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Abstract
Polycarbonate (PC) is an engineering thermoplastic that is widely used in electrical and
electronic equipment. This plastic often contains tetrabromobisphenol A (TBBA), the most
common brominated flame retardant. Thermal degradation of the PC-TBBA leads to
generation of numerous bromo-organic products in the pyrolytic oil, hindering its
appropriate utilization, as well as corrosive hydrogen bromide gas. The purpose of this
study was to experimentally investigate and compare the pyrolysis products of PC-TBBA
and PC-TBBA+Cu,O at various temperatures, with an emphasis on the vyield and
distribution of brominated compounds. In pyrolysis of PC-TBBA+Cu;0, at the maximum
degradation temperature (600 °C), as much as 86% of total Br was trapped in the residue,
while 3 and 11% were distributed in the condensate and gas fractions, respectively. In
contrast, the distribution of Br from non-catalytic pyrolysis of PC-TBBA (600 °C) was
0.5% residue, 40% condensate, and 60% gas. The results of this study revealed that in the
presence of Cu.0, organo-bromine products were most likely involved in Ullman-type
coupling reactions, leading to early cross-linking of the polymer network that efficiently
hinders their vaporization. HBr in the gas fraction was suppressed due to effective fixation

of bromine in residue in the form of CuBr.

Keywords: pyrolysis, bromine distribution, catalytic effect, cross-coupling reactions, fixed

bed reactor.
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1. Introduction

Waste electrical and electronic equipment (WEEE) is the fastest growing waste stream
worldwide. In 2016, global generation of WEEE was 44.7 million metric tons (Mt) and is
estimated to grow to more than 52.2 Mt by 2021 (GDFEEW, 2019). WEEE is a highly
diverse waste material composed mainly of ferrous and nonferrous metals, along with
plastics. Plastics constitute approximately 20-30% of the total WEEE fraction, of which
polycarbonate (PC) represents 10% (Kousaiti et al., 2020).

PC manufactured using bisphenol A is the most commonly used engineering thermoplastic
in automobiles, electronic devices, batteries, data-recording media, and medical equipment,
due to its low weight, high compatibility, durability, and excellent impact resistance
(Levchik and Weil, 2005). Global demand for PC was approximately 3.4 Mt in 2010. Due
to growing interest in new technologies such as virtual reality devices, sensors, and drones,
this demand is expected to grow by 7% per year (Grigorescu et al., 2019). The growing
electronics market and increasing consumption of this polymer indicate that a resource-
conserving and economically viable recycling process for PC is essential and will offer
both economic and environmental benefits. As noted by Chandrasekaran et al., 2018,
approximately 2.5 million tons of PC can potentially be recovered from WEEE annually.
Pyrolysis is regarded as an adequate method of WEEE recycling, enabling separation of
organic and inorganic matter (Sharrudin et al., 2016; Shen et al., 2016). During pyrolysis
(in the absence of oxygen), inorganic matter (metals, fillers) remains unchanged in the solid
residue while decomposed organic matter is transferred into three major fractions (char, oil,

and gas), which are valuable secondary materials used in diverse industries. The yield and
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chemical composition of each fraction depend on the chemical composition of the starting
material and the operating parameters of pyrolysis (e.g., temperature, heating rate, pressure,
residence time, presence or absence of catalysts, and reactor type) (Sharrudin et al., 2016).
During the recovery of polymers from WEEE, the greatest concern is the presence of
halogenated flame retardants, which are often added to plastics to increase their resistance
against ignition, slow combustion, and delay the spread of flames (Buekens and Yang.,
2014). The most powerful fire suppressants available are brominated flame retardants,
among which tetrabromobisphenol A (TBBA) is widely applied in various plastics used for
electronics (Kousaiti, et al., 2020), including commercially available epoxy and PC resins
(Levchik and Weil, 2006). In these resins, TBBA is generally used as a reactive flame
retardant that is covalently bonded to the polymer matrix (Tolbéck et al., 2006).

Pyrolysis of TBBA-based polymers results in the generation of unwanted HBr and various
bromo-organic products (Barontini et. al, 2004; Bozi et al., 2007), including harmful and
toxic polybrominated dibenzo-p-dioxins and furans (PBDD/Fs) (Ortufio et al., 2014a). HBr
emissions account for approximately 52% or more (up to 86%) of the initial bromine
content of TBBA (Barontini et al., 2005) or TBBA epoxy resin (Grause et al., 2008).
Bromine remaining in oil may account for up to 45% of the initial amount present in TBBA
(Barontini et al., 2004). HBr gas is toxic and creates corrosive conditions in recycling
facilities, while the presence of bromo-organic compounds in pyrolytic oil hinders its
utilization.

Studies conducted in recent years have revealed that the use of some metal oxides

(Terakado et al., 2011; 2013; Kumagai et al., 2017; Grabda et al., 2018) or metals (Oleszek
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et al., 2013) in pyrolysis of TBBA-based polymers can lead to significant inhibition of
brominated product emissions, due to free radical bromine fixation by the oxides or metals,
followed by formation of stable metallic bromides or oxybromides.

For example, HBr emission from pyrolysis of printed circuit boards (PCBs) was reduced by
approximately 80-90% in the presence of ZnO and La»Os (1:2, w/w) (Terakado et al.,
2013). Large amounts of added ZnO (PCB:ZnO, 1:20 w/w) also eliminated bromophenols
from pyrolytic oil. A similar reduction in brominated products contained in gas and oil was
reported with the use of LaxO3 and CaO during pyrolysis with TBBA (Terakado et al.,
2011). In the pyrolysis of phenols and epoxy-resin paper-laminated PCBs (Kumagai et al.,
2017), brominated phenols and HBr emissions were reduced by 94% and 98%, respectively,
in the presence of Ca(OH).. The main components of metallurgical dust (ZnO, PbO)
showed positive effects on HBr emission from pyrolysis of PC based TBBA (PC-TBBA)
(Grabda et al., 2018). In that study, however, pyrolytic products in oil were not quantified.
Copper is one of the main elements present in WEEE (Buekens and Yang, 2014; Hense et
al., 2015). Depending on the WEEE composition (e.g. halogens content) and thermal
conditions (e.g. inert or oxidative) the Cu can appear in various forms exhibiting different
impact on degradation of the polymeric matrix and products distribution. There are several
fundamental studies showing positive impact of Cu-based catalysts (e.g. Cu, CuO, and
various Cu halides) on reducing emission of halogen containing compounds. However,
none of these studies explain role of the Cu-based catalyst in debromination mechanism.
Terakado et al., 2011 studied effect of CuO on pyrolysis of TBBA (1:2 w/w) about 50%,

and over 90%, respectively. The CuO fixed the bromine in form of CuBr (400 °C) while the
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unreacted CuO was reduced into metallic Cu (800 °C). Unfortunately, effect of the newly
formed CuBr and Cu on the pyrolytic products generation was not considered in that study.
Oleszek et al., 2013 tested metallic Cu on pyrolysis of TBBA-diglycidyl ether (1:5.16,
w/w) at temperatures between 320 and 1000 °C with the aim of elucidating Cu
translocation during pyrolysis of WEEE. About 50% of the Cu was transformed into CuBr
(600 °C), while the unreacted Cu (50%) remained in metallic form. Unfortunately, the
vaporized products in liquid fraction were not characterized and thus the effect of Cu on
eventual debromination of the organic products remained unexplained. Grimes et. al, 2006
investigated individual copper compounds (Cu, CuO, and CuCl) on thermal behavior of
polyvinyl chloride (PVC) at mass ratio of 1:9, w/w. It was reported that these compounds
retarded degradation of the PVC and decreased volatile products at initial stage (300 °C)
and advanced (600 °C) degradation stages. The Cu and CuO, both had positive impact on
minimization of the HCI emission due to reaction of chlorine with the inorganic phase, as
suggested by the authors, while such impact was not observed in presence of the CuCl; as
this salt would not be able to take up any extra chlorine by chemical reaction, as it was
stated by the authors. Emission of chloro-organic products was significantly reduced in
both nitrogen and air atmosphere, with the greatest minimization for PVC-CuO and PVC-
CuCl2 mixtures. The CuO and CuCl, were found to also be more effective in reducing of
aromatic products which was associated with much more effective polymer cross-linking
than in the presence of metallic Cu. In regards to composition of the liquid fraction the
most toxic representative of polychlorinated dibenzo-p-dioxin congeners, namely the

2,3,7,8-tetrachlorinated dibenzo-p- dioxin (TCDD), was detected in all mixtures treated
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thermally in the air with an increased amount in the following order CuO<CuCl><Cu. In the
inert atmosphere this congener was generated only in presence of CuO. Interestingly, for
different CuO concentrations added to PVC (5, 10, and 20%) the quantities of the 2,3,7,8-
TCDD together with other chlorinated and non-chlorinated products were comparable.

In contrast to the above-mentioned Cu compounds, there is no investigation concerning the
impact of Cu20 on the bromine flame retarded polymers degradation including its eventual
influence on reduction of the brominated compounds emission. The available investigations
are dedicated mainly to the CuO impact on controlling flame retardance and smoke
emission from PVC (Pike et al., 1997), polyurethane foam (Yuan et al., 2020) or epoxy
resin (Chen et al., 2015).

Therefore, the present study aims to investigate the pyrolysis of PC-TBBA under non-
catalytic and catalytic conditions using Cu20, with an emphasis on the distribution of
bromine compounds within the solid, liquid, and gas fractions. The yields and compositions
of each fraction were analyzed at three temperatures, corresponding to the initial, advanced,
and complete pyrolytic degradation of PC-TBBA. The effects of Cu2O and its products
(CuBr and Cu) on PC-TBBA degradation at the tested temperatures were investigated
thoroughly. To our knowledge this is the first study that explains stepwise impact of Cu.O
catalyst and the newly formed CuBr and Cu on pyrolysis of bromine flame retarded

polymer.

2. Materials and Methods

2.1 Materials
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The composition of the polymer material was provided by the supplier (Table 1). Its
elemental composition (H, O, C, and Br) was analyzed in this study using an organic
halogen/sulphur measurement system, YHS-11 (Yanaco, Co. Ltd.), with an analytical
accuracy of £0.3%. Copper (1) oxide (Cu20) was purchased from Kanto Chemical Co. The
BET specific surface area of Cu2O (Table 1) was determined using nitrogen adsorption at
—196 °C with an ASAP 2020 analyzer (Micromeritics, Norcross, GA, USA). The catalyst
was degassed at 25 °C before BET measurements. The total pore volume and average pore
diameter were determined using the Barrett, Joyner, and Halenda method. Sodium hydroxide
solution (NaOH, N/10), tetrahydrofuran (THF, 99.5%, dehydrated and stabilizer-free), and
anion-mixed standard solution were obtained from Kanto Chemical Co. The bromide (Br-,
1000 mg/L) and copper (Cu 100 mg/L) ion standard solutions were obtained from Wako
Pure Chemical Co. (Japan). Naphthalene was supplied by Tokyo Chemical Industry. A
standard gas mixture (Hz2, CO, CO, CHa, and C>-C4 hydrocarbons) was purchased from

Tanuma Sasno Shoukai KK.

2.2 Sample preparation

Samples of commercial pelletized PC-TBBA resin were ground into coarse powder using
the Wonder Blender (Osaka Chemical, Co., Ltd.) and then milled in a planetary mill
(Pulverisette 6, Fritsch GmbH) at 300 rpm to obtain very fine powder. The powder
fractions were separated by sieving through a stainless-steel mesh sieve set (Nonaka-Rikaki
Co., Ltd.). The particle size was determined based on a laser diffraction and scattering

method using the Microtrac MT 3300EX. The particle size of PC-TBBA used in all
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experiments was less than 53 um. A mixture of the PC-TBBA with CuO was manually
mixed in a laboratory mortar, at mass ratio of 3.8:1 (w/w). This ratio was determined from
their stoichiometric relationship, assuming all bromine present in PC-TBBA can be

released and reacts with all copper present to form copper bromide.

2.3 Methods

2.3.1 Thermogravimetric analysis (TGA)

Thermal characterization of PC-TBBA and PC-TBBA+Cu>O was performed using the
Rigaku Thermo Plus TG 8120 analyzer. An individual sample of approximately 0.5 mg was
placed into an open alumina pan and heated from 100 to 600 °C at a constant rate of
10 °C/min under helium flow of 100 mL/min. TGA was conducted three times for each
sample to ensure repeatability and confirm the mixture homogeneity. Based on the TGA
results, individual temperatures were selected corresponding to the initial (390 °C),
advanced (480 °C), and complete (600 °C) degradation stages of pure PC-TBBA for

application in further investigations using the horizontal fixed bed reactor.

2.3.2 Evolved gas analysis by mass spectrometry (EGA-MS)

Measurements were performed using a pyrolyzer coupled to a gas chromatography/mass
spectrometry (GC/MS) system equipped with the Ultra ALLOY deactivated metal capillary
tube UADTM (2.5 m, 0.15 mm i.d., Frontier Laboratories). An individual sample of
approximately 0.5 mg was placed in a small Pt sample cup and heated from 50 to 600 °C at

a heating rate of 10 °C/min under helium gas flow (100 mL/min). Prior to measurement, the
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Pt sample cup was burned to remove all impurities. The GC/MS conditions were as
follows: split injection mode, 100:1; column flow rate, 1 mL/min; oven and inlet
temperature, 300 °C; mass scan range, 10-600.

Note: As the samples were pyrolyzed using the same temperature program as that used for
TGA (10 °C/min), simultaneous detection of volatile products during the pyrolysis of PC-

TBBA and PC-TBBA+Cu20 was possible.

2.3.3 Fixed bed reactor

A horizontal quartz tube reactor (32 cm length, 0.7 cm i.d.) was heated using a ceramic
electric tube furnace (ARF-20 KC). Schematic diagram of the experimental set-up is shown
on Fig. 1. An individual sample (PC-TBBA; PC-TBBA+Cu.O, 3.8:1, w/w) of
approximately 0.2 g was placed in the center of the quartz tube reactor and held in place
with glass quartz wool. The atmosphere inside the reactor was filled with helium at a flow
rate of 50 mL/min for approximately 20-30 min prior to heating. The furnace was heated
from ambient conditions to the desired temperature (390, 480 and 600 °C) at a heating rate
of 10 °C/min. The vaporized components were transported to an aluminum bag (AAK-10,
GL Science) via a nitrogen-cooled condenser and glass trap filled with NaOH solution.
After the experiment, the tube reactor was cooled to ambient temperature, and then the
condenser was defrosted under a continuous flow of helium to ensure the transfer of light
gases into the aluminum bag. The products obtained from pyrolysis were defined as: light
gases (collected in an aluminum bag), HBr gas (collected in an NaOH trap), condensate

(collected in a condenser), and residue (remaining in a quartz tube reactor).
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2.3.3.1 Quantification of pyrolytic products

Light gases were identified and quantified using gas chromatography coupled with a
thermal conductivity detector (GC-TCD; GC323, GL Science) and a flame ionization
detector (GC-FID; GC4000, GL Science) by comparison with standard gases.

HBr gas trapped in the NaOH solution was quantified via ion chromatography (Dionex
ICS-1500) using an external standard curve.

Condensate was washed out of the condenser and quartz tube reactor wall with THF (~20
mL). The THF solution was divided into two portions. The first portion was mixed with
naphthalene and used as an internal standard for the quantification of compounds using
GC-FID. The second portion was applied to identification of the products using GC
(7890A) combined with a mass spectrometer detector (MSD, 5975C) (Agilent
Technologies).

Residue was characterized by X-ray diffraction (Rigaku, Rint 220) using Cu Kal radiation
(1.54059 A). Particle observations were conducted, and the elemental compositions of
samples were analyzed using a scanning electron microscope with energy dispersive
spectroscopy (SEM-EDS; JSM-5600T equipped with JED-23000U, JEOL). A sample
weighing a few milligrams was mounted on a sample holder using carbon tape and then
coated with Pt using a coater machine (JFC-1600, JEOL). Secondary electron images of the
samples were obtained using an acceleration voltage of 15 keV for the electron beam. X-
ray fluorescence emitted from the surface was collected and analyzed using the EDS
system. Total X-ray emission measurements and spot analyses were conducted for 50-100

s. Mapping analyses were performed for 2.5 min per observation area. Functional groups in
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the samples were analyzed using Fourier transform infrared spectroscopy (FT-IR; IR
Affinity-1, Shimadzu Co.). A sample of 2 mg was mixed with 100 mg KBr in a mortar and
pressed into a pellet using a hydraulic press (HAND PRESS SSP-10A, Shimadzu Co.). FT-
IR spectra were collected within the range of 400 to 4000 cm™ (resolution: 4 cm™, 128
scans) in transmission mode.

The total amount of Cu in all samples was determined by sample digestion with nitric acid
(69%) using a microwave (ACTAC, Speedwave 4) and then quantified by inductively
coupled plasma with atomic emission spectrometry (ICP-AES-SII Nanotechnology Inc.,
SPS-3500) using an external standard curve. Note: To confirm homogeneity of the raw
mixture, the total amount of Cu was determined twice in randomly collected samples. Total
bromine in the raw samples and residues was quantified by combustion ion
chromatography (CIC), (AQF-2100H, Mitsubishi Chemical Analytech / HIC-20ASP,
Shimadzu) following the procedure of Mukai et al., 2019. The bromine mass balance for
each temperature was investigated using the measured quantities of bromine in residues
before (Brsoiia) and after (Brresiaue) pyrolysis, as well as that in pyrolytic gas (Brgs). The

amount of bromine in condensate (Brcondensate) Was estimated according to Eq. 1:

Brcondensate = Brsolid — (B residue + Brgas) 1)

Application of this calculation prevented potential underestimation of bromine due to the

presence of non-identified bromo-organic compounds in the condensate fraction.
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3. Results and Discussion

3.1 TGA results

The results from pyrolysis of PC-TBBA alone and in combination with CuO (PC-
TBBA+Cu.0; 3.8:1 w/w) are presented in Fig. 2a. These results show that degradation of
PC-TBBA alone generally proceeded in one step at temperatures between 380 °C and
550 °C and was accompanied by weight loss of approximately 68%. Further degradation up
to 600 °C showed negligible loss weight of approximately 2%, with 30% remaining as
residue. A slightly greater weight loss (76%) was reported for PC mixed with TBBA at
550 °C (Bozi et al., 2007), followed by negligible weight loss (~4%) during further heating
to 900 °C, confirming that the main degradation step of PC-TBBA occurs below 600 °C
For the mixture of PC-TBBA+Cu.0O (Fig. 2a), degradation proceeded in one step between
450 and 550 °C, with a total weight loss of approximately 46%. Assuming that only the
organic fraction vaporizes in this temperatures range, this weight loss corresponded to
approximately 57% of the total vaporization products from pyrolysis of PC-TBBA. Notably,
the presence of Cu.O retarded vaporization by approximately 70 °C and significantly
reduced the volume of the vaporized fraction by approximately 11% relative to pure PC-

TBBA (Fig. 2a).

3.2 EGA-MS results
The total ion chromatogram (TIC) obtained from EGA-MS measurements (Fig. 2b)
corresponded well with the derivative thermogravimetric (DTG) curves (Fig. 2a), but the

TIC maxima were lower by approximately 5 and 3 °C relative to the DTG curves for PC-
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TBBA and PC-TBBA+Cu>0, respectively. Based on the mass spectra obtained at these TIC
maxima (data not shown), the dominant m/z ions were extracted (Fig. 3).

For pure PC-TBBA (Fig. 23), the first degradation step occurred within the range of 270-
350 °C and was initiated by the evolution of alkyl phenols (m/z=150), likely p-
isopropylphenol. The weight loss at these temperatures was 0.4% based on TGA (Fig. 2a).
The second degradation step began at approximately 370 °C with the evolution of CO>
(m/z=44), phenol (m/z=94), diphenyl carbonate (m/z=214), and brominated compounds
(m/z=82, 172, and 252). The evolution of bisphenol A (m/z=228) began at approximately
390 °C. Vaporization of these products corresponded to the main degradation step observed
in the TGA (Fig. 2a). The third degradation stage was characterized by a shoulder at
approximately 440 °C in the profiles of phenol (m/z=94) and bromophenols (m/z=172 and
252), corresponding to the maxima at evolved m/z=214 and 228. The profiles obtained here
indicate that degradation of PC-TBBA follows various pathways (Fig. S1), with chain
scission of isopropylidene linkages (-C-(CHzs)2-C-) and alcoholysis/hydrolysis of carbonate
linkages (-O-CO-0-) being the main degradation pathways (Jang and Wilkie, 2004; Blazsé
and Czégény, 2006). Early evolution of p-isopropylphenol indicates that chain scission
initiates the degradation of PC-TBBA. This result is in accordance with recent findings
(Siddiqui et al., 2018), in which p-isopropylphenol was detected as the first vaporization
product at the lowest temperature during pyrolysis of pure PC, and it also agrees with the
PC degradation pathways identified using the bond dissociation theory (Jang and Wilkie,
2004). The likely pathway of brominated products evolution (m/z=172 and 252) is chain

scission of the TBBA molecule (Fig. S1). The profile of HBr (m/z=82) evolution, with its
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maximum at 413 °C, indicates that this product is not generated directly from TBBA (the
lowest dissociation energy of the C-Br bond), but rather from bromophenols with maxima
at 406 °C (m/z=252) and 411 °C (m/z=172) (Fig. 3). These bromophenols, via progressive
debromination, were also a source of phenol (m/z=94) evolution during the third
degradation step. The evolution of all products from PC-TBBA occurred below 600 °C.

Pyrolysis of PC-TBBA in the presence of Cu20: The TIC (Fig. 2b) was in good agreement
with the DTG and TGA curves (Fig. 2a), confirming that the evolution of products is
inhibited in the presence of Cu.O. The extracted ions evolution profiles differed
meaningfully from those of pure PC-TBBA (Fig. 3). The first degradation step (310-
400 °C), associated with the evolution of alkyl phenols (m/z=150), corresponded to 1%
vaporization of PC-TBBA (TGA, Fig. 2a). This initial weight loss was over two times
greater than that of pure PC-TBBA, showing the catalytic impact of Cu.O on PC-TBBA
degradation. In the second degradation step (~400 °C), slow evolution of CO, and
continuous evaporation of alkyl phenols (m/z=150) occurred simultaneously, while the
evolution of other compounds shifted to approximately 460 °C. In contrast to the results
from pure PC-TBBA, the extended evolution of CO2 (400-460 °C) may be associated with
enhanced char degradation due to the presence of Cu,O, while at temperatures over 460 °C,
enhanced decarboxylation may occur. On the other hand, lower intensities in the evolution
profiles of other products indicate that in presence of Cu.O vaporization of pyrolytic
products is reduced, which may result from its influence on the cross-linking of the
polymer, similarly as it was suggested in presence of CuO (Grimes et al., 2006). The

evolution profiles of HBr and bromophenols are similar, with maxima at 506 °C (m/z=82
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and 172) and 508 °C (m/z=252). However, the intensities of evolved ions of m/z=82 and
252 were significantly lower than those obtained during the non-catalytic run of pure PC-
TBBA, indicating that Cu20 reduces the vaporization of brominated products. It might be
associated with the above-mentioned cross linking of the polymer as well as ability of the
Cu20 to abstract the bromine forming CuBr. Evolution of di-bromophenols ceased at
approximately 530 °C, whereas that of HBr and mono-bromophenols continued, suggesting
further debromination. VVaporization of all products from PC-TBBA+Cu>O was completed
by 550 °C (Fig. 3). Detailed investigations leading to explanation the reductive impact of
Cu20 on brominated and non-brominated products from pyrolysis of PC-TBBA were

performed based on the results obtained from the fixed bed reactor.

3.3 Fixed bed reactor results

3.3.1 Mass fraction distribution

The total mass balance for all pyrolysis products of PC-TBBA and PC-TBBA+Cu20 is
shown in Table S1. The high recovery rates (97% and 104%) confirmed that the reliability
of the results obtained here. The percentage distribution (calculated from the initial amount
of PC-TBBA in each sample) for all fractions (gas, condensate, and residue) and the
compositions of the individual vaporized fractions are shown in Table 2.

During pyrolysis of pure PC-TBBA at 390 °C, the gas, condensate, and residue fractions
accounted for 7.9, 14.8, and 76.4 wt.%, respectively (Table 2). With increased pyrolysis
temperatures of 480 and 600 °C, the condensates increased to 48.9 and 53.8 wt.%, while

the residue fractions decreased to 41.2 and 36.9 wt.%, respectively. The masses of the gas
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fractions (12.5 and 11.6 wt.%) were comparable at these two temperatures. This finding
indicates that the pyrolysis of pure PC-TBBA is nearly complete at 480 °C, and further
heating to 600 °C does not meaningfully affect the mass distribution. The percentage
distribution of the vaporized (condensate + gas) and residue fractions at 600 °C is in
accordance with the mass loss and residue amounts obtained by TGA measurement (Fig.
2a).

An entirely different distribution was observed for pyrolysis of PC-TBBA in the presence
of Cu20 (Tables 2). At 390 °C, the gas (0.4 wt.%) and condensate (1.4 wt.%) fractions
were approximately 16 and 10 times lower, respectively, compared with those from
pyrolysis of pure PC-TBBA. At 480 °C, the gas and condensate fractions increased to 3.9
and 21%, respectively, leaving 71.2 wt.% residue. Further heating to 600 °C led to
significant increases in the gas (8.4 wt.%) and condensate (44.6 wt.%) fractions. Residue
(organic fraction only) accounted for 50.8 wt.% of the initial weight of PC-TBBA. These
results indicate that Cu2O reduces the yield of vaporization products by approximately 12%

(600 °C), which agrees well with the results of TGA (Fig. 2a) and EGA-MS (Fig. 3).

3.3.1.1 Characterization of products in the gas fraction

During pyrolysis of pure PC-TBBA, HBr was the predominant product, accounting for 6.5,
7.4, and 7.5 wt.% of the initial PC-TBBA amount at 390, 480, and 600 °C, respectively
(Table 2). At all temperatures, CO was significantly dominant over COg, reaching 18, 25,
and 31% of the total gas fraction. No alkanes (CH4and C2Hs) were detected at 390 °C, but

trace amounts were measured at 480 and 600 °C.
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Pyrolysis of PC-TBBA in the presence of CuO markedly changed the chemical
composition of the gas fraction (Table 2). The contribution of HBr was notably decreased,
accounting for 0.3 wt.% at 390 and 480 °C and 1.2 wt.% at 600 °C. The level of CO, in
contrast to pure PC-TBBA pyrolysis, was higher than that of CO at all temperatures,
accounting for 25% (390 °C), 73% (480 °C), and 55% (600 °C) of the total gas fraction. At
600 °C, notable increases in the levels of CH4 and C2Hs were observed. Traces of CsHs

were measured only at the highest pyrolysis temperature.

3.3.1.2 Characterization of organic products in the condensate

Among the products identified in the condensate, the most abundant were phenols,
carbonyls, ethers, aromatics, and their brominated derivatives (Table 2).

For pyrolysis of PC-TBBA, non-brominated phenols represented the largest fraction,
reaching a maximum of 24.3 wt.%, corresponding to 45% of the total condensate produced
at 600 °C. At all temperatures, single-ring phenolic compounds were more abundant than
those with two rings. At 390 °C, phenol and alkyl phenols were most abundant, whereas at
480 and 600 °C, phenol and 4,4 -(1-methylethylidene)bisphenol were most abundant.
Diphenyl carbonate, which is the main component of PC polymer, was the most abundant
of the carbonyls produced at all temperatures evaluated. The detected bromo-organic
products matched those identified from the degradation of PC-TBBA by Bozi et al., 2007
and by Blazs6 and Czégény, 2006. Most bromo-organic products are brominated
derivatives of phenol (Table 2), with dominance of 2,4-dibromophenol over 2,3,5-

tribromophenol, and mono-bromophenols. The products in ortho- and para- bromine
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substitution (e.g. 2-bromophenol and 2,4-dibromophenol) are known to be the most likely
precursors of PBDD/Fs generated via thermal processes of polymers containing TBBA
(Barontini and Cozzani, 2006, Ortufio et al., 2014b; Luijik and Govers, 1992). In this study,
however, PBDD/Fs were not detected at any pyrolysis temperature, although the presence
of a small amount (below 0.05 wt.%) of non-bromine substituted dibenzofuran was
detected within all studied temperatures. The results are consistent with that of Barontini
and Cozzani, 2006 who evidently showed, that the PBDD/Fs are most likely formed in
oxidative rather than pyrolytic treatment of various cross-linked epoxy resins containing
TBBA. On the other hand, various PBDD/Fs yielding predominantly tetra-brominated
congeners (Ortufio et al., 2014b) and mono- through penta-brominated congeners (Luijik
and Govers, 1992), have been detected in pyrolysis of TBBA and ABS/TBBA blend,
respectively. The measured quantities, however, were at a level of ppb. Considering that the
detection limit of applied procedure in this study is at level of ppm, eventual presence of
the lower brominated congeners of PBDD/Fs in the liquid fraction cannot be excluded.
Organo-bromine compounds accounted for 1, 2, and 3 wt.% of the initial amount of PC-
TBBA at 390, 480, and 600 °C, respectively (Table 2).

The presence of Cu20 significantly altered the distribution of products present in the
condensate (Table 2). At 390 °C, few compounds were detected at trace levels; surprisingly,
no phenol was detected, despite constituting 3.1 wt.% of the pyrolysis products from pure
PC-TBBA.

At a higher pyrolysis temperature (480 °C), the vaporization of liquid products increased,

but the quantities of phenol and its derivatives were significantly lower relative to their
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evolution from pure PC-TBBA. The same pattern was observed for all brominated phenols
except tribromophenol. Significant differences in the product distribution between non-
catalytic and catalytic runs were observed at 600 °C. Among phenols, alkyl phenols such as
4-methyl phenol and 4-ethyl phenol were dominant, with quantities higher than those from
pure PC-TBBA (600 °C). Increased amounts of vaporized ethers were observed, in contrast
to the non-catalytic run. Among the brominated products, 3-bromo-1-propanol was
dominant, reaching 0.4 wt.% (Table 2). All other brominated products were detected at
quantities below 0.1 wt.% at 600 °C. In contrast to the non-catalytic run, the brominated
phenols have not been detected at 390 °C, while in the higher temperatures their quantities
were significantly lower. At 600 °C, the mono-bromophenols quantities dominated over
2,4-dibromophenol indicating its gradual debromination, which simultaneously resulted in
increased amounts of HBr. This results well agree with the EGA-MS observations (Fig. 3).
A similarly significant reduction in brominated phenols emission was noted in pyrolysis of
TBBA with CuO (Terakado et al., 2011). However, the reduction in brominated phenols
was simultaneous with generation of phenol which amount was considerably higher than
from pyrolysis of pure TBBA. The mechanism was not explained but authors suggested
that the CuO enhances bromine abstraction from organic molecule generating CuBr.
Results collected in Table 2 shows, that in presence of Cu2O the debromination may occur
to some extent due to bromine fixation in form of salt, but there is evident decrease in
evolution of all products what might be associated with effective cross-linking of the
organic products in the Cu2O presence, as suggested by Grimes et al., 2006. The PBDD/Fs,

similarly to the non-catalytic runs, have not been detected at any of the studied
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temperatures. Comparative study (Ortufio et al., 2014b) on PBDD/Fs from pyrolysis (600
°C) of waste PCBs with and without metallic fraction (dominated by presence of Cu)
revealed quantities at level of ppb with tendency in reducing of these compounds in the
presence of metallic fractions.

The total level of organo-bromine products was reduced significantly in the presence of
Cu20, accounting for 0.2 wt.% (480 °C) or 0.9 wt.% (600 °C) of the initial amount of PC-
TBBA, which corresponded to 1-2% of the total condensate (Table 2). For comparison,
total brominated compounds detected from pyrolysis of pure PC-TBBA at the same

temperatures accounted for 6—7% of the total condensate fraction.

3.3.1.3 Composition of the residues

Characterization of the raw (unheated) samples and residues from pyrolysis of PC-TBBA
and PC-TBBA+Cu0 at various temperatures was performed using FT-IR (Fig. 4, Table 3).
The IR spectra of the raw samples were compared with that of reference PC (Fig. 4a). The
most significant peaks were assigned according to Silverstein et al., 1991 (Table 3) and
compared with previously reported data for PC (Politou, et al., 1990; Jang and Wilkie,
2005).

The IR spectrum of raw PC-TBBA was comparable with that of reference PC (Fig. 4a),
indicating that PC is the main component of the polymer. The most intense peak at 1770
cm? corresponded to the carbonate functional group. The contributions of aromatic
structures were indicated by peaks at 1504, 1408, and 1080 cm™. The peaks at 1504 and

828 cm™ were characteristic of para-substituted aromatic rings, while that at 1080 cm™
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represented the aryloxy group in aromatic rings. The peak at 2968 cm™ was attributed to the
methyl group.

The IR spectrum (Fig. 4a) of the residue obtained from pyrolysis of PC-TBBA at 390 °C
was very similar to that of the raw sample, but an increase in intensity was evident. This
intact structure of the polymer indicated its high thermal stability even if the total amount
of generated gases was about 24 wt. % in this temperature (Table 2). A new broad peak
appeared at approximately 3500 cm™, associated with formation of the phenolic (-OH)
group. These results are compatible with those of Politou et al., 1990, who reported that PC
resin remains essentially intact up to 400 °C. The spectrum at 480 °C was significantly
different. The C-H stretch region (approximately 3000 cm™) nearly disappeared, while the
aromatic band (at ~3040 cm™) grew. The carbonate group (1770 cm™), which was almost
eliminated from the residue, was eclipsed by the growing C=0 stretch of aromatic esters
(~1742 cm™). The aromatic bands (1080, and 1408 cm™) and CH3 deformation band (1364
cm™) were no longer detectable. At 600 °C, almost all functional groups were eliminated,
and the remaining bands at 1606 and 3040 cm™ indicated that some aromatics remained in
the residue (Politou et al., 1990). These results indicate that above 390 °C, extensive
thermal branching and crosslinking occur, and as a result, esters or unsaturated hydrocarbon
bridges are formed (Politou et al., 1990).

The IR spectrum of raw PC-TBBA+Cu20 (Fig. 4b) was similar to that of raw PC-TBBA,
with the exception of an intense peak at 630 cm™, which may be assigned to the Cu-O bond
(Silverstein et al., 1991). At 390 °C, all functional groups were present in the residue, with

no change in the positions of the peaks, but lower intensities of all peaks relative to pure
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PC-TBBA. In this temperature mass loss of the polymer was of about 1% (Table 2). The
residue collected at 390 °C was in form of melted solid of high viscosity and the color of
the residue was like the initial color of raw mixture (dark red). It suggested that the Cu.O
particles diffuse within the melted polymer matrix resulting in interactions between organic
layer and inorganic particles lowering relative intensities of functional group peaks. At
480 °C (Fig. S2, Supplementary material), most functional groups remained present in the
residue, including the phenolic group. In contrast to pure PC-TBBA, the intensities of
bands attributed to aromatics (1080, 1504, 1606 cm™) and the carbonate group (1773 cm™)
were stronger. Decreased intensity of the Cu-O band can be observed. The IR spectrum of
the residue formed at 600 °C indicates complete degradation of the polymer (Fig. 4b). X-
ray diffraction of the residues (Fig. 5) obtained at increasing temperatures showed that
Cu20 (390 °C) undergoes bromination to CuBr followed by progressive reduction to Cu,
which was the dominant pattern at 480 and 600 °C, respectively. The level of Cu was stable
during pyrolysis (Table S1), and Cu remained in the residue at all tested temperatures. In
contrast to the raw sample of PC-TBBA+Cu,O, SEM morphological analysis of the
pyrolytic residues (Fig. 6) showed compacted layers at all temperatures, in which C, O, and
Br were uniformly dispersed. Cu-O, Cu-Br, and Cu particles were distributed across the
degraded polymer surfaces at 390, 480, and 600 °C, respectively.

As Cu2O undergoes successive changes at increasing pyrolysis temperatures, not only
Cu20 but also newly formed copper compounds must affect polymer degradation and the

product distribution at each temperature.
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3.3.2 Suggested impacts of Cu20 on mitigation of brominated compounds emission
and the newly formed copper compounds (CuBr, and Cu) on further degradation of
the polymer at specific pyrolysis temperatures.

@ At the initial stage of PC-TBBA pyrolysis (up to 390 °C), Cu2O mediated early
cross-linking of polymers through cross-coupling “Ullman” reactions (Fig. 7). Ullman was
the first to report that at temperatures above 200 °C, copper mediates C-C coupling via
radical or nucleophilic oxidative addition followed by reductive elimination (Mondal, 2016;
Beletskaya and Cheprakov, 2004; Li and Lan, 2020). As illustrated in the schematic
diagrams (Fig. 7a—c), these reactions also generate CuBr. The reductive coupling
mechanism was shown in pyrolysis of PVC in presence of transition metal (MnO3s) which
involved oxidation of a low-valency state of the transition metal generated under pyrolytic
conditions by reaction with a chlorine atom of the polymer chain to form a metal chloride
and a cross-link polymer (Lattimer and Kroenke 1993). Similar reductive coupling
mechanism was reported in presence of various Cu halides (CuBr, CuCl, and Cul) on PVC
pyrolysis (Muller and Dongman, 1998). It seems that the proposed mechanism (Fig. 7) is
the mostly responsible for effective mitigation in vaporization of the bromo-organic
products. However, the reaction of Cu.O (Eq. 2) with HBr cannot be excluded as it is
thermodynamically favored at this temperature (AG% = —70 kJ/mol) (Shibata et al., 2006).

This reaction could be the mostly responsible for mitigation in HBr vaporization.

Cu20gs,)) + HBr(g) — CuBr(s) + H20(g) (2)
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It is important to mention, that the residue collected at 390 °C was in melted form of high
viscosity, of dark-red color as same as before pyrolysis. There was not visual indication on
carbonization of the residue in this temperature, what could be a confirmation, that the
cross-linking through the “Ullman” reactions is the main mechanism responsible for
effective reduction in bromo-organic products vaporization.

(b) At 390-480 °C, cross-linking of the polymer continued, and char formation
occurred (the color of residue collected at 480 °C was a dark brown). It was already
reported (Pike et al., 1997, Lattimer and Kroenke, 1981) that the cross-linking of polymer
(e.g. PVC) in presence of Cu compounds increases amount of char while decreases number
of volatile products and reduce formation of aromatic products. It is associated with
reduction in the heat and mass transfers in charring polymer which influence the thermal
degradation of polymer matrix (Pike et al., 1997). The CO was formed by char
decomposition; however, in the presence of Cu.O, this gas was efficiently utilized to
generate CO; (Eqg. 3a and b). This positive effect of Cu20 on efficient conversion of CO to
CO2 was previously reported by Chen et al., 2015, who observed it during pyrolysis of
epoxy resin, while CO suppression by Cu(l) salts during pyrolysis of PVC was reported by

Pike et al., 1997.

Cu20g,)) + C(s) — 2Cugs) + COg) (3a)

Cuz0(s,1) + COg) — 2Cugs) + COx(g) (3b)
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(c) Over 480 °C, the residue contained Cu and CuBr. These two forms of copper are in
different oxidative states (Cu* and Cu®, respectively) and may have different impacts on
polymer degradation. However, it is impossible to discuss the effects of these copper
compounds separately. Based on the results of the present study (Table 2, Fig. 3), the
following suggestions can be drawn:
- Cu and CuBr promote decarboxylation. In contrast to pure PC-TBBA, an evident
decrease in vaporized carbonates occurs, with a simultaneous increase in ethers (Table 2,
600 °C). Antonakou et al., 2014 reported a similar catalytic effect with the pyrolysis of pure
PC in the presence of zeolites and basic metal oxides.
- Cu and CuBr promote degradation of bisphenol A, as its quantities are evidently
lower relative to the non-catalytic run of PC-TBBA pyrolysis (480 and 600 °C). Reduced
emission of bisphenol A during pyrolysis of PC with CuCl,was also reported by Sala et al.,
2010.
- Cu and CuBr evidently favor generation of 4-methyl and 4-ethyl phenols, which are
abundant in the condensate (600 °C, Table 2), in contrast to that of pure PC-TBBA. Similar
observations were reported during the pyrolysis (600 °C) of non-halogenated PC in the
presence of CuCly, (Blazsé, 1999), as well as zeolites, and basic metal oxides (Antonakou
etal., 2014).
- Debromination of bromo-organics is catalyzed in the presence of Cu, as HBr gas
emission increases at 600 °C. Cu has been suggested to catalyze the cleavage of the C-H
bond, causing hydrogen to be abstracted by the bromine radical (cleavage of the C-Br

bond), thus generating HBr. As the residue is degraded completely at 600 °C (Fig. 4b), this
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debromination must occur at just over 480 °C. Debromination may lead to increased phenol
production, which is evidently higher at 600 °C than at 480 °C (Table 2). This suggestion is
supported by the EGA-MS results showing simultaneous evolution of HBr and
bromophenols (Fig. 3).

- Significant charring of the residue occurs in the presence of copper compounds
(Table 2). The char forms a protective layer, hindering vaporization of gases and liquids at

the higher temperatures.

3.3.3 Bromine distribution within fractions

Total bromine quantities obtained from catalytic and non-catalytic pyrolysis of PC-TBBA
are shown in Table 4. For pure PC-TBBA, the majority of bromine (51-59% of the total Br
amount) was vaporized in the form of HBr gas (Table 2) at all temperatures tested. At the
initial degradation temperature (390 °C), approximately 38% of Br was present in the
residue, while 11% was in the condensate. Increasing the pyrolysis temperature to 480 and
600 °C caused a significant increase in Br-containing compounds in the condensate (~40%),
while the remaining residues were almost free of bromine (2 and 0.5%).

Significant changes in the bromine distribution were observed in the presence of Cu2O. The
majority of the bromine remained in the residues. With increasing pyrolysis temperatures,
the amount of remaining bromine decreased from 99% to 93% to 86%. In contrast to pure
PC-TBBA, only trace amounts of bromine (2-3%) were present in the gas fractions
produced at 390 and 480 °C, and the maximum amount (11%) was observed at 600 °C. The

amounts of bromine in the condensate were 0.2% at 390 °C and 3-4% at 480 and 600 °C.
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The condensate fraction yield at 600 °C was double that at 480 °C, and the Br amount was
stable, which is encouraging from the perspective of further utilization of this product. In
summary, the Br levels observed in the presence of Cu.O (at the complete degradation
temperature of 600 °C) were approximately 6 and 13 times lower in the gas and condensate
fractions, respectively, relative to the corresponding levels obtained from non-catalytic

pyrolysis of PC-TBBA.

4. Conclusions

Here, the products of pyrolysis of pure PC-TBBA and PC-TBBA in the presence of Cu.O
were investigated, with an emphasis on the generation and distribution of brominated
compounds. Generally, the presence of Cu20 reduced the quantities of gas and condensate
produced in favor of residues. At the temperature of complete polymer degradation
(600 °C), the condensate and gas fractions were approximately 9% and 4% lower than
those generated from pyrolysis of pure PC-TBBA (54% and 12%, respectively). For both
pure PC-TBBA and PC-TBBA+Cu20, the condensate was rich in valuable chemicals
(phenols, carbonyls, ethers, and aromatics) but also contained some undesirable bromo-
organic compounds originating from TBBA decomposition. However, Cu.O significantly
reduced these bromo-organic products in the condensate, which is important for further
product recovery. Moreover, evolution of toxic HBr gas was meaningfully reduced in the
presence of Cu20, accounting for only 1% of the initial amount of PC-TBBA at 600 °C.
Significant reduction of HBr evolution results from effective bromine fixation by oxides

and formation of stable CuBr, which does not vaporize at temperatures up to 600 °C.
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Meanwhile, a substantial decrease in organo-bromine products in the condensate was
associated with their involvement in coupling reactions that cause intermolecular cross-
linking by the copper compounds.

The results of this study indicate that Cu.O is a strong transition metal oxide that can
readily shift to the oxidative state, thereby significantly impacting the degradation of
bromine-containing polymers. Therefore, elucidating the roles of various copper
compounds in pyrolysis is essential to designing a process that effectively inhibits
vaporization of bromine compounds and enhances the generation of valuable gas and liquid

products.

Appendix A: Supplementary Materials

Table S1. Mass balance for pyrolysis experiments.

Fig. S1. Simplified initial pathways degradation based on thermal profiles from EGA-MS.
Fig. S2. Comparison of IR spectra of residues from pyrolysis of PC-TBBA, and PC-

TBBA+Cu20 at 480 °C.
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Table 1. Composition of polycarbonate based tetrabromobisphenol A (PC-TBBA) and
catalyst (Cu20) BET surface area characteristic.

Composition (w/w, %)

Sample

PC* | FR? HP o Cc’ Br°

PC-TBBA | >75% | <25% 4.7 18.4 65.0 11.8
Surface area characteristic by BET analysis®

Surface area Total pore volume Average pore diameter

caalyst | (metg) (cmlg) (nm)
Cu20 0.7764 0.000381 1.9651

% Provided by supplier; ® Analyzed in this study; FR: Flame Retardant.



Table 2. Identified vaporized products in gas and condensate fractions (Wt. % calculated to the initial amount of PC-TBBA in

sample as given in Table S1).

MW PC-TBBA PC-TBBA+Cu,0
Name Chemical 390 °C | 480°C | 600°C | 390°C | 480°C | 600°C
structure | (g/m Wt. (%)
ol)

Gas fraction ) 7.9 12.5 11.6 0.4 3.9 8.4
Hydrogen bromide HBr 81 6.5 7.4 7.5 0.3 0.3 1.2
Carbon monoxide CO 28 1.2 3.1 3.6 n.d. 0.4 1.7
Carbon dioxide COz 44 0.2 1.8 0.1 0.1 2.9 4.4
Methane CHas 16 n.d. 0.1 0.3 n.d. 0.4 1.0
Ethane CaHs 30 n.d. d. d. n.d. d. 0.1
Propane CsHg 44 n.d. n.d. n.d. n.d. n.d. d.
Condensate fraction ¥ | 148 | 489 | 538 | 14 | 210 | 446
Phenols

Phenol CsHeO 94 3.1 8.4 114 n.d. 1.8 4.7
Phenol, 2-methyl- C7HsO 108 d. d. 0.1 d. n.d. 0.1
Phenol, 4-methyl C7HsO 108 d. 0.7 1.1 n.d. 0.6 3.0
Phenol, 4-ethyl- CsH100 122 d. 0.3 0.5 n.d. 0.4 1.2
p-lsopropylphenol CyH120 136 0.4 1.0 1.5 d. 0.4 0.8
p-Propylphenol CoH120 136 d. d. d. n.d. d. 0.1
p-tert-Butylphenol C10H140 150 0.5 0.5 0.5 d. 0.2 0.3
p-lsopropenylphenol CoH100 134 d. 0.2 0.1 n.d. 0.1 d.
2-Methyl-6-propylphenol C10H140 150 d. d. d. n.d. 0.1 0.1
Phenol, 4-(1-methyl-1-phenylethyl)- Ci1sH160 212 d. 0.5 0.5 n.d. 0.2 0.4
Phenol, 2,4 -isopropylidenedi- Ci15H1602 228 0.2 d. d. n.d. d. d.
Phenol, 4,4"-(1-methyletylidene)bis- Ci15H1602 228 0.2 7.6 7.9 d. 1.2 2.3




Phenol, 2-(1,1-dimethylethyl)-4-(1-methyl-1- C19H240 268 0.1 0.5 0.7 d. d. d.
phenyl

Carbonyls

Diphenyl carbonate CisH1003 | 214 0.7 1.0 1.4 n.d. d. 0.1
Carbonic acid, 4-methylphenyl phenyl ester C14H1203 228 d. d. d. n.d. 0.1 0.1
Ethers

Diphenyl ether C12H100 170 d. d. d. n.d. d. 0.1
Benzene, 1-methyl-4-phenoxy- C13H120 184 d. d. d. n.d. d. 0.1
Benzene, 1-methyl-3-(4-methylphenoxy)- C14H1.0 182 d. d. 0.1 n.d. d. 0.1
Aromatics

Biphenyl C12H10 154 d. d. d. n.d. d. d.
Dibenzofuran C12HsO 168 d. d. d. n.d. d. d.
3-Phenyl-benzofuran C14H100 194 d. d. d. n.d. d. d.
Others

3-Butene-1,2-diol C4HgO2 88 0.2 0.9 0.5 0.2 0.7 0.9
Butyrloacetone C4HsO2 86 3.4 2.4 2.1 n.d. d. d.
Brominated phenols

2-Bromophenol CeHsBro 172 d. 0.3 0.2 n.d. d. 0.1
4-Bromophenol CsHsBroO 172 d. 0.3 0.4 n.d. d. 0.1
2,4-Dibromophenol CeHsBroO | 250 1.0 1.0 1.2 n.d. d. d.
2,3,5-Tribromophenol CeH3BrsO | 328 0.3 0.3 0.4 n.d. 0.1 0.1
2,6-Dibromo-4-(1,1-dimethylethyl)-phenol C10H12Br20 | 306 d. 0.2 0.1 n.d. d. 0.1
Brominated carbonyls

Ethanone, 1-(3-bromo-4-hydroxyphenyl)- CgH/Bro, | 214 d. d. 0.1 n.d. n.d. 0.1
Carbonic acid, p-bromophenyl phenyl ester C13HoBrOs | 292 d. 0.1 0.1 n.d. d. d.
Brominated others

1-Propanol-3-bromo | CsH/BrO [ 138 d. 0.1 0.1 d. 0.1 0.4
Unidentified compounds 49 22.7 23.0 1.1 14.9 28.9
Residue (organic fraction) | 764 | 412 | 369 | 993 | 71.2 | 508

d. detected below 0.05 wt. %; n.d. not detected




Table 3. Vibrational assignment for peaks in raw samples (Silverstein et al., 1991).

-1 . PC-
Peak (cm ) Assignment PC-TBBA TBBA+CU,0
3490-3530 Phenol O-H stretch 0 0
2968 CHs asymmetric stretch 0 0
2925 C-H stretch (alkyl) 0 0
1770 C=0 stretch of carbonate group 0 0
1604 C-C bond ring stretch 0 0
1504 p-substituted ring stretch 0 0
1484 Asymmetric CHz deformation 0 0
1408 “Semicircle” ring stretch 0 0
1364 Symmetric CH3 deformation 0 0
1188 (CH3)>C= group 0 0
1160 -OCOO- o) )
1080 Aromatic C-H and ring 0 0
1014 C-C in plane band 0 0
886 Sym. -OCOO- stretch 0 0
828 Aromatic C-H 0 0
768 -OCOO- and C-H deformation 0 0
630 Cu-O X 0




Table 4. Total bromine quantities within fractions (calculated to initial amount of PC-TBBA

in each sample as shown in Table S1).

Before experiment

After experiment

Sample Br / solid® Br/residue® | Br/condensate | Br/gas’
PC-TBBA (mg) (mQ)
390 °C 25.52 9.58 2.84 13.10
480°C 25.82 0.50 10.22 15.10
600°C 25.66 0.13/0.5% 10.26/40% 15.20/60%
PC-TBBA+Cu0 (3.8:1, w/w)
390 °C 17.20 17.10/99.4 0.04 0.40
480°C 17.21 15.98/ 93 % 0.73 0.50
600°C 17.26 14.84 /1 86% 0.52 1.90

ABr determined by combustion ion chromatography (CIC); ®Br determined by IC; “Br
estimated from Eq. 1.




PC-TBBA m PC-TBBA + Cu,0



Highlights

Cu20 significantly alter the pyrolysis of bromine-containing PC polymer.
Cu20 mediates cross-coupling of bromo-organics at early stage of pyrolysis.
Cu,0 significantly reduces vaporization of bromo-organic products and HBr gas.

Cuz0 utilizes efficiently CO in reduction reactions, favoring CO> generation.



Supplementary Table

Table S1. Mass balance for pyrolysis experiments.

Sample weight before Products weight after thermal treatment
Temp. thermal treatment Loss
Sample Sample Residue Condensate Gas
Total® Cu® Total® Cu®©

(C) (9) (9) (9) (9) (9) (9) (9)

390 0.2006 - 0.1533 - 0.0297 0.0158 0.0018
PC-TBBA 480 0.2030 - 0.0837 - 0.0992 0.0254 -0.0054

600 0.2017 - 0.0745 - 0.1086 0.0234 -0.0048
PC-TBBA+Cu20 390 0.2017 0.1984 0.0398 0.0022 0.0006 0.0005
(3.8:1 wiw) 480 0.2018 10690309092 0.1533 0.0396 0.0336 0.0063 0.0086

600 0.2025 0.1215 0.0400 0.0715 0.0134 -0.0038

8 Total” refers to the total amount of PC-TBBA+Cu-0 before and after thermal treatment; ®’Cu values in raw mixture, analyzed

twice; © Cu values analyzed once.



Supplementary Figures
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Fig. S1. Simplified initial pathways degradation based on thermal profiles from EGA-MS.
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Fig. S2. Comparison of IR spectra of residues from pyrolysis of PC-TBBA, and PC-
TBBA+Cu20 at 480 °C.
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