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HIGHLIGHTS

» New FTIR calibration enables precise quantitative detection of MMA in the gas phase.
« Very good closure of mass and elemental balance is achieved for PMMA pyrolysis.

« MMA yield drops from 0.9 to 0.5 by increasing the temperature from 673 to 873 K.

« MMA yield is controlled by primary pyrolysis and secondary gas-phase reactions.

« High MMA purity in the condensate highlights potential for closed-loop recycling.

ARTICLE INFO ABSTRACT

Keywords: Chemical recycling processes, such as pyrolysis, have the potential to break down the polymer (e.g., polymethyl
PMMA pyrolysis methacrylate, PMMA) into its main building blocks (monomers), and thus enable the preservation of full function-
Fluidized bed reactor ality in closed-loop recycling processes. In this study, products from flash pyrolysis of PMMA are quantitatively

Online FTIR gas analysis
Monomer recovery
Primary and secondary demposition

determined using an ex situ exhaust gas analysis by means of Fourier-transform infrared (FTIR) spectroscopy.
To achieve this, the FTIR is additionally calibrated for methyl methacrylate (MMA) with an MMA/N, mixture
of various concentrations. Flash pyrolysis conditions (heating rates approximately 10° K s™!) are realized with a
small-scale fluidized bed reactor operated with a nitrogen atmosphere and temperatures between 573 and 873 K
with a continuous feed of PMMA granules. The experiments reveal MMA yields up to 90 % at 673 K. With in-
creasing temperature, the MMA yield drops to approximately 50 % at 873 K. In return, the yields of the MMA
decomposition products such as carbon dioxide (CO,), methane (CH,), carbon monoxide (CO), propylene (C;Hg),
and formaldehyde (CH,O) increase. The approximated residence time of 20-30 s leads to a stronger decomposi-
tion of the MMA into its fragments (especially at higher temperatures) than in other studies, which can be well
modeled with a single first-order decomposition mechanism. A detailed analysis of captured condensate reveals
a high purity of MMA, which enables the feedback into the polymerization process.

1. Introduction pollution resulting from improper disposal. Consequently, there is a
pressing need for efficient and environmentally friendly recycling strate-
gies for plastic waste [1,2]. Most of the currently available techniques
focus either on purely energetic use within combustion or mechani-
cal recycling, where the waste is sorted, cleaned, and then fed back

Plastics have become an integral part of our daily lives, but their us-
age also raises several global issues. These include the depletion of fossil
resources, the emission of CO, during production, and environmental
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into the production process as shredded material [2,3]. This process
is limited to certain types of plastics, may be sensitive to impurities
and mixed plastics, and leads to a degradation of material quality in
each cycle [4]. To preserve the full functionality of the polymer, chem-
ical recycling is required, where the plastic waste is broken down into
its main building blocks and then repolymerized [4]. One viable op-
tion to treat plastic waste is pyrolysis, a thermal process that occurs in
the absence of oxygen, which enables valorizing the feedstock again by
breaking it into monomers and other chemically useful products [5,6].
These products may also enable the option to leave the plastic circle by
adding additional mass flows (e.g., biomass or H,) and renewable energy
to produce new, more valuable chemical products. The present study
should build the basis to evaluate the potential of polymethyl methacry-
late (PMMA) pyrolysis to contribute to chemical recycling or up-cycling.
PMMA is a transparent and rigid thermoplastic polymer often used as a
lightweight alternative to glass [7]. In 2020, the annual world produc-
tion of PMMA was around 2.4 x 109 t, while only 3.0x 10* t (1.25 %) have
been recycled [4]. For Europe, the recycling rate is slightly higher and
reaches approximately 2.6 % [8] but still requires major development
efforts to achieve a circular economy. In a life cycle analysis, Kikuchi
et al. [9] highlight that monomer recovery has the highest potential for
closed-loop recycling of PMMA.

During PMMA pyrolysis, the polymer is decomposed into different re-
action products, whereby the product spectrum and the observed yields
strongly depend on the reaction temperature. At moderate tempera-
tures below 750 K, the main reaction product is the monomer methyl
methacrylate (MMA). Different studies have reported MMA yields up to
approximately 97 % [10-12]. With increasing temperature, the decom-
position of the monomer proceeds into different fragments, whereby
the main products are CO, CO,, CH,, and C3Hg [10-12]. Besides
these main products, a wide range of other decomposition products in
the liquid phase (e.g., methacrylate, methyl isobutyrate, methacrylic
acid, methyl propionate, or methanol [10,11,13]) and in the gaseous
phase (e.g., H,, CoH,, CyHg, C3Hg, or CH,O [10,14]) are present.
Quantitative yields are typically determined by capturing the reaction
products integrally from a stationary pyrolysis process and by perform-
ing a post-pyrolysis analysis via gas chromatography coupled with mass
spectroscopy [11,15].

To determine not only the integral yields but also the reaction rates,
time-resolved measurements are required. One of the most common
techniques is a thermogravimetric analysis (TGA), where the sample is
slowly heated and weight loss is simultaneously measured [11,16,17].
These analytics mainly focus on the detailed description of the de-
composing mechanism of the solid, e.g., different types of scission
reactions [16]. Due to the direct measurement of the mass, an almost
perfect closure of the mass balance is given for the remaining PMMA and
the released total volatiles. However, TGA is limited to low heating rates
and may not reflect the flash pyrolysis conditions in typical industrial- or
pilot-scale apparatuses (e.g., fluidized bed reactors [10,11], extruders,
or molten metal bath reactors [4]) for plastic recycling.

Online analysis of batch-wise experiments under flash pyrolysis con-
ditions is carried out for only a very limited number of species (CO
and CO,) by Chub et al. [13]. Recently, Sanders et al. [14] determined
selected pyrolysis reaction products (CH,O, CO, and CO,) of MMA py-
rolysis in situ and highly time-resolved by means of laser absorption
spectroscopy in a shock wave reactor. However, online quantitative ex-
perimental data on pyrolysis products from flash pyrolysis experiments
are scarce.

Thus, the present study focuses on the quantitative determination of
PMMA pyrolysis products — with the widest product spectrum possible —
under flash pyrolysis conditions representing high heating rates and high
temperatures. To approximate the flash pyrolysis conditions, a small-
scale fluidized bed reactor (FBR) is used, which has already been proven
to be well-suited for investigations of biomass flash pyrolysis [18,19].
Relevant reaction products — including all previously mentioned light
gases — are measured ex situ with an online Fourier-transform infrared
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(FTIR) spectrometer. However, the FTIR has not been quantitatively cal-
ibrated for the expected main product MMA. Thus, a calibration method
based on a systematic condensation of an MMA-loaded gas stream to its
saturation point is introduced to measure reference spectra for a wide
range of concentrations. The newly obtained reference spectra are then
included in an upgraded evaluation procedure to quantitatively deter-
mine the pyrolysis products of PMMA. The new method is cross-checked
with a non-reactive pure MMA sample and pyrolysis experiments under
stationary conditions. As the analysis is based on gas-phase analyt-
ics, it allows deeper insights into the roles of primary and secondary
decomposition reactions.

2. Material and methods

To quantitatively determine pyrolysis products of PMMA based on
gas-phase analytics, the measurement equipment must be made capable
of correctly measuring the expected reaction products. From qualitative
analysis, the monomer MMA has been identified to be present in large
fractions in the product spectrum. Thus, the Fourier-transform infrared
spectrometer is first used to measure reference spectra of MMA vapor
mixed with N, in different concentrations. Afterward, the calibration
is cross-checked with evaporated pure MMA samples before the FTIR
is coupled to a small-scale fluidized bed reactor setup for the pyrolysis
experiments performed with PMMA.

2.1. Quantitative MMA calibration

To generate mixtures of MMA vapor in nitrogen, the setup shown in
Fig. 1 is used. The same setup has already been successfully used to load
gas streams with water vapor [20].

A nitrogen stream with a flow rate of 25 1 h~! (standard conditions)
is first enriched with MMA vapor by bubbling through a tempered bath
of liquid MMA. Afterward, the loaded nitrogen stream leaves the flask to
the top through an intensive cooler whose temperature is 2-3 K lower
than the MMA temperature. In this way, a saturated nitrogen stream
leaves the intensive cooler because the excess MMA condensates in the
intensive cooler and flows back into the round flask. By measuring the
condenser outlet gas temperature, the saturation temperature T, is mea-
sured and the saturation pressure p, is calculated by using the Antoine
equation with coefficients (for pressures inserted in bar) provided from
the NIST database [21] and originally determined based on experimental
data from Brockhaus and Jenckel [22]:
log o(p,) = 5.37785 % M
The volume fraction ¢y, is derived from Eq. (2) assuming ideal gas
law:

ps(T)

ovos = 0. @
MMA )

Within Eq. (2), the total pressure p = 1.026 bar reflects the ambient
conditions.

Fig. 2 shows the relationship between saturation temperature and
resulting MMA volume fraction. In order to achieve volume fractions
above gypa = 36,000 ppm the tempered bath is heated, while for lower
target volume fractions, the bath is cooled. The shown calibration points
indicate a possible range from @ypa = 5180 to 145,087 ppm. One lower
concentration of gya = 3626 ppm could be reached by diluting the
flow after the condensation in a ratio of 1:1 with N,. However, for lower
temperatures or higher dilutions, no reliable reference spectra could
be recorded. One reason could be that the parameters of the Antoine
equation have been derived at a higher temperature range.

Downstream of the cooler, the gas stream is immediately heated to
453 K in order to prevent further condensation of the MMA before reach-
ing the gas cell of the FTIR spectrometer (Ansyco GASMET DX-2000,
2.0 m optical path length). The cell is heated to 453 K and operated un-
der atmospheric pressure. The FTIR spectrometer records spectra in the
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Fig. 2. Correlation between saturation temperature and MMA volume fraction.

mid-infrared wavenumber region v = 600-4200 cm~! with a spectral
resolution of 8 cm~!. For each calibration point, the reference spectrum
is calculated as an average from 30 single spectra with a measurement
time of 20 s each. Fig. 3 shows the obtained reference spectra for five
selected MMA volume fractions.

Most dominant are the absorption bands of C-O-C stretching vibra-
tion (1140-1240 cm™!), C=0 stretching in the ester group (1735 cm™!),
and C-H stretching of the methyl groups (3000 cm™!) similar as in the
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observations of Abd Karim [24]. For quantitative evaluation, wavenum-
ber regions between 3400 and 3500 cm~! as well as from 2700 and
3200 cm~! have been chosen depending on the expected concentration
as the absorbance gradient is here most sensitive to the concentration,
and cross-correlations with other species are minimized. Regions with
absorbances above A = 1 have been excluded due to low signal-to-noise
ratio.

2.2. Validation with pure MMA

To verify the combination of newly recorded reference spectra (from
Section 2.1) and range of selected wavenumbers (see Fig. 3) in the re-
gression analysis, pure liquid MMA with a sample volume of 0.05 ml is
directly injected into a heated pipe (453 K) with a flow rate of 200 1 h~!
(standard conditions). After evaporation, the flow first passes a diffu-
sion chamber (volume ¥V = 6.4 1) and then the FTIR gas cell, where
the IR spectra are recorded. By regression analysis between the mea-
sured spectrum and available reference spectra of known concentration,
the corresponding MMA volume fraction gypa(?) is determined. From
time-dependent measurements of an effective frequency of 0.5 Hz, the
profile shown in Fig. 4 is obtained.

By using Eq. (3), the yield yypa of detected MMA is determined:

Pvma (D) y 3)
=0 1 — opma(®)

PNy Myiva VNZ /°°
YMMA My, myma  Ji
The equation includes time-constant properties such as the density of
nitrogen py,, the molecular mass M of MMA and N,, the nitrogen
volume flow W, and the injected MMA mass myg, as well as the
time-dependent measured MMA volume fraction gy, (?). Fig. 5 shows
the yields for 10 repetitions of single samples using the available ref-
erence spectrum from the NIST database in comparison with the newly
recorded IR spectra for evaluation. Within the repetitions, the detected
MMA yield fluctuates around the mean value of 1.38 with a standard
deviation of 0.08 by using the NIST database and 1.08 + 0.06 while us-
ing the new reference spectra, leading to a 78 % better determination.
The systematic slight overprediction may arise from an overestimation
in the low-concentration region, where reference spectra are not avail-
able due to constraints (minimum reachable saturation temperature) of
the calibration procedure.

2.3. Pyrolysis experimental setup

The experimental setup for the pyrolysis experiments consists of a
laboratory-scale fluidized bed reactor connected to gas and fuel feed
systems in combination with an online gas analysis system and a
condensation unit in the off-stream as illustrated in Fig. 6.

The fluidized bed reactor consists of two coaxially positioned ce-
ramic pipes pressed into a stainless-steel reactor head at the upper
end. While the outer pipe is closed at the bottom end, the inner one
ends with a porous sintered quartz glass distributor with a pore size
of 40-100 um. The inner pipe with a diameter of dpz = 55 mm and
a total length of L = 750 mm is partly filled with small aluminum
oxide particles (Al,O5, particle diameter 100-180 um, bed volume ap-
prox. 70 ml). According to the correlation from Abrahamsen and and
Geldart [25], those particles have minimum fluidization velocities rang-
ing from v, = 0.013 to 0.016 m s~! in the investigated temperature
range.

During operation, these particles are fluidized by an N, gas stream
flowing from the reactor head downwards through the annular gap be-
tween the inner and outer pipe before entering the inner pipe through
the distributor. By passing through the annular gap, the gas stream
(80 1 h~!, standard conditions) heats up to the temperature of the
electrically heated furnace, where the reactor is placed in. The actual
temperature in the bed is cross-checked with an S-type thermocou-
ple. This results in a superficial velocity of v = 0.02-0.03 m s~!
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Fig. 3. Selected reference spectra of methyl methacrylate diluted in N, with different volume fractions ranging from 3626 to 145,087 ppm. Reference spectra are
available in an open-access data publication [23]. Gray areas mark the evaluation range for quantitative MMA analysis as well as the absorption area of CO, showing
strong interference with the MMA spectra. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Validation experiments comparing the measured MMA volume fraction
from an evaporated pure MMA droplet using reference spectra from the NIST
database [21] and own reference spectra [23].

between 573 and 873 K. Before starting an experiment, the experimen-
tal setup is flushed with N, for at least 20 min to ensure an oxygen-free
environment.

With a feeding system, fresh PMMA granules with a particle size
of 1.5-2 mm are continuously supplied into the reactor. The gas-tight
feeding system consists of a material storage, a screw conveyor, and a
metering adapter, where the solid particles are mixed with an additional
N, purge gas stream (20 1 h~!, standard conditions) to support the gravi-
tational transport. By changing the rotation speed of the screw, the mass
flow of PMMA particles can be controlled and is set to /i = 3.33 mg s~
within this study. The mass flow is kept constant for the entire duration
of the experiment (A7 = 100 min), resulting in a total mass mpya =20 8
of PMMA particles fed into the reactor. The PMMA particles heat up to
the bed temperatures with up to 10 K s~!, react inside the fluidized
bed, and stay there until final decomposition. Due to the lack of optical

I NIST database
I New calibration

—
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T
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MMA yield yaa [£]
o o o = e
~ o oo — () >~

e
o

1 2 3 4 5 6 7 8 9 10
Experiment

Fig. 5. Validation experiments comparing the measured MMA yield from
an evaporated pure MMA droplet using reference spectra from the NIST
database [21] and own reference spectra [23].

access, it is not possible to observe any structural changes of the particles
(e.g., abrasion, fragmentation, or melting).

To estimate the particle heating rate, a transient differential equation
for the particle temperature T, is solved:

a7, dmy,
;np~cp-Gl—=o¢-sp.(Tg T,)+ Ong +—— T M 4
—_—— — (Y —
heat-up convection radiation reaction

Within the energy balance, convective and radiative heat flows as well
as a heat sink through the endothermic pyrolysis reaction are consid-
ered. Variables in Eq. (4) are the particle mass m,, the specific heat
capacity ¢, = 1470 J kg~ 1 K-!, the particle surface S (calculated for
a spherical particle with diameter d), and the local surrounding gas
temperature 7,. The endothermic reaction enthalpy Ah,.,. sums the de-
polymerisation enthalpy Ahye,, = 540 kJ kg~! [26] and the evaporation
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Fig. 6. Fluidized bed reactor setup for pyrolysis experiments (based on [19]).

enthalpy Ah,,,, = 333 kJ kg~! of MMA [27]. For the convective heat
transfer a, the correlation from Gunn [28] is used in combination with
the Ackermann correction [29] to account for the interaction during si-
multaneous heat and mass transfer. Detailed descriptions of the applied
correlations for the heat transfer coefficient a and the radiative heat
flow Q,,4 are given in Pielsticker et al. [30].

The produced pyrolysis gases leave the reactor through a vertical
tube in the reactor head, pass a particle filter, and are guided through
heated pipes first to the Fourier-transform infrared spectrometer for gas
analysis and second to an ice bath for separation of permanent light
gases and condensable products. The heated pipes (453 K) before the
FTIR and the ice bath minimize condensation of the reaction products
before the desired condensation in the ice bath. The ice bath consists of
four borosilicate glass U-tubes connected in series and surrounded by ice
water. The exit temperature of the condensation unit is measured with a
thermocouple and was found to be below 280 K in all experiments. The
remaining light gases are sucked by an exhaust gas system. After the
feeding time (100 min), the measurement is continued for 5 min to cap-
ture all reaction products in the FTIR and condensation unit. Within the
current study, the influence of pyrolysis temperature on product yield
and spectrum is investigated by changing the bed temperature from 573
to 873 K.

2.4. Evaluation

The quantitative determination of the PMMA pyrolysis products is
performed similarly to the determination of the captured MMA yield
in the validation procedure. Within the first step, volume fractions of
relevant gas species, namely water (H,0), carbon dioxide (CO,), car-
bon monoxide (CO), methane (CH,), ethane (C,Hg), ethylene (CyHy),
propane (C3Hg), propylene (C3Hg), butane (C4H;,), formaldehyde
(CH,0), methanol (CH3;0H), ethanol (C,H5;OH), and MMA (C5HgO,)
are calculated via regression analysis from the recorded IR spectra. Fig. 7
shows the obtained profile from one pyrolysis experiment at 723 K for
the four most prominent species CO, CO,, C3Hg, and C5sHgO,. The ex-
periment can be divided into a transient part in the beginning and a
stationary phase starting at around 45 min. Within the stationary phase,
strong periodic fluctuations are still visible, whereby the frequency can
be traced back to the rotation of the screw conveyor. The transient
behavior at the beginning is probably due to chemical and physical
reasons. During thermal decomposition, various initiation, propagation,
and termination reactions take place, which are controlled by reaction
kinetics in the present temperature range [31]. Since at the beginning
only pure polymer material is present in the reactor, but no decompo-
sition products (e.g., oligomers), the observed decomposition products
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are initially dominated by small gas molecules (e.g., CO and CO,) from
the initiation reactions. With progressive decomposition, more and more
MMA is formed as a product of the propagation reactions. However, the
volume fraction represents the cumulative product spectrum from reac-
tions with different reaction progress. As time progresses, the different
stages of the reaction process are more and more evenly distributed
in the reactor and ensure that a stationary behavior can be observed.
However, it should be noted that this status does not represent the
thermal equilibrium of the system.

The regression analysis is followed by a mass balance around the
reactor system. Therefore, Eq. (2) is extended to account not only for
MMA but also for the 12 other gas species. The mass-specific product
yield y; of the ith species (in kg;/kgpyma) is calculated with the mass
flow ri, the experiment duration At = 7,4 —1,(, and the total N, volume
flow Vy , = 1001 h~! (standard conditions) according to Eq. (5):

)= N, - M; . N, ‘/[end (1) i )
i -
My,  ipya A Si Z}i A0

Hereby, the implicit assumptions that

(a) fluidizing gas consists of pure nitrogen,

(b) temperature and pressure inside the cell are constant,
(c) all produced gases flow through the FTIR, and

(d) ideal gas law applies to all species

are made.

2.5. Condensate analysis method

For the captured liquid condensate, the mass is determined by weigh-
ing. Afterward, small samples of the condensate are further chemically
analyzed with a mass spectrometer coupled to a gas chromatograph
unit (GC-MS). For the gas chromatographic analysis, a Trace 1310 GC
from Thermo Fisher Scientific equipped with an Rtx-1 Pona capillary col-
umn (length 50 m, inner diameter 0.25 mm, film thickness 0.5 pm)
from Restek and a thermal conductivity detector is used. The column
consists of dimethylpolysiloxane as the stationary phase while being
flowed by helium as the mobile phase. The column is preheated to
323 K, then heated to 493 K with a heating rate of 8 K min~! once
the sample is injected and afterward hold at 493 K until the end of the
measurement. Samples (1 ml) of the captured condensate are diluted

1:10 with acetone before being injected in the GC. Mass spectrograms
are recorded for selected peaks in the GC signal. The analysis is under-
taken with a Thermo Scientific ISQ Single Quadrupole mass spectrometer
using 70 eV kinetic energy and a measurement time of 400 ms. This al-
lows for the quantification of ionic fragments in the mass-to-charge ratio
range 33-500 m/z. Based on the obtained data from MS, first, potential
candidates of the condensate are determined. For selected components —
methyl methacrylate (MMA), methyl acrylate (MA), methyl propionate
(MP), methyl isobutyrate (MIB), and styrene — the GC setup is calibrated
to allow a quantitative determination of the components.

3. Results and discussion

Based on the pyrolysis experiments with PMMA carried out at five
different temperatures, first the reproducibility of the system and the
evaluation routine are checked. Afterward, the influence of temperature
on the product spectrum is determined in a quantitative manner and
a comparison with available decomposition mechanisms is made. All
experimental results are provided as open-access data [32].

3.1. Reproducibility of the reactor system

To analyze the reproducibility of the reactor system and possible
fluctuations, three pyrolysis experiments under the same boundary con-
ditions at Tz = 723 K are carried out. For all three experiments, the
sum of all detected species is y,,; = 1.07+0.01. The slight overprediction
of the total volatile yield results mainly from the challenging determi-
nation of the correct CO volume fraction in the gas mixture as CO and
MMA show strongly interfering absorption lines (cf. Fig. 3).

Fig. 8 shows the obtained pyrolysis yields of the different gas species.
Out of the 13 analyzed species, 12 positive yields are calculated. The
measured volume fraction profile of water vapor shows noise only and
is thus discarded in the evaluation process to calculate the yields. With
Ymma = 0.78, the monomer MMA has the highest yield across all prod-
ucts. The next dominant products are CO (y = 0.108), CO, (y = 0.035),
C3Hg (y = 0.027), and CH30H (y = 0.023) with yields of at least 1 %.
All other products show yields below 1 % at this temperature. However,
at higher temperatures also CH, and CH,O become important products
with yields significantly above 1 %.

A comparison between the yields of the three runs reveals very sim-
ilar results. This indicates, that the setup provides reproducible results.
Further on, the results show that the fluctuations in the continuous
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feeding system level out over time and have no impact on the over-
all observable yield. The knowledge of the single species yields and the
corresponding molecular formula allows the calculation of the elemental
yields divided into carbon, hydrogen, and oxygen. The comparison of the
elemental yields shows even lower fluctuations between the three runs.
This strengthens the plausibility of the results as different reactions tak-
ing place may slightly shift the single species results, but keep the overall
number of atoms constant. The comparison with theoretical composition
from ultimate analysis (mass fractions in kg/kg: C = 0.6, H = 0.08,
O = 0.32) gives a slight overprediction of oxygen (y, = 0.35) at the

expense of carbon and hydrogen. This can result from uncertainties in
the regression analysis to determine the gas composition, trace parts of
oxygen in the fluidizing gas, or impurities in the raw material.

3.2. Temperature dependency of pyrolysis products

After having proven the reproducibility of the experimental setup
and evaluation procedure, the influence of temperature on the product
spectrum is investigated. Experiments at five different bed temperatures
ranging from 573 to 873 K are undertaken. Fig. 9 shows the single
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Fig. 9. Pyrolysis yields from runs at four different bed temperatures in addition to determined elemental products in comparison with ultimate analysis results.
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Fig. 10. Reaction scheme of PMMA and MMA decomposition based on Zeng
et al. [33].

species and elemental yields as a function of bed temperature, but only
for the experiments at 673, 723, 773, and 873 K. At a bed temperature
of Ty = 573 K, the experiment had to be aborted since no stationary
phase was obtained until the end of the feeding time. Further on, the
measured concentrations did not reach ¢; = 0 again within 10 h of op-
eration. This reaction behavior indicates a very slow decomposition rate
and requires further adoption of setup and operation routine to obtain
a reliable product spectrum at this temperature.

The product yields at the remaining four temperatures reveal clear
trends for all species except the CO yield at 773 K. As CO absorbs
radiation in the wavenumber range from 1950 to 2300 cm™!, strong in-
terferences with the MMA absorption are unavoidable (see Fig. 3), but
no alternative evaluation region is available. A higher pyrolysis tem-
perature favors the decomposition of the monomer into fragments via
secondary decomposition reactions. While reaching a monomer yield of
approximately 90 % at 673 K, the MMA yield drops to 50 % at 873 K.
In return, the yields of CO, CO,, CH,, and C3Hg increase. With regard
to the total detected volatile content, a slight increase to up to y,,; = 1.2
can be observed for individual experiments at higher temperatures. This
overestimation of the mass balance is due to the difficulty in determining
the correct CO volume fraction in the presence of a high MMA fraction,
as strong overlapping of the absorption lines can be observed here. An
improvement in the overall mass balance can be achieved if all volume
fractions are reduced (e.g., by reducing the PMMA mass flow). However,
this has a counter-productive effect on the achievable amount of conden-
sate, so that a slight overestimation of the mass balance is accepted here
as a compromise.

The obtained product spectrum fits well with a proposed decom-
position mechanism by Zeng et al. [33] for inert conditions (argon
atmosphere), illustrated in Fig. 10.

Within the primary reaction step, the PMMA polymer is decomposed
into its monomer building block MMA. With the ongoing decomposition
of MMA via secondary gas-phase reactions, different radicals are formed
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that finally end up in the products CO and CO,, as well as C3Hg, CH;0H,
and CH, once hydrogen addition takes place. While considering hydro-
gen subtraction for the -OCHj radical, also the formation of CH,O is
explainable, which is a significant product at higher temperatures in the
experimental results.

3.3. Interaction of primary and secondary pyrolysis reactions

The experiments shown in Sections 3.1 and 3.2 are the result of
primary PMMA decomposition and secondary gas-phase reactions. The
following section analyzes the interaction of both phenomena at dif-
ferent temperatures and reaction times. Since chemical recycling of
polymers is often designed for high recovery of the monomer, the MMA
yield is of particular interest [9]. Fig. 11 shows the experimentally ob-
tained MMA yield as a function of temperature in comparison with other
experimental literature data as well as model predictions considering
primary and secondary decomposition reactions.

The literature data and the experimental data of this study reveal
two trends. For temperatures below 650 K, the study from Chub et al.
[13] shows an increasing MMA yield with increasing temperature. For
temperatures above 650 K, all other data points reveal a decrease in
the obtained MMA yield with increasing temperature. Both trends can
be well explained by using the first part of the reaction scheme from
Fig. 10, where MMA is formed by PMMA pyrolysis (reaction rate ;)
and then subsequently decomposed (reaction rate rg.) into smaller
fragments. The yield of MMA can be calculated by the differential
equation

d
YMMA 6)

dr = Iprim * YPMMA ~ Tsec * YMMA

in combination with an Arrhenius approach for the two reaction rates

-E,
r=A~exp<R‘T>, (2]

wherein A is the pre-exponential factor, E, the activation energy, R the
universal gas constant and T the temperature. For the primary decompo-
sition reaction, kinetic parameters from the study by Ferriol et al. [34]
(A =1.67x10" s7! and E, = 201 kJ mol~!) are used. Further, it assumed
that no solid residual char is formed during PMMA pyrolysis [17] and all
primary formed volatiles consist of MMA only. Since the present study
is limited to the prediction of the MMA yield, the further decomposi-
tion reactions of the secondarily formed products (rgl and rg2) are not
relevant, but would have to be considered in a detailed modeling of the
entire product spectrum.

Fig. 11 includes the predicted MMA yields for the boundary condi-
tions of the study by Chub et al. [13], where a residence time of the solid
particles #, = 10-45 min is given. The comparison of model prediction
and experimental data shows that the process under these conditions
is limited by the primary decomposition rate. The reported signifi-
cant amounts of unreacted PMMA support our conclusion that the used
residence times of 10-45 min are too short to reach full decomposition.

The model predictions can further explain the observed experimen-
tal results in this study: The vertical dotted line at T = 573 K crosses
the two model predictions with 7, = 100 min and 7, = 10 h at yields
of yyma = 0.4 and yypa = 0.95, respectively. The two times reflect the
total feeding time and the overall experimental duration until the ter-
mination. The model predictions confirm the experimental observations
that even after 7, = 10 h no complete conversion has been achieved and
new decomposition products can still be detected. However, for tem-
peratures above 650 K, a reaction time of 5 min is sufficient to observe
the full conversion of PMMA into its pyrolysis products. This hypothesis
is supported by the well-closed elemental mass balance in Figs. 8 and
9. Based on this, the observed experimental MMA yields for the tem-
perature range T > 673 K cannot be limited by the primary pyrolysis
process.

To evaluate the role of secondary gas-phase reactions, the decompo-
sition of MMA into smaller fragments (see Fig. 10) is calculated assuming
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Fig. 11. Experimental MMA yields from PMMA pyrolysis (this study and literature: Kaminsky and Franck [10], Kang et al. [11], and Chub et al. [13]) as a function
of temperature in comparison with model predictions for primary PMMA pyrolysis and secondary MMA gas-phase decomposition. Kinetic parameters for primary
reaction are taken from Ferriol et al. [34], while the secondary decomposition kinetics are fitted to the experimental results. The orange area represents simulation
results for the boundary conditions of Chub et al. [13]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

a first-order decomposition mechanism according to Eq. (6). In contrast
to the decomposition of PMMA, reaction kinetic parameters of MMA
are not available in the literature to the best of the authors’ knowl-
edge. The experimental data measured by Forman et al. [35] can be
used to calculate a rate r, ~ 7.5 x 1073 s~! at 773 K. Thus, kinetic
parameters for the secondary pyrolysis reaction are estimated based on
experimental data from this study and other literature data [10,11]. The
secondary decomposition strongly depends on the gas residence time #,
under hot conditions. For the present study, the gas residence time is
in the range #, = 20-30 s. The other two studies from Kaminsky and
Franck [10] and Kang et al. [11] report gas residence times in the range
t, = 0.5-1 s. Fig. 11 shows that kinetic parameters Ay, = 1.53 x 10° s~
and E, ;. = 70.4 kJ mol~! explain the MMA yields for all experimental
points at temperatures T < 773 K. However, at T ~ 870 K the model
strongly overpredicts the decomposition for the data of Kaminsky and
Franck [10] and at the same time strongly underpredicts the decom-
position in the present study. Potentially, the simplified assumptions
of already fully decomposed PMMA as well as a fixed residence time
under a constant reaction temperature do not reflect the real experimen-
tal boundary conditions correctly, where, e.g., the gas residence time
follows a distribution and reactor temperature is locally dependent.
Also, the assumption that the primary pyrolysis step is fully con-
trolled by the reaction kinetics might be questionable as transport
phenomena such as heat transfer to the particle surface and inside the
particle may limit the available enthalpy for the reaction [12,36].

3.4. Interaction of heat transfer and reaction kinetic limitations

Whether the conversion process is controlled by intrinsic reaction
kinetics or heat transfer (internal and/or external), can be estimated
with the dimensionless pyrolysis numbers Py; and Py defined in
Egs. (8), (9) [37,38]. They express the ratio of time scales between heat
transport and reaction process.

4.7,
Py = P ®
Py ey d2er
2
Pyy = ©

Material properties of the solid PMMA particles such as the thermal
conductivity 4, = 0.2 W m~! K™', density p, = 1180 kg m~3, and
specific heat capacity ¢, = 1470 J kg~! K-! are assumed. Particle di-
ameter d, = 2 mm is taken conservatively. To determine the convective
heat transfer coefficient a, the correlation from Gunn [28] is used, which
was developed for single particles immersed in a fluidized bed. Within
the study from Govert [39] different correlations have been tested and
the one mentioned above was identified to show the best performance
for the present setup. The reaction rate r is calculated based on the
Arrhenius approach from Eq. (7) using the kinetic parameter set from
Ferriol et al. [34].

Fig. 12 shows the two dimensionless Py numbers as a function of
temperature. Within the investigated temperature range, the externally
controlled Py;; number is always smaller than the internally controlled
Py, number, indicating that the convective heat transfer acts as the dom-
inating limitation factor for the heat transfer, meaning that the Biot
number is smaller than one. Further on, Fig. 12 reveals that the pyroly-
sis is controlled by the heat transfer for temperatures above T' > 730 K
indicated with Py < 0.1. Within the present study, only the experiment
at 573 K is strongly controlled by the reaction kinetics (Py > 10). The
temperatures in between lie in the transition zone indicated by similar
time scales of heat transfer and reaction process.

Fig. 13 illustrates simulation results from the particle model based
on the energy balance given in Eq. (4). The relative time * sets con-
version and heat-up times of the limited cases with coupled mass and
energy balances in relation to the 95 % conversion time of the unlimited
reaction process assuming a constant isothermal particle temperature
equal to that of the fluidized bed. For conversion, the corresponding
time is calculated once 95 % mass release is reached and for the heat-up
once the particle temperature approaches 95 % of the bed temperature.
Both indicators are given for two particle sizes (@ =1 and 2 mm)
and support the observations from Fig. 12. Only for the reactor tem-
perature T = 573 K, the reaction process is purely controlled by the
reaction kinetics, indicated by identical reaction times for the limited
and unlimited case. In this case, the heat-up process is orders of mag-
nitude faster than the reaction. For the two highest temperatures (and
both particle sizes), the heat-up lasts throughout the entire conversion
process indicated by r* ~ 1. In these cases, the particle reaches an
equilibrium, where endothermic reaction and the heat transfer to the
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Fig. 12. Dimensionless pyrolysis numbers characterizing limitations by heat
transfer and reaction kinetics.

particle compensate each other. This enlarges the conversion times to
multiple orders of the conversion time under ideal conditions. For the re-
actor temperature T = 673 K, the heat-up times are significantly shorter
than the reaction times but still have a small influence on the observed
conversion.

As the current particle model assumes a homogeneous particle tem-
perature, effects of particle-internal heat transfer limitations cannot be
captured. Furthermore, the simulations do not consider any changes
in, e.g., particle size, shape, or aggregate state and thus only give a
simplified representation of the process. For real applications, phase
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Fig. 13. Relative times for 95 % conversion and heat-up in relation to the con-
version time under ideal conditions for two particle sizes at different reactor
temperatures.
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Fig. 14. Expected condensate yields calculated based on the FTIR gas analysis
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transition effects such as melting and film formation or inclusion of gas
bubbles may play a significant role in the limitations. Unfortunately,
the given data in the mentioned literature studies do not allow for
a detailed analysis of limitations. However, the used particle sizes
(a'p =1-1.5mm [11] and d, = 0.5-1.5 mm [10]) reveal that the process
is also limited by heat transfer.

3.5. Condensate analysis

With the condensation unit described in Section 2.3, condensable
reaction products of the PMMA pyrolysis process can be captured for fur-
ther detailed analysis. Fig. 14 shows the comparison of captured yields in
the condensation unit compared to the yields from the FTIR gas analysis
previously described.

The condensate yield based on the FTIR gas measurements is calcu-
lated by summing up the yields for species with condensation tempera-
tures above 273 K (ice bath temperature) including MMA, ethanol, and
methanol. Obviously, the weighted condensate yields are significantly
lower than the yields determined by the FTIR gas analysis. However,
due to the constructional limitations of the gas condensation unit, some
gas components stay in the gaseous phase and thus escape through the
outlet of the cooler. By assuming that the outlet volume fraction is equal
to saturation conditions for the cooler outlet temperature, the yields not
detected by the weight measured are estimated. As can be seen, these
undetected yields are higher than the weight measurements and can well
close the gap to the FTIR-based yields at higher temperatures. For lower
temperatures, mass differences up to 18 % are visible. A potential reason
might be the slightly fluctuating outlet temperature of the cooler in the
ice bath, which can be improved by using an intensive cooling unit with
a lower temperature. However, optimization of the condensation unit is
not the main focus of this study.

The captured condensate samples are subject to a subsequent analysis
via GC-MS as described in Section 2.5. Fig. 15 shows the quantitatively
obtained composition of the samples taken for different pyrolysis tem-
peratures. The main component in all samples is MMA ranging from
88 % to 95 %. The other four calibrated species sum up to approximately
1.9 %-3.5 % with MA being the most prominent. The domination of
MA in the minor liquid products was already observed in the studies by
Kaminsky and Franck [10] and Kang et al. [11] and attributed to the us-
age of MA as a copolymer in the production process. In both studies and
the present one, a slight increase with increasing temperature is visible.
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With increasing pyrolysis temperature, more of the overall side products
are formed and the amount of unquantified species increases, while no
clear trend for the other quantified species can be derived.

4. Conclusion

Within the present study, an existing small-scale fluidized bed re-
actor coupled with FTIR gas analysis was successfully adapted for
the quantitative determination of pyrolysis products from polymethyl
methacrylate. To measure reliable concentrations of the main reaction
product methyl methacrylate (MMA) in the off-gas stream of the reac-
tor, the FTIR spectrometer was first calibrated with an MMA/N, gas
mixture of various concentrations, which was generated by cooling a
loaded gas stream to a well-known saturation temperature. Afterward,
the newly recorded spectra were included in the evaluation procedure
and were cross-checked with pure MMA samples of known mass evap-
orated in a heated line before the FTIR. A significant improvement in
correctly closing the mass balance could be achieved with the new ref-
erence spectra compared to the initially available reference spectra from
the NIST database.

After improving the FTIR measurement technique for the quantita-
tive MMA detection, pyrolysis experiments of fresh PMMA granules with
a continuous fuel feed were performed at reactor temperatures between
573 and 873 K. The reproducibility of the system and the reliability
of the results have been proven by three independent repetitions and
a comparison of the overall elemental yields. The correct quantitative
determination of the products can be verified by the well-closed mass
balance for a gas-phase-based analysis of pyrolysis reactions, reaching
values between y,,; = 0.97—1.2. The slight overestimation, especially
for higher temperatures, results from the strong interference of CO and
MMA absorption lines, making the correct determination of volume frac-
tions challenging. Mass-specific yields of 13 reaction products could be
determined, with MMA, CO, CO,, CH,, C3Hg, CH30H, and CH,O be-
ing the most dominant species. All of these species fit well into already
proposed decomposition mechanisms of MMA into smaller fragments.
An increase in temperature has shown a shift from approximately 90 %
MMA yield down to 50 %, which was accompanied by an increase in
the before-mentioned light gas decomposition products. The comparison
with available literature data revealed lower MMA yields in the higher
temperature range in this study, which was explained by an increased
hot gas residence time. A decomposition kinetic for MMA into smaller
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molecules has been derived. In contrast, a limitation of the MMA yield
was identified for temperatures below 650 K due to the reaction kinet-
ics of the primary PMMA decomposition by available literature data for
kinetic reaction parameters. Using a coupled energy and mass balance
of a particle model, it was also possible to show that the pyrolysis pro-
cess for the PMMA particles investigated takes place in regime limited
by heat transfer. Parts of the liquid product fraction have been captured
for subsequent GC-MS analysis. The analysis confirmed the high purity
of the captured condensate allowing feedback into the polymerization
process.

The results have highlighted two important aspects influencing the
final product spectrum of PMMA pyrolysis: the primary decomposition
rate of the PMMA polymer and the secondary gas-phase reactions of the
formed MMA molecules. The quantitative online gas analysis via FTIR
spectroscopy allows to gain further insights into both aspects. If con-
tinuous dosing is replaced by batch experiments, the time-dependent
evolution of the gas species allows conclusions to be drawn about the
present decomposition rate of the polymer, which has already been in-
tensively used in biomass pyrolysis [18,19]. By using pure MMA samples
as feed and varying the residence time, gas-phase reaction kinetics can
be determined to extend existing decomposition mechanisms and verify
the proposed kinetic parameter set.
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