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Abstract

The performance of both fluidized and spouted bed reactors in the pyrolysis of waste
plastics is conditioned by particle agglomeration phenomena, which worsen the quality
of the gas-solid contact and eventually lead to defluidization. The objective of this work
Is to determine the optimum conditions for stable operation (without defluidization) in a
bench scale plant fitted with a fountain confined conical spouted bed reactor and
equipped with a nonporous draft tube, which operates in continuous mode. The
insertion of these devices enhances the gas-solid contact, especially in the fountain
region, and leads to a highly stable hydrodynamic regime, with these features being of
especial relevance for the in situ catalytic pyrolysis of waste plastics. This paper deals
with the effect different variables have on the minimum temperature for stable operation

by avoiding defluidization. The variables analyzed are as follows: plastic type (HDPE,
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LDPE, PP, PS, PET and PMMA), plastic feed rate, mass of inert material in the bed,
spouting velocity and use of catalyst. The results show that polymers whose chains
decompose at low temperatures or have high degrees of branching require low operating
temperatures. Besides, as the ratio of bed mass to plastic feed rate (Whed/Qplastic) and/or
spouting velocity were increased, the temperature required to avoid defluidization was
also reduced. The use of a catalyst also reduced the temperature required for stable
operation, as the activation energy of cracking reactions is greatly reduced, and so

reaction rate is increased.

Keywords: defluidization, plastic waste, pyrolysis, conical spouted bed, fountain

confinement
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1. Introduction

The growing plastic waste accumulation together with its low degradability have
boosted the global concern about the need of suitable management strategies due to the
serious environmental problems caused by this waste, especially in marine
environments [1, 2]. In the European Union (EU), more than 30 % of the plastics are
still disposed in landfills and, although this percentage is slowly decreasing, its current
situation is far from being satisfactory [3]. Moreover, uncontrolled incineration of waste
plastics also leads to environmental concerns due to the release of dioxins, furans,
mercury and polychlorinated biphenyls [4]. Hence, new efficient and environmentally
friendly processes are being developed for plastic valorization, with thermal and
catalytic pyrolysis being two of the most feasible methods for large scale

implementation [5-8].

Different types of reactors (at lab and pilot scale) operating in batch, semi-batch and
continuous-flow mode have been used in the pyrolysis of plastics, as are fluidized beds
(FBR) [9], conical spouted beds (CSBR) [10], fixed beds [11], rotary Kilns [12, 13],
auger reactors [14] and microwave assisted reactors [15]. Among these technologies,
FBRs and CSBRs have been successfully applied in the pyrolysis of waste solids due to
their gas-solid contact features [16, 17]. Indeed, energy supply is the major difficulty in
the pyrolysis of plastics due to their poor thermal conductivity [18], and fluidized and
conical spouted beds ensure high heat and mass transfer rates between phases, leading
to bed isothermicity. Nevertheless, operation at large scale in these reactors is
compromised by particle agglomeration phenomenom, which worsens the quality of
fluidization and eventually leads to defluidization [19, 20]. The agglomeration in gas-
solid contactors during plastic pyrolysis is caused by a “coating-induced” mechanism,

in which a sticky layer is formed on the surface of the particles due to the adhesive

3
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nature of plastics when they are heated at high temperature [21]. The tendency of the
particles to agglomerate will depend on their stickiness, momentum and surface contact
[20]. Particle agglomeration generally begins with the formation of small agglomerates
of bed material, which may increase and lead to bed collapse. At the initial stage, the
external surface of the plastic particles fed into the reactor is softened, but its core is still
cold (consequence of the poor thermal conductivity) [22]. The softened surface becomes
adhesive and forms agglomerates made up of a plastic particles surrounded by sand
ones. When the entire plastic particle is softened, its material is distributed by coating
the surrounding sand particles, which will fuse together if the thickness of their coating
layer is higher than a critical value. The mechanism for the formation of these
agglomerates is different depending on the type of polymer, and their growth may be
attenuated or enhanced depending on the process parameters, such as plastic feed rate,
bed mass and size of the inert solid particle [23-25]. Finally, when defluidization occurs
a single large agglomerate appears in the upper zone of the stagnant bed (the plastic is

fed from the top side) [26].

The procedure for avoiding defluidization in fluidized beds lies in minimizing the
thickness of the fused plastic that coats the inert solid (sand), and can only be attained
by increasing the sand/plastic ratio in the bed. This means that large amounts of sand
are required to promote fluidization, which involves large reactor volumes and high gas
flow rates and energy requirements, thereby decreasing the process yield [27]. The
conical spouted bed reactor is an alternative to fluidized beds and its characteristics
(vigorous particle movement and great gas flow rate versatility) make it is especially
suitable for avoiding agglomeration problems in the pyrolysis of plastics, even when the
operation is carried out under the conditions of maximum stickiness [27-28]. Figure 1

shows the vigorous solid circulation in a conventional CSBR, which allows operating
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under isothermal conditions with almost perfect mixing for the solid and high heat and
mass transfer rates. This vigorous cyclic movement of sand particles allows for their
uniform coating with fused plastic and provides enough energy to the colliding particles
to avoid their agglomeration. Furthermore, the critical thickness of the layer that coats
the particles is an order of magnitude higher than that corresponding to the fluidized
bed, thus leading to higher yields by reactor volume unit. Apart from these facts, this
reactor has a simple design (distributor plate is not required) and requires lower
volumes than fluidized beds for the same capacity, simplifying the scaling up of the
pyrolysis process. However, a mixture containing coarse (plastic) and fine (sand and/or
catalysts) particles requires high gas velocities due to the coarse particles, and this
situation leads to fine particle entrainment [29]. The insertion of draft tubes is the only
way to attain stable spouting with relatively low gas velocities, but these devices with
fine particles lead to very high fountains, and therefore to severe elutriation [30, 31].
Different draft tube configurations are reported in the literature: conventional nonporous
draft tubes, porous draft tubes, and open-sided draft tubes [32]. The selection of a non-
porous draft tube involves operational advantages compared to porous and open sided
tubes, i.e., it allows for operating with lower gas flow rates and pressure drops [31, 32].
These features, especially the low gas flow rate requirement, is of great interest for
waste plastics pyrolysis. Moreover, the hydrodynamic regime attained operating with a
combination of non-porous draft tube and a fountain confiner has demonstrated high
catalysts efficiency in biomass gasification due to the improvement of the gas-solid

contact [33].
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Figure 1. Diagrammatic representation of a conventional conical spouted bed.

The insertion of a fountain confiner in the reactor was proposed in order to improve the
CSBR hydrodynamic performance and avoid the elutriation of fine particles, [29]. This
simple device is a tube welded to the lid of the reactor and placed above the bed in order
to collect the particles from the spout. This device allows operating with much finer
particles than in conventional conical spouted beds, and therefore the gas flow rate for
spouting is considerably reduced. Moreover, the trajectory of the gas is also modified,
as it rises though the core of the fountain to its top. It then descends along the fountain
periphery (close to the confiner wall), and finally crosses the gap between the device
and the upper surface of the bed to rise along the annular zone between the confiner and
the contactor wall [34]. These modifications in the reactor hydrodynamics improve the
overall gas-solid contact in the bed and allow controlling the gas residence time.
Furthermore, these two properties confer an additional advantage upon the CSBR in
catalytic processes for waste valorization, since they promote the desired cracking
reactions [33]. Accordingly, the combination of both fountain confiner and draft tube
enhances the gas-solid contact in the fountain region and minimizes particle

entrainment, at the same time as it leads to a highly stable bed with hardly any effect on
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the operating pressure drop. Thus, the insertion of these devices improved significantly
the CSBR performance in biomass steam gasification [33] and allowed stable operation
in the pyrolysis of microalgae, whose peculiar features (very light and fine particles)
lead to elutriation in conventional spouted beds [35]. Figure 2 shows a scheme of the
CSBR with the confined fountain and a non-porous draft tube. The trajectories of the
gas and the solid have been highlighted in both the entire bed and the surrounding of the
draft tube (enlarged zone). Furthermore, the initial formation of polymer-sand
aggregates is shown, i.e., when the melted plastic coats the sand particles. As previously
stated, as pyrolysis progresses these agglomerates may grow by their fusion with

surrounding particles, thus worsening fluidization quality.

Polymer

Polymer-sand aggregate

y L mm, Sand/Catalyst

Fountain m /’

confined

1

zone { x *
e
R Melted polymer
e
\/ \/4 =) Gas flow
A58 mm) Solid flow

Draft tube

10 cm

Figure 2. Gas and solid flow circulation in a fountain confined CSBR provided with a

non-porous drat tube during plastic pyrolysis.

This work addresses the pyrolysis of plastics in a bench scale unit provided with a
fountain confined CSBR operating in continuous mode. The main scope is to determine

7
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the minimum temperature for stable operation (at which bed defluidization is avoided)
under different operating variables. The parameters evaluated affecting fluidization
quality are as follows: plastic type and its feed rate, bed mass and minimum spouting
velocity. Moreover, the influence of using a catalyst was also analyzed, as the main
interest of this novel reactor lies in the improvement of the contact and efficiency in

catalytic processes for biomass and waste conversion.

2. Material and Methods

2.1. Experimental equipment

The experiments were conducted in a CSBR system provided with a fountain confiner
and a non-porous draft tube, which allow widening the operation range and improve the
hydrodynamic behavior of the reactor. The scheme of the bench scale plant used for
plastic pyrolysis is shown in Figure 3. The continuous pyrolysis unit with the fountain
confiner and the draft tube has been set-up and fine-tuned based on the knowledge
acquired in previous hydrodynamic studies in a cold unit [29, 34], a biomass
gasification unit [33, 36-38] and a microalgae pyrolysis unit operating in fountain
enhanced regime [35]. Furthermore, the CSBR technology with neither internal devices
nor fountain confiner has been satisfactorily applied in the pyrolysis and gasification of
different waste materials, such as waste tyres, plastics and different types of biomasses

[39-44].

The plant consists of the following elements: (i) solid feeding device (ii) gas feeding
device, (iii) pyrolysis reactor provided with a non-porous draft tube and fountain
confiner, (iv) high efficiency cyclone followed by sintered steel filter for retaining the

fine particles elutriated from the reactor and (v) a volatile condensation device.
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Figure 3. Scheme of the bench scale plant equipped with a conical spouted reactor.

The solid feeding system consists of a vessel equipped with a vertical shaft connected to
a piston placed below the bed of plastics, allowing their continuous feed when the
piston rises. Besides, this device has also a vibrator that helps plastics feed into the
reactor. In order to avoid plastics melting prior to entering the reactor and so avoid
clogging of the device for their feeding, a shell pipe cooled by tap water has been
inserted at the reactor inlet- Note that solid feeding compartment is watertight and the
gas stream fully exits through the established sideway. The nitrogen flow rate is
controlled by a mass flow meter, which allows feeding up to 30 L min%, and is heated

to the reaction temperature by means of a preheater.

The plant’s main device is the CSBR made of stainless steel and its main characteristics
are shown in Figure 4. The total height of the reactor is 34 cm, the height of the conical

section 20.5 cm, and the angle of the conical section 28°. The diameter of the cylindrical
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section is 12.3 cm, the bottom diameter 2 cm and the gas inlet diameter 1 cm. The
fountain confiner is an 8 cm diameter tube welded to the lid of the reactor that has the
lower end of the tube close to the surface of the bed, with its total length being 8.2 cm.
Finally, the draft tube is 1 cm in diameter and the height of entrainment zone is 2.5 cm.
Thus, this reactor can operate from the regime of spouted bed to vigorous fountain
enhanced one, in which a significant fraction of the bed is in the fountain, with low
nitrogen flow rates, ensuring a stable spouting. More detailed information about the
design and performance of the fountain confiner and the draft tubes within the CSBR
technology can be found elsewhere [33, 36, 45]. Moreover, the pyrolysis temperature
was measured and recorded by means of two K-type thermocouples located inside the
reactor, one in the annulus zone in direct contact with the bed and the other one close to
the wall. A pressure drop gauge was also installed and pressure measurements were
carried out by means of two taps inserted into the reactor input and output. Continuous
monitoring of temperature and pressure drop provided relevant information about the

quality of the spouting and allowed detecting defluidization [46].

Conical spouted bed Draft tube
141
H Biomass inlet 10
}__ﬂ)h i T :
| [E=————3 Gasoutlet
Fountain confiner
230 80 82
I "
—
200 [ Draft tube 8
e

Gas inlet

Figure 4. Dimensions of the reactor, fountain confiner and the non-porous draft tube.
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In order to retain the fine solids elutriated from the reactor, the gaseous stream leaving
the reactor was passed through a high-efficiency cyclone and a 25 pm sintered steel
filter, both located in a hot box whose temperature was kept at 300 °C. This temperature
Is enough to avoid coking problems and avoid the formation of carbonaceous residues.
Then, the gases exiting the particle retention system crossed the condensation section
consisting of a double shell tube condenser and a 60 pm stainless steel filter, both

cooled by tap water.

2.2. Materials

The plastics used in this study were High and Low Density Polyethylene (HDPE and
LDPE), polypropylene (PP), polystyrene (PS), Poly(ethylene terephthalate) (PET) and
Poly(methyl methacrylate) (PMMA). HDPE, LDPE, PP and PS was supplied by Dow
Chemical (Tarragona), PET by Artenius PET Brand Seda Group (Barcelona) and
PMMA by Altuglas International Arkema Group. Given that no size reduction is
required in the CSBR, the plastics were directly fed into the reactor in the form of
pellets (4 mm). The main properties of these plastics are shown in Table 1.

Unfortunately, the supplier did not provide the detailed composition of PMMA.

Table 1. Characteristics of the plastics used.

HDPE LDPE PP PS PET PMMA
Molecular weight (kg mol') 462 922 50-90 3116 25-30 120
Polydispersity 289 513 2.0 2.39 2.0 n.p
HHV MJ kg ™) 43 43 44 40 24 n.p

Ultimate analysis (wt%)

C 85.7 85.7 857 92.3 62.5 60.0
H 14.3 14.3 14.3 7.7 4.2 8.0
O - - - - 33.3 32.0

n.p: not provided

11
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Moreover, fountain confined conical spouted beds allow operating in situ with finer
catalyst particles than conventional conical spouted beds, which allows studying the
effect of commercial catalysts used in fluidized beds. Previous studies in a CSBR
showed that a spent Fluid Catalytic Cracking (FCC) catalyst had a very good
performance in the waste polyolefin cracking [47]. The selection of the catalysts used in
this study was based on its suitable activity and because it is easily available. In fact, the
spent FCC catalyst is an industrial residue that can be reutilized in the valorization of
waste plastics. Therefore, a spent FCC catalyst (supplied by Petronor) based on a zeolite
active phase was used in the catalytic pyrolysis of waste plastics. The catalyst particles
were sieved in order to use a size in the 90-150 um range. The porous structure of the
catalyst was characterized by N, adsorption—desorption (Micromeritics ASAP 2010)
and the values of total acidity and average acid strength were obtained by simultaneous
monitoring of the differential adsorption of NH; at 150 °C by calorimetry and
thermogravimetry in a Setaram TG-DSC 111 equipment. Table 2 shows the main

properties of the spent FCC catalyst used in this study.

Table 2. Properties of the equilibrated FCC catalyst.

BET surface area (m? %) 143
Micropore surface area (m* g™ 103
Mesopore volume (cm® g™) 0,04
Average pore diameter (A) 101
Acid strength (kJ mmol NH3z™) 105
Total acidity (umol NHs g cat™) 124

2.3. Experimental procedure

The effect of plastic type, plastic feed rate, bed mass, spouting velocity and use of

catalyst were studied in order to establish in each case the minimum temperature to

12
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ensure stable operation avoiding bed defluidization. Runs were carried out in the
spouted bed provided with fountain confiner by varying plastic type (HDPE, LDPE, PP,
PS, PET and PMMA), bed mass (100, 150 and 250 g), plastic feed rate (0.5, 1,2 and 3 g
min™®), spouting velocity (1.2, 1.6, 2 and 4 times the minimum spouting velocity) and
amount of catalyst (7, 15 and 30 g of FCC spent catalyst). The ratio of plastic feed rate
to bed mass, Whed/Qplastic Was also changed according to the criterion proposed by Arena
and Mallestone [20]. They suggested that this ratio is the relevant modulus to study the

influence of both parameters in the defluidization phenomenom.

The operating conditions used in each experiment to analyze the influence of the
aforementioned parameters are shown in Table 3. As observed, a base case was selected
to ascertain the effect of the different parameters on the fluidization quality. Thus, the
reactor was loaded with 150 g of sand with a particle size in the 0.2-0.3 mm range and
air was used as the fluidizing agent during the heating period. When the reactor reached
the desired temperature, air was replaced with nitrogen and its flow rate was fixed at 4
times the minimum spouting velocity, which corresponds to 10 L min™. It should be
noted that the minimum spouting velocity (ums) and the fountain enhanced spouting
velocity (u) were previously determined by direct observation under the conditions
studied. Then, 1 g min® of HDPE was fed continuously for 10 min (unless bed
defluidization occurred before). This time is enough to guarantee that stable operation is
attained under the operating conditions to study. Once the run was finished, the N,
stream was substituted by air stream to burn the remaining polymeric material and so
proceed with the next experiment. All the operational parameters (type of plastic,
Whed/ Qpiastic, Spouting velocity and space time when the catalyst was used) were
changed in the runs, with the operating procedure being as described above. All the runs

were repeated three times to ensure process reproducibility. Note that the minimum

13



258  temperature refers to the lowest temperature measured at which defluidization

259  phenomena is avoided during the continuous operation. This means that lower

260  temperatures lead to poor fluidization during continuous operation and eventually bed

261  collapse.

262  Table 3. Operating conditions in each run to analyze the effect of different parameters

263 on bed performance.

Parameters

Operating analyzed Base case Whed / Qpiastic Plastic type U/Upms Catalyst
conditions
Plastic type HDPE HDPE LDPE PP PS PET PMMA HDPE HDPE
Qptastic (9 min™) 1 05 2 3 1 1 1 1 1
Bed material Sand Sand Sand Sand Sand + Catalyst
Catalyst (g) - - - - 7 15 30
Sand (g) 150 [150 150 150 250 100 150 150 143 135 120
Ul 4 4 4 12 16 2 4
Qumsnz (L min) 25 25 25 25 28 2 25 25 1.75
Quz (L min) 10 10 10 10 112 8 10 3 4 5 7

264

265  The fluidization quality, and therefore the bed state during the reaction was followed by

266  visual observation of the bed to confirm whether defluidization occurred or not, as well

267  as by monitoring temperature and pressure drop. The evolution of pressure drop and

268  temperature with time was proven an effective technique for detecting fluidization

269  worsening and the time at which the bed was definitively stagnant or defluidized [26,

270 46, 48]. The values of both temperature and pressure drop fluctuated slightly with time

271 when the bed was fluidizing well, but these fluctuations as well as the absolute pressure

272 drop progressively decreased when fluidization became worse and their values remained

273 steady when finally defluidization occurred. It is well known that defluidization leads to

274  a decrease in the total bed pressure drop because most of the fluidizing gas flows
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through large channels when the bed is collapsed [49-51]. Although the monitoring of
only pressure drop may provide useful information about defluidization, Shabanian et
al. [49] concluded that this strategy is too sensitive to other process changes, which may
occasionally lead to false alarms. Furthermore, the monitoring of only temperature or
pressure signals does not ensure a reliable detection of defluidization due to the risk of
false positives and false negatives. Visual observation proves that the monitoring of
both variables provides reliable information about the fluidization state. Thus, the
reactor lid was removed to observe the bed at the end of each run, with the nitrogen
flow rate maintaining at the same value as in the operation. When defluidization

occurred, the solid particles were fused together in a static bed.

2.4. Thermogravimetric analysis of the plastics

The pyrolysis characteristics of the plastic samples were determined in a TGA Q500IR
thermogravimetric analyzer. Thus, this simple analysis provides relevant information of
their pyrolysis behavior, such as the temperature required for their complete
devolatilization and the degradation rate. 10 mg of plastic were loaded in the crucible
and subjected to a heating rate of 10 °C/min from room temperature to 700 °C using a
nitrogen flow rate of 50 mL/min. To ensure full carbonization of the sample, a
temperature of 700 °C was maintained for 60 min. Moreover, additional experiments
were carried out to evaluate the influence FCC catalysts have on HDPE degradation.
Interestingly, TGA analysis is able to reproduce the contact between fused polymer and
the catalyst, and allows monitoring the formation of volatiles. The capability of the
catalysts for converting the fused polymer into volatile compounds is critical on the
defluidization process. Accordingly, runs were carried out in the TGA by loading 5 mg

of FCC catalyst together with 10 mg of HDPE plastic in the crucible. The experiments

15



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

were repeated twice for each plastic to guarantee the reproducibility of the results. The

deviations observed were below 2% in mass.
3. Results and discussion

Sets of runs were carried out in the CSBR in order to delimit the minimum temperature
for stable operation. In each set, the operating parameters were fixed at given values and
temperature was increased in the runs. When the bed was defluidized, air was
introduced to burn the polymer and prepare the equipment for a new run at higher
temperature. This procedure was repeated in each set until the temperature avoiding

defluidization was found under these conditions.

The effect of the different operating parameters on the minimum temperature for stable
operation was ascertain by comparing the results with those of the base case. This was
the run carried out by feeding 1 g min™ of HDPE into a bed of 150 g of silica sand with
a particle size in the 0.2-0.3 mm range and a nitrogen flow rate of 10 L min™ (4 times
that for minimum spouting). Under these conditions, the minimum temperature for
stable operation was 520 °C. At lower temperatures, defluidization occurred due to the

very low degradation rate of the polymer and its subsequent accumulation in the bed.
3.1. Effect of plastic type

One of the factors of greater influence on bed defluidization is polymer type. Thus, the
minimum temperature for stable operation differs depending on the molecular structure
of the polymer, which directly affects the degradation mechanism and its physical
properties. Thus, polymers with high degree of branching decompose at low
temperatures, and therefore require low operating temperatures to avoid bed collapse.

Derivative thermogravimetric (DTG) curves for LDPE, HDPE, PP, PS, PET and

16
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PMMA are shown in Figure 5, which provide information of the pyrolytic degradation
mechanism of each plastic. Besides, the minimum temperatures for stable operation
under the base case conditions are shown in Figure 6. It should be noted that, in certain
cases, stable pyrolysis temperature in the CSBR is slightly higher than the end
temperature of the material pyrolysis. This difference is due to the limitations of heat
transfer in the fused plastic and the differences in the performance of the pyrolysis
process in the thermobalance and in the bench scale reactor. In a thermobalance, the
heating rate is low (10 °C/min), and the contact time at any temperature is therefore high
enough for plastic devolatilization, which allows completing the pyrolysis at lower
temperatures. Conversely, the heating rates in the CSBR are very high and the gas-solid
contact time is much lower compared to that in the TG. Therefore, slightly higher

temperatures are required to complete volatilization in the bench scale CSBR.
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Figure 6. Minimum temperatures for stable operation in the fast pyrolysis of different
polymers. Operating conditions: plastic feed rate, 1 g min™; bed mass, 150 g; sand

particle size, 0.2-0.3 mm, and N, flow rate, 10 L min™.

As observed in Figure 6, PMMA followed by PS are the polymers that required the
lowest temperatures (420 and 470 °C, respectively) under stable operating conditions in
the pyrolysis. In both cases, polymer degradation starts at lower temperatures than for
LDPE, HDPE and PP (Figure 5), and therefore thermal pyrolysis of PS and PMMA
occurred faster than in the case of polyolefins at the same reaction temperature [52].
Unlike polyolefins, PMMA and PS pyrolysis led to a high monomer recovery, i.e.,
methyl methacrylate (MMA) and styrene, respectively, since the reaction mechanism is
radical depolymerisation, in which the polymer chain is split by the action of heat [53-
56]. This type of reaction mechanism eases polymer degradation, accelerates reaction
rate and minimizes its accumulation in the bed, which allows operating at lower

pyrolysis temperatures.

Moreover, as observed in Figure 6, PP pyrolysis can be performed under stable
conditions at 500 °C, followed by LDPE at 510 °C and HDPE at 520 °C. Despite the
similarity of polyolefin DTG curves shown in Figure 5, the degradation of PP starts and
finishes at slightly lower temperatures (390 and 500 °C, respectively) compared to
HDPE and LDPE, thereby confirming they require lower temperatures to attain high
degradation rates to avoid bed defluidization [57, 58]. This result is explained by the
more branched structure of PP compared to polyethylene, which makes it a more
degradable polyolefin [59-61]. In fact, cracking takes place firstly in the branched chain
followed by the main chain. Another explanation of the lower degradation temperature
lies in the higher proportion of tertiary carbons in the polypropylene chains, which

promote the thermal cleavage of C—C bonds [62]. Similarly, LDPE undergoes a slightly
19



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

higher degradation rate than HDPE due to the reactivity caused by branching and

tertiary carbons in its structure [62].

PET degradation occurred between 385 and 520 °C (Figure 5), and the pyrolysis
temperature in the CSBR needed to be at least 710 °C under the base case conditions in
order to avoid bed collapse (Figure 5). Unlike other polymers, the pyrolysis of PET in
the CSBR led to the formation of a stable solid residue of sticky nature, which can
easily form aggregates with sand [63]. As the pyrolysis progressed, and simultaneously
to polymer cracking, aggregates composed of a sticky carbon residue and sand particles
were formed, which joined together to form bigger aggregates and caused difficulties in
the spouting, firstly by clogging the draft tube and then collapsing the bed [10].
Increasing the reaction temperature accelerated polymer degradation and reduced the
formation of the solid residue. Thus, temperatures above 710 °C lowered the yield of
this residue and avoided its capacity to form bigger aggregates leading to bed
defluidization [20]. In fact, under these conditions, the pyrolysis reaction is much faster
than the PET repolymerization that causes the formation of stable carbon material and
covers the sand particles. Consequently, pyrolysis is more efficient at high temperatures
and the result is a reduction in the solid residue. Once PET pyrolysis has been

completed, the solid residue is burnt in the CSBR reactor itself by feeding an air stream.

The degradation sequence that a polymer undergoes in gas-solid reactors, such as FBR
or CSBR, differs depending on the polymer type and is conditioned by the interactions
between the plastic and the inert or catalyst particles in the bed. Indeed, the physical
properties (viscosity and thermal conductivity) during thermal degradation depend on
the type of polymer, and they play a key role in the defluidization sequence. Heat
transfer restrictions and agglomerate formation depend on the mentioned properties, and

they therefore depend on the type of plastic. According to Arena and Mallestone [20,
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23, 26, 64], defluidization follows different mechanisms depending on the polymer
type, and the degradation rate depends on the operating conditions. In the case of
polyolefins, they do not produce a sticky solid residue and the initial aggregates
undergo fast crumbling into smaller sizes depending on the operating conditions
(temperature, heating rate, Wheqd/Qpiastic, €tC.), and the sintering of sand particles covered
by a layer of adhesive residue may occur, worsening the fluidization quality until
defluidization. Nevertheless, these authors did not observe crumbling during PET
pyrolysis, as the sticky solid residue was adhered to the sand particles and led to the
formation of polymer-sand aggregates at rather low reaction temperatures (between 450
and 650 °C), which rapidly grow to form bigger ones. When a critical fraction of the bed
are large agglomerates, the bed defluidizes. These authors also concluded that an
increase in temperature changed progressively the defluidization mechanism of PET
polymer. Thus, at low temperatures the aggregates played the main role in
defluidization, but the accumulation of large aggregates decreased as temperature was
increased and the worsening of fluidization was mainly due to the progressive increase

in the polymeric layer on the sand, as was the case for polyolefins.

The results of this study highlight that the formation of plastic-sand aggregates for
polyolefins and PET in a fountain confined CSBR is similar to that observed in
fluidized beds. Besides, the degradation steps for PMMA and PS were analogous to
those for polyolefins, as the sticky solid residue was not generated under the base case
operating conditions. The degradation rate of the polymers at the operating temperatures
shown in Figure 6 was high enough to avoid the formation of large aggregates leading
to bed defluidization. However, the defluidization mechanism in the CSBR technology
is different depending on whether a draft tube is used or not. When no draft tube is used,

the defluidization mechanism is the same as that observed by Arena and Mastellone [20,

21



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

23, 26, 64], i.e., the formation of polymer-sand aggregates and their growth, with their
spouting velocity being much higher than that for the individual particle beds. These
aggregates are too large to spout and lead to bed collapse. Nevertheless, when the draft
tube was used for plastic pyrolysis, defluidization occurred by tube clogging, and the
subsequent formation of a plug on the upper surface of the bed. From that moment, any

plastic fed into the reactor accumulated on the bed surface.

The operating temperatures for stable operation without particle agglomeration are
slightly higher compared to those in conventional spouted beds (between 10 and 20 °C
higher) [54, 55]. Therefore, higher temperatures are required to increase the degradation
rate of polymers and avoid the formation of large aggregates. However, the insertion of
a fountain confiner and a non-porous draft tube allowed operating with finer sand
particles, and therefore lower nitrogen flow rates. Thus, we used a sand particle size of
0.2-0.3 mm or even lower, with a nitrogen flow rate of 10 L min™ (u/uys = 4), whereas
conventional CSBRs require sand particles bigger than 0.6 mm and nitrogen flow rates
ranging from 12 to 24 L min™ (u/ums from 1.2 to 2). Likewise, fluidized bed reactors
also require higher temperatures and/or higher nitrogen flow rates to avoid bed
defluidization in the pyrolysis of the same plastics used in this study [18, 20, 26, 53, 65,

66].

Runs were conducted using HDPE feed rates (Qpiastic) ranging from 0.5 g min? to 3 g
min™ and sand beds of 100 and 250 g with a particle size in the 0.2-0.3 mm range. As
shown in Table 3, the nitrogen flow rate ranged from 8 to 11.2 L min™ in order to

maintain a u/umg ratio of 4 with the two bed masses.
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Figure 7 shows the minimum temperature for stable operation to avoid defluidization
for different Wyea/Qpiastic ratios. As observed, an increase in this parameter (either by
reducing the plastic feed rate or by increasing the bed mass) reduced the pyrolysis
temperature required to ensure a good bed performance. Indeed, for @ Whyed/Qplasiic ratio
of 50 min (HDPE feed rate of 3 g min™ and 150 g of inert sand), the temperature needed
was 570 °C, but for a ratio of 300 min (HDPE feed rate of 0.5 g min™ and 150 g of inert
sand), the temperature was reduced by 70 °C for operating under the same
hydrodynamic state (4 times the minimum spouting velocity). Similarly, when the bed
mass was increased from 100 g (Whed/Qplastic=100 min) to 250 g (Whed/ Qplastic=250 min),

the minimum temperature for stable operation was reduced from 530 to 510 °C.

580

560

540 -

Temperature ("C)
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W /Q

bed plastic

Figure 7. Minimum temperature for stable operation in the fast pyrolysis of HDPE with

different ratios of bed mass to plastic feed rate.

According to Arena et al. [26], high plastic feed rates lead to thick layers of polymer
deposited on the surface of bed particles. The critical thickness is the value above which
the particles fuse when they collide, and is a function of plastic viscosity and the

momentum of the colliding particles. If the thickness of the viscous layer coating the
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sand is greater than the critical one corresponding to the operating conditions, the
relative velocity of the particles is too low to overcome the viscous adhesion of the
bridge between the surfaces and they stick to each other, thus accelerating the formation
of bigger aggregates. Nevertheless, a bed with a high amount of sand promotes solid
circulation, especially in the fountain region, thus enhancing the turbulence and fluid-
particle interaction, which leads to a higher degradation rate of the viscous polymer and
avoids the formation of bigger aggregates. In fact, polymer heating is improved, which
enhances the effective reaction rate of plastic degradation, thus lowering the
temperature required to complete pyrolysis. Hence, when the Whed/Qpiasiic ratio is
reduced, the operating temperature must be raised to increase polymer degradation rate

and provide more energy, which helps to reduce the viscosity of the fused polymer.

Comparing the results of HDPE pyrolysis in the fountain confined and conventional
CSBRs, the former requires higher Wyed/Qpiasiic ratios for operating at the same
temperature [67, 68]. However, the sand particle size and, especially, the nitrogen flow
rate required are much higher in the conventional spouted bed under the same

hydrodynamic conditions (U/ups).

3.3. Effect of spouting velocity

The gas flow rate used in the pyrolysis is an essential parameter for a suitable spouting
behavior. Runs were carried out using flow rates in the range from 1.2 to 4 times the
minimum velocity, with the other operating parameters being fixed at the value of the
base case. The nitrogen flow rates used are shown in Table 3. Note that nitrogen is used
at laboratory scale, but recirculation of the pyrolysis gases for use as fluidizing agent is
a more feasible strategy on a larger scale pyrolysis process, thus minimizing nitrogen

requirements. This strategy was successfully applied in a 25 kg/h biomass fast pyrolysis

24



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

CSBR pilot plant, in which part of the non-condensable gases where recirculated and

the excess gas was purged and burnt in a flare [69].

Figure 8 shows the minimum temperature for stable operation at different u/uns ratios.
As observed, the temperature to ensure a good bed performance was 550 °C for a
velocity 1.2 higher than the minimum one, but decreased to 530 °C and 520 °C when the
U/ums ratio was increased to 1.6 and 2, respectively. No improvement was observed for
higher gas velocities, with the minimum operating temperature being 520 °C. This
performance is explained by the low turbulence and solid circulation rate at gas
velocities close to the minimum one. In this case, particles motion is smoother and they
describe shorter trajectories in the fountain, thereby requiring higher temperatures to
increase both the degradation rate of the polymer and the critical thickness of the plastic
layer on the particle in order to avoid the formation of aggregates. Once a vigorous
spouting regime was attained with a u/upys ratio of 2, the vigorous movement of the
solid, especially in the fountain region, was enough to break the aggregates made up of
sand and melted plastic, thus allowing a stable operation at lower temperatures.

Furthermore, these conditions allowed a uniform distribution of the fused plastic in the

bed, thus favoring the initial physical steps in the pyrolysis process. Nevertheless—an
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Figure 8. Minimum temperature for stable operation at different u/uy ratios.

An increase in gas velocity leads to a more vigorous solid circulation, which improves
heat transfer in the bed. In fact, as the heating rate of plastic particles is higher, the time
required for plastic degradation is shorter, thus minimizing its accumulation in the bed
and attenuating the growth of aggregates leading to defluidization. Saldarriaga et al.
[70] observed an increase in heat transfer coefficient as gas velocity is increased in
conical spouted beds of sawdust+sand. According to these authors, the average values
of bed-to-surface heat transfer coefficient are 203 W/m? K for sawdust and 505 W/m? K
for sand, which are high enough values for attaining high heating rates in
thermochemical processes. Moreover, the high velocity of the particles when turbulence
is increased generates more collisions and enhances the effective reaction rate of plastic
pyrolysis. This issue together with the faster heating rate of the particles leads to an
increase in the critical thickness of the plastic layer, thus reducing agglomeration
problems. Nevertheless, an increase in gas velocity in fluidized beds does not lead to

significant improvement in the fluidization quality of the aggregates, as most of the
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excess gas rises through the bed in the bubble phase and particle velocity hardly

changes [20].
3.4. Effect of catalyst loading

The interest in using a fountain confiner for plastics pyrolysis in spouted beds is related
to the improvement in catalyst efficiency. Accordingly, the influence of the catalyst on
bed defluidization was also analyzed. Thus, different amounts of spent FCC catalyst (0,
7, 15 and 30 g) with a particle size in the 90 - 150 um range were loaded into the bed.
The total bed mass in all runs was 150 g, which was made up of sand with a particle
size in the 0.2 - 0.3 mm range and the mentioned amount of catalyst. The other
operating parameters were the same as in the base case (1 g min™ of HDPE and a u/upms
of 4). The gas flow rate to attain a u/upys Of 4 is considerable lower than in the base case
(7 L min™ instead of 10 L min™) due to the lower particle size and density of the FCC
catalyst. It is noteworthy that draft tubes ease the handling of solids with different sizes

and densities without stability problems [71].

Figure 9 shows the influence the amount of spent FCC catalyst (space time) has on the
minimum temperature for stable operation in the pyrolysis of HDPE. As observed, the
minimum temperature decreases linearly for small and moderate amounts of catalyst
(from 520 °C without catalyst to 480 °C when 15 g of catalyst were loaded). The
decreasing trend is smoother for higher amounts (460 °C when the space time is 30 min
Ocat gp|astic'1). The moderate acidity of the spent FCC catalyst makes catalytic cracking to
occur through a carbocationic mechanism (mainly by carbenium ions) instead of the
free radical mechanism characteristic to the thermal cracking in pyrolysis processes
[72]. Hence, catalytic cracking takes place with a lower activation energy than thermal

cracking, and so at lower temperatures. Therefore, catalysts in situ accelerate fused
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polymer conversion to volatile products and avoid its accumulation in the bed.
Furthermore, the vigorous solid circulation in the spouted bed reactor also contributes to
improving the contact between the melted plastic and the catalyst, and therefore to

enhancing the cracking of fused polymer chains to volatile products.

530
520 o
s10[ N
500 | o
100 | S

480 - L

Temperature (°C)

470 + ~

460 ®

4solo o L
0 5 10 15 20 25 30

)

Space time (ming_g "

cat Splastic

Figure 9. Evolution of the temperature for stable operation with the mass of spent FCC

catalyst loaded in the bed.

The significant reduction in the minimum temperature for stable operation caused by the
FCC catalyst is consistent with the results obtained in TGA runs. As observed in Figure
10, the incorporation of 5 mg of FCC to the polymer sample markedly reduced the
pyrolysis temperature compared to the catalyst free one. Indeed, the degradation of the
sample with catalyst started at 400 °C and the maximum degradation rate was attained at
458 °C, whereas for the catalyst free sample these temperatures were 420 °C and 493 °C,
respectively. Thus, it can be concluded that the catalyst influences both the primary
polymer degradation and the secondary conversion of pyrolysis volatiles towards
valuable products. The primary activity of the catalytic is evidenced by the acceleration

of polymer degradation observed in the TGA analysis (Figure 10), whose
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devolatilization took place at lower temperatures in contact with the catalysts. In the
same line, the catalysts presence in the experiments performed in the CSBR allowed for
operating at lower temperatures, which is associated with the polymer degradation
favored by the catalyst (Figure 9). These results clearly show the capacity of the catalyst
to promote plastic decomposition even under the severe mass transfer limitations

associated with the fused polymer-catalyst contact.
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Figure 10. DTG curves for HDPE degradation loaded with 5 mg of FCC catalyst and

without catalyst loading.

3.5. Fountain confined CSBR for plastic pyrolysis

The insertion of a fountain confiner and non-porous draft tube in the CSBR allows
increasing the turbulence in the bed, thus increasing the solid circulation, which
promotes the contact between the sand (or catalyst) and the melted plastic, as well as the
heat transfer rate [73, 74]. Moreover, the fountain confiner allows operating with much
finer catalyst particles than in conventional conical spouted beds without entrainment

problems. This positive effect of particle size reduction for improving heat transfer, gas-
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solid contact, and therefore feedstock conversion, has already been described in
fluidized beds used in biomass and coal gasification processes [75, 76]. Therefore,
operation with smaller catalyst particles promotes the contact between the melted
polymer and the catalyst, and lower spouting gas flow rates than in conventional CSBRs
are required. Thus, Elordi et al [77] performed satisfactorily the catalytic cracking of
polyethylene on a spent FCC catalyst in a conventional CSBR, but they had to
agglomerate the original FCC catalyst particles to the 0.6—1.2 mm size by wet
extrusion. In the present study, the particle size of the catalyst was as collected in the
purge at the exit of the FCC unit regenerator, where most of the particles (93 wt %) are
in the 20—149 pm range, with an average diameter of 81 um. Moreover, another
advantage of confining the fountain is that the gas is forced to flow down to leave the
confiner through its bottom, which increases the volatile residence time in contact with
the catalyst. This point is of great significance, since it promotes cracking reactions
[33]. Besides, the vigorous movement of the solids at the fountain enhanced regime
improves the gas-solid contact and leads to faster and homogeneous coating of the
particles with the melted plastic, thus increasing the efficiency of the catalyst.
Therefore, the fountain confined spouted bed is an interesting and novel reactor design
for the catalytic valorizations of waste plastics due its capacity to overcome

defluidization problems.

Moreover, although defluidization in the thermal pyrolysis occurred faster with the
fountain confined system than with conventional CSBR, as the aggregates blocked the
draft tube and required slightly higher temperatures to avoid this problem, the reduction
of nitrogen flow rate, as well as the smaller bed particle sizes used without fine
entrainment, are interesting advantages of this system. However, the great advantage of

this work lies in the good performance of fountain confined CSBR in the catalytic
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pyrolysis of waste plastics. Particularly, this work evidences that, under pyrolysis
conditions, the fountain confined system allows working with catalyst at low
temperatures without defluidization problems due to the adequate contact between
plastic and catalyst particles, which enhances the efficiency of the catalyst and promotes

the cracking of fused polymer chains to volatile products.

5. Conclusions

Conventional CSBRs have been proven to perform well in the pyrolysis of waste
plastics due to their high heat-transfer rates and bed turbulence, which avoids particle
agglomeration and segregation problems. However, the insertion of a fountain confiner
in the CSBR for plastic pyrolysis allowed: i) operating with finer materials (sand and
catalyst); ii) increasing the u/ums ratio to 4 without elutriation; iii) improving bed
turbulence and gas-solid contact, especially in the fountain region; and iv) providing
great stability to the bed. Accordingly, the optimum hydrodynamic conditions for stable
operation in order to avoid particle agglomeration and bed defluidization were
established in a fountain confined CSBR. The minimum temperature for stable
operation was delimited depending on the plastic type, feed rate, bed mass, spouting

velocity and presence of catalyst.

PMMA and PS required the lowest temperatures to avoid bed defluidization, followed
by polyolefins, for which the operating temperature ranged from 500 to 520 °C. In the
pyrolysis of PET, a higher temperature was required to minimize the formation of a
stable solid residue of sticky nature, which easily forms aggregates with the sand, thus
worsening bed performance. Regarding the Whed/Qpiasiic ratio, an increase in this
parameter reduces the temperature required to ensure a good bed performance, as the

thickness of the viscous layer that coats the sand is reduced, thereby hindering the
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formation of bigger aggregates. Moreover, an increase in gas velocity increased the
turbulence in the bed and the particles were able to describe longer trajectories,
improving the gas-solid contact and lowering the temperature required to avoid bed
defluidization. The use of a spent FCC catalyst promoted cracking reactions that require
lower activation energies, and therefore the pyrolysis takes place at lower temperatures.
The superior contact with the catalysts reached in the fountain confined spouted bed
allowed for a remarkable reduction in pyrolysis temperature. Although the novel
confinement system has certain limitations for thermal pyrolysis, its performance is
outstanding in the catalytic pyrolysis of waste plastics. Thus, the fountain enhanced
regime, in which a significant fraction of the bed is in the fountain, greatly promotes the

cracking of fused polymer chains.
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