CH3COOH) spectral component has been 
subtracted from the spectrum for each time slice, all recorded 

Figure 5. Static spectrum obtained from Burn 89 (1 kg of longleaf 
pine needles with inkberry). The blue trace is the FTIR experimental 
spectrum, the green trace the reference spectrum of acetic acid, the 
purple trace the residual after acetic acid subtraction, the red trace 
the reference spectrum of phenol, and the black trace the residual 
after both acetic acid and phenol subtraction. 

at 1.0 cm−1 resolution with 54 total measurements recorded 
at 1t = 1.5 s. While the spectral noise is still signifcant, the 
presence of phenol peaks, particularly the ν16 Q-branch at 
1176.5 cm−1 and the ν15 peak at 1150.2 cm−1, is evident. 
Optimization for the phenol mixing ratio in each spectrum 
allowed for its calculation in individual time slices, and the 
derived phenol-only spectra are presented as a waterfall plot 
in the right frame (b). The frst clear evidence of phenol is 
seen in scans 14 to 18, before reaching a maximum concen-
tration of 6.9 ppm in scan 24; this is observed in the right 
frame of Fig. 6, approximately coinciding with the maximal 
CO2 concentration (scan 22), indicating the greatest ratio of 
smoke to ambient air in the gas cell. 

Figure 6 displays the rapid increase in phenol vapor due 
to the approaching fame front from scan 14 (t = 22.5 s) to 
its maximal mixing ratio in scan 24 (t = 36 s), followed by 
a longer gradual phenol decay with time. This can be juxta-
posed with the ethene mixing ratios (seen in Fig. 4) that fall to 
nearly zero with the onset of combustion; the ethene is con-
sumed by the fame propagation. Prior to scan 14 in Fig. 6b, 
minimal phenol is observed relative to the noise level and is 
thus ft as zero concentration. Phenol contributions for scans 
16–19 can be associated with the pyrolysis phase of the burn 
and not combustion. Phenol is one of the major products of 
1,2-benzenediol pyrolysis, with a maximum yield reported at 
800 ◦C (Ledesma et al., 2002; Thomas et al., 2007). It is im-
portant to note that both temperature and the rate of heating 
infuence the composition and yield of pyrolysis products. 
As is evident in Fig. 3, the thermal imaging associated with 
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Figure 6. Burn 87 – longleaf pine needles with an inkberry fuel bed during the dynamic mode. Measured and scaled burn spectra showing the 
progression of phenol during the time-resolved study. Acetic acid and water spectral features have been removed in (a), with the phenol-only 
derived mixing ratio spectra in (b). 

FTIR scan 17 shows a temperature of ∼ 200 ◦C, which is in-
dicated in Kibet et al. (2012) to be within the temperature 
range of pyrolysis of lignin: 200 to 400 ◦C. Shortly there-
after, phenol mixing ratios rapidly increase and reach a max-
imal mixing ratio of 6.9 ppm at scan 24. At scan 24 the fame 
front has already reached the extractive probe, and thus the 
maximum intake of smoke and ambient air is achieved; the 
temperature of the fuel bed is ca. 600 ◦C, consistent with the 
faming phase. The gradual decay in phenol production as the 
fame front passes could be due to several factors: (i) an in-
creased temperature required for complete combustion of the 
C6H6O (ii) residence time of phenol, (iii) phenol production 
in the smoldering phase as a tar–char, or (iv) adsorption to 
the walls of the stainless-steel tubing and cell. A cross sec-
tion of Fig. 6 shows the rapid onset of phenol production at 
given temperatures, followed by a gradual decay in concen-
tration: this is indicative of phenol production throughout the 
burning of inkberry as a species. 

The shape of the temporal profle yields information as to 
the production of phenol throughout the evolution of burn-
ing. Figure 7 shows the progression of the phenol concen-
tration following its frst observed presence in the burn for 
three different species. These graphs are effectively a cross 
section of Fig. 6, showing the progression of the height of 
the phenol peak (directly correlated with the phenol concen-
tration) throughout the burn (with time being represented by 
the scan number in both cases). The level of phenol gener-
ation was observed to vary between plant species. Tempo-
ral profles of the phenol concentration were constructed for 
burns with three different species: sparkleberry, inkberry, and 
fetterbush. These plots illustrate a range of behavior, with 
inkberry and sparkleberry having similar temporal profles 
and similar maxima of ca. 6.5 ppm and fetterbush having a 
different temporal profle. It is important to note that Burn 
97 (sparkleberry) was measured at 0.6 cm−1, while Burns 87 
and 93 were measured at 1.0 cm−1, although the profle of 
Burn 97 is consistent with that of Burn 87. That is to say, we 

do not believe the small change in resolution affects the re-
covered mixing ratios. Demonstrated in Fig. 7, trace amounts 
of phenol appear at the onset of combustion and through-
out the pyrolysis phase. Phenol reaches its highest concen-
trations, however, during the faming stage as all three tem-
poral profles reach a maximum during the latter stages of 
the burn. Moreover, phenol remains throughout the duration 
of the burn and is not consumed by secondary reactions, as is, 
e.g., ethene. For these burns, fetterbush was observed to have 
the lowest maximum concentration of phenol, only 3.1 ppm, 
for the three species, while sparkleberry and inkberry had 
similar maxima (as well as similar temporal profles). 

The observed differences in phenol for both the tempo-
ral profle and overall peak concentrations could arise due to 
differences in leaf structure and shape or possibly due to dif-
ferences in leaf and plant composition. Pyrolytic production 
of phenol has been previously attributed to multiple compo-
nents of plant composition, including phenol content, lignin 
content, and the amount of cellulose in each plant species. 
Therefore, varying phenols, lignin, and cellulose in these 
plant species could be the source of phenol concentration 
variability for each burn. The physical composition of multi-
ple plant species, including inkberry and fetterbush, was an-
alyzed by Matt et al. (2020); it was shown that inkberry has 
2.6 times the percentage of phenol by composition (9.0 %) as 
fetterbush (3.4 %). Although sparkleberry was not included 
in that study, it can be suggested that the compositions of 
inkberry and sparkleberry are similar due to the observed 
phenol in this experiment as well as plant characteristics. 
Sparkleberry is a member of the Vaccinium genus, which 
contains many species collectively known as blueberries that 
are known to contain high levels of phenolic compounds in 
the fruits (e.g., Prior et al., 1998). This study and the results 
of Matt et al. (2020) support the present hypothesis that peak 
concentrations of phenol are the highest for sparkleberry and 
inkberry due to higher phenolic content in the plants. 
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Figure 7. Temporal mixing ratios of phenol for different shrub 
species. Phenol mixing ratios plotted over time are indicated by 
the scan number for Burn 97 with sparkleberry (red), Burn 87 with 
inkberry (green), and Burn 20 with fetterbush (blue), all on a lon-
gleaf pine straw bed. 

4 Summary 

The analytical methods used in this study attempt to provide 
a detailed view of prescribed burning by enlisting two dif-
ferent FTIR acquisition modes, static and dynamic. By cap-
turing a “snapshot” of a single burn experiment used in the 
static method, one can discern the gases with higher speci-
fcity and in turn decipher complex spectra through the use 
of chemometrics to extract compounds with high concentra-
tions, leaving behind a residual to be analyzed. Lower res-
olution may hinder these efforts and allow compounds that 
are present at lower mixing ratios to be obscured by more 
strongly absorbing compounds, e.g., carbon dioxide, water, 
and ethene. In this study we were able to detect additional 
compounds, e.g., phenol, benzene, and allene, with greater 
confdence. However, in gaining specifcity there is a loss of 
time resolution, and this is where the dynamic method be-
comes advantageous. The FTIR dynamic acquisition method 
when synchronized to thermal imaging, while lower in sen-
sitivity, allows for an overall profle of the burn and can help 
assign phases to the dynamic stages of the pyrolysis and com-
bustion. That is, the dynamic method in conjunction with 
thermal IR imaging provides a more detailed description as 
temperature and chemical composition profles can be corre-
lated with and assigned to certain phases of the burns. In this 
study pyrolysis, faming, and smoldering combustion were 
identifed using these new techniques, which can aid in the 

improvement of fre behavior models used by land managers 
to conduct prescribed fres. 
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