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Abstract

Simultaneous thermogravimetry-mass spectrometmdiestuof a pyrolytic decomposition of
mixtures of different plastic wastes/coking coalrevearried out. The investigation was
performed at temperatures up to 1000°C in a hetitmosphere under dynamic conditions at
a heating rate of 25 °C/min. Five thermoplasticsnmonly found in municipal wastes: low
density polyethylene (LDPE), high density polyedng (HDPE), polypropylene (PP),
polystyrene (PS), polyethylene terephthalate (P& a plastic mixture rich in polyolefins
were selected. Thermogravimetric parameters, tegewith different characteristic ion
fragments from selected libraries of evolving praguduring the co-pyrolysis process were
monitored, such as hydrogen, £€@nd aliphatic and aromatic hydrocarbons. Basethen
results obtained, a synergistic effect between apdlindividual residues has been found. The
maximum interaction occurs at temperatures clogbeganaximum release of volatile matter
of the plastic waste. There is a delay in the dgmusiion of the plastics that together with the
changes in the composition of the volatile matteslwed, promote interactions between the
components and have negative effects on coal fjuifihe polyolefinic wastes (HDPE, LDPE
and PP) degrade at temperatures close to that xifmam coal degradation, modifying the
thermal behaviour of the coal to a lesser degremveiter, PS and PET, that release their

volatile matter mostly in the early stage of thaladecomposition, show a more pronounced
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influence on the thermal behaviour. Moreover, tietic data demonstrates that the addition
of polyolefins increases the energy required toate pyrolysis compared to PS and PEIT
of these results agree with the fact that polynkefeduce coal fluidity in a more moderate way

than PET and PS.
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1. Introduction

Currently co-pyrolysis of single or mixed plastwgh fossil fuels (coal and petroleum) are
being investigated in order to recover chemicalpaatially replace fossil fuels in well-
established industrial conversion processes andottribute to the protection of the
environmenby reducing the volume of waste [1-3]. Among thiedent routes based on co-
pyrolysis, an environmental friendly alternativetige co-processing of coking coals with
plastics from municipal wastes [4-6]. Previous stigations have shown the addition of
certain plastic wastes, such as polyolefins, inllsanaounts (< 5%) does not affect coke quality
[4, 7]. Therefore, the co-processing of coking saaith plastics from municipal wastes for
metallurgical coke production has been implemeateddustrial scale [8, 9]. The composition
of the plastic waste added has been shown to hecalcfactor in controlling the effect on the
coal thermoplastic properties, coking pressure @& during coking process and the
structure and properties of metallurgical cokel@.12]. It is well known that the addition of
plastic wastes to coal reduces the coal fluiditl, [13 and 14]. It is important to note that the
quality of the obtained coke can be affected bydingree of fluidity reduction. Depending on
the different structure and thermal behaviour @& fhastics contained in municipal wastes

added to coking coals, the opposite effects hawmn lmbserved. Polyolefins cause a slight



decrease in fluid coal properties [13-17], improvenaintain coke strength and reactivity and
increase the wall pressure generated during cakin extremely high values [4]. However,
aromatic polymers such as PET and PS, which argttbegest modifiers of coal fluidity [14],
cause deterioration in coke reactivity towards,@@d help to balance the wall pressure [10-
12].

Several researchers have studied co-pyrolysis af and plastic waste focusing on the
interaction between coal and plastic in order tplar the different effects on the fluidity of
the coal [10-14]. Due to the fact that the plagtioperties of a coal can be expressed by
parameters derived from thermogravimetric analfBGA) [18-19], TGA has been used in
many works [16-17]. However, few researchers focusedhandistribution of the volatile
species released [13]. Therefore, the purposei®ptper is to make a contribution in which
to further understand the phenomena that cause thedity changes, based on TGA and on
the distribution of the volatile species evolved.cémparison of the thermal and kinetic
behaviours between individual raw materials andnihéures, by means of TG-MS, has been
carried out. The synergistic effect between coal pllastic wastes during pyrolysis has also
been studied in order to predict interactions thay occur. To complete the thermal study,
different compounds that evolved during the pyrislygocess were studied by spectrometric
analysis. These compounds will be important inrde§f chemical and physical changes of the

coal during the pyrolysis, and, therefore, of tifeecent carbonization stages.

2. Materials and Methods

2.1 Raw materials

An industrial coal blend (PA) used in industriah&t-furnace coke production was selected for
preparing the mixtures with several plastics. Tre@mtharacteristics of this coal blend are

shown in Table 1. The Gieseler maximum fluiditytbfs coal blend (214 ddpm) is in the



optimal range of fluidity for coking coals [ROThe maximum fluidity for the coal blend and
its mixtures with the different wastes (in an amooin5 wt. %) were measured using a R.B.
Automazione PL2000 Gieseler plastometer, followiimg ASTM D2639 standard procedure
(Table 1). Fluidity, in dial divisions per minutddpm), as a function of the temperature was
measured on a compacted sample (5 g, <0.425 mixe while the sample was heated from
340 to 560 °C at a heating rate of 3 °C/min. Thizsda are shown in Figure 1.

The most common thermoplastics present in munieyaaites were selected in this study and
added to the coal in an amount of 5 wt. %: highlamddensity polyethylene (HDPE, LDPE),
polypropylene (PP), polystyrene (PS) and polyetigleerephthalate (PET). Additionally, a
plastic mixture was also used (PM). The compositbthe mixed plastic waste PM rich in
polyolefins is 70 wt. % HDPE, 20 wt. % PP, 5 % LDRE %, 5 wt. % PET and <1 wt. %
cellulose. Proximate and ultimate analyses of thstigc wastes used in this study are described
in Table 1. It is worthwhile to note the higher asimtent of LDPE. LDPE used in this study
comes from agricultural greenhouse films; therefdseash content not only comes from the
mineral matter present in the plastic waste, &a &lom any soil contamination.

LDPE, HDPE, PP and PS were supplied by REPSOL-YRHRFewhe plastic mixture was
provided by the Spanish recycling company Abornasa.

In the text, the coal blend is mostly referreditoy as coal, and coal/plastic mixture refers

to the mixture of the coal blend with a plastic teas

2.2 Thermogravimetric analysis

The powdered samples of the coal, individual ptastistes and different coal /plastic mixtures
were subjected to TGA in a simultaneous TA Instmirf@DT2960 analyser. About 7 mg <
0.212 mm size of the individual plastic wastes wezated from room temperature up to 600

°C at a heating rate of 25 °C miilusing helium as a carrier gas in order to swedpmi



volatile products (flow rate 100 mil/min). For theat and coal/plastic mixtures, the final
temperature of the TGA was 1000°C. The followingapeeters are derived from this test; on
one hand the temperature at which the maximumagele&volatile matter takes place on the
basis of the DTG curves (Tmax); and on the othadhhe initial and final temperatures of the
carbonization process (temperatures at 2 % and 88ddnversion respectively).
Thermogravimetric-mass spectrometric analysis (T&)}Mf the coal/plastic mixtures were
carried out by coupling a quadrupole mass spectiem(Balzers, Thermostar GSD-300T) to
the thermobalance. A fused silica transfer linadeat 200 °C was used to avoid condensation.
The evolution of the temperature of the evolvedegas products and the intensity of the
selected ion fragments were monitored together with thermogravimetric parameters at

different times.

2.3. Kinetic study

The kinetic parameters, activation energy and gpeeential factor of coal and plastic wastes
pyrolysis were determined by the integral methods bssumed that solid fuel pyrolysis is a
first order reaction. This assumption has been domeevious studies with coal, biomass or
plastics [21-26].

Therefore, the devolatilization rates to be detasdi follow first-order reaction based
Arrhenius theory and so the kinetics of the reactice described as:

dx/dt = A exp (-E/RT) eq (1)

Where A is a pre-exponential factor (M)nE is activation energy (J/mol), R is the uniatrs
gas constant (R= 8.314 JmoK™?), T is the thermodynamic temperature (K) and xhis
pyrolysis conversion, which can be calculated #evis:

X = (mo-my)/(mo-m¥)  eq (2)



Where m is the initial mass of the sample; isithe sample mass at time t during the thermal
degradation and nis the final mass at the end of the pyrolysis.

For a constant heating rafg,during pyrolysisp= dT/dt; Therefore, eq (1) after integration
can be transformed into:

In (-In (1-x)/T?) = In (ARBE (1-2RT/E)) —E/RT  eq (3)

It can be demonstrated that for most values ofdEfanthe temperature range of the pyrolysis,
the expression In (ARE (1-2RT/E)) in Eq (3) is constant. Therefore hié fleft side of the eq
(3) is plotted versus 1/T, a straight line can béamed. The activation energy, E, can be
calculated from the slope of the line, E/R. In &iddi the pre-exponential factor, A, can be

calculated from the y-intercept of the line.

3. Results and discussion

3.1. Thermal behaviour of the coal and the coal-pktic mixtures

Figure 2 shows the DTG curves of the plastic wathtaswere tested and Table 2 summarizes
the initial and final temperatures of volatile neat{\VVM) released (T initial and T final
respectively) and the temperature at which the mam release of VM takes place (Tmax) on
the basis of the DTG curves.

Plastic wastes differ in their thermostability; ithemass loss occurs in a single step and in a
narrow temperature range. Polyolefins (HDPE, LDP&d &PP) have the narrowest
decomposition temperature ranges (lower than 90 86le 2), whereas the degradation of PS
and PET and the blend PM shows a wider temperatteesal (> 100 °C).

The degradation starts between 380 °C for PS amd°@3for LDPE and finishes at a
temperature between 483°C for PS and 513 °C forH.Ofermal degradation of plastic
wastes, under the experimental conditions appjietds a small amount of residue (less than

8 wt. %). However, PET generates higher amounbld svaste, 17.4 wt. %. Additionally, it



is important to note that the LDPE solid produc6(#t. %) is higher if it is compared with the
other two polyolefins. This fact is related to a@sgin. This residue comes from agriculture,
and as mentioned above, it contains a small anafunbrganic material that remains as solid
waste after pyrolysis.

The temperature of maximum evolution of pyrolysisducts (Tmax) of single plastics varies
in the following order: PS<PET<PP<LDPE<HDPE (Tal Tmax shows that the
decomposition of plastic wastes is determined Iy lthks of the polymer chain. Thus,
polymers such as polyethylene (LDPE and HDPE) aveerthermally stable (higher Tmax)
than those containing ethylene groups replaced éthytene (PP) or phenyl groups (PS) and
also by units containing oxygenated groups andgnph(PET).

The plastic blend, PM, shows an asymmetric DTG pattka Tmax at 466 °C, corresponding
to polyolefins present in its composition. The wiidamatter released up to 400° C corresponds
to the degradation of cellulose. The position & IDITGmax of the plastic mixture PM, is
slightly lower than would be expected from its casition (70 wt. % HDPE, 20 wt. % PP, 5
wt. % LDPE and 5 wt. % PET). The Tmax value is tedeébetween PP (475 °C) and PET (449
°C) (Table 2). This may be due to interactions leetwdifferent polymers of the residue leading
to a faster decomposition rate during the pyrolysis

The DTG curves of the coal PA and their mixturethwie different plastic wastes are shown
in Figure 3. Coal and the plastic wastes behaverdifitly (Figure 2 and 3). As it is shown in
Table 3, thermal degradation of coal starts at sxatpres below those of plastic wastes (286°
C), and decomposes in a wider temperature rande€ ®p In addition, the DTG profile of the
coal shows a main peak at 505 °C, which is alsavshim blends containing the three
polyolefins (HDPE, LDPE and PP) (Figure 3).

Under the pyrolysis conditions applied, polyolefihave the narrowest decomposition

temperature ranges with a Tmax inside the theregiatiation of the macromolecular network



of the coal, whereas the degradation of PS andtBIEEE place close to the early stages of coal
decomposition (Table 2 and 3). An examination effiT G profiles of the mixtures shows that
blends with HDPE, LDPE and PP present a single peéaktemperature slightly lower than
that of the coal PA (495-499 vs. 505 °C). Howewdren PS and PET are added to coal, these
mixtures present a bimodal evolution of volatilegh the first peak being attributed to plastic
decomposition and the high-temperature peak todmabdlatilization.

When comparing the profiles of the coal/plastic tmigs and the corresponding plastic, a shift
in the evolution of volatiles towards a higher targiure can be clearly observed (Table 2 and
3). This suggests that some degree of physicathanhical interaction may occur during the
co-pyrolysis of plastics with coal [5, 15].

The presence of plastic wastes in the mixturesradiyeaffects coal thermoplasticity. Figure
1 shows that Gieseler maximum fluidity of coal éeses with the presence of plastic wastes.
The presence of PS and PET strongly reduces eodityl (Figure 1). Interactions responsible
for these alterations may be physical or chemiBdiysical interactions can occur by reducing
internal plasticity of the components of coal fhile chemical interactions include hydrogen
transfer reactions, causing fluidity decreaseefdlditive is hydrogen acceptor [15].

In order to study these interactions between plasdiste and coal, the weight loss during the
co-pyrolysis was estimated from individual therrbahaviour of coal and the different plastic
wastes. Figure 4 shows the difference between dheeg of the loss mass experimental and
estimated AW), expressed in percent, in the course of theyrolpsis. For all the mixtures,
AW is practically constant (less than 0.4 %) up@6°4C, as the plastics and coal have hardly
begun to decompose and therefore there are ndopmssieractions between them.

In all mixtures, a significant interaction is obged between 400 and 530 °C, while the last
stage of degradation (T > 530°C) is less affedthdse results mean that the highest interaction

between coal and plastic waste is produced nexth@éaemperatures of maximum volatile



matter evolution of plastic residues. Temperatw@sesponding to the maximuxiw are
always higher than the Tmax decomposition of tlividual plastics, which also suggests a
delay in the evolution of volatile matter. Thisimsagreement with previous results [4, 13]
where after the examination of the semicokes by SEMas deduced that the degradation of
some plastics such as, LDPE, HDPE, PP and PETrresthe blend with coal was delayed,
affecting the volatile matter release. The variadifor the polyolefins (HPDE, LDPE and PP)
are less pronounced; however, they are clear ircédse of PS, PET and PM. According to
Figure 4, maximum for the mixtures of coal with PET and PM are 443, 456 and 480° C
respectively, whereas the Tmax values for eachvithdal plastic are 441 °C (PS), 449 °C
(PET) and 466°C (PM) (Table 2).

PM shows the highest difference of weight loss @etage, between experimental and
theoretical ones. The synergistic effect for trespt mixture is higher than that for the single

plastic wastes.

PP is the polyolefin that shows the maximum inteoacduring the co-pyrolysis. This can be
due to the fact that PP has additionalz@irbups, which decrease the thermal stability ef th
plastic, affecting the breaking of C-C bonds.

The results indicate that there is a synergism éetwcoal and plastic waste during co-
pyrolysis. The mechanism of this synergistic effectot very clear. It seems that when plastic
decomposition via radical chain reactions occurselto the early stages of the decomposition
of the coal macromolecular network, there is greap@ortunity for the small size species from
coal decomposition to volatilize and then to béisiteed by hydrogen transfer or cross-linking
reactions. These small species are responsiblihéodevelopment and maintenance of coal
fluidity. As a consequence of the stabilizationtbése molecules, the fluidity decreases
drastically. PS and PET are good examples of stnoodjfiers of coal thermal behaviour [15-

17, 27]. They decrease the fluidity of the coal givé rise to more disordered carbon structures



in the semicokes [5, 13, 15, 28 and 29]. HoweVdhea degradation products of the plastics
are evolved close to the range of maximum evolutbwolatiles from the coal, when the
maximum amount of gas and tar is produced andiBo#iion sets in, the decomposition
products from plastic will be trapped in the cogdysis system and, then, incorporated into
the semicoke [4, 11, 14 and 15]. As observed inTiBA, this behaviour is exhibited by the

polyolefins, which overlap over a wide intervalaafal degradation.

3.2. Kinetic parameters

Table 4 shows the kinetic parameters and theietairon coefficients for the individual plastic
wastes and the mixture, PM. For the plastic wasitespyrolysis process can be described by
one first order reaction (Table 4) with correlatitactors (R) between 0.993 and 0.999.
However, for PA and its mixtures with the differg@fastic wastes, the process can be described
as four consecutive first order reactions, asshiswn in Figure 5.

The three polyolefins (HDPE, LDPE and PP) presanactivation energy ranging between
303 and 322 kJ mo) while the activation energy for PS and PET isdo{247 and 274 kJ
mol?, respectively) (Table 4). This is in agreementhwihe thermogravimetric results that
show that polyolefins are more stable in thermardéation than PS and PET due to the
presence of oxygen atoms and/or aromatic structarése composition of these last two
plastics. The plastic blend PM presents the loaesstation energy, 190 kJ mblalthough its
main component is the HDPE, which presents thedsiglactivation energy. This lower
activation energy reflects the interaction thasexbetween the different components of the
residue. It is possible that the less stable potyoagises destabilization of the more stable
polymer. Miranda et giB0] conclude that when the E of the plastics islamthe behaviour

of the plastic blend results in a decrease of tbétke more stable polymers due to a hydrogen

transfer from the more stable polymer towards #ukcal of the less stable polymers.
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Figure 5 shows the pyrolysis mechanisms of theR&alLn (-In (1-x)/T) vs. 1/T. This process
can be divided in four consecutive first-order temts. In this work, the kinetic parameters of
the different stages were obtained individuallyhwtite conversion, x, calculated for each stage.
Table 5 shows the kinetic parameters of the codlismixtures with the different plastic
wastes.

It is difficult to describe all of the mechanismss/olved in the coal pyrolysis. The highly
heterogeneous nature of the coal results in maltipterogeneous chemical reactions.
Therefore, a general description of each regimebagilgiven. In the first stage (temperature <
210°C), the coal releases water. After that, aperatures between 215 and 409 °C, the pre-
plastic stage takes place. The three-dimensiomattste of carbon starts to open (pore
formation) and gas starts to be released from tila¢ @s CQ, H> and other low molecular
weight hydrocarbons. At these low temperatures sinmo weight loss occurred and the
activation energy is low (56 and 59 kJ/mol) (TabjeBetween 414 and 525 ° C the key step
in the carbonization process occurs, called thstiglatage of the coal. In this key stage the
coal starts to soften. The fluidity of the systerareases with the temperature until it reaches
a maximum value. The enhanced mobility of the mdies results in intermolecular
condensation reactions of aromatic compounds. iB glastic stage, the volatile matter is
mainly composed by condensable gases (tar) andomensable gases (CO, £&nd light
hydrocarbons, mainly CKH C:Hs and GHa). It must be taken into account that during this
period the coal suffers the highest mass loss (Eiguand the main properties of the resultant
coke are determined at this stage. This stagemetiee highest activation energy (194 kJ/mol)
and pre-exponential factor (2.1 E+14) (Table 5).

After maximum fluidity attained, the viscosity imases and coal resolidifies into semicoke
that with further pyrolysis, transforms into higintperature coke. During this last stage (530-

986°C) the condensation of higher molecular weggltistances to yield coke takes place in
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addition to the elimination of hydrogen, which Isareleased as gas from the coal particle.
The activation energy shows the lowest value (281&l).

Similar results were obtained when In (-In (1-¥)/Was plotted vs. 1/T for the coal/plastic
mixtures selected. As an example, Figure 6 showgtaphs obtained for the PA-5LDPE and
PA-5PS. It seems that for the coal/plastic mixtuties pyrolysis mechanism is dominated by
the main component, the coal PA. Activation energikethe first two stages and the last one
for the coal/plastic mixtures, suffer almost noiatons with regard to coal activation energy
(Table 5). This is due to the fact that during thetages the main weight loss comes from the
coal. However, some differences are shown in thel tetage (Table 5) and therefore
differences in the mechanism that controls theywwolpsis. As it was mentioned before, during
this stage the main chemical reaction that wilketffthe final product obtained, takes place.
The energy required to start the pyrolysis reastiohcoal/polyolefin mixtures is higher than
that for the blends coal/PS and coal/PET.

The activation energies for the mixtures of thel gath PS and PET are even lower than that
for the coal PA (194 kJ/mol vs 170 kJ/mol-163 kd)nfdable 5). Therefore, the presence of
PS and PET in the blend promotes the pyrolysis i&zadtion.

When the mixture PM is added to the coal, the attm energy (209 kJ/mol) is higher than
the required energy of the individual coal (194ndl) and the individual residue PM (190

kJ/mol). This agrees with the existing synergism.

3.3 Thermogravimetric-mass spectrometric analysisT(G-MS)

The interactions between the coal and plasticalaeinfluenced by the chemical composition
of the volatile matter. By means of TG-MS analysis possible to study how the presence of
plastic waste affects the volatile species evolshedng co-pyrolysis (non-condensable, such

as, B, CQO, or light hydrocarbons). Therefore, a comparisas been made between gas
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products from the coking coal PA (reference samale) the gas products released by the

coal/plastic mixtures.

The ion fragment signals presented in Table 6 sgmtedifferent families of compounds that
were monitored during the co-pyrolysigable 7 shows the maximum evolution temperature
for the fragments monitored, for the coal PA andtifie different coal/plastic mixtures.

Due to the complexity of the evolved gas produatsemi-quantitative analysis based on the
comparison of the integrated peak areas of thaespewnitored was carried out.

Figure 7 shows the DTG curve of the coal, the evmbuof the methane, followed by m/z 15,
and the evolution of the hydrogen (m/z 2). Methand hydrogen are the non-condensable
gaseous products produced in greater proportioav&d50 °C, methane is the most abundant
hydrocarbon during the pyrolysis of the coal asanixtures with plastics. Methane generation,
followed by m/z 15, is due to dealkylation reactonf the carbonaceous matrix and
hydrocarbon chains from the polymers. It is accamgzhby the release of other aliphatic and
aromatic hydrocarbons.

The temperature of maximum evolution of hydrogerg, &) occurs in a narrow temperature
range between 782 and 789 °C (Table 7), regartiiegdastic residue added. Hydrogen release
is due to the aromatic condensation, polymerizatieactions and the decomposition of
heterocyclic compounds that occur in the post-astd consolidation stages, from 500-1000
°C [31].

Paraffinic and olefinic fragments evolve in the pErature range between 498 to 553 °C (Table
7). The temperature of maximum evolution of theaffaric and olefinic fragments differs
depending on the plastic waste added to the bleadthe alkyl fragments, in general this
temperature slightly decreases as the number @ooaatoms present in the hydrocarbon
increases. In most of the blends containing plastite maximum temperature of hydrocarbons

occurs at lower temperatures than that for the Bda{Table 7).
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There are not significant variations in the maximtemperature of evolution of aromatic
fragments followed by the ions m/z 77, 78 and 9ih whe exception of the mixture with PS.
In this sample the release of the aromatic fragm&akes place at lower temperatures than
those of the coal (468-471 °C vs 508-518 °C) (T@hle

When the composition of the light pyrolysis produétom the coal and its mixtures with
plastics are compared, some relevant featureshasgns These results are derived from the
normalised areas of the corresponding peaks tafhgtdrogen. The addition of plastics to the
coal (i) promotes an increase of the amount of dyein with respect to that of methane, which
indicates greater aromatic condensation and -irgral intermolecular rearrangements; (ii)
promotes a higher amount of aliphatic compounds f@ to C; in the form of both alkanes
and alkenes; (iii) and also promotes a higher mattiparaffin/olefin, with the exception of the
PA5SPS mixture (Figure 8).

As a consequence of the polymer structure, bleratkerap of PS and PET behave in a different
way to polyolefins. Mixtures with PS and PET (pobms containing aromatic rings in their
structure) increase the proportion of aromaticriragts, especially in the case of PS. This is
because their main degradation products are stgmetethylbenzene [32].While the addition
of polyolefins promotes an increase of aliphatianpounds .This is confirmed by the
relationships between the fragments from saturltetiocarbons (43, 57) and those from
aromatic structures (77, 78, 91) (Figure 9).

Therefore, the addition of polyolefin wastes fawotire formation of saturated hydrocarbons
and unsaturated short chain (number of C aterd3 that become part of the gas or tar. A
higher content of GC4 hydrocarbons in the gas increases its calorifices§83].

As expected, the addition of oxygen-containing pwys such as PET increases the,CO
content in the gas (Figure 10) that is releasddvattemperatures of approximately 465 and

633 °C.
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PS also produces C@espite not having oxygen in its composition. Tgosymer negatively
affects the development of coal fluidity [10, 141&819] causing crosslinking reactions between

oxygen function in the early stages of the pyraysiocess.

4. Conclusions

The thermal degradation of additives added to tfa earies according to its nature, structure
and composition, as reflected in the temperaturaa{imum evolution of volatile matter and
on the decomposition temperature ranges.

It seems that there is a synergistic effect betveeah and individual residues. In general, the
co-pyrolysis process seems to be faster, occuinng narrower temperature range. The
maximum interaction between the coal and plastocsi close to the temperature at which
maximum release of plastic volatile matter takesx@l Additionally, a delay in the evolution
of volatile species from the plastics is observé@mthey are blended with the coal.

The shift of the evolution of volatiles from plastitoward higher temperatures, and therefore
the greater overlap between coal and residuesexyagin the fluidity reduction caused by the
addition of plastic wastes. Polyolefins degradteatperatures close to the degradation of the
three-dimensional structure of coal, modifying tiesser degree the thermal behaviour of the
coal. However, PS and PET degradation occurs a&ahyg stage of coal decomposition, having
a more pronounced effect. Moreover, the kinetiadi@monstrates that the activation energies
for the polyolefins pyrolysis are higher than thésePS and PET. These results are coherent
with previous results that show polyolefins redaoal fluidity in a more moderate way than
PS and PET [13-14].

On the other hand, the relative proportion andiéneperature of emission of light gases such
as hydrogen, methane, aliphatic hydrocarbons wattodour carbon atoms (including paraffin

and olefin pairs), aromatic hydrocarbons and cautioride is consistent with the functional
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groups of the plastic added to the coal. The theerents during co-pyrolysis and the chemical
families of compounds in the gas are in agreemdht the modification of the coal fluidity,
the degree of ordering of the carbon structure@@bsemicokes and the evolution of gas pressure

during the coking process.
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Figure 1. Gieseler maximum fluidity of the coal ahd coal/plastic mixtures.
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Figure 2. DTG curves of the plastic wastes

80 -

w w
o o -
Ao nw=
JIaodaoan
[ ]
)
T
I I I I I I I
O o o o o o o
N © O I ® W« «

(ulw/9e) ©1a s1sem onse|d

300 350 400 450 500 550 600
Temperature (°C)

250

18



Figure 3. DTG curves of the coal (PA) and the gastic mixtures
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Figure 4. Variation of the differences between expental mass loss and calculated daw&/)
for coal/plastic mixtures
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Figure 5. Plot of In (-In (1-x)/3) against 1/T for the coal (PA)
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Figure 6. Plots of In (-In (1-x)#) against 1/T for coal/LDPE and coal/PS mixtures
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Figure 7. DTG Curve and profile of the ions m/22*) and m/z 15 (Ckt) of the coal PA.
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Figure 8. Variation of hydrocarbons evolved durihg pyrolysis of the coal blend PA and its

mixtures with the different plastic waste
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Figure 9.Relations between aliphatic and aromatic fragmfemtsoal/plastic waste mixtures
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Figure 10. Relations between €&nhd Hfragments for coal/plastic waste mixtures
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Table 1. Analysis of the coal blend (PA) and ptasttudied

Proximate analysis Ultimate analysis
(wt % d.b.)* (wt % d.a.f.)**

Sample | Ash Volatile matter C H N S @)
PA 9.0 23.8 900 54 18 0.7 2.1
LDPE 4.3 924 81.0 145 0.0 0.1 0.1
HDPE 1.0 990.1 844 142 0.1 0.0 0.3
PP 0.0 97.7 853 144 0.1 0.0 0.2
PS 1.3 94.9 904 83 0.0 00 0.¢
PET <0.1 82.6 63.0 42 00 00 328
PM 1.8 97.5 814 120 0.1 0.0 4.7

*d.b. dry basis; **d.a.f. dry ash free
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Table 2. Thermogravimetric data of plastic samples

LDPE HDPE PP PS PET PM
Ti (°C)2 436 425 410 380 401 389
Tf (°C)P 513 512 499 483 503 497
Tf-Ti (°C) 77 87 89 103 102 108
Tmax (°C)° 490 491 475 441 449 466
DTG max (%/min)d | 59.3 69.8 629 595  49.7 41.8
Residue (%) 76 09 2.3 5.1 17.4 2.5

aTi, temperature at 2 % conversion.
b Tf, temperature at 98 % conversion.
¢ Tmax, temperature of maximum volatile matter reéeh

d DTGmax, maximum rate of volatile matter evolution.




Table 3. Thermogravimetric data of coal blend (RAJ coal/plastic samples

PA PA-5LDPE PA-5HDPE PA-5PP PA-5PS PA-5PET PA-5PM
Ti (°C) 286 295 312 273 278 299 285
Tf (°C) 947 896 907 895 891 912 899
Tf-Ti (°C) 661 601 595 622 613 613 614
Tmax 1 (°C) - - - - 461 450 -
Tmax 2 (°C) 505 496 499 495 501 503 499
DTG max 1 (%/min) | - - - - 5.2 4.0 -
DTG max 2 (%/min) |3.9 12.8 8.1 1.7 4.4 4.1 7.6
Residue (%) 75.7 70.7 72.0 70.2 70.3 71.4 70.8
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Table 4. Kinetic parameters for pyrolysis of plasiudied

LDPE  HDPE PP PS PET PM
E (kJ/mol) 314 322 303 247 274 190

A (min) 5.3E+22 1.8E+23 2.7E+22 1.1E+19 7.9E+20 3.2EA
R2 0.999 0.996 0.999 0.993 0.997 0.99¢

30
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Table 5. Kinetic parameters for pyrolyisis of colnd (PA) and coal/plastic mixtures

Sample Temperature (°C) E (kJ/mol) A (min-t) R?
125-210 56 29E+07 0.979
PA 215-409 59 29E+05 0.98B
414-525 194 2.1E+14  0.98B
530-986 28 2.7E+01 0.96pD
125-210 54 2.0E+07 0.989
PA-5LDPE 216-409 57 1.9E+05 0.98p
413-519 212 4.3E+15 0.98p
523-978 30 5.5E+01 0.964
125-205 52 1.1E+07  0.98}
PA-SHDPE 212-409 60 3.9E+05 0.988
415-519 211 3.0E+15 0.991L
520-978 28 3.9E+01 0.972
125-205 52 1.0E+07 0.98p
PA-5PP 212-409 50 4.2E+04  0.981
413-520 213 4.4E+15 0.98B
525-998 30 5.0E+01 0.98L
125-210 56 2.7E+07  0.98y
PA-5PS 215-404 51 3.5E+04  0.986
414-519 170 3.3E+12 0.981L
526-998 39 1.7E+02 0.98p
125-210 54 1.9E+07 0.97H
PA-S5PET 215-404 57 1.6E+05 0.988
414-519 163 1.7E+12 0.971L
526-998 27 3.5E+01 0.988
125-210 57 3.9E+07 0.97y
PA-5PM 215-404 55 1.2E+05 0.98}
414-519 209 2.2E+15  0.98)
520-978 28 4.1E+01 0.98p
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Table 6. lon fragments monitored by TG-MS analysis

m/z Assignment

2 Ho*

15 Ch"

29,43,57 Alkane series:»Bs",CsH7",CaHg"...CaHon+1"
27,41,55 Alkene series:;B83",CsHs*,CaH7*...ChHan1"
77,78,91 Aromatic series:sBs*,CeHs*,C7H7*

44 oley
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Table 7. Maximum evolution temperature for the fiiagments monitored.

PA PA- PA- PA- PA- PA- PA-

5LDPE 5HDPE 5PP 5PS 5PET 5PM
Tmax m/z 2 786 786 782 785 788 780 789
Tmax m/z 15 549 547 544 548 543 553 546
Tmax m/z 29 511 507 502 505 503 508 506
Tmax m/z 43 503 504 502 503 503 503 504
Tmax m/z 57 501 501 499 498 498 503 504
Tmax m/z 27 516 512 509 505 516 513 509
Tmax m/z 41 503 504 504 500 508 508 508
Tmax m/z 55 501 504 502 498 503 503 501
Tmax m/z 77 508 512 512 508 471 503 509
Tmax m/z 78 529 527 522 520 466 508 556
Tmax m/z 91 518 524 527 520 468 518 529

Tmax1l m/z 44| 353 - - - - 465 -
Tmax2 m/z 44| 508 519 517 513 518 633 529
Tmax3 m/z 44 - 687 642 660 696 698 674
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Highlights

Plastics thermal degradation varies accordingstetiucture and composition

A synergistic effect exists between coal and irdinal plastic wastes

Evolution of the plastics volatile matter is deldyghen they are blended with coal

There is agreement between compound chemical &srald coal fluidity modifications
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