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Plastics are known for their beneficial properties, such as lightness, strength, and low cost, and they are used
in different applications such as construction, electronics, and packaging. However, plastics do not degrade
naturally, accumulating in soils and affecting the environment. Recycling techniques have been developed to
minimize plastic waste; chemical recycling through pyrolysis has been cataloged as an effective method for
transforming plastic waste into high-value products in the chemical and petrochemical industry. Previous studies
of feedstock degradation through thermogravimetry analysis (TGA) have been essential to estimate the optimal
temperature ranges to evaluate the pyrolysis process. The present work aims to study regression models to
estimate the temperature degradation of polystyrene (PS) through thermogravimetry data, which can be applied
before the pyrolysis process. In addition, this work compares linear and polynomial regression models to
estimate the best-fitting model and to determine the maximum temperature of degradation of PS by different
heating rates. Relative errors were calculated by comparing them with experimental values from the literature
not included in the models. As a result, a polynomial model of a fourth-order obtained a better fit with an r>=70.45
% compared to the linear models, where the best fit was obtained with r>= 69.71 %. However, a higher relative
error was obtained, with the polynomial models being the lowest, 7.35 and 0.50 % for 15 and 60 °C min-%; for
the linear models, 7.05 and 0.39 % were obtained for heating rates of 15 and 60 °C min%, respectively.

1. Introduction

Polymers are versatile and have been successfully implemented for over three decades due to their
physicochemical properties, such as lightweight, high durability, thermal insulation, flexibility, and low production
cost (Maafa, 2021). Pyrolysis is considered an attractive method for recycling plastic waste since it transforms
it directly into useful energy and valuable products for the petrochemical industry because plastics mainly derive
from petroleum (Jeswani et al., 2021). Temperature is the most critical parameter in matter degradation because
it governs the chemical reaction. Some studies indicated that the pyrolysis process at low temperatures
improved the production of liquid with long hydrocarbon chains (Klaimy et al., 2021). In contrast, others reported
that high reaction temperatures favored gasification and allowed secondary reactions inside the reactor,
reducing the obtaining of solid fractions (Lépez et al., 2011).

The influence of temperature in the pyrolysis process of PS has been studied by Verma et al. (2021), who
experimented with ranges between 400 to 700 °C and heating rates from 5 to 25 °C min‘!; regarding heating
rate, the results showed that the liquid yield increased as the heating rate increased; however, high rates
decreased the yield. Another study where they analyzed the influence of the heating rate in the EPS pyrolysis
process was that of Gonzalez-Aguilar et al. (2022), where they evaluated rates between 4 to 40 °C mint, they
demonstrated a curved effect in obtaining liquid as output response; rates higher than 4 °C min* but lower than
12 °C min were the ones that yielded higher.

On the other hand, TGA is a commonly used technique to consider the degradation trend in terms of different
pyrolysis process parameters, such as temperature and heating rate (Verma et al., 2021). It is a necessary tool
to determine optimal parameters before performing the pyrolysis process.
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TGA analysis must be carried out for different heating rates, which is costly since, in addition to the purchase of
the experimental apparatus, it is necessary to use an inert gas with the highest quality.

The present research aims to estimate a model that relates the heating rate and the maximum degradation
temperature (Tmax) of PS waste to be applied in the PS pyrolysis process. Linear and polynomial models were
developed, and an analysis of their fitting and error with experimental data excluded was addressed.

2. Methodology
2.1 Data

Polystyrene is one of the polymers found in 1930, made through a polymerization process with additives, and it
can be found in solid or foam states (Maafa, 2021). PS represents a high carbon content plastic; virgin PS can
contain at least 91.23 wt.% and when it is discarded, the carbon content decreases up to 87.40 wt.% (Park et
al., 2020; Van der Westhuizen et al., 2022).

The data to be studied were obtained from different works of thermal and catalytic pyrolysis of virgin PS and its
waste in the literature and is shown in Table 1, where authors described that PS feedstock was supplied from
Sigma Aldrich and Nanometer-Micro Technology Co. or recollected from local markets; XPS distributor was not
defined. In order not to consider the influence of other factors, such as inert gas and its flow rate in the
determination of maximum temperature, the data collected are results of experiments under nitrogen as inert
gas and at a flow rate of 100 mL min't and were complemented by studies with flows not reported.

Table 1. TGA data considerations

Parameter  Unit Value
Inert gas - Nitrogen
Flow rate mL min? 100
Heating rate °C min! 5-80
Feedstock - PS/XPS

(Ding et al., 2019; Inayat et al., 2021, Li et al., 2020; Nisar et al., 2019)
2.2 Methods

GetData 2.26 software (Sarov, Russia) was used for recollecting the data from graphics in the literature with a
risk of bias of +2%. As a first stage, a visual representation through box plots (25-75% quartiles) describing the
mean (x95% confidence intervals), and outliers were analyzed to compare the distributions and observe the
influence of heating rate on maximum degradation temperature degradation in PS pyrolysis. The statistical
analysis was performed using OriginPro 2022 software.

This paper compares linear and polynomial regression models to estimate the best-fitting model to determine
the maximum temperature of degradation of PS by different heating rates. The regression analysis was obtained
using Statgraphics Centurion XIV software with a=0.05 %. Finally, the maximum degradation temperature of
two exclusion points was calculated to evaluate the resulting models; their relative errors were compared with
those found in the literature using eq.(1).

. (calculated — experimented)
Relative error (%) = - * 100 Q)
experimented

3. Results
3.1 Influence of heating rate in Tmax degradation on PS TGA

Figure 1 visualizes the box plots of the data collected from the literature to visualize the distribution of the
different heating rates and the maximum degradation temperature of PS by TGA.

The mean temperatures range from 401 to 466 °C for 5 and 80 °C min-1, respectively. Despite the wide scatter
of the data collected, it can be observed that the mean maximum degradation temperature increases as the
heating rate increases; this trend is fulfilled except for 50 °C mint, where the temperature decreases to 447 °C.
Outlier points are presented for the heating rates of 5, 10, and 20 °C min’; these resulted from TGA data
obtained from PS waste and where the nitrogen flux is not specified. However, they were considered in the
study to extend the experimental data collection.



363

480

——d66
460 4

—e—a49 %‘W
© 440 o

. =
F:
5
E 425
& 420 4 422
[ 25%~75%
o T Mensz9swCl
401

4004 7] o Median Line

*  Mean

o Ouliers
380 4

T T T T T
5 10 20 40 50 80

Heating rate, “C min™!

Figure 1: Effect of heating rate on the maximum temperature of degradation on PS TGA. Data’s risk of bias +2%

Table 2 details the results of the ten main linear fits that estimate the behavior of the analyzed data and the
formulas that describe them. It is observed that a maximum fit of r’= 69.71 % was obtained with a square-Y log-
X model and a correlation of 0.83 with a confidence interval of 95 %. The minimum fit reported is the linear type,
with 63.40 %.

Table 2. Linear models to estimate maximum degradation temperature (Tmax) on PS TGA.

Model Correlation 12 Formula

Timax = /136169 + 16479 * In (h
Square-Y Log-X 0.8349 69.71% ™ v ()

Tomax = 372477 + 19.3109 * 1
Logarithmic-X 0.8323 69.280% mex =3 +19.3109« In (h)

— 2

Square Root-Y Log-X 0.8308 60.030 max = (19.3382+0.467702 +In(h))

Trax = \/149650 +7363.75 Vh
Square-Y Square Root-X 0.8303 68.94%

Tomax = exp (5.92779 + 0.453272
Multiplicative 0.8292 68.76% * In(h))

Tonax = 388.439 + 8.58961 * Vh
Square Root-X 0.8239 67.88% ™ + “Vh

Tomax = (19.72 2 2
Double Square Root 0.8205 67.33% ™ (197268 + 0.20756 * Vh)

Tonax = €xp(5.96564 + 0.0200695
Logarithmic-Y Square Root-X 0.8171 66.76% *Vh)

Tomax = V165929 + 696.189 x h
Square-Y 0.8059 64,0505 Tmax =Y + *

Tomax = 407.501 + 0. 4
Linear 0.7962 63.400 max = 407:501 + 0.808584 « h

h: heating rate °C min™.

Figure 2 visualizes the fit of all the linear models studied with the data collected. Additionally, a lack of fit test
was performed to determine if the selected model adequately describes the observed data or if a more
complicated model is needed. The results showed a minimum lack of fit of 0.06 corresponding to the linear
model and a maximum of 0.35 for the multiplicative model; a p-value=0 was obtained for all models being less
than 0.05. Therefore, the models were adequate for the observed data with a confidence level of 95 %.
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Figure 2: Linear fitting to estimate Tmax degradation on PS TGA. Data’s risk of bias +2%

On the other hand, a study was carried out using normality tests to determine whether the residuals resulting
from the linear model with the best fit (Square-Y Log-X) can be adequately modeled with a normal distribution.
The tests performed were chi-square, Shapiro-Wilk W statistic, z-value for skewness, and z-value for kurtosis.
The chi-square test divides the range of residuals into 15 equally probable classes and compares the number
of observations in each class with the expected number of observations; the Shapiro-Wilk test is based on the
comparison of the quartiles of the normal distribution fitted to the data. On the other hand, the standardized
skewness test looks for a lack of symmetry in the data. Finally, the standardized kurtosis test looks for whether
the shape of the distribution is flatter or sharper than the normal distribution (Statgraphics, 2007).

Figure 3 shows the histogram of the residuals resulting from the Square-Y Log-X model. The normality tests
showed that the smallest p-value was 0.249, corresponding to the chi-square test being major than 0.05;
therefore, the residuals come from a normal distribution with 95 % confidence.
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Figure 3: Residues histogram from the best-fitting linear model.

Table 3 shows the results of the polynomial models estimating the maximum degradation temperature of PS
using TGA data. The best fit was obtained with the fourth-order model with an r?=70.46. On the other hand, to
determine if the polynomial order is appropriate, the p-value is shown for all cases; it is observed that all are
greater than 0.05. Therefore, the models are not statistically significant with a confidence level of 95 %; thus, it
is considered to reduce the order resulting in linear models.

Table 3. Polynomial models to estimate maximum degradation temperature (Tmax) on PS TGA.

Model Formula r2 p-value

2" Order Trnax = 394.337 + 2.5699 * h — 0.0468546 * h? + 0.000324754 = h3 65.85 0.1322

3 Order Trnax = 394.337 + 2.5699 * h — 0.0468546 * h? + 0.000324754 = h3 68.13 0.1691
Trnax = 376.466 + 6.8262 * h — 0.31882 * h? + 0.00610133 * h3

4t Order —0.0000376172 * h* 70.46 0.1913

h: heating rate °C min™.

Figure 4 plots the polynomial models on the collected data. The calculated maximum degradation temperatures
showed outlier residuals for the polynomial models. For all models, there was a difference of 24.2 °C for a
heating rate of 10 °C min-! between the predicted and experimental. Additionally, for the third order model, there
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was an outlier residual of 23.59 °C for 20 °C min1, while for the second order, there was an additional outlier
residual of 21.94 °C for a heating rate of 5 °C min.

A
480 - A
A
Q
460 e
-
= .
@) O u P
< o |
% 440 o O & A
E o B A
= 8 5 S
4 = 2nd. Order
420 ]
é e 3rd. Order
/ 4— 4th. Ord
o h. Order
400 o O Darta
T T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Hearing rate °C min™!

Figure 4: Polynomial fitting to estimate Tmax degradation on PS TGA. Data’s risk of bias +2%

Finally, to evaluate the developed models, the maximum degradation temperature was calculated for 15 and
60 °C min'! and compared with experimental values found in the literature; the results are shown in Table 4.

Table 4. Maximum degradation temperature predicted vs. experimental.

Reference (Nisar et al.,(Lietal,
2019) 2020)
Heating rate, °C min! 15 60
Experimental value, °C 392.20 457.80
Model Relative error, %
Linear fitting
Square-Y log-X 8.47 1.43
Log-X 8.36 1.37
Square Root-Y Log-X 8.31 1.33
Square-Y Square Root-X 7.68 0.69
Multiplicative 8.25 1.30
Square Root-X 7.58 0.62
Double Square Root 7.53 0.58
Logarithmic-Y Square Root-X 7.48 0.53
Square-Y 7.13 0.45
Linear 7.05 0.39
Polynomial fitting
2" Order 7.35 0.50
3" Order 8.02 1.70
4" Order 8.64 2.42

The results showed that for both heating rates, the linear model was the one that predicted closer values,
resulting in a relative error of 7.05 and 0.39 % for 15 and 60 °C min, respectively. It is observed that although
the polynomial model of order four was found to have a better overall fit, in this case, it resulted in higher relative
errors than those predicted by the linear model.

Finally, if Square-Y Log-X and Linear models are considered to calculate the maximum degradation
temperature, the results will indicate that the higher the heating rate, the degradation temperature will increase.
However, it is essential to consider other factors that may influence the pyrolysis process, such as reactor type
or residence time. The results of the present investigation serve as a preliminary consideration to address the
pyrolysis process of polystyrene.
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4. Conclusions

The poor disposal of plastic waste and the lack of recycling result in a large amount of waste affecting the
environment. The pyrolysis process has proven to be an effective method that reduces plastic waste and
converts it into high-value products in the chemical industry. This process is based on the thermal degradation
of plastics under an inert atmosphere. Thermogravimetric analyses help estimate the maximum degradation
temperature, initial and final temperatures and, thus, obtain ideal operating ranges to be applied in the pyrolysis
process.

In the present study, a statistical analysis was developed to determine by regression, linear and polynomial
models describing the behavior of the maximum degradation temperature of polystyrene at different heating
rates; the models were developed based on experimental data obtained from the literature. Low fittings were
obtained, which can be attributed to different factors such as the preparation method of the polymer, particle
size, polymer molecular weight, operation conditions of the TGA apparatus, and the mathematical treatment of
thermogravimetric data. However, the results showed that a linear model is the best fit, obtaining a fit of
r’=69.71 % with a Square-Y Log-X model. Although the fourth-order polynomial model shows a slightly better
fit of r’= 70.46%, this model yielded higher relative errors when compared to experimental data excluded from
the development of the models. In addition, the Linear model showed relative errors lower than those predicted
by the polynomial models, obtaining an error of 7.05% and 0.39% when a heating rate of 15 and 60 °C min-!
were evaluated, respectively. For both types of models, the lack of tests showed that the models are adequate
for the observed data, and the residuals of the best linear fit present a normal distribution for a confidence
interval of 95 %.
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