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Abstract

Based on the promising results o,0gand Ce@promoted Ni/A}O; catalysts in the reforming

of biomass pyrolysis volatiles, the performance of these catalysts and the non-promoted one was



evaluated in the pyrolysis and in-line steam refogrof polypropylene (PP). The experiments
were carried out in a continuous bench scale pgi®lgeforming plant using two space times of
4.1 and 16.7 g min gmasﬁc‘l and a steam/PP ratio of 4. The prepared cataystshe deposited
coke were characterized by, Nadsorption-desorption, X-ray fluorescence (XRF)raX
diffraction (XRD), temperature programmed oxidatigfiPO) and transmission electron
microscopy (TEM). The Ni/AlO; catalyst showed suitable performance regardinglysis
product conversion and hydrogen production, anddetoderate coke deposition. It is to note
that LaOs incorporation remarkably improved catalyst perfante compared to the other two
catalysts in terms of conversion (> 99 %), hydrogesduction (34.9 %) and coke deposition

(2.24 wt%).
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I ntroduction

Polymers with their unrivaled properties and lowtcare now replacing the natural and mineral
resources such as stone, wood, paper, metal, glask,leather, and so on, and their
consumption and applications, as well as the amoiunwastes they generate, are increasing
rapidly *. Moreover, landfill and incineration, which arepaesent the main ways for non-

recyclable polymeric waste disposal, are no losgéable environmental solutiofis

Furthermore, polyolefin polymers (mainly polyethyéeand polypropylene) remain in the
environment for many years, longer than other mastue to the absence of a functional group
recognizable by soil enzymes. Pyrolysis and ligciida for the production of valuable fuels
can be suitable solutions for the upgrading of p@lywastes, which have received great
attention in recent yea?s. Moreover, steam gasification of waste plastics tieen proposed

for the production of hydrogen rich g&€. More recently, pyrolysis-reforming has also been
demonstrated to be especially suitable for thecEeéeproduction of hydrogen from waste

plastics™>?%

In the steam reforming process, steam is an actisger gas that reacts with the feed into the
reformer, i.e., part of the hydrogen produced cofr@a that contained in the steam. Hydrogen
production by means of steam reforming from waslgmers can be accomplished following
two main strategies: (i) in-situ gasification wiahreforming catalyst and (ii) pyrolysis and in-
line reforming of the volatile stream leaving theqglysis reactor. However, the first strategy
requires more energy, as process temperaturesgtier 1. In addition, mineral and metal
additives in plastics inactivate catalysts moradigy making them more difficult to recover
and reusé*?. Polyolefins have higher hydrogen content comp#weaather plastics, such as
polystyrene or polyethylene terephthalate, andiBpaity higher than biomass. Accordingly,
higher hydrogen yields have been reported in tmelysis-reforming of polyolefins in relation
to the mentioned feedstocks' 2%! Moreover, the composition of the pyrolysis praguc

obtained in polyolefin pyrolysis, mainly waxes asttler paraffinic and olefinic compounds,



attenuate coke deposition, as their potential txtileate the catalyst is lower than those
oxygenates formed in biomass pyrolyisr aromatic compounds in the pyrolysis of other
waste plasticd® %> * In spite of the suitable characteristics of pt#fias for their valorization
by pyrolysis-reforming, the development of highbtige and stable catalysts means a

bottleneck for the scale up of the process.

The features of the support greatly influence gatalctivity and stability. In fact, a suitable
support should provide high surface area and daifadre distribution, as well as a strong
metal-support interaction, adequate mechanicatgtineand thermal stability. A wide variety of
supports have been used in the reforming of batimass and plastics pyrolysis products, with

$% 3" 383nd activated carbdft **being the most widely reported

metal oxides®?® zeolite
supports. It is to note that alumina is a matexidligh chemical and mechanical resistance, low
cost and high surface area for metal dispersiothhas therefore been widely used as a support
in the reforming industr§’. In addition, Ni, Ru, Pt and Fe have been usedetsllic phases in
catalysts for hydrogen production in the reformirigpiomass and waste derived prodiftts
Compared to the other metals studied, catalystscbas Ni combine high activity for breaking
C-C and C-H bonds with relatively moderate cost] are therefore the preferred choice for the
reforming proces® *** Accordingly, Ni supported on AD; catalyst is one of the most widely

used in the field of steam reforming and hydrogerdpction®® '

However, most the catalysts studied in the refognaihbiomass and waste derived products
undergo a severe coke deposition with a fast deditin rate. Specifically, coke deposition on
Ni/Al ,0; catalysts is enhanced by,@% acidity*> * Previous research has shown that catalysts
promoted with specific metals and metal oxideshsagCe, Mg, La and Zr, have higher

stability and activity, resistance to deactivatflmwer coke deposition) and higher ability for
water adsorption/dissociatiéfi*>. Although promoted catalysts have been commorey irs

the reforming of biomass-derived volatiles, theyehbeen hardly used utilization in the

reforming of waste plastics. Thus, the researchgieeaded by Prof. Williams has analyzed



different promoted catalysts, such as Ni/@&0Q0;, Ni/MgO/Al,Os or Ni/CeQ/ZSM-5, in the

reforming of pyrolysis products from different fias in a two fixed bed reactor systéht>>°

This paper analyzes the performance of NiDAkBnd two promoted catalysts (Ni/Ce@l,0;

and Ni/LgOs-Al,0s) in the steam reforming of polypropylene derivedatitds using two space
times. These promoted catalysts showed a promg&rigrmance in the reforming of biomass
fast pyrolysis products in the same reaction ¥nif. Fresh and used catalysts have been studied
in detail in order to progress in the understandihtipe reaction and deactivation mechanisms.
The pyrolysis and in-line reforming runs were parfed continuously using a conical spouted
bed reactor (CSBR) for pyrolysis and a fluidized beactor (FBR) for reforming. This novel

two reactor configuration combines the featurespmiuted beds for plastics fast pyrolysis and
those of fluidized beds for the in-line catalytieam reforming®. Thus, this system has been

successfully applied for the pyrolysis-reformingoidmass, waste plastics and their mixtufes

31, 58

Experimental

Materials

The polypropylene (PP) was purchased from Dow Cbalni the form of granules. The main
specifications of the PP provided by the supplieras follows: average molecular weight,jM
50-90 kg mol; and polydispersity, 2.0. The higher heating v4ldElV) of 44 MJ kg" has been
determined using isoperibolic bomb calorimetry (PaB56) and differential scanning

calorimetry (Setaram TG-DSC-111).

Catalysts synthesis and char acterization

In this study, three custom-made catalysts prepartte laboratory were used. The
specifications of the catalysts are shown in Tabl&s usual, the calcination process at 1000 °C
for 5 h under air atmosphere was used to prefrédtO; and drive off nearly all chemically

combined water. The calcined support has great ida¢purity, extreme hardness, high



density, good thermal conductivity and high eleetriresistivity at high temperaturés The
calcined A}JOs;may stand phase changes during the process, dretédore a suitable support

to produce catalysts with high mechanical strength.

To prepare the Ni/AD; catalyst, wet impregnation of the support withagpueous solution of
Ni(NO3),6H,0 (VWR Chemicals,99%) was used. After the impregnation process, the peepa

catalyst was dried at 100 °C for 24 h and subsdtyuealcined at 700 °C for 3 h.

To produce the promoted catalysts of NDaAl,O; and Ni/CeQ-Al,O;, the preparation
process of the Ni/AD; catalyst should be modified. First, the promotegpsut was prepared
by a subsequent wet impregnation method. To prothedli/La0s-Al,0; and Ni/CeQ-Al,O3
catalysts, LgO; and Ce@were loaded into the support prior to Ni in ortiemodify the A}Os,
following the impregnation method with aqueous 8ohs of La(NQ);6H,O and
Ce(NG)3.6H,0 (VWR Chemicals, 99%), respectively. The concentration of the metal pr@anot
oxide (LaOsor CeQ) in the AbO; was fixed at 10 wt%. The support was dried ovdrnand
calcined at 900 °C for 3 h. Afterwards, the suppaas impregnated with a Ni metal precursor
(Ni (NO3),6H,0), dried at 100 °C overnight and calcined at ©@dt 3 h. A nominal content

of the metallic phase of 10 wt% was the target.
Catalyst characterization

Following Brunauer—Emmett-Teller (BET) methodoldmgsed on Nadsorption-desorption, a
Micromeritics ASAP 2010 instrument was used to determine the catalyst fegtusuch as
specific surface area and the properties of th@ysostructure (average pore size and pore
volume). The sample was kept at 150 °C for 8 hetnave any impurity and degas it, angd N
(99.9995 % purity) adsorption-desorption was thendeicted in multiple equilibrium stages

until saturation of the sample was achieved atgepx temperatures (liquid,N

To measure the metal (Ni, Ce and La) loaded inéopirepared catalysts, X-ray fluorescence
(XRF) spectrometry was used as an accurate measotemethod.PANalytical AXIOS

equipped with a Rh tube and three detectors (gastow, scintillation and Xe sealing) was



used as a sequential wavelength dispersion X-ragrdscence spectrometer to conduct

chemical analysis under vacuum atmosphere.

The temperature programmed reduction (TPR) of #talygsts consisted in exposing the solid to
a reducing gas flow, while a linearly increasingnperature sequence was maintained. To
ascertain the reduction temperature of the differeetallic phases in the catalyst, the H
consumed was monitored. Micromeritics AutoChem 2920 was used to carry out TPR. Thus, a
flow of 10 vol% H/Ar circulated through the sample, which was heatgd a constant heating

rate of 5 °C min* from ambient temperature to 900 °C.

The crystalline structure of the fresh and deat¢id&atalysts was analyzed using X-ray powder
diffraction (XRD) patterns. Bruker D8 Advance diffractometer with Culg radiation was used
to conduct XRD and the Scherrer formula was usezhlculate the average Ni crystallite size.
The device was equipped with a Bragg-Brentano gagmeGermanium primary
monochromator, and a CyKwavelength of 1.5406 (A), corresponding to an ¥-abe with

Cu anticathode. Sol-X dispersive energy detecta @raployed, with a window optimized for
CuK,; for limiting the fluorescence radiation. Contingodata collection was carried out from

10 to 80 °, with steps of 0.04 ° if,2and measurement times per step of 12 s.

Total surface acidity of the catalysts was deteeaiiby NH-TPD runs in amrAutoChem Il 2920
Micromeritics equipment. The procedure entails the followingsté) removal of the adsorbed
volatile impurities with a He stream following amp of 15 °C mift to 550 °C; ii) adsorption of
NH; (150 uL min™) until reaching sample saturation; (iii) desorptiof the physisorbed NH
with a He stream at 150 °C, and (iv) desorptiontt® chemisorbed NHat programmed

temperature from 150 to 550 °C, with the TCD sigmihg recorded continuously.

The amount of coke deposited on the deactivatedystés was determined by air combustion in
a TA Instruments TGA Q5000 thermogravimetric (TG) instrument, coupled in-limgth a
Balzers Instruments Thermostar mass spectrometer (MS), which recorded the sigatedgl, 28,

18 and 14 atomic numbers, corresponding t@, @®, HO and N, respectively. However, the



CO, signal was used to determine the coke contenhefdeactivated catalysts, as thgOH
formed during the combustion cannot be distingudstnem CO, which in turn is immediately
oxidized to CQ activated by the metallic function of the cataly&ghe procedure followed for
coke determination is as follows: stripping with (80 mL miri!) at 100 °C to remove the
impurities, and heating with air (50 mL mthto 800 °C following a 5 °C min heating rate,

with that temperature being kept for 30 min foil idke combustion.

In addition, transmission electron microscopy (TEMiages Philips CM200) were used to

study the nature and location of the coke depositetihe catalyst.
Experimental equipment

Figure 1 shows a general scheme of a continuoamateforming bench scale unit made up of a
conical spouted bed reactor (CSBR) for the pyrslgsep and a fluidized bed reactor (FBR) for
the in-line reforming of the pyrolysis volatileshd CSBR was especially designed for the
pyrolysis step®, as it allows high heat and mass transfer ratdshart residence times of the
volatile products. The suitable reactor design alsmds operational problems related to the
sticky nature and low thermal conductivity of malfgolymers. The CSBR is located inside a
radiant oven (1250 W), which allowed operating@p®0 °C. A gas preheating section filled
with an inert ceramic material is placed in the éowection of the CSBR to improve heat
transfer and ensure narrow temperature distributiside the reactor. The upper section of the
CSBR is the reaction zone and was designed wittifspdimensions to provide a suitable
spouting regime under a wide range of operatinglitioms. The main dimensions of the CSBR
are as follow: diameter of the cylindrical secti6f,3 mm; height of the conical section, 7.3
mm; diameter of the bed bottom, 12.5 mm; angléefdonical section, 30 °; and diameter of
the gas inlet, 7.6 mm. Two K-type thermocoupleseNecated inside the reactor, one in the bed

annulus and the other one close to the wall torobtite reactor temperature.
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Figurel. Representation of the continuous bench scale sie-reforming plan

Given the operation limitatics in a fixed bed reactor duepiooblems related to severe con
deposition, a FBRvas used for tf steam reformingf the nascent volatiles formed in 1
CSBR.As proven in a previous stu, the hydrodynamic regime oftalyst andnert particles in
the FBR is close to perfect mixii ®.. The total height and internal diametéthe FBR reactor
are 440 and 38.1 mmespectivel. Furthermore, the feeding system designed on purfoo:
the pyrolysisreforming proces allowed suitable operation in contimws regime. The feed
consistof a cylindrical vess equipped with a vertical sfiaconnected to a piston placed bel
the plastic bedThe plastic raw material was fed into the reacy raising the pistc while an
electrical motor vibrated the whole sys. In addition,tap water was used to ¢ the pipe that
conveyed the plastitom the feeder to the reactor, ttavoiding plastianelting and tub
clogging. In addition, &ery smal nitrogen flow rate was introducéuato the feeding syste to

avoid pyrolysis products entering the feeding sy.



At the outlet of the forced convection oven, a detghell tube condenser cooled with tap water
was located to condense the non-reacted steamyaalygis products. Finally, a coalescence

filter ensured total retention of liquid hydrocansagorior to gas micro-chromatograph analysis.
Experimental procedure

Previous studies conducted by the research grompezhthat a temperature of 500 °C is the
most suitable for the pyrolysis step in the setiagcribed abov®. Polypropylene (PP) was
continuously fed into the pyrolysis and in-lineaehing unit with a rate of 0.75 g min
Furthermore, the particle size of the sand andtib@&m flow rate are conditioned by the
hydrodynamic requirements of the CSBR. It is tcertblit steam was the only fluidizing agent
in both reactors, i.e., no inert gas was used. femfow rate of 3 mL mift was established as
suitable based on these requirements, which camespto a steam flow rate of 3.73 NL iin
In addition, 30 g of sand with a size in the 0.3@50nm range were used to achieve efficient
gas-solid contact and high turbulence in the beshc€rning the reforming reactor, a
temperature of 700 °C was chosen as most suitadlebased on hydrodynamic runs were
carried out in the FBR with a bed amount of 25agtiple sizes in the 0.30-0.35 mm and 0.40—
0.80 mm ranges were selected as most suitabled@and and catalyst, respectively. The
experiments performed with the prepared catalyst® warried out using two different space

times (4.1 and 16.7.gmin g.astic‘l) and a steam/PP ratio (S/P) of 4.

Product analysis

The final products were analyzed in-line using a Ecro-chromatograph for permanent gases
(micro GC Varian 4900) and gas chromatograph ferwblatile ones (GC Varian 3900). The
gas chromatograph was equipped with a flame idoizatetector (FID) and a HP-Pona column.
The gas micro-chromatograph had four channels ¥dgthr analytical modules, as well as
injector, columns and detector. To quantify thecagrration of non-condensable gases, this gas
micro-chromatograph was used with the sampling tpoging placed downstream the devices

for condensing and filtering the gas. Samples vrgeeted into the GC instrument by means of

10



a line thermostated at 280 °C, with reproducibitiing ensured by several replicates under the

same conditions.
Reaction indices

For the assessment of process results, individumdugt yields and conversion have been
considered. Polypropylene conversion has been atbfgimilarly as carbon (C) conversion
efficiency in gasification processes; that is, thgo between the moles of carbon recovered in

the gaseous product and those fed in the polypeopyl

== 100 (1)
PP

Xpp =

The yield of C containing individual compounds &fided by mass unit of PP in the feed:

_Fi
Fpp

Y; X 100 2)

where Fpand Fare the molar flow rates of PP and product i, eespely, both expressed in C

equivalent moles.

In addition, hydrogen production has been defingdrass unit of the polypropylene in the

feed:

m

Py, = 2H2 % 100 3)
PP

m

where my, is the mass flow rate of the,Hbroduced and ga is the mass flow rate of the
polypropylene fed into the CSBR, respectively. Tibowing stoichiometry equation was

considered:
CHn + 2nHO - nCG;, + (2n + m/2)H (4)
Results

Fresh catalyst characterization

11



The fresh catalysts were characterized by nitraggsorption/desorption, X-ray fluorescence
spectroscopy (XRF), temperature programmed redugi®®R) and X-ray diffraction (XRD).
Moreover, spent catalysts were also analyzed usimgerature programmed oxidation (TPO)
and transmission electron microscopy (TEM) techaeggurable 1 shows the characteristics of
the prepared catalysts, such as BET specific stidaea, pore volume, average pore size and Ni
content. The BET theory has been used to deterithieecatalysts surface area using the
nitrogen penetration into the internal surfacestid catalysts. Accordingly, certain points
should be considered to explain the values obtdimethe surface area of the catalysts. On the
one hand, CeDand LaO; promoters significantly contribute to the weiglittbe prepared
catalysts, and therefore they reduce the surfaea. @n the other hand, as these promoter
particles are deposited on the catalyst pores, Liegler nitrogen access to the pores, and
therefore decrease the surface area.

The results show that the surface area of theystisalvas reduced after Ce@ndLa,Os
impregnation, with this effect being more markedtfee latter promoter. Thus, the surface area
of 76 nfg™ obtained for Ni/ AJO; catalyst was reduce to 66 and 5Zmin the case of

Ni/CeO,-Al ,O; andNi/La,03-Al ,04 respectively. The smaller size of Cearticles compared

to La0s avoided fine pore blockage when the promoters wWepmsited on the porous surface

of the support. Therefore, the average pore sizeased from 182 to 214 A for Ni/AGe-

Al,O3, whereas the size remained almost constant f@dd-Al ,Os. A similar trend was

reported in various papets In addition, the amount of promoter depositediencatalyst

surface is another factor affecting the basic festof the catalysf§ ®*

Tablel. Physical properties and those of the metal ircHtalysts used.
Metal Ni Total
Cata|y5t SBET Vpore dpore dNi ><RDa
content dispersion®  acidity
wt%  nfg' cnfgt A nm % uMOlys g™
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Ni/Al ;03 9.8 76 0.39 182 10 9.7 265

Ni/CeO,-Al ;05 8.2 66 0.36 181 18 54 139

Ni/La,05-Al ;04 8.1 52 0.39 214 20 4.9 83

Calculated from the full width at half the maximwhthe Ni (2 0 0) diffraction peak ab2=

52 ° in the XRD using the Scherrer equation.
® Dispersion calculated by (97.1 nm)/(Particle siz&lio(nm)).

The results of the XRF device show that the nickeltent in the Ni/AIO; catalyst (9.8 wt%) is
that corresponding to the nominal amount (10 wt#hlich is evidence that the preparation
method was appropriate and almost all Ni partislese deposited on the catalyst. In the two
promoted catalysts, however, nickel content ishéljgower, between 8.1 and 8.2 wt%. The
lower surface area, pore blockage and lower acodbe catalyst internal pores, as well as the
steric hindrance of the promoters, especiallyQsaare the main factors reducing Ni dispersion
in the promoted catalysts. Accordingly, the valti8.@ % reached in the Ni/fD;catalyst
decreased to 5.4 and 4.9 % for Ni/GeXD,O; and Ni/LaOs-Al ,0; catalysts, respectively. The
total catalyst acidity determined by NEdsorption-desorption is also shown in Table 1. As
observed, Ni/AlO; catalyst revealed the highest acidity (2680l g*) compared to the
promoted catalysts (139 and gl g ! for Ni/CeQ-Al 05 and Ni/LaOs-Al 05 catalysts,
respectively). These results are evidence of tleafothe basic promoter to reduce the acid
sites of the AIO; support, which may contribute to hindering theoselary reactions leading to

coke depositior>®’

The TPR profile of the prepared catalysts is showlfigure 2. As observed, there is a weak
peak at about 450 °C in the three catalysts, wikicblated to the reduction of NiO weakly
interacting with the suppoff ®° In addition, the profile for Ni/AlD; catalyst shows two very
strong peaks at temperatures close to 600 and al8®/2C. The peak close to 600 °C is

associated with the reduction of dispersed NiOisgewhich interact strongly with AD; .

13



The peak observed above 700 °C is due to the Nclearthat have migrated on the,@4

surface to form NiAIO,, which is resistant to reduction and stable exed08 °C’*. The
Ni/CeQ,-Al 05 catalyst, similarly to Ni/AIOs, shows two strong reduction peaks, which shift to
lower temperatures (~ 550 and 710 °C) when {s@sed as promoter. This peak shifting is
evidence that Ceromoter weakens the interaction of NiO with®{ 2 At higher

temperature (> 800 °C), a small reduction pealbfeored, which is associated with the
reduction of bulk ceria crystallites related to @@Aformation*. The addition of LgO;

promoter to the Ni/AIO; catalyst increases the reduction capacity of Ni€cies strongly
interacting with the support (peak at around 70p hCthe Ni/LaO;-Al ,O; catalyst, a decrease
in the NiAlLO, phase is also observed, thereby improving thecibdity of the Ni/Al,Os

catalyst”’.
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Figure 2. TPR profiles of Ni/A,O3, Ni/CeO-Al O3 and Ni/LaOs-Al,O3 catalysts.

Figure 3shows the XRD patterns of i three prepared catalysts. Groups with strong ditifba
lines, such as those correspondinNi phase, AIO;, CeQ and CeAlQ, are clearly detectab
while many groups are not detectalAt 26 = 44 °, 52 ° and 78, diffraction lines related t
crystalline Ni phases are observed in the catalystples, which corresponc (1 1 1), (2 0 0)
and (2 2 0) planes, respective’?, whereas NiO is fully reduced and not detectecdadition,
Al,O; showed the typicaletectablediffraction peaks in the three catalystpart from thos
corresponding to thii phase. However, XRD cannot de the NiAlO, spinel because tf
related phase diffraicn lines (® = 29 °, 45 ° and 60 ) overlap those of AD; phase®

Likewise, regarding these catals, the NiALO, spinel phase is not detectable using

15



technique. XRD can be used to identify differerdugps, but they overlap in many cases and the
weaker diffraction lines cannot be detected. CamogrNi/La0s-Al 05, the peaks
corresponding to Ni and XD;species severely overlap due to the low crystaflioi La,Os,

and therefore a weak response to X ray (weak avablqpeaks) is obtained, i.e., La species are
not detectable using XRD technigtie Yamamoto et af’®> showed that La groups are not
detectable even for loadings above 25 wt%,awhich is evidence that k@s levels do not

play a significant role in identification. ConcangiNi/CeQ-Al,O; catalyst, the spinel phase
diffraction lines are detected for CeAl@t D = 23 °, 44 °, 47 ° and 60 °, and the diffraction
lines of CeQare identified at@= 28 °, 33 °, 47 ° and 56 °. Concerning the prepaatalysts,
the Ni crystal size was calculated using XRD pagemd applying the Debye-Scherrer
equation to @ = 52 ° diffraction bands. Various studies havevghthat, due to the decrease in
the catalyst surface area, active phase dispeasiomMi deposition on the catalyst surface

decrease and the Ni crystal size increases cl&atly

16
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Figure3. XRD patterns of the reducccatalysts.

Pyrolysis step

In order to evaluate the performance of the difiereforming catalysts propos, a good
knowledge of the compositicof the product stream enteritige reforming step is require
Accordingly, the pyrolysis volatiles obtained in B&gradation at 500 °C were analy:lt
should be noted that the pyrolysis process wasgecdaout under steam atmosere, which is the
fluidizing agent in the pyrolysistep and reacts with PP pyrolygisoducts in the subseque
reforming step. Furthermgrander the mild yrolysis conditions used in this study, it hi
negligible impacon the pyrolysis product distributic, with the results obtained bei

16, 28

comparable to thosebtained using nitrogen as fluidizing ag

17



The CSBR allows for operating under fast pyrolysiaditions, with high heating rates and
short residence times of volatile stream. Thes@itions attenuate secondary reactions, and
therefore primary pyrolysis products, such as wawese the prevailing ones. Waxes are made
up of heavy hydrocarbons of linear or branchedneaflheir yield was of 74.8 %, with 32.5 %
corresponding to light ones {8C,) and the remaining 42.3 % to the heavy fraction{C
Moreover, the yield of liquid products was of 2369 This oil was mainly in the diesel range
(C12Cy0), 19.2 %, with the yield of the gasoline fracti@i-C,,) being of 4.7 %. Finally, the
yield of gaseous products was low, 1.3 %. It indte that PP was fully converted into volatile
products and no solid residue was formed in they8lysis at 500 °C. These results are
consistent with the results reported in the pyiislgé$ polyolefins in different reactors under fast

pyrolysis conditiong®™®
Evaluation of catalyst performance

Three homemade catalysts (Nif@k, Ni/CeQ-Al,O; and Ni/LaOs-Al,O3) operated with two
space times (4.1 and 16.Z,anin gmastigl) have been studied by monitoring the conversiah an
product yields in the reforming of PP pyrolysisatdes. As mentioned in the previous sections,
a conical spouted bed reactor (CSBR) was usedruyazg polypropylene and a fluidized bed
reactor (FBR) to reform in-line the hydrocarbonatiés from the pyrolysis step. It is to note

that the following main reactions take place inrf®rming reactor:
Steam reforming of hydrocarbons;Hz, + nHLO— nCO + ( n+ m/2)H (5)
Water gas shift (WGS): CO +.B < CO, + H, (6)

Fig. 4 shows the evolution of conversion (%) andrbgen production (%) for the three
homemade catalysts operated with two space timesb8erved, when the higher space time
(16.7 gamin gmastigl) is used, the three catalysts performed betterms of conversion and
hydrogen production. Thus, almost full conversiaswattained and hydrogen production was

of about 34 %, while the lower space time (4clrgin gp|astic'l) led to a conversion in the 74.7 to

18



80.7 % range and hydrogen production between 2@124.9 %. It should be noted that the
non-converted fraction corresponds to the liquidrbgarbons (€ fraction), according to the
definition of conversion considered in this stulg(1).As observed, the performance of the
catalysts used at both space times is as followkapDs-Al ;05 > Ni/Al,O; > Ni/CeQ-Al ,Os. It
should be noted that the in-line pyrolysis-reforghprocess showed a remarkable potential for
hydrogen production with all the catalysts testddreover, full conversion of pyrolysis
products with a space time of 16 & qin gauastic'l allows for the production of a tar free syngas.
The lowest conversion and idroduction were obtained when the Ni/GeXD,0; catalyst was
used, which is even lower than that correspondirthe Ni/ALO; catalyst. This is partially
explained by the lower Ni content in the formerthdlugh Ce@addition to the Ni/AIO;

catalyst improves the performance in the biomasslysis-reforming proces3, this effect is
negligible when PP is valorized due to the difféi@mposition of the volatiles fed into the
reforming step. In spite of the lower Ni conteniNifLa,Os-Al ,O; catalyst compared to

Ni/Al 05, La,03 addition has a positive effect on conversion apgrddduction. Czernik and
French’ reported similar hydrogen production values (34%4he in-line reforming of PP
pyrolysis volatiles over a Ni commercial catalysti continuous reaction unit made up of two
fluidized bed reactors. The use of a Ryf#lcatalyst in a reaction unit based on two contirsuou
fixed beds for the pyrolysis and in-line steam refimg of PP led to a maximum hydrogen
production of 36 9%6°. Lower hydrogen productions (below 26.6 %) wegoreed by Wu and
Williams ?*in a batch unit with two fixed bed reactors, inigththey used Ni/MgO/AD;
catalysts. Yao et at? analyzed the performance of Nis®k catalysts prepared following
different methodologies in the PP pyrolysis-refargiin a batch unit including two fixed bed
reactors, and they obtained hydrogen productiotwdmn 9.2 and 13.4 %. Recently, Yao et al.
% reported hydrogen productions in the 11 to 13 pgyeausing Ni based catalysts supported on
different zeolites. It should also be noted thdypers with linear structure and high hydrogen
content (high H/C ratio), such as polyethylene polgpropylene, have a lower tendency to
form cyclic and aromatic products during pyrolysied therefore perform better in pyrolysis-
reforming compared to other polymers containingreatic structures and oxygen, such as PET
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18.28 nolyurethane® and polystyrené® 2 2628 ZThys Barbarias et &f reported a bl

production of 29.1 % in the pyrolysis-reformingR$ using a Ni/AO; commercial catalyst in
the same experimental unit as in this study. Irstirae line, Namioka et &f obtained a higher
hydrogen production when PP was in the feed (36&) tvhen PS was the raw material (33
%). Zhou et al*’ reported the maximumzproduction in the PS pyrolysis reforming over a Ni
Fe/ZrQ, was at 500 °C in a reaction unit made up of twedibed reactor§aad and Williams
#" performed a detailed study, in which they compdneddry reforming of different plastics
over a Ni-Co/A}O; catalyst, and KHproduction decreased from 15 % when the feed \ka® P
7.6 and 2.5 % when the feeds were PS and PET atesgg. In the same line, the hydrogen
productions reported in biomass pyrolysis-reformang also markedly lower, i.e., 11 % under

optimum process conditions and highly active catafy 2°%2
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Figure4. Conversion and hydrogen productions obtained i reforming of PI pyrolysis
volatiles with space times df1 and 16.7 o min g,astigl over Ni/AlL,O; (a), Ni/Ce(,-Al 03 (b)

and Ni/LgOs-Al,03(c) catalyst:

Figure 5 shows the yieldsf the products obtained with the thneepareccatalysts operated
with thetwo space times. Ttresults show that space time has a grepaict on produ yields.
In fact, a space time @f.1 (., Min g,|asﬁgl leads to a significant fractioof non-converted PP
pyrolysis products (§). However, these experiments performechder kinetic contrc
conditions allowdetermining the higher activity iNi/La,Os-Al O3 catalystfor steam reforming

(Eq. 5) and, especiallyor promoting theWGS (Eq. 6) reaction, which evidenced by the
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higher B and CQ yields in relation to thosobtained with theonventional Ni/A,Osand CeQ

promoted catalyst.

Operating with aspace time 016.7 g4 Min gﬂastic'l, almost complete conversiwas reached
and thethree catalysts perfoied well compared tdahe lower space timeln general, the
Ni/La,0O3-Al, O3 catalyst with thespace time of 16.7.gmin g3|asﬁgl producechigh yields of H,
CO, and CQ and theyield of residual hydrocarbonsngluding gaseous and liquid oi) is
almost neglegibl¢~1.5%) at zero tim on stream. However, the Ni/Ce@l,0; and Ni/ALO;
catalysts showed a pooregforming performance leading ta remarkableyield of residual
hydrocarbonsy.5 and 2.9 %, respectivi.. In the same line, the use of Nij&-Al,O; catalyst

also favored th&/GS reactiorby shifting it towards the formation oftdand CG.

100 100

) a L) b

| co, - co,

- co 82.5 - co

80 CH‘

[ E Cz’CA
e,

Yields (%)
Yields (%)

4.1 16.7
Space time (g, ming ") Space time (g, ming,,,.. "

plastic

100
., C
[ co,

B co

80 - CH,

Ec,c,

HHc,.

60

Yields (%)

40

20

41 16.7

Space time (g_, ming,_. ")

22



Figureb. Individual product yields obtained in the reforginf PP pyrolysis volatiles
with the space times of 4.1 and 164 min g|astigl over Ni/AlLO; (a), Ni/CeQ-Al,0O5 (b) and

Ni/La,0O3-Al,O3(c) catalysts.

The results at zero time on stream clearly showttieaNi/Lg0;-Al ,03 catalyst is the one of
best performance. However, a suitable catalystisrprocess should also consider stability.
Thus, Figure 6 shows the evolution with time oeatn of conversion and hydrogen production
for the three prepared catalysts used with theespiae of 16.7 g, min gp|astic'1. The results

show that the activity of the three catalysts dasee almost linearly, which is evidence of a
progressive reduction of conversion and hydrogedysction with time. As can be seen,

Ni/Al ;05 and Ni/CeQ-Al O catalysts show more a pronounced activity declirexr time,

while the Ni/LgOs;-Al ,O; catalyst performs better concerning conversiontamtiogen
production throughout time. Thus, conversion desgsdrom full one at the beginning to 91 %
after 200 min continuous operation with Nija-Al ,O; catalyst. It is to note that the use of
La,O; as promoter reduces alumina acidity and inhitwtedormatiorf®. Moreover, it also
promotes water adsorption and dissociation andigashe deposited coke, preventing catalyst
deactivatior?> . The Ni/ALO; catalyst showed a faster deactivation rate thamiH.a,0s-

Al,O; catalyst, thus conversion decreasing to 86 % af@6rmin operation. Although the
conversion attained with the Ni/Ce@l,0; catalyst after 200 min was of 84%, the lower aiti
activity should be also considered for the evatuaif its stability. In fact, the conversion drop
throughout the reaction process is lower thanénctiise of the non-promoted Nij8% catalyst.
Interestingly, the deactivation rates observedhéreforming of PP pyrolysis products were
remarkably lower than those observed in biomasslysis-reforming with the same catalysts

and under similar operating conditiofis’".
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Figure6. Evolution with time on stream of conversion and rogen production in th
reforming of PP pyrolysis volatiles with a spaame 16.7 g5 min gﬂasﬁc'l over Ni/Al .03 (a),

Ni/CeQ,-Al 03 (b) and Ni/LaOs-Al,0O3(c) catalysts.

Figure 7 shows the yieldd the productiobtained throughout time in the reforming onthree
catalysts with the space tinn€16.7 g, min gmasﬁc'l. The results shothat the yield of hydroge
decreases steadibver time on stream froi84 to 62 %from 78 to 62 % anfrom 86 to 66 %
when Ni/ALO;, Ni/CeG-Al, 05 and Ni/LgOs-Al 05 catalysts were used, respectivewith this
reduction being higher in the r-promoted catalyst. Moreovieas the reaction time increas
and the catalytic activity decreased, the, yield decreased and CO yield increasecertain

extent (especially on Ni/LL®s-Al,0sand Ni/ALOs). Thereforethe reduction of catalyst activi
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for steam reforming (Eq.)&ndthe WGS (Eg. 6) reactioexplain the evolutions (H,, CO and
CO.. In addition, the results shc that the yields of non-converte@'@nd lighter hydrocarbor
progressively increassith the advance of time on stream sodecay of catalytic activitylin

view of the results, th&li/La,0s-Al,O; catalyst showedhigher efficiencyand stability than

Ni/Al 203 and N|/CeQ'A| 203.
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Catalyst deactivation
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The suitable performance of a reforming catalysedels on many parameters such as
conversion, hydrogen production, and catalyst agtand stability. Another parameter
affecting catalyst performance is the compositibthe input feed. Feeds like polyethylene and
polypropylene (with high hydrogen content and lewdency to Diels-Alder reactions and coke
production) lead to an almost linear inactivattorHowever, biomass, PS and PET pyrolysis
volatiles contain high amounts of aromatic and enajed compound, and they therefore lead
to coke formatiorf®. Accordingly, the decrease in catalytic activisually follows an
exponential trend *® Moreover, the performance of tje reforming cataban also be
conditioned by the stability of the metallic ph&3&° Therefore, the causes of catalyst
deactivation are analyzed in this section by carsid coke deposition and Ni sintering as the

more plausible causes according to previous redulfs

Figure 8 shows the XRD patterns of the spent csisilysed for 200 min stream time. It should
be noted that there are no significant differercmeapared to the fresh catalysts (Figure 3). In
addition, the Ni crystalline phases are observeX) at44 °, 52 ° and 76 ° for the studied
catalysts, while the diffraction lines of NiO aretmdentified, which is evidence that the
catalysts are not deactivated due to active phedatimn. The spent Ni/CefAl,O; catalyst
shows no diffraction line att2= 34 °, while the deactivated Ni/Ce®I,0; catalyst used in
biomass reforming recorded a diffraction line cspanding to CeAl@spinel phasé’. The

XRD results also show that the nature of NjQaAl ,Os catalyst had not changed. In addition,
by applying the Scherrer equation for the diffrastpeak at@= 52 °, the Ni crystallite size has
been calculated to ascertain catalyst irreversibbectivation by Ni sintering for the fresh and
spent catalysts (Table 2). Compared to the fretiysas, the Ni crystallite size does not
increase considerably, and therefore the deadtivatbserved for these catalysts is not due to
Ni sintering. However, the Ni crystallite size bktspent Ni/Ce@Al,O;catalyst has hardly

changed (~ 18-19 nm).
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Figure8. X-ray diffraction (XRD) profiles of the sperNi/Al,O; Ni/CeC,-Al,0; and

Ni/La,Oz-Al,0O; catalysts.

The nature, location and amount of the deposité&d were analyzetbased o the temperature
programmed oxidation (TPO). The results of cdeposited on the used catalysts | been
summarized in Table 2 and their TPO profiles haaeniplotted in Fiure 9.The results sho
that the used Ni/L#®s-Al,O; catalyst led to a loweamount of coke deposited (2.24 wt
compared to Ni/CePAl,0; (3.4€ wt%) and Ni/ALO; (3.75 wit%) catalystslhe average coke
depositionper plastic mass unitd into the processdris a practical paramei for comparing

the amount of coke deposited in different catalyand is defined as follows:
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_ Weoke/t (7)

r
COke_Wcat mpp

where W and W, are coke and catalyst masses, respectivelythe feed rate and t the time

on stream.

Table 2 shows the average coke deposition rgtéo(rthe reforming catalysts, which is directly
related to the amount of coke produced for theinantis operation with the three catalysts. As
can be seen, the Ni/k@;-Al,O; catalyst had a lower coke deposition rate (0.15 @G, !
Oplastic ) compared to Ni/A0;(0.25 Moke Gear - Gpastic ) @and Ni/CeQ-Al ;05 (0.23 Moke Gear -
gmastic’l) catalysts. The results also show that the prothcagalysts led to lower coke deposition
rates. Thus, the incorporation of,Ca promoted steam adsorption and dissociation, which
favors in situ coke gasificatidh ® In the same line, the redox properties of Caldo

contribute to coke gasificatid %
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Table 2. Textural and metallic properties of the deactiviNi catalyst.

Metallic properties
Coke deposition

dni® (nm)

Catalyst

Cc Time on stream e

Fresh Deact.
(Wt%) (mm) (mgcoke gcat_ ! gplastic_l)

29



Ni/Al ,O4 10 13 3.75 200 0.25

Ni/La,03-Al ;05 20 23 2.24 200 0.15

Ni/CeO,-Al 05 18 19 3.46 200 0.23

4Calculated from the full width at half the maximainthe Ni (2 0 0) diffraction peak at2

52 ° in the XRD using the Scherrer equation.

Figure 9 shows the TPO profiles obtained with {hens homemade catalysts. As observed,
peak location and shape changed to some extertbdwie deposition. The first peak for the
spent Ni/ALO; catalyst appears at around 480 °C, correspondiagnayphous coke combustion
deposited on the Ni particles. The second peakoaind 600 °C corresponds to the filamentous
coke with less influence on catalyst deactivafbsimilarly, the two types of coke observed
for used Ni/LaOs-Al 05 catalyst burned at lower temperatures compar@&t/fd ,03, which is
explained by the coke hindering effect obQadue to its water adsorption capacity during the
reforming reactio” ®. Previous studies dealing with biomass pyrolysfenming led to

similar trends’, although the ratio between the two types of ca@kebtheir structure is totally
different when plastics are valorized. Furthermtiie,coke deposited on the Ni/Ce@l,05
catalyst burned at lower temperatures, around 8A%80 °C, which is related to CgO
promotion, enhancing water adsorption and providaupx properties to the support.
Therefore, coke gasification is favoured and itsleion to a more structured coke is inhibited
%91 1n addition, there is a small peak at around%%@vhich is related to the filamentous
coke. It is to note that due to the capacity ofgtamoted catalysts for water adsorption, which
activates the gasification of the coke precurdbes amorphous carbonaceous structure is not
dense enough to fully block the metallic sites, tradefore the catalysts are stable for a longer

time on stream.

Figure 10 shows TEM images of the used catalydigsihwmay give an insight of the

morphology of the deposited coke. The TEM imagedion the bigger size of Ni crystallite in
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the promoted catalysts compared to the NiDAlcatalyst, which was also inferred based on the
XRD profiles of the spent catalysts (see Tableraus, the average Ni crystallite size
corresponding to Ni/AD; was 13A, whereas those of Ni/Ce@\l,0; and Ni/LaO5-Al 0,

were 19 and 23 A, respectively. As mentioned abtheefilamentous nature of the coke is
clearly observed. Moreover, the TEM images alsavsiio amorphous coke without any
specific morphology, whose condensation degredauadion is different depending on the
catalyst. These results evidence the effect feagposition has on the type of coke and its
structure. When biomass pyrolysis-reforming waslistl®® *’, none of the catalysts contained
filamentous coke; that is, the coke was mainly gshous. Thus, the filamentous coke formed
in the reforming of hydrocarbons produced in pad§iol pyrolysis deactivates less than the coke
formed in the reforming of the oxygenate compouhetved from biomass pyrolysis

Comparing the three catalysts studied, NiDAl,O; has acceptable stability and undergoes

the lowest coke deposition by enhancing precurasifigation®.

The present study clearly shows a positive perfagaaf Ni/LaOs/Al ,O5 catalysts, as they

lead to high hydrogen productions and full conv@rf plastics pyrolysis volatiles at zero time
on stream. In spite of the improvement in catadyability operating with L#D; promoted
catalysts, fast deactivation is still a challeng&¢ overcome for the full-scale development of
the plastics pyrolysis reforming strategy. Giveatttine reforming reaction is a highly
endothermic process, operation under oxidative itiong, i.e., by injecting an oxygen stream
to the reforming reactor, may avoid the high heguirement in the reforming step. Moreover,
this strategy may also contribute to the in sitmbastion of the coke deposited on the catalyst,
and therefore attenuate catalyst deactivatioAccordingly, studies dealing with the oxidative
steam reforming of plastics pyrolysis volatileslwié conducted in the future, with focus being

placed on the development of suitable catalystgh®ioperation under these conditions.
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Figure 10. TEM images of deactivateNi/Al ,O; (a), Ni/CeQ-Al,0O; (b) anc Ni/La,Osz-

Al,Os (C) catalysts.
Conclusions

Ni/Al ;O3 catalyst along witltwo promoted catalysts containingACs andCeC, were evaluated
in the steam reforming gfolypropylenepyrolysis volatiles in &ench scale pyrolys-reforming
plant operating in continuous regil. The results showed thatspace time 04.1 g, min
gp|a5tic‘1 is not enough, as led to partie polypropylene conversion arrdther lov hydrogen
production in theange of conditions studi. Nevertheless, a space timel6f7 (. Min Gasic -
led to full conversion and high hydrogen produc. Furthermorepolypropylene is a highl
suitable €ed for reforming, as it h a high hydrogen conteand leads to a catalyst deactivat
trend with almostinear trend oflow slope. The used catatgsmaintained theiactivity above
80 % for a time orstream of 200 min. The three prepared catalperforn well in the
reforming of polypropylene, although thNi/La,0s-Al,O; catalyst hadsuperior performanc
concerningconversion, hydroge production and coke deposition, aisdtherefor the most
suitable one for theeforming of this feed. H CO, and C@were the main products of t
reforming reactiortogether witl a verysmall amount of hydrocarbon compou. The TPO
pattern also showed that lower temperatures ardede® burn the coke on tiNi/La,Os-Al 05

catalyst, which is a cleadvantage for catalyregeneration.
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