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The conversions and yields of the fractions of gases (C1, C2), LPG (C3, C4), gasoline (C5-C12),
and coke and their compositions have been studied in the catalytic cracking of blends made up
of polystyrene and polystyrene-butadiene with a LCO (light cycle oil, which is a secondary
refinery product) used as the solvent. The catalysts were prepared from HZSM-5 zeolites of
different total acidities. The reaction was carried out in the 450-550 °C range and under the
standard conditions of FCC units. The important effects both of the total acidity of the zeolite
and of the temperature on the conversion and yield of styrene are demonstrated. Total recovery
of the monomer styrene is attained at 550 °C. Likewise, the LCO is valorized, as high yields of
both the C5-C12 aromatic fraction and LPG (olefinic) are obtained with low yields of gases (C1,
C2) and coke.

1. Introduction
The high amount of post-consumer plastics in devel-

oped countries (estimated at 50 million tons in 2001,
with an annual increase of 4 wt %) is an environmental
problem and, at the same time, a problem of raw
material waste that requires an urgent solution once
energy recovery by combustion has been discarded
because of environmental regulations.

The goal in plastic waste recycling is the implementa-
tion of an economically viable technology to obtain
useful chemicals. Pyrolysis is the tertiary recycling
method that provides the most helpful results and that
can treat all plastics together, thus avoiding separation
costs. The studies in the literature are focused on
partially solving some of the following problems: (1) the
diverse composition of waste plastics resulting from
their different origins (municipal, packaging, agricul-
tural, automotive, and electrical); (2) the difficulty in
handling the plastic materials, which are sticky at their
melting points and have low thermal conductivities; and
(3) the control of the pyrolysis products to lead the
reaction toward the generation of monomers, feedstock,
or fuels. The aforementioned difficulties partially ex-
plain the great divergence in the kinetic results of
pyrolysis and the lack of kinetic results at the high
temperatures required for useful products to be ob-
tained.

The physical difficulties in the pyrolysis of waste
plastics have been partially solved with the technology
based on the fluidized bed reactors,1-4 although other
reactors that attempt to eliminate the stickiness and
agglomeration of particles coated with fused plastic have
been proposed.5-10

Furthermore, thermal pyrolysis produces a wide
distribution of products, and the selectivity to useful
products can be increased by the use of acid catalysts.
Catalytic transformations have been carried out follow-
ing different strategies: on-line catalytic transformation
of the gaseous products obtained in the thermal pyroly-
sis,11,12 catalytic transformation of the liquid obtained
in the thermal pyrolysis,13,14 and degradation of the
plastic mixed with the catalyst.15-17

The economic viability of plastic waste valorization
requires improvements in both the technology of py-
rolysis reactors and knowledge of the kinetic behavior
of the catalysts, which implies the solution of problems
such as deactivation and regeneration. However, a very
important point concerns the future integration of the
pyrolysis process in the operations of the petrochemical
industry, so that reaction and separation equipment can
be used and capital costs saved.18,19 This objective
follows the present trend in the petrochemical industry
based on the improvement of its economy through the
valorization of streams of secondary interest to the
refineries themselves.

In this paper, the valorization by catalytic transfor-
mation of polystyrene (PS) and polystyrene-butadiene
(PS-BD) dissolved in LCO (light cycle oil) has been
studied on HZSM-5 zeolites. The LCO is a product
stream of FCC (fluid catalytic cracking) units with a
high aromatic content whose boiling point range is
higher than that of the gasoline fraction. In a previous
paper, an interesting synergistic effect was found in the
catalytic cracking of LCO when either polyethylene or
polypropylene was fed.20 The catalytic cracking of poly-
olefins dissolved in vacuum gas-oil has already been
studied.21

Here, the catalytic transformation is studied under
the usual conditions (temperature, contact time, catalyst/

* To whom correspondence should be addressed.
Telephone: +34-946012511. Fax: +34-944648500. E-mail:
iqparesj@lg.ehu.es.

3700 Ind. Eng. Chem. Res. 2003, 42, 3700-3710

10.1021/ie030045j CCC: $25.00 © 2003 American Chemical Society
Published on Web 07/12/2003



oil ratio) of industrial FCC units. These conditions are
suitable for obtaining useful products by pyrolyzing
plastics, because they minimize secondary reactions.
Furthermore, from the results obtained under these
conditions, the possibility of using the well-developed
FCC technology for treating mixtures such as plastic/
LCO or feeds made up of such mixtures with a suitable
proportion of the usual FCC feed can be analyzed.

The interest in studying catalysts prepared from
HZSM-5 zeolites lies in the need to achieve a balance
between properties such as activity, selectivity, and
resistance and deactivation. Acid catalysts lower the
activation energy of the pyrolysis of PS by changing the
mechanism. Thus, in the thermal process, pyrolysis
occurs via free radicals, whereas in the catalytic process,
pyrolysis occurs following several steps that start with
the protonation of aromatic rings.12,16 The shape selec-
tivity of the HZSM-5 zeolite limits the formation of
indenes and indanes. This restriction in the formation
of polyaromatic structures, which are coke precursors,
minimizes coke formation. In the pyrolysis of polyole-
fins, it has been shown that the deactivation of HZSM-5
zeolite is lower than that of HY zeolite.22 Deactivation
by coke might be a conditioning factor in the selection
of the catalyst for this process, because both the solute
and the solvent in the PS/LCO and PS-BD/LCO blends
have an aromatic nature that favors coke formation.

2. Experimental Section

Feed. The plastics studied are polystyrene (PS) (MW,
3.116 × 105; polydispersity, 2.39) and polystyrene-
butadiene (PS-BD) [MW, 1.843 × 105; polydispersity,
2.77; PBD (polybutadiene) content, 8.8 wt %] supplied
by Dow Chemical S.A. By means of thermogravimetric
analysis (Setaram TAG 24), the degradation ranges
were determined to be 385-440 °C for PS and 405-
475 °C for PS-BD. The temperature corresponding to
the maximum degradation rate is 415 °C for PS and
440 °C for PS-BD, for a heating ramp of 10 °C min-1.

The plastic diluent agent was a LCO (light cycle oil),
whose composition is shown in Table 1. As can be seen,
30.0 wt % of the LCO is made up of hydrocarbons with
boiling points in the range of gasoline (C5-C12). This
solvent was chosen because it is a product stream of a
commercial FCC unit and, consequently, its reactivity
for cracking will be low, which will allow for separate
identification of the reactivity of the dissolved plastic.
The aromatic nature of the LCO is similar to that
expected for the products of catalytic cracking of poly-
olefins, and consequently, the synergistic effects of the
products coming from the constituents of LCO and of
the plastics will be minimized. The dissolution of the
plastics in LCO (25 wt % plastic) was carried out in a
stirred tank at 100 °C.

Catalysts. Three catalysts based on HZSM-5 zeolite
were prepared with different Si/Al ratios (Si/Al ) 24,
42, and 78). The method followed is that indicated in
the Mobil patents.23,24 The zeolite is agglomerated with
an inert matrix made up of silica gel, which is prepared
by a conventional method of precipitation from sodium
silicate.25 The catalysts are calcined at 600 °C for 4 h
in a N2 stream. Under these conditions, the acid
structure is equilibrated, and the catalysts recover their
acidity in successive reaction-regeneration cycles, when
the regeneration is carried out by coke combustion in
an air stream at 550 °C.26

The more relevant physical properties of the catalysts
are reported in Table 2. The porous structures and
surface areas (BET) of the catalysts were characterized
from N2 adsorption-desorption isotherms measured
with a Micromeritics ASAP 2000 instrument. The
micropores of the catalyst correspond to the pores of the
HZSM-5 zeolite, which are formed as two different
elliptical channels that cross perpendicularly, with some
arranged in a straight line (5.3 × 5.6 Å) and others in
zigzag formation (5.1 × 5.5 Å). The silica that makes
up the matrix of the catalyst has an exclusively meso-
porous structure containing pores with diameters of
between 30 and 300 Å.

The acidity studies included the following measure-
ments: (1) The Brönsted/Lewis acid site ratio (Table 2)
was determined by analyzing FTIR spectra of the
adsorption of pyridine at 250 °C and ascertaining the
ratio between the intensity of the bands corresponding
to B-pyridine (1550 cm-1) and L-pyridine (1455 cm-1).
This study was carried out by means of in situ FTIR
spectroscopy in a catalytic chamber (Spectra Tech)
connected in series with the FTIR spectrophotometer
(Nicolet 740 SX).27 (2) The acidity strength distribution
(Figure 1) and total acidity (Table 2) were determined
by the differential adsorption of NH3, which was carried
out in a differential scanning calorimeter (Setaram DSC
111) on-line with a Hewlett-Packard 6890 gas chro-
matograph. The calorimeter was used to evaluate the
adsorption heat (heat associated with the neutralization
of the acidic sites) of pulses of the base (at 150 °C), and
the chromatograph was used to assess the amount of
base adsorbed.28

Table 1. Characterization Data for LCO

composition wt %

density, 15 °C (g/cm3) 0.9132 saturates 20.7
sulfur (wt %) 0.60 paraffins CnH2n+2 7.9
viscosity, 100°C (cSt) 1.0 monocycloparaffins 5.6
flash point (°C) 93 CnH2n
simulated distillation

(wt %)
temp

(°C)
dicycloparaffins

CnH2n-2

2.7

IP 125 tricycloparaffins 4.5
5 175 CnH2n-4
10 187 tetracycloparaffins 0.0
20 203 CnH2n-6
30 219
40 231 aromatics 66.9
50 249 monocyclic 33.0
60 264 dicyclic 33.1
70 282 tricyclic 0.8
80 302
90 329 sulfur compounds 12.4
95 350 thiophenes 0.4
EP 390 benzothiophenes 12.0

Table 2. Physical Properties of the Catalysts

catalyst

Si/Al ratio
in HZSM-5

zeolite

acidity
(mmol of
NH3 g-1)

Brönsted/
Lewis

site ratio

BET
surface area

(m2 g-1)

micropore
surface area

(m2 g-1)

pore
volume

(cm3 g-1)

micropore
volume

(cm3 g-1)

micropore
diameter

(Å)

mesopore
diameter

(Å)

1 24 0.15 3.63 200 106 0.55 0.058 5.5 30-300
2 42 0.10 3.40 195 101 0.54 0.059 5.5 30-300
3 78 0.04 2.86 181 87 0.52 0.058 5.5 30-300
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It has been shown that the acidities of catalysts
prepared using the three HZSM-5 zeolites are almost
identical to those of pure zeolites, which is evidence that
the silica matrix has no significant acidity. By analyzing
the acidity of a silica gel prepared independently by the
aforementioned techniques, it was confirmed that the
acidity of the silica is insignificant.

In Figure 1, one can see that the Si/Al ratio barely
affects the acidity strength of the sites of the HZSM-5
zeolites, which is around 110 kJ (mol of NH3)-1 at the
adsorption temperature used, 150 °C. Nevertheless,
when the Si/Al ratio is increased, the total acidity
measured as the amount of NH3 adsorbed at 150 °C is
noticeably affected.

Reaction Equipment and Conditions. In order for
the results of catalytic cracking to be interesting as a
test of the reaction in industrial FCC units, the experi-
ments must be carried out under conditions similar to
those of an industrial riser.29 The equipment used in
this work is a reactor riser simulator (Figure 2). It is
an internal recycle reactor modified for catalytic crack-
ing and has been previously described.30-32 The equip-
ment is easy to run, and the operation bed voidage is
high, as in the industrial riser. Its outstanding charac-
teristics are (1) operation with low and precise values

of the contact time in the range 1-10 s and (2) a suitable
feed-catalyst contact, as the reaction occurs in the dilute
fluidized bed regime with perfect mixing for the catalyst
and for the reaction mixture. The catalyst is in a basket,
and the gases circulate through the basket impelled by
a turbine located in the upper part of the reactor. At
time zero, the established amount of feed is injected,
and a timer is activated. Once the programmed time
has elapsed, a valve is opened, and the reaction products
pass into a vacuum chamber thermostated at 300 °C.
These products are sent through a thermostated line
to a gas chromatograph by means of a six-port valve.
The reliable behavior of this reactor for the kinetic study
of catalytic cracking has been demonstrated in previous
papers.33,34

The runs were carried out at 1 atm, in the 450-550
°C range, with a catalyst/feed ratio by weight of C/O )
6 (0.75 g of catalyst and 0.125 g of blend) and with a
contact time of 3 s. These conditions correspond to those
of industrial FCC units. The low value of the contact
time used minimizes the contributions of both thermal
cracking and secondary reactions between the primary
products obtained in thermal and catalytic pyrolysis.

Silica was used instead of the catalyst in the experi-
ments on thermal cracking. The silica used was Silicagel
60 from Merck (code 107733.1000) with a particle size
between 0.2 and 0.5 mm. Prior to its use, the silica was
calcined at 873 K for 2 h in a N2 stream. The physical
properties were determined on the basis of N2 adsorp-
tion isotherms in a Micromeritics ASAP 2000 instru-
ment. These properties are as follows: BET surface
area, 314 m2 g-1; micropore surface area, 14 m2 g-1;
mesopore volume, 1.0 cm3 g-1; micropore volume, 0.01
cm3 g-1.

Product Analysis. Product analysis was carried out
by means of a device for reaction product sampling
connected to a Hewlett-Packard 6890 chromatograph.
The sampling is activated by a timer that controls the
desired value of the contact time.

Product identification was carried out on-line by GC-
FTIR spectroscopy using the Nicolet/Aldrich library, by
means of an FTIR Nicolet 740 SX spectrophotometer
connected to a Hewlett-Packard 5890 II chromatograph.
The results were verified by GC-MS (HP 6890-MS
Engine with electronic ionization). The product stream
of the riser simulator was analyzed on-line with MS or
FTIR spectroscopy.

To check and assign the retention times in the
chromatographic analysis of compounds in the C5-C12
range, pure compounds and mixtures were used as
standards. The assignment of the retention times of the
components of the gasoline lump was carried out using
Alphagaz PIANO (Air Liquide) calibration standards,
which consist of 19 paraffinic, 35 isoparaffinic, 39
aromatic, 30 naphthenic, and 25 olefinic components.
The amount of the (C5-C12) lump was determined as
that corresponding to the components with boiling
points between those of n-C5 paraffins (n-pentane) and
n-C12 paraffins (n-dodecane). The relative error of the
chromatographic results obtained in various series of
five experiments under the same conditions is (1.0%.

The coke deposited on the catalyst was measured by
thermogravimetric analysis in a Setaram TAG 24 ther-
moanalyzer. The deactivated catalyst from the reactor
was dried at 110 °C in a nitrogen stream and subse-
quently subjected to combustion with air at a pro-
grammed temperature ramp of 5 °C min-1 to 700 °C.

Figure 1. Distributions of the acid strength of the catalysts
determined by calorimetric measurements of the differential
adsorption heat of NH3.

Figure 2. Scheme of the reactor riser simulator.
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Prior to combustion in the thermogravimetric equip-
ment, the catalyst was subjected to a sweeping step in
a He stream for 30 min at 550 °C.

When the mass balance was performed with the
experimental results of yields of the different lumps, the
sum of the products was in all cases above 99.5 wt % of
that in the feed. Consequently, the maximum experi-
mental error is 0.5 wt %. To show the results on a basis
of 100%, this small difference is assigned to the different
lumps in proportion to their experimental yields.

3. Results

Conversion and Yields. The conversion is defined
in weight percent and is calculated as the sum of the
yields in weight of gases (C1-C4), gasoline (C5-C12), and
coke. Each yield is calculated as

The results of conversion and yield of dry gases (C1,
C2), LPG (C3, C4), gasoline (C5-C12) and coke are
reported in Tables 3 and 4 for the feeds LCO, PS/LCO,
and PS-BD/LCO. Table 3 corresponds to thermal
cracking and Table 4 to results for the three catalysts.
These results are average values of three experiments
carried out under the same conditions, for which a
maximum relative error of 0.5% is determined.

When evaluating these results, it must be taken into
account that the LCO is made up of 30.0 wt % hydro-
carbons with boiling points in the range corresponding
to gasoline.

The results in Table 3 are evidence of the high
conversions and yields of the C5-C12 fraction obtained
in the treatment of the blends. This operation was
studied in detail in a previous paper.35 Nevertheless,
when the results of Tables 3 and 4 are compared, it can
be seen that the conversion of LCO significantly in-
creases when catalysts with HZSM-5 zeolite are used.
Consequently, the main interest for a future process
involving the catalytic cracking of dissolved plastics lies
in the cracking of both the plastic and the solvent, which
must be chosen according to the commercial interests
of the refinery.

When the results of conversion shown in Table 4 are
analyzed, an important effect of temperature on the
conversion of the PS/LCO and PS-BD/LCO blends is
observed, whereas this effect is lower for LCO. This

result shows that the conversion of PS and of PS-BD
contained in these blends is much lower than that of
the solvent at low temperatures and that it significantly
increases with temperature. Thus, at the highest tem-
perature studied, 550 °C, the conversions of the PS/LCO
blend for the three catalysts are even higher than those
corresponding to LCO at this temperature. Neverthe-
less, the maximum conversion of the PS-BD/LCO blend
is lower than the maximum conversion of LCO.

The important effect of temperature in the cracking
of PS/LCO is evidence of the need for a higher temper-
ature to activate the protonation of PS aromatic rings.

The difference in the results between the catalytic
cracking of PS/LCO and that of PS-BD/LCO cannot be
attributed to the deactivation of the catalyst because
the yields of coke for the PS-BD/LCO blend are very
similar to those for the PS/LCO blend. Consequently,
this difference must be attributed to a higher stability
of PS-BD against electrophilic attack and to the pro-
tonation of the phenolic groups that generate the
intermediate cationic complexes in the cracking mech-
anisms. In other words, the mechanism of cracking by
the generation of free radicals, which is characteristic
of thermal cracking, is more important with PS-BD/
LCO than with PS/LCO. This mechanism explains the
high formation of gases (C1, C2) in the cracking of the
PS-BD/LCO blend.

The different effects of catalyst acidity (Table 2) on
the cracking of the three feeds is noteworthy. The
conversion of LCO is only slightly affected by catalyst
acidity, which is explained by the high activity of the
HZSM-5 zeolite in the cracking of hydrocarbons of high
molecular weight. Although the access of the reactants
to the porous structure of the HZSM-5 zeolite is largely
restricted by the small size of the channels (5.1 × 5.6
Å), the high conversion is explained by the contribution
to cracking of the external acid sites of the zeolite
crystals. These sites can crack naphthenes, olefins, high-
molecular-weight paraffins, and side chains and con-
necting chains in aromatic rings, but they cannot crack
these rings. The high yield of the gasoline fraction C5-
C12 in the cracking of LCO, even with catalyst 3 of lower
total acidity, shows that a moderate acidity is sufficient
for cracking LCO. It must be taken into account that
the acidity of catalyst 3 is much higher than that of
commercial cracking catalysts used in FCC units.
Although this catalyst has been used in successive
reaction-regeneration cycles, a residual acidity remains
that is sufficient for gas-oil cracking under FCC condi-
tions.36

Nevertheless, the total acidity of the catalyst plays
an important role in the cracking of PS/LCO, for which
an important difference in conversion was obtained
between the three catalysts, especially at low temper-
ature (e.g., 450 °C, Table 4). This effect attenuates at
550 °C. In the whole range of temperature, the level of
conversion is in agreement with the level of total acidity
of the catalyst: 1 > 2 > 3. This need for a high level of
acidity in the cracking of polystyrene supports the idea
that the first step of the different cracking mechanisms
is the protonation of the aromatic rings.12,16,37

This effect of the total acidity of the catalyst is also
observed when the conversion data of PS-BD/LCO
cracking with the different catalysts are compared.
Nevertheless, when temperature is increased, conver-
sion increases, but to lower values than those obtained
in the cracking of PS/LCO. Obviously, this difference is

Table 3. Conversions and Yields (wt %) in the Thermal
Cracking of LCO and of the Dissolved Plastics of the
Total Feed

feedstock
T

(°C)
conversion

(wt %)

gases,
C1-C4
(wt %)

gasoline,
C5+

(wt %)
coke

(wt %)

LCO 450 36.8 0.1 35.8 0.9
500 38.0 0.5 36.6 0.9
525 38.7 0.7 37.0 1.0
550 39.3 1.1 37.2 1.0

PS/LCO 450 50.1 0.6 47.9 1.6
500 55.1 1.7 51.8 1.6
525 58.4 2.0 54.7 1.7
550 60.6 2.5 56.4 1.7

PS-BD/LCO 450 44.2 0.5 42.3 1.4
500 51.1 1.3 48.4 1.4
525 56.1 2.3 52.3 1.5
550 60.3 4.2 54.6 1.5

yield of lump i ) mass of lump i
total mass in the feed

× 100 (1)
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attributable to the greater resistance by the aromatic
rings in the PS-BD to electrophilic attack.

In the cracking of the three feeds, as temperature or
catalyst acidity is increased, in general, there is an
increase in the yield of each of the fractions: dry gases
(C1, C2), LPG (C3, C4), gasoline (C5-C12), and coke.
Nevertheless, when the yields corresponding to the
cracking of LCO and PS/LCO are compared, it is
observed that the increase in the maximum conversion
(at the higher temperature, 550 °C) when PS is fed is
mainly due to the increase in the yield of gasoline (C5-
C12) and is compensated by a decrease in the yield of
LPG.

Although the effect of the total acidity of the catalyst
is evident (Table 2), the difference in acid strength
distribution (Figure 1) can be expected to have a small
effect on the kinetic behavior. First, because this dif-
ference, which was obtained by changing the Si/Al ratio
in the preparation of the HZSM-5 zeolites, is of low
significance and, second, because the very strong acid
sites generated in these zeolites are rapidly deactivated
by coke, so that the acid strength of the remaining sites
is rapidly homogenized.

When the results of PS-BD/LCO cracking are com-
pared with those of LCO cracking, in general, it is
observed that the decrease in the conversion when
plastic is fed is mainly due to the decrease in the yield
of gasoline, although a lower decrease in the yield of

LPG and significant increases in the yields of dry gases
and coke also occur. The increase in the yield of coke
for catalysts 1 and 2 is important because of the effect
it might have on the deactivation of these catalysts.

Special attention should be paid to the coke content
deposited on the catalyst. The maximum contents (for
catalyst 1 at 550 °C) are 0.75 and 0.95 wt % for the
transformations of the PS/LCO and PS-BD/LCO blends,
respectively. These contents are lower than those for
FCC units operating with commercial catalysts pre-
pared from HY zeolites and with standard feeds, for
which the maximum coke contents range between 1.5
and 2 wt %. The coke content is important because
thermal equilibrium in FCC units is maintained by the
heat generated in the combustion of the coke in the
regenerator.

Concerning the deactivation of pure HZSM-5 zeolite
in other processes, it has been found that deactivation
in the MTG (methanol-to-gasoline) process is almost
complete (with total pore blockage) for a coke content
of approximately 5 wt %, which corresponds to 1.25 wt
% for our catalyst (with 25 wt % zeolite).38 From this
point of view, our catalyst has undergone severe deac-
tivation.

Figure 3 shows the effect of temperature on the
selectivity of the lumps of gases (C1, C2), LPG (C3, C4),
the C5-C12 fraction, and coke, for the three feeds LCO,
PS/LCO, and PS-BD/LCO. The results correspond to

Table 4. Conversions and Yields (wt %) of Dry Gases (C1, C2), LPG (C3, C4), Gasoline (C5-C12), and Coke Obtained in the
Cracking of LCO, PS/LCO, and PS-BD/LCO on the Different Catalysts Synthesized

feedstock catalyst
T

(°C)
conversion

(wt %)

C1, C2
gases
(wt %)

C3, C4
gases
(wt %)

gasoline
(C5-C12)
(wt %)

coke
(wt %)

LCO 1 450 56.4 0.2 2.8 50.7 2.7
500 57.0 0.5 4.2 49.5 2.8
525 57.6 0.8 4.4 49.5 2.9
550 59.7 1.7 5.4 49.5 3.1

LCO 2 450 55.9 0.2 2.6 50.7 2.4
500 56.5 0.5 2.8 50.7 2.5
525 56.7 0.7 2.8 50.6 2.6
550 57.1 1.3 3.1 50.1 2.6

LCO 3 450 54.5 0.3 2.3 50.0 1.9
500 55.0 0.5 2.7 49.9 1.9
525 55.3 0.8 2.7 49.6 2.2
550 55.5 1.2 3.1 48.6 2.6

PS/LCO 1 450 42.7 0.9 2.7 37.0 2.1
500 49.8 1.5 3.1 43.0 2.2
525 54.2 1.6 3.2 46.9 2.5
550 63.4 1.9 3.2 55.3 3.0

PS/LCO 2 450 35.5 0.5 1.3 31.8 1.9
500 45.1 0.7 1.4 40.9 2.1
525 52.5 0.7 1.9 47.5 2.4
550 62.2 1.0 2.3 56.3 2.6

PS/LCO 3 450 34.3 0.3 1.1 31.0 1.9
500 42.4 0.6 1.4 38.4 2.0
525 52.3 0.7 1.7 47.7 2.2
550 61.2 0.8 2.2 55.8 2.4

PS-BD/LCO 1 450 42.6 1.2 3.3 35.1 3.0
500 47.0 2.3 3.5 37.8 3.4
525 49.5 2.8 3.9 39.1 3.7
550 52.5 2.8 4.0 41.9 3.8

PS-BD/LCO 2 450 39.6 0.4 1.5 35.4 2.3
500 42.1 0.4 1.7 37.1 2.9
525 43.1 0.8 2.1 37.1 3.1
550 49.5 1.8 2.7 41.8 3.2

PS-BD/LCO 3 450 36.4 0.3 1.4 32.9 1.8
500 39.9 0.3 1.7 36.0 1.9
525 40.1 0.5 2.0 35.6 2.0
550 46.8 1.6 2.2 40.9 2.1
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catalyst 1, for which the conversion is the highest. The
selectivity was calculated as

As can be observed in Figure 3, the selectivities to
gases (C1, C2) (Figure 3a) and to coke (Figure 3d)
increase as the temperature is increased for the three
feeds. The increase in the selectivity to coke is very
small, which is because cracking also affects the coke
precursor intermediates. The effect of temperature on
the selectivity to LPG is uneven (Figure 3b). Specifically,
in the cracking of LCO, selectivity to LPG increases as
temperature is increased; it is almost constant in the
cracking of PS-BD/LCO, and it decreases in the crack-
ing of PS/LCO.

The selectivity to the C5-C12 fraction is very high for
the three feeds. This selectivity is slightly affected when
PS is co-fed and is considerably affected when PS-BD
is co-fed. The fact that the selectivity to the C5-C12
fraction is almost constant with temperature in the
range studied is an interesting aspect for a hypothetical
industrial process, which combines high production and
high selectivity to obtain gasoline.

When the selectivities determined for the cracking of
feeds containing dissolved plastic are compared with
those determined for solvent cracking, the role of PS-
BD in increasing the selectivity to dry gases (C1, C2)
and especially to coke is significant. An interpretation

of this result is that the butadiene chains of the polymer
mainly undergo two undesired processes from the point
of view of product interest: (1) the formation of poly-
aromatic structures, from which those retained in the
catalyst make up the coke and those that are volatilized
are not considered in the calculation of conversion,
because of their high boiling points (corresponding to
C12+ alkanes), and (2) the cracking of polybutadiene
chains and lateral chains of polyaromatics, which
produce gases (C1, C2). The first step of the mechanisms
of both processes is the formation of cations after the
protonation of the carbons corresponding to the double
bonds of polybutadiene. This protonation is energetically
more favorable than that of the phenolic group of PS,
which explains the low efficiency of this step and,
consequently, the low conversion of PS chains in the
cracking of PS-BD.

Apparent Conversion of the Plastics. For the
purpose of determining the yields of the different lumps
of products and the conversion (sum of the yields) of the
plastic contained in each mixture, the apparent yield
of each lump obtained from the plastic was calculated
by using the results obtained for the yields from the
transformation of LCO and assuming that these yields
remain constant when the mixture is transformed, i.e.

Figure 3. Effects of temperature on the selectivities to the products (in wt %) in the cracking of LCO, PS/LCO, and PS-BD/LCO: (a)
gases (C1, C2), (b) LPG (C3, C4), (c) C5-C12 fraction, (d) coke.

selectivity of lump i )
mass of lump i

total mass of the products
× 100 (2)

yield of lump i for the blend )
(yield of lump i from LCO) × 0.75 +

(apparent yield of lump i from the plastic) × 0.25
(3)
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When the results in Table 4 are substituted into eq
3, it becomes clear that the highest apparent yield from
the dissolved PS and PS-BD is that corresponding to
the lump of gasoline (C5-C12) and that this yield
increases significantly as the reaction temperature is
increased, up to 72.7 wt % for PS and 19.1 wt % for PS-
BD at 550 °C for catalyst 1. The apparent conversions
at this temperature are 74 and 30.9 wt %, respectively.
The result for PS-BD means that a higher temperature
is advisable, although the temperature will be limited
by the apparent yield of coke, which significantly
increases with temperature, being 2.7 wt % for PS and
5.9 wt % for PS-BD.

C5-C12 Composition. Table 5 shows the composi-
tions of the C5-C12 fractions obtained in the cracking
of LCO, PS/LCO, and PS-BD/LCO. The results were
obtained with catalyst 1. The results corresponding to
the other catalysts are qualitatively similar.

Although the content of aromatics in the C5-C12
fraction obtained in the cracking of LCO is high, around
80 wt % at 450 °C, and independent of temperature,
the presence of plastics in the feed notably increases
this content. The contents of aromatics in the cracking
of PS/LCO and PS-BD/LCO increase to 96.06 and to
91.49 wt %, respectively, as temperature is increased
up to 550 °C. This result reveals the important contri-
bution of dissolved plastics in the generation of aromat-
ics and the low yield of the remaining components of
the C5-C12 fraction. The inhibition in the formation of
olefins and naphthenes is noteworthy and can be
explained by the reactivity of these compounds with the
cations of PS to form indanes and indenes, which,
because of their high boiling point, are not considered
in the C5-C12 fraction.16

Because of the significant aromatic content of the C5-
C12 fraction, potential interest in the valorization of the
blends studied in this paper might lie in the separation
of these aromatics, whose commercial interest is ex-
pected to increase over the next decade.39 Figure 4
shows the effect of temperature on the compositions, in
weight percent, of different components and lumps of
the fractions of aromatics of the C5-C12 product stream
obtained in the cracking of LCO, PS/LCO, and PS-BD/
LCO. The results correspond to catalyst 1. The results
corresponding to the other catalysts are qualitatively
similar.

In these results, the important effects of the co-feeding
of plastics and of the cracking temperature are note-
worthy. For the cracking of PS/LCO and PS-BD/LCO,
the concentration of the C8 fraction, which is mainly
made up of the monomer styrene, increases almost
linearly as the temperature is increased (Figure 4c). The

concentrations of the fractions C9 (Figure 4d) and C10-
C12 (Figure 4e) decrease as the temperature is increased,
and the concentrations of benzene (Figure 4a) and
toluene (Figure 4b) pass through a maximum at 500 °C.

These results can be explained by a change in the
cationic mechanisms of PS decomposition, which have
alternative ways of obtaining stable products, such as
benzene and styrene. The results show that, as tem-
perature is increased, the formation of styrene is favored
by â-scission of intermediate macrocations, which are
formed by successive protonations. This mechanism has
a higher activation energy than the direct formation of
benzene by decomposition of ortho-protonated aromatic
rings in the polymer chain, which has been reported in
the literature to be significant above 130 °C.16

Figure 5 shows the yields of the aromatic components
in the cracking of PS/LCO (Figure 5a) and PS-BD/LCO
(Figure 5b). The yield of styrene at 550 °C is 99.9 wt %
for the PS fed in the PS/LCO blend and 99.8 wt % for
that in the PS-BS/CO blend. It must be pointed out
that almost all of the styrene comes from the cracking
of PS because the content of styrene in the aromatic
fraction of the products obtained in the cracking of LCO
has been shown to be insignificant. Given that PS is
totally converted into styrene at 550 °C, the remaining
aromatic components in the product stream obtained
in the cracking of the PS/LCO and PS-BD/LCO blends
has its origin in the cracking of LCO.

This high yield of styrene is higher than that reported
in the literature for the thermal pyrolysis of PS when
the PS is fed as a pure component in solid state. Thus,
in fixed-bed reactors, Zhang et al. obtained a yield of
56 wt % at 350 °C,12 and Nishizaki et al. obtained a yield
of 50 wt % at 450 °C.40 In a fluidized-bed reactor,
Kaminsky obtained a yield of 64.9 wt % at 580 °C,41 and
Aguado et al. obtained a yield of 64.5 wt % in a conical
spouted bed at 450 °C.42

The total recovery of the monomer must be attributed
to the process conditions and to the shape selectivity of
the catalyst. Both factors minimize undesired secondary
reactions. Thus, given that the polymer is diluted, the
heating rate is high; this allows for the reaction to be
completed in a short contact time, 3 s, which minimizes
the secondary reactions between the primary products
and the melted plastic (which are important in the
pyrolysis of plastics when they are fed in the solid state).
The shape selectivity of the catalyst plays an important
role in the inhibition of the mechanisms of formation of
indanes and indenes, which are alternative to the
formation of styrene through â-scission. These steps
require the rearrangement and hydride abstraction of

Table 5. Compositions of the C5-C12 Fractions Obtained in the Cracking of LCO, PS/LCO, and PS-BD/LCO on
Catalyst 1

feedstock T (°C) n-paraffins i-paraffins olefins naphthenes aromatics

LCO 450 4.9 3.7 8.4 2.9 80.1
500 5.2 3.9 9.1 3.0 78.8
525 5.2 3.6 8.4 2.7 80.1
550 4.9 3.3 8.3 3.1 80.4

PS/LCO 450 3.3 2.0 3.1 0.6 91.0
500 2.5 1.5 2.0 0.5 93.5
525 1.9 1.1 1.8 0.5 94.7
550 1.3 0.7 1.6 0.3 96.1

PS-BD/LCO 450 3.0 4.0 4.0 0.7 88.3
500 2.2 4.0 3.3 0.6 89.9
525 2.1 3.9 3.1 0.5 90.4
550 1.8 3.3 3.0 0.4 91.5
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macrocations, which are limited by the small size of the
channels of the HZSM-5 zeolite.

Furthermore, this result is evidence that, under the
conditions used, the components of LCO are inert in the
depolymerization of PS to styrene.

Gas Composition. Figures 6-8 show the effect of
temperature on the composition of the total fraction of
gases (C1-C3 and C4 fractions) for each of the feeds.
Figure 6, corresponding to the cracking of LCO, shows
that, at 450 °C, the C1-C3 fraction (Figure 6a) is mainly
made up of propylene and that, as temperature is
increased, the concentration of ethylene increases, but
the concentrations of gaseous paraffins are maintained
at low values. This increase in the concentration of
ethylene is attributed to the cracking of butenes, whose
concentration decreases as temperature is increased, as
is shown in Figure 6b. The formation of ethylene is
attributed to the mechanism of oligomerization-crack-
ing of propylene.43

In the gaseous product obtained in the cracking of PS/
LCO, the concentration of propylene (Figure 7a) is

slightly lower than that obtained in the cracking of LCO
(Figure 6a). Nevertheless, ethylene is present at a
concentration of 20 wt % for temperatures above
450 °C. The concentration of ethylene increases with
temperature, which is partially due to the cracking of
iso-butene, whose concentration decreases as tempera-
ture is increased (Figure 7b) and to the oligomerization-
cracking of propylene.

The concentration of propylene in the cracking of PS-
BD/LCO (Figure 8a) is slightly lower than that corre-
sponding to the aforementioned feeds (Figures 6a and
7a), and it decreases in a less pronounced way as the
temperature is increased. The concentration of ethylene
is also slightly lower than that found for the cracking
of PS/LCO.

The concentration of butenes in the cracking of PS-
BD/LCO (Figure 8b) lies between the values obtained
for the other two feeds, and a significant concentration
of butadiene is observed at 550 °C. The yield in the
recovery of the monomer butadiene is low, 10.4 wt %,
compared to the content in the feed, which is explained

Figure 4. Effect of temperature on the compositions (in weight percent) of the aromatic components of the C5-C12 fraction in the cracking
of LCO, PS/LCO, and PS-BD/LCO on catalyst 1: (a) benzene, (b) toluene, (c) C8 fraction, (d) C9 fraction, (e) C10-C12 fraction.
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by the fact that, although the chain-breaking mecha-
nisms of the two copolymers favor the recovery of the
monomer styrene, the unsaturated chains of polybuta-

diene are cracked with relative ease by the Brönsted
acid sites of the catalyst.

Figure 5. Yields of the aromatic components in the cracking of
the blends on catalyst 1: (a) PS/LCO, (b) PS-BD/LCO.

Figure 6. Effect of temperature on the compositions of the
fractions of gases in the cracking of LCO on catalyst 1: (a) C1-C3
fraction, (b) C4 fraction.

Figure 7. Effect of temperature on the compositions of the
fractions of gases in the cracking of PS/LCO on catalyst 1: (a)
C1-C3 fraction, (b) C4 fraction.

Figure 8. Effect of temperature on the compositions of the
fractions of gases in the cracking of PS-BD/LCO on catalyst 1:
(a) C1-C3 fraction, (b) C4 fraction [n-C4 ) (a) 1-cis- and trans-
butene, (b) butadiene].
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For the three feeds, the resulting increase in the
concentration of ethylene with temperature and de-
crease in the concentrations of propylene and butenes
are evidence of the well-known mechanism of olygomer-
ization-cracking of these light olefins on HZSM-5
zeolites with the formation of ethylene as the final
product.43 Other authors have demonstrated the high
selectivity to ethylene in the cracking on HZSM-5
zeolites.33,44-46 den Hollander et al.47 attribute the
higher ethylene yield on HZSM-5 to the small pores of
this zeolite and the associated high electrical fields and
interaction with adsorbed carbenium ions.

Under the conditions of total recovery of the styrene
contained in the plastics, as occurs at 550 °C, the
composition of the remaining products is different from
that obtained when LCO is fed. This is explained by the
hypothesis that, under these conditions, overcracking
of LCO products occurs. It must be taken into account
that the content of LCO in the blends is 75 wt % that of
the feed made up of pure LCO. This explains the
aforementioned findings of the increase in the yields of
gases and coke and of the evolution of gas composition
with increasing concentration of ethylene.

4. Conclusions

The cracking on HZSM-5 zeolite catalysts of PS and
PS-BD dissolved in an aromatic LCO obtained in a
commercial refinery unit allows for the total recovery
of styrene at 550 °C under the standard conditions of a
FCC unit. The process is also interesting for the
valorization of LCO, from which high yields of C5-C12
aromatics, olefinic LPG, and ethylene are obtained,
together with low yields of dry gases (C1, C2) and coke.
Co-feeding PS contributes to an increase in the conver-
sion of LCO, whereas co-feeding PS-BD partially
inhibits the conversion of LCO at 550 °C. Co-feeding
both plastics contributes to a substantial increase in the
aromatic content in the C5-C12 fraction and to a
significant decrease in the concentrations of n-paraffins,
olefins, and naphthenes.

It has been demonstrated that the acidity of the
catalyst plays an important role in the conversion and
that a high total acidity is required, as is the case for
an HZSM-5 zeolite with a Si/Al ratio of 24 prepared
under conventional conditions and moderately equili-
brated (by calcination at 600 °C). Likewise, in the 450-
550 °C range studied, the conversion increases with
temperature in the cracking of the PS/LCO and PS-
BD/LCO blends. Temperature has an important effect
on the composition of the gaseous olefins, where the
concentrations of butenes and propylene decrease as the
temperature is increased whereas that of ethylene
increases.

The aforementioned results are encouraging for the
valorization of secondary-interest feeds in refineries,
such as LCO, given that, by using LCO as a solvent for
the plastics that make up post-consumer wastes, both
materials can be valorized with a maximum exploitation
of the refinery capacity.
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