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Abstract

Alternative fuels are crucial for the decarbonisation of high-energy demanding processes.
The utilisation of waste materials to produce alternative fuels is especially interesting since,
the co-pyrolysis of waste plastics and biomass was lately introduced as promising method
since the synergistic effect might enhance the product properties compared to those from
individual pyrolysis. Furthermore, the utilisation of waste biomass, like sawdust, is
interesting since it does not influence the sustainability of biomass consumption, and even
more, it avoids the usage of raw feedstock. Thermogravimetric analysis is performed to
determine the thermal degradation behaviour and kinetic parameters of investigated mixtures
to find the most appropriate utilisation method. Co-pyrolysis was conducted for three
mixtures with the following biomass/polyurethane ratios: 75-25 %, 50-50 %, 25-75 %, over
a temperature range of 30-800 °C, at three heating rates 5, 10 and 20 °C/min, under an inert
atmosphere. Obtained results were subjected to comprehensive kinetic analysis to determine
effective activation energy using the isoconversional model-free methods and provide a
detailed analysis of the samples' thermal degradation process. This work aimed to identify
the main thermal decomposition stages during co-pyrolysis of biomass and polyurethane
mixtures and provide the mixture composition's influence on the considered thermochemical
conversion process.

1. Introduction

Recycling waste and end-of-life plastic materials represent serious issues nowadays, with
the potential to arise even more in the future due to increased consumption. About 27 million
tons of plastic waste is generated in the EU in 2018. Of which 31.1 % is recycled, 41.6 % is
used for energy recovery while the rest is landfilled, implying the irrevocable loss of valuable
resources [1]. This problem is especially evident in complex plastics waste, which is not
built by polymerisation but synthesised from different compounds, like polyurethane foam
[2]. Polyurethane foams (PUF) are among the most used polymers worldwide, utilised in a
flexible or rigid form for automotive purposes or as insulation and structural material. By
selecting different polyols and isocyanates, the primary building block of PUF, the
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manufacturer can produce more than 150 different foam types. Moreover, the PUF is often
treated with various flame retardants due to application requirements, which complicates
their recycling procedure [3]. Lately, thermochemical conversion into useful chemicals or
fuels is proposed as a potential method to deal with its disposal problem. The pyrolysis is
especially interesting since valuable liquids, gases, and biochar are obtained, which can be
further utilised where appropriate [4]. Stancin et al. studied thermal degradation of waste
rigid polyurethane foam (PUR) by thermogravimetric analysis (TGA), intending to
investigate particle size's influence on solid residue chemical composition. They found a
significant amount of harmful and hazardous compounds that constrain the direct application
of obtained products. Major unwanted compounds found are various benzene-based species,
chlorine-containing compounds, polycyclic aromatic hydrocarbons (PAHSs), furans, and
similar [5]. Guo et al. conducted catalytic gasification of PUR to maximise the hydrogen
yield. Calcium carbonate had the best catalytic effect and promoted a significant amount of
hydrogen (~80 vol.%), offering an alternative thermochemical route for PUR recycling [6].
Numerous researchers widely investigated the kinetics of polyurethane foams over the years
by conducting TGA. The kinetic and thermodynamic analysis is useful for getting a good
insight about the changes of a kinetic model during the process, but also to investigate the
favorable process conditions to achieve predetermined goals of the considered
thermochemical conversion process. Finally, kinetic and thermodynamic analysis results can
serve as a basis for potential numerical modeling and simulations [7]. Garrido and Font [8]
investigated a flexible PUF decomposition mechanism, at different heating rates, with the
final temperature of 900 °C. They concluded that in the first degradation stage, urethane
bonds are broken to produce isocyanates, while in the second stage, ether polyols are
decomposed forming, mostly a solid residue. Yao et al. [9] recently performed a Kinetic
analysis of PUR from the discharged refrigerator, confirming the three-stage decomposition
mechanism and the Flynn—Wall-Ozawa method as the most reliable for obtaining activation
energies of PUF decomposition. Mikul¢i¢ et al. [10] investigated the thermal decomposition
of PUR under different atmospheres. They concluded that the decomposition mechanism
under the oxygen-enriched atmosphere could be roughly divided into two stages, starting
with the devolatilisation and followed up by the oxidation of residues.

Various waste biomass was widely investigated as the prominent feedstock for sustainable
alternative fuel production through pyrolysis or co-pyrolysis [11]. Nevertheless, due to
complex biomass composition, their thermal degradation behaviour dramatically varies [12].
Luo et al. [13] conducted the pyrolysis on beech sawdust and used model-free analysis to
assess activation energies. The thermal decomposition was divided into three stages by
observing the extent of conversion. Additionally, activation energies are calculated with the
conclusion that Friedman’s method corresponds to the real values. Zhang et al. [14]
investigated the thermal decomposition of wood sawdust. Once again, it was confirmed that
the sawdust decomposition consists of three steps, being the most intensive in the second
one, where mostly cellulose and hemicellulose are decomposed. In addition, it was
concluded that sawdust pyrolytic kinetic consists of multi-step reactions due to the presence
of pseudo components, which decomposes independently. Mani¢ et al. [15] carried out
multi-component modeling kinetics and thermal analysis of apricot kernel shell using four
pseudo-components. The analysis showed that the cellulose component dominant the



process, and the influence is slightly increased when higher heating rates are applied. Most
of the studies deals with co-pyrolysis of biomass or sawdust from one type of wood. Alam
et al. [16] investigated the co-pyrolysis of bamboo sawdust and low-density polyethylene,
concluding that the higher heating rates shift the peak temperature toward higher values and
broaden the temperature range in which decomposition takes place. Other works deal with
co-pyrolysis of torrefied poplar wood with polyethylene [17], oak wood with different types
of waste plastics [18], eucalyptus biomass residue with polystyrene [19], pine woodchips
with the six most common plastics waste [20]. As can be seen, most of the studies deal with
the individual analysis of polyurethane kinetics. The extended results which would cover the
thermodynamic perspective are widely missing. On the other hand, various biomass
feedstock was widely investigated in numerous research. Nevertheless, the work where
sawdust mixture composed of different types of biomass is co-pyrolyzed with PUR is not
found in the literature. The introduction of polyurethane to the co-pyrolysis process extends
the state-of-the-art of polyurethane decomposition analysis. The inclusion of the
thermodynamic part complements the knowledge gap of thermal decomposition
investigation by broadening the knowledge on the influence of mixture composition on
process dynamics.

This work reveals the thermogravimetric analysis (TGA) and kinetic analysis of waste
biomass sawdust (SD) composed from different types of wood and PUR. As already
mentioned above, PUR recycling requires complicated procedures; therefore,
thermochemical recycling routes might be a promising alternative. Thermogravimetric
analysis is used in this study to obtain necessary kinetic parameters such as activation energy,
pre-exponential factor, and similar. In addition, we have provided an analysis of
thermodynamic parameters, which are seldom in the literature. Since the decomposition
mechanism of PUR is more similar to biomass than plastics, it is of great interest to
investigate their interaction during the process and mutual influence on kinetic and
thermodynamic parameters. The results from this study can be used to evaluate the feedstock
suitability for co-pyrolysis and even more to provide a comprehensive insight for
determining optimal process conditions such as mixing ratio, heating rate, and final
temperature. Therefore, the main novelty of this work lies in the fact that for the first time,
sawdust and polyurethane were investigated in fuel blend with an aim to derive appropriate
conclusions regarding the feedstock suitability for the process and backed up by analysis of
favorable process conditions.

2. Materials and methods
2.1 Materials and experimental procedure

The samples used in this study were waste sawdust mixture composed of fir, oak, and beech
wood obtained from a local sawmill, while the PUR was previously used as an insulation
material for refrigerators. Investigations were carried out for individual and mixture samples
with the following shares: 25% PUR, 50% PUR, and 75% PUR. The sample preparation was
done according to the standard procedure [21]. In addition, the samples were tested to obtain
data of ultimate and proximate analyses following the relevant standard [22]. Results are
given in Table 1. Selected particle sizes of the samples were between 0.125-0.25 mm, to



ensure homogeneity of the mixture. In addition, in the previous research [5], it was
determined that this is the optimal particle size of selected PUR regarding the yield of
organic compounds, especially those that might represent a threat to human health such as
PAHSs, furans, benzene containing compounds, and similar. Sample masses were about 10
mg, which is widely used for TGA. Samples were heated from room temperature up to 800
°C, since higher temperatures are applied for gasification. Different heating rates were used
to investigate the influence of this parameter on process kinetics. As an inert carrier gas,
Argon was used to avoid reactions with released volatiles. Furthermore, the prepared sample
was also conducted to the Simultaneous Thermal Analysis (STA), which provides data for
TGA and DTA simultaneously on the same sample. The NETZSCH STA 445 F5 Jupiter
system was used for STA measurements under the following conditions:

» particle size 0.125-0.25 mm

« sample mass: 10 + 0.5 mg.

» temperature range: from room temperature to 800 °C.

» heating rates: B =5, 10 and 20 °C/min.

» the carrier gas: pure Argon with the total gas flow rate of 70 mL/min.

Table 1 - Results of Ultimate and Proximate analysis of investigated samples

Ultimate Analysis? Proximate analysis HHV
(Wt.%) (wt.%) (MJ/kg)
Sample C H oP N S Moisture ~ Volatiles  Fixed  Ash
carbon
PUR 63.90 6.45 1696 6.74 - 2.71 82.01 9.51 5.78 26.73
SD 4733 6.04 4477 031 0.02 7.35 72.95 18.28 142 17.30

a0n a dry basis
®By the difference

2.2 Methods for calculation of energy activation and thermodynamic parameters

In this work, model-free methods were used to avoid potential errors in the calculation of
energy activation that might arise from the misidentification of an appropriate kinetic model.
Since the biomass decomposition is extremely complex, and the sawdust mixture is
composed of different types of biomass, the probability of selecting the wrong model was
too high. In addition, model-free analysis opens an opportunity to investigate the change of
activation energy in dependence with the extent of conversion, suggesting the changes in
reaction mechanisms and kinetics. If model-fitting methods are applied, one can only extract
the average value for the whole process, which is not beneficial for the analysis of the
reaction model and kinetics of the process.

Activation energies are calculated using the four model-free isoconversional methods,
Friedman (Eg. 1), Kissinger-Akahira-Sonuse (KAS) (Eg. 2), Ozawa-Flynn-Wall (OFW)
(Eq. 3), and Starink (Eq. 4):

d E
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In the equations mentioned above, a represents the degree of conversion, £ is the heating
rate, T is the temperature A, E, and R are the pre-exponential coefficient, the activation
energy, and the universal gas constant, respectively. Activation energies in the Eq.1-4 are
calculated as a function of the extent of conversion (a). In Eq. 1, Friedman’s method for a
different o value, a set of In(#(do/dT)) and 1/T pairs corresponding to each heating rate were
collected and plotted to a straight line. The slope of each straight line, (-E/R), was used to
obtain the activation energy. In Eq. 2, for the KAS method, at each degree of conversion,
the pairs of In(8/T2) and 1/T data points were obtained and plotted once again to a straight
line. The slope (-E/R) is then used to calculate the activation energy. In the case of the OFW
method (Eg. 3), data points are collected for pairs of Ing and 1/T which were fitted to a
straight line. From the slope (-1.052(E/R)), activation energy is calculated. In the Starink
method (Eq. 4) at a given extent of conversion a, the data points of In(8/T*%2) versus 1/T are
plotted to a straight line at different temperature heating rates, and the slope of the line
corresponds to -1.0008E/R. Therefore, the apparent activation energy E is calculated from
the slope of the straight line.

Thermodynamic parameters, including the pre-exponential factor, are calculated using the
following equations 5-8:

E
B *E * exp (go7)

e Pre-exponential factor (A) A= m Eq. 5
R*T2
e Changes of enthalpy (4H) AH = E — RT, Eq. 6
. AH — AG
e Changes in entropy (45) AS = — Eq. 7
m
e Changes of free Gibbs * T,
Eq. 8
energy (4G) AG=E+R=*Ty *ln(h A) q

Where Kg represents Boltzmann constant (1.381x10?% J/K), h Plank constant (6.626x10%
Js), Tm the DTG peak temperature, and T, the temperature at the degree of conversion a [23].
To calculate the pre-exponential factor from Eq. 5, it was assumed the first-order kinetic



reaction with the kinetic model f(o) = (1-a). As can be seen from equations 6-8, the pre-
exponential factor A, and activation energy E are mandatory to calculate enthalpy changes,
entropy, and free Gibbs energy.

2.3 Error analysis of experimental work

Regarding the error analysis of the experimental work, the proximate and ultimate analysis
was performed according to standard test methods, which already include the defined
procedures for measurement accuracy and measurement error handling. These procedures
were applied to the data of proximate and ultimate analysis presented in this paper, and the
obtained experimental values are presented according to the standard test requirements and
common practice of presenting this type of data on a defined basis in order to be comparable
with the literature data.

With regard to TG-DTG experimental work, the error analysis considers a comprehensive
calibration and measurement procedure that precedes the sample measurement. The
calibration procedure defined by the equipment manufacturer provides the accuracy of the
measurement and is performed once every six months. The calibration procedure considers
the used protective gas for the balance and selected heating rate. Furthermore, before each
measurement to correction of the signals is performed by measurements with empty
crucibles to correct the measured signals and handle the mass balance deviations. After that,
the measurement with the crucible with the sample and reference crucible is performed and
obtained correction signal is applied on measurement data through the manufacturer
software used for the analysis. Those are common procedures for this type of experimental
equipment which guarantee the accuracy of the measurements declared by the equipment
manufacturer.

3. Results
3.1 Thermogravimetric analysis of sawdust and polyurethane foam samples

Figure 1 presents the thermogravimetric (TG) and derivative thermogravimetric curves
(DTG) for individual sample pyrolysis, obtained at two different heating rates. The PUR
decomposition can be roughly divided into three stages, already reported by Yao et al. [9].
Up to 200 °C, the sample's decomposition is barely visible, and the mass loss is below 3.5%
for all investigated heating rates. The onset temperature for the second stage is at
approximately 300 °C, and 303 °C for the heating rates of 5 and 10 °C/min, while the onset
temperature for the heating rate of 20 °C/min is slightly higher ~311 °C. The decomposition
peak is identified at 328 °C (5 °C/min), and it is further shifted to higher temperatures with
the increment of heating rates to 338 and 348 °C, respectively. Similar values and trends for
peak position are also reported by Xu et al. [24]. The first peak in DTG curves ends in the
temperature range between 380 and 406 °C, and the endpoint is shifted toward a higher
temperature with the heating rate increment. The remaining masses at this point are ~47%
for 5 and 10 °C /min, while higher mass loss is noticed for the heating rate of 20 °C/min
(42.5%), which is expected since the temperature range is shifted toward higher values for
more than 20 °C. This first peak represents the main degradation stage, where mostly
urethane bonds are broken, and isocyanates and polyols are decomposed [25,26]. The second
flat peak immediately follows the end of the first peak. The second peak of the DTG curve



can be explained as a secondary cracking of 1,1-Dichloro-1-fluoroethane and similar
halogenated compounds in an inert atmosphere and degradation of the soft segment [4]. Jiao
et al. [27] studied the degradation characteristics of PUR under inert and oxidative
atmosphere, and they found that this second peak is even more expressed in an oxidative
environment. Besides, the increment of heating rate had a visible impact on this stage of
degradation, being more pronounced for higher heating rates and broadening the temperature
range in which decomposition happens. At approximately 480 °C, this second stage ends,
and all samples have an almost identical mass loss, between 60 to 70% of the initial mass.
Nevertheless, in the last stage, the mass loss is more intensive for higher heating rates, even
though, in general, thermal decomposition in this stage is almost negligible. The final mass
differs for investigated samples, being the lowest for 20 °C/min (19.7%), and highest for 5
°C/min (23.3%). By observing the TG and DTG curves, the increment of heating rate
broadens the temperature range in which thermal degradation is happening and promotes the
sample decomposition.

The sawdust decomposition also consists of three steps, starting with the moisture
evaporation (~5% of mass loss), being followed by the most intensive second stage where
mostly hemicellulose and cellulose content is decomposed (>60% of mass loss), and finally
slow decomposition of the lignin content until the end of the process (~10 % of mass loss).
For the heating rate of 5 °C/min, the first stage ends at 110 °C, after which the curve remains
flat until 220 °C, where degradation slowly starts to progress once again. The first stage for
higher rates goes up to ~140 °C, where most of the moisture is evaporated. The second stage
begins at approximately 290 °C for 5 °C/min, and with the further increment of heating rate
is shifted toward higher values to 296 and 302 °C, respectively. As can be seen, the increment
of heating rate broadens the temperature range in which decomposition is happening, similar
to PUR, and also shifted the peak in DTG curves from 342 to 352 and 358 °C, respectively.
This phenomenon where the increment of heating rate shifts the temperature range toward
higher values is already reported in several studies [28,29]. Mainly this is due to the heat
transfer limitations and existence of temperature gradient between the surface and inner part
of the particles, which influences the release of volatiles [16]. The main peak corresponds to
the decomposition of the cellulose content [14]. The small shoulder in the peak can be
noticed at 5 °C/min, corresponding to hemicellulose degradation. As the heating rate
increase, this shoulder becomes less visible, already reported for sawdust decomposition
[30]. The second stage ends at 370 °C for the 5 °C/min, and at 376 °C and 383 °C for the
heating rates of 10 and 20 °C/min, respectively. At the end of this stage remaining mass is
approximately 26% for all samples. In the last stage, mass loss follows the linear pathway
until the end of the process, even though there is no visible mass loss after 600 °C. This last
stage accounts for the degradation of the lignin content. The final mass is slightly lower for
5 °C/min (19.6%) compared to the other two samples, where the final mass is about 20.6%.
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Figure 1 — TG (solid lines) and DTG (dotted lines) curves from PUR (a) and Sawdust (b) pyrolysis

3.2 Thermogravimetric analysis of sawdust and polyurethane foam mixtures

Regarding the thermal decomposition of the investigated mixtures, it is observed from TG
curves (Figure 2) that the sample where sawdust is a dominant compound express similar
behaviour to the decomposition of the individual SD. In contrast, for the mixtures with 50
and 75% of PUR content, the decomposition is similar to the individual PUR sample. The
first stage is slightly influenced by the introduction of PUR content to the mixture. As the



content of PUR increases, the mass loss decrease, as expected since this is mostly due to
moisture evaporation. Regarding the heating rate, the first stage seems to be poorly
influenced by this parameter, and mixture composition plays a more important role [29]. The
only visible difference is at a heating rate of 5 °C/min, where slightly greater mass loss is
noticed, similar to the SD sample.

The second stage onset temperature is poorly influenced by the mixture composition since
the temperatures are in a similar range, while the more pronounced difference is for various
heating rates. For the mixture with 25% of PUR, onset temperature increase with the
increment of heating rate and are 280, 290, and 298 °C, respectively. The peak temperatures
are also shifted toward higher values with the heating rate increment from 338 to 354 °C,
noticed for other mixtures. The difference between peak temperature is negligible for the
mixture with 50 and 75% of PUR content but still increase from 328 °C to 334 and 344 °C,
as the heating rate increase. The end of the first peak is at 360 °C for 5 °C/min for all
mixtures, which slightly increases with the increment of heating rate and PUR content in the
mixture. For the heating rate of 20 °C/min, the end temperature of the first peak increase
with the increment of PUR content to approximately 376, 380, and 400 °C, respectively. The
first peak's end is immediately followed by the second one, similar to individual PUR
pyrolysis. Precise determination of the second peak-end temperature is difficult, but it can
be arbitrarily taken at about 500 °C since, at these points, DTG curves are very close to zero.
Even though it should be emphasized that the second peak is more influence by the heating
rate and mixture composition. With both parameters increment, the end temperature tends
to shift toward values higher than 500 °C. In this second stage, the sample with 25% of PUR
expresses similar behavior compared to the SD, while mixtures with 50 and 75% of PUR are
closer to the individual PUR decomposition. The final temperature of the second stage is
greatly influenced by both factors, mixture composition and heating rates. For the former
one, it can be seen that the introduction of PUR broadened the temperature range in which
decomposition takes place. Simultaneously, the second peak from the PUR degradation is
smoothened and less pronounced in the DTG curve. This implies that biomass hinders
secondary cracking of 1,1-Dichloro-1-fluoroethane, and with a higher share of biomass
fraction in an investigated mixture, this peak is significantly reduced. For the mixture where
SD is the dominant compound, the influence of both parameters is more visible compared to
the rest of the samples.

The influence of the heating rate on the last stage of degradation is almost negligible. The
mass of the residues at 600 °C is almost the same for all investigated heating rates and
mixtures, except at 5 °C/min for the mixture with 25% of PUR, where the final mass is
slightly lower. Lower final mass at a lower heating rate is expected since, in this case,
sufficient time is provided for the complete release of volatiles. Besides, with the increment
of PUR content in the mixture, the final mass of the residue is increased. Interestingly, with
the increment of heating rate, the final mass decrease for the mixture with 50 and 75% of
PUR, also noticed for the individual PUR decomposition. On the other hand, for the mixture
with 25% of PUR, the final mass increase with the increment of heating rate, also observed
for pure SD degradation.

In general, from the TG and DTG curves, it can be seen that the decomposition areas of
individual samples overlap and taking place in a similar temperature range, which is very



beneficial for the occurrence of the synergistic effect between them. The existence of
synergy can be confirmed by the final mass of investigated mixtures, which are higher than
those from individual pyrolysis or theoretically expected. The existence of synergy can also
be seen from the second peak of the second stage since the biomass influenced its intensity.
The DTG curves are considerably smoothened compared to individual PUR pyrolysis,
indicating that the sawdust has an important role in this temperature range for the
decomposition intensity. Simultaneously, the PUR influence on the first stage of
decomposition and the onset temperature for the second stage seems to be limited. In
contrast, a more significant influence is noticed for the end temperature of this stage and the
overall process. An increase of PUR content increased the final mass of the residue for all
investigated mixtures. Regarding the heating rate, for the mixture with 25% of PUR,
increment in the heating rate increased the final mass of the residue, observed for individual
SD decomposition, while the opposite trend is noticed for the mixture with 50 and 75% of
PUR content. Results are summarised in Table 2.
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Table 2 - Final masses from individual and mixture pyrolysis at various heating rates

Final mass | ¢ o~ tin | 10 °C/min | 20 °C/min
[%]

Sawdust | 19.6 20.6 20.7
25% PUR | 22.9 24.9 25.7
50% PUR | 27.2 26.4 26.6
750% PUR | 288 28.6 28.1

PUR 233 21.8 19.7

3.3 The activation energy of individual samples and their respective mixtures

The activation energy (Ea) was calculated using the model-free isoconversional Friedman,
Kissinger-Akahira-Sonuse, Ozawa-Flynn-Wall, and Starink methods. Obtained values show
excellent statistical correspondence by observing the statistical R? factor (>0.94947) for the
range of conversion between ¢=0.1-0.9. Below and above these points, obtained activation
energies show bigger discrepancies and lower statistical agreement, already reported in the
literature [14]. In general (Figure 3a-e), it can be seen that there are only slight differences
between the used methods. Moreover, the only visible differences are spotted between
Friedmann and other methods, while the results from the KAS, OFW, and Starink greatly

correlate.
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Figure 3 - Calculated activation energies for individual samples and respective mixtures

The Ea of polyurethane is lower than the rest of the plastics, and it depends on the isocyanate
index, which represents the hard segment of the PUFs. With the increment of this parameter,
the Ea tends to increase, representing the existence of the stronger bonds in such a
composition. Reported mean values in the literature differ but are in general below 200
kJ/mol [31], which is significantly lower compared to the polyethylene (PE), polystyrene
(PS), or polypropylene (PP), where mean values are ~250 kJ/mol [32]. The mean activation
energy of PUR used in this work is about 192 kJ/mol for KAS, OFW, and Starink method
with an excellent statistical agreement (R?>0.9970), while a slightly higher value (~202
kJ/mol) is obtained using the Friedman method, once again with a remarkable statistical
agreement (R?=0.9985).

Firstly, activation energy sharply increases up to a=0.1 (Ea~200 kJ/mol), suggesting that a
higher amount of energy is required to initiate PUR decomposition. In the range of 0=0.1-
0.5, Ea gradually decreases to approximately 165 kJ/mol. In this stage, urethane bonds are
broken, allowing the thermal decomposition of isocyanates and polyols. In the range

0.8

Starink



between a=0.5-0.6, it is noticed a bounce to 190 kJ/mol, which clearly shows the two-
degradation mechanism that occurs during the PUR decomposition [26]. This is followed up
by a constant increase until a=0.8. At this point, most of the sample is already decomposed,
resulting in the steep increment of Ea. As can be seen, calculated values using different
methods show great similarity. The difference between Starink and KAS methods is for all
investigated samples, and at almost all conversion rates below 1 kJ/kmol, therefore the lines
are almost entirely overlapping. In the case of the Starink and OFW method, the differences
are between 2-3 kJ/kmol, therefore the OFW curve is seen only for higher conversion rates
or as a shadow for a<0.8. The activation energy of the initial and final stage seems to be a
little underestimated by KAS, OFW, and Starink method, but the trends and values are in
good agreement.

Values obtained from the decomposition of the sawdust are significantly higher compared
to results reported in previous investigations. For the Friedman method, the mean activation
energy is 241 kJ/mol, while for the other methods is slightly lower and about 229 kJ/mol. A
similar underestimation of mean activation energy is also observed for the PUR sample.
Zhang et al. [14] reported Ea for wood sawdust ~190 kJ/mol, Mishra and Mohanty [28]
reported ~170 kJ/mol for pine wood, and 148-181 kJ/mol for sawdust depending on the used
method. Alam et al. [16] reported even higher values (265-353 kJ/mol) for the bamboo
sawdust for the conversion range (a=0.1-0.8). The activation energy of wheat straw is
between 154-379 kJ/kmol, while beech sawdust individually has an activation energy in the
range between 155-316 kJ/kmol [13]. Besides, Luo et al. [13] emphasized the importance of
observing activation energy in the separate conversion ranges. Therefore, the division was
made for the conversion ranges in the following way: first stage a=0.05-0.45, second stage
a=0.45-0.7, and final stage a=0.7-0.85, after which the obtained values show strong
divergence. A similar division can be applied for the sample used here as well. In the
beginning, up to o=0.1, activation energy sharply increases due to moisture evaporation.
After this point, the curve takes a gradual increase until the a=0.5. Most of the cellulose and
hemicellulose content is decomposed in this stage, known as the active pyrolysis area. In the
range 0=0.5-0.8, the values remain constant, and lignin is mostly decomposed. In the final
stage, the Ea sharply increases since most of the material is already decomposed. Once again,
similar to the PUR sample, KAS, OFW, and Starink method seems to underestimate Ea
values for the first stage of conversion since slightly visible differences are spotted. These
differences are becoming less visible as the a continues to increase, and after o=0.6 are
almost negligible.

The obtained values of the Ea with respect to the conversion rate (a) for investigated mixtures
are more similar to SD than the PUR sample being in the range between 200-250 kJ/mol for
most of the process. The mean E, obtained for investigated mixtures is summarised in Table
3. As can be seen, the mixture with a small PUR content expresses the lowest values of Ea
(~239 kJ/mol). This is an interesting observation since the individual SD expresses the
highest values; therefore, it would be expected the same for the mixture where SD is a
dominant compound. Nevertheless, the highest values are noted for the mixture with equal
content of both compounds (~277 kJ/mol), which decreases with the further increment of
PUR share to ~247 kJ/mol for the mixture with 75% of PUR. The sawdust influence is visible



from the conversion range up to a=0.2, where E, gradually increases, similar to the SD
sample. For the mixture where SD is a dominant compound, the second conversion stage is
between a=0.2-0.7, where Ea. continuously decrease. This is a completely reverse trend
compared to the SD sample, which indicates the apparent influence of PUR content. After
the conversion rate of a=0.7, values for E, start to increase, suggesting that the conversion
process has reached the final stage. In the mixture where polyurethane is a dominant
compound, the second stage is between conversion rate a=0.2-0.6, once again with
decreasing trend. Between a=0.6-0.7, a slight bounce of Ea is reported, followed by a steep
increase until the end of the process. This slight bounce is also reported for individual PUR
pyrolysis, even though it can be seen here that the values are shifted toward higher values of
conversion rate. Mixtures with an equal share of each fraction express similar behaviour as
the other two mixtures regarding the curve trend. Nevertheless, reported values of E, are
higher compared to other mixtures, especially after a=0.7. This implies that its heterogeneity
limits the thermal degradation of mixtures, and therefore, the final mass and end of
decomposition are achieved at lower conversion rates.

Comparison of Ea between investigated mixtures suggests that biomass plays a dominant
role in the first part of the process (0<0.2), but in the second stage, PUR seems to have a
more critical role. Even though the reported values of activation energy are more similar to
SD, the decreasing trend noticed for all mixtures suggests that PUR has an important role in
process dynamics. The last stage seems to be influenced the most by the mixture
composition. In the case of the sample with 25% of PUR, the increase in the last stage is
gradual and starts after the conversion rate of 0.7, while for the other two mixtures increase
is steep and starts at a=0.6. Since the mixture where sawdust is the dominant compound also
has the lowest final mass, this might suggest that the higher content of the PUR in the mixture
hinders the thermal degradation of the sample. Nevertheless, since it is evident that the
introduction of the PUR decreased the Ea in the main stage, it is more likely that the
heterogeneity of the mixture is more influential for this part.

Table 3 - Activation energy and statistical agreement from investigated samples

Activation Friedman KAS OFW Starink
energy 2 2 2 2
(kJ/mol] = R Ea R = R Ea R

Sawdust | 241.80 | 0.9629 | 229.33 | 0.9494 | 227.45 | 0.9591 | 229.54 | 0.9499

25% PUR | 239.42 | 0.9793 | 235.95 | 0.9699 |233.91 |0.9743 | 236.17 | 0.9701

50% PUR | 277.35 | 0.9485 | 272.85 | 0.9520 | 269.22 | 0.9572 | 273.05 | 0.9523

75% PUR | 247.47 | 0.9785 | 240.80 | 0.9600 | 237.79 | 0.9664 | 241.02 | 0.9603

PUR 202.27 | 0.9985 | 192.00 | 0.9970 |192.57 | 0.9973 | 192.28 | 0.9970

3.4 Analysis of thermodynamic parameters

In this section, apparent Friedman’s activation energies are used to calculate the
thermodynamic parameters such as pre-exponential factor and changes of free Gibbs energy,
enthalpy, and entropy. In Figure 4, obtained Ea from Friedman method at 10 °C/min are
plotted. This heating rate is used to reduce the impact of constituent interaction that increases



at higher heating rates. Once again, the PUR content's influence on the activation energies
in the conversion range between 0.2 and 0.6 is evident, even though the obtained values are
closer to SD values. Besides, it can be seen that at a=0.7, the activation energy of the
mixtures has a steep increment, which is in line with the results from the TG analysis and
the final mass of their residues.

450
400
350 o
300 /
2 250 L ®=SD
i 25 PUR
« 200 50 PUR
150 75 PUR
50
0
00 01 02 03 04 05 06 07 08 09 10

o[-]
Figure 4 - Friedman's activation energies for investigated samples

The values of pre-exponential factors vary over the range of conversion Figure 5a. The pre-
exponential factor was calculated based on Friedman’s method and with the general
assumption that a conversion function considers reaction order equals 1 [9]. In general, for
all investigated samples, they are above 10° s immediately after 0=0.1. For the sawdust
sample, these values are remarkably high (10<A<10?’) in the conversion range of
0.1<a<0.9. In the case of the PUR sample, these values are pronouncedly lower and, in the
range, 10*<A<10%°. A decrease in the activation energy is followed up by a reduction of a
pre-exponential factor in this range, which is then again followed up by the huge jump at
higher conversion rates. Pre-exponential factors of investigated mixtures vary in a similar
range as these from individual sample analysis. The steep increment is noticed after 0=0.7,
which is in line with the previously reported results. For all mixtures, the pre-exponential
factors are closer to the SD sample. Based on the adopted assumption, the obtained pre-
exponential factor represents the theoretical approach, and further research will consider the
determination of specific conversion functions for all analysed samples, which will enable a
more detailed analysis of pre-exponential factors. The Gibbs free energy (AG) changes are
almost negligible for the conversion range 0.1<a<0.9, and only a slight decrease is noticed
in all samples for approximately A5 kJ/mol. The highest values are calculated for the sawdust
sample, which reduces with the increment of PUR content, and finally, the lowest values are
reported for individual polyurethane decomposition (Figure 5b).



The enthalpy change (AH) indicates the difference in energy between the reagent and
activated complex (Figure 5c). For the SD sample, AH increases with the conversion range,
suggesting that lignin in biomass structure requires more energy for decomposition than
hemicellulose and cellulose, which are decomposed in earlier stages. Nevertheless, reported
values are high during the whole process, similar to lignin (~239 kJ/mol), indicating high
lignin content or complex structure due to heterogenous sawdust composition. In
comparison, the enthalpy change for maple leaf residue is only between 68-85 kJ/kmol [33].
On the other hand, the calculated values for the PUR are significantly lower (186-257
kJ/mol) and are following the trend of Ea and A. This means that the values firstly decrease
until 0=0.5, and then increase until the end of the process, implying that the PUR sample has
clear two stages of degradation, already described above. Firstly, the urethane bond and
isocyanates are decomposed, followed by the decomposition of volatiles in the second stage
between 0=0.5-0.8. The same trend is noticed for the investigated mixtures, even though
obtained values are pronouncedly higher and closer to the SD sample. Since the values of
AH in range a=0.3-0.7 are lower for investigated mixtures than that of individual sawdust,
it can be stated that the synergistic effect in that range has a beneficial impact of reducing
required heat needed to form activated complex [34].

Entropy represents the disorder degree of the system. Lower entropy values imply that the
system underwent some changes and has reached a new state of its own thermodynamic
equilibrium. For the SD sample, entropy varies between -62.40 and 273.45 J/mol. This
implies that the SD sample achieves a more ordered state at the beginning of the process
since the moisture is evaporated and only solid-state remains. As the process proceeds, the
solid sample starts to decompose, producing a high amount of gases, and therefore a change
of entropy significantly increases with the increment of conversion rate. The evolution of
gases from this sawdust mixture is confirmed in the investigation carried out by Stanéin et
al. [35]. For PUR, entropy starts to increase until 0=0.12 (20.53 J/mol) and then starts to
decrease immediately to -28.51 J/mol for a=0.48. After this point, an increment is observed
once again until the end of conversion. The entropy of the mixture behaves in the same way
as the PUR sample regarding the increasing-decreasing trend. Nevertheless, for the mixture,
negative values are not reported at any stage of the process. The visible difference between
the mixtures is the turning point at which conversion rate takes an increasing or decreasing
trend. For the mixture where SD is the major compound, this is at a=0.14 and a=0.66, while
for the PUR dominant mixture, this is at a=0.22 and a=0.56. In the case of a mixture with
an equal share of both compounds, this is at a=0.16 and a=0.54. Results are given in Figure
5d.
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Figure 5 - Thermodynamic parameters calculated at a heating rate of 10 °C/min

4. Conclusion

Thermogravimetric analysis of sawdust and polyurethane samples used in this study shows
that their decomposition mechanism regarding the shape of the TG curve broadly correlates.
This is due to the nature of PUR building units, which are more similar to biomass samples
than conventional plastics. The main decomposition stages overlap in a temperature range
between 300 and 400 °C, even though the chemical nature and reaction mechanism are
entirely different. Thermogravimetric curves of the investigated mixtures are showing
different behaviour, depending on the dominant constituent. Nevertheless, for the mixture
with an equal share of SD and PUR, reported values of mass loss and thermal decomposition
stages are closer to individual PUR analyses. The influence of the heating rate on thermal
decomposition is evident since the increment in heating rate shifted peak temperatures and
broaden the range in which degradation takes place for all investigated samples. For the
individual PUR analysis and mixtures with 50 and 75% of PUR, an increment of heating rate
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promotes the degradation, and lower final masses are reported. At the same time, a reverse
trend is observed for SD and SD-dominant mixtures.

Calculated activation energies show that there is only a slight difference between the used
methods. The KAS, OFW, and Starink methods underestimate Ea in the initial and final
stages, while the values are similar for the main conversion range. The highest values are
reported for individual SD pyrolysis, while the lowest ones are noted for polyurethane
degradation. Besides, a constant increment of Ea is recorded for SD, while for the PUR,
values first increase, then decrease, and finally jump to high values at the end of the process.
This suggests a clear distinction between the two stages in PUR decomposition, which is
also observed for analysed mixtures, even though reported values are closer to SD.

From the presented results, it is obvious that both heating rate and mixture composition have
an important influence on process dynamics. As the heating rate increase, thermal
degradation is broadened and shifted to higher temperatures. For the mixture composition,
it can be stated that at some critical share of plastic content in the range between 25-50%,
PUR starts to dominate the decomposition mechanism since the investigated parameters are
following the trend similar to that of individual PUR, even though the values are closer to
SD sample. For future work, the focus should be shifted to the SD-PUR mixture analysis
with a lower share of plastic content (25-50%) since, in this range, unpredicted behaviour is
observed. Even more, a critical point after which the plastic material starts to dictate the
degradation mechanism might be located in this area.
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