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A B S T R A C T   

The composition of a fuel and the combustion environment are factors that impact pyrolysis processes. The 
pyrolysis of a natural polymer, timber, and the synthetic polymers, polymethylmethacrylate (PMMA) and 
polystyrene (PS), was performed at a constant mass loss rate (MLR) using a feedback control loop utilising the 
Fire Propagation Apparatus (FPA) under inert and oxidative environments. The controlled MLR (2 g s− 1 m− 2) 
enabled a representative means of monitoring emissions via a combination of spectroscopic techniques. Reported 
yields were calculated utilising adapted Fourier-transform infrared spectroscopy (FT-IR) data based upon the 
species detected via gas chromatography-mass spectrometry (GC-MS). The speciation offered by the GC-MS was 
used to adjust recorded FT-IR yields, facilitating an insight into the composition of pyrolysis emissions. The 
presence of molecular oxygen was not found to drastically influence the decomposition behaviours of the 
investigated synthetic polymers with the yields of primary monomers being relatively unaffected by the atmo-
spheric environment. However, a difference was noted when using timber, as the generated char was visually 
different under the oxidative atmospheres. The presence of char oxidation was confirmed as a lower applied heat 
flux was required to sustain the desired mass loss rate. We conclude that the proposed combined analytical 
approach shows great potential for tracking and quantifying effluent emissions.   

1. Introduction 

Pyrolysis processes underpin most fire problems. An improved un-
derstanding of pyrolysis pathways will enable a better linking between 
solid and gas phase processes which is essential to understand phe-
nomena such as flame spread and ignition [1]. Additionally, the analysis 
of pyrolysis products is key to the assessment of smoke, determining 
whether a material is likely to generate species of concern as it burns [2]. 
Thus, the development of methods to advance our understanding of 
pyrolysis processes facilitates advancements throughout the fire science 
field. 

The factors that impact the variety and yield of volatile species being 
generated within fire effluent are inherently linked to the environmental 
conditions. Exposure to elevated temperatures initiates the decomposi-
tion of larger molecules, forming smaller (lower molecular weight) 
species. These pyrolysis processes repeatedly occur, breaking down the 
newly formed molecules into shorter and shorter chains. Eventually 
these small molecules volatise, becoming entrained in air, where they 
may form a flammable mixture leading to ignition or be entrained into 
the fire plume as ‘smoke’. 

If a flame and adequate ventilation are present, generated pyrolysis 
products can be oxidised, either partially or completely, to produce 
combustion products. If the flame is well-ventilated (i.e. the reaction 
mixture is lean and the chemical timescales are short compared to the 
mixing timescales), then products of complete combustion will be fav-
oured. In this case the complete oxidation of pyrolysis products occurs, 
generating water vapour (H2O) and carbon dioxide (CO2). Under- 
ventilated conditions favour incomplete combustion reactions, 
increasing the relative yields of carbon monoxide (CO) and unburnt 
species [3]. During full-scale fires, these under-ventilated conditions 
typically arise when ventilation from openings (doors/windows) is 
insufficient to provide the oxygen (O2) required to sustain complete 
combustion. 

Identifying and quantifying the species being produced by pyrolysis 
is an essential aspect to understanding material flammability. Material 
flammability varies depending on environmental conditions, however, 
two critical factors always remain; the type of species being volatilised 
and importantly, the concentration. Knowing how these species are 
formed begins with an understanding of how a material decomposes. As 
pyrolysis is a time dependent process and is sensitive to external factors, 
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the mass of a sample must be monitored in real-time [4]. Therefore, to 
understand the process of pyrolysis, the resultant gas-phase emissions, 
and the rate of pyrolysis, must be measured to facilitate the calculation 
of product yields. 

1.1. Pyrolysis processes 

When solid materials undergo pyrolysis, there are three different 
global pathways of interest: sublimation, melting and evaporation, and 
charring. In order to evaluate the efficacy of any measurement 
approach, it is necessary to test it across these different material be-
haviours. Synthetic polymers largely comprise of one or two monomers, 
in a repetitive structure. The lack of both crosslinking and monomer 
variation allows plausible predictions into decomposition kinetics and 
pathways, enabling effluent composition to be estimated. Some simple 
synthetic polymers decompose to produce their corresponding monomer 
units. 

The synthetic polymer polymethylmethacrylate (PMMA) has been 
studied extensively. PMMA is known to undertake a multi-step thermal 
decomposition. Initially monomers are lost from the end of the polymer 
chain via the dominant process known as chain-end scission [5]. If the 
heat flux experienced by a sample increases, the chain may split at 
random intervals, random scission, producing a mixture of monomers 
and oligomers. A lower temperature environment will hinder this 
random scission, potentially generating a different ratio of pyrolytic 
species. A plausible mechanism for this process is outlined in Fig. 1. 

Through the comparison of pyrolysis under oxidative and inert at-
mospheres, it has been reported that oxygen has a stabilising effect on 
PMMA [6]. Utilising thermogravimetric analysis (TGA), the peak mass 
loss rate (MLR) for solid PMMA samples was observed to shift by 50 K 
when exposed to highly oxygenated environments. Further studies have 
proposed that the radical intermediate in Fig. 1 is stabilised by molec-
ular oxygen, producing an oxygen based radical with a greater thermal 
stability [5]. This enhanced thermal stability increases the resistance to 
thermal decomposition, thus supressing further chain scission. 

Another simple synthetic polymer, polystyrene (PS), has been stud-
ied under both inert and oxidative atmospheres, decomposing pre-
dominantly via chain-end scission to produce a mixture of monomers, 
dimers and trimers [7]. Existing TGA data has shown that the activation 
energy required to trigger PS decomposition in air was 75 kJ mol− 1 

lower than a comparative case under an inert environment [8]. These 
findings suggested that oxygen had a destabilising effect on this syn-
thetic polymer, potentially enabling an alternative decomposition 
pathway. 

For charring natural polymers like timber, the precise composition of 
the effluent varies significantly, largely attributed to differences in 
molecular composition and the chain-stripping that occurs during char 
formation. A complex mixture of fatty acid methyl esters (FAMEs), 
polycyclic aromatic hydrocarbons (PAHs), cellulose- and lignin-derived 
products are produced as the cellulosic chains in timber cleave [9]. The 
species generated will also depend on physical factors such as grain and 
the presence of knots influencing the distribution and transport of in-
termediate species within the wood. It is likely that many different 
species at low concentrations will be formed during the pyrolysis of 
timber. Given the suspected variation in product yields, timber was 

selected as a good means of assessing the limitations of the speciation 
and potentially the sensitivity of our adopted analytical methodology. 

1.2. Existing techniques 

A variety of approaches have previously been utilised in an attempt 
to quantify product yields. One approach involves the use of thermog-
ravimetric techniques coupled to gas chromatography–mass spectrom-
etry (GC-MS). Although insightful, the small sample sizes and controlled 
temperature ramps are unrepresentative of the volatilisation observed 
during the heating of a material throughout a fire. During a fire, the low 
heating rates impose isothermal conditions within the sample, creating 
transport processes that TGA neglects. The use of these tools has enabled 
an insight into oxidative pyrolysis helping to shape the understanding of 
pyrolytic mechanisms, however scaling this up to samples of the sizes 
used in flammability testing or in real fires remains uncertain [10]. 

Since, pyrolysis occurs as the result of heat transfer into a sample. 
The rate of both the heat transfer into the sample and the resultant mass 
transfer of pyrolysis products out of the sample are dependent on the 
sample’s physical and geometric properties. These gradients are not 
established in microscale techniques, like TGA, which are designed to 
operate isothermally. 

Species either directly produced (monomers, dimers etc.) or diffused 
(oxygen) will be present across these temperature and hence concen-
tration gradients throughout the sample, impacting the rate at which 
species are emitted from the sample’s surface. Therefore, in-depth heat 
and mass transfer, in part, determine the mass loss rate of the sample, 
thus impact the composition of the pyrolysis products. To improve our 
understanding of pyrolysis products, the relationship between the 
burning rate and the composition of pyrolytic species needs to be un-
derstood. It is therefore plausible that differences in the composition of 
gaseous pyrolysis products exist between a microscale sample in the 
TGA and a bench-scale sample. 

Another widely used approach to characterise pyrolysis products, 
with a focus on smoke toxicity, is the Steady State Tube (Purser) furnace. 
This apparatus allows characterisation of gaseous effluent, with the 
apparatus enabling the simulation of well-, and under-ventilated com-
bustion conditions [11]. A standard experiment involves a sample being 
passed into a furnace at a set rate, under a controlled airflow, and the 
resultant effluent is analysed. However, such a technique cannot relate 
the monitored emissions to the way in which the sample is burning as 
real-time mass loss cannot be measured and observations of the com-
bustion mode (flaming, smouldering) cannot be easily made. Further-
more, the timescales required to perform adequate sampling of pyrolysis 
products requires steady state conditions. These usually do not occur in 
systems in which a thermal environment is imposed on the material. 

This study moves beyond existing microscale techniques, rather than 
linking a specific temperature or air flow to the formation of pyrolysis 
products, effluent is assessed as an ensemble; linking the generated 
species to controlled mass loss rates. This enables the net heat flux to the 
sample to be assumed to be constant. The steady state pyrolysis rate also 
allows sampling techniques to be employed over longer time periods, 
increasing the types of analysis that can be utilised. Additionally, if a 
consistent MLR is established, the effects of remaining environmental 
factors, specifically oxygen concentration, on the emissions can be 

Fig. 1. A plausible mechanism for the thermal degradation of the polymer PMMA to form the monomer MMA. The initial cleavage generates two unstable radical 
species, enabling further decomposition [5]. 
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assessed. If a constant MLR is observed, the impact of remaining factors 
including, surface temperature, oxygen composition and fuel type, can 
be studied in the context of the degradation pathways. 

It is envisioned that flaming combustion may eventually be 
controlled in a similar way, enabling the methodology to facilitate an 
insight into combustion mechanics. The study also opens up the po-
tential for large-scale work, enabling the investigation of emissions 
alongside the other flammability parameters as functions of oxygen 
concentration. 

2. Methods and materials 

2.1. Methodology 

2.1.1. Constant mass loss rate 
The Fire Propagation Apparatus (FPA) facilitates small-scale samples 

being subjected to an external heat flux whilst simultaneously enabling 
control over the surrounding oxygen concentration. To enable a con-
stant MLR during pyrolysis, it was necessary to modify the standard FPA 
experimental procedure, E2058-19 [12]. A proportional integral deriv-
ative (PID) controller was created, enabling an automatic adjustment of 
the heat flux supplied to the sample by manipulating the voltage sup-
plied to the lamps based on live mass measurements received from the 
inbuilt load cell [13]. 

PID controllers utilise a control loop to drive a system towards a 
target value, accounting for error, e(t), which in this case was based on 
the difference between the calculated MLR and the desired MLR. 
Equation (1), where u(t) represented a function of the error, was used to 
alter the voltage output sent to control the lamps for our PID controller. 

u(t)=Kpe(t)+Ki

∫ t

0
e(t′)dt′ + Kd

de(t)
dt

(1) 

The output voltage sent to the lamps was the sum of each of the three 
terms in Equation (1). The three adjustable coefficients, Kp, Ki and Kd, 
summarised in Table 1, were individually adjusted to alter the means by 
which a target value was obtained. 

Preliminary experimental work was conducted to optimise the co-
efficients Kp, Ki and Kd for each material. Over the course of forty iter-
ations, the PID parameters were optimised to achieve the desired 2 g s− 1 

MLR. The effectiveness of the applied parameters was determined based 
on the time taken to reach a steady state, the extent of the oscillation 
whilst at this steady state and the range of voltages sent to the lamps. 

Before each experiment, a heat flux gauge was used to calibrate the 
tungsten lamps. A predefined voltage ramp was sent to the lamps with 
the resultant heat flux being monitored over the course of this ramp. 
These values enabled the output voltages sent to the FPA lamps during 
experimental runs to be directly linked to the time varying heat flux 
values. 

2.1.2. Sampling pyrolysis products 
When investigating the composition of effluent generated during 

pyrolysis, two analytical techniques were deployed in tandem. In addi-
tion to the exhaust duct, two separate heated sampling lines (453 K) 
withdrew effluent. The heated sampling lines were situated above the 
quartz tube (150 mm) with one directed to a Fourier-transform infrared 
spectroscopy (FT-IR) cell (Gasmet, Vantaa, Finland) while the other 

passed through a condenser (dry ice/acetone, 195 K). Condensed 
effluent was collected to give a crude colourless liquid, products with a 
boiling point lower than 195 K could not be condensed. 

The FT-IR analysis involved an IR beam being directed towards a 
gaseous sample drawn from the stream of pyrolysis products. The low 
energy beam was partially absorbed by molecules with a net dipole 
moment, triggering vibrational, rotational and translational transitions. 
Specific functional groups were shown to absorb at specific wave-
numbers thus facilitating identification. The temporal measurements 
facilitated by the FT-IR enabled the effluent to be sampled every 4 s, 
however, only predetermined species could be monitored based on the 
predefined reference spectra. FT-IR analysis was conducted using a 
Gasmet DX4000 portable gas analyser. Produced IR spectra were ana-
lysed using the supplied software (Calcmet V2005.100, Tetmet In-
struments Ltd., Vantaa Finland) alongside calibrated reference samples. 
Each spectrum was analysed across a spectral range (595–4240 cm− 1) 
with the resolution (8 cm− 1) achieved via a thermoelectrically cooled 
MCT detector coupled with an antireflection (ZnSe) beamsplitter. Gas 
samples were filtered (particulate, 2 μm) before entering the sample cell 
(0.4 L, 453 K). The path length (250 cm) proved adequate to maintain 
the sampling frequency. 

The second sampling line passed effluent through a condenser ahead 
of ex-situ GC-MS analysis. After an experiment, collected condensed 
samples were volatilised and separated via GC, generating a total ion 
chromatogram (TIC) with a series of peaks. Each peak was analysed via 
MS fragmentation with the resultant fragment ions enabling explicit 
chemical identification. Quantification could be achieved via external 
standards, however data could only be collected over the whole run, not 
in real time (hence the requirement of constant pyrolysis rate). There-
fore, the GC-MS was primarily used to confirm the identities of the 
species being detected via the FT-IR. 

CH2Cl2 (3.25 mL) was added to the crude condensed effluent and the 
two layers were separated. The organic layer was extracted to give a 
colourless liquid. The resultant solution (~4 mL) was sealed in a 
Wheaton sample vial (12 mL) and taken for GC-MS analysis. GC-MS 
analysis was carried out using a Thermo Trace 1300 GC with an ISQ 
LT single quadrupole MS (Thermo Fisher Scientific, Massachusetts, 
USA), in splitless mode equipped with an AL 1310 liquid autosampler 
(Thermo Fisher Scientific, Massachusetts, USA), using a TraceGOLD TG- 
5 column (30 m × 0.25 mm × 0.25 μm), held at 308 K for 600 s before 
rising to 553 K at 273 K min− 1. A helium carrier gas was flowed at 0.8 
mL min− 1. The MS had a 573 K ion source temperature and was operated 
in positive electron ionisation mode, scanning m/z 40–400. 

2.1.3. Pyrolysis experiments 
Samples of either PMMA (100 mm × 100 mm × 5 mm, 56.23 g), 

European whitewood (Norway spruce) (100 mm × 100 mm × 20 mm, 
128.69 g) or polystyrene beads (contained in a circular foil dish, 100 mm 
in diameter, 5 mm in depth, 31.32 g) with the rear surface covered in 
foil, were individually placed onto a load cell situated within the 
housing of the FPA. A quartz tube (435 mm high, outer diameter 174 
mm, inner diameter 164 mm) was placed over the sample. 

After an initial ramp (0.02 kW m− 2 s − 1, 60 s) the PID controller was 
initiated, controlling the voltage supplied to the four tungsten filament 
lamps and therefore the heat flux supplied to the specimen. The PID 
controller was set to enable a constant mass loss rate (2 g s− 1) over a set 
time period (800 s). An oxidiser flow of 100 L s− 1 was maintained 
around the sample throughout each experiment, preventing a localised 
build-up of pyrolysis gases. The composition of this stream was 0%, 
10%, or 21% O2 with the balance being nitrogen. Each experiment was 
performed in triplicate, with sampling commencing after the mass loss 
rate had stabilised (200 s). This timeframe was chosen as it enabled all 
materials to reach the desired mass loss rate with minimal fluctuations. 
Fig. 2 shows a diagram of the complete experimental setup. 

Table 1 
The three parameters that can be adjusted in a PID controller [14].  

Tuning Type Applied Adjustment Value 

Proportional 
(Kp) 

Relative to the difference between the current and 
target value. 

2 

Integral (Ki) The sum of any error from the proportional term. 0.01 
Derivative (Kd) Slowing the rate at which the correction factor is 

applied. 
8  
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2.2. Materials 

The samples investigated in this study (PMMA, timber and poly-
styrene) were selected based upon their physical properties. The timber 
is a charring material, expected to produce a mixture of complex py-
rolysis products including aliphatic and aromatic hydrocarbons, while 
the non-charring PMMA and melting PS were expected to generate their 
respective monomers; methyl methacrylate (MMA) and styrene. 

Each of the samples were sourced commercially. The polystyrene 
arrived as white spherical pellets (~1 mm diameter), the timber as un-
treated boards and the PMMA as opaque black sheets, suggesting the 
presence of a colorant additive. The timber was a European whitewood 
(Norway spruce). 

External standards were ordered to enable GC-MS areas to be 
quantified. Methyl methacrylate (MMA) (stabilised with hydroquinone 
monomethyl ether), styrene (stabilised with 4-tert-butylcatechol) and 2- 
methoxyphenol were obtained. All the standards used had purities of 
≥99%. Standard solutions were formed using dichloromethane (DCM). 

3. Results 

3.1. Mass loss rate 

As Fig. 3 details, the mass loss rate for each run stabilised, relative to 
initial fluctuations, at 2 ± 0.52 g s− 1 m− 2 after approximately 200 s had 
elapsed. The reported error was calculated from 220 s onwards for the 

polystyrene runs, as some samples were still in the process of melting. 
The fluctuation also disregarded the anomalous increase in mass loss 
rate for a single PMMA trial that peaked at 3.48 g s− 1 m− 2. This peak is 
likely to have occurred due to sample mass falling from the load cell 
rather than an increased rate of pyrolysis. 

The response to the PID controller for the PMMA and PS runs was 
much more varied than that of the timber. As the PMMA and PS un-
derwent pyrolysis, bubbles formed on the sample’s surface. These pro-
cesses resulted in distinct periods of mass loss as the bubbles burst. These 
periods of discrete mass loss could not be managed by the PID controller 
resulting in fluctuations in the MLR. 

When assessing the heat fluxes supplied by the FPA, approximately 
similar values were required to maintain the MLR across the different 
pyrolysis atmospheres for the synthetic polymers. However, the timber 
required a lower heat flux under oxidative environments to sustain the 
same mass loss rate. The applied heat flux, Fig. 4, remained below 40 
kW m− 2, preventing flaming combustion from occurring [15]. The 
decreased heat flux, ~25 kW m− 2, required to sustain the same MLR 
under oxidative conditions has been attributed to the presence of char 
oxidation which contributed to mass loss in addition to the pyrolysis 
process [16]. As the char was oxidised, the production of additional CO 
and CO2 resulted in additional mass loss and energy generation. As a 
result, a lower incident heat flux was required to obtain the same overall 
MLR. This demonstrated that char oxidation had an effect on the 
interpretation of the pyrolysis process as the char oxidation is likely to 
drive more pyrolysis [17,18]. 

Fig. 2. The modified FPA setup. Effluent was generated from the pyrolysis of the sample placed inside the FPA. Two sample probes sampled generated effluent, 
passing it to the condenser or the FT-IR cell. Condensed effluent was subsequently extracted for GC-MS analysis. 

Fig. 3. The smoothed (Gaussian filter, 80 periods) mass loss rates observed for each of the three materials (PMMA, polystyrene and timber) under each of the three 
oxygen environments (0%, 10% and 21%). Differing material properties resulted in differing responses to the PID controller. 
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3.2. Pyrolysis products 

3.2.1. GC-MS speciation 
The GC-MS analysis of condensed effluent led to a TIC being obtained 

for each run. Each peak within the TIC had a mass spectrum recorded, 
enabling speciation via database matching. Any species with a match 
greater than 40% has been included at the top of each TIC shown in 
Figs. 5–7 alongside the relevant retention time (RT). 

Utilising external standards alongside the calculated peak areas from 
the TICs, the peaks representing MMA, styrene and 2-methoxyphenol 
generated by PMMA, polystyrene and timber could be quantified. The 
MMA and styrene monomers featured prominently in the effluent for 
PMMA and polystyrene, respectively, while a simple aromatic phenol 
was selected to represent timber effluent. Fig. 8 shows the average 
concentrations of these species obtained from the condensed effluent for 
each the PMMA, polystyrene and timber runs. 

3.2.2. GC-MS yields 
As the established MLR was constant, relative to slight fluctuations, 

throughout each run, the GC-MS data could be assumed to reflect the 
average composition of the effluent generated over the entirety of the 
run. As such, any quantified values could be averaged out over the 
course of an experimental run, facilitating an alternative means of 
calculating yields. 

This GC-MS data was quantified via calibration against responses 
from known reference compounds. Pure samples (≥99%) of MMA, sty-
rene and 2-methoxyphenol were diluted in DCM to form five different 
solutions with concentrations ranging from 0.01 to 0.25 mol dm− 3. The 

resultant calibration curves enabled peak areas to be used to calculate 
product yields. 

Once a peak on the TIC, Figs. 5–7, had been selected, its identity was 
confirmed through the analysis of the MS fragmentation pattern. Upon 
identification, the peak area was integrated and subsequently converted 
into a concentration based on calibration with the reference compounds. 
Equation (2) was used to convert the calculated concentration into a 
density. 

ρ
(
g dm− 3) = C

(
mol dm− 3)×Mr

(
g mol− 1) (2) 

This density was converted into a mass through multiplication by the 
added volume of DCM (0.325 dm3). Equation (3) summarises this step, 
showing how the masses were obtained. 

Mass (g)= ρ
(
g dm− 3)× V

(
dm3) (3) 

This obtained mass was divided by the total sample mass loss over 
the course of a run during the timeframe that the condenser sampling 
line was switched on (600 s), enabling the calculation of a yield (g g− 1). 
Equation (4) summarises this calculation, facilitating the generation of 
comparable yields. 

Yield
(
g g− 1)=

Mass (g)
Sample Mass Loss (g)

(4)  

3.2.3. FT-IR speciation 
When reviewing the FT-IR sample spectrum obtained from the 

PMMA runs shown in Fig. 9, three dominant bands, 1152 cm− 1, 1355 
cm− 1 and 1750 cm− 1, were observed. 

Assigning some of the other absorption bands in Fig. 9 to typical alkyl 
and carbonyl vibrational modes, suggested that the unknown compound 
or compounds were species with a degree of unsaturation, likely to 
contain an ester linkage. Despite the complex mixture, the obtained 
spectra were similar to spectra generated during the synthesis of the 
polymers, with a close resemblance to the MMA spectrum [19,20]. It 
was plausible to suggest that this signal had arisen from the MMA 
monomer or possibly a similar oligomer. This was confirmed through 
the analysis of the GC-MS data. A prominent peak eluting after ~4.9 min 
on the TIC shown in Fig. 5, had ions present at 101, 69 and 41 m/z; 
corresponding to the fragmentation pattern and molecular mass of the 
monomer MMA [20]. This speciation reinforced the analysis of the FT-IR 
signal, suggesting that the main product was indeed MMA. Additionally, 
the TIC revealed the identity of many secondary products, including 
dimethyl 2-methyl-5-methyleneadipate (RT 17.4 in Fig. 5). This species 
has been shown to form during the polymerisation of MMA, further 
cementing the MMA peak assignment [21]. 

Many of the species identified via GC-MS had similar functional 
groups to MMA and as such would be expected to contribute towards the 
signal recorded by the FT-IR. The GC-MS confirmed that on average the 
main pyrolysis product, MMA, accounted for 99.1% of the species 
extracted from the effluent. This value could subsequently be used to 

Fig. 4. The heat flux supplied by the FPA during each of the timber runs to 
achieve a steady state mass loss rate (2 g s− 1). The data has been smoothed 
(Gaussian filter, 20 periods). 

Fig. 5. The total ion chromatogram (TIC) obtained for the pyrolysis of PMMA under 21% O2. The dominant peak eluting at 4.97 min was identified as MMA.  
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Fig. 6. The total ion chromatogram (TIC) obtained for the pyrolysis of polystyrene under 21% O2. The peaks eluting at 12.49 and 14.15 min were identified as 
styrene and methylstyrene. 

Fig. 7. The total ion chromatogram (TIC) obtained for the pyrolysis of timber under 21% O2. Many of the identified species were aromatic or heteroaromatic with a 
particular focus on furans. 

Fig. 8. The average concentrations of MMA, styrene and 2-methoxyphenol recorded via GC-MS, obtained during the pyrolysis of PMMA, polystyrene and timber 
under three different oxygen environments (0%, 10% and 21% O2). 

Fig. 9. An FT-IR spectrum obtained during the controlled pyrolysis of PMMA. Prominent bands have been allocated to alkyl, carbonyl and alkene stretching and 
bending modes. 
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adjust the yields recorded by the FT-IR. 

3.2.4. FT-IR yields 
The combination of the constant MLR afforded by the experimental 

setup with the close-to real time analysis by the FT-IR enabled the 
species being emitted to be directly related to the pyrolysis process. To 
enable useful comparisons of the species being generated during these 
experimental runs, the data required presenting in the form of yields (g 
g− 1). 

During each experiment only the analytical tools situated at the end 
of the heated sampling lines were able to identify species that were not 
CO, CO2 or O2. As the GC-MS data was based upon the condensed 
effluent summed over the entirety of a run, only the FT-IR data enabled 
near real-time changes to be tracked. The FT-IR data was recorded in 
parts per million (ppm), with the relationship summarised by Equation 
(5). 

1 ppm=
1 μmol (gas)
1 mol (air)

(5) 

It was assumed that the relatively small gaseous species sampled by 
the FT-IR were unlikely to interact and as such could be assumed to 
behave as ideal gases. Rearranging the ideal gas law, Equation (6), 
enabled Equation (7), for molar volume (Vm) to be formed. 

P (Pa) × V
(
m3) = n (mol) × R

(
J K − 1mol− 1)× T (K) (6)  

Vm
(
m3 mol− 1) =

V (m3)

n(mol)
=

R
(
J K − 1mol− 1

)
× T (K)

P (Pa)
(7) 

To obtain the concentration of a species being monitored, ppm 
values needed to be converted into masses. A density term (ρ) was 
introduced to describe the relationship between the mass and volume of 
a gas. Equation (8) described this density term, while Equation (9) 
showed the relationship between mass and molar mass (Mr). 

ρ
(
g m− 3)=

m (g)
V (m3)

(8)  

m (g) = n (mol) ×Mr
(
g mol− 1) (9) 

The substitution of Equations (6) and (9) into Equation (8) generated 
Equation (10). 

ρ
(
g m− 3) =

n (mol) ×Mr
(
g mol− 1

)
× P (Pa)

n (mol) × R
(
J K − 1mol− 1

)
× T (K)

=
Mr

(
g mol− 1

)
× P (Pa)

R
(
J K − 1mol− 1

)
× T (K)

(10) 

Equation (7) was substituted into Equation (10) to form Equation 
(11). At this point the dimensionless ppm reading was converted into a 
decimal, before being added into Equation (11) to form Equation (12); 
which enabled the calculation of the density of a species of interest. 

ρ
(
g m− 3) =

Mr
(
g mol− 1

)

Vm
(
m3 mol− 1

) (11)  

ρ
(
g m− 3) =

ppm (decimalised) ×Mr
(
g mol− 1

)

Vm
(
m3 mol− 1

) (12) 

Having calculated the density of the species of interest via Equation 
(12), it became necessary to calculate the flowrate of air through the 
experimental setup. Equation (13) detailed the calculation of this 
flowrate, while Equation (14) enabled the mass flow for the species of 
interest to be obtained via the combination of these equations. 

Flow Rate
(
m3 s− 1)= 100 L min− 1 =

100 L
60 s

= 1.67 × 10− 3 m3 s− 1 (13)  

Mass Flow
(
g s− 1)= ρ

(
g m− 3)× Flow Rate

(
m3 s− 1) (14) 

Finally, to enable the mass flow rate data to be comparable, the data 
had to be linked to the rate of material decomposition. Through the 
division of the average mass loss rate (MLR), theoretically constant at a 
steady state, a yield could be obtained. This calculation is outlined in 
Equation (15), accounting for the area of the sample. An example of the 
average values obtained for MMA across the PMMA runs is included in 
Table 2. 

Yield
(
g g− 1)=

Mass Flow (g s− 1)

Average MLR (g s− 1m− 2) × Sample Area(m2)
(15)  

3.3. Improving speciation: The combined use of GC-MS and FT-IR 

Each of the deployed analytical techniques utilised in this study had 
their own merits and drawbacks. The advanced speciation afforded by 
the GC-MS was limited by the lack of a temporal reading. While the near 
real-time measurements enabled by the FT-IR failed to distinguish sig-
nals arising from similar species. Combining the different techniques 
reduced their individual limitations, enabling a greater understanding of 
pyrolysis. 

As Fig. 6 shows, during the pyrolysis of polystyrene the GC-MS 
identified seven different mono-substituted aromatic species with 
either a methyl or ethyl chain present, including styrene. For the same 
run, the FT-IR managed to detect both methylbenzene and ethyl-
benzene, however it was not calibrated to detect the monomer styrene. 
Consulting the FT-IR spectra, an example is shown in Fig. 10, the 
characteristic absorption bands for styrene were present including the 
CC stretch at ~1680 cm− 1 [22]. However, as the majority of these bands 
corresponded to aromatic stretching and bending modes, the molecule 
could only be confirmed to contain an aromatic ring, thus preventing full 
speciation. 

When IR reference spectra for the seven aromatic species detected by 
the GC-MS during the pyrolysis of polystyrene were overlaid, over-
lapping bands were present in three distinct regions, ~3000 cm− 1, 
denoting an aromatic C–H stretch, ~1500 cm− 1, indicative of aromatic 
C–C stretching and ~750 cm− 1, corresponding to aliphatic C–H bending. 
The degree of overlap in these regions prevented the FT-IR from dis-
tinguishing between these similar species within the effluent. 

To mitigate for the limited speciation offered by the FT-IR, yields 
were adjusted based on the ratios obtained via GC-MS. Continuing with 
the polystyrene example, the FT-IR readings for the styrene related 
species, methylbenzene and ethylbenzene, were summed to represent 
the total signal being produced by mono-substituted aromatic com-
pounds. This value was split based on the GC-MS peak ratios obtained 
for the five mono-substituted aromatic hydrocarbons. The percentage by 
area for styrene, averaging at 48.8%, from the GC-MS peaks was used to 
‘correct’ the FT-IR readings, which enabled the styrene yield to be 
estimated. 

A similar adjustment was conducted for the MMA readings, aver-
aging at 99.1%, obtained during the pyrolysis of PMMA. It is likely that 
the dimers detected via the GC-MS contributed, although minimally, to 
the total MMA measurement. Fig. 11 shows the adjusted yields obtained 
for MMA, styrene and 2-methoxyphenol when the GC-MS was combined 
with the FT-IR readings. 

During the pyrolysis of timber, FT-IR analysis failed to detect 2- 
methoxyphenol or a similar aromatic ether. As such, an adjusted FT-IR 
yield could not be presented for 2-methoxyphenol. As the GC-MS data 
appeared to underestimate the yield of MMA, it suggested that the GC- 
MS yield of 2-methoxyphenol alone was inadequate to obtain a com-
plete picture of the effluent. 

The FT-IR analysis of the timber effluent did reveal the identities of 
species that had boiling points lower than 195 K. Methane yields ob-
tained during the pyrolysis of timber tended to be raised under oxidative 
conditions. Fig. 12 displays the near real-time yields of MMA, ethyl-
benzene and methane obtained from the pyrolysis of PMMA, PS and 
timber respectively. 
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The increased methane levels generated under oxidative conditions 
suggested that a high temperature process was occurring. It is plausible 
to propose that the increased temperature afforded by the charring of 
the timber, confirmed utilising Fig. 4, enabled alternative pyrolysis 
processes to occur. Further investigation into this process is required, 
however it is clear that the proposed method facilitated the 

determination of different pyrolysis pathways. 
Styrene and methylbenzene are both mono-substituted aromatic 

rings, differing in mass by one carbon atom. In the absence of an FT-IR 
styrene signal, methylbenzene was selected to represent the aromatic 
species obtained during the pyrolysis of polystyrene. Oxidative envi-
ronments appeared to hinder methylbenzene production, with yields 

Table 2 
Calculating a yield for MMA based on the average reading recorded by the FT-IR analyser.  

Average values for MMA O2/% 

0 0 0 10 10 10 21 21 21 

ρ/g m− 3 8.93 12.2 9.27 9.77 10.3 9.76 12.3 12.1 10.5 
Mass Flow £ 10− 2/g s− 1 1.49 2.03 1.55 1.63 1.72 1.63 2.06 2.02 1.76 
Yield/g g− 1 0.71 0.97 0.74 0.78 0.82 0.78 0.98 0.96 0.84  

Fig. 10. An FT-IR spectrum obtained during the controlled pyrolysis of polystyrene. Absorption bands have been allocated to aromatic stretching and bending 
modes. The band at ~1680 cm− 1 could indicate an alkene C=C stretch or may be a continuation of the aromatic stretching region. 

Fig. 11. The GC-MS yields of MMA (left), styrene (centre) and 2-methoxyphenol (right) compared to the corresponding adjusted FT-IR yields obtained during the 
pyrolysis of PMMA, polystyrene and timber. 

Fig. 12. The smoothed (Gaussian filter, 15 periods) MMA, methylbenzene and methane yields obtained from the FT-IR cell during pyrolysis of PMMA, PS and timber 
under differing oxidative conditions. 
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increasing and only stabilising once the polystyrene had completely 
melted. As styrene was a large component of the pyrolysis effluent 
identified by GC-MS, it was plausible to suggest that styrene would 
follow a similar relationship to the recorded methylbenzene trend, 
reflecting the literature [8]. Further work alongside styrene reference 
spectra would be required to verify these insights. 

The obtained MMA yields occasionally peaked above 1 g g− 1, sug-
gesting experimental error. This error is likely to have arisen from the 
FT-IR signal allocation with other non-condensed species potentially 
influencing the signal. This result identifies room for method develop-
ment, perhaps utilising cooler refrigerants (e.g. liquid nitrogen) to 
enhance the insight into pyrolysis and hence the adjustment process. 
However, the yields indicate that on average MMA comprised 84% of 
the effluent, mirroring values obtained in literature, thus highlighting 
the potential of the proposed methodology [23]. 

4. Concluding remarks 

The calculated yields illustrated in Fig. 11 suggested that during 
pyrolysis the monomer MMA (0.84 g g− 1) was the dominant pyrolysis 
product generated by PMMA. These yields mirrored values recorded in 
comparative literature for MMA, where yields of 93.5% by mass have 
been reported [23]. The FT-IR instrument was not calibrated to detect 
the monomer styrene, however styrene was identified as a main product 
of the effluent by GC-MS shown by Fig. 6. Given the similarities between 
the functional groups and thus the observed FT-IR bands between sty-
rene, ethylbenzene and methylbenzene, these species were summed to 
represent the total signal being produced by mono-substituted aromatic 
compounds. The calculated styrene yield (0.03 g g− 1) was an order of 
magnitude lower than that of comparative literature, 55.9% by mass, 
suggesting that the FT-IR measurements required complementary ana-
lyses. A GC-MS ratio of 48.8% styrene by area did however correlate 
with literature, highlighting the importance of combining analytical 
techniques, and thus the practicality of the proposed methodology [24]. 

The notable uncertainty observed in the monomer yields suggested 
that oxygen did not have a significant impact on the pyrolysis of PMMA 
and polystyrene. Adjusted FT-IR yields based on GC-MS ratios enabled 
near real-time tracking of species within the effluent. Comments are 
made on the reported yields for a range of species in relation to the 
imposed environment, however, a greater number of replicates would be 
required to confidently comment on the stability of these species in the 
presence of oxygen. 

The most notable observation in the presence of oxygen lay with the 
charring solid, timber. Under oxidative conditions a lower heat flux, 
~25 kW m− 2, was delivered to the sample in order to sustain the same 
MLR, 2 g s− 1, as the inert runs. This lower heat flux suggested that char 
oxidation was occurring alongside pyrolysis, thus contributing to the 
mass loss. These oxidative processes are likely to have contributed to 
differences observed in the collected effluent, however natural variation 
within the polymer could also explain the fluctuations. As such, no 
notable difference in the type of species being generated during solely 
the pyrolysis of timber could be identified. 

The direct link between sample mass loss and effluent analysis 
afforded by the proposed methodology has facilitated insights into the 
pyrolysis processes. This methodology has potential to improve under-
standing of the pyrolysis process by measurement of real time species 
yields for a range of products and materials. 
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