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Kinetics of polystyrene pyrolysis in a conical spouted bed reactor
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Abstract

A conical spouted bed reactor (CSBR) has been used for the kinetic study of polystyrene pyrolysis in the 723—-823 K range and the results
have been compared with those obtained by thermogravimetry (TGA) and in a microreactor (MR) of very high sample heating rate. The
comparison proves the advantages of the gas—solid contact of this new reactor for the kinetic study of pyrolysis of plastics at high temperature,
which stem from the high heat transfer rate between gas and solid and from the fact that particle agglomeration is avoided. It has been
proven that, in the temperature range required for maximizing the yield of styrene, heat and mass transfer limitations within the particle are
important when polystyrene particles of 1 mm are fed into the reactor. A high yield of styrene is obtained (64.5 wt.%) in the 723—773 Krange.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The first step for a suitable design of any pyrolysis re-
actor is a knowledge of kinetics. Nevertheless, appropriate

Obtaining feedstock and fuels by pyrolysis of waste plas- information on this requirement is rather difficult to find for
tics is one of the methods for upgrading these materials with the pyrolysis of plastics, which is due to the fact that the
best perspectives for its implementation at large scale. Al- kinetic studies have been carried out under different con-
though the fluidized bed, either bubblifig-8] or circulating ditions (especially concerning temperature range) to those
[9,10], has been successfully used, the debate on the moreof the industrial process to be designed and under possible
suitable technology is open. In the pyrolysis of polystyrene, gas—solid contact limitations in the technology used for the
high yields of the monomer, styrene, have been reported inkinetic study (generally thermogravimetry (TGA)).
the literature. Scott et a]2] obtained 75% of styrene in a The mechanism of thermal degradation of polystyrene is
fluidized bed reactor in the 805-1081 K range. Continuous very complex and includes, amongst others, the following
operation in this reactor allows for controlling the residence reactions: chain fission, radical recombination, carbon-
time of the products and, consequently, the yield is higher hydrogen bond fission, hydrogen abstraction, mild-chain
than in the batch operation. Thus, following this latter strat- B-scission, radical addition, end-chaiB-scission, 1,5-
egy, Koo et al[11] have obtained 55wt.% at 973 K. hydrogen transfer and disproportionati¢B]. Neverthe-

In the literaturg12—15] new reactors have been proposed less, few mechanistic kinetic models have been developed
in order to reduce the limitations inherent to the handling of for this pyrolysis. Westerhout et glL9] have reviewed (up
plastics (low density, irregular texture) and to improve the to 1997) the kinetic results of polystyrene pyrolysis at low
gas—solid contact. The aim of these reactors is to allow for temperature, which have been usually fitted in the literature
operation at uniform temperature with the minimum energy to a potential kinetic model afth order.
requirement (pyrolysis of these materials is highly endother-  gw E
mic) and to obtain a higher production than in the bubbling = 4~ = kW' = ko exp<—ﬁ_> w" 1)
fluidized bed. In fact, a high volume reactor with a large o _ _
amount of inert solid (sand) is required in this latter tech- N Most of the kinetic studiefl9-26] the degradation of
nology in order to facilitate fluidization and to avoid particle Polystyrene is fitted to a first order kinetics. Nevertheless,

agglomeration provoked by the sticky nature of the melted @ happens in the pyrolysis of polyolefins, certain authors
plastic[16,17] determined a zero order for low conversifv—29] and

other authors have an order between 0 af80]131] and an

* Corresponding author. Tel+34-94-6015363; fax:-34-94-4648500.  order between 1 and 1[32-34]for complete pyrolysis. The
E-mail addressigpagzar@Ig.ehu.es (M. Olazar). important differences in the kinetic results of the literature
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Nomenclature

Dc, Do, Di  diameter of the cylindrical section, of
the bed bottom, and of the gas inlet,
respectively (m)

E Activation energy (kJ mol)

Hc, HT height of the conical section and total
height of the reactor (m)

k kinetic constant (31)

ko frequency factor (st)

n reaction order

R gas constant (kJ mot K1)

T temperature (K)

t time (s)

W, Wo plastic mass attime and at zero
time (kg)

X conversion, defined iiqg. (3)

Greek letters
B heating rate in thermobalance (K9
y contactor angle?]

are attributed by Carrasco and Pag@s] and by Conesa
et al.[36] to differences in both the experimental equipment
and the methodology followed for obtaining and analysing
the kinetic data.

In this paper, the kinetic study of polystyrene pyroly-

sis has been carried out in the new reactor, i.e. a conical
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polydispersity (ratio of weight-to number-average molecu-
lar weights)= 2.39, density= 1030 kg n13, heat value=
49MJIkg L.

The thermogravimetric equipment used is a Setaram
TAG 24 symmetrical thermobalance, connected to a vac-
uum system (10! Pa). In this equipment, two sets of runs
have been carried out, one series at constant temperature
in the 613-663K range and the second one following
temperature—time sequences at heating ra®3 3 102,

8.03 x 102 and 167 x 101K s~L. This latter set allows
for obtaining kinetic parameters at higher temperatures than
those corresponding to constant temperature runs.

The microreactor (MR) is a commercial piece of equip-
ment, Pyroprobe 1000, in which the analysis of the gaseous
products is carried out on line by means of a Hewlett-Packard
6890 chromatograph. The sample of plastic material is
placed in a quartz tube surrounded by a platinum filament.
The runs have been carried out at 773, 823 and 873K. The
temperature is attained at a heating rate octK6 1. As
the maximum run duration allowed for the equipment is
100s, the runs of longer duration have been carried out by
repeating reaction cycles of 100s. Subsequent to each run,
the tube containing the sample is weighed.

Fig. 1 shows a scheme of the laboratory set-up. The
plastic is fed by placing the inlet tube over the annular
zone of the bed. The vigorous cyclic movement of the par-
ticles, Fig. 2b enables their individual circulation without
problems of agglomeration.

Fig. 2ashows a scheme of the reactor where its character-

spouted bed reactor (CSBR), which has considerable advanistic dimensions are definedir = 0.340 m; H. = 0.205m,
tages for this process due to the vigorous gas—solid contact, — 28°: p. = 0.123m; D; = 0.02m; D, = 0.01m.

and the reduced segregation obtained as a consequence dfhese dimensions have been established from previous hy-
the cyclic circulation characteristic to spouted beds, where drodynamic studies carried out on the spouted bed regime
all the solids rise through the spout and descend along thein conical contactor§42—44] and bearing in mind the ver-

annular zon¢37]. The conical spouted bed has been success-satility of the equipment. When the inert gas flow rate is
fully used in other processes that require handling of solids

that have particle size distribution, irregular texture and/or

are sticky, as is the case of catalytic polymerizg®$,39],

gaseous
thermal pyrolysig40] and catalytic pyrolysis of vegetable product
biomasg41]. vent T
The kinetic results obtained in this reactor have been com- T [ ]
pared with those obtained by TGA and in a MR of very high E"“L polymer
sample heating rate. The comparison of the results enables =~ GC e

to evaluate the capacity of this new reactor for kinetic stud-
ies of pyrolysis of polystyrene and of other plastics. This

comparison will also permit us to contemplate this technol-

ogy for its use in continuous operation in order to obtain

high yields of feedstock (in the case of polystyrene) and fu-
els, as an alternative to the fluidized bed reactor or to the
other reactors proposed in the literature.

B35 reactor
R

2. Experimental

condensers
+ filter i

— Ok

flowmeter

nitrogen

The polystyrene is supplied by Dow Chemical (Tarragona,

Spain) and it has the following properties: M# 311600, Fig. 1. Diagram of the pyrolysis equipment.
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Fig. 2. Scheme and design parameters of the CSBR.

increased, the gas—solid contact regime evolves from theare between 1 and 1080 s (sufficient time for reaction to be
conventional spouted bed to a diluted spouted bed and thecompleted at 723 K).
gas residence time decreases from a few seconds to ap-
proximately 2x 10~2s. The gas flow pattern is described
by a disperse plug flow model, with coefficients that are 3. Results
calculated as a function of the geometric factors of the
reactor—particle system and process conditidiz$. 3.1. Thermogravimetry

Temperature is measured by means of three thermocou-
ples placed at different radial positions in the reactor and In Fig. 3 (each line corresponds to a temperature) the
provided with free vertical movement, which allow for tem-  results of conversion obtained at constant temperature are
perature measurement at any position in the reactor. Bedfitted to linearizedEq. (1), which expressed in terms of
isothermicity is noteworthy and is attained through vigor-
ous particle circulation. The results used in the kinetic study
are those corresponding to the runs in which the maximum

temperature difference between the different bed positions In (1-X)
was lower than 2K. -0.8 -0.6 0.4 0.2 0
Reaction temperature is attained by means of two electric 6 T

resistances surrounded by ceramic mateFgj, 2 One re-
sistance is located within the tube for heating the inert gas
before entering the reactor and the second one surrounds the
conical section of the reactor. Temperature in these two po- 8
sitions is measured by two thermocouples. The two heating

zones are thermally insulated. 9

The pyrolysis product stream is transported by the inert
gas towards a condensing system made up of a cooling de-
vice, a trap with salt-water ice and a g filter made of sin-
tered steel. The non-condensable gases of the product stream
are analysed by gas chromatography (Hewlett-Packard
6890) using a BPX5 capillary column of 50 m.

The runs for the kinetic study have been carried out by -12
feeding 103 kg of plastic material (with a particle size of -5 -4 -3 -2 -1 0
approximately 103 m) and using 3 10~?kg of sand (with In (1-X)

a size between.8 x 10~ and 10 x 10~3m). The tempera-
tures studied are 723, 773 and 823 K and the reaction times Fig. 3. Results of In (#/dt) vs. In(1X) obtained in thermobalance.

In (dX/dt)
N
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conversion is: 3

dx T i
— =k(1-X)" 2 ~ L
5 =k1-X) @) = 0

The results inFig. 3 are evidence that the reaction order
changes with conversion. These results are fitted to three

-7  isothermal runs

successive straight lines whose slopes (orders) are 0, 0.7 and - B 0=0
1. Conversion has been determined as: I A 07
Wo — W QL e
X = TO (3) I dynamic runs
- B=16710"Ks"
Table 1shows the values of the reaction order that best fit the SR PN
experimental results for the different conversion ranges, and o ——333.107
the corresponding values of frequency factor and activation T N S R R
energy (between 207 and 223 kJmbl These results are 13 1.4 15 16 1.7 1.8
given with a 95% confidence interval.
TGA carried out following temperature ramps reduces the 1000/T (K™

limitations of constant temperature experimentation, where Fia. 4. Fiting to Arthen ion of th ) | s obtained
the solid is partially converted when the set temperature is |9 % Fitting fo Arrhenius equation of the experimental resulis obtaine

. for HDPE pyrolysis in thermobalance. Lines, results obtained following
reached. Furthermore, one run is enough to calculate theamps of 2, 5 and 10K mirt. Points, results obtained in runs at constant

kinetic constant (fon = 1) as a function of temperature: temperature.
L dx/dT 4

1-X the kinetic study of pyrolysis of several materials and it al-
Fig. 4 shows the Arrhenius plot of Ik versus 1T corre- lows for the experimentation to be carried out at high tem-
sponding to the results for the three temperature ramps ofperature, which is attained by a very high heating rate of the
3.33x 1072, 803 x 102 and 167 x 101K s~ 1. The val- material fed, as happens in continuously operated large-scale
ues ofk obtained in the runs at constant temperature are alsoreactors. Furthermore, the gas—solid contact is more efficient
plotted in this figure. than in thermobalance.

As is shown inFig. 4, the activation energy calculated Pyrolysis has been carried out at 773, 823 and 873K.
increases slightly as the temperature ramp is decreasedFig. 5 shows the results of evolution of conversion with
which is a consequence of heat transfer limitation within time. The lines correspond to the best fitting to a potential
the sample. The results corresponding to the ramp3¥:3 equation.

10 2Ks LareE = 221 kI mot! andko = 7.05x 10*s 1. Fig. 6shows the fitting of the experimental results (points
These almost coincide with those corresponding to constantcorrespond to th& vesust curve obtained experimentally)
temperature runs. These results are close to those obtainetp the integrated equation of first order:

in the literatureg[19,20,24,30,31,46] In(1— X) = —kt (5)

3.2. Microreactor From the kinetic constants calculated by the fitting of
Fig. 6, the values of the kinetic parameters are determined:
A microreactor (MR) similar to that employed in the E = 83kJmot?, k, = 1.82 x 10*s~1, with a 95% con-

present study has been used by different autftgl8] for fidence interval. These values are appreciably different to
Table 1
Kinetic parameters for polystyrene pyrolysis determined by TG at constant temperature
T (K) X n kst E, kImol?! ko, 71
613 0.05-0.45 0 6.1% 10°°
— 0.7 —
— 1 —
638 0.15-0.53 0 3.04 104 207 E107 2.69 @0.13) x 1018
0.53-0.8 0.7 5.24¢ 10°* 227 @12y 1.99 @0.12) x 1015
0.8-0.98 1 1.11x 1072 223 @11p 2.25 @0.11)x 10%
663 - 0 -
0.7-0.8 0.7 2.63 1073
0-0.99 1 5.44x 1073
2613-638 K.

b638—663K.
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technologies, such as rotary bgd9,50] and stirred tanks
containing dissolved plasti&1].

Nevertheless, the fluidized bed reactor presents defluidiza-
tion problems due to the stickiness of the sand particles
coated with melted plasti§l6,17] In order to minimize
these problems, measures must be taken, which consist of
reducing the particle size fed and increasing the amount
of sand in the reactor (in order to reduce the plastic layer
coating the sand). These measures imply a considerable in-
crease in energy requirements (especially for heating the
sand) and a great reactor volume and, unfortunately, deflu-
idization problems are not totally avoided. It must be taken
into account that particle stickiness is a consequence of their
insufficient momentum, which causes particle fusion and
subsequent defluidization. Unfortunately, the momentum of
0 30 60 90 sand particles in the fluidization regime hardly increases as

t(s) gas velocity is increased, which is because most of the gas in
excess of that corresponding to minimum fluidization passes
through the bed as bubbles.

These difficulties have furthered the proposal of alterna-
tive reactors to the bubbling fluidized bed reactor, as are the
those obtained by thermobalance and they will be analyzedinternally circulating fluidized be{®,10], the rotating cone

Fig. 5. Results of evolution of conversion with time obtained in MR at
different temperatures.

subsequently. reactor[12,13]the circulated-spheres reac{@#] and a re-
actor with stirred heat medium particlgb].
3.3. Spouted bed reactor The kinetic study in the plant provided with the CSBR
described inFig. 1 has been carried out under the fol-
The bubbling fluidized bed react§i—8] performs well lowing conditions: temperature, 723, 773 and 823K;

with respect to heat transfer which allows for reaching polystyrene weight fed, 1g; particle size, 1 mm, sand
isothermal regime in the reactor. Furthermore, pyrolysis weight, 30 g; nitrogen flow rate,.@ x 10-*m3s~1, which
occurs with a random movement of the melted plastic corresponds to 20% in excess of that for minimum spouting
coating the sand particles. The residence time of the gas[41,43]

is relatively low, which minimizes the secondary reactions  Fig. 7 shows the fitting of the results &f versus time to

of the primary pyrolysis products. These properties pro- the integrated kinetic equation of first ord&g. (5) From
vide important advantages over other previously studied the kinetic constants, the values of kinetic parameters have

0Q 0 Q
O A~
>.< 0873 K <
N - A 823 = T
= 0773 =
1 r -1+
| L o823 K
AT773
oL oL 0723
3 L 1 1 1 1 3 L 1 L 1 1
0 20 40 60 0 20 40 60
t (s) t(s)

Fig. 6. Fitting of conversion results in MR to the integrated kinetic Fig. 7. Fitting of conversion results in the CSBR to the integrated kinetic
equation for first order. Lines, calculated by using the kinetic constant of equation for first order. Lines, calculated by using the kinetic constant of
best fitting. Points, corresponding ¥ovs. t. best fitting. Points, corresponding ¥ovs. t.
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—~ Table 2
e CSBR Yields (wt.%) of the products obtained by polystyrene pyrolysis in the
o2 f CSBR at different temperatures
'é MR
— | Compound 723K 748K 773K 823K
Methane 7.0 8.3 8.3 7.3
6+ TGA Co-C4 4.8 5.1 7.7 19.8
Cs—Cg 15.0 11.3 10.2 10.4
Benzene 54 3.8 4.6 5.9
Toluene 6.7 7.0 7.1 6.5
10 F Styrene 61.1 64.5 62.1 50.1
ductivity increase, but at the expense of reaction rate, due to
-4 = — —! the fact that an increase in the plastic layer coating the sand
1.1 1.3 1.5 1.7 increases heat and mass transfer limitations. In any case,
i these aspects should be quantified in future papers by car-
1000/T (K 1) p q pap y

rying out the operation at larger scale and with continuous
plastic feed.

Under the operating conditions studied, all the products of
polystyrene pyrolysis are present in the gaseous stream. Gas
chromatography identifies 25 peaks, of which 15 account for
98.4wt.% of the polystyrene fed. The yields of individual
products and of the lumps are set oufTable 2

Noteworthy is the high yield of styrene, whose maximum
value is 64.5wt.% in the 723-773K range. As tempera-
ture is increased to 823 K the yield of styrene decreases to
50.1wt.% as a consequence of the increase in the formation
of light olefins (by cracking the aromatic ring), which are
those which mostly make up thex@C4 lump.

Although the maximum yield of styrene obtained in
the CSBR is 10wt.% lower than that obtained by Scott
et al. [2] in a fluidized bed reactor, it is noteworthy that
the temperature in our reactor is lower and that, in the
type of experimentation carried out (batch operation for

contact, which are unavoidable in the MR, as is the fact that polystyrene), the optimization of the residence time of the

the solid particles are stagnant and, consequently, when thetgaseoustproducts was dnot tthet;um of Fh|s stuq%alnffatct, the
plastic is melted they agglomerate. This result is evidence emperature corresponaing to tn€ maximum yieid ot styrene

of the good performance of the spouted bed reactor for the(723_773 K) is lower than the range studied by Scott et al.

kinetic study of pyrolysis of plastics at high temperature. [2], 80?:11018,{K’twh't%h |éSaB<;20nsequence of the excellent
The activation energy corresponding to experimentation in gas-solid contact in the '

the spouted bed reactor is lower than that obtained by TGA, The evol_utlon of the |nd|V|d-uaI yields has be_en caIcuIatgd
by measuring the concentrations throughout time of the dif-

which is due to the unavoidable mass and heat transfer Iimi—f rent oroducts and lumos in th tlet stream. Th ield
tations that occur in the individual particles of polystyrene erent progucts and iumps € outiet sream. These ylelds
are shown irFig. 9, where each graph corresponds to one

sand at high temperatures. Polystyrene is not a crystalline
material and after the glass transition it does not coat thetemperature.
sand particles uniformly with a thin layer, as happens in the
case of polyolefing52] and, consequently, higher transfer
limitations are expected.

The kinetic results obtained in a conical spouted bed YSis in @ CSBR

Fig. 8. Results of kinetic constants for polystyrene pyrolysis obtained
with the three experimental techniques: TGA, MR and CSBR.

been calculatedE = 123kJmot?, ko = 1.27 x 10’ s 1,
with a 95% confidence interval.

With the aim of evaluating the kinetic resulisg. 8shows
the comparison (in an Arrhenius plot) of the kinetic con-
stants determined in this paper for pyrolysis of polystyrene
by means of the three experimental techniques used. It is
appreciated that the results obtained in the MR and in the
CSBR correspond to higher temperatures, which cannot be
reached by TGA. The values of the kinetic constants corre-
sponding to the CSBR are higher than those of the MR but
lower than those obtained by extrapolation of thermogravi-
metric data (straight line dfig. 8) to higher temperatures.

This comparison of the kinetic constants clearly shows
that the CSBR avoids certain limitations of the gas—solid

Table 3
Kinetic parameters of individual product formation for polystyrene pyrol-

regime are an indication of the maximum rate of polystyrene Compound E, kImol?! ko, 571

pyrolysis in this temperature range, when this solid plastic |, .- 126 46) 2.10 €0.10) x 10

is fed. It must be taken into account that a small plastic/sand ¢, ¢, 129 (+6) 3.53 (£0.18) x 107

ratio (1/30 in weight) has been used and that any fluidized cs—Cg 103 (5) 6.12 ¢0.31) x 10°

or spouted bed reactor operating at larger scale, in order toBenzene 1236) 1.47 €£0.07) x 10;

increase productivity, would require decreasing this ratio. Touene 122 £6) 1.19 (£0.06) x 10f
Styrene 13247) 5.08 ¢0.25) x 10

The conical spouted bed ratio is very versatile for this pro-
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0.16 - styrene
) Cs'Cg Y
B 723K o 06 Z o0 773K 0.6
2 I 2 i CoCe
= ie)
- t g - methane -
B 012 | styrene ‘© 0.08 |
> >
0.4 I toluene | 0-4
0.06
0.08 methane
benzene 0.04
0.2 0.2
0.04
0.02
0.00 = 0.0 0.00 = L 0.0
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2 823 K yrene|
E Cs-C
E 578
2 1 04
e
0.08 methane -
e }
toluene 03
benzene
0.2
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0 10 20 30 40
(© t(s)

Fig. 9. Results of evolution with time of yields of the different products obtained in the CSBR at different temperatures. Graph (a), 723K; (b), 773K;
and (c), 823K.

The results ofig. 9suitably fit a first order kinetics. The The kinetic results obtained in the pyrolysis of polystyrene
values of activation energy and of frequency factor corre- are evidence of the benefits of the CSBR over TGA and
sponding to the individual products are set oufTable 3 the MR for obtaining kinetic data under conditions similar

It is noteworthy that the different products are formed fol- to those foreseen for pyrolysis of plastics at large scale, at

lowing individual steps whose activation energy is very high temperature and continuous operation. Although the
similar. reactor minimizes the limitations of heat and mass transfer

between the gas and the solid, it is clearly seen that the

kinetics of pyrolysis is affected by heat transfer restrictions
4. Conclusions within the particle above 723 K. In view of the difficulty

for obtaining and handling very small plastic particles at

The CSBR has highly suitable characteristics for the ki- large scale, the kinetic results obtained in this paper for a
netic study of pyrolysis of plastics: bed isothermicity, opera- particle diameter of 1mm are useful for ascertaining the
tion versatility with different particle sizes, excellent contact performance of pyrolysis at this scale.
between phases, vigorous movement of the solid (which Furthermore, the conical spouted bed may be an alterna-
avoids particle agglomeration), small segregation and re-tive to the fluidized bed, although this is a conclusion that
duced residence time of the primary products of pyrolysis. requires subsequent studies in continuous operation for the
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solid. Nevertheless, certain facts are noteworthy, on the one[12] R.W.J. Westerhout, J. Waanders, J.A.M. Kuipers, W.P.M. van Swaalij,
hand, the simplicity of the spouted bed design because it ~ Recycling of polyethene and polypropene in a novel bench-scale
does not require a distributor plate and, on the other, the ab- rotating cone reactor by high-temperature pyrolysis, Ind. Eng. Chem.

sence of scaling limitations, as it does not have maximum Res. 37 (1998) 2293-2300.
g ! [13] R.W.J. Westerhout, J. Waanders, J.A.M. Kuipers, W.P.M. van Swaaij,

spoutable beq.height. ) . Development of a continuous rotating cone reactor pilot plant for
The versatility of the CSBR allows for increasing the the pyrolysis of polyethene and polypropene, Ind. Eng. Chem. Res.
plastic/sand ratio (by increasing the inert gas flow rate), min- 37 (1998) 2316-2322.

imizing the amount of sand but still maintaining the proper- [14] H. Bockhorn, J. Hentschel, A. Homung, U. Homung, Environmental
ties characteristic to the spouted bed regime. Although the (el”ggg‘)ee?fgf;ts%@’fse pyrolysis of plastic waste, Chem. Eng. Sci. 54
experimentation for the kinetic study was carried out with a [15] T. Masuda, T. Ku.shino, T. Matsuda, S.R. Mukai, K. Hashimoto,
plastic/sand mass ratio of 1/30 at the beginning of the batch S. Yoshida, Chemical recycling of mixture of waste plastics using
operation (in order to ensure bed isothermicity and individ- a new reactor system with stirred heat medium particles on steam
ual movement of polystyreng sand particles), the capacity atmosphere, Chem. Eng. J. 82 (2001) 173-181. . _
for treating plastic is very low under these conditions. In [16] W. Kam|nsky, H Sinn, Petrochemical processes for recycling plastics.
. . . Pyrolytic techniques, Recycl. Recovery Plast. (1996) 434—443.
order to increase the_capacny fpr treating polystyrene, the [17] J. Scheirs, Coating and drying defects: troubleshooting operation
plastic/sand mass ratio may be increased up to 1/10, which” ~ ropiems, Trends Polym. Sci. 4 (1996) 134.
in volume is approximately 1/4, much higher than that [18] TM. Kruse, 0.S. Woo, L.J. Broadbelt, Detailed mechanistic
corresponding to the fluidized bed reactor. This volume of modelling of polymer degradation: application to polystyrene, Chem.

sand suffices for ensuring the cyclic movement of the bed. Eng. Sci. 56 (2001) 971-979.

[19] R.W.J. Westerhout, J. Waanders, J.A.M. Kuipers, W.P.M. van
Swaaij, Kinetics of the low-temperature pyrolysis of polyethene,
polypropene, and polystyrene modeling, experimental determination,
and comparison with literature models and data, Ind. Eng. Chem.
Res. 36 (1997) 1955-1964.
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