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Abstract

A lumped kinetic model including both thermal and catalytic cracking and catalyst decay has been developed for the
cracking of polypropylene in a semibatch stirred reactor. Two decay equations in where the catalyst decay is either a function
of time on stream or function of coke on catalyst have been tested. The kinetic model fits very well the experimental results
and is able to simulate the process in a wide range of operating conditions. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nowadays, tertiary recycling is growing in impor-
tance as a feasible solution for the treatment of plastic
wastes. Within the different options, catalytic crack-
ing of plastic wastes by direct contact with a cracking
catalyst seems to be an attractive alternative. There-
fore, work has been done on the direct catalytic crack-
ing of different type of plastics, using a large variety
of catalysts and reaction systems [1–10]. Neverthe-
less, the economical feasibility of the process is enor-
mously affected by the cost of the catalyst. We have
proved in the laboratory that the catalytic cracking of
plastic wastes of polypropylene (PP) and low density
polyethylene (LDPE) by direct contact with a spent
equilibrium FCC catalyst, with practically zero cata-
lyst cost, is technically feasible [9,10]. However, the
scale-up of such a process requires the development
of a kinetic model that will help in the design of an
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industrial reactor, and/or in the simulation of the pro-
cess under different operating conditions.

Much work has been done on the kinetics of the
thermal cracking of plastic wastes [11–14], but little
on the catalytic cracking, and this has been mainly
done by using thermogravimetric techniques (TGT)
[2,8,15]. TGT implies the use of reduced amounts of
polymer and catalyst (in the order of milligrams) and
the results are affected by mass transfer problems, with
the corresponding limitations when a realistic model
for the design or simulation of reactors for the cat-
alytic cracking of plastic wastes has to be developed.
The most realistic kinetic study of the catalytic crack-
ing of plastics is that of Lin et al. [5], based on a
lumping reaction scheme for the products which takes
into account the catalyst deactivation. However, this
was obtained using a laboratory fluidized bed reactor,
and the results cannot be extrapolated to other reac-
tion options that can also be realistic. For instance in
the case of a process using a semibatch stirred reactor,
this will use much lower nitrogen flows and catalyst
to plastic ratios than the fluidized bed reactor, with
longer catalyst/plastic contact times.
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Nomenclature

a degree of polymerization of the
largest molecule that can evaporate
from the reactor

E activation energy (kJ mol−1)
kd decay parameter (min−1)
kic kinetic rate constant for theith

product in catalytic cracking
(g min−1 gcat−1)

ki t kinetic rate constant for theith
product in thermal cracking (min−1)

m0 initial mass of plastic loaded in the
reactor (g)

mP(t) remaining mass of plastic at timet (g)
P0 initial degree of polymerization

of the plastic
P(t) degree of polymerization of the

plastic at timet
Ric extensive reaction rate ofith product

in catalytic cracking (g min−1)
Ri t extensive reaction rate ofith product

in thermal cracking (g min−1)
SSR sum of the squares of the residuals
t time (min)
W catalyst mass (g)
X(%) conversion (%)
Yi(%) yield to producti (%)

Greek letters
α decay parameter (min−1)
φ(t) catalyst decay function

In this work, we have developed a kinetic model for
the cracking of plastic wastes in a semibatch stirred
reactor. The model takes into account both thermal
and catalytic cracking, including catalyst decay, and
consequently allow us to simulate the process under
different operating conditions.

2. Experimental

2.1. Materials

The PP was provided by Repsol (PP-050,Mn =
69 800) in the form of pellets and it was used without

additional treatment. The catalysts studied were a
USY zeolite (CBV 712) and an equilibrium FCC
commercial catalyst (Resoc-g), provided by Cepsa.
The catalysts were pelletized, crushed and sieved and
particles with sizes 0.25–0.42 mm were used. The
catalyst characterization is given elsewhere [9].

2.2. Reactor and experimental procedure

The catalytic tests were performed in a stainless
steel semibatch stirred reactor, at atmospheric pres-
sure under a nitrogen flow, whose detailed description
and experimental procedure is given elsewhere [9].
In each catalytic experiment, 24.5–35.0 g of PP were
loaded into the reactor and 0.7–1.5 g of catalyst were
stored into the catalyst tank. The reactor was contin-
uously purged with a nitrogen flow (21 ml/min) and
heated by an electric furnace. Stirring (960 rpm) was
started after the polymer melted. When the tempera-
ture inside the reactor reached the reaction tempera-
ture (340–380◦C), the catalyst was introduced into the
reactor and this was considered as the zero reaction
time. At different time intervals, liquid and gaseous
products were collected in several glass receivers and
their associated gas burettes, respectively. The total re-
action time was variable, depending on the operating
conditions. At the end of the experiment, the reactor
was cooled at room temperature. Thermal cracking
tests were carried out in a similar way but without
catalyst.

2.3. Products analysis

The reaction products were classified from an ana-
lytical point of view into gases, liquid hydrocarbons
and residue (waxy compounds+coke deposited on the
catalyst), and from a kinetic point of view into gases,
gasoline and diesel+ gasoil. The gaseous products
were analyzed using a HP-5890 GC equipped with two
capillary columns connected in series with TCD and
FID detectors. The first column separates H2, N2 and
CH4 (molecular sieve 15 m×0.53 mm i.d.), while the
second column separates hydrocarbons C2–C6 (alu-
mina 50 m× 0.53 mm i.d.). The liquid products were
analyzed by simulated distillation (ASTM-D 2887)
in a Varian 3400 GC equipped with FID and a DB5
capillary column, fused silica 15 m× 0.53 mm i.d.
Fractions used for processing the results of simulated



S.C. Cardona, A. Corma / Catalysis Today 75 (2002) 239–246 241

distillation were: gasoline boiling point (BP)≤
235.4◦C, and diesel+ gasoil BP>235.4◦C.

2.4. Mass balance

The mass balance was calculated as the ratio be-
tween the sum of weights of gas, liquid and residue
and the weight of the feed, so that only those exper-
iments giving mass balances above 95% were con-
sidered as valid. Hydrogen and C1–C4 were taken as
gases, while C5–C6 analyzed in the gas stream were
added to the liquid composition.

The yield to one product for a determined reaction
time, Yi , was the ratio between the weight of that
product accumulated during that period of time and the
weight of the feed. The conversion,X, was the sum of
the yields to all the products and the selectivity to one
product was the ratio between yield and conversion.

3. Results and discussion

3.1. Kinetic model

The lumped kinetic model proposed here is based
on the reaction pathway shown in Fig. 1, whereki t
andkic are the kinetic rate constants for thermal and
catalytic cracking, respectively. We suppose that ther-
mal and catalytic cracking of plastic occur simultane-
ously when the catalyst is introduced into the reactor,
both take place only in the liquid phase and are com-
petitive (parallel) reactions. Catalytic cracking occurs
on the acid sites of the catalyst (carbocation mecha-
nism), while thermal cracking occurs in the bulk of
the melted plastic (radical mechanism).

Fig. 1. Reaction pathway for the kinetic model of thermal and
catalytic cracking of plastics in a semibatch stirred reactor. Sub-
script “c” refers to catalytic cracking, while “t” refers to thermal
cracking.

Taking into account our reaction system, we have
assumed that all the reaction lumped products formed
in the liquid phase evaporate immediately after be-
ing formed and are collected outside the reactor. In
agreement with this we have then considered that no
accumulation of reaction products in the liquid phase
occur and consequently recracking of products does
not need to be considered. One could reach a similar
conclusion on recracking just by considering that the
melted plastic has a much higher adsorption enthalpy
than the cracked products and, consequently, recrack-
ing could only compete when the remaining melted
plastic will be very low. This, together with the fact
that in our reaction system the products are really re-
moved from the reaction media, should make the re-
cracking of primary products negligible. Indeed, when
the yield to diesel+ gasoil is plotted versus total con-
version (Fig. 2), there is not a decrease in the slope of
the line that will indicate an unstability by recracking.

Based on the above assumption, the reaction scheme
from Fig. 1 and the reactor used (Fig. 3), the follow-
ing can be elaborated. In Eq. (1), the kinetic rate ex-
pression for thermal cracking is given as taken from
[12,14]:

Rit (g min−1) = kit
mP(t)

P (t)
(a + 1)a (1)

where

P(t) = (a + 1) + 1

(exp((k1t + k2t + k3t )t)/C) − 1
(2)

C = P0 − a − 1

P0 − a
(3)

andmP is the remaining mass of plastic (g) at timet, ki t
the kinetic rate constant (min−1) for the ith product in
thermal cracking, whileP0 the initial degree of poly-
merization of the plastic (calculated fromMn), anda
the degree of polymerization of the largest molecule
than can evaporate from the reactor (determined ex-
perimentally).

For catalytic cracking, we propose the following
kinetic expression:

Ric (g min−1) = Wkic
mP(t)

m0
φ(t) (4)

where W is the mass of catalyst (g),m0 the initial
mass of plastic (g) loaded,kic the kinetic rate constant
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Fig. 2. Yield to diesel+ gasoil versus conversion for thermal (�) and catalytic cracking (�) of PP. Reaction conditions for catalytic
cracking with Resoc-g (0.25–0.42 mm) areT = 380◦C and catalyst/plastic= 1.5/35.0 (w/w), while for thermal cracking,T = 380◦C and
35.0 g of plastic.

(g min−1 gcat−1) for the ith product in catalytic crack-
ing andφ(t) the catalyst decay function. A first reac-
tion order with respect to plastic has been adopted with
the aim of reducing the number of adjustable param-
eters, and the same catalyst decay function has been
considered for all the parallel cracking reactions.

As catalyst decay functions, we have tested two
equations used for catalytic cracking of hydrocarbons,
where the catalyst decay is either a function of time
on stream [16]:

φ(t) = exp(−αt) (5)

or a function of coke on catalyst [17]:
dφ

dt
= −kdφ

2X(%)

100
(6)

which is derived from

φ = exp(−βCC) (7)

Fig. 3. Schematic drawing for the semibatch stirred reactor.

whereCC is the concentration of coke formed over
the catalyst andβ an adjustable parameter. The decay
parameters for Eqs. (5) and (6) areα andkd (min−1),
respectively.

Applying a non-steady state mass balance on the
volume of control depicted in Fig. 3 over each lumped
product, considering the rate of thermal and catalytic
cracking described above, and introducing the defini-
tions of conversion and yields to products, the follow-
ing dynamic model is obtained:
(

kit

P(t)
(a+1)a+ W

m0
kicφ(t)

)
(100− Y1(%) − Y2(%)

− Y3(%)) = dYi(%)

dt
i = 1, 2, 3 (8)

Combination of Eqs. (8) and (5) constitutes Model
1, while (8) and (6) define Model 2. If we set
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Fig. 4. Effect ofW/m0 ratio in catalytic cracking of PP at 380◦C, using H-USY 712 (0.42–0.59 mm) as catalyst:W/m0 = 1.0/35.0 (w/w)
(�) andW/m0 = 0.7/24.5 (w/w) (�).

W = 0 in both models, only thermal cracking can be
simulated.

Fitting of the experimental results to the mod-
els was carried out by minimizing the sum of the
squares of the residuals (SSRs) by means of the
Levenberg–Marquardt’s algorithm:

SSR=
N exp∑
j=1

[(Y1(%)
exp
j − Y1(%)cal

j )2 + (Y2(%)
exp
j

− Y2(%)cal
j )2 + (Y3(%)

exp
j − Y3(%)cal

j )2] (9)

3.2. Kinetic results

Since the kinetic model does not contemplate mass
transfer steps, the experiments were carried out us-
ing sufficiently small catalyst particle size and high
stirring velocity for which was seen that reaction was
not mass transfer-limited. SinceW/m0 ratio appears

as a control variable in the kinetic model, we have
proved that modifications in the amounts ofW andm0
does not affect as far asW/m0 ratio remains constant
(Fig. 4).

Fig. 5 shows the experimental results obtained at
different reaction temperatures for thermal and cat-
alytic cracking of PP when using an equilibrium FCC
catalyst. It has been found that the experimental re-
sults fit very well the proposed models, and the best
fitted parameters for thermal and catalytic cracking are
given in Tables 1 and 2, respectively. It can be seen
that the kinetic rate constants for thermal cracking are
considerably lower than those for catalytic cracking.
We can also see that, regardless of the model used,
the decay constant decreases when increasing temper-
ature. This agrees with the fact that exothermic bi-
molecular hydrogen transfer reactions leading to coke
become relatively less important when increasing the
reaction temperature [18]. The SSR for Model 1 are
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Fig. 5. Experimental results for thermal ((�): 340◦C, (�): 360◦C, (�): 380◦C) and catalytic cracking ((�): 340◦C, (�): 360◦C, (�):
380◦C) of PP. Reaction conditions for catalytic cracking with Resoc-g (0.25–0.42 mm) are catalyst/plastic= 1.5/35.0 (w/w), while for
thermal cracking are 35.0 g of plastic. Lines correspond to calculated values: Model 1 (——), Model 2 (. . . ) and thermal model (– –).

slightly lower than that for Model 2, although small
differences in the values of the kinetic rate constants
were obtained.

The selectivity towards the gasoline fraction is
higher than that of gases and diesel+ gasoil in the
range of temperatures studied. Although the selectivity
towards the gas fraction decreases when increasing the
temperature, the gasoline fraction shows a maximum
at 360◦C and decreases at higher temperatures, while
the diesel+ gasoil fraction increases. This behavior
can be explained taking into account the competing

Table 1
Best fitted parameters for thermal cracking(P0 = 4986, a = 30)

T (◦C) kt = �kit

(min−1)
k1t (min−1) k2t (min−1) k3t (min−1) SSR (%)

340 2.17× 10−5 1.16 × 10−6 ± 1.78 × 10−6 1.36 × 10−5 ± 1.49 × 10−6 6.87 × 10−6 ± 1.60 × 10−6 1.51
360 5.14× 10−5 2.68 × 10−6 ± 1.34 × 10−6 3.86 × 10−5 ± 1.12 × 10−6 1.01 × 10−5 ± 1.28 × 10−6 5.21
380 1.80× 10−4 1.02 × 10−5 ± 2.68 × 10−6 1.48 × 10−4 ± 2.25 × 10−6 2.14 × 10−5 ± 2.63 × 10−6 1.43

effects between cracking and evaporation of the reac-
tion products, whose relation varies with temperature.
At the range of temperatures studied here and higher,
the reaction products of higher boiling point leave
the reactor avoiding recracking and consequently in-
creasing the diesel+ gasoil fraction [10]. It should
also be taken into account for selecting the best reac-
tion temperature that at higher temperatures than the
ones studied here the relative contribution of thermal
cracking increases, increasing therefore the selectivity
to diesel+ gasoil.
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4. Conclusions

A semibatch reaction system has been found ade-
quate to carry out in the laboratory the catalytic crack-
ing of PP and PE and to produce kinetic results. A
kinetic model that includes both thermal and catalytic
cracking has been developed which fits very well the
experimental results. The model and kinetic paramete-
rs obtained allow the simulation of the process and cat-
alyst behavior in a wide range of reaction conditions.
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