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Abstract: Predictions of fire phenomena such as flame structure, stability, and growth made by
computational fire models can be improved by incorporating an accurate description of the gaseous
volatiles released by combustible solids during pyrolysis. The difficulty in this characterization is
that the majority of materials release a complex mixture of gaseous species. Rather than identifying
and quantifying each species, modelers often represent the average of the mixture with an effec-
tive fuel molecule. In this work, an experimental method was developed to identify the molecular
formula of this representation. An organic elemental analyzer was used to determine average com-
position, while a heated, non-stirred pressure vessel was used to determine molecular weight. The
average molecular formula was produced by the combination of these experimental results. The
experimental apparatus were calibrated separately, and a series of validation tests using known com-
position (BBOT, sulphanilamide, urea) and molecular weight (water, naphthalene) species were per-
formed. Validation tests found accurate elemental compositions within an average of 1.19%, while
the molecular weights of known volatiles were found within an average of 0.95%. Poly(methyl
methacrylate) and polyoxymethylene, which are known to pyrolyze primarily to their monomers,
were carried through the entire experimental procedure. The molecular formulas of each pyrolyzate
were found to match their monomer within 1.86% and 27.33% respectively. Ongoing work aims to
refine this methodology and extend its application to a broader range of materials, contributing to
the development of more accurate fire dynamics simulations.
Keywords: Fire Modeling, Gas Analysis, Material Flammability, Pyrolysis

1. Introduction
The fire modeling community is working to develop tools capable of accurately predicting fire
phenomena such as ignition, burning rate, flame spread, and fire growth. Physics-based fire mod-
els (e.g., the Fire Dynamics Simulator, FDS [1] or FireFoam [2]) rely upon a comprehensive list
of input parameters to describe a burning material. One important model input is an accurate de-
scription of the gaseous volatiles produced by a combustible solid as it pyrolyzes (i.e., the fuel for
combustion). Tools such as the cone calorimeter or the microscale combustion calorimeter (MCC)
can measure the heat of combustion of these species [3], which is required for accurate calculations
of heat release rate. However, to better simulate flame stability and structure, additional informa-
tion about the gaseous fuel is needed (e.g., stoichiometry and properties such as diffusivity, heat
capacity, and thermal conductivity). Specifically, these properties can be estimated based on the
composition and molecular weight of the fuel in FDS [1].

The key difficulty in identifying the gaseous pyrolyzates produced by a combustible solid is
that these materials typically decompose into numerous volatile species [4–6]. There are sev-
eral methods used for the identification of these species, including gas chromatography, mass
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spectrometry, and infrared spectroscopy [6–10]. While these techniques can accurately identify
specific molecules, they are often unable to identify all compounds released such that summative
mass balance is achieved [10, 11]. Consequently, knowledge of the average molecular weight
and composition of the gaseous volatiles produced by most combustible solids remains limited.
Current modeling convention is therefore to define a representative molecule for the gaseous fuel.
Common approaches are to use an available surrogate fuel (e.g., propane) that is deemed to be
sufficiently similar to the unknown fuel or to assume that gaseous pyrolyzates of a polymer can
be represented by their base monomer (despite their inaccuracies in composition and or molecular
weight). While this approach may be sufficient for accurate prediction of smoke and heat transport
in building or enclosure fires, it has been demonstrated that this approach may lead to unrealistic
predictions of flame stability, structure, and spread behavior [12].

In this work, a new experimental technique was developed to determine the average molecu-
lar formula (i.e., CxHyOzNaSb) of the gaseous volatiles produced during the anaerobic pyrolysis
of combustible solids. This approach uses two apparatus: (1) an organic elemental analyzer to
determine average atomic composition (wt.% CHNS-O) and (2) a heated, non-stirred pressure ves-
sel to determine average molecular weight. Both apparatus were carefully calibrated to ensure
accurate readings, and validation testing was performed on materials of known composition and
gaseous molecular weight respectively. Following successful validation, the experimental tech-
nique was applied to both poly(methyl methacrylate) and polyoxymethylene (PMMA and POM)
as a proof of concept. Because these polymers are known to be produced without additives (bar-
ring a small amount of black pigment in PMMA), their atomic composition can be expected to
match that of their monomer (methyl methacrylate: C5H8O2 and formaldehyde: CH2O). Further-
more, these specific polymers are known to primarily pyrolyze to their monomer [4–6, 13, 14],
so the expected molecular weights of their pyrolyzates (around 100 g/mol and 30 g/mol) are also
available. Thus, the full experimental procedure could be applied to these thermoplastics to fully
evaluate its efficacy. This research represents the successful development and validation of a robust
method to determine the average molecular formula of the gaseous pyrolyzates produced by the
thermal decomposition of combustible solids. It is expected that this method can be utilized for the
characterization of the complex mixture of volatiles produced by synthetic polymers, composite
materials, and vegetative fuels.

2. Experimental
Materials
For elemental analysis, a set of three analytical standards (2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene
(BBOT), sulphanilamide, urea) of known composition supplied by Thermo Fisher were used for
both system calibration and validation testing. Water (H2O) and naphthalene (C10H8), which both
directly boil and sublimate without decomposing, were used to validate the procedure for gaseous
molecular weight analysis. The polymers of interest in this study were PMMA (Acrylite cast black
9H01 GT- Evonik)[15] and POM (Delrin 150 - Ensinger).

Pyrolyzate Compositional Analysis
The elemental compositions of gaseous pyrolyzates were determined using a Thermo Fisher Flash
2000 organic elemental analyzer1, which features two analytical channels for measuring either (1)
carbon, nitrogen, hydrogen, and sulfur by combustion, or (2) oxygen by pyrolysis. Ultra-high
purity (UHP – 99.999%) helium (He) flows through the system, acting as a carrier gas for com-
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bustion and pyrolysis products. In the combustion reactor, powdered samples (1.5 mg to 3.5 mg)
are placed in tin capsules and introduced into the 950 °C reactor, where a pulse of UHP oxygen
facilitates combustion. Within the reactor, combustion products are converted into a mixture of
known gasses (N2, CO2, H2O, and SO2) based on sample composition. Quantification of these
species is achieved through gas chromatography thermal conductivity detection (GC-TCD). Prod-
ucts are temporally separated in a GC column and transported to the TCD. The voltage signal
generated by this detector is quantified vs time as a chromatogram. Peaks in the chromatograms
represent each analyte, with the peak areas being proportional to individual species (and therefore
elemental) mass. The pyrolysis reactor follows the same operational principle, although samples
are placed in silver capsules and introduced into the 1060 °C reactor without oxygen. The material
fully pyrolyzes within the reactor, and oxygen content is quantified by the CO peak within the
chromatogram.

In order to determine the elemental composition of a material, calibration curves converting
chromatogram peak area to element mass were developed using the set of analytical standards
Given each standard has a well-defined composition, the mass of each element (CHNS-O) in a
known mass of sample could be predicted. Analysis of each standard was repeated at low (1.5 mg
± 0.2 mg) and high (3.5 mg ± 0.4 mg) mass. In combination with the disparate compositions in
the standard set, this created atomic mass bounds that would include most materials analyzed in
the 1.5 to 3.5 mg range. For each element, known mass within a standard was plotted against TCD
signal area, and a least squares linear regression was used to find the calibration curve. The same
analytical standards were also run as unknowns (at 2.5 mg ± 0.4 mg) to validate that the calibration
curves produced accurate results.

The polymeric fuels were ground to a powder and analyzed three times each in both the com-
bustion and pyrolysis reactors. PMMA was run at 2.0 mg ± 0.1 mg in both reactors, given its
higher predicted oxygen and hydrogen content when compared to the calibration standards. POM
was run at 2.5 mg ± 0.1 mg in the combustion reactor and 1.5 mg ± 0.1 mg in the pyrolysis reactor,
as only its oxygen content fell out of scope. A system purge (a run with no sample injected) was
performed in between each set of materials to avoid contamination. Following data collection, the
peak areas were converted to relevant elemental mass using the calibration curves. These masses
were then divided by the starting mass of material to determine the atomic composition of each
sample, which was averaged across the triplicate. The combined uncertainty in the weight per-
centage of each element was determined following the Guide to the Expression of Uncertainty in
Measurement [16], accounting for standard deviation across the triplicate, validation testing results
for each element, and the 0.001 mg uncertainty of the microbalance.

Average Pyrolyzate Molecular Weight Determination
The molecular weight of the gaseous pyrolyzates was determined using Parr Instrument Company
pressure vessel1. The system consists of a cylindrical, steel vessel contained within a ceramic
heating jacket. Material samples on the order of 1 g were weighed, placed in a ceramic crucible,
and loaded at the bottom of the vessel. The vessel was then sealed to the atmosphere with a
graphite gasket held in place by 8 bolts torqued to 35 lbft and purged with helium to prevent

1The full description of the procedures used in this paper requires the identification of certain commercial products
and their suppliers. The inclusion of such information should in no way be construed as indicating that such products
or suppliers are endorsed by NIST or are recommended by NIST or that they are necessarily the best materials,
instruments, software or suppliers for the purposes described.
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combustion. Temperature and pressure within the vessel are monitored throughout the experiment.
Initial pressure within the vessel was then set to a known value (typically 101325 Pa). With the
heater active, the temperature and pressure rise linearly until the sample begins to degrade. The
volatile species released create an additional rise in pressure beyond that caused by temperature
rise alone. By allowing the system to reach steady state, the new ratio of pressure to temperature
can be used to quantify the moles of these additional species. Through the application of the ideal
gas law, average molecular weight is calculated by Equation 1.

MWpyrolyzate =
msample − mresidue

V
R

(
pss
T̄ss

− p0
T̄0

) (1)

Here, msample and mresidue are the initial and final masses (g) of the material respectively, used
to determine the mass of the volatile species. T̄ and p represent the average temperature (K)
and pressure (Pa) in the system, while the subscripts 0 and ss represent initial and steady state
conditions. V is the system volume (m3), and R is the ideal gas constant (8.314 Jmol−1K−1).
Reported molecular weights were taken as the average of all calculated molecular values within a
steady-state region. The interior volume of the vessel was determined to be 1.065 ×10−3 m3 by
filling the cylindrical chamber with water, subtracting off the volume of the cylinder that houses
the thermocouple, and adding the small volume of the access lines. This volume was assumed to be
constant throughout heating, although an uncertainty of ± 0.021×10−3 m3 was included to account
for thermal expansion across the measured temperature range. Sample mass was determined with
an uncertainty of 0.01 g. Pressure, assumed to be constant within the vessel, was measured at the
top of the vessel using an Ashcroft G2 pressure transducer1 with an accuracy rating of 0.25% of its
500 PSI span. Temperature within the system was tracked at the bottom of the vessel using a Type-
J sheathed thermocouple with an accuracy of 2 °C. T̄0 was simply defined as the intial measured
temperature with an uncertainty of 2 K. With the heater active, temperature was observed to decay
as a function of height within the vessel, as seen in Figure 1a (temperatures normalized to the
measured steady state temperature). The average normalized temperatures at each steady state
were plotted and fit to a linear regression as seen in Figure 1b. This regression outputs a correction
coefficient, C, for a given temperature measurement that, when multiplied by that temperature
measurment provides T̄ss (2).

(a) Temperature Profiles Within the Vessel (b) Quadratic Fit of the Correction Coefficient

Figure 1: Temperature Mapping and Correction Coefficient Determination

T̄ =CTmeas =− 4.49×10−5(Tmeas)
2 +0.94(Tmeas) (2)
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Using the standard error of the linear regression of 0.08% to represent the uncertainty of the
fit, the combined uncertainty in T̄ss was found to be 1.9 K for the temperature ranges of interest.
Subsequently, the combined uncertainty in molecular weight was determined following the Guide
to the Expression of Uncertainty in Measurement [16], accounting for each term within Equation
1 and the standard deviation in calculated molecular weight across the steady state period.

Following temperature mapping, calibration runs were performed with only He to ensure the
ratio of pressure to temperature remained constant from the initial point to a heated steady state,
confirming the assumption of ideality. Two runs were performed, with steady states being held
average temperatures of 616 K and 769 K in each. Methodological validation testing was also
performed on both water and naphthalene. For each validation material, 2 experiments were per-
formed, one achieving steady state at around 616 K, and the other at around 769 K. POM and
PMMA used for elemental analysis were pelletized and tested in duplicate with temperature ramps
achieving steady state at both 616 K and 769 K, although the high-temperature steady state for the
first PMMA sample was only 704 K. Experiments were performed as described above, and follow-
ing testing, the residual mass of material within the crucible was measured. For both polymers, no
significant char was observed.

3. Results and Discussion
Pyrolyzate Compositional Analysis

For each element, strong linear correlations (R2 > 0.995) between known element mass within a
sample and chromatogram peak area can be generated. Each regression line also passes nearly
through the origin, further validating its accuracy (the absence of an element would correspond
to the absence of peak area). For all five elements, the calibration curve for sulfur was found to
be slightly less repeatable (all other elements had R2 > 0.9997) . This may be due to incomplete
conversion to sulfur dioxide within the reactor [17]. Sulfur peak height is also about an order of
magnitude lower in comparison to the other elements, which could have introduced more signal to
noise variability during integration. The results of validation testing of known standards in com-
parison to their manufactuer-provided compositions are displayed in Figure 2. Table1 gives the
average percent deviation (defined as difference between the reference and experimental percent-
ages divided by the reference) for each element.

Figure 2: Compositional Validation Testing of Known Standards.
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Table 1: Average Percent Error in Elemental Analysis Validation

Element Carbon Hydrogen Nitrogen Sulfur Oxygen

% Error 0.79 0.86 1.46 2.18 0.64

Validation testing of the organic elemental analyzer revealed an average agreement of 1.19%
between experimental and known sample composition. In agreement with observations made on
the calibration curves, sulfur showed the greatest variability among the elements analyzed. Other
minor deviations in elemental composition may have resulted from small amounts of organic
contamination or minor mass errors, although these did not appear to be significant. Following
successful methodological validation, the compositions of PMMA and POM were determined as
shown in Table 2.

Table 2: Elemental Analysis of PMMA and POM

Material Carbon % Hydrogen % Nitrogen % Sulfur % Oxygen %

PMMA (Experimental) 61.23 ± 0.50 8.09 ± 0.08 0 ± 0 0 ± 0 31.85 ± 0.23
PMMA (Theoretical) 59.97 8.07 0 0 31.96
PMMA (% Error) 2.10 0.25 N/A N/A 0.34

POM (Experimental) 41.42 ± 0.35 6.86 ± 0.06 0.05 ± 0.04 0 ± 0 52.71 ± 0.40
POM (Theoretical) 39.99 6.73 0 0 53.28
POM (% Error) 3.58 1.93 N/A N/A 1.07

Overall, the compositions of both PMMA and POM were found to be relatively close to their
expected values, with average deviations of 2.84%, 1.09%, and 0.71% respectively for carbon,
hydrogen, and oxygen (the nominal elemental constituents of both polymers). Cumulatively, these
results correspond to an average deviation of 1.55% between experimental and theoretical val-
ues. For all samples tested, the compositions obtained from the combustion reactor showed a
small systematic upward bias. This, in combination with the fact that the summation of all el-
emental percentages was slightly above unity for both polymers (1.0117 for PMMA and 1.0104
for POM), indicates a slight systematic error. It should be noted that for the combustion reactor
validation testing using analytical standards was performed when the reactor was newly prepared,
while POM and PMMA were analyzed much further into the reactor’s lifespan. In the pyrolysis
reactor, calibration and validation testing were performed immediately preceding analysis of POM
and PMMA, and while oxygen content was found to be lower than expected on average, no sys-
tematic bias was observed. The current elemental analyzer setup allows for the buildup of char
from previous samples within the reactor, so it is possible that remnant amounts of the elemental
components were carried through the system with polymer analytes. This may also explain the
small amounts of nitrogen were detected in 2 of the 3 POM samples. The manufacturer indicates
that blank area counts of up to 3000 uV×s are acceptable for nitrogen[17], while both samples
found to have a nitrogen peak had areas below one-tenth of that. These values also fall outside
the bounds of the nitrogen calibration curve, meaning their conversion to elemental mass is not
necessarily valid. Because of these factors, the minute amount of nitrogen observed within POM
was ignored for the calculation of the molecular formula.
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Average Pyrolyzate Molecular Weight Determination
Following temperature mapping, runs of UHP helium were performed to test the assumption of
ideality at steady state. Figure 3 shows the resulting output from one of these tests.

Figure 3: pT Ratio Throughout Calibration Test.

For the application of the ideal gas law to be appropriate, pressure and temperature rise within
the system must be proportional barring the introduction of additional gaseous species. Thus, it is
expected that the pT ratio (defined as the ratio of pss/Tss to p0/T0) in the steady state regions of each
calibration run would be 1. At the low and high steady state temperatures of interest (around 616 K
and 769 K), average deviations from ideality of 0.80% and 3.91% were observed. These deviations
were consistently negative, with their absolute values increasing with temperature. While pressure
is assumed to be constant within the vessel, it is possible that a slight gradient exists as was seen
with temperature. Given pressure is measured at the top of the vessel (where temperature is the
lowest), these readings may slightly underestimate the average pressure in the system. At higher
temperatures, just as average (and therefore top) vessel temperature was found to deviate more
significantly from the measured value, the pressure gradient may also be more significant. All else
being equal, this could lead to the drop in steady state pT ratio observed. It is also possible that a
small amount of thermal expansion (on the order of about 1 - 2% at these temperatures) may have
contributed to a slight decrease in system pressure.

Table 3: Molecular Weight Analysis of Known Volatile Species

Known Species MW @ 616 K
(g/mol)

MW @ 769 K
(g/mol)

Avg MW
(g/mol)

True MW
(g/mol)

% Error

Water 17.80 ± 1.08 18.67 ± 0.97 18.24 ± 1.03 18.02 1.22%
Naphthalene 124.51 ± 20.55 130.08 ± 18.72 127.30 ± 19.64 128.17 0.68%

As seen in Table 3, the molecular weights of water and naphthalene were found within an
average of 0.95% of their true values. In both cases, the calculated molecular weight was found to
be slightly higher in the high temperature regime. The further break from ideality observed in the
high temperature calibration tests may be the cause of this discrepancy, as having a lower pressure
to temperature ratio than expected would increase the output molecular weight. However, further
replications are needed to confirm this hypothesis.
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Table 4 displays the results of the pyrolyzate molecular weight analysis of both PMMA and
POM in comparison with the molecular weights of their monomers.

Table 4: Molecular Weight Analysis of PMMA and POM Pyrolyzates

Polymer
Replicate

MW @ Low
Temp (g/mol)

MW @ High
Temp (g/mol)

Monomer MW
(g/mol)

% Error @
Low Temp

% Error @
High Temp

PMMA_1 99.03 ± 52.74 37.34 ± 7.44 100 0.97% 62.66%
PMMA_2 103.45 ± 32.32 34.06 ± 3.52 100 3.45% 65.94%
PMMA_Avg 101.24 ± 42.53 35.70 ± 5.48 100 1.24% 64.30%

POM_1 20.86 ± 2.31 26.13 ± 3.41 30 30.47% 12.90%
POM_2 17.30 ± 1.54 21.57 ± 2.34 30 42.33% 28.10%
POM_Avg 19.08 ± 1.93 23.85 ± 2.88 30 36.40 % 20.50 %

The majority of the uncertainty in these calculations is attributed to pressure readings, which
accounted for between 60% and 98% of total uncertainty, with p0 alone contributing over 50%
in most cases. The uncertainties in the first replicate of each polymer were proportionally higher,
as these tests began at higher than ambient pressure. While this did lead to a reduction in the
relative impact of p0 based on the fixed transducer accuracy, it greatly increased the sensitivity
coefficients for both the pressure and temperature terms as well as increasing the standard deviation
in molecular weight across steady state. The molecular weights of the pyrolyzates of PMMA
and POM were also found within an average of 1.24% and 28.45% of that of their respective
monomers. These deviations were greater than those found for the materials producing known
volatiles; however, they can partially be explained by the fact that while these polymers are known
to pyrolyze primarily to their monomers, other species have been identified. For PMMA, monomer
yield has been found to range from around 59% to 95% depending on pyrolysis conditions, with
higher and lower molecular weight species being identified [4, 6, 14]. At higher, temperatures, the
drop in calculated molecular weight may have been caused by the generation of more low weight
species either directly or by secondary degradation of the gaseous monomer [6, 18]. These high
temperature values were therefore not considered in comparison to monomer molecular weight.
For POM, however, monomer yields have been found to be above 93%, but other generated species
largely consisted of oligomers and other high molecular weight species [13]. However, it has
been shown that pyrolysis of POM in an inert environment can lead to the production of nontrivial
amounts of carbon monoxide (up to 17.5 wt.%) and methane (up to 6.7 wt.%)[19]. While this alone
cannot explain the low molecular weights determined, the additional possibility of contamination
from previous runs increasing the amount of material in the vessel could have led to these results.

3.1 Molecular Formula Determination
To determine an average molecular formula of the gaseous pyrolyzates produced by the anaerobic
pyrolysis of PMMA and POM, the weight percentage of each element present in the material was
divided by its atomic mass to give a molar amount per gram of material. These molar amounts were
then multiplied by the experimentally average volatile molecular weight to obtain the stoichiomet-
ric amount of each element to be used in the molecular formula. Table 5 shows the results of this
analysis. The formula for PMMA was found only from the low temperature regime, while that of
POM was generated using the average molecular weight across both temperatures (21.47 g/mol).
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Table 5: Pyrolyzate Average Molecular Formulas

Polymer Estimated Molecular
Formula

Monomer Molecular
Formula

PMMA C5.16 H8.11 O2.02 C5.00 H8.00 O2.00
POM C0.74 H1.46 O0.71 C1.00 H2.00 O1.00

Compared to those of methyl methacrylate and formaldehyde (C5H8O2 and CH2O), the average
molecular formulas of the gaseous pyrolyzates were found to be rather similar. On average, the
stoichiometric amounts of each element within the PMMA and POM pyrolyzates were found to
deviate from those of the monomer by 1.86% and 27.33% respectively. The relative ratios of each
element to each other remain consistent with those in their monomers, with their total values either
increasing or decreasing based on the experimental molecular weight. The greater discrepancy in
molecular formula found for POM is consistent with the discrepancy in molecular weight discussed
above. A combination of the generation of competing low weight pyrolyzates and the possibility
of additional, condensed material in the access lines could explain these results.

4. Conclusions
This study presents the development and validation of an experimental method to identify the aver-
age molecular formula of the gaseous pyrolyzates released by combustible solids. When applied to
validation materials, elemental composition and volatile molecular weight was found within an av-
erage of 1.19% and 0.95% of their known values. The elemental analysis of both PMMA and POM
resulted in the correct identification of the material’s composition within an average error of about
1.63% for carbon, hydrogen, and oxygen (the elements within each polymer). Molecular weight
measurements of these polymers showed more deviation from their expected values, resulting in
average differences of 1.24% and 28.45% from monomer molecular weight for PMMA and POM
respectively. By combining the results of the two experimental setups, molecular formulas for the
monomeric pyrolyzates known to evolve from PMMA and POM were calculated, resulting in av-
erage errors of 1.86% and 27.33% respectively. Currently, the major source of uncertainty within
this method is in the molecular weight calculation, specifically in terms of pressure readings. Fur-
ther investigation into cleaning procedures and increasing the accuracy of low-pressure readings
are being performed to increase methodological reliability. Ongoing testing is also focused on ap-
plying this methodology to a subset of materials with varying compositions and full-scale burning
behaviors (acrylonitrile butadiene styrene (ABS), high density polyethylene (HDPE), high impact
polystyrene (HIPS), and western red cedar)[20, 21].
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