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bstract

The thermal fast pyrolysis of high density polyethylene (HDPE) has been carried out in a conical spouted bed reactor in the 450–715 ◦C range,
nd individual products have been monitored with the aim of obtaining kinetic data for the design and simulation of this process at large scale.
inetic schemes have been proposed in order to explain both the results obtained in the laboratory plant and those obtained in the literature by other

uthors operating at laboratory and larger scale. Discrimination has been carried out based on the contribution of the variance of model parameters
stepwise regression) to the total variance explained by the model. The models based on that of Westerhout et al. [R.W.J. Westerhout, J. Waanders,

.P.M. Van Swaaij, Recycling of polyethene and polypropene in a novel bench-scale rotating cone reactor by high-temperature pyrolysis. Ind.
ng. Chem. Res. 37 (6) (1998) 2293–2300] do not adequately predict the experimental results, especially those corresponding to aromatics and

har, which is probably due to the very short residence times attained in the conical spouted bed and, consequently, to the lower yields of aromatics
nd char. The model of best fit is the one where polyethylene degrades to give gas, liquid (oil) and wax fractions. Furthermore, the latter undergoes
econdary reactions to give liquid and aromatics, which in turn produce more char.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In today’s society, plastics provide a fundamental contribu-
ion to all major daily activities and consequently, their produc-
ion and use are increasing sharply. Thus, 32 million tonnes were
roduced in Western Europe in 2004 [2], of which 21 million
onnes were polyolefins and 5 million tonnes of these were high
ensity polyethylene. The disposal of used plastics has become
serious problem. Today, only a small percentage (approxi-
ately 10%) of plastic waste is recycled and disposal is mainly

y landfill or incineration, both associated with environmental
roblems. An alternative process to convert and upgrade plastic
astes is through the application of fast pyrolysis technology.
Pyrolysis is a very versatile process, given that it allows

or the simultaneous feed of a variety of wastes of polymeric
ature (tyres, biomass, plastics and so forth) in order to upgrade

hem together. Furthermore, different operating strategies may
e established in order for the products obtained to be used in dif-
erent applications. Thus, there are two interesting variables in
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hese strategies: operating temperature (thermal pyrolysis) and
he use of catalysts (catalytic pyrolysis).

Kinetic knowledge is essential for the determination of the
ptimum conditions for maximization of a given product [3] and
or the design and simulation of commercial reactors [4]. In this
ense, although polyethylene and polypropylene pyrolysis have
een widely studied, the kinetic studies published in the litera-
ure are not suitable for reactor design, given that they are mostly
tudies carried out in a microreactor [5,6], under very different
perating conditions to those of industrial reactors. Furthermore,
he studies published up until now are simple approaches that
xclusively describe the weight loss of the feed [7] and, in the few
tudies that follow product formation, secondary reactions are
ot taken into account (although they are essential for a proper
xplanation of the experimental results), or a kinetic mechanism
s proposed but no kinetic parameters are determined.

Amongst the models in the literature, the one based on lumps
s more suitable for reactor design, given that it allows for ascer-
aining the conditions for optimization of a given product or

roup of products. According to Westerhout et al. [1], poly-
lefin thermal decomposition takes place following a random
egradation mechanism, Fig. 1. Based on this fact, they are able
o relate temperature to product formation.

mailto:martin.olazar@ehu.es
dx.doi.org/10.1016/j.jhazmat.2007.01.101
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Nomenclature

Φ, Φt, Φx overall objective function
ωt, ωx weight factors for final reaction time and yield

objective functions
dXi/dt formation rate of i reactant (s−1)
Ea activation energy (kJ mol−1)
F value of F statistics (ratio of mean square sums)
Fc critical value of Fischer distribution
k0 frequency factor
kAC kinetic constant for the formation of char from

aromatics
kPG kinetic constant for the formation of gas from the

plastic (s−1)
kPL kinetic constant for the formation of liquid from

the plastic (s−1)
kPW kinetic constant for the formation of waxes from

the plastic (s−1)
kWA kinetic constant for the formation of aromatics

from waxes
kWL kinetic constant for the formation of liquid from

waxes
ṁi mass flow rate of each i component (kg s−1)
M0 total mass of plastic in the feed (kg)
Mi mass of lump i formed up to a given time (kg)
nl number of lumps of each scheme
nT number of temperature values
T temperature (◦C)
ti, ti(calc) experimental and calculated values of time

required for degrading the sample at each i tem-
perature (s)

Xi, Xi(calc) experimental and calculated yields of each
lump (kglump kgfeed

−1)
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Fig. 2. Schematic representati
Fig. 1. The kinetic scheme proposed by Westerhout et al. [1].

. Experimental

In this study, a conical spouted bed reactor has been used,
ig. 2, with the aim of obtaining flash pyrolysis data under
onditions similar to industrial units. This reactor is especially
uitable for flash pyrolysis [8–12], given that the gas residence
ime is very short. Runs have been carried out in the 450–715 ◦C
ange. The reactor bed consists of 15 g of sand (dp < 1 mm),
nd batches of 2 g of plastic (2 mm particle size) are fed into
he reactor for product monitoring. The nitrogen flow rate is
0% in excess of that required for minimum spouting velocity
6.5 L min−1).

Product analysis has been carried out by means of an
gilent 6890 gas chromatograph provided with thermal con-
uctivity (TCD) and flame ionization (FID) detectors, being
onnected on-line to the reactor by means of a thermostated

ine. Furthermore, product identification has been carried
ut by means of a mass spectrometer (Shimadzu GC-MS-
P2010S).

on of the pyrolysis unit.
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ig. 3. Kinetic scheme of Westerhout et al. [1] without the step of aromatics to
ases.

. Proposal of kinetic mechanisms
Several kinetic schemes are proposed in order to model the
hermal pyrolysis of HDPE in a conical spouted bed reactor. The
tting of the experimental data (Section 5) to a model based on

he kinetic model of Westerhout et al. [1] (KS1), Fig. 1, clearly

fi
F
a
t

Fig. 5. Kinetic schemes that con
Fig. 4. Kinetic scheme of parallel reactions.

hows that the step of aromatic formation from gases is not sig-
ificant in this case. Moreover, the experimental results poorly

t the kinetic scheme forthcoming by removing this step (KS2),
ig. 3, which means that the scheme proposed by Westerhout et
l. [1] needs modification in order to explain the experimental
rend observed for the different lumps.

sider secondary reactions.
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Westerhout et al. [1] proposed that waxes were the only pri-
ary product, but other authors [13] also propose gases and

iquid as primary products at low temperatures (around 400 ◦C)
t which pyrolysis begins to take place. The lump named liquid
ontains non-aromatic components. Accordingly, several kinetic
chemes not based on that by Westerhout et al. [1], but that have
ases, liquid, waxes, aromatics and char as primary products,
ave been proposed. As an initial scheme, the one shown in
ig. 4 (KS3) has been proposed. In this kinetic scheme, all the

umps are obtained from the plastic.
Concerning the liquid fraction, the experimental data

btained in this study shows that the formation of this fraction
ecreases as temperature is increased from low temperatures to
ntermediate ones, and then it increases at higher temperatures.
onsequently, the liquid fraction is formed following two steps,
s a primary product at low temperatures, as was also observed
y Horvat and Ng [13], and as a secondary product from the
racking of waxes. This is reflected in the kinetic scheme KS4
hown in Fig. 5.

The other kinetic schemes proposed, shown in Fig. 5, con-
emplate that aromatics are also formed from waxes, as was also
onsidered by Westerhout et al. [1], or that they are only formed
rom waxes and not from the plastic.

It is well known that char is formed from aromatics [14],
hich have prompted the proposal of kinetic scheme KS7 in
ig. 5, but char may also be formed only from aromatics, which

s the case in kinetic scheme KS8 in Fig. 5. Finally, a new step has
een introduced for the formation of gases from waxes, kinetic
cheme KS9 in Fig. 5.

. Modelling of the different kinetic schemes

The modelling of the discontinuous pyrolysis process implies
riting the kinetic equations for the formation of the different

umps and the consideration that at the end of the process the
otal amount of plastic has been degraded (conversion 1) to give
he different products.

The amount of each lump formed up to a given time is calcu-
ated by integrating the mass evolution of this lump with time.
iven that total conversion of the plastic is attained, the sum of

ll the lump masses at the end of the reaction must be the total
ass of plastic in the feed:

0 =
n∑

i=1

∫ tf

t=0
ṁi dt (1)

he mass flow rate and yield of each lump are given by

˙ i = M0
dXi

dt
(2)

i = Mi

M0
(3)

Given that the reaction time in the conical spouted bed is

ery short (an average of 60–100 ms), the kinetic equations will
ot be written as a function of reactant concentrations within
he reactor, but as a function of reactant formation rate corre-
ponding to this step. Thus, the formation of a given lump is

Φ

T
s
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roportional to the formation rate of the reactant lump in this
tep. As an example, for the development of the model for the
inetic scheme of Westerhout et al. [1], the kinetic equations for
ach lump are as follows:

Wax:

ṁW=dXW

dt
M0=kPW(1 − XP)M0 − (kWG + kWA)

dXW

dt
M0

(4)

Gas:

ṁG = dXG

dt
M0 = kWG

dXW

dt
M0 − kGA

dXG

dt
M0 (5)

Aromatics:

ṁA=dXA

dt
M0=kWA

dXW

dt
M0 + kGA

dXG

dt
M0−kAC

dXA

dt
M0

(6)

Char:

ṁC = dXC

dt
M0 = kAC

dXA

dt
M0 (7)

By reordering this set of equations, the following set of dif-
erential equations is obtained:

dXW

dt
= kPW

1 + kWG + kWA
(1 − XP) (8)

dXG

dt
= kPWkWG

(1 + kWG + kWA)(1 + kGA)
(1 − XP) (9)

dXA

dt
= kPW[kWA(1 + kGA) + kWGkGA]

(1 + kWG + kWA)(1 + kGA)(1 + kAC)
(1 − XP) (10)

dXC

dt
= kPWkAC[kWA(1 + kGA) + kWGkGA]

(1 + kWG + kWA)(1 + kGA)(1 + kAC)
(1 − XP) (11)

similar procedure is followed for the other kinetic schemes.
The discrimination of models and the calculation of kinetic

arameters have been carried out by fitting the experimental
alues of yield of each lump and reaction end time to the mass
onservation equations obtained for the kinetic schemes, Eqs.
8)–(11), which have been solved by a program written in Mat-
ab, using a numerical procedure based on finite differences.

The kinetic parameters of best fit have been determined by
ultivariable non-linear regression, using the Complex [15]

lgorithm.
The objective function, Φ, takes into account the deviations

etween the experimental and calculated yields and reaction end
imes. As the error in the estimation of the end time is much
reater than that of yield, the objective function takes this into
ccount by means of weight factors:
= ωxΦx + ωtΦt (12)

he objective function for the yields, Φx, is the sum of
quare residuals corresponding to the differences between the
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Table 1
Yields of the different lumps and reaction times required for 99.5% degradation of the sample at the different temperatures studied

T (◦C) t (s) XW XG XL XA XC

450 650 8.00 × 10−1 5.90 × 10−2 1.35 × 10−1 6.00 × 10−3 0.00
500 250 6.58 × 10−1 2.02 × 10−1 1.32 × 10−1 8.00 × 10−3 0.00
550 120 5.82 × 10−1 3.28 × 10−1 8.00 × 10−2 1.00 × 10−2 0.00
600 36 4.41 × 10−1 4.37 × 10−1 1.10 × 10−1 1.20 × 10−2 0.00

−1 10−1 1.57 × 10−1 3.70 × 10−2 0.00
10−1 2.23 × 10−1 4.50 × 10−2 3.90 × 10−2

10−1 2.42 × 10−1 4.60 × 10−2 4.40 × 10−2
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Table 2
Significance of aromatic formation from gases in the model by Westerhout et
al. [1]

Kinetic scheme Φ F Fc Chosen model

K
K

d
t

n
a
t
a
m
b
s
F
o
t

s
t
m
t
p
t
w
m
n
W
o
F

i
p
f
c
i

v

650 24 2.54 × 10 5.52 ×
700 11 4.80 × 10−2 6.45 ×
715 9 6.00 × 10−3 6.62 ×

xperimental values and those calculated for the different lumps:

x =
∑nl

i=1
∑nT

j=1(Xi,j − Xi(calc),j)2

nlnT
(13)

he objective function for the end times, Φt, is the sum of square
esiduals corresponding to the differences between the exper-
mental and calculated values for the different temperatures:

t =
∑nT

i=1((ti − ti(calc))/ti)
2

nT
(14)

The weight factors have been obtained by taking into account
he experimental error involved in the calculation of the yield
nd in the estimation of the time needed for reaching almost total
egradation of the waste plastic in the feed at each temperature.
he real time needed for total degradation at any temperature

s infinite, but we have decided to take a more realistic value
orresponding to 99.5% degradation of the initial sample. The
tandard deviations of the errors introduced in the estimation
f the reaction end time and yield have been calculated from
uns repeated under the same conditions. The error in the esti-
ation of the reaction end time is approximately two orders

f magnitude greater than that of the yield. Consequently, the
eight factor estimation for the yield objective function is 0.99,
hereas that for the end time is 0.01. The kinetic constants have
een reparameterized [16,17] in order to reduce the correla-
ion between the estimations of frequency factor and activation
nergy. Consequently, the parameters calculated are the kinetic
onstants for a reference temperature (550 ◦C) and the corre-
ponding activation energies.

The discrimination of the kinetic schemes has been carried
ut on the basis of the statistics calculated for the Fischer dis-
ribution. The procedure used is stepwise regression, which is
ased on introducing new parameters one by one and testing
he significance not only of the new one but also of the other
nes in the model. This procedure continues until a param-
ter introduced in the model is not significant, which means
hat the variance explained by this last parameter is comparable
o the experimental error and, consequently, does not make a
ignificant contribution to improving the model.

. Results
Batch runs have been carried out in the conical spouted bed in
he 450–715 ◦C range for the development of the model. Table 1
hows the experimental values obtained for the yields of the

d
t
a
t

S2 3.12 × 10−3 0.05 3.39 KS2
S1 3.10 × 10−3

ifferent lumps and the time required for 99.5% degradation of
he sample at each temperature.

The kinetic scheme proposed by Westerhout et al. [1] does
ot distinguish between the gas and liquid fractions, but both
re included in the lump termed gas. Nevertheless, operation in
he conical spouted bed allows for distinguishing these lumps
nd it seems reasonable to take them separately. In order to start
odel building, the significance of the parameters in the scheme

y Westerhout et al. [1] has been checked. The result is that the
tep of gases to aromatics is not significant. Table 2 shows the
isher test with and without this step. The value of the F statistics
btained is much lower than the critical one and, consequently,
his step is not significant.

Nevertheless, when a test is carried out on the variance corre-
ponding to the lack of fitting, this is significant compared to the
rue experimental error. Consequently, both models leave too

uch unexplained variance and need to be improved. In fact,
he lump of liquid is one that should be considered. For this
urpose, a kinetic scheme with five parallel reactions has been
aken and the significance of this model has been compared
ith that based on kinetic scheme KS2. This kinetic scheme
ade up of five parallel reactions, KS3, is clearly more sig-

ificant than that obtained by modifying the kinetic scheme of
esterhout et al. [1]. Nevertheless, aromatics, char and liquid

btained based on KS3 are poorly fitted to the experimental data,
ig. 6.

Following the procedure for building the model, the next stage
s to check the significance of a secondary step. Testing all the
ossible secondary reactions, the more significant one is the
ormation of liquid from waxes and all the other reaction steps
ontinue to be significant, Table 3. Consequently, this step is
ntroduced in the kinetic scheme (KS4 in Fig. 5).

Kinetic scheme KS4 again leaves too much unexplained
ariance (on the basis of the lack of fitting test), which is

ue to the fact that the model based on this scheme is unable
o predict the experimental trend observed for the lump of
romatics. Accordingly, a secondary reaction that gives way
o the formation of aromatic has been considered. Testing
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Fig. 6. Fittings of different kinetic schemes tested. Kinetic schemes: (�) KS3; (�) KS4; (©) KS8; (×) KS9.

Table 3
Comparison of F statistics values for the different kinetic schemes tested

Models compared

KS3-KS4 KS4-KS5 KS5-KS6 KS6-KS7 KS7-KS8 KS8-KS9

F 67.15 5.41 1.12 6.42 0.57 0.91
Fc 3.42 3.47 3.47 3.47 3.47 3.47

Chosen model

S6

Φ .50 ×

t
a
k
d
t
p
c
K
F
t

T
g
F

t
t

T
P

E
k

KS4 KS5 K

(chosen model) 8.91 × 10−4 5.88 × 10−4 6

he significance of all possible secondary reactions to give
romatics, the formation from waxes is the more significant one,
inetic scheme KS5 in Fig. 5, but the introduction of this step
iminishes the significance of the formation of aromatics from
he plastic, kinetic scheme KS6 in Fig. 5. Continuing the same
rocedure with a third secondary reaction step, the result is that

har formation from aromatics is significant, kinetic scheme
S7 in Fig. 5, but not from the plastic, kinetic scheme KS8 in
ig. 5. This step is a usual one in a heterogeneous catalyst, given

hat char is formed from the polymerization of aromatics [14].

b
c
a
i

able 4
arameters obtained for model corresponding to the kinetic scheme KS8 shown

kPW (s−1) kPG (s−1) kPL (s−1

a (kJ mol−1) 71.2 137 84.3

0 9.77 × 102 7.31 × 106 1.30 ×
KS7 KS8 KS8

10−4 4.04 × 10−4 4.25 × 10−4 4.25 × 10−4

he model corresponding to the kinetic scheme KS8 provides a
ood fit for the experimental data corresponding to all the lumps,
ig. 6. In fact, the lack of fitting is not significant in this case.

Finally, the introduction of another secondary reaction was
ested. The one that provided the higher value of statistics F was
he formation of gas from waxes, kinetic scheme KS9 in Fig. 5,

ut it is not significant. Consequently the model of best fit is that
orresponding to the kinetic scheme KS8 shown in Fig. 5. This is
lso observed in Fig. 6, where no improvement is appreciated by
ntroducing the formation of gases from waxes (kinetic scheme

) kWL kWA kAC

411 392 382
103 4.72 × 1022 2.39 × 1021 2.01 × 1020
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S9) The values of activation energy and frequency factor for
he optimum model (the one based on the kinetic scheme KS8)
re set out in Table 4.

. Conclusions

Kinetic models based on that of Westerhout et al. [1] do not
dequately predict the experimental results, especially those cor-
esponding to aromatics and char. This lack of fit is probably due
o the residence time and to the fact that the step of gases to aro-

atics is not significant. Thus, the conical spouted bed operates
ith very short residence times (of the order of 50 ms), whereas

he device of Westerhout et al. [1] operates in the range between
.1 and 1 s. In fact, we obtain lower yields of aromatics and char.
he optimum model (the one that does not leave unexplained
ariance with the minimum number of parameters) is the one
isted as KS8 in Fig. 5. According to this model, polyethylene
egrades to give gas, liquid (oil) and wax fractions. The lat-
er undergoes secondary reactions to give liquid and aromatics,
hich in turn produce char.
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11] R. Aguado, M. Olazar, M.J. San José, B. Gaisán, J. Bilbao, Wax formation
in the pyrolysis of polyolefins in a conical spouted bed reactor, Energy
Fuels 16 (6) (2002) 1429–1437.

12] M. Olazar, R. Aguado, D. Velez, M. Arabiourrutia, J. Bilbao, Kinetics of
scrap tire pyrolysis in a conical spouted bed reactor, Ind. Eng. Chem. Res.
44 (11) (2005) 3918–3924.

13] N. Horvat, F.T.T. Ng, Tertiary polymer recycling: study of polyethylene
thermolysis as a first step to synthetic diesel fuel, Fuel 78 (4) (2005)
459–470.

14] M. Guisnet, P. Magnoux, Organic chemistry of coke formation, Appl. Catal.
A 212 (2001) 83–96.

15] G.E.P. Box, R.J. Altpeter, K.D. Kotnour, Discrete predictor-controller
applied to sinusoidal-perturbation adaptative optimization. U.S.C.F.S.T.I.,
AD Rep., 1965, 29 pp.

16] J.R. Kittrell, R. Mezaki, C.C. Watson, Estimation of parameters for nonlin-

ear least squares analysis, J. Ind. Eng. Chem. (Washington, D.C.) 57 (12)
(1965) 18–27.

17] A.K. Agarwal, M.L. Brisk, Sequential experimental design for precise
parameter estimation. 2. Design Criteria, Ind. Eng. Chem. Process Des.
Dev. 24 (1985) 207–210.


	Product distribution modelling in the thermal pyrolysis of high density polyethylene
	Introduction
	Experimental
	Proposal of kinetic mechanisms
	Modelling of the different kinetic schemes
	Results
	Conclusions
	Acknowledgements
	References


