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ABSTRACT

Chemical recycling of polymethyl methacrylate (PMMA) to its monomer, methyl methacrylate (MMA), requires
balancing primary depolymerization with the suppression of secondary gas-phase reactions. This study in-
vestigates non-oxidative MMA decomposition in a fluidized bed reactor across a temperature range of 623 to
1073 K using online FTIR spectroscopy. Experimental results reveal a significant shift in product selectivity: low
temperatures favor a low-energy decarboxylation pathway (yielding CO, and methanol), while high tempera-
tures promote radical cracking (yielding CO and light hydrocarbons). To describe this, a two-competing-
reactions model (CRM) is used, outperforming the traditional single first-order approaches. The CRM iden-
tifies two distinct activation energies: E, 1 = 76.5 kJ mol ! for decarboxylation and Ea =269.9 kJ mol ! for
cracking. The research further demonstrates that the classical sequential decomposition model (PMMA — MMA
— light gases) overpredicts monomer yields at low temperatures. By integrating a direct solid-to-gas pathway to
account for side-chain break-off and incorporating multi-volume reactor hydrodynamics, the model's predictive
accuracy significantly improved. This integrated framework identifies an optimal recovery window near 723 K,
achieving MMA yields over 95 %.
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1. Introduction

The growing challenge of global plastic waste disposal, with annual
polymer production exceeding 460 million tons in 2021 (OECD, 2022),
requires a rapid transition to sustainable circular economy strategies.
Among these strategies, chemical recycling through thermal depoly-
merization offers a promising path, as this enables the recovery of the
original monomers, which can then be repolymerized into virgin-quality
materials (Achilias, 2007; Braido et al., 2018; Gkaliou et al., 2023;
Kikuchi et al., 2014). Polymethyl methacrylate (PMMA) is a prominent
candidate for this process, as the chemical structure allows a breakdown
into the monomer methyl methacrylate (MMA) (dos Santos et al., 2022).
Multiple studies have reported MMA yields around 95 % or more (Fer-
reira et al., 2025; Kaminsky & Franck, 1991; Kang et al., 2008). Given
the need for high throughput, good heat transfer, and the necessary
reaction time, fluidized bed reactors (FBR) are considered the preferred
technology for the depolymerization of PMMA on an industrial scale
(Ferreira et al., 2025; Kaminsky & Franck, 1991; Smolders & Baeyens,
2004).

The process requires a dynamic balance between two competing
objectives: first, maximizing the rate of primary solid-phase decompo-
sition of PMMA into MMA monomer, and second, suppressing the sub-
sequent thermal destruction of the volatile MMA monomer in the gas
phase (secondary decomposition). The primary decomposition has been
intensively studied, and multiple influencing factors have been identi-
fied, e.g., temperature (Ferreira et al., 2025; Kaminsky & Franck, 1991;
Kang et al., 2008; Pielsticker et al., 2025), heating rate (Ferriol et al.,
2003; Korobeinichev et al., 2019), molecular weight (Arisawa & Brill,
1997; Holland & Hay, 2001), polymerization method (Kashiwagi et al.,
1986), or additional catalytic materials (Chub et al., 2022; Nguyen et al.,
2026). The thermal decomposition of PMMA primarily occurs through a
radical depolymerization (unzipping) mechanism, where the polymer
chains break down into their original methyl methacrylate (MMA)
monomers (Arisawa & Brill, 1997). This process is triggered by two main
initiation pathways: chain-end scission at lower temperatures (approx-
imately 523—573 K) involving weak terminal linkages, and random
scission within the polymer backbone at higher temperatures (approx-
imately 623—723 K) (Arisawa & Brill, 1997). Once initiated, the radical
unzips through the chain, successively releasing monomers until the
reaction is stopped by a termination step like disproportionation or
recombination. The released monomer units are further decomposed in
the gas phase to smaller molecules. Although many studies mention the
gas-phase reaction as a factor reducing the MMA yield (Ferreira et al.,
2025; Kaminsky & Franck, 1991), the separate MMA decomposition is
mostly studied in the context of oxidative reactions (Dakshnamurthy
et al., 2019; Zeng et al., 2002), while data on pure non-oxidative MMA
decomposition is scarce (Blanco et al., 2014; Sanders et al., 2023). Thus,
in the context of monomer recycling for a circular economy, investi-
gating the interplay of primary and secondary reactions is of high
importance (dos Santos et al., 2022).

Consequently, in this study, a detailed experimental investigation of
pure methyl methacrylate (MMA) decomposition in a non-oxidative
environment under industrially relevant conditions is undertaken. The
decomposition products are measured time-resolved with a previously
calibrated Fourier-transform infrared spectrometer (Pielsticker et al.,
2025). Based on these data, a comprehensive kinetic framework
featuring a two-competing-reactions model to mechanistically resolve
the temperature-dependent selectivity of MMA decomposition will be
developed. Additionally, the typically used single first-order approach
for PMMA decomposition (Arisawa & Brill, 1997) will be extended by an
additional pathway to directly produce light gases, reflecting the
chain-end scission at lower temperatures. This final chemical kinetic
framework will then be coupled with reactor hydrodynamics modeling
to gain insights into the effects of gas residence time distributions on the
prediction and optimization of monomer recovery.

367

Particuology 115 (2026) 366-377

2. Experimental investigation

For the experimental investigations, a lab-scale reactor setup in two
slightly different modifications is used. In both configurations, the re-
action temperature (Tg = 623—1073 K) is set via an electrically heated
furnace, where the reactor is placed.

2.1. MMA pyrolysis

To solely investigate the decomposition of the monomer methyl
methacrylate (MMA) in the gas phase, the setup depicted in Fig. 1 is
used. In this modification, the N stream is split into two sub-streams:
one passing the annular gap between the two ceramic pipes and the
other dosing the MMA into the reactor.

The dosing gas flow first bubbles through a tempered bath (293 K) of
liquid MMA before passing a water-operated cooler. Via visual obser-
vation and a dew point sensor, saturation with MMA in the gas stream at
the cooler outlet is ensured. By using the Antoine equation with co-
efficients provided from the NIST database (NIST Chemistry WebBook,
2023) and originally determined based on experimental data from
Brockhaus and Jenckel (1956), the saturation pressure ps is estimated
according to

1945.56 K

1 ) =35. -
Ogio(ps) = 537785 ~ 2o

(€]
while the measured gas outlet temperature of 284 K is assumed as the
saturation temperature Ts. After leaving the cooler, the gas stream is
heated to prevent recondensation of the MMA. By assuming the ideal gas

law, the volume fraction gyva of MMA in the feed gas flow can be
calculated:

p(1)
n

@

PMMA feed =

The total pressure p is approximately the reactor pressure p = 1.113 bar
neglecting the pressure loss from the cooler to the reactor. The appli-
cability of this procedure has already been successfully demonstrated in
a previous study (Pielsticker et al., 2025). Afterward, the stream is
guided through a small ceramic pipe to the bottom of the FBR and mixes
with the fluidization volume flow. Neglecting decomposition in the
small ceramic feed pipe, the initial volume fraction at the reactor bottom
is given as

PMMA feed VN, feed

Pvmvap = 1—

3

PMMA feed VN, feed T VNy i1

when the Ny flows from the feed (V, ) and the fluidization (Vy,q)
mix. For all experiments, the ratio of N, flow passing through the system
feed compared to the total N gas flow is kept constant at a ratio of 1:10.
Regardless of the total volume flow, the initial MMA volume fraction is
set to ¢mma,0 = 1.9 %. This volume fraction falls well into the range of
previously recorded reference spectra for MMA (Pielsticker et al., 2024).
By changing the total volume flow between 50 and 150 1, h™}, the gas
residence time in the reactor is varied between 6 and 18 s. The reactor
temperature T at the bottom is controlled with an S-type thermocouple.

The total gas stream leaves the reactor through the reactor head at
the top and is afterward guided through heated pipes (453 K) and a fine
filter to a Fourier-transform infrared (FTIR) spectrometer. The heated
pipes avoid condensation of formed reaction products and MMA before
the FTIR gas cell. The FTIR is an Ansyco GASMET DX-2000 equipped
with a heated gas cell (2.0 m optical path length, 453 K and 220 ml
volume) that captures spectra with a frequency of 0.38 Hz in the mid-
infrared wavenumber region v = 600—4200 cm ™! at a spectral resolu-
tion of 8 em™". In total, the volume fractions @irrir, of 13 relevant gas
species including MMA (CsHgO;), carbon monoxide (CO), carbon
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dioxide (CO2), methane (CH,4), benzene (CgHg), ethylene (CoHy), ethane
(CoHg), propylene (CsHg), propane (CsHg), butane (C4H;), formalde-
hyde (CH0), methanol (CH30H) and ethanol (CoHsOH), are quantita-
tively determined. For each experimental condition (varied temperature
and volume flow), first, a steady state is awaited before the volume
fraction is measured over a period of at least 15 min and then averaged.

Based on a mass balance around the reactor system, the mass-specific
yield y; of each species in relation to the injected MMA mass (in kg; per
kgmma) can be expressed as:

_ M-, prir
Myma-@rivao

(€3]

Vi

2.2. PMMA pyrolysis

The pyrolytic decomposition of solid PMMA particles has been the
focus of a previous study (Pielsticker et al., 2026). Compared to the
setup used for the MMA pyrolysis, slight modifications are considered as
illustrated in Fig. 2.

The continuous MMA fuel feed system was replaced by a lock system
to batch-wise inject solid fuel samples (mpyva 15 mg,
d, = 600—800 pm) in a discontinuous procedure. The PMMA particles
fall driven by gravity and an additional purge gas flow to the bottom of
the reactor, where they mix with a fluidized bed consisting of inert Al,O3
particles (true density 3216 kg m~>). The bed particles are in the size
range 100—180 pm and account for a total mass of approximately 90 g

Transport routes:
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and a fixed bed height of 29 mm. The minimum fluidization velocity for
those particles was measured with a cold transparent 1:1 demonstrator
to be 0.009 m s !. The fluidization gas flow of 80 1 h~! (standard
conditions) correlates with a free-flow velocity of 0.02—0.037 m s~ and
yields in a fluidized bed with a bed expansion between 12 and 25 %. The
bed is categorized as being in the bubbling regime, typical for the used
particles of Geldart type B (Geldart, 1973; Kunii & Levenspiel, 1997).
Mixing characteristics were also validated in the cold-flow transparent
demonstrator. Despite the density disparity between the bed (Al,03) and
fuel particles (PMMA), the bubbling fluidization regime maintained a
uniform spatial distribution of the fuel throughout the bed height, pre-
venting segregation at the bed surface. The bed temperature Tgp is
controlled with an S-type thermocouple. The bed serves as a thermal
reservoir that provides the energy required for the strongly endothermic
depolymerization reaction and ensures nearly isothermal conditions by
minimizing temperature fluctuations during the solid-to-gas conversion.

While the particles remain in the reactor until complete decompo-
sition, the gaseous reaction products, fluidization gas, and purge gas mix
with each other and leave the reaction zone via an exhaust gas pipe. The
significantly smaller pipe diameter of the exhaust pipe in the PMMA
experiments shortens the gas residence time to approximately 6—8 s.
Similar to the MMA experiments, the composition of the exhaust gas
stream was measured with the FTIR spectrometer with the same
configuration.

For the batch experiments of PMMA, the observed release rate is
given by Eq. (5)

B< 2l
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Fig. 1. Experimental setup for MMA pyrolysis.
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Fig. 2. Experimental setup for PMMA pyrolysis in a fluidized bed reactor (Gfall et al., 2025).

Table 1

Mass-specific yields of different product species resulting from MMA pyrolysis at different reactor temperatures and gas volume flows (in kg; per kgnma)-
Temp. [K] Vol. flow [I, h™1] CO2 CO CH4 CoHg CoHy C3Hg C3Hg C4Hjo CH>0 CH40 CoHgO CeHs CsHgO4
773 50 0.0495 0.0076 0.0005 0.0033 0.0003 0.0009 — 0.0003 0.0062 0.0137 0.0032 0.0054 0.9091
773 100 0.0178 0.0033 0.0004 0.0016 <104 0.0008 — 0.0004 0.0038 0.0091 0.0026 0.0039 0.9562
773 150 0.0023 0.0009 <1074 0.0004 <104 <10°* <104 <10°* 0.0016 0.0046 0.0026 0.0023 0.9849
823 50 0.0501 0.0373 0.0040 0.0043 0.0008 0.0001 0.0179 0.0008 0.0191 0.0116 0.0115 0.0037 0.8387
823 100 0.0095 0.0140 0.0023 0.0037 0.0004 0.0003 0.0022 0.0012 0.0100 0.0070 0.0081 0.0050 0.9362
823 150 0.0059 0.0068 0.0007 0.0013 0.0004 <10°* 0.0007 0.0004 0.0055 0.0041 0.0065 0.0058 0.9618
873 50 0.1120 0.1937 0.0132 0.0017 0.0083 — 0.0693 — 0.0479 0.0060 0.0180 0.0034 0.5266
873 100 0.0223 0.1142 0.0092 0.0066 0.0026 — 0.0694 — 0.0395 0.0061 0.0195 0.0032 0.7075
873 150 0.0008 0.0578 0.0025 0.0032 <104 — 0.0269 — 0.0261 0.0032 0.0141 0.0026 0.8629
908 50 0.1306 0.3704 0.0452 0.0003 0.0400 — 0.1476 — 0.0475 0.0033 0.0117 0.0103 0.1930
908 100 0.0212 0.2444 0.0174 <1074 0.0184 — 0.1026 — 0.0633 — 0.0144 0.0098 0.5084
908 150 — 0.1824 0.0098 0.0005 0.0078 — 0.0529 — 0.0565 <104 0.0138 0.0077 0.6705
943 50 0.1867 0.3912 0.1074 0.0039 0.1005 — 0.1178 — 0.0209 0.0004 0.0050 0.0348 0.0314
943 100 0.0783 0.4236 0.0995 0.0035 0.0944 — 0.1578 — 0.0320 0.0030 0.0065 0.0314 0.0700
943 150 0.0399 0.4109 0.0686 0.0021 0.0631 — 0.1734 — 0.0447 0.0041 0.0108 0.0195 0.1627
973 50 0.2081 0.3973 0.1253 0.0025 0.1144 — 0.0693 — 0.0075 0.0005 0.0041 0.0522 0.0188
973 100 0.1350 0.4163 0.1249 0.0018 0.1193 — 0.0958 — 0.0129 0.0004 0.0053 0.0534 0.0349
973 150 0.1054 0.4175 0.1169 0.0015 0.1138 — 0.1060 — 0.0148 <10* 0.0069 0.0512 0.0659

dyi Py Mi Vi + Viurge o.(0) between the reaction zone and the FTIR gas analysis. To compensate for

dar My,  mpyma  1— Z,Z o ) ®) those effects, a convolution procedure based on the methods proposed

by Abad et al. (2005) is undertaken as explained in detail in the study by

However, the observed release rates do not directly reflect the behavior Pielsticker et al. (2019) for biomass.

at the particle level but include effects of the gas transport and mixing
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Fig. 3. Decomposition products of MMA during pyrolysis in N5 for different reactor temperatures and gas flow rates resulting in gas residence times printed above.

3. Results

This section will first present a detailed experimental investigation
into the gas-phase pyrolysis of methyl methacrylate (MMA) across a
broad temperature range to elucidate the secondary decomposition re-
actions. Building upon these findings, a kinetic modeling framework is
then developed to accurately describe the interplay between gas-phase
chemistry and primary particle decomposition kinetics by identifying
key competing reaction pathways that govern the product distribution.
Finally, the derived kinetic model is integrated into a comprehensive
reactor model to simulate the overall process, providing a robust pre-
diction of the PMMA monomer recovery.

3.1. Experimental investigation of MMA decomposition

Experiments with pure MMA as an educt serve to determine the gas-
phase reaction kinetics. Table 1 and Fig. 3 show the yields of light gas
decomposition products and the remaining part of unreacted MMA at
different temperatures Tg and volume flows V. Changing the volume
flow allows for the investigation of different gas residence times at the
same temperature. Overall, as expected, higher temperatures and longer
residence times promote the decomposition of MMA into smaller light
gas fragments.

The light gas composition reveals a significant shift in the product
spectrum as temperature increases. At low temperatures, the spectrum is
dominated by COg, signaling a lower-energy decarboxylation pathway.
This is accompanied by oxygenated fragments like methanol (CH3OH)
and formaldehyde (CH;0), confirming the initial instability of the ester
group (Moens et al., 2020). While ethane (CoHe) is present, its relatively
low and steady yield suggests that methyl radical recombination is a
minor pathway compared to primary scission.

At higher temperatures, the CO yield surpasses that of CO,, indi-
cating the onset of non-selective carbonyl bond cleavage (Kaminsky &
Franck, 1991). The intense thermal cracking is marked by a sharp rise in
methane (CH4) and ethylene (CyHy). Interestingly, propylene (CsHg)

370

reaches a maximum near 943 K before declining at 973 K, suggesting
that at extreme temperatures, even these primary segments undergo
secondary cracking into smaller fragments or contribute to the forma-
tion of benzene (C¢Hg). Contrary to lower-temperature stability, the
disappearance of butane (C4Hjg) above 823 K indicates that
high-severity regimes favor unimolecular cracking over the bimolecular
recombination of larger radicals. The sustained yields of benzene at
973 K suggest that the reactor environment facilitates cyclization and
aromatization of unsaturated C, and C3 intermediates rather than alkane
recombination.

Research utilizing shock tube studies for MMA pyrolysis, although
conducted at significantly higher temperatures (1200—1600 K), identi-
fied CO, CO3, and CH20 as the main decomposition fragments (Sanders
et al., 2023). The current FBR experiments, operating up to 973 K, reveal
these same products, demonstrating that the kinetic pathways initiated
in the FBR vapor phase are fundamentally analogous to those governing
high-temperature gas-phase cracking (Sanders et al., 2023).

3.2. Determination of kinetic parameters for MMA gas-phase
decomposition

To describe the observed decomposition behavior, various kinetic
models were evaluated to determine the governing kinetic parameters.
In all modeling approaches, the reactor was characterized as an ideal
plug-flow reactor (PFR). The ideal PFR model assumes a uniform ve-
locity profile where radial mixing is instantaneous and axial back-
mixing is non-existent. Under these conditions, every fluid element ex-
periences an identical residence time, effectively behaving as an infin-
itesimal batch reactor progressing through the pipe. While the PFR
model provides a robust mathematical framework, real tubular reactors
— especially those operating under laminar flow conditions — deviate
from ideality due to the parabolic velocity profile. This results in a
broader residence time distribution and typically lower conversion rates
compared to the ideal case. To bridge the gap between the simplified
PFR model and the experimental observations, an effective reactor
volume V¢ is implemented to account for several experimental factors.
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This approach provides necessary hydrodynamic compensation by
addressing the kinetic inefficiencies introduced by non-ideal flow pat-
terns and the lack of perfect axial uniformity. Furthermore, the use of an
effective volume allows for the integration of the effect of an axial
temperature profile:

medg- j:f r(T(x)) dx.

Vet =
ft 4-n-r(TR)

(6)

The effective reactor volume is calculated by integrating the
temperature-dependent reaction rate r(T) along the entire reactor length
and setting this into relation to the reaction rate r(Tg) at the reactor
maximum temperature located at the bottom. The axial temperature
profile T(x) inside the reactor has been measured for various bed tem-
peratures (Pielsticker et al., 2019). The effectiveness factor 5 serves as a
hydrodynamic compensation for the transition between PFR and CSTR
behavior (Denbigh, 1944). Thus, the factor accounts for kinetic in-
efficiencies and non-ideal flow patterns. For the observed degrees of
conversion, a factor = 1.3 is assumed, meaning that the perfect PFR
model would yield approximately 30 % higher conversions than the
non-ideal reactor with the same reactor volume and fluid flow. Fig. 4
shows the temperature profile along the reactor axis and the corre-
sponding local reactivity r(x) for a reactor set temperature Ty = 873 K.

In combination with the subsequently presented reaction kinetics, an
effective reactor volume Veg = 3.56 x 10~* m® was determined in an
iterative procedure. Although the effective volume slightly depends
(£15 %) on the kinetic mechanism and the reactor temperature, the
effective reactor volume is kept constant for all cases to allow for a better
comparison.

The differential equation to describe the conversion process in terms
of the MMA concentration cypa along the x coordinate in the PFR is
given by

A(V-cnmia)

ox @

= —Across Ttot"CMMA 5

where V is the volume flow corrected from the given volume flow under
norm conditions set by the mass flow controllers, A.ross is the constant
reactor cross-section, and ry is the total reaction rate given by the
chemical decomposition mechanism.

In the present study, the chemical decomposition of MMA into
smaller fragments is modeled via two different kinetic models: the single
first-order reaction (SFOR) model and the two-competing-reactions
model (CRM). In the SFOR model, the total kinetic rate is expressed as
a single reaction via an Arrhenius approach

—A Ea
TSFOR = 'CXP< R )

®

with the two kinetic parameters activation energy E, and pre-
exponential factor A as well as the universal gas constant R. In the
CRM, the educt MMA is decomposed via two competing chemical re-
actions that sum to the overall reaction rate

Ea.l +A e Ea,Z
RT P\ TR

with two Arrhenius parameters for each reaction, summing up in four
total parameters (A1, Ao, E,1, and E, 7). These parameters are deter-
mined by solving a minimization problem

2
. YLG,mod,i — YLG exp.i
ming; g,; )
7 VLG expii

where the relative error between the modeled (yiG mod,i) and experi-
mental (¥1G,exp,i) light gas yield is minimized in a least-squares proced-
ure. In the model, the final light gas yield is obtained from the modeled
concentration at the reactor outlet at length L

9

FcRM = A1~exp< -

(10
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while the experimental one is determined as a sum of all measured
species yields calculated by Eq. (4).

Alternatively to minimizing the relative error of the light gas yields,
the reaction kinetic parameters for the SFOR model can be determined
by an Arrhenius optimization, where the error between the calculated
and experimentally obtained reaction rates is minimized:

. 2
ming, g, > (Fsror — "'Mma) 12)

i

For the combination of the plug flow reactor and the SFOR model,
the reaction is

1 1
s = —n (M) = Lin(1 — o)
T PMMA L0 g

13)

with 7 being the gas residence time.

Due to the low initial volume fraction of MMA, the volume flow
change due to the arising reaction products can be neglected, and thus,
the residence time represents the ratio of the volume flow Vy, to the
reactor volume V. As the determination of rypa from Eq. (13) is mon-
ovariate, errors in the determination of the light gas yield are directly
transferred into the derived decomposition rate. For this reason, the
error sensitivity of the problem is calculated using

orvma 1 1

oyLG Tl — Y6

14

Equation (14) shows that errors are damped with increasing residence
time or reactor volume. However, the errors are amplified for high
conversions once the light gas yield approaches y; g = 1. Consequently,
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rvma is determined this way only in a temperature range between 773 K
and 973 K, where conversion is in the range 5—-95 %.

Fig. 5 shows the experimentally obtained light gas yields in com-
parison with the predictions from the two different models, SFOR and
CRM. In the SFOR model, a further distinction is made between the
objective functions (Eq. (10) or (12)) used to determine the kinetic pa-
rameters. All sets can represent the general trend of increasing light gas
formation with increasing residence time and temperature. However,
differences in the accuracy and dependency on single quantities are
visible. The SFOR model with parameters obtained by minimizing the
error in the reaction rate tends to overpredict the decomposition in the
middle temperature range between 823 and 908 K for all volume flows.
While at lower and higher temperatures, the experimentally obtained
conversion is higher than the model predictions. By determining the
SFOR model parameters from a minimization of the relative yield error,
it becomes obvious that there is a strong tendency to underpredict the
conversion for high temperatures (especially 943 K). The CRM model
can compensate for most of the inaccuracies obtained with the two SFOR
model approaches. Especially, the volume flow dependency in the high-
temperature regime is significantly improved, while maintaining the
accuracy in the low-temperature region. Table 2 lists all determined
kinetic parameters for the CRM and the SFOR model.

The SFOR model reaches identical activation energies independently
of the objective function used. However, the pre-exponential factor
determined by minimizing the error in the reaction rates via Eq. (12) is
higher than those obtained from the minimization of the relative light
gas yield (Eq. (10)), yielding approximately 50 % higher reaction rates.
The effect is well shown in the Arrhenius diagram of the reaction rate
depicted in Fig. 6.

The CRM reveals two reactions with significantly differing activation
energies for both reactions. The ratio of the activation energies suggests
that the radical fragmentation and cracking pathway has a higher acti-
vation energy (E, ») than the decarboxylation pathway leading to CO,. A
classification of the experimentally determined light gas species in
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products attributed to reaction 1 (CO,, CH20, CH30H, and CoH50H) and
reaction 2 (CO, CH4, CoHg, CoHy, C3Hg, C3Hg, C4H1, and CgHg) shows a
high degree of consistency with the two corresponding CRM products as
illustrated in Fig. 5. Only at higher temperatures, the reaction products
from reaction 1 predicted by the CRM cannot totally cover the experi-
mental yields. Most likely, CO5 is not only a product of the decarbox-
ylation reaction but also stems from the cracking pathway as verified in
the study by Sanders et al. (2023). This confirms that two separate,
parallel mechanisms are required to accurately model the overall
decomposition.

3.3. Interplay of PMMA decomposition and MMA gas-phase reactions

Products obtained from the pyrolysis of solid PMMA particles are the
result of the primary decomposition of the PMMA and the subsequent
secondary reaction in the gas phase. The fundamental assumption
commonly used in simplified models of PMMA pyrolysis is the two-step
sequential decomposition approach. This model approach assumes that
all initial polymer degradation leads exclusively to MMA monomer
generation (depolymerization), and that all subsequent light gas for-
mation (CO, COy, CHy, etc.) results entirely from the secondary thermal
cracking of the gaseous MMA monomer in the gas phase. However, this

Table 2

Kinetic parameters for the three MMA gas-phase decomposition model ap-
proaches. The term min f(x) represents the objective function used to determine
the kinetic parameters.

Model Pathway A E, min f(x)
[s1 [kJ mol ']
SFOR Global 1.84 x 10° 155.5 Eq. (12), 7
SFOR Global 1.23 x 10® 155.0 Eq. (10), yig
CRM Reac. 1 1.17 x 10° 76.5 Eq. (10), yi6
Reac. 2 4.63 x 10'* 269.9

[ ]Experiment (CO,, CH,O, CH3;0H, C,H;O0H)
I Experiment (CO, C,H,)

I SFOR model (r minimization)
I SFOR model (yrg minimization)
[ ]1CRM (reaction 1, y,¢ minimization)
I CRM (reaction 2, yr¢ minimization)

0.8 -

0.6

0.4

Light gas yield yrc (kgi/kgmma)

0.2

873
Reactor temperature Ty (K)

908 943 973

Fig. 5. Comparison of experimentally obtained light gas yields with model predictions from the single first-order (SFOR) model and the two-competing-reactions
model (CRM) at different temperatures and volume flows. The experimental yields are classified according to the expected main reaction products of reactions 1
and 2 in the CRM. Numbers above the bars indicate the volume flow in liters per hour for norm conditions.
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Fig. 6. Arrhenius diagram including experimentally obtained reaction rates for the gas-phase decomposition of MMA and derived Arrhenius kinetics for the global
SFOR model (parameters either determined by minimizing the error in the reaction rate according to Eq. (12) or by minimizing the relative error in the light gas yield

via Eq. (10)) and the CRM split up into the two competing reactions.

framework often overlooks the direct scission pathways occurring
within the solid polymer matrix. Specifically, the model fails to
adequately account for side-chain scission (breaking of the ester group,
COOCH3) and weak link scission (like head-to-head bonds), which occur
in parallel with depolymerization (Holland & Hay, 2001; Moens et al.,
2020). These direct pathways generate light gases and other volatile
non-monomers — such as methanol and carbon dioxide (Moens et al.,
2020) - independently of the MMA vapor cracking step. Neglecting this
extra source of light gases from the primary solid-phase breakdown may
lead to an underprediction of the total light gas yield and equally to an
overprediction of the MMA yield.

The following investigation will analyze the interplay between pri-
mary and secondary pyrolysis reactions on the final yields of MMA and
light gases. Fig. 7 shows the experimentally gained yields of MMA from
the pyrolysis of PMMA particles examined in a previous study (Piel-
sticker et al., 2026). The temperature behavior of the MMA yield ex-
hibits a biphasic trend, characterized by an initial increase to a
maximum yield, followed by a sharp, monotonic decline in the
high-temperature range. The overall mass balance reveals that for the
lowest temperature, the degradation process is not completed within the
experimental time of 32.6 min. The calculation by difference accounts
for a PMMA yield of 12.5 % (marked as hatched area) and a light gas
yield of 18.4 %. In contrast, complete conversion of PMMA has been
detected at all other temperatures during the experimental time texp
used. Note that the experimental time is, in most cases, significantly
longer than the conversion time to ensure that the entire conversion
process is captured in the experiment. From the moderate MMA yield of
69.1 % at 623 K, the yield then undergoes a distinct increase to attain its
maximum value at between 673 and 723 K around 90 %. Beyond 723 K,
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the trend reverses, showing a pronounced and monotonically decreasing
relationship with rising temperature. From 723 to 873 K, the yield falls
steadily. In the highest temperature range, spanning from 973 to 1073 K,
the yield drops to 10 % or below, indicating near-total loss of the
monomer product.

Fig. 8 illustrates multiple models to describe the primary conversion
of PMMA (SFORppva or CRMpyva) and the secondary conversion of
MMA (SFORpma or CRMpypa). Primary and secondary models are
combined to describe the overall reaction mechanism from PMMA to
light gas products. Besides the experimental data, Fig. 7 also includes the
predictions of some of these model combinations.

The blue bars represent the single first-order reaction mechanism for
PMMA decomposition (SFORpyma), where only MMA is formed in the
primary reaction step, and light gases result solely from the secondary
gas-phase reaction (SFORpyna). Thus, this model combination
(SFORpymMa + SFORyMma) reflects the classical sequential decomposition
approach. This SFOR combination can capture the general temperature
trend, however, it exhibits significant quantitative deviations from the
experimental MMA yield at low temperatures (especially T = 623 K,
36.9 %) and in the transition range between 773 and 873 K
(20.0—82.1 %). In the temperature range from 673 to 773 K, the model
predicts MMA yields above 96 %, which shows that the significance of
gas phase reactions is of minor importance. Also, for temperatures below
773 K, the difference between the two gas-phase models is below 2 %.
Consequently, this confirms that the sequential model is overlooking a
pathway that consumes PMMA without producing MMA.

To address this kinetic deficiency, the established sequential
decomposition from PMMA over MMA to light gas is extended by
including a competing reaction pathway. The competing reaction model



S. Pielsticker et al.

Particuology 115 (2026) 366-377

> > - - - R > > > >
t RGN N S A NG O
exp 09) '\‘?D cb g‘o (‘0 “Q (0 M N N
1 | PMMA I I | T T | | I ]
-
E] _
525 0.8 + -
4
~
<
g
&0 0.6 _
)
<
=
=
= 0.4+ |
.
© Gas-phase model
> SFORpMMmA CRMyma
= 0.2 | SFORpyMaA: 1 gas-phase element 1 |
S | CRMpynia ¢ 1 gas-phase clemens NN ]
CRMpymMa : 3 gas-phase elements [
Experiment I
O H B E B EEE E EEE B EEE BBl B EEE E EE
623 673 698 723 748 773 823 873 973 1073

Bed temperature Trp (K)

Fig. 7. Experimentally obtained MMA yields during the pyrolysis of solid PMMA particles at different reactor temperatures in comparison with model predictions
using two primary pyrolysis models for the solid phase (SFORpyma and CRMpyya) and two models for the secondary gas-phase decomposition (SFORyma and
CRMama). The difference from 1 is the light gas yield except for Trg = 623 K, where the calculation by difference leads to a so far unreacted PMMA yield

ypmma = 0.12 at the given experimental time.

Primary decomposition Secondary decomposition

SFORpaMA

PMMA MMA ..., » Light gas

............ >
. CRMpymma .. CRMyna A A

- f

.

Fig. 8. Reaction schemes for the single first-order reaction (SFOR) model and
the competing-reaction model (CRM) during the primary decomposition of
PMMA and the subsequent secondary decomposition of MMA into light gas.

(CRMppmma) incorporates a parallel degradation step where the solid
PMMA is directly transferred to light gas, bypassing the MMA inter-
mediate. The kinetic parameters for this newly introduced direct light
gas formation pathway are directly taken from the low-temperature
MMA decomposition kinetics previously established in the pure gas-
phase MMA model. The reason for this is that in both cases, the cleav-
age of the side chain (the COOCHj3 group) is assumed to be the under-
lying mechanism, and thus a similar reaction characteristic can be
assumed. Additionally, the MMA reactivity is decreased to match the
same overall decomposition rate previously observed in the experiments
(Pielsticker et al., 2026). As shown by the red bars, the (CRMppma
achieves a substantial improvement in the predictivity compared to the
SFORppMma + SFORyma combination. This improvement is most pro-
nounced in the low-temperature regime (T < 723 K), where the model
successfully addresses the large overprediction error (36.9 % at 623 K)
of the purely sequential approach, validating the hypothesis that
solid-phase side-chain scission contributes to light gas formation inde-
pendently of the MMA intermediate. However, deficiencies remain
primarily in the mid-to-high temperature range (773—973 K), where the
model first continues to significantly overpredict the MMA yield (e.g.,
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YMMA,mod = 0.61—0.71 predicted versus ymma,exp = 0.39 experimental at
873 K) and then significantly underpredicts the MMA yield at 973 K.
Since MMA formation dominates over direct light gas formation in this
temperature range, no differences are detectable between the SFORppyma
model (blue) and the CRMpyva (red). Differences in the predicted MMA
yields, therefore, depend only on the gas-phase model used and the
underlying temperatures and gas residence times.

In the modelling of the two previous cases, the gas residence time is
calculated by the volume flow (temperature corrected) and the volume
of the reaction zone (fluidized bed). However, in the experiment, the
formed gaseous species can mix with the gas in the freeboard above the
bed. As the gas outlet is close to the bed, the gases in the freeboard are
subject to significantly longer residence times. Although the purge gas
flow coming from above is intended to minimize this effect, the increase
in volume during the release of volatiles — especially during dosing and
in the early reaction phase — can cause this volume flow to be insuffi-
cient, allowing reaction gases to enter the upper gas space.

It may also happen that the PMMA particles tend to float on the bed —
as the Archimedes number of the PMMA particles
(Arpyva = 414—1465) is significantly higher than those of the bed
particles (Arp, = 17.6—62.4) — resulting in a shorter gas residence time
for some components than if the entire volume of the fluidized bed is
taken into account. Instead of one gas-phase volume, the third case
(represented by green bars) assumes three gas-phase volumes with
different gas residence times. Fig. 9 shows, schematically, areas within
the reaction zone that could potentially result in longer or shorter resi-
dence times than the average residence time.

Since an exact calculation of the local residence time distribution
requires more complex modelling approaches (e.g., computational fluid
dynamics), the available reactor volume is arbitrarily split into three
elements, representing shorter, average, and longer gas residence times.
The split fraction of the total gas into the three elements and the relative
residence time change are kept constant for all temperatures. Both
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values are determined in a regression process, where the difference
between model-predicted and experimental yields is minimized. The
minimization reveals that approximately 65 % of the gases must be
subject to a significantly longer residence time (factor 5—6.4), while
30 % underlie shorter residence times (factor 0.32—0.34). As already
shown in an earlier study (Pielsticker et al., 2018), the gas-residence
time distribution is shifted drastically towards larger residence times if
mixing in the freeboard is not prevented. However, the residence time
distribution calculated here reflects a potential scenario to explain the
observed yields and should not be taken as a definitive measurement of
the local hydrodynamic conditions.

The sequential refinement of the PMMA pyrolysis model — moving
from the classical single-step approach to the final CRM with multiple
gas volumes — demonstrates that high predictive accuracy requires the
integration of both refined chemical kinetics and detailed reactor hy-
drodynamics. With this, the overall mean error can be reduced from
14 % (primary SFOR) over 9.5 % (primary CRM) to approximately 2 %
(CRM with gas residence time distribution).

3.4. Optimal conditions for MMA recovery

Following the model validation step in section 3.3, the present sec-
tion evaluates the MMA yield dependency in a wide parameter space
regarding particle reaction time t,, gas residence time t;, and
temperature T. This analysis provides fundamental insight into the
dominating reaction steps and the derivation of optimum operation
conditions for MMA recovery. Fig. 10 presents an overview of the pre-
dicted MMA yields from the pyrolysis of PMMA as a function of the two
key times across nine different temperatures ranging from 500 to 900 K.
For the prediction, the model combination of CRMpyna and CRMyva is
used.

The surface plots reveal two well-known dependencies: At low
temperatures, the primary decomposition process defines the relevant
time to achieve full decomposition of the PMMA and thus reach
maximum MMA yields. By contrast, at high temperatures, the gas resi-
dence time is the important parameter that controls the decomposition
of the primary formed MMA into smaller light gas fragments. However,
the initially available amount of MMA also depends on the temperature.
Due to the kinetics of the competing reaction of MMA and light gas
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formation in the primary pyrolysis process, at very low temperatures,
the light gas formation dominates, while at higher temperatures, the
MMA formation pathway is favored. Reachable yields of MMA exceed a
value of 90 % only for temperatures higher than 700 K independently of
the gas residence time. To achieve high recovery rates, reaching this
minimum temperature in the industrial process is evident. Increasing the
temperature above 800 K does not offer any advantages in industrial
applications, as the PMMA is already almost completely decomposed
into MMA in the primary step, but decomposition increases with gas
phase reactions as the temperature rises. While at 800 K the MMA yield
is still above 90 % after 10 s, at 900 K it falls to only 20 % for the same
gas residence time. In order to maintain an MMA yield above 90 %, the
gas residence time must not exceed 1 s, which poses a challenge in large-
scale industrial processes.

The model-derived optimum temperature range of 700—750 K to
achieve MMA yields above 95 % is strongly supported by experimental
findings in the literature listed in Table 3.

The literature consensus for the optimal pyrolysis temperature is
firmly proven to be in the range of 700—730 K, which precisely matches
the model's optimum at 723 K. By adding catalysts to the reaction, the
optimum temperature shifts towards lower temperatures (Chub et al.,
2022). Multiple studies mention the reactor to be designed for the
realization of short gas residence times, however, no study explicitly
investigating different gas residence times and the impact on the MMA
yield can be found.

4. Conclusion

This study successfully investigated the interplay between the solid-
phase degradation and secondary gas-phase reactions to optimize pol-
ymethyl methacrylate thermal recycling in the context of methyl
methacrylate recovery. The research followed a structured approach,
initially focusing on the pyrolysis of pure methyl methacrylate (MMA)
monomer in the gas phase. This step isolated the secondary decompo-
sition kinetics and product formation pathways without the overlaying
influence of the primary polymer decomposition. This fundamental
understanding was then used to investigate the more complex reaction
system of PMMA particles reacting inside a fluidized bed reactor,
allowing for the comprehensive analysis of the combined primary (solid-
phase) and secondary (gas-phase) reactions.

The experimental investigation of MMA gas-phase decomposition
revealed that the product distribution of light gases is highly sensitive to
temperature. This sensitivity dictates the final monomer yield. At tem-
peratures below 700 K, the light gas output was dominated by carbon
dioxide. Conversely, raising the temperature above 750 K significantly
shifts the selectivity towards the formation of carbon monoxide (CO)
and small C,-C4 hydrocarbons, indicating the strong dominance of high-
intensity, MMA-reducing secondary decomposition reactions.

To accurately model this observed temperature-dependent selec-
tivity, a two-competing-reactions model (CRM) was successfully
implemented and validated against the experimental data. The two
competing reactions are characterized by their distinct activation en-
ergies (E,; = 76.5 kJ mol ! and Ea2 = 269.9 kJ mol 1), which reflect
two parallel pathways: a lower-energy route that is dominant at low
temperatures and favors stable products (e.g., CO5), and a higher-energy
route that governs the selectivity at high temperatures, yielding highly
fragmented products (e.g., CO and Cy—C4 hydrocarbons).

The findings obtained from the MMA investigation were then
transferred to the more complex process of PMMA pyrolysis. The typical
approach of modeling the decomposition of PMMA as a sequential re-
action of PMMA into MMA and then further into light gas proved to be
insufficient, primarily because direct light gas formation at low tem-
peratures is not taken into account. The implementation of a competing
direct light gas formation pathway with reaction kinetics observed from
the pure MMA experiments significantly improved the model pre-
dictivity at low temperatures. The consideration of a multi-volume
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Fig. 10. Overview of achievable MMA yields as a function of particle reaction time and gas residence time at different reaction temperatures. Predictions result from
the combination of CRMpyma and CRMyva. Temperature for primary and secondary is assumed to be identical.

Table 3
Comparison of optimal PMMA pyrolysis temperature Tp; for maximum mono-
mer recovery Yyma,max from the literature and the model prediction.

Reference Topt YMMA,max
[K] [wt%]
Model prediction 723 >95
Kaminsky & Franck, 1991 723 97.16
Kang et al., 2008 713 96.6
Ferreira et al., 2025 698 94.74

reaction model with different residence times has also shown that the
interaction between PMMA and bed particles and the mixing behavior of
the resulting gases with the freeboard is most likely more complex than
can be represented by a simple one-volume model.

The newly developed framework allows for the prediction of the
recoverable MMA yield considering effects of reaction temperature,
particle reaction time, and gas-phase residence time. An optimum
operation temperature to recover MMA yields above 95 % was identified
at 723 K, matching observations in the literature exactly. This integrated
modeling approach, which accurately links complex gas-phase kinetics
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with reactor-specific hydrodynamics, provides a vital framework for the
rational design and optimization of industrial-scale polymer recycling
processes. Ultimately, these findings enable precise control over oper-
ating parameters to maximize monomer yields. This significantly en-
hances the economic and environmental sustainability of chemical
recycling processes.
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