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Abstract

Pyrolysis appears to be an emerging option allowing recovery of useful products from wastes of
electric and electronic equipment (WEEE) because of the high value of potentially accessible products
such as precious metals or coke (in the residue), fuel and chemicals (pyrolysis oil and gases). However
contamination of oil by harmful compounds remains a severe issue and has a strong impact on material
recycling and thermal treatment: Bromine-containing phenols are classic examples of harmful
compounds emitted during pyrolytic recycling of printed circuit boards, and their dehalogenation is an
area of continuing scientific interest. Pyrolysis of 2,4-dibromophenol (DBP) with high density
polyethylene (HDPE), low density polyethylene (LDPE), polybutadiene (PBD), polystyrene (PS), polyamide
6 (PA-6), polyamide 6,6 (PA-6,6) and polyacrylonitrile (PAN) at 290 — 370 2C for 20 min results in the
successive transformation of DBP to monobromophenols and further to phenol and HBr, together with
small amounts of alkylphenols, depending on the reaction temperature and reactivity of polymers. The
formation of PBDDs and PBDFs is strongly retarded despite of the structure of DBP, which favours their
development. The rate of hydrodebromination decreased in the series LDPE > HDPE = PBD > PS > PA-6 >
PA-6,6 > PAN. The hydrodebromination process transforms the polymers studied in the highly
polyaromatized char. The formation of the pyrolysis products is in favour of a radical

hydrodebromination mechanism.

Introduction

About 30% in weight of the 20-50 million tons of waste yearly generated worldwide from
electrical and electronic equipment (WEEE) [1] is constituted by plastics which often contains brominated

flame retardants (BFR) for the most part Polybrominated diphenyl ethers and Tetrabromobisfenol A

! affiliated to INSTM Consorzio Interuniversitario Nazionale di Scienza e Tecnologia dei Materiali Via G. Giusti, 9
50121 Firenze ITALY



[2,3]. In turn Printed Circuits Boards, are mainly made of glass fibres embedded in a polymer matrix flame
retarded with reactive Tetrabromobisfenol A and represent about 8% by weight of WEEE collected from
small appliances [4]. There is an increasing interest in the end-of-life management of polymers present in
WEEE mainly due to high quotas of recycling and recovery set by the European WEEE directives [5], which
can only be fulfilled by including the plastic fraction in recycling and recovery approaches. The recycling
of non metallic fraction (plastic and ceramic fractions, NMF) from waste printed circuit boards by physical
and chemicals methods has been recently reviewed by Guo et al [6]: physical recycling of the NMFs is a
promising method but more work should be done to develop comprehensive and industrialized usage of
the recycled items; on the other hand the challenge in chemical recycling methods of the NMFs is to

compensate for their higher cost of chemical recycling.

Pyrolysis appears to be an emerging option allowing recovery of useful products from WEEE
because of the high value of potentially accessible products such as precious metals or coke (in the
residue), fuel and chemicals (pyrolysis oil and gases). However contamination of oil by harmful
compounds remains a severe issue and has a strong impact on material recycling and thermal treatment:
bromine-containing phenols are classic examples of risky compounds emitted during pyrolytic recycling
of polymers flame retarded with brominated fire retardants [7-10] which can form toxic

polybromodibenzodioxins, PBDD, and polybromodibenzofurans, PBDF, when oil is used as a fuel. [11].

Dehalogenation of pyrolysis oil is therefore an area of continuing scientific interest. Attemps by
using a tube reactor [12], copyrolysis in the presence of polyolefins [13], depolymerisation in supercritical
water [14] or methanol [15], in situ treatments with CaO [16] or various catalysts [17-19] are reported.
Refining of the pyrolysis oil has also be considered: hydrodehalogenation with hydrogen-donating media
(tetralin, [20], conventional petroleum solvent [21], eicosane [22], 9,10-dihydroantracene [23] and PP
[24]) is a promising option for the destruction of halogen-containing aromatics, which allows
transformation of them to non-halogenated aromatics and hydrogen halide. In this respect PP is of
advantage due to lower cost. It was found that the reaction with PP is selective and only HBr can be

recovered at 290 — 350 2C from a mixture of chlorinated and brominated phenols. [25].

In searching for new hydrogen-donating media it appeared important to extend the study with
PP to other polymeric materials. The hydrodehalogenation of brominated phenols is believed to be
radical [24], therefore reactivity of polymeric substrate towards radicals is significant. As reactivity is
governed by the presence of activating (or deactivating) groups, we selected various polymer classes

(polyethylenes, polybutadiene, polystyrene, polyamides and polyacrylonitrile) to hydrodebrominate a



model compound, 2,4-dibromophenol, being one of major products from pyrolysis of flame retardant

polymers.

Experimental

2,4-dibromophenol (DBP) was purchased from Fluka and used as received. Polymers with
different structure were used as hydrogen-donating media: high density polyethylene (HDPE), low
density polyethylene (LDPE), polystyrene (PS), polyamide 6 (PA-6), polyamide 6,6 (PA-6,6) were unfilled
commercial polymers supplied in pellets; polybutadiene (PBD) in form of small bales, and

polyacrylonitrile (PAN) in powder were purchased from Sigma Aldrich.

To subject the polymers and their mixture with DBP to the pyrolysis PBD was cut in small pieces
and, if it was the case, commercial pellets of other polymer were cut to a smaller size (about 1mm?).
Mixture were prepared by blending the components in a ratio of about 1 mol of structural units/1 mol
DBP. In some selected cases this ratio was increased to about 2. Table 1 reports composition of the

mixtures.

The details of the experimental procedure have been described before [24]. Briefly explaining,
pyrolysis was carried under nitrogen in encapsulated ampoules of ca. 1.7 ml at isothermal temperatures
(290 - 370 °C for 20 min) to exclude volatilization of DBP. After the pyrolysis the ampoule was broken
with the liberation of gaseous decomposition products and weighed. We refer to the difference of this
weight and the weight of the initial ampoule as “weight of gases”. Furthermore, the ampoule containing
decomposition products or pyrolysis residues was washed out by dichloromethane, dried and weighed.
The difference between this weight and the previous one gave the “weight of pyrolysis oil”. Taking into
account the initial weight of the sample and those of gases and oil, we calculated the amount of solid
decomposition products (char). A part of dichloromethane-insoluble products from the pyrolysis of DBP
with polyamides or PAN were soluble in water, as found by 24h extraction with water. Also in these cases
the amount of water-soluble products was calculated. This method was found reproducible in the limit of

1-2 mg.

Insoluble products were characterized by FT-IR (Perkin-Elmer 2000) in KBr pellets (about 3%

w/w).



The dichloromethane-soluble pyrolysis oil was analyzed using a GC/MS HP 6890/5972A. The MS
detector was applied in electron impact mode. A HP-5 30 m column, temperature programmed from 40
°C (5 min) to 320 °C at a heating rate of 10 °C/min. To quantify the amount of bromine in the liquid phase
we measured in the adopted GC conditions the response factor for phenol, 4-methylphenol, DBP, 2-
bromophenol, 4-bromophenol, 2,4,-tribromophenol which were all found to be close to 1, therefore we
considered the integrated areas % of the chromatogram representative of relative concentration of
products in the pyrolysis oil; further the amount of oil (gravimetrically measured as described above) and
the number of bromine per molecule were used to issue the Br balances. The limit of the sensitivity in

solution was 50 ppm.

The gaseous decomposition products were analyzed by means of GC/MS. For this experiment,
the 30 m HP-5 capillary column was found to be an excellent column. The column was heated to 250 °C

at 10 °C per minute after initial 2 min period at —10 °C.

The decomposition products were identified by their retention time and mass spectra.

Results

Pyrolysis of DBP

Pyrolysis of DBP at 310 — 370 °C yielded gaseous product (HBr) and oil fraction. In addition, at 370
°C, the formation of a dichloromethane-not soluble product was notice, which was however liquid at the
pyrolysis temperature (i.e. noncrosslinked one). As the temperature was increased the yield of HBr
increased at the expenses of oil fraction (Table 2, entry 1-5). The bromine was mainly confined in the oil
fraction which consisted of undecomposed DBP (85-48% decreasing with temperature from 290 to 370
°C, table 3 entries 1-5), various bromine-containing phenols and phenoxyphenols. Furthermore, the
formation of brominated dibenzo-p-dioxins was observed at 330 °C and more consistently at 350 and 370

°C (Table 3 and Figure 1).

Pyrolysis of polymers

Thermal degradation of polymers was widely reviewed in literature [26-29]. Briefly, we expected
an hydrocarbon mixture from HDPE and LDPE, monomer and oligomers from PS and PBD,

cyclopentanone and nitriles from PA-6,6, caprolactame from PA-6 whereas PAN undergoes



intramolecular cyclization and progressive aromatization/charring with evolution of hydrogen, HCN and
NHs; NH; and CO, are also evolved from polyamides degradation at rather higher temperature.
Considering the characteristic temperatures (melting point, mp and glass transition temperature, T,) of
the present polymers (LDPE: mp 120°C, Tg -100°C; HDPE: mp 140°C, Tg-100°C; PA-6: mp 250 °C, Tg 50°C;
PA-6,6: 215°C, Tg 50°C; the not crystalline PBD, PAN PS,: Tg -100°C, 160°C and 100°C respectively) in the

adopted pyrolysis conditions we expected all them be liquid state nearly as soon as the pyrolysis started.

We found that PBD, HDPE and LDPE showed no weight loss in the investigated temperature
region. PAN yielded 5 % gaseous products at 310 °C and residence time 20 min. PS was dichloromethane-
soluble after heating at 350 °C. Pyrolysis of PA-6 at 370 °C liberated oil fraction with a yield of 11%,
whereas pyrolysis of PA-6,6 released gases and a small oil fraction (11 and 4% vyield correspondently).

(Table 1, entries 6-12).

Pyrolysis of DBP with PAN, PA-6, PA-6,6

Pyrolysis of DBP with PAN, PA-6, PA-6,6 resulted in the formation of oil, gaseous and water-
soluble solid products, and solid residue. The yield of each fraction is reported in Table 1 entries 31-40. In
addition to HBr, the pyrolysis with polyamides yielded CO, and a mixture of various hydrocarbons in the
gases (Figures 2c and 2d). An FT-IR study was undertaken to elucidate the composition of the solid
residues: the IR spectra of the pyrolyzed samples of DBP with PAN or PA-6,6 or PA-6 washed by
dichloromethane exhibit strong absorption bands around 1400 and 3120 cm™ which disappear in the
spectra after extraction with water (Figure 3, spectra b). These bands are associated with ammonium
bromide which resulted from reaction of HBr with ammonia [30]. Ammonia is therefore a pyrolysis
product in addition to those reported here above: 84-100%of the organic N content is converted to

water-soluble NH4Br at 350/370 °C in the polyamides, and 79% at 330 °C in PAN (Table 2).

The yield of HBr and of the water-soluble fraction from DBP and PAN levelled-off at 330 °C. Both
polyamides produced higher yield of the gaseous and water-soluble products compared to those
produced by DBP and PAN. Increasing of the polyamides loading resulted in the lower formation of gases

and in the higher one of water-soluble products. (Table 1).

In the presence of these polymers conversion of DBP increases (10-0% of undecomposed DBP left
in the oil, Table 3): besides HBr and NH,Br the bromine removed from DBP is confined in the unsoluble

residue. Pyrolysis oil from consisted of phenol and bromine-containing phenols (Figures 6,7, 8). No PBDDs



formation was noticed beyond our detection limit. By comparing the amount of residual bromine in oils
(Table 2) and their composition (table 3, and Figure 4) PA-6 was a more effective hydrodehalogenating
agent than PAN and in its turn, PAN was less active than PA-6,6. Increasing of the residence time causes
the bromine in oil to be converted in bromine-containing not soluble residue (table 2 and 3, entries 32

and 33)

It is important to note DBP changed pyrolysis pathways of the polymers. This was inferred
comparing the FT-IR spectra of the polymers heated in the absence and presence of DBP. The main
spectral changes caused by DBP are associated with development of polyaromatic absorption bands
around 1590, 800 and 750 cm™ (Figure 3 spectra b and c) [31-32] indicating intensive charring processes,
whereas neat polyamides keep their main absorption bands during heating(Figure 3 spectra a). At 350 °C
neat PAN partially keeps the nitrile band at 2240 cm™ transforming to polycyclic structures [33].
Additional evidence of the influence by DBP comes from GC/MS study of pyrolysis oils. Neat PA-6 yields

caprolactam during heating (Figure 4), whereas its mixture with DBP does not.

Pyrolysis of DBP with PS, PBD, LDPE and HDPE
Pyrolysis of DBP with PS, PBD, LDPE and HDPE yielded gases, oil and non soluble residue.

Gasification of DBP with PS leveled-off at 350 °C (Table entries 26-30). The main gaseous product
was HBr with admixture of methyl bromide (Figure 2b). However, GC/MS analysis revealed
undecomposed DBP and monobromophenols in the oil fraction (Figure 5). The peaks of bromine-
contained phenols strongly decreased at 350-370°C °C due to their conversion to phenol (Fig. 5 and Table
3). Comparison of the gas chromatograms of the pyrolysis oil from neat PS and from PS + DBP showed
that, in the presence of DBP, the preferential formation of alkyl benzenes, a naphthalene derivative and a
terphenyl instead of styrene and its dimer and trimer which come from decomposition of polystyrene.
The formation of alkylbenzenes indicates reductive medium inside of the ampoules, which is likely to
come from polyaromatization of solid decomposition products, a solid residue (char) was formed indeed.
However, increasing in the PS content mainly resulted in the formation of dichloromethane-soluble
fraction (Table 1 entries 27-28). FT-IR analysis of the solid residue revealed the disappearance of the
profile of the C-H stretch spectral region, concurrent with the broadening of the absorption band at 1594

cm™ due to the formation of polyaromatic structures in the residue of the mixtures (Figure 6). The



strongest absorption bands at 752 and 698 cm™ are due a monosubstituted aromatic ring. A peak at 1219

cm is likely to be due to phenol incorporated in the char.

The amount Br in the pyrolysis oil at 330 °C for PDB and PS containing mixtures reveals that the

debromuration is less effective for PS mixtures (table 2 entries 25 and 26);

PBD reacts with DBP starting from 290 °C (Table 1, entries 22-25) producing HBr together with
admixture of methyl and ethyl bromides (Figure 2a). At 270 °C, only swelling of PBD with DBP was
observed. The products of the hydrodebromination reaction at 290 and 310 °C are phenol and
monobrominated phenols (Table 3 and Figure 5). At 330 °C pyrolysis oil was still contaminated with small
amounts of monobrominated phenols and undecomposed DBP. The formation of bromine-containing

phenoxyphenols and tribromodibenzodioxin was inhibited.

As shown in Table 1, gasification of DBP with polyethylenes started at 310 °C yielding the highest

amount of gases among the polymers in the studied temperature interval.

In the pyrolysis oil the main product of a HDPE and DBP mixture at 310 °C was phenol (Figure 5).
Increasing of temperature to 330 and 350 °C prevents the formation of brominated phenoxyphenols
(Figure 5 and Table 3 entries 13-16); some amount of monobrominated phenols remained

undecomposed.

The effect of LDPE on the composition of DBP pyrolysis oil is shown in Figure 5 and Table 3,
entries 17-21). LDPE does not influence very much the formation of the pyrolysis products of DBP at 290
°C, whereas at 310 °C, dramatic changes were observed, as phenol admixed with monobrominated

phenols was formed. At 330 and 350 °C “clean” oil was obtained in contrast to that of HDPE + DBP.

The FT-IR spectra of PBD, HDPE and LDPE treated with DBP (Figure 6) shows similar features. The
CH, stretching bands and the CH, deformation band decreased in intensity. New bands around 1590 and
810 cm™ formed, indicative of polyaromatic structures [31-32]. In addition, the PBD sample showed
decrease in the intensity of the 1639, 966 and 727 cm™ bands associated with the -CH=CH- group (Figure

14). An absorption band around 1210 cm™ is likely to be due to phenol incorporated in the char.

In conclusion, HDPE appeared to be less effective than LDPE and approximately as effective as

PBD. PS was less effective among C,H-polymers studied.



Discussion

The pyrolysis reactions performance was aimed at the investigation of the effects of the polymer
structure and reaction temperature on the efficiency of destruction of DBP. Previous studies of
dibromophenols with PP revealed optimal conditions of 350 °C in 2.0 ml ampoules [24] and of 330 °C in

1.7 ml ampoules [25] with a residence time of 20 min, indicating the impact of the reaction pressure.

The result of the study show that the pyrolysis in the presence of polymers results in the
successive transformation of DBP to monobromophenols and further to phenol and HBr, together with
small amounts of alkylphenols, depending on the reaction temperature and reactivity of polymers. The
formation of oxygenated products such as phenoxy-phenols, PBDDs and PBDFs and of triboromo phenol is
strongly retarded despite of the structure of DBP, which favour their development through coupling
reactions [25]. The hydrogen bromide formed can be separated from the gas phase, whereas phenol and

pyrolyzed polymers can be potentially used as fuel for combustion.

The thermal stability of brominated phenols is much lower than that of, for example, brominated
diphenyl ethers and results in the formation of— bromine and less brominated phenoxyl (ll) free radicals
(Figure 7, reaction A) at relatively low temperature. The reason for that is believed to be phenol-keto-
tautomerization which produces thermally less stable cyclohexadienone structure (1). [23, 25]. Therefore
introduction of DBP in mixture with polymers eventually results in “injection” of radicals in the system
before extensive degradation of polymers occurs. If appropriate hydrogen are available nearby the next
step is its abstraction by the bromine/ phenoxyl radicals leading to the formation of HBr and a
monobrominated phenol which again is capable of dissociation to bromine and nonbrominated phenoxyl
radicals. The dissociation followed by hydrogen abstraction guarantees the complete conversion of DBP

to phenol and HBr (i.e. hydrodebromination).

The present results demonstrate the effect of the hydrogen-donating media on the
hydrodebromination reaction as for each particular media there is an optimal temperature range in
which the reaction starts and completes within a reasonable period of time. With increasing this
temperature, decreasing the hydrodebromination efficiency of the polymers is affirmed in the series (the

data on PP were taken from [25]):

PP ~LDPE > HDPE > PBD > PS = PA-6 > PA-6,6 > PAN

In other words, this series shows decreasing reactivity of polymers, which, in first approximation,

is restricted to that of aliphatic moieties in the macromolecular chain. This approximation is especially



suited for radicals of low reactivity, such as bromine [34]. Taking into account energy considerations, the
reactivity of phenoxyl radical approximates that of bromine as the gas-phase bond dissociation energy
(AHyg5 -¢) of O-H in phenol (362.8 ki/mol [35]) is something like that of H-Br (366.1 kJ/mol [36]). Thus,
with selective radicals like bromine or phenoxyl, some positions on a molecule lose hydrogen more easily
than others [34], usually with a lower C-H bond dissociation energy. These can be estimated in the
polymers by comparing it to model systems from [37] and reported in table 4: The AH,q:c values well give
an insight into why HDPE is less reactive than PP and LDPE (as containing considerably more chain
branching than HDPE), however suggests that activity is not simply related to the C-H bond dissociation
energies in the polymer chain indicating that other factors have to be considered indeed. For example, by
treatment with radicals, alkenes are prone to undergo addition rather than substitution [34]. This will
cause crosslinking of PBD (observed by swelling) and reduce its reactivity. Many anomalies were reported
for alkyl side chains of aromatic rings [34], which show that the benzylic position is not always the most
favored. This may be responsible for lower reactivity of PS. In addition, steric hindrance, which makes the
H abstraction in the viscous polymer even more difficult to occur, should be invoked to explain the lower

hydrodebromination rate of PS.

PAN is likely to undergo addition reactions with radicals to some extend. However, the main
reason for deactivation hydrogens on carbon atoms next to electron-withdrawing groups, such as nitrile
groups, is electrophilic character of bromine [34] which implies that it looks for positions of high electron
density. Consequently, with respect to polyamides, the position o to carbonyl is deactivated. The
behavior of hydrogens from a carbon adjacent to the C-N bond is not clear enough, however their
abstraction is influenced by stereoelectronic effects [34]. Anyway, polyamides, are subjected to
hydrolysis that leads to the formation of ammonia and less reactive hydrocarbons. In effect, compared to
PE, polyamides and even more PAN are less active in a radical process such as oxidation by oxygen. This is

referred to the absence of labile hydrogens in the macromolecule [33].

Other factors increasing reactivity of aliphatic polymers may be polymer radicals. At the
temperature of the experiments polymer radicals resulting from hydrogen abstraction are able to
produce further radicals by chain scission. Thus, primary radicals are mainly formed in HDPE; secondary
radicals in PP and at the branching point of LDPE (Figure 7, reaction B). These radicals should play a role
in propagating hydrodebromination reaction. Drews [38] showed that the decomposition of
decabromodephenyl oxide (DBDPE) in DBDPE-PP and DBDPE-PE systems at 390 °C is assisted by radicals

resulting from thermal decomposition of PP and PE. In particular, the primary radical —CH,° is the most



active and is likely to attack the bromine atom of DBDPE, producing an alkyl bromide and less brominated

phenyl radical that, in its turn,yields less brominated diphenyl ether due to hydrogen abstraction.

With the exception of PAN, neither of the polymers formed char in the temperature region
studied (290 - 370 °C). However, an intensive formation of the char was observed in the coarse of
hydrodebromination indicating that hydrogen abstraction reactions result in conversion of the polymeric
backbone to polyaromatic char, which is likely to proceed through development of the conjugated
double bonds, their cyclization, aromatization, fusion of aromatic rings, followed by turbostatic char
formation and graphitization. The aromatization of cyclic structures gives additional hydrogen which may

further help with the dehalogenation of brominated phenols.

Conclusions

The pyrolysis of 2,4-dibromophenol with the studied polymers results in the occurrence of the
hydrodebromination reaction. The thermal decomposition behavior of the polymers is affected as well.
The reactivity of the polymers depends on their structure: the most active is LDPE, and introducing

functional groups reduces the reactivity of aliphatic hydrogens.
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Caption to the figures

Figure 1. Total ion gas chromatogram of the pyrolysis oil of DBP from: 290 °C for 20 min (a), 330 °C for 20
min (b), 370 °C for 20 min (c). 1 — 2-bromophenol, 2 — 4-bromophenol, 3 — 2,4-dibromophenol, 4 — 2,6-
dibromophenol, 5 - 1,3,5-triboromobenzene, 6 - 2,4,6-tribromophenol, 7 - 2-(2,4-
dibromophenoxy)phenol, 8 - dibromodibenzodioxin, 9 — tribromophenoxyphenol, 10 -

tribromodibenzodioxin, 11 - tetrabromophenoxyphenol.

Figure 2. Total ion gas chromatogram of the gaseous products of: DBP + PBD = 73 + 18 (mg) from 310 °C
for 20 min (a), DBP + PS =74 + 38 (mg) from 370 °C for 20 min (b), DBP + PA-6 = 73 + 28 (mg) from 370 °C
for 20 min (c), DBP + PA-6,6 = 76 + 22 (mg) from 370 °C for 20 min (d). 1 — air, 2 — air + CO2, 3 — HBr, 4 —
acetone, 5 — methyl bromide, 6 — 2-methylbutane, 7 — pentane, 8 — ethyl bromide, 9 — 2-methylpentane,

10 — hexane, 11 — benzene.

Figure 3. Pyrolysis of nitrogen-containing polymers and their mixtures with DBP: FT-IR spectra of solid

products (residue) from: neat polymer (a); Polymer+ DBP (b); Polymer + DBP after extraction with water.

(c)

Figure 4. Total ion gas chromatogram of the pyrolysis oils of nitrogen-containing polymers and their

mixtures with DBP. . (brominated are underlined)

1 - phenol, 2 — 2-bromophenol, 3 — 4-bromophenol, 4 — 2,4-dibromophenol, 5 — 2,6-dibromophenol, 6 —
2,4,6-tribromophenol, 7 — triboromophenoxyphenol, 8 — 2-methylphenol, , 9 — 4-methylphenol 10 -
dibenzofuran, 11 — caprolactam,12 — 4-ethylphenol, 13 — 4-(1,1-dimethylethyl)phenol,

Figure 5. Total ion gas chromatogram of the pyrolysis oil of hydrocarbon polymers and their mixtures

with DBP. (brominated are underlined)

1 — phenol, 2 — 2-bromophenol, 3 — 4-bromophenol, 4 — 2,4-dibromophenol, 5 — dibenzofuran, 6 — 2-
phenoxyphenol, 7 — 2,4,6-tribromophenol, 8 — 4-phenoxyphenol, 9 — 4-(2,4-dibromophenoxy)phenol, 10
— tribromophenoxyphenol, 11 — 2-(2,4-dibromophenoxy)phenol, 12 — 2,6-dibromophenol, 13 — styrene,
14 — 1,1’-(1,3-propanediyl)bisbenzene, 15 — styrene dimer, 16 — 1-phenylnaphthalene, 17 — styrene
trimer, 18 — 5’-phenyl-1,1":3'1"-terphenyl. 19 — toluene, 20 — ethylbenzene, 21 — isopropylbenzene,

Figure 6. Pyrolysis of hydrocarbon polymers and their mixtures with DBP: FT-IR spectra of the residues of

neat polymer (a) of polymer + DBP after extraction with dichloromethane.



Figure 7 Formation of radicals from pyrolysis of the systems under study.
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Table 1, Yield of fractions from pyrolysis of 2,4-dibromophenol with polymers (encapsulated ampoules, under

nitrogen)
Entry Composition Pyrolysis Yield # (wt,%) of
t(CC) time (min) gases oil residue water sol,
1 DBP (83,2 mg) 290 20 0 100 0
2 DBP (80,3 mg) 310 20 06 994 0
3 DBP (78,2 mg) 330 20 3 97 0
4 DBP (77,8 mg) 350 20 7 93 0
5 DBP (63,9 mg) 370 20 20 77 3
6 HDPE (72,0 mg) 370 20 0 0 100
7 LDPE (70,0 mg) 370 20 0 0 100
8 PBD (85,2 mg) 310 20 0 0 100
9 PS (60,9 mg) 350 20 0 100 0
10  PAN (49,2 mg) 310 20 5 0
11  PA-6 (76,6 mg) 370 20 0 11 89
12 PA-6,6 (84,9 mg) 370 20 11 4 85
13 DBP+HDPE=71,1+138(mg) 310 20 39 33 28
14 DBP+HDPE =70,1 + 12,0 (mg) 330 20 42 34 24
15 DBP+HDPE =76,1 + 11,9 (mg) 350 20 45 34 21
16 DBP+HDPE = 79,1 + 12,3 (mgQ) 370 20 43 36 21
17 DBP+LDPE = 74,8 + 13,8 (mQ) 290 20 0 52 48
18 DBP+LDPE =76,9 + 13,8 (mQ) 310 20 42 44 14
19 DBP+LDPE = 78,2 + 14,2 (mQ) 330 20 46 29 25
20 DBP+LDPE=74,7+133(mg) 350 20 43 34 23
21 DBP+LDPE = 79,6 + 12,2 (mQ) 370 20 47 37 16
22 DBP+PBD = 73,8 + 19,1 (mg) 270 20 0 40 60
23 DBP+PBD = 72,8 + 19,0 (mg) 290 20 33 32 35
24  DBP+PBD = 72,8 + 18,5 (mg) 310 20 37 31 32
25  DBP+PBD = 78,1 + 18,3 (mg) 330 20 38 34 28
26 DBP + PS =73,9 + 37,5 (mg) 330 20 21 79 0
27  DBP+PS=731+448 (mg) 350 20 305 69 05
28 DBP + PS = 74,4 + 36,8 (mgQ) 350 20 38 32 30
29  DBP +PS =732+ 357 (mg) 370 20 36 26 38
30 DBP + PS =73,9 + 38,5 (mgQ) 370 20 34 31 35
31  DBP+PA-6=76,7 + 20,5 (mg) 350 20 23 36 21 20
32 DBP+PA-6 = 77,7 + 25,7 (mQ) 370 20 20 32 26 22
33  DBP+PA-6 = 73,5 + 27,7 (mg) 370 26 16 35 29 20
34  DBP+PA-6 = 76,3 + 40,6 (Mg) 370 20 10 38 27 25
35 DBP+PA-6,6 =75,7+195(mg) 350 20 30 31 23 16
36 DBP+PA-6,6=76,3+21,9(mg) 370 20 27 34 21 18
37 DBP+PA-6,6=743+413(mg) 370 20 8 36 28 28
38 DBP+PAN = 79,5 + 18,7 (mg) 310 20 9 46,5 44 0,5
39  DBP+PAN = 72,7 + 22,6 (mg) 330 20 17 28 39 16

40 DBP+PAN = 74,6 + 24,4 (mg) 350 20 16 32 39 13




% of total N

% of total Br in the

Pyrolysis conditions

in the pyrolysis fractions pyrolysis
fractions

DBP  Polym. T Time Resi- H,0 Resi H,0

Entry components gases oil
due sol.  -due sol.
mo mo (°C) min

1 DBP 83,2 0 290 20 0 99 1 0 - -
2 DBP 80,3 0 310 20 1 97 2 0 - -
3 DBP 78,2 0 330 20 5 88 7 0 - -
4 DBP 77,8 0 350 20 11 89 0 0 - -
5 DBP 63,9 0 370 20 31 69 0 0 - -
13 DBP+HDPE 71,1 13,8 310 20 72 5 23 0 - -
14 DBP+HDPE 70,1 12,0 330 20 77 tr 23 0 - -
15 DBP+HDPE 76,1 11,9 350 20 81 tr 19 0 - -
16 DBP+HDPE 79,1 12,3 370 20 77 0 22 0 - -
17 DBP+LDPE 74,8 13,8 290 20 0 61 39 0 - -
18 DBP+LDPE 76,9 13,8 310 20 77 1 22 0 - -
19 DBP+LDPE 78,2 14,2 330 20 85 0 15 0 - -
20 DBP+LDPE 74,7 13,3 350 20 79 0 21 0 - -
21 DBP+LDPE 79,6 12,2 370 20 84 0 16 0 - -
22 DBP+PBD 73,8 19,1 270 20 0 51 49 0 - -
23 DBP+PBD 72,8 19,0 290 20 65 25 10 0 - -
24 DBP+PBD 72,8 18,5 310 20 72 16 12 0 - -
25 DBP+PBD 78,1 18,3 330 20 73 1 26 0 - -
26 DBP + PS 73,9 37,5 330 20 49 51 0 0 - -
27 DBP + PS 73,1 44,8 350 20 77 tr 23 0 - -
28 DBP + PS 74,4 36,8 350 20 88 tr 11 0 - -

29 DBP + PS 73,2 35,7 370 20 83 0 17 0 - -



30 DBP + PS 73,9 385 370 20 80 0 20 0 - -

31 DBP+PA-6 76,7 20,5 350 20 45 20 2 33 4 96
32 DBP+PA-6 77,7 25,7 370 20 35 1 26 38 0 100
33 DBP+PA-6 73,5 27,7 370 26 29 tr 35 36 14 85
34 DBP+PA-6 76,3 40,6 370 20 20 5 25 50 14 84
35 DBP+PA-6,6 75,7 19,5 350 20 59 4 12 26 9 91
35 DBP+PA-6,6 76,3 21,9 370 20 48 15 6 30 6 94
37 DBP+PA-6,6 74,3 41,3 370 20 17 14 12 57 9 91
38 DBP+PAN 79,5 18,7 310 20 17 80 3 tr 100  tr
39 DBP+PAN 72,7 22,6 330 20 35 23 15 27 21 79
40 DBP+PAN 74,6 24,4 350 20 33 30 15 22 39 61

Table 2. % of total Br and of total N in the fractions from the pyrolysis of 2,4-dibromophenol and its mixtures
with polymers (encapsulated ampoules, under nitrogen)



Table 3. % of total Br in the classes of compounds found in the pyrolysis oil of 2,4-dibromophenol and its
mixtures with polymers (encapsulated ampoules, under nitrogen) (tr=<0.5%)

% of total Br
Pyrolysis conditions
in the products of pyrolysis oil

Entry  components DBP  Polym. T Time  pgp?  MBP®  TBP®  other® POP®
mo mo (°C) min
1 DBP 83,2 0 290 20 85 tr 2 0 12
2 DBP 80,3 0 310 20 70 1 5 0 21
3 DBP 78,2 0 330 20 68 2 2 1° 15
4 DBP 77,8 0 350 20 55 5 27 3° 6
5 DBP 63,9 0 370 20 48 11 8 3° 0
13 DBP+HDPE 71,1 13,8 310 20 1 4 0 tr tr
14 DBP+HDPE 70,1 12,0 330 20 0 tr 0 0 tr
15 DBP+HDPE 76,1 11,9 350 20 0 tr 0 0 0
16 DBP+HDPE 79,1 12,3 370 20 0 tr 0 0 0
17 DBP+LDPE 74,80 13,8 290 20 54 1 1 0 5
18 DBP+LDPE 76,90 13,8 310 20 0 1 0 tre 0
19 DBP+LDPE 78,20 14,2 330 20 0 0 0 0 0
20 DBP+LDPE 74,70 13,3 350 20 0 0 0 0 0
21 DBP+LDPE 79,60 12,2 370 20 0 0 0 0 0
22 DBP+PBD 73,80 19,1 270 20 51 tr 0 0 0
23 DBP+PBD 72,80 19,0 290 20 5 20 0 0 0
24 DBP+PBD 72,80 18,5 310 20 1 15 0 0 0
25 DBP+PBD 78,10 18,3 330 20 tr 1 0 0 0
26 DBP + PS 73,90 37,5 330 20 37 14 0 0 0
27 DBP + PS 73,10 44,8 350 20 0 tr 0 0 0

28 DBP + PS 74,40 36,8 350 20 0 tr 0 0 0



29

30

31

32

33

34

35

36

37

38

39

40

DBP + PS

DBP + PS

DBP+PA-6
DBP+PA-6
DBP+PA-6

DBP+PA-6

DBP+PA-6,6
DBP+PA-6,6

DBP+PA-6,6

DBP+PAN
DBP+PAN

DBP+PAN

73,20

73,90

76,70
77,70
73,50

76,30

75,70
76,30

74,30

79,50
72,70

74,60

35,7

38,5

20,5
25,7
27,7

40,6

19,5
21,9

41,3

18,7
22,6

24,4

370

370

350

370

370

370

350

370

370

310

330

350

20

20

20

20

26

20

20

20

20

20

20

20

10

tr

14

10

19

21

tr

2*

°DBP dibromophenols

®MBP mono bromophenols

“TBP tribromophenols

Yother brominated (brominated hydrocarbons*, brominated dibenzodioxins®)

°POP brominated phenoxy phenols



Table 4 AH ,95:c for dissociation of bonds involving formation of radicals that can be formed by hydrogen
abstraction by the polymers under investigation

AH dissociation (298°C)

Bond Polymers containing that bond
kJ/mol

Allylic C-H 345 PBD

a-phenyl C-H 353 PS

a-nitrile C-H 362 PAN

a-amine C-H 364 *

tert- C-H 404 LDPE, PP

Methylene C-H 409 HDPE, LDPE, PS, PP

a-carbonyl C-H 411 PA-6, PA-6,6

*PA-6 and PA-6,6 contain an o.-amide C-H



Additional information

Table 1 Main degradation products in the pyrolysis oil of DBP and of its mixtures with p+DBP (Br=79 a.m.u.)

MW Ret. Time Compounds Molecular Structure MS attribution; Ref.
(min)
94 10.82 Phenol QOH Wiley and NBS MS
library
108 11.40 2-methylphenol QOH Wiley and NBS MS
library
172 11.52 2-bromophenol Br Wiley and NBS MS
@OH library
108 11.76 4-methylphenol ( > o Wiley and NBS MS
librar
122 12.81 2-ethylphenol Wiley and NBS MS
OH library
122 12.87 2-ethylphenol @OH Wiley and NBS MS
library
172 15.08 4-bromophenol 5 < > o Wiley and NBS MS
r
library
250 15.97 2,4-dibromophenol Br Wiley and NBS MS
Br@OH library
250 16.35 2,6-dibromophenol Br Wiley and NBS MS
QOH library
Br
150 16.54 4(1,1dimethyl Wiley and NBS MS
OH library
ethyl)phenol
312 19.59 1,3,5- Br. Wiley and NBS MS
tribromobenzene QBr library
Br
186 18.47 2-phenoxyphenol HO Wiley and NBS MS

O

library




MW Ret. Time Compounds Molecular Structure MS attribution; Ref.
(min)
358 19.63 1,3,5- Br Wiley and NBS MS
tribromophenol BFQOH library
Br
186 20.54 4-phenoxyphenol @—o < > o Wiley and NBS MS
library
342 24.25 2-(2,4-dibromo Assignation based
phenoxy)phenol on the MS pattern
[25]
418 25.09 Dibromodibenzo Br o) Bry [24]
dioxin @:O:@
X+y=3
342 25.99 4-(2,4-dibromo Br Assignation based
phenoxy)phenol BrOOGOH on the MS pattern
[25]
420  27.05 Tribromo Br O@Ey [25]
ol
phenoxyphenol
x+y=3
340 27.49 tetrabromodibenzo Br, o Bry [24]
B0
(¢
X+y=4
498  29.43 Tetrabromo Br, @EYOH Assignation based
phenoxyphenol @O on the MS pattern

[25]







Table 1, Yield of fractions from pyrolysis of 2,4-dibromophenol with polymers (encapsulated ampoules, under

nitrogen)
Entry Composition Pyrolysis Yield * (wt,%) of
t(CC) time (min) gases oil residue water sol,
1 DBP (83,2 mg) 290 20 0 100 0
2 DBP (80,3 mg) 310 20 0,6 994 0
3 DBP (78,2 mg) 330 20 3 97 0
4 DBP (77,8 mg) 350 20 7 93 0
5 DBP (63,9 mg) 370 20 20 77 3
6 HDPE (72,0 mg) 370 20 0 0 100
7 LDPE (70,0 mg) 370 20 0 0 100
8 PBD (85,2 mg) 310 20 0 0 100
9 PS (60,9 mg) 350 20 0 100 O
10  PAN (49,2 mg) 310 20 5 0
11 PA-6 (76,6 mg) 370 20 0 11 89
12 PA-6,6 (84,9 mg) 370 20 11 4 85
13 DBP+HDPE = 71,1 + 13,8 (mgQ) 310 20 39 33 28
14 DBP+HDPE =70,1 + 12,0 (mg) 330 20 42 34 24
15 DBP+HDPE = 76,1 + 11,9 (mg) 350 20 45 34 21
16 DBP+HDPE =79,1 + 12,3 (mgQ) 370 20 43 36 21
17  DBP+LDPE=74,8+138(mg) 290 20 0 52 48
18 DBP+LDPE = 76,9 + 13,8 (mQ) 310 20 42 44 14
19 DBP+LDPE = 78,2 + 14,2 (mQ) 330 20 46 29 25
20 DBP+LDPE = 74,7 + 13,3 (mQ) 350 20 43 34 23
21 DBP+LDPE =79,6 + 12,2 (mQ) 370 20 47 37 16
22 DBP+PBD =73,8 + 19,1 (mg) 270 20 0 40 60
23 DBP+PBD = 72,8 + 19,0 (mg) 290 20 33 32 35
24 DBP+PBD =72,8 + 18,5 (mg) 310 20 37 31 32
25 DBP+PBD = 78,1 + 18,3 (mgQ) 330 20 38 34 28
26  DBP +PS =739+ 37,5 (mg) 330 20 21 79 0
27 DBP + PS = 73,1 + 44,8 (mg) 350 20 30,5 69 0,5
28  DBP +PS =744 + 36,8 (Mg) 350 20 38 32 30
29 DBP + PS =73,2 + 35,7 (mgQ) 370 20 36 26 38
30 DBP + PS =73,9 + 38,5 (mgQ) 370 20 34 31 35
31  DBP+PA-6 = 76,7 + 20,5 (mg) 350 20 23 36 21 20
32 DBP+PA-6 = 77,7 + 25,7 (mQ) 370 20 20 32 26 22
33  DBP+PA-6 = 73,5 + 27,7 (mg) 370 26 16 35 29 20
34 DBP+PA-6 = 76,3 + 40,6 (mQ) 370 20 10 38 27 25
35 DBP+PA-6,6=757+195(mg) 350 20 30 31 23 16
36 DBP+PA-6,6 = 76,3 + 21,9 (mQ) 370 20 27 34 21 18
37 DBP+PA-6,6 = 74,3 + 41,3 (mQ) 370 20 8 36 28 28
38 DBP+PAN = 79,5 + 18,7 (mg) 310 20 9 46,5 44 0,5
39 DBP+PAN = 72,7 + 22,6 (mQ) 330 20 17 28 39 16

40 DBP+PAN = 74,6 + 24,4 (mg) 350 20 16 32 39 13







