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ABSTRACT

Regeneration of coked ZSM-5 zeolite was performed by oxidation with ozone at low temperature range
(<150°C) so that to restore catalytic activity. Physicochemical properties of the samples were charac-
terized by several techniques: thermogravimetry (nature of coke deposit), elemental analysis (carbon
content), porosimetry (surface area and pore size), ammonia temperature-programmed desorption and
pyridine adsorption followed by infrared spectroscopy (acidity). Reactions were carried out at various
temperatures, gas hourly space velocities and inlet concentrations of ozone. They showed that partially

lé?l/( Vevords' coked samples (containing 3 wt.% of C) can be successfully regenerated by ozone with carbon removal
Ozone up to 80%.

ZSM-5 Carbon removal is improved by increasing the inlet ozone concentration in the range 16-50 g/m3, with
Acid sites almost linear trend, and by increasing time on stream until it plateaus after 2 h. Coke oxidation with O3

starts at low temperature and exhibits an optimum at about 100°C. At higher temperatures, the rate
of ozone decomposition becomes much faster than its pore diffusion rate, so that radical species are
no longer available for the coke deposit within the particles and the overall oxidation yield decreases.
Indeed, catalytic decomposition of ozone is found to occur significantly above 100°C: O3 decomposition
reaches 90% with fresh ZSM-5 catalyst. Thus regeneration of coked zeolite particles involves both complex
chemical reactions (coke oxidation and O3 decomposition to active but unstable species) and transport
processes (pore diffusion to the internal coked surface).

Ozonation can restore both textural and acidic properties, allowing the catalyst to almost recover its
initial activity in poly(methyl metacrylate) cracking. The activity results are well correlated with the
carbon removal efficiency.

Plastic wastes

1. Introduction

Zeolites are used in many industrial and petrochemical pro-
cesses because of their unique properties of molecular sieving,
acidity, high thermal stability, and shape selectivity [1]. For exam-
ple, FAU-type zeolite, e.g. Y and Ultrastable Y zeolite, is extensively
applied as catalyst in fluid catalytic cracking (FCC). In this pro-
cess, MFI-type zeolite, e.g. ZSM-5, is frequently used as FCC catalyst
additive either in the form of separate particles or within a com-
posite to control product yield and/or to improve octane number
[2]. Moreover, zeolites, and ZSM-5 in particular, are also applied

* Corresponding author at: Université de Toulouse, Laboratoire de Génie Chim-
ique, 4 allée Emile Monso - BP 84234, 31030 Toulouse Cedex 4, France.
Tel.: +33 534323709; fax: +33 534323697.
E-mail address: carine.julcour@ensiacet.fr (C. Julcour-Lebigue).

in recycling of plastic wastes to provide more valuable products:
monomer and/or gas and liquid which can be reutilized as chemical
reagents or fuels [3,4]. Previous results showed that MMA recovery
by cracking of PMMA was successfully achieved on a zeolite fixed
bed at temperatures below 300°C [5]. Such temperature is of sig-
nificant advantage as compared to conventional thermal processes
(400-450°C), as proposed by Kaminsky et al. [6-8] using fluidized
bed reactors or more recently by Lopez et al. [9] using a spouted
bed reactor.

Even if zeolite catalysts produce less coke than other materials,
it is still a common feature which requires efficient and low-cost
regeneration techniques for the process economy. Deposition of
carbonaceous residues blocks the access of pores to the reacting
molecules and/or poisons active acid catalytic sites [10-15]. Besides
the loss of activity and/or selectivity, coking can also reduce heat
transfer in the reactor, while increasing pressure drop and possibly
even plugging the reactor.



The spent zeolites are traditionally regenerated by several meth-
ods, such as thermal treatment, or reaction with oxygen or nitrous
oxide-containing mixtures [4,11-14].

Oxidative treatments using oxygen usually operate above 400 °C
and may result into irreversible chemical modification of the zeo-
lites through hydrothermal process with generated water vapour
[4,14,16].

Regeneration by ozone is an attractive low temperature process
due to the high oxidizing activity of this compound [17]. This tech-
nique is therefore particularly interesting to preserve the structure
of the zeolite catalyst and to prevent dealumination. Copperth-
waite et al. [16] showed that ozone-enriched oxygen treatment
can restore activity of ZSM-5 zeolites used for methanol con-
version under mild conditions (150°C), while a temperature of
about 450 °C was necessary with oxygen only. The main difference
observed between the two restored catalysts lay in a higher selec-
tivity towards light gases in the C,-C4 fraction for the ozonized
samples (with reduced methane, C5+ and aromatic yields).

From FT-IR study of coked HY zeolite regeneration, Mariey et al.
[18] also concluded that ozone was effective at 170°C or less (as
compared to 500°C for oxygen) and preserved the framework of
samples with a low Si/Al ratio.

However using coked Y zeolites in the form of 1/16in. diam-
eter extrudates, Hutchings et al. [19] found that ozone treatment
at 200°C only removed coke on the outer surface of the pellets
and regeneration obeyed a shrinking core mechanism with pore
diffusion control.

In the present work, regeneration of coked ZSM-5 extrudates
is studied using an ozone-enriched oxygen stream at low tem-
perature, in the range 20-150°C. The objective of this work is to
understand the interactions between ozone and spent zeolite and
to find the best operating conditions for coke removal and cat-
alyst activity restoration. In the following, the term “coke” will
refer to all carbonaceous materials which are located on the zeo-
lite, irrespective of their chemical nature and molecular weight
[20].

2. Materials and methods
2.1. Material

ZSM-5 zeolite was provided by Zeolyst International in the form
of ca. 3mm x 10 mm extrudates pelletized with 20wt.% of alu-
minium oxide. The pure ZSM-5 phase was given with a SiO,/Al;03
molar ratio of 23.

The extrudates were used as catalyst for the cracking of
poly(methyl methacrylate) (PMMA) in a fixed bed reactor oper-
ating at 1 bar and 250-300 °C. Distribution of coke deposit varied
axially along the bed, with a higher amount at the top of the reac-
tor close to the PMMA feed. Nature of the deposit also differed: top
particles were coated with a dense, shiny black, layer that eventu-
ally stuck them together, while bottom particles of grey colour kept
well separate. Particle samples from both locations were collected
for regeneration tests.

PMMA was supplied by Siam Cement Group company, as
3-5mm scrap particles. Its average molecular weight was about
100,000 g/mol.

2.2. Characterization of the zeolites

Physicochemical properties of the coked and regenerated cata-
lysts were evaluated by several techniques and compared to those
of fresh zeolites.

Textural properties, which are essential to evaluate the role
of internal mass transfer in the effective burn-off rate, were

measured by N, adsorption at 77 K on a Micromeritics ASAP 2010
and by mercury intrusion on a Micromeritics AUTOPORE IV. Prior
to N, sorption, the solid samples were degassed at 200°C (this
temperature being selected to avoid coke removal). The specific
surface area was calculated from BET plot at relative pressures
between 0.01 and 0.2 [21]. The mesoporous and microporous
volumes were estimated from gas porosimetry measurements
according to Barrett-Joyner-Halenda [22] and Horvath-Kawazoe
[23] methods respectively. The macroporous volume (50 nm < pore
diameter<30wm) and skeletal density were evaluated from
mercury porosimetry.

Chemical characterization was done using different techniques.

Thermogravimetry coupled with infrared analysis of released
gases (TGA-IR) was used to qualify the nature of the carbonaceous
deposit. These analyses were performed on a Q50 thermobal-
ance (TA Instruments) under controlled atmosphere (nitrogen).
The samples were heated at 10 °C/min from room temperature to
1000 °C, including 60 min plateau at 120 °C to remove physisorbed
water.

The amount of carbon in the aged/regenerated catalysts was
determined by a CHN elemental analyzer (flash combustion) using
about 20 mg of crushed sample.

Particle cross-sections were observed by scanning electron
microscopy (Leo 435 VP) coupled with energy dispersive X-ray
(Oxford INCA 200) analysis to profile elemental carbon content
within the particles.

Finally the acidity of zeolite catalysts, which is usually correlated
with their activity in C—C bond cracking [3], was evaluated by two
complementary techniques:

- ammonia temperature-programmed desorption (NH3-TPD)
carried out on a chemisorption analyzer (Micromeritics
AutoChem II 2920) equipped with a thermal conductivity
detector,

- pyridine adsorption/desorption followed by infrared (IR) spec-
troscopy (Nicolet NEXUS).

NH;3-TPD first provided information about the global acidity of
the zeolites. Crushed samples (50 mg) were outgassed under an
argon flow (50 ml/min) by heating with a rate of 10°C/min up to
400°C, and cooled back to ambient prior to NH3 saturation. After
removal of physisorbed NH3 (at 50°C), a temperature ramp rate of
10°C/min was applied up to 800°C under argon flow (50 ml/min).
The free acid sites were evaluated from subtraction of TPD spec-
tra with and without the preliminary saturation of the zeolite with
NHs. From deconvolution of the resulting NH3-TPD spectrum, three
peaks were also distinguished, each following a gaussian distri-
bution. They corresponded to weak (low desorption temperature,
140-150°C), medium (235-245°C) and strong (high desorption
temperature >450°C) acid sites, respectively [24]. To determine
the total amount of acid sites, an amorphous silica—alumina (ASA)
which known amount of total acid sites (0.55 mmol g~1 [25]) was
used as reference material.

Pyridine adsorption/desorption allowed the distinction
between Brgnsted and Lewis acid sites, due to the narrow
character and high extinction coefficient of the typical IR bands
[26]. Crushed zeolite samples (10-30 mg) were pressed into thin
wafers and pretreated under flowing air at 450°C overnight and
then under vacuum. Excess pyridine was adsorbed at 150°C
and after a few minutes physisorbed pyridine was removed
under vacuum (1h). The concentration of Brgnsted and Lewis
acid sites able to retain pyridine at 150°C was estimated from
the surface of IR bands at 1545cm~! and 1455cm™!, respec-
tively. Subsequent desorption analyses were performed at
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Fig. 1. Schematic diagram of the experimental set-up for the regeneration of coked
zeolites.

250°C, 350°C and 450°C to estimate the strength of acid sites
[27].

2.3. Experimental set-up and procedure for regeneration of coked
zeolites

Ozonation of coked ZSM-5 samples (800 mg) was performed in
a glass tube reactor (4 mm i.d., 18 cm length) at temperatures vary-
ing from 20°C to 150°C. It was inserted in a heated stainless steel
cylinder whose temperature was adjusted by a PID controller. A
laboratory ozone generator (HTU-500 ozone generator, Azcozon)
was used to produce ozone from pure oxygen, in the range of con-
centration 16-50 g/m3.

The schematic diagram of the experimental set-up is given in
Fig. 1.

Spent zeolite particles of about 3 mm in diameter were loaded
in the reactor after half part was cut and kept as reference. The
sample was first heated under oxygen flow (up-flow mode, flow
rate from 12.7 to 69.91/h) until desired temperature was reached.
Then the gas flow was switched to 03/0, mixture (16-50 g/m?3
of ozone content). Time on stream (TOS) was varied from 0.5h
to 4 h. Inlet and outlet ozone concentrations were measured by
the potassium iodide-trap method (IOA Standardized Procedure
001/96).

After treatment, particles were crushed and mixed for carbon
analysis by flash combustion technique (same for reference half
pellets).

2.4. Experimental set-up and procedure for activity tests

PMMA cracking tests were carried out in 100 ml batch reactor
(Parr instrument) using 0.4 g of crushed zeolite extrudate and 40 g

Table 1
Physical characteristics of zeolite samples.
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Fig. 2. Evolution of BET surface area of zeolite extrudates as a function of carbon
content.

of PMMA. Pure nitrogen was continuously flowed through the reac-
tor for 5min in order to eliminate oxygen. Then the gas inlet and
outlet were closed and the reactor temperature was set to 300°C.
The reaction was subsequently performed for 120 min at 300°C
under autogenous pressure, resulting in gas, liquid and solid prod-
ucts. After cooling and degassing, the reactor content was weighted
again to give the gas yield. Then solid and liquid products were
separated. The solid residual was washed with 50 ml of MMA, then
centrifuged and dried at 80 °C for 24 h to remove all interstitial lig-
uid before weighing. The liquid product was distilled in a rotary
evaporator at 95°C under vacuum pressure (200 mbar) to obtain
the light fraction.

3. Results and discussion
3.1. Physicochemical properties of zeolite extrudate samples

Regeneration experiments were performed on two different lots
of coked ZSM-5 extrudates:

- bottom particles from continuous PMMA cracking reactor, con-
taining 2-4% of carbon (sample A),
- top particles, containing 9-11% of carbon (sample B).

3.1.1. Surface area and porosity

Typical textural properties of coked and regenerated samples
are given in Table 1 and compared to those of fresh zeolite.

Coke deposition was found to occur in both micro- and meso-
pores, resulting in a sharp, almost linear, decrease of the surface
area with respect to carbon content (cf. Fig. 2). The most severely
coked sample exhibited nearly no microporosity.

The specific surface area of the partially regenerated samples
aligned with the previous data in Fig. 2, showing that the ozone
treatment restored the textural properties of the zeolite, without
any significant structural modification. The sample A recovered a

Carbon content (wt.%)

BET surface area (m?/g)

Microporous volume (cm?/g) Mesoporous volume (cm?/g)

Sample A 25 283
(Partially) regenerated sample A (95°C, 1h) 1.2 304
(Partially) regenerated sample A (140°C, 2 h) 1.7 292
(Partially) regenerated sample A (95°C, 2h) 0.8 339
(Partially) regenerated sample A (95°C, 4 h) 0.6 326
Fresh zeolite extrudate - 361
(Partially) regenerated sample B (95°C, 4h) 6.3 136
(Partially) regenerated sample B (140°C, 2 h) 8.6 77

Sample B 9.9 28

0.11 0.15
0.12 0.15
0.11 0.19
0.13 0.17
0.13 0.16
0.13 0.18
0.05 0.11
0.03 0.11
0.01 0.09




Table 2

Elemental analysis from EDX spectroscopy and carbon content from flash combustion.

Fresh zeolite extrudate Sample A Sample B (Partially) regenerated sample A (95°C, 2h)
Elemental analysis from EDX (wt.%/at.%)
C - 3.7/6.0 9.2/14.6 a
o 50.1/63.6 51.7/62.8 46.4/55.0 51.9/65.2
Al 14.0/10.5 12.7/91 12.8/9.0 13.5/10.0
Si 35.9/25.9 31.9/22.1 31.6/21.4 34.6/24.8
Carbon content from flash combustion (wt.%) - 3.0 9.9 0.8

2 Below the limit of detection.

similar pore size distribution as the fresh catalyst after 2 h of ozona-
tion at 95°C, while at higher regeneration temperature (140°C)
only its mesoporous volume was fully restored.

3.1.2. Elemental analysis

The elemental profile along the cross sectional area of the parti-
cles was analyzed by SEM/EDX for both coked samples (Fig. 3): the
carbonaceous deposit was found well distributed across the extru-
date, with the exception of a narrow zone of higher concentration
at the very outer surface (depth <50 wm).

The mean carbon contents estimated from EDX spectroscopy
were in accordance with those determined from flash combustion
of the materials (Table 2), with a much higher value for coked sam-
ple B. The Si/Al atomic ratio of about 2.5 also agreed well with the
theoretical value (accounting for the presence of alumina binder)
and kept unchanged after regeneration (no dealumination).

3.1.3. Thermogravimetry

The thermograms of coke samples (realized under N, ), as well as
the identification of evolved gases from IR spectroscopy, are given
in Fig. 4.

The amount of physisorbed water decreased logically from fresh
zeolite (9.5wt.%) to sample A (5.8%) and sample B (3.2%). Then
three distinct stages were observed for coked samples after the
120°C plateau. A first weight loss of less than 1% was observed
from 120°C to 250-300 °C corresponding mainly to the release of
water: it might be due to coordinated water, as it was also observed
on the fresh zeolite. CO, emission then started to increase with a
maximum intensity observed between 400°C and 600 °C, and was

Carbon

1 2

detected up to the end. CO release came later, mainly after 600 °C.
Some compounds were only detected for sample B, namely MMA
(with a narrow peak around 405 °C), methanol (around the same
temperature), methane (385-665 °C) and ethylene (425-585°C).
This difference might be attributed to a PMMA rich layer coating
the top particles. It should be also noticed that the corresponding
rate of weight loss (from 300 °C to 450°C) was much higher than
that of other stages.

Some complementary TG analyses were also carried out under
air. They showed that the sample weight decreases up to 700°C,
with a total weight loss after the 120°C plateau of 6.5% and 17.3%
for samples A and B, respectively (for a respective carbon content of
4.1% and 11.5%).

The coke deposit is usually qualified as “soft coke” or “hard
coke”, depending to its ability to be volatilized/decomposed under
nitrogen and oxygen. Following the work of Wang and Manos [28],
the amount of coke precursors or “soft coke” can be roughly esti-
mated from the weight loss observed between 250-300°C and
600°C under N, resulting in 1.5% and 9.5% for samples A and B
respectively. The amount of “hard coke” is obtained from the dif-
ference between the total weight loss under air and the weight loss
up to 600°C under Ny: 4.2% and 7.3% for samples A and B respec-
tively.

According to the conclusions of Elordi et al. on the cracking of
polyethylene [24], “soft coke” would be mainly deposed outside
the zeolite crystals, while “hard coke” would be formed in the
interior of crystalline channels. However the location of the
carbonaceous deposits depends also on the hydrocarbon used as
the coke-forming agent [20]. Here the reduction of mesopores

Fig. 3. Elemental carbon profile a on a cross-section of extrudate A.
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Fig. 4. Thermograms of coked zeolites under N, along with identification of evolved gases from IR spectroscopy: (a) sample A and (b) sample B.

seemed better correlated with the increase of “hard coke”, and
that of micropores with the increase of “soft coke”.

3.2. Regeneration of the catalysts by ozonation

For sample A, very high carbon conversion up to 80% could be
achieved in the investigated conditions (see Fig. 6). For sample B,
performance was more modest (35% C removal), mainly due to the
fact that the particles were coated by a PMMA rich layer, as found
by TG/IR, that limits the access of ozone to the zeolite. Therefore
parametric study was performed with sample A only.

3.2.1. Effect of operating parameters

Carbon removal was found to increase almost proportionally
with the inlet concentration of ozone in the investigated range, as
seen in Fig. 5.

As expected, conversion was improved by increasing time on
stream, but it seemed to reach a plateau after 2 h (Fig. 6a). The effect
of temperature, depicted in Fig. 6b, is more complex as an opti-
mum was found at about 100 °C regardless time on stream, due to
some competition effect between the chemical and mass transport
kinetics involved, as it will be explained below.

Measurements of ozone concentration at the reactor outlet
showed that less than 10% of the ozone was thermally decomposed
at 100°C (in an empty tube), while over fresh ZSM-5 extrudate,
ozone decomposition could reach more than 90% along the string
reactor, as seen in Fig. 7. Outlet ozone concentration was also ana-
lyzed on the beginning of the decoking reaction (0-30 min): lower

ozone decomposition was observed with the coked catalyst below
100°C due to its lower activity.

Optimal conditions were then further investigated by varying
operating parameters at about 100 °C for the same amount of ozone
provided to the sample.

Similar results were obtained when increasing the gas flow rate
from 12.7 to 45.41/h (and decreasing time on stream accordingly
from 2h to 33 min): about 40% C removal (for an inlet O3 con-
centration of 19g/m?3). In comparison, conversion was 24.7% for
12.71/h and 30 min TOS (other conditions being equal). Increasing
the gas flow rate reduced the ozone concentration gradient inside
the reactor, which compensated for the diminution of TOS.

Furthermore, carbon removal was decreased when using a
higher gas flow rate with lower ozone content (at same total ozone
input): 55.8% for 12.71/h and 48.2 g/m?3 (over 30 min) against 32.9%
for 41.31/h and 13.7 g/m3. This confirms that the decoking rate
increases with ozone concentration.

3.2.2. Carbon profiles in the reactor and in the particles

Axial coke conversion profiles were measured at about 100°C
after 1h of reaction by dividing the reactor into 5 zones (contain-
ing 3-4 pellets each) and analyzing separately their residual carbon
content (which was compared to that of the corresponding ref-
erence half pellets). As usual, each separate lot of particles was
crushed and homogenized prior to flash combustion analysis. Fig. 8
shows that carbon conversion varied slightly along the reactor for
sample A, from 59% to 50%, and from 26% to 14% for sample B. Sur-
prisingly, the axial gradient of ozone concentration appears thus to
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have a rather moderate impact on the conversion. This result may
be in fact explained by the existence of a temperature gradient of
about 10°C along the reactor (C removal being improved by an
increase of temperature in this range). As abovementioned, the dif-
ferent regeneration yields of samples A and B are mainly due to the

different types of carbonaceous deposit on their surface, since mul-
tiplying TOS by a factor 4 only increased the mean carbon removal
of sample B to 35% conversion.

Finally, Fig. 9 displays the photos of partially regenerated sample
A for two outlet temperatures: 95 °C and 140°C (after 1h TOS). On
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the left are shown the reference half pellets, at the centre the outer
surface of the ozonized samples and on the right their cross-section
cutaway.

At the highest temperature, decoking takes place according
to a shrinking core process as already observed by Hutchings
et al. [19]: cross-section views (c) show a black core of coked
catalyst surrounded by a very white layer of regenerated cata-
lyst.

At 140°C the rate of ozone decomposition is much faster than
its diffusion rate. Radical species generated are known to have a
short lifetime, and they should be consumed (either by reaction
with remaining coke in the close vicinity or by radical recom-
bination reactions) before reaching the coke deposit within the
particles. This makes the overall process highly limited by diffu-
sion.

At 100°C, the smaller difference in grey level contrast between
the core and the surface of the particles was due to the slower
ozone decomposition rate: ozone had more time to diffuse within
the particle before being converted into highly reactive species.
Therefore the overall carbon removal is improved as shown in
Fig. 6.

3.3. Activity assessment

The regenerated zeolites were subsequently examined for acid
properties and activity in PMMA degradation in batch reactor.

3.3.1. Acid properties

As abovementioned, acid sites are known to promote C—C bond
scission. Moreover, the strength and nature (Brgnsted or Lewis)
of the acid sites influence both the activity and selectivity of the
cracking reaction: the stronger the sites, the lighter hydrocarbons
obtained [3,29].

From NH;3-TPD analysis, a distribution of the acid sites according
to their strength could be provided: Fig. 10a and b gives, for differ-
ent regeneration conditions, the relative amount of each category
of acid sites (weak, medium and strong) with respect to the total
amount of acid sites in the fresh ZSM-5 extrudate (2.09 mmol g~!
from calibration with ASA).

With respect to fresh zeolite, the amount of sample A acid
sites decreased by about a factor 3, almost regardless of their
strength.

70
& coked sample A
N & m coked sample B
B gt LT
0 oottt PP *
~ L
X
< 40
©
3
£ 30
9 [ ]
o
A FEEPsir = w wgie "
__________________________ ]
10 ] |
[ ]
0
1 2 2 3 3 4 4 ° °

Reactor zone

Fig. 8. Axial profiles of carbon removal (Toylet =95 °C, Qg = 12.71/h, Co, in = 48 g/m3, TOS=1h).
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Fig. 10. Distribution of acid sites for fresh zeolite, coked and regenerated samples A: (a) influence of regeneration duration, (b) influence of regeneration temperature.
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Fig. 9. Photos of pellets (a) before and (b, c) after regeneration (Qg =12.71/h, Co, in = 48 g/ m3, TOS=1 h): top pictures: Toygec =95 °C, bottom pictures: Toyge; = 140°C.
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Table 3
Acid properties of zeolite extrudates by pyridine adsorption method.

Pyridine desorption temperature (°C) Fresh zeolite extrudate Sample A (Partially) regenerated sample
A(95°C,2h)
Bronsted sites Lewis sites Bronsted sites Lewis sites Bronsted sites Lewis sites
(wmol/g) (wmol/g) (wmol/g) (wmol/g) (wmol/g) (wmol/g)
150 599 219 374 136 562 202
250 529 151 325 104 498 128
350 419 124 273 94 396 107
Sample A @e 1o 86.4 |
Regen. sample A: 95°C, 1 h @ 12.2 | 84.1 |
Regen. sample A: 140°C, 2 h @ 120 | 83.7 |
Regen. sample A: 95°C, 2 h @ ] 83.2 |
Regen. sample A: 95°C, 4 h 13.6 | 80.5 |
Fresh ZSM-5 122 80.4 |
Regen. sample B: 95°C, 4 h @ 181 | 78.2 |
sample B 2 10.0| 87.3 |
0% 20% 40% 60% 80% 100%
% Yield
O Gas Light oil [ Heavy ail

Fig. 11. PMMA degradation yields: distribution of gas, liquid and solid products.

As expected, the longer the regeneration, the higher the recov-
ery of total acid sites, up to 71% of that of fresh catalyst after 4 h at
95 °C (Fig. 10a). In more details, TPD spectra deconvolution showed
that time on stream mainly affected weak and medium acid sites,
while the quantity of strong acid sites reached a quasi-plateau after
60 min. This level off of acidity restoration complied with the trend
shown in Fig. 6a for carbon conversion. Thus the refractory coke
fraction mainly blocked stronger acid sites, which are also known
to promote oligomerization and condensation reactions [30].

The increase of the regeneration temperature from 80 to 100°C
(Fig. 10b) improved the recovery of zeolite acidity. On the other
hand, a further increase of the outlet temperature from 100 to
140°C decreased the amount of all acid sites. Again this result
matched well with the carbon removal performance.

From pyridine adsorption results, Table 3, it can be concluded
that sites able to retain pyridine at 350°C in fresh catalyst were
mainly of Brensted type and they should represent main fraction
of medium and strong acid sites. The amount of total acid sites
measured by this method was however lower than that from NH3-
TPD. The difference between both techniques might be explained
by a lower accessibility of pyridine to the microporous material
due toits larger molecular size [31]. Moreover the pyridine method
measured the remaining acid sites after desorption at 150 °C, while
for NH3-TPD desorption started at a lower temperature (around
50°C) and therefore weaker acid sites were accounted for by the
integration of the desorbed NH3 amount.

The pyridine results also suggest that both Brgnsted and Lewis
acid sites (estimated from desorption at 150°C) were in similar
amounts on the partially regenerated catalyst at 95°C and on
the fresh one (less than 10% difference). Moreover, the amount
of total acid sites on sample A (prior to regeneration) would be
about 60% of that on fresh ZSM-5, Lewis and Brgnsted sites being
equally affected. This too optimistic result with respect to NH3-TPD
might be here explained by a partial desorption of coke molecules
from acid sites caused by pyridine, as previously reported [27].

Nevertheless the two techniques agree in that the 2 h ozonation at
95 °C restored about 30% of original acid sites.

3.3.2. PMMA degradation results

Fig. 11 compares the distribution of products from PMMA crack-
ing obtained when using the different zeolite catalysts: fresh, coked
(samples A and B), and after regeneration (varying TOS, as well as
outlet temperature).

After drying, the weight of solid - including catalyst — was in the
range 0.39-0.43 g for all experiments: solid products accounting for
less than 0.1% of the initial PMMA weight were not accounted for
in the balance. The conversion of PMMA was thus considered total.
The light oil was mainly composed of MMA, while heavier liquid
products were C6-C16 (consisting in aliphatic, alicyclic as well as
aromatic compounds, most of them being oxygenated: dimethyl
esters, carboxylic acids).

As expected from the acidity and carbon removal results,
increasing the regeneration duration improved the zeolite selec-
tivity towards light hydrocarbons. After 4 h ozonation at 95 °C, the
regenerated zeolite gave almost the same (gas +light liquid) yield
as the fresh one, yet with a smaller contribution of the gaseous
compounds (especially for sample B). As previously shown, a tem-
perature of 95°C was better than 140°C to restore the catalyst
activity, but again main change was found in the gas yield.

Therefore the differences in medium and strong acid sites
observed between fresh and best regenerated zeolites affected only
the ultimate stages of the cracking process, what should not be
detrimental for the continuous process.

4. Conclusion

Regeneration of coked ZSM-5 extudates of 3 mm diameter was
successfully achieved using an ozone-enriched oxygen stream at
about 100 °C: up to 80% of the coke was removed, restoring specific
surface area and 70% of acid sites. No dealumination was observed.



The acidity properties and gas yield in PMMA cracking followed the
trends observed for the carbon removal efficiency.

The decoking rate was improved by an increase of O3 concentra-
tion in the investigated range (16-50g/m3). Using a temperature
higher than 100 °C was not beneficial due to the strong limitation
of ozone diffusion which confined radical production - thus the
regeneration process — to the outer surface.

Regeneration would be thus better performed for smaller par-
ticles, but the results were already very promising: the best
regenerated sample (4 h, about 100 °C) exhibited a similar activity
as the fresh catalyst in PMMA cracking.
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