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ABSTRACT:

Whereas increasing plastic solid waste production constitutes one of the main challenges of
modern society, mainly due to the lack of suitable recycling technologies, chemical recycling
represents an attractive solution for the conversion of plastic solid waste into valuable chemical
intermediates. Herein, a kinetic model for the pyrolysis of a dental industry waste, ethylene
glycol dimethacrylate (EGDMA) crosslinked poly (methyl methacrylate) (PMMA), is
presented for the first time. Kinetics parameters and their statistical significance have been
estimated from eight non-isothermal thermogravimetric analysis (TGA) experiments with
heating rates varying between 5 and 50 °C-min by using nonlinear regression. Our analysis
indicates that the mechanism of depolymerisation of EGDMA crosslinked PMMA is likely to
involve a consecutive reaction pathway involving two steps. The developed kinetic model -
containing five kinetic parameters only - was able to predict well all non-isothermal TGA runs,

and was validated against isothermal TGA experiments at 400 °C.

Keywords: plastic solid waste, chemical recycling, poly (methyl methacrylate),

thermogravimetric analysis.



1. Introduction

Since the first semi-synthetic polymer discoveries in the late 19" century until the
present day [1], plastics have revolutionised society by allowing the development of materials
with the most diverse and unique properties, resulting in technological solutions with
applications in a wide range of fields. Consequently, global plastic production has presented a
remarkable rise, with figures ranging from 2 to 380 million metric tons (Mt) between 1950 and
2015 [2]. Concomitantly, global plastic solid waste production has also risen, totalling 150 Mt
per year, whereas recycling rates have remained unsatisfactorily low [3]. For example,
according to the Association of Plastics Manufactures in Europe and the European Association
of Plastics Recycling and Recovery Organisations, from the 27.1 Mt of plastic waste collected
in Europe in 2016, only 31.1% was recycled, while 41.6% was burnt for energy recovery and
27.3% were disposed in landfills [4].

Low recycling rates and increasing plastic solid waste production constitute one of the
main challenges of modern society, mainly due to the lack of suitable recycling technologies
[3]. In this context, chemical recycling (or tertiary recycling) represents an attractive alternative
because it allows for the conversion of plastic solid waste into valuable chemical intermediates
[5,6], thus contributing for the reduction of natural resources consumption and production of
waste, while presenting potential for energy and monetary savings [3,7-9].

Poly (methyl methacrylate) (PMMA), is an industrially relevant polymer which finds
unique applications, such as in its use in biomedical drug release systems, as optical fibers for
light transmission, plastic eyeglass, contact lenses, denture materials, signs and displays, and
liquid crystal displays (LCD) panels [7,10-12]. Due to its wide applicability, owing to its
outstanding properties such as optical clarity, non-toxicity and resistance towards impact and
most chemicals, PMMA demand is expected to grow over the coming years, with its market

size projected to reach USD 8.16 billion by 2025, imposing a pressure on its average price,



which is already high when compared to common polymers, and increasing concerns on
PMMA waste management [8,9].

In the dental industry, ethylene glycol dimethacrylate (EGDMA) cross-linked PMMA
is used to produce artificial teeth for dentures manufacturing, by moulding polymer disks in
teeth shaped moulds. Substantial PMMA waste is produced in this moulding step, resulting in
considerable losses, Fig. 1.1(a).

The recycling of PMMA waste has been assessed by different methods, including its
direct reuse in the production of new polymers [13] and asphalt mixtures [14], and its
mechanical [9,15,16] and chemical [9,11,17-19] recycling. Whereas the direct reuse of PMMA
waste usually requires clean and uncontaminated streams, its mechanical recycling may allow
for the processing of waste streams containing other types of plastics, however it usually results
in polymers with inferior properties [8,15]. In contrast, the chemical recycling of PMMA by
thermal pyrolysis has demonstrated great potential for the recovery of the methyl methacrylate
(MMA) monomer [11,17-19], which can be further polymerised to result in polymer resins
presenting comparable properties to those obtained by using virgin and non-recycled monomer
[17,18]. Additionally, the PMMA pyrolysis can be suggested as a robust process, as impurities,
such as different resins, can be separated in the MMA purification step by distillation [17] and
have been reported to result in no significant impact on the MMA recovery yield [9].

However, in order to allow for the design, control and optimisation of a thermal
pyrolysis reactor, a model able to describe the kinetics of depolymerisation is necessary. From
this, the optimal operational conditions for an economically feasible recycling process can be
established. Indeed, the kinetics of PMMA depolymerisation has long been investigated, with
several experimental evidences pointing towards the paramount importance of the polymer

structure on the depolymerisation mechanism [7,20-24].



When MMA is polymerised via free radical polymerisation in the absence of
chain-transfer agents, combination and disproportionation termination reactions may lead to
the formation of head-to-head linkages and vinylidene end groups throughout the final polymer
structure [20,22,23]. In contrast, MMA anionic polymerisation, or free radical polymerisation
in the presence of chain-transfer agents, does not lead to significant amounts of these irregular
groups in the resultant PMMA [21]. Additionally, the synthesis of PMMA by using
crosslinking additives may result in a further distinct polymer matrix [19,25,26]. Thus,
different reaction pathways have been proposed to explain the free radical depolymerisation
reaction network involved in the PMMA degradation.

According to some authors, the degradation process can be initiated by the breakdown
of head-to-head linkages followed by end chain scissions associated to vinylidene end groups,
when these structures are present in the polymer matrix [20], as illustrated in Fig.1.1(b-c). The
end chain scission could occur due to the breaking of a carbon-carbon bond f to the double
bond, resulting in the formation of a monomer and a new vinylidene group in the remaining
chain [20]. However, the above hypothesis has been contested, with the end chain scission
initiation being explained by a radical transfer to the vinyl chain end instead [22], Fig.1.1(c).
Regardless of the source of the radical, the dependence of this degradation step on the sample
thickness has been demonstrated [22], supporting the role of radicals and their residence time
within the polymer matrix. In the absence of irregular linkages, the degradation has been
suggested to initiate by a random main chain scission process [20], Fig.1.1(d), although an
initiation involving the homolytic scission of methoxycarbonyl side groups has also been
supported [24]. Additionally, PMMA crosslinked with diallylmaleate and diallylphthalate has
been suggested to depolymerise from the cross-linking points, whereas crosslinking with

amines would favour random chain scission [25].
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Fig. 1.1 - EGDMA crosslinked PMMA dental waste (a) and generally accepted initiation steps
of the PMMA depolymerisation: breakage of head-to-head linkages (b), chain scission

involving vinylidene end groups (¢) and random main chain scissions (d) [20,22,23,27].

The proposed degradation steps have been supported by non-isothermal
thermogravimetric analysis (TGA) [7,27,28]. For example, a model composed by four
independent reaction steps and fifteen Kinetic parameters has been reported to explain the
thermal pyrolysis of PMMA prepared by free radical polymerisation [27]. In contrast, a model
comprising four consecutive reaction steps and sixteen kinetic parameters has been proposed
to explain the thermal degradation of PMMA under inert and oxidising environments [28].

However, the crosslinking effect on the PMMA depolymerisation kinetics has not been

fully characterised, although some studies indicate a higher thermal stability associated to



crosslinked PMMA [25]. In addition, it is important to note that even though TGA experiments
are a powerful tool for kinetic characterisation of chemical reactions [29], kinetics parameters
and the evaluation of their statistical significance are scarcely reported [7,25,28], impairing the
discrimination among reaction mechanisms [30,31].

Thus, this work presents the modelling of the depolymerisation kinetics involved in the
thermal pyrolysis of ethylene glycol dimethacrylate (EGDMA) crosslinked PMMA from
industrial dental waste for the first time. Kinetics parameters and their statistical significance
have been determined by using eight non-isothermal TGA experiments with heating rates
varying between 5 and 50 °C-mint. Our analysis indicates that the mechanism of
depolymerisation of EGDMA crosslinked PMMA is likely to involve a consecutive reaction
pathway involving two steps. The developed kinetic model - containing five kinetic parameters
only - was able to predict well all non-isothermal TGA runs, and was validated against

isothermal TGA experiments at 400 °C.

2. Materials and Methods
2.1 Materials

PMMA-based artificial teeth scraps produced by a dental industry, as illustrated in the
Fig. 1.1(a), were studied in its original form, with pieces diameters ranging from 1 to 10 mm.
The PMMA waste samples contained 1 wt.% of titanium oxide (TiO.) and around 5 wt.% of
the cross-linking agent ethylene glycol dimethacrylate (EGDMA), as described elsewhere [17].
For comparison, a homopolymer PMMA powder with particle average size below 200 um

produced by the same industry was also evaluated.

2.2 Thermogravimetric Experiments



Non-isothermal thermogravimetric analysis of the PMMA scraps was performed in a
TGA STA 6000 equipment (Mettler Toledo, Ohio, USA), under nitrogen flow (20 mL-min™),
at heating rates of 5, 10, 15, 25 and 50 °C-min™. Samples (~10 mg) were heated from 50 to
650 °C and kept at the final temperature for 5 min. In order to confirm the reproducibility of

the thermogravimetric runs, four replicates were performed at the heating rate of 5 °C-min™.

Isothermal thermogravimetric analysis of the PMMA scraps was performed as
described above at 300, 350 and 450 °C. Samples were heated from 50 °C to the final

temperature with a heating rate of 100 °C-min! and kept at the final temperature for 4.5 h.
2.3 Mathematical Modelling of PMMA Kinetics of Depolymerisation

The aluminium sample holder was modelled as a batch reactor for the solid phase, as
the atmospheric composition just above the crucible was kept essentially constant by the inert
gas flow. The kinetics of depolymerisation was investigated by using two different modelling
approaches, involving up to three irreversible reaction steps. In the first approach, independent
reactions were described assuming a first-order rate for the polymer mass, whereas consecutive

steps were considered in the second approach, Table 2.1.

Table 2.1 — Elementary reactions considered in the EGDMA crosslinked PMMA thermal

depolymerisation.

Independent reactions Consecutive reactions

SCERY (al) | B—4“>P,+V (b1)
P, 5V (@2) | P,—f 5P, +V (b2)
LR (@3) | P,— v (b3)




Thus, the independent reaction network assumed the simultaneous depolymerisation of
different polymer chains into volatiles species (V). In contrast, the consecutive reaction
mechanism assumed the formation of intermediary polymer species which undergo further

depolymerisation.

The consumption rate of an elementary step in the solid phase was calculated through
the law of mass action according to Eq. (2.1), where k;j is the rate constant of reaction j and Pi

is the mass of polymer chains of type i.

The net reaction rate was calculated in accordance to Eqg. (2.2), where NR is the number
of reactions considered in the global model (from 1 to 3) and vi;is the stoichiometric coefficient

of the component i in the reaction j, negative for the reactant and positive for the product.
NR

R = Zv“rj (2.2)
j=L

The mass of the polymer chains of type i, Pi, was normalised by the initial mass of the
polymer, Po, resulting in the system of ordinary differential equations represented by Eqg. (2.3-
2.4), where & is the mass fraction of polymer chains of type i, P is the total mass of polymer at

any time, and NP is the number of different types of polymer chains considered (from 1 to 3).

% _R (2.3)

dpP w de,

o & &4
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The dependence of the reaction rate constant, kj, towards temperature was described by
the reparameterised Arrhenius equation, Eq. (2.5) [32,33]. In Eq. (2.5), T is the measured

temperature, and Trer Was defined as equal to 325 °C.

kj = eXp[ATref,j +B,; [T _-I-Tmf )] (2.5)

The Atref constant is related to the pre-exponential factor of the original Arrhenius equation, ko,

according to Eq. (2.6) and B;j relates to the activation energy, E, according to Eq. (2.7).

E.
PR — (26)
" > R'Tref

B = @.7)

The number of reactions in the independent and consecutive modelling approaches,
Table 2.1, was varied from one to three during the model development process, resulting in
five different kinetic models that were tested against the experimental data. Thus, the number
of kinetic optimization variables was equal to six when three reactions were considered (Atref,1,
B1, Atrer2, B2, Arrer 3, B3), equal to four when two reactions were considered (Arref.1, B1, Atref.2,
B2) and equal to two when only one reaction was evaluated (Arret1, B1). Additionally, for both
modelling approaches, NP-1 mass fractions were estimated as initial condition for the ordinary
differential equations, Eg. (2.3), being the sum of all mass fractions, at any time, equal to 1.
The initial mass of the polymer, Po, was also estimated, resulting in a total of 2:-NR+NR
parameters which were estimated from experimental data. Thus, for the modelling approach

involving consecutive reactions, all initial mass fractions were allowed to be different from
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zero, implying that the initial polymer could already contain degraded chains at the beginning
of pyrolysis. Finally, it should also be noted that the heating rate was not explicitly presented
in the model equations because the temperature used in the model calculations was the actual

measured value [29,34].

2.5 Parameter Estimation

The ordinary differential equations were solved numerically using the backward
differentiation technique available in DASSL code [35], with relative and absolute tolerances
equal to 10°. The parameter estimation procedure consisted in the search of the best set of
parameter estimates, &, throughout the minimisation of the least-squares objective function,
Fonj, EQ. (2.8). In the Eq. (2.8), NE is the number of experimental data points, Pi®® denotes the
experimental mass recorded during the thermogravimetric run, Pi™ is the value calculated

using Eq. (2.4), and x™* represents the experimental condition of time and temperature.

NE
Fobj — Z (Piexp _ Pimod (Ximod ’ 0))2 (28)

i=1

The minimisation of Eq. (2.8) was performed using a hybrid optimisation method
implemented in Fortran 90, in which the Particle Swarm Optimization algorithm [36] is used
in the initial phase of minimisation [37,38]. The best estimate of the point of the minimum is
used as an initial guess for a second estimation round, using the Gauss-Newton method [31,39].
Thirty particles were used, and at least 1000 iterations were performed, resulting in at least
30000 evaluations of the objective function. Convergence was achieved when the relative
modification of the objective function was smaller than 1.0 x 10, Statistical significance of
model parameters was evaluated with the standard t-test [40], with 95 % confidence level. The

evaluation of the model adequacy was performed by comparing models prediction variance,
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o’ , as defined in accordance to Eq. (2.9), with the help of the standard F-test [31,40]. In Eq.

(2.9), Fobj is the value of the objective function at its point of minimum, NE is the number of

experimental data points and NPar is the number of parameters estimated for the model m.

2 Fobi
op =2 (2.9)
(NE —NPar)

2.4 Experimental Data Treatment

To reduce the computational effort required for the minimisation of the objective
function during the parameter estimation procedure, in this work, the experimental data was
sampled as recommended by Conesa et al. (2001) [34]. This procedure was found necessary
due to the high recording frequency of the TGA instrument, which resulted in thermograms
containing up to 45000 data points per experiment, depending on the heating rate. Thus,
typically, the sampling procedure applied collected 1 data point for every 5 in the thermogram
regions of small and slow weight loss (up to nearly 200 °C) and it collected 3 data points for
every 5 in the range of fast weight loss (above 200 °C), as it is illustrated in the Fig. S1 of the

Supporting Information (SI).

3. Results and Discussion

The good reproducibility of the thermogravimetric runs was confirmed by four identical
experiments performed using the EGDMA crosslinked PMMA scraps with heating rates equal
to 5 °C-min, as illustrated in the Fig. 3.1. For comparison, the thermogravimetric profile of

the homopolymer PMMA is also shown.
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® o, @) and homopolymer PMMA (®) at 5 °C-min™,

As expected, the EGDMA crosslinked PMMA exhibited a higher thermal stability in
comparison to its counterpart homopolymer, with main weight loss processes being observed
above 200 °C. Moreover, up to three degradation processes could be associated to the weight
loss steps, as suggested by the presence of three points of maximum in the thermogram
derivative, illustrated in the Fig. 3.1 (right Y-axis). In contrast, the homopolymer PMMA
started to degrade around 150 °C and presented a distinct thermogram profile, in which four
points of maximum could be observed in the thermogram derivative, suggesting the presence
of up to four processes of degradation, as also observed by other authors [27].

As discussed previously, the PMMA depolymerisation steps may involve the
breakdown of head-to-head linkages, chain scissions associated to vinylidene end groups,
random main chain scissions, methoxycarbonyl side groups scissions and cross-linking points
scission, depending on the polymer structure [20,22,24,25]. For the EGDMA crosslinked
PMMA dental waste investigated in this work, whereas the main degradation process could be

associated to main chain random scissions, which could also involve methoxycarbonyl side

13



groups scissions, the processes observed at lower temperatures could be associated to the
combined effect of different degradation steps, which could involve scissions of cross-linking
points and chain scissions associated with vinylidene end groups. Therefore, it was an objective
of this study to develop a kinetic model able to predict the depolymerisation kinetics of
EGDMA crosslinked PMMA. To achieve this, two modelling approaches were investigated,
as illustrated in Table 2.1 from Section 2.3. In the first modelling approach, up to three
independent reactions were evaluated [7,25,27], while in the second, up to three consecutive
and dependent reactions were considered [7,28]. Each model was fitted to the experimental

data and the statistical significance of the estimative parameters was assessed.

3.1 The Three Degradation Reaction Steps Models

The use of a three degradation reaction steps model (in both modelling approaches)
resulted in a good fit of the experimental data, with linear correlation coefficients always higher
than 0.99, as it is illustrated in Fig. S2 of the SI. Nevertheless, in both cases, some of the Kinetic
parameters were verified to present no statistical significance, indicating that the evaluated
models could be overparameterised and that the hypothesis of a depolymerisation process
involving three degradation reaction steps, as described by Eq. (2.1-2.4), could be unrealistic.
It should be noted that the total number of parameters estimated from experimental data when
three degradation steps were considered was equal to nine for both modelling approaches. The
finding that some of these parameters were not statistically significant is very surprising, since
up to sixteen kinetic parameters have been used to explain the depolymerisation kinetics of
PMMA prepared by free radical polymerisation [27,28]. Thus, it is possible to conclude that
the depolymerisation kinetics of EGDMA crosslinked PMMA should be distinct from its

counterpart pure homopolymer, as it is indeed the case indicated by our experiments, Fig. 3.1.
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3.2 The Two Degradation Reaction Steps Models

When a two degradation reaction steps model was evaluated, both modelling

approaches were able to represent well the experimental data and all kinetic parameters were

found to be statistically meaningful, as it is illustrated in the Fig. 3.2 and Table 3.1 for the

consecutive reaction modelling approach.

100

Weight (%)

80 +

Weight (%)

(@ | 4 100 ) -16
{  renmene Experimental [
—— Model o 804
S — Model 12~
.E _ |=
s -10 .=
E, < 60 £
& = | B
-4 i\/ Eb 8 -
O 2 40 PR
= B 6 E
L2 '? . '?
204
L-2
0 -
t t t t . T 04 = ‘ X | ‘ Lo
0 20 40 60 80 100 0 10 20 30 %
Time (min) Time (min)
22 100 35
()
© L2 _ [
. Experimental L.18 g0l Experimental .
— Model L 16 o — Model L25 =
= = kS
N2 2 e [0 E
F-12 7 = :
=3 = \Q
Felg X8 | 5 &
S’ [=F] 40 o
I o
= Lo £
= _6 = 3'
1 20 o
-4 .
-2
T ' ; . ; O 0 | R =, Lo
5 10 15 20 25 30 35 40 0 5 10 25
Time (min) Time (min)
100 - -60
s04d Experimental -50
—— Model o)
Q -40 IE
é 60 4 £
5 L-30 S
L 40
= 20 2
5
20 0
0+ . . Lo
0 2 4 6 8 10 12

Time (min)

15



Fig. 3.2 — Experimental thermogravimetric profiles (®) and the two consecutive degradation
steps model (—) at the heating rates equal to 5 (a), 10 (b), 15 (c), 25 (d) and 50 (e) °C-min™.

Kinetics parameters are summarised in Table 3.1.

However, the evaluation of the parameter estimates demonstrated that the hypothesis
of a two independent degradation reaction steps led to kinetic estimates highly correlated with
the heating rate, while that much smaller correlations could be verified for kinetic parameters
estimated considering the two consecutive reactions model, as it is illustrated in the Fig. 3.3.
For instance, the linear correlation coefficient, p, between the kinetic parameter estimate Arref,1
and the heating rate could be calculated as equal to 0.99 while considering the independent
reaction modelling approach and as equal to 0.52 when considering the consecutive reaction
model, Fig. 3.3 (a).

Whereas the effect of heating rate on the kinetic parameter estimates may indicate that
heat transfer processes influenced the pyrolysis Kkinetics [34], it can be suggested that the
appropriate choice of the kinetic reaction pathway may minimise the influence of heat transfer
effects on the obtained kinetic parameters.

Table 3.1 also presents the initial mass fraction and polymer mass which were estimated
from the experimental data for the consecutive reaction modelling approach. The initial mass
estimated represented very well the initial experimental mass used in the TGA runs, as it is
illustrated in Fig. 3.2. In addition, the initial mass fraction of polymer chains, as calculated by
considering the two consecutive degradation steps model, indicated that up to 30 wt.%, in
average, of polymer chains could already be degraded to some extent before the start of
pyrolysis. As observed for the kinetic parameters, the two consecutive reactions model allowed

for the estimation of initial mass fractions which were not correlated to the heating rate, in
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contrast to the mass fractions estimated by using the independent reaction model, which

demonstrated significant correlation with the heating rate, as it is illustrated in the Fig. 3.3 (e).

Table 3.1 — Kinetic parameters estimates and their standard deviations obtained from

experimental thermograms for the two consecutive degradation steps model.

Exp. B? Atref1 B1 Arref2 B2 €10 Po
(mg)
1 5 -3.12+£0.01 2551+£0.19 -0.52+0.09 14.09+£0.34 0.79 £0.004 6.09
2 5 -2.73+£0.005 4097+0.33 -1.74+0.007 10.31+£0.02 0.70+0.002 8.60
3 5 -2.87£0.006 43.86+0.33 -1.76+0.006 9.25+0.03 0.77+0.001 11.22
4 5 -2.64£0.006 43.34+041 -1.77+0.007 10.43+0.03 0.69+0.002 6.76
5 10 -290+0.04 49.73x1.27 -1.61x0.01 10.64 £ 0.06 0.58 £ 0.004 7.20
6 15 -254+£003 37.72x0.69 -1.40zx0.01 11.31+£0.09 0.64+0.006 11.13
7 25 -237+0.01 3312+0.31 -040x0.01 10.65+0.04 0.68+0.003 10.61
8 50 -260x0.04 2532+0.28 -0.25+0.12 14.11+£0.38 0.77 £0.02 10.68
Average -2.72+£024 3744+884 -1.18+0.67 11.35+1.79 0.70 £0.07
aHeating rate (in °C-min™Y).
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Fig. 3.3 - Linear correlation relationship between the kinetic parameter Atrer1 (a), B1 (b), Atref,2
(c), B2 (d), the initial mass fraction, &1, (e), and the heating rate for the independent (M) and
consecutive (®) reactions model approaches. Note how linear correlation coefficients (p) are

always lower when the two consecutive degradation steps model is considered.
From the average values presented in Table 3.1, the activation energy and the pre-

exponential values were calculated with the help of Eq. (2.6-2.7) and their values are presented

in Table 3.2.
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Table 3.2 — Activation energies and pre-exponential factors calculated from kinetic parameter

estimates for the two consecutive degradation steps model of EGDMA crosslinked PMMA

pyrolysis.
E (kJ-mol?) ko (min™)
Depolymerisation reaction (b1) 186.21 2.01 x 103
P—%>P,+V
Depolymerisation reaction (b2) 56.44 4.35 x 10?

P,—% 5P, +V

The activation energy for the random scission depolymerisation step of PMMA
pyrolysis has been reported as equal to ~200 [27], 210 [41] and 161 kJ-mol™ [28], whereas the
end-chain scission activation energy has been reported as equal to 154 kJ-mol™ [21]. Thus, it
can be suggested that the crosslinking agent may reduce the activation energy of one of the
degradation steps in the case of the EGDMA crosslinked PMMA pyrolysis.

Finally, it should be noted that despite the presence of 1 wt.% of TiO. in the EGDMA
crosslinked PMMA dental waste, which is used as a reinforcement agent for improving
mechanical properties of the dental PMMA resin [42], no catalytic effect of TiO2 on the
depolymerisation kinetics has been observed, as indicated by the thermogravimetric analysis
of EGDMA crosslinked PMMA containing no TiO2 [43,44], Fig. S4 in the SI, and by the kinetic
parameters estimated from the above experimental data for the two consecutive degradation
steps model, Table S1 in the SI.

3.3 The One Degradation Step Model

The hypothesis of only one degradation reaction step, involving the depolymerisation

of polymer chains P; into volatiles, was also investigated. In this case, modelling approaches

become the same, and the number of parameters which require estimation from experimental

19



data is equal to three (Atrer1, B1 and the initial condition of the ordinary differential equation).
The fitting of this model to the thermograms obtained at the different heating rates also resulted
in high linear correlation coefficients between experimental data and model predictions, always
higher than 0.99, indicating a good fit. However, the comparison of the model prediction
variance between the different models, that is, the model containing one degradation step and
the model containing two consecutive degradation steps, with the help of the standard test-F
[31,39,40], indicates a significant loss of quality fit when only one degradation step is
considered. Thus, the modelling approach involving two consecutive reaction steps seems to

be the most promising to represent the pyrolysis of EGDMA crosslinked PMMA.

3.4 Simulation and Model Validation

Fig. 3.4 shows the conversion as a function of pyrolysis time calculated by the

simulation of the two consecutive degradation steps model at different temperatures.
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Fig. 3.4 — Simulation of EGDMA crosslinked PMMA pyrolysis conversion as a function of

time at 200, 250, 300, and 350 °C.
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As expected, the model indicates that the amount of depolymerised PMMA increases as a
function of time and temperature. Moreover, the conversion reaches a plateau at around 30 %
at temperatures between 200 and 250 °C, indicating that higher temperatures are required for
the complete pyrolysis conversion of EGDMA crosslinked PMMA, in line with thermograms
presented in Fig. 3.1 and previous findings from Braido et al (2018) [17].

For the validation of the two consecutive degradation steps model, isothermal TGA
experiments were carried out at 300, 350 and 400 °C, as described in the Section 2.2.
Additionally, mass conversions reported by Braido et al (2018) [17], who investigated the
thermal pyrolysis of EGDMA crosslinked PMMA dental waste at isothermal conditions using
a larger scale of 30 g, were further used to assess the system behaviour. Table 3.3 compares
the experimental mass conversions obtained from the isothermal TGA runs performed in this
work with the values obtained for the larger scale process (from [17]), after 1, 1.5 and 2 h of
isothermal processing at different temperatures. Full experimental isothermal thermograms are

presented in the Fig. S3 of the SI.

Table 3.3 — Experimental mass conversion, X, (in %) for the isothermal pyrolysis of EGDMA

crosslinked PMMA at 300, 350 and 400 °C.

Pyrolysis Temperature (°C)

Scale 300 350 400

Time (h) X (%)  Time(h) X (%)  Time(h) X (%)

10 mg 1 64.66 1.5 98.67 1 100

10 mg 2 73.20

30g* 1 38.99 ¢ 1.5 72.702 1 96.71 ¢
30g* 2 33.80° 2 99.08 @

4Data from Braido et al (2018) [17].
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Conversions reported for the larger scale process were significantly smaller than the ones
obtained in the isothermal TGA experiments at 300 and 350 °C, suggesting that thermal effects
may play an important role in the EGDMA crosslinked PMMA pyrolysis at these lower
temperatures. In contrast, experimental mass conversions obtained at 400 °C demonstrated a
better agreement between the two process scales, suggesting that at this higher temperature the
pyrolysis kinetics may be favoured, reducing the importance of thermal effects.

As the two consecutive degradation steps model developed in this work assumes
uniform chemical composition and energy distribution within the solid dental waste under
pyrolysis, that is, a system with no mass or energy transfer constraints, we have used the
isothermal TGA experimental data obtained at 400 °C for the model validation. Fig. 3.5(a)
illustrates the excellent agreement between the two consecutive degradation steps model
predictions and the isothermal experimental data at 400 °C. Fig.3.5(b) further presents the
absolute differences between simulated and experimentally observed mass conversions, AX,
from the isothermal TGA experiments. Whereas the model overestimates mass conversions at
300 °C, the absolute difference between calculated and observed mass conversions is
exponentially decreased from 6.41 to 0.43 % as a function of pyrolysis time at 350 °C, and is
zero at 400 °C, emphasising the increased model ability for describing the EGDMA crosslinked
PMMA pyrolysis as temperature increases from 300 to 400 °C.

Therefore, whereas model simulations presented in Fig 3.4 explains the two
consecutive degradation steps model behaviour, its application towards larger industrial scales
may require the consideration of energy transfer constraints, in particular for process

temperatures lower than 400 °C.
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Fig. 3.5 — Simulation and isothermal TGA experimental data of the EGDMA crosslinked
PMMA pyrolysis conversion as a function of time at 400 °C (a) and absolute differences
between model prediction and experimental mass conversions, AX, obtained by isothermal

TGA experiments as a function of time at 300, 350 and 400 °C (b).

4. Conclusions

This work has presented the modelling of the depolymerisation kinetics involved in the
thermal pyrolysis of ethylene glycol dimethacrylate (EGDMA) crosslinked PMMA from
industrial dental waste for the first time. Kinetics parameters and their statistical significance
have been determined by using eight non-isothermal TGA experiments with heating rates
varying between 5 and 50 °C/min. Our analysis indicates that the mechanism of
depolymerisation of EGDMA crosslinked PMMA is likely to follow a consecutive reaction
pathway involving two steps, since this hypothesis allowed for the estimation of kinetic
parameters presenting low or non-significant linear correlation coefficients with the heating
rate. Therefore, it has been shown that the kinetic model structure may contribute for
minimising heat transfer effects on the estimated kinetic parameters. The developed kinetic
model - containing five kinetic parameters only - was able to predict well all non-isothermal
TGA runs, and was validated against isothermal TGA experiments at 400 °C.
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