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A B S T R A C T

Pyrolysis techniques provide an interesting way of recycling plastic wastes (PW) by transforming them into liquid
fuels with high calorific values. Catalysts are employed in PW pyrolysis in order to favor cracking reactions; in
that regard, cheap and abundant natural resources are being investigated as potential catalyst precursors. This
article explores the pyrolysis of low-density polyethylene (LDPE) in a semibatch reactor under a reduced pressure
of 300 torr and temperatures in the range of 370 �C–430 �C. Three different solid materials, an activated carbon
(AC1), a commercial Fluid cracking catalyst (FCC) and an aluminum- pillared clay (Al-PILC), were tested as
catalysts for the pyrolysis process. Thermogravimetric analyzes were previously performed to select the most
catalytically active materials. AC1 displayed very low catalytic activity while FCC and Al-PILC displayed high
activity and conversion to liquid products. Hydrocarbons ranging from C5 to C28 were identified in the liquid
products as well as significant changes in their composition when FCC and Al-PILC catalyst were used. Differences
in the catalytic activity of the 3 solid materials are ascribed mainly to differences in their acid properties.
1. Introduction

Plastics have become an essential part of our society because of their
versatile applications that formerly relied on other traditional materials
such as metal, glass, wood and natural fibers (mainly cotton and wool).
For most applications, stability and durability have been improved, and
hence they are considered synonymous with materials that are resistant
to many environmental constraints. However, there is a growing concern
about the harmful effects of plastic waste (PW) due to its accumulation
and consequent pollution of terrestrial and aquatic ecosystems. Several
technical approaches involving physical and chemical processes have
been developed to perform PW recycling. Among them, those involving
thermochemical treatmeants, namely pyrolysis techniques, have gained
attention as they provide an opportunity of transforming plastics into
high-energy-density fuels, with high calorific values that match con-
ventional fuels (e.g. gasoline, kerosene, diesel, etc.) [1, 2, 3, 4, 5, 6]. In a
typical pyrolysis process, long chain organic polymers are converted into
smaller and less complex ones with the use of heat (450–800 �C) [6, 7, 8].
Gases, oils and chars are obtained in different proportions depending on
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the operating conditions. The hydrocarbon mixture obtained, could be
further processed either in petrochemical refineries or in standalone
recycling processes [7, 8].

Catalysts are employed in PW pyrolysis to favor cracking reactions,
thus allowing the use of lower temperatures and reducing the process
energy demand [9, 10, 11, 12, 13, 14]. Catalysts also help to improve
fuels yield in the gasoline to diesel range, thus eliminating the necessity
of further processing [15, 16]. The most common type of catalysts are
heterogeneous and, among them, those based in zeolitic materials have
been extensively researched. The acidity of their active sites and their
crystalline microporous structure (textural properties) favor hydrogen
transfer reactions involved in the cracking mechanism and thereby make
them suitable for obtaining high conversions at relatively low tempera-
tures, between 350 and 500 �C [15, 16, 17, 18, 19, 20, 21, 22]. Other
non-zeolitic catalytic materials are reported, such as metal oxides,
sulfated metal oxides, molecular sieves, Fluid cracking catalysts (FCC),
metal carbonates and mesoporous materials [10, 12, 23, 24, 25].

In search of inexpensive new catalysts for PW pyrolysis, cheap and
abundant natural resources are also being investigated as potential
eptember 2020
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Figure 1. Reaction system diagram, where: A, vacuum pump with automatic
control; B, holder; C, ice-water bath; D, collection balloon; E, condenser; F,
thermocouple; G, reaction balloon; H, heating mantle and I, tempera-
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catalyst precursors. In this sense, activated carbons prepared from
different carbonaceous source materials were reported to catalyze plastic
pyrolysis allowing to obtain yields of liquid products greater than 95% at
a reaction temperature of 240 �C and a vacuum pressure of about 300
mmHg [14]. Clay-basedmaterials have also been reported as catalysts for
plastics pyrolysis. Two natural clays were found to completely decom-
pose polyethylene at a maximum temperature of 400 �C, with yields to
liquid products of 70%, compared to less than 50% over US-Y zeolite
[26]. The same authors also reported high selectivity and yield to liquid
hydrocarbons using an Al-pillared saponite in the pyrolysis of poly-
ethylene. The regenerated pillared clay, after combustion of the formed
coke, showed practically the same behavior of its fresh counterpart
regarding conversion and yield, as well as product distribution [27].
Other authors also found the superior efficiency of a Fe-pillared clay in
relation to those pillared with Ti, Zr and Al working at 500 �C in a lab-
oratory scale installation [28]. More recently, a calcium bentonite was
found to significantly affect the rate of plastic pyrolysis at 500 �C. The
yield of liquid products attained values in the range of 81–89% with the
different types of plastics that were tested [29]. The use of a pelletized
bentonite clay in a large-scale study allowed the obtention of pyrolysis
oils with performance comparable to diesel in engine power tests [30].

Differences in the experimental conditions and reactors used in all the
studies referred above do not allow to make suitable comparisons among
catalysts, thus preventing a better knowledge about their relative effi-
ciencies. Aiming to clarify this aspect, a preliminary study using a ther-
mogravimetric technique was performed to have a first approach about
the catalytic activity of different solid materials prepared from natural
resources in the pyrolytic conversion of low-density polyethylene (LDPE)
into volatile products. These materials include a series of activated car-
bons prepared from wood sawdust by a chemical method using H3PO4

which is among the most widely chemical reagents used to obtain a well-
developed pore structure and increase the total specific surface area [31].
In addition, various acidic functional groups containing phosphorous can
be created on the carbon surface and therefore improve its catalytic ac-
tivity in the pyrolysis process [32]. Al and Fe pillared clays prepared from
a clay mineral are also included in these studies. Pyrolysis of LDPE was
accordingly performed with several of these solid materials. Comparison
with a commercial activated carbon, a cracking catalyst and some other
materials is also included.

2. Experimental methods

2.1. Catalysts synthesis

Eucalyptus Dunnii (ED) with a moisture content of 8.7% served as the
precursor to produce activated carbons. ED sawdust was ground until a
final size below 1 mm. Further, it was imbibed in a 20% (v/v) H3PO4
aqueous solution. The solution to wood relationship was fixed to obtain
an Xp ¼ 1.9, with Xp being the phosphorus to wood mass ratio. This Xp
value was chosen to obtain a porous development that includes not only
micropores but also mesopores, for obtaining good accessibility of mol-
ecules in liquid phase. The impregnation took place for 1 h at room
temperature and 24 h at 95 �C. Activation was performed at 350 �C
during 1 h in a tubular furnace under N2 flow using a heating rate of 15 �C
min-1. A second activation at 450 �C was done using the same conditions.
Activated carbons AC2 and AC3 were prepared in analogous conditions,
with an H3PO4 aqueous solution of 28% (v/v), an Xp ¼ 1, an impreg-
nation temperature of 85 �C, a heating rate of 5 �C min-1 and an acti-
vation temperature of 400 �C and 350 �C for AC2 and AC3, respectively
[31]. An aluminum oxide-pillared clay (Al-PILC) was prepared from a
calcium-rich montmorillonite from Ba~nado de Medina, Uruguay, as re-
ported elsewhere [33]. An iron oxide-pillared clay (Fe-PILC) was also
prepared with the same clay as reported elsewhere [34, 35]. Other ma-
terials that were also tested are an activated carbon DARCO, the
calcium-rich montmorillonite previously referred (Mont) and a
2

commercial Fluid cracking catalyst (FCC) from F�abrica Carioca de Cat-
alizadores, Brazil, all of them without any previous treatment.
2.2. Pyrolysis tests

They were performed in a semibatch reactor consisting of a 1-liter
borosilicate reaction balloon connected to a condenser, which in turn
is connected to a receiving balloon cooled with a water-ice bath (0 �C)
(Figure 1). The whole system is connected to a vacuum pump in order to
fix the operating pressure below 1 bar, which according to the literature
allows the increase of the average molecular weight of the volatile
products entering to the condenser and, therefore, the amount of
condensate that gives rise to the liquid product [1, 12, 36]. The reaction
balloon is placed into a heating mantle connected to a programmable
temperature controller. In a typical run, LDPE film was previously cut
into pieces of about 1 cm � 1 cm. 15 g of the pre-processed plastic was
then charged into the reaction balloon together with 5 g of catalyst. This
LDPE/catalyst ratio was selected according to several preliminary tests
and also taking into account what several authors report about the
experimental conditions leading to the highest yields of liquid product
[27, 29, 37, 38]. The balloon was then attached to the condenser with a
connecting elbow, the pressure was fixed in 300 torr and the temperature
of the heating mantle was raised at a rate of 8 �C min-1 until 30 �C below
the final reaction temperature. The final reaction temperature was
attained with a heating ramp of 1 �C min-1. The reaction was monitored
by periodically measuring the volume of liquid product per unit of time at
the condenser outlet, and by recording the temperature in the reaction
balloon and in the elbow that connects the reactor balloon with the
condenser. The mass of liquid collected in the receiving balloon and that
of the solid residue in the reaction balloon weremeasured after the end of
each test. The liquid yield was calculated according to Eq. (1):

Liquid yield¼ final mass of liquid in the receiving balloon*100
initial mass of LDPE

(1)

2.3. Characterizations

(i) Thermogravimetric analysis (TGA). LDPE was melted and me-
chanically mixed with the catalyst in a proportion plastic/catalyst
of 3:1 (w:w) which is similar to that which was subsequently used
in the pyrolysis tests. After cooling, a sample of the solidified
dispersion was analyzed in a Shimadzu TGA-50 equipment, from
room temperature to 700 �C at a heating rate of 10 �Cmin-1, under
50 ml min-1 of N2 flow.

(ii) N2 adsorption-desorption isotherms. They were executed for Al-
PILC, FCC and AC1 catalysts at 77 K with a Beckman-Coulter SA
3100 equipment. The specific surface area was obtained by fitting
results to the Brunauer, Emmett and Teller model (BET area), the
ture controller.



M. Olivera et al. Heliyon 6 (2020) e05080
micropore volume was calculated by fitting experimental values
to the Dubinin-Radushkevich equation (VDR), and by isotherm
extrapolation at Pr ¼ 0,99 the total pore volume (VT) was
obtained.

(iii) Temperature-programmed desorption of NH3 (TPD-NH3). It was
performed to characterize the acidity of Al-PILC, FCC and AC1
catalysts. The samples (200 mg) were treated in He (60 cm3 min-1)
at 500 �C for 2 h and then exposed to a 1% NH3/He stream for 40
min at 100 �C. Weakly adsorbed NH3 was removed by flowing He
at 100 �C for 2 h. The temperature was then increased at 10 K min-
1 and the NH3 concentration in the effluent was measured by mass
spectrometry in a Baltzers Omnistar unit.

(iv) FTIR spectra. They were recorded to identify typical surface
functional groups of Al-PILC, FCC and AC1 catalysts using a
Bomem Hartmann & Braun MB-Series FTIR spectrometer as well
as those in liquid products of the pyrolysis tests. Pellets were
prepared by thoroughly mixing carbon and KBr at the 1:400 car-
bon/KBr weight ratio in a small size agate mortar. The resulting
mixture was compacted in a Perkin-Elmer manual hydraulic press
at 10 ton for 3 min.

(v) Heating value. The higher heating value (HHV) was determined
for liquid products obtained in the pyrolysis tests using an oxygen
bomb calorimeter Parr, model N� 1341.

(vi) Elemental analysis. It was performed for liquid products obtained
in the pyrolysis tests using an Elemental Analyzer Thermo Flash
2000.

(vii) Chromatographic measurements. The liquid products of the py-
rolysis were analyzed by gaseous chromatography under the
following conditions: i) a Shimadzu GC2010 equipment, with on-
column injection, a capillary column OPTIMA-1TG and a FID
detector; ii) Shimadzu GC-2014TF/SPL equipment, with splitless
injection, a capillary column PETROCOL DH 50.2 and a FID
detector.

3. Results and discussion

3.1. TGA

Figure 2a shows thermograms of LDPE together with those of its
mixtures with some of the most representative solid materials which
were studied, meanwhile, Figure 2b shows their mass loss velocity
(DrTG) dependence with temperature. LDPE shows a weight loss starting
above 400 �C due to the release of volatile products of the pyrolysis
process. The temperature corresponding to the maximum rate of weight
loss (TM) is 486 �C. A similar profile is observed in the case of the LDPE-
AC1 mixture although TM is slightly lower, 473 �C, suggesting that some
Figure 2. a) Thermogravimetric analysis and b) Derivative thermogravimetric analys
order of TM: LDPE, LDPE-AC1, LDPE-FCC, LDPE-Al-PILC.
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catalytic effect of the activated carbon on the rate of the LDPE pyrolysis
might be taking place. In presence of the FCC and the Al-PILC catalysts,
TM drops to much lower values, 442 �C and 436 �C, respectively, with
weight losses which are already appreciable at 310 �C and 325 �C,
respectively, thus revealing a much higher catalytic effect of these solid
materials than that of AC1. Table 1 shows TM values for all the solid
materials that were tested. As shown, the commercial activated carbon
DARCO, AC2, AC3 did not lead to a significant decrease of TM concerning
that of LDPE alone. These results would exclude carbon-based materials
here tested as suitable catalysts for LDPE pyrolysis. Something similar
can be said for Fe-PILC and the calcium-rich montmorillonite (Mont). For
the first one, the method here used for its preparation as well as the
relative amount of iron can strongly affect its textural properties, mainly
its acidic strength, which is one of the key parameters associated with its
capacity to catalyze cracking reactions of hydrocarbons [28]. In this
sense, a recent work reveals significant changes in textural properties of
Fe-PILCs depending on their iron content [35].

3.2. N2 adsorption-desorption isotherms

N2 adsorption-desorption isotherms were performed for the most
active materials according to results of TGA analysis, FCC and Al-PILC.
They are shown in Figure 3 together with that of one of the activated
carbons which were prepared, AC1. The isotherm of the commercial
cracking catalyst (FCC) is of type I, typical of solids with a high propor-
tion of micropores. It shows hysteresis of type H4, which is usually found
in agglomerates having parallel platelets [39]. The isotherm of Al-PILC is
similar to that of FCC with a high proportion of micropores although the
hysteresis loop is almost indistinguishable. AC1 shows a III/IV type
isotherm with strong adsorption at relative low pressure, which indicates
a significant amount of micropore volume. A significant amount of N2 is
adsorbed in the range of medium pressures which indicates the presence
of mesopores. Table 2 summarizes the textural parameters obtained from
the isotherms: AC1 has the highest BET area (806 m2 g�1), followed by
FCC and Al-PILC (245 and 179 m2 g�1, respectively). AC1 has also the
highest micropore and total pore volume (0.33 and 1.09 cm3 g�1,
respectively).

3.3. TPD-NH3

TPD-NH3 analyzes were performed for the 3 materials mentioned
above. Figure 4 shows that all of them have a complex desorption profile
indicating the presence of acid sites of different strength. FCC has the
highest total amount of acid sites (713 μmol g�1cat), followed by the Al-
PILC (375 μmol g�1cat) and the activated carbon with very low con-
centration (124 μmol g�1cat). Deconvolution into Gaussian peaks was
is of LDPE alone and in the presence of 25 Wt% of different solids. In decreasing



Table 1. Weight loss maximum rate temperature (TM) for LDPE alone and in the presence of 25 wt% of different solids.

Catalysts – FCC DARCO AC1 AC2 AC3 Mont Al-PILC Fe-PILC

TM (�C�1) 486 442 486 473 486 485 471 436 476

Figure 3. N2 adsorption-desorption isotherms of FCC (▴), Al-PILC (■) and
AC1 (●).

Figure 4. TPD-NH3 profiles of catalysts: AC1, Al-PILC and FCC.
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performed to allow a better acid site quantification in terms of their
strength and relative amount, enabling deeper comparison between them
(see Figure S1 to S3 in supplementary material). Table 3 summarizes the
relative contribution of peaks resulting from deconvoluted profiles. FCC
has a high proportion of strong sites (75%) corresponding to desorption
maximum peak temperatures (TD) higher than 398 �C. Al-PILC has a
more distributed proportion of average and strong acid sites (25% for TD
in 251 �C and 70% for TD higher than 355 �C). AC1 displays a maximum
desorption peak corresponding to weak acid sites (TD ¼ 193 �C) while
that at high temperature (TD ¼ 723 �C) should not be considered since it
may be involvedmainly with NH3 released by chemical decomposition of
the complex chemical structure of the carbon material at temperatures
above themaximum reached in its preparation (450 �C). Strong acidity in
the FCC catalyst is related with protons forming part of hydroxyl groups
linked to framework aluminum atoms in zeolitic materials which are the
main component of FCC catalysts [40, 41, 42]. Lewis acidity is also
present, mainly after thermal treatment leading to dehydroxylation of the
Brønsted sites. In the Al-PILC, Lewis acid sites are mainly resident on the
Al oxide pillars, whereas Brønsted acid sites are associatedwith structural
OH groups on the layers of the host clay [43]. Weak surface acidity in the
activated carbon AC1 is mainly due to surface oxygen-containing func-
tional groups such as carbonyl, carboxyl, phenolic hydroxyl, lactone and
quinine groups [44, 45]. Fig. S4 (supplementary material) shows the IR
spectra of these 3 materials. For Al-PILC and FCC, different bands at
3000-3600 cm-1 can be assigned to stretching vibrational frequencies of
hydroxyl groups associated with Si (Si–OH), Al (Al–OH) and bridged
hydroxyl groups (Si–O(H)–Al), all of them responsible for Brønsted
acidity with variable strength according to their location in the solid
Table 2. Textural physical properties of AC1, FCC and Al-PILC.

Material BET area (m2.g�1)

AC1 806

FCC 245

Al-PILC 179
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structure [46, 47, 48]. For the activated carbon AC1, the spectrum shows
a band at 1600-1580 cm-1 assigned to C–C vibrations in aromatic rings.
The band at 1000-1300 cm-1 (maxima at 1190-1200 cm-1) can be
assigned to C–O stretching in acids, alcohols, phenols, ethers and/or
esters groups [49]. The peak at 1190-1200 cm-1 may be also assigned to
the stretching mode of hydrogen-bonded P¼O, to O–C stretching vibra-
tions in P–O–C (aromatic) linkage and to P¼OOH. The shoulder at 1100
cm-1 was ascribed to ionized linkage P–O- in acid phosphate esters, and to
symmetrical vibration in a P–O–P chain [50].

3.4. Pyrolysis tests

Based on the results of TGA materials sampling, a temperature of 430
�C was selected to carry out the pyrolysis tests with the most active
materials (FCC and Al-PILC). Figure 5 shows the results obtained in the
pyrolysis of LDPE alone. A gradual increase of the rate of liquid pro-
duction is observed with a maximum of 0.184 cm3 min-1, after which it
decreases due to the decrease in the amount of reactant plastic. No sig-
nificant differences were observed in a pyrolysis test performed in
presence of AC1 at the same reaction conditions, thus suggesting that its
catalytic activity is not relevant and in agreement with TGA results.
Figure 6 shows the results obtained with the commercial FCC catalyst. It
can be observed that a much higher rate of liquid production is observed
since the beginning of the test, already appreciable at 290 �C, and a
maximum of 0.92 cm3 min-1 which is much higher than that obtained
with LDPE alone. The time needed to complete the test is also modified
(62 min for FCC against 120min without catalyst). An even more marked
rate increment is observed with the Al-PILC (Figure 7), with a maximum
rate (1.65 cm3 min-1) that almost doubles that obtained with the com-
mercial FCC catalyst. The superior catalytic activity of the FCC and Al-
PILC catalysts is consistent with the lower temperature of the
VDR (cm3.g�1) VT (cm3.g�1)

0.33 1.09

0.11 0.16

0.07 0.13



Table 3. TPD-NH3 peak Gaussian deconvolution and total NH3 desorption (NH3,d).

Catalyst NH3 from deconvoluted peaks (μmol.g�1) Total NH3 des (μmol.g�1)

Peak 1 Peak 2 Peak 3 Peak 4

TD NH3,d TD NH3,d TD NH3,d TD NH3,d Meas. Deconv.

FCC 186 20 251 81.6 398 548 516 76.3 713.2 726

Al-PILC 189 21.5 251 105 355 205 615 90.8 375.4 422.9

AC1 193 12.1 257 33.2 — — 723 45.1 124.5 90.4
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Figure 5. Pyrolysis test of LDPE (15 g) without catalyst. Experimental condi-
tions: 430 �C and 300 Torr. (●) rate of liquid production; (▴) balloon temp.;
( ) elbow temp.
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Figure 6. Pyrolysis test of a mixture of LDPE (15 g) and FCC (5 g). Experimental
conditions: 430 �C and 300 Torr. (●) rate of liquid production; (▴) balloon
temp.; ( ) elbow temp.
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Figure 7. Pyrolysis test of a mixture of LDPE (15 g) and Al-PILC (5 g). Exper-
imental conditions: 430 �C and 300 Torr. (●) rate of liquid production; (▴)
balloon temp.; ( ) elbow temp.
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maximum weight loss rate (TM), observed in TGA results and the higher
amount of acid sites as observed by TPD-NH3 analyzes.

Complementary pyrolysis tests were performed in the presence of the
Al-PILC to assess the influence of the temperature on the process rate.
Figure S5 (supplementary material) shows the results obtained at 400 �C,
with a lower rate of liquid production (maximum of 0.65 cm3 min-1) and
longer reaction time (92 min). At 370 �C (Figure S6 in supplementary
material) the rate is noticeably smaller (maximum below 0.1 cm3 min-1)
and unlike the previous tests the rate decreases from the beginning of the
test. Probably, deactivation is taking place at this temperature by the
formation of low volatile products that are not rapidly released from the
catalyst surface and block active sites.
5

Table 4 summarizes the weight yields of liquid products for the most
relevant pyrolysis tests. In the absence of catalyst, 24% of liquid products
were obtained while the residual mass in the reaction balloon was too
small (1.5 %). The rest of the products corresponds to a significant
amount (not precisely quantified) of a pale yellow solid embedded in the
condenser that must contain high molecular weight hydrocarbons
(C18þ), and also light hydrocarbons that are not retained by condensa-
tion at the temperature of the receiving balloon (0 �C). A higher amount
of liquid product was obtained in presence of the FCC (44.7 %), together
with an unquantified amount of the pale-yellow solid in the condenser
and light hydrocarbons. The highest yield of liquid products was ob-
tained with the Al-PILC (70.2%), while the pale-yellow solid was reduced
to a much lower amount, forming a thin layer coating the inner wall of
the condenser. The yield of liquid products with the Al-PILC was still
significant at 400 �C (61.9%) while a greater amount of solid was
retained in the condenser. At 370 �C, the plastic was not completely
converted into volatile products (37.1% of solid residue into the reaction
balloon) and the yield of liquid product was even smaller (31%).

All these results reveal marked differences in the catalytic activity of
the tested solids. Both, the rate of pyrolysis and product composition are
greatly influenced by catalyst properties. The acidity of the catalyst plays
a major role in its activity for the conversion of plastics, with higher
catalyst acidity resulting in higher catalytic activity. Typically, catalytic
cracking of polyolefins proceeds through a mechanism with initiation,
disproportionation, β-scission, and termination reactions. Initiation in-
volves the protolysis of the polymer macromolecule by hydrogen ex-
change with acid sites (Brønsted or Lewis) of the catalyst to yield
paraffins and surface carbocations. Subsequently, carbocations undergo
disproportionation or beta-scission reactions to yield smaller paraffins or
olefins. All these primary products can undergo secondary reactions
(such as dehydrogenation, oligomerization, isomerization, cyclization,
aromatization) to yield the complex mixture of hydrocarbons that is
finally obtained [51]. Acid sites strength is a key parameter affecting the



Table 4. Operation time, maximum volumetric production velocity and weight yields of liquid products for pyrolysis tests.

Material Operation temperature (�C). Operation time (h) Maximum volumetric velocity (cm3/min) Liquid yield (%)

No solid 430 2.00 0.18 24.7

FCC 430 1.05 0.92 44.7

AL-PILC 430 0.62 1.64 70.2

AL-PILC 400 1.53 0.65 61.9

AL-PILC 370 4.02 0.09 31.0

Figure 8. Typical chromatogram of liquid products of LDPE pyrolysis in the presence of an activated carbon at 430 �C and 300 torr.

Figure 9. Typical chromatogram of liquid products of LDPE pyrolysis in the presence of an aluminum pillared clay at 430 �C and 300 torr.
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rate of the different reactions and, thereby, the efficiency and selectivity
of the global catalytic pyrolysis process. Another important property of
catalysts is the micropore structure that affects the accessibility of hy-
drocarbons molecules to the active sites in the internal cavities [52, 53].
Regarding the activated carbon AC1, taking into account its high specific
surface area and pore volume (see Table 1), the low catalytic activity
must be ascribed to the lower amount and intrinsic activity of active sites
involved in the pyrolysis reaction mechanism. As shown in Figure 4 and
Table 3, this catalyst has the lowest total acidity, which, in addition, is
given mainly by weak acid sites. Surface atoms associated with these
weak acid sites would not have enough ability to interact with hydro-
carbon molecules and form carbocations species that initiates the
cracking reaction mechanism. In the case of the Al-PILC, acidity favors
cracking reactions, leading to higher pyrolysis rates as well as a higher
liquid hydrocarbons amount. Brønsted (B) and Lewis (L) acid sites are
present in Al-PILCs, (L) sites proportion increase along with Al concen-
tration in the dispersion used for pillared clays preparation. In the case of
the FCC catalyst, its high content of strong acid sites can favor an over-
cracking activity, leading to a higher proportion of light hydrocarbons
which cannot be retained at the receiving balloon. Manos et al. also re-
ported the higher yields of liquid product obtained with an Al-pillared
6

clay compared with that obtained with a highly acidic zeolite [54].
Other comparative studies between Al-pillared clays and zeolites also
showed a lower cracking activity of the pillared clay although both types
of catalysts are equally active in more facile secondary reactions as a
consequence of weakly acidic Lewis sites obviously present on pillared
clays as well as on zeolites [55]. High acidity can also promote a higher
extent of secondary reactions leading to the formation of carbon deposits
on the catalyst surface with its consequent deactivation [56].
3.5. Liquid product characterization

Liquid products were characterized by their higher heating value.
Values were all in the range of 42160–46047 kJ Kg�1, which were similar
to that of a commercial gasoil 44370 kJ Kg�1 (see Table S1 in supple-
mentary material). The elemental analysis showed similar mass percent
compositions: C: 84.2–84.5%; H: 15.4–15.7%; N: <0.10; S: —; corre-
sponding to the H/C ratio (by weight) of 0.18–0.19, also close to that of
the commercial gasoil (0.17). Chromatographic analysis performed in the
experimental conditions (i) showed significant differences among the
different catalysts. In the absence of catalysts and with the carbon ma-
terial AC1, a well-defined series of peaks, each one corresponding to a
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hydrocarbon with a different number of carbon atoms (n), was observed;
n values were between 5 and 28 (Figure 8). The literature reports similar
results corresponding to a broad distribution of aliphatic hydrocarbons
within a wide Cn range (n: 5 to 80), each fraction being formed by the
corresponding n-paraffin, diene and 1-olefin [57, 58, 59]. A radical chain
reaction mechanism comprising hydrogen transfer steps along with the
progressive breaking of the polymer backbone explains these experi-
mental results satisfactorily [60]. Products distribution profiles close to
that shown in Figure 8 are also reported using a series of solids materials
having weak surface acidity (silica gel, 5A molecular sieve and activated
carbon) [61]. In this case, weak acid sites would be active mainly to
catalyze secondary reactions of cracking products. Analyzes performed in
the experimental conditions (ii) allowed to observe that liquid products
obtained with the FCC and the Al-PILC display a high amount of peaks for
each number of carbon atoms in the range C5–C13, thus revealing the
presence of a more complex mixture of compounds formed by secondary
reactions of the primary hydrocarbon fragments (Figure 9). In the pres-
ence of several zeolite catalysts, a marked increase in the aromatic con-
tent of the derived oils is reported together with a decrease of aliphatic
compounds concentration and a shift in carbon numbers from high to low
values [38, 62, 63]. FCC catalysts containing zeolitic materials as the
main active component follow the same trend regarding the amount of
products in the gaseous and liquid evolution although the more equili-
brated acid site structure compared with the zeolite allows to minimize
coke deposition and increase the resistance to deactivation and regen-
erability [64].

The presence of functional groups in the produced liquid oils from
catalytic pyrolysis was characterized using FTIR analysis. Figure S7
(supplementary material) shows that spectra are dominated by signals
corresponding to C–H stretching (3000-2800 cm-1) and C–H bending
(1465 cm-1, 1375 cm-1). Differences are found in signals in the range
from 900 to 1000 cm-1. For the liquid products obtained without catalyst
and with the activated carbon it can be observed a signal at 910 cm-1

corresponding to terminal olefins (R–CH ¼ CH2). This signal does not
appear in products obtained with Al-PILC and FCC catalysts and suggests
that the concentration of linear olefins was drastically decreased. Several
other products could be formed as a result of secondary reactions cata-
lyzed by average and strong acid sites of these two catalysts thus leading
to the more complex mixture of products shown in Figure 9.

4. Conclusions

The catalytic degradation of LDPE was studied in the presence of
several solid materials. Thermogravimetric analysis showed that an
aluminum-pillared clay (Al-PILC) and a commercial cracking catalyst
(FCC) have a marked catalytic effect leading to a significant reduction of
the degradation temperature compared with some activated carbons and
other clay based materials. The highest amount of surface acid sites in the
Al-PILC and FCC materials explains these catalytic effect. Pyrolysis tests
confirmed the higher catalytic activity of the Al-PILC and FCC and
allowed the obtention of significant amounts of liquid products. The
aluminum-pillared clay, having the highest proportion of intermediate
acid strength sites, led to a liquid hydrocarbon recovery of 70 wt.% at
430 �C and 300 torr, which was the highest liquid yield obtained.
Aliphatic hydrocarbons ranging from C5 to C28 were identified in the
liquid products from the pyrolysis in presence of an activated carbon,
while a more complex composition was obtained in the presence of FCC
and Al-PILC.
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