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Abstract 

Based on the promising results of La2O3 and CeO2 promoted Ni/Al2O3 catalysts in the reforming 

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

This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS 
Sustainable Chemistry and Engineering 8(46): 17307−17321 (2020), copyright © 2020 American Chemical 
Society after peer review and technical editing by the publisher. To access the final edited and published work 
see https://doi.org/10.1021/acssuschemeng.0c06800



2 

 

evaluated in the pyrolysis and in-line steam reforming of polypropylene (PP). The experiments 

were carried out in a continuous bench scale pyrolysis-reforming plant using two space times of 

4.1 and 16.7 gcat min gplastic
−1 and a steam/PP ratio of 4. The prepared catalysts and the deposited 

coke were characterized by N2 adsorption-desorption, X-ray fluorescence (XRF), X-ray 

diffraction (XRD), temperature programmed oxidation (TPO) and transmission electron 

microscopy (TEM). The Ni/Al2O3 catalyst showed suitable performance regarding pyrolysis 

product conversion and hydrogen production, and led to moderate coke deposition. It is to note 

that La2O3 incorporation remarkably improved catalyst performance compared to the other two 

catalysts in terms of conversion (> 99 %), hydrogen production (34.9 %) and coke deposition 

(2.24 wt%).  

Keywords: Hydrogen; Pyrolysis; Reforming; Waste plastics; La2O3 ; CeO2; Deactivation; 

Coke. 
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Introduction 

Polymers with their unrivaled properties and low cost are now replacing the natural and mineral 

resources such as stone, wood, paper, metal, glass, wool, leather, and so on, and their 

consumption and applications, as well as the amount of wastes they generate, are increasing 

rapidly 1. Moreover, landfill and incineration, which are at present the main ways for non-

recyclable polymeric waste disposal, are no longer suitable environmental solutions 2.  

Furthermore, polyolefin polymers (mainly polyethylene and polypropylene) remain in the 

environment for many years, longer than other plastics due to the absence of a functional group 

recognizable by soil enzymes. Pyrolysis and liquefaction for the production of valuable fuels 

can be suitable solutions for the upgrading of polymer wastes, which have received great 

attention in recent years 3-7. Moreover, steam gasification of waste plastics has been proposed 

for the production of hydrogen rich gas 8-12. More recently, pyrolysis-reforming has also been 

demonstrated to be especially suitable for the selective production of hydrogen from waste 

plastics 13-22. 

In the steam reforming process, steam is an active carrier gas that reacts with the feed into the 

reformer, i.e., part of the hydrogen produced comes from that contained in the steam. Hydrogen 

production by means of steam reforming from waste polymers can be accomplished following 

two main strategies: (i) in-situ gasification with a reforming catalyst and (ii) pyrolysis and in-

line reforming of the volatile stream leaving the pyrolysis reactor. However, the first strategy 

requires more energy, as process temperatures are higher 23. In addition, mineral and metal 

additives in plastics inactivate catalysts more rapidly by making them more difficult to recover 

and reuse 23-26. Polyolefins have higher hydrogen content compared to other plastics, such as 

polystyrene or polyethylene terephthalate, and specifically higher than biomass. Accordingly, 

higher hydrogen yields have been reported in the pyrolysis-reforming of polyolefins in relation 

to the mentioned feedstocks 13, 14, 27-31. Moreover, the composition of the pyrolysis products 

obtained in polyolefin pyrolysis, mainly waxes and other paraffinic and olefinic compounds, 
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attenuate coke deposition, as their potential to deactivate the catalyst is lower than those 

oxygenates formed in biomass pyrolysis 31 or aromatic compounds in the pyrolysis of other 

waste plastics 26, 28, 32. In spite of the suitable characteristics of polyolefins for their valorization 

by pyrolysis-reforming, the development of highly active and stable catalysts means a 

bottleneck for the scale up of the process. 

The features of the support greatly influence catalyst activity and stability. In fact, a suitable 

support should provide high surface area and suitable pore distribution, as well as a strong 

metal-support interaction, adequate mechanical strength and thermal stability. A wide variety of 

supports have been used in the reforming of both biomass and plastics pyrolysis products, with 

metal oxides 33-36, zeolites19, 37, 38 and activated carbon 14, 39 being the most widely reported 

supports. It is to note that alumina is a material of high chemical and mechanical resistance, low 

cost and high surface area for metal dispersion, and has therefore been widely used as a support 

in the reforming industry 40. In addition, Ni, Ru, Pt and Fe have been used as metallic phases in 

catalysts for hydrogen production in the reforming of biomass and waste derived products 41. 

Compared to the other metals studied, catalysts based on Ni combine high activity for breaking 

C-C and C-H bonds with relatively moderate cost, and are therefore the preferred choice for the 

reforming process 40, 42-45. Accordingly, Ni supported on Al2O3 catalyst is one of the most widely 

used in the field of steam reforming and hydrogen production 46, 47.  

However, most the catalysts studied in the reforming of biomass and waste derived products 

undergo a severe coke deposition with a fast deactivation rate. Specifically, coke deposition on 

Ni/Al 2O3 catalysts is enhanced by Al2O3 acidity 40, 48. Previous research has shown that catalysts 

promoted with specific metals and metal oxides, such as Ce, Mg, La and Zr, have higher 

stability and activity, resistance to deactivation (lower coke deposition) and higher ability for 

water adsorption/dissociation 49-52. Although promoted catalysts have been commonly used in 

the reforming of biomass-derived volatiles, they have been hardly used utilization in the 

reforming of waste plastics. Thus, the research group headed by Prof. Williams has analyzed 



5 

 

different promoted catalysts, such as Ni/CeO2/Al 2O3, Ni/MgO/Al2O3 or Ni/CeO2/ZSM-5, in the 

reforming of pyrolysis products from different plastics in a two fixed bed reactor system 24, 53-56. 

This paper analyzes the performance of Ni/Al2O3 and two promoted catalysts (Ni/CeO2-Al 2O3 

and Ni/La2O3-Al 2O3) in the steam reforming of polypropylene derived volatiles using two space 

times. These promoted catalysts showed a promising performance in the reforming of biomass 

fast pyrolysis products in the same reaction unit 50, 57. Fresh and used catalysts have been studied 

in detail in order to progress in the understanding of the reaction and deactivation mechanisms. 

The pyrolysis and in-line reforming runs were performed continuously using a conical spouted 

bed reactor (CSBR) for pyrolysis and a fluidized bed reactor (FBR) for reforming. This novel 

two reactor configuration combines the features of spouted beds for plastics fast pyrolysis and 

those of fluidized beds for the in-line catalytic steam reforming 16. Thus, this system has been 

successfully applied for the pyrolysis-reforming of biomass, waste plastics and their mixtures 16, 

31, 58. 

Experimental  

Materials  

The polypropylene (PP) was purchased from Dow Chemical in the form of granules. The main 

specifications of the PP provided by the supplier are as follows: average molecular weight (Mw), 

50-90 kg mol-1; and polydispersity, 2.0. The higher heating value (HHV) of 44 MJ kg-1 has been 

determined using isoperibolic bomb calorimetry (Parr 1356) and differential scanning 

calorimetry (Setaram TG-DSC-111). 

Catalysts synthesis and characterization 

In this study, three custom-made catalysts prepared in the laboratory were used. The 

specifications of the catalysts are shown in Table 1. As usual, the calcination process at 1000 °C 

for 5 h under air atmosphere was used to pretreat γ-Al 2O3 and drive off nearly all chemically 

combined water. The calcined support has great chemical purity, extreme hardness, high 
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density, good thermal conductivity and high electrical resistivity at high temperatures 59. The 

calcined Al2O3 may stand phase changes during the process, and is therefore a suitable support 

to produce catalysts with high mechanical strength. 

To prepare the Ni/Al2O3 catalyst, wet impregnation of the support with an aqueous solution of 

Ni(NO3)2
.6H2O (VWR Chemicals,99%) was used. After the impregnation process, the prepared 

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

To produce the promoted catalysts of Ni/La2O3-Al 2O3 and Ni/CeO2-Al 2O3, the preparation 

process of the Ni/Al2O3 catalyst should be modified. First, the promoted support was prepared 

by a subsequent wet impregnation method. To produce the Ni/La2O3-Al 2O3 and Ni/CeO2-Al 2O3 

catalysts, La2O3 and CeO2 were loaded into the support prior to Ni in order to modify the Al2O3, 

following the impregnation method with aqueous solutions of La(NO3)3
.6H2O and 

Ce(NO3)3.6H2O (VWR Chemicals, 99%), respectively. The concentration of the metal promoter 

oxide (La2O3 or CeO2) in the Al2O3 was fixed at 10 wt%. The support was dried overnight and 

calcined at 900 °C for 3 h. Afterwards, the support was impregnated with a Ni metal precursor 

(Ni (NO3)2
.6H2O), dried at 100 ºC overnight and calcined at 700 ºC for 3 h. A nominal content 

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

Catalyst characterization 

Following Brunauer–Emmett–Teller (BET) methodology based on N2 adsorption-desorption, a 

Micromeritics ASAP 2010 instrument was used to determine the catalyst features, such as 

specific surface area and the properties of the porous structure (average pore size and pore 

volume). The sample was kept at 150 °C for 8 h to remove any impurity and degas it, and N2 

(99.9995 % purity) adsorption-desorption was then conducted in multiple equilibrium stages 

until saturation of the sample was achieved at cryogenic temperatures (liquid N2). 

To measure the metal (Ni, Ce and La) loaded into the prepared catalysts, X-ray fluorescence 

(XRF) spectrometry was used as an accurate measurement method. PANalytical AXIOS 

equipped with a Rh tube and three detectors (gaseous flow, scintillation and Xe sealing) was 
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used as a sequential wavelength dispersion X-ray fluorescence spectrometer to conduct 

chemical analysis under vacuum atmosphere.  

The temperature programmed reduction (TPR) of the catalysts consisted in exposing the solid to 

a reducing gas flow, while a linearly increasing temperature sequence was maintained. To 

ascertain the reduction temperature of the different metallic phases in the catalyst, the H2 

consumed was monitored. A Micromeritics AutoChem 2920 was used to carry out TPR. Thus, a 

flow of 10 vol% H2/Ar circulated through the sample, which was heated with a constant heating 

rate of 5 °C min−1 from ambient temperature to 900 °C.  

The crystalline structure of the fresh and deactivated catalysts was analyzed using X-ray powder 

diffraction (XRD) patterns. A Bruker D8 Advance diffractometer with CuKα1 radiation was used 

to conduct XRD and the Scherrer formula was used to calculate the average Ni crystallite size. 

The device was equipped with a Bragg-Brentano geometry, Germanium primary 

monochromator, and a CuKα1 wavelength of 1.5406 (Å), corresponding to an X-ray tube with 

Cu anticathode. Sol-X dispersive energy detector was employed, with a window optimized for 

CuKα1 for limiting the fluorescence radiation. Continuous data collection was carried out from 

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

Total surface acidity of the catalysts was determined by NH3-TPD runs in an AutoChem II 2920 

Micromeritics equipment. The procedure entails the following steps: i) removal of the adsorbed 

volatile impurities with a He stream following a ramp of 15 °C min-1 to 550 °C; ii) adsorption of 

NH3 (150 µL min-1) until reaching sample saturation; (iii) desorption of the physisorbed NH3 

with a He stream at 150 °C, and (iv) desorption of the chemisorbed NH3 at programmed 

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

The amount of coke deposited on the deactivated catalysts was determined by air combustion in 

a TA Instruments TGA Q5000 thermogravimetric (TG) instrument, coupled in-line with a 

Balzers Instruments Thermostar mass spectrometer (MS), which recorded the signals at 44, 28, 

18 and 14 atomic numbers, corresponding to CO2, CO, H2O and N2, respectively. However, the 
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CO2 signal was used to determine the coke content of the deactivated catalysts, as the H2O 

formed during the combustion cannot be distinguished from CO, which in turn is immediately 

oxidized to CO2 activated by the metallic function of the catalyst. The procedure followed for 

coke determination is as follows: stripping with N2 (50 mL min−1) at 100 °C to remove the 

impurities, and heating with air (50 mL min−1) to 800 °C following a 5 °C min−1 heating rate, 

with that temperature being kept for 30 min for full coke combustion.  

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

study the nature and location of the coke deposited on the catalyst. 

Experimental equipment 

Figure 1 shows a general scheme of a continuous steam reforming bench scale unit made up of a 

conical spouted bed reactor (CSBR) for the pyrolysis step and a fluidized bed reactor (FBR) for 

the in-line reforming of the pyrolysis volatiles. The CSBR was especially designed for the 

pyrolysis step 60, as it allows high heat and mass transfer rates and short residence times of the 

volatile products. The suitable reactor design also avoids operational problems related to the 

sticky nature and low thermal conductivity of molten polymers. The CSBR is located inside a 

radiant oven (1250 W), which allowed operating up to 900 °C. A gas preheating section filled 

with an inert ceramic material is placed in the lower section of the CSBR to improve heat 

transfer and ensure narrow temperature distribution inside the reactor. The upper section of the 

CSBR is the reaction zone and was designed with specific dimensions to provide a suitable 

spouting regime under a wide range of operating conditions. The main dimensions of the CSBR 

are as follow: diameter of the cylindrical section, 60.3 mm; height of the conical section, 7.3 

mm; diameter of the bed bottom, 12.5 mm; angle of the conical section, 30 °; and diameter of 

the gas inlet, 7.6 mm. Two K-type thermocouples were located inside the reactor, one in the bed 

annulus and the other one close to the wall to control the reactor temperature. 
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Representation of the continuous bench scale pyrolysis-reforming plant.

Given the operation limitations in a fixed bed reactor due to problems related to severe carb

was used for the steam reforming of the nascent volatiles formed in the 

As proven in a previous study, the hydrodynamic regime of catalyst and 

FBR is close to perfect mixing 61. The total height and internal diameter of the 

respectively. Furthermore, the feeding system designed on purpose for 

reforming process allowed suitable operation in continuous regime. The feeder 

of a cylindrical vessel equipped with a vertical shaft connected to a piston placed below 

The plastic raw material was fed into the reactor by raising the piston

electrical motor vibrated the whole system. In addition, tap water was used to cool

from the feeder to the reactor, thus avoiding plastic melting and tube 

very small nitrogen flow rate was introduced into the feeding system

avoid pyrolysis products entering the feeding system. 
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At the outlet of the forced convection oven, a double-shell tube condenser cooled with tap water 

was located to condense the non-reacted steam and pyrolysis products. Finally, a coalescence 

filter ensured total retention of liquid hydrocarbons prior to gas micro-chromatograph analysis. 

Experimental procedure  

Previous studies conducted by the research group showed that a temperature of 500 °C is the 

most suitable for the pyrolysis step in the set-up described above 60. Polypropylene (PP) was 

continuously fed into the pyrolysis and in-line reforming unit with a rate of 0.75 g min−1. 

Furthermore, the particle size of the sand and the steam flow rate are conditioned by the 

hydrodynamic requirements of the CSBR. It is to note that steam was the only fluidizing agent 

in both reactors, i.e., no inert gas was used. A water flow rate of 3 mL min−1 was established as 

suitable based on these requirements, which corresponds to a steam flow rate of 3.73 NL min−1. 

In addition, 30 g of sand with a size in the 0.30–0.35 mm range were used to achieve efficient 

gas-solid contact and high turbulence in the bed. Concerning the reforming reactor, a 

temperature of 700 °C was chosen as most suitable and, based on hydrodynamic runs were 

carried out in the FBR with a bed amount of 25 g, particle sizes in the 0.30-0.35 mm and 0.40–

0.80 mm ranges were selected as most suitable for the sand and catalyst, respectively. The 

experiments performed with the prepared catalysts were carried out using two different space 

times (4.1 and 16.7 gcat min gplastic
−1) and a steam/PP ratio (S/P) of 4.  

Product analysis  

The final products were analyzed in-line using a gas micro-chromatograph for permanent gases 

(micro GC Varian 4900) and gas chromatograph for the volatile ones (GC Varian 3900). The 

gas chromatograph was equipped with a flame ionization detector (FID) and a HP-Pona column. 

The gas micro-chromatograph had four channels with four analytical modules, as well as 

injector, columns and detector. To quantify the concentration of non-condensable gases, this gas 

micro-chromatograph was used with the sampling point being placed downstream the devices 

for condensing and filtering the gas. Samples were injected into the GC instrument by means of 
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a line thermostated at 280 °C, with reproducibility being ensured by several replicates under the 

same conditions.  

Reaction indices 

For the assessment of process results, individual product yields and conversion have been 

considered. Polypropylene conversion has been defined similarly as carbon (C) conversion 

efficiency in gasification processes; that is, the ratio between the moles of carbon recovered in 

the gaseous product and those fed in the polypropylene: 

 	X�� = 
����

�		
× 100  (1) 

The yield of C containing individual compounds is defined by mass unit of PP in the feed: 

 	Y� = 
��

�		
× 100 (2) 

where FPP and Fi are the molar flow rates of PP and product i, respectively, both expressed in C 

equivalent moles. 

In addition, hydrogen production has been defined by mass unit of the polypropylene in the 

feed: 

	P�� = 
���

�		
× 100  (3) 

where mH2 is the mass flow rate of the H2 produced and mPP is the mass flow rate of the 

polypropylene fed into the CSBR, respectively. The following stoichiometry equation was 

considered: 

CnHm + 2nH2O → nCO2 + (2n + m/2)H2      (4) 

Results 

Fresh catalyst characterization 
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The fresh catalysts were characterized by nitrogen adsorption/desorption, X-ray fluorescence 

spectroscopy (XRF), temperature programmed reduction (TPR) and X-ray diffraction (XRD). 

Moreover, spent catalysts were also analyzed using temperature programmed oxidation (TPO) 

and transmission electron microscopy (TEM) techniques. Table 1 shows the characteristics of 

the prepared catalysts, such as BET specific surface area, pore volume, average pore size and Ni 

content. The BET theory has been used to determine the catalysts surface area using the 

nitrogen penetration into the internal surfaces of the catalysts. Accordingly, certain points 

should be considered to explain the values obtained for the surface area of the catalysts. On the 

one hand, CeO2 and La2O3 promoters significantly contribute to the weight of the prepared 

catalysts, and therefore they reduce the surface area. On the other hand, as these promoter 

particles are deposited on the catalyst pores, they hinder nitrogen access to the pores, and 

therefore decrease the surface area. 

The results show that the surface area of the catalysts was reduced after CeO2 and La2O3 

impregnation, with this effect being more marked for the latter promoter. Thus, the surface area 

of 76 m2g-1 obtained for Ni/ Al2O3 catalyst was reduce to 66 and 52 m2g-1 in the case of 

Ni/CeO2-Al 2O3 and Ni/La2O3-Al 2O3, respectively.  The smaller size of CeO2 particles compared 

to La2O3 avoided fine pore blockage when the promoters were deposited on the porous surface 

of the support. Therefore, the average pore size increased from 182 to 214 Å for Ni/La2O3-

Al 2O3, whereas the size remained almost constant for Ni/CeO2-Al 2O3. A similar trend was 

reported in various papers 62. In addition, the amount of promoter deposited on the catalyst 

surface is another factor affecting the basic features of the catalysts 63, 64.  

Table 1. Physical properties and those of the metal in the catalysts used. 

Catalyst 
Metal 

content 
SBET Vpore dpore dNi XRD

a 
Ni 

dispersionb 

Total 

acidity 

 wt% m2 g-1 cm3 g-1 Å nm % µmolNH3 g
-1 
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Ni/Al 2O3 9.8 76 0.39 182 10 9.7 265 

Ni/CeO2-Al 2O3 8.2 66 0.36 181 18 5.4 139 

Ni/La2O3-Al 2O3 8.1 52 0.39 214 20 4.9 83 

a Calculated from the full width at half the maximum of the Ni (2 0 0) diffraction peak at 2θ = 

52 ° in the XRD using the Scherrer equation. 

b Dispersion calculated by (97.1 nm)/(Particle size of Ni (nm)).  

The results of the XRF device show that the nickel content in the Ni/Al2O3 catalyst (9.8 wt%) is 

that corresponding to the nominal amount (10 wt%), which is evidence that the preparation 

method was appropriate and almost all Ni particles were deposited on the catalyst. In the two 

promoted catalysts, however, nickel content is slightly lower, between 8.1 and 8.2 wt%. The 

lower surface area, pore blockage and lower access to the catalyst internal pores, as well as the 

steric hindrance of the promoters, especially La2O3, are the main factors reducing Ni dispersion 

in the promoted catalysts. Accordingly, the value of 9.7 % reached in the Ni/Al2O3 catalyst 

decreased to 5.4 and 4.9 % for Ni/CeO2-Al 2O3 and Ni/La2O3-Al 2O3 catalysts, respectively. The 

total catalyst acidity determined by NH3 adsorption-desorption is also shown in Table 1. As 

observed, Ni/Al2O3 catalyst revealed the highest acidity (265 µmol g-1) compared to the 

promoted catalysts (139 and 83 µmol g-1 for Ni/CeO2-Al 2O3 and Ni/La2O3-Al 2O3 catalysts, 

respectively). These results are evidence of the role of the basic promoter to reduce the acid 

sites of the Al2O3 support, which may contribute to hindering the secondary reactions leading to 

coke deposition. 65-67  

The TPR profile of the prepared catalysts is shown in Figure 2. As observed, there is a weak 

peak at about 450 ºC in the three catalysts, which is related to the reduction of NiO weakly 

interacting with the support 68, 69. In addition, the profile for Ni/Al2O3 catalyst shows two very 

strong peaks at temperatures close to 600 and above 700 ºC. The peak close to 600 ºC is 

associated with the reduction of dispersed NiO species, which interact strongly with Al2O3 
70. 
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The peak observed above 700 °C is due to the Ni particles that have migrated on the Al2O3 

surface to form NiAl2O4, which is resistant to reduction and stable even at 900 °C 71. The 

Ni/CeO2-Al 2O3 catalyst, similarly to Ni/Al2O3, shows two strong reduction peaks, which shift to 

lower temperatures (~ 550 and 710 °C) when CeO2 is used as promoter. This peak shifting is 

evidence that CeO2 promoter weakens the interaction of NiO with Al2O3 
62. At higher 

temperature (> 800 °C), a small reduction peak is observed, which is associated with the 

reduction of bulk ceria crystallites related to CeAlO3 formation 49. The addition of La2O3 

promoter to the Ni/Al2O3 catalyst increases the reduction capacity of NiO species strongly 

interacting with the support (peak at around 700 °C). In the Ni/La2O3-Al 2O3 catalyst, a decrease 

in the NiAl2O4 phase is also observed, thereby improving the reducibility of the Ni/Al2O3 

catalyst 57. 

 



 

Figure 2. TPR profiles of Ni/Al

Figure 3 shows the XRD patterns of the

lines, such as those corresponding to 

while many groups are not detectable. 

crystalline Ni phases are observed in the catalyst samples, which correspond to

and (2 2 0) planes, respectively 

Al 2O3 showed the typical detectable 

corresponding to the Ni phase. However, XRD cannot detect

related phase diffraction lines (2θ

Likewise, regarding these catalyst

15 

TPR profiles of Ni/Al2O3, Ni/CeO2-Al 2O3 and Ni/La2O3-Al 2O3

shows the XRD patterns of the three prepared catalysts. Groups with strong diffraction 

lines, such as those corresponding to Ni phase, Al2O3, CeO2 and CeAlO3, are clearly detectable,

while many groups are not detectable. At 2θ = 44 °, 52 ° and 76 °, diffraction lines related to 

crystalline Ni phases are observed in the catalyst samples, which correspond to

d (2 2 0) planes, respectively 72, whereas NiO is fully reduced and not detected. In addition, 

detectable diffraction peaks in the three catalysts, apart from those 

Ni phase. However, XRD cannot detect the NiAl2O4 spinel because the 

ion lines (2θ = 29 °, 45 ° and 60 ° 71) overlap those of Al2O

Likewise, regarding these catalysts, the NiAl2O4 spinel phase is not detectable using this 

 

3 catalysts. 

three prepared catalysts. Groups with strong diffraction 

, are clearly detectable, 

°, diffraction lines related to 

crystalline Ni phases are observed in the catalyst samples, which correspond to (1 1 1), (2 0 0) 

, whereas NiO is fully reduced and not detected. In addition, 

apart from those 

spinel because the 

O3 phase 48, 73. 

spinel phase is not detectable using this 



16 

 

technique. XRD can be used to identify different groups, but they overlap in many cases and the 

weaker diffraction lines cannot be detected. Concerning Ni/La2O3-Al 2O3, the peaks 

corresponding to Ni and Al2O3 species severely overlap due to the low crystallinity of La2O3, 

and therefore a weak response to X ray (weak and broad peaks) is obtained, i.e., La species are 

not detectable using XRD technique 66, 74. Yamamoto et al. 75 showed that La groups are not 

detectable even for loadings above 25 wt% La2O3, which is evidence that La2O3 levels do not 

play a significant role in identification. Concerning Ni/CeO2-Al 2O3 catalyst, the spinel phase 

diffraction lines are detected for CeAlO3 at 2θ = 23 °, 44 °, 47 ° and 60 °, and the diffraction 

lines of CeO2 are identified at 2θ = 28 °, 33 °, 47 ° and 56 °. Concerning the prepared catalysts, 

the Ni crystal size was calculated using XRD patterns and applying the Debye-Scherrer 

equation to 2θ = 52 ° diffraction bands. Various studies have shown that, due to the decrease in 

the catalyst surface area, active phase dispersion and Ni deposition on the catalyst surface 

decrease and the Ni crystal size increases clearly 50, 57. 
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The CSBR allows for operating under fast pyrolysis conditions, with high heating rates and 

short residence times of volatile stream. These conditions attenuate secondary reactions, and 

therefore primary pyrolysis products, such as waxes, were the prevailing ones. Waxes are made 

up of heavy hydrocarbons of linear or branched nature. Their yield was of 74.8 %, with 32.5 % 

corresponding to light ones (C21-C40) and the remaining 42.3 % to the heavy fraction (C41
+). 

Moreover, the yield of liquid products was of 23.9 %. This oil was mainly in the diesel range 

(C12-C20), 19.2 %, with the yield of the gasoline fraction (C5-C11) being of 4.7 %. Finally, the 

yield of gaseous products was low, 1.3 %. It is to note that PP was fully converted into volatile 

products and no solid residue was formed in the PP pyrolysis at 500 ºC. These results are 

consistent with the results reported in the pyrolysis of polyolefins in different reactors under fast 

pyrolysis conditions 76-78.  

Evaluation of catalyst performance 

Three homemade catalysts (Ni/Al2O3, Ni/CeO2-Al 2O3 and Ni/La2O3-Al 2O3) operated with two 

space times (4.1 and 16.7 gcat min gplastic
-1) have been studied by monitoring the conversion and 

product yields in the reforming of PP pyrolysis volatiles. As mentioned in the previous sections, 

a conical spouted bed reactor (CSBR) was used to pyrolyze polypropylene and a fluidized bed 

reactor (FBR) to reform in-line the hydrocarbon volatiles from the pyrolysis step. It is to note 

that the following main reactions take place in the reforming reactor: 

Steam reforming of hydrocarbons: CnHm + nH2O→ nCO + ( n+ m/2)H2  (5) 

Water gas shift (WGS): CO + H2O ⇔ CO2 + H2  (6) 

Fig. 4 shows the evolution of conversion (%) and hydrogen production (%) for the three 

homemade catalysts operated with two space times. As observed, when the higher space time 

(16.7 gcat min gplastic
-1) is used, the three catalysts performed better in terms of conversion and 

hydrogen production. Thus, almost full conversion was attained and hydrogen production was 

of about 34 %, while the lower space time (4.1 gcat min gplastic
-1) led to a conversion in the 74.7 to 
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80.7 % range and hydrogen production between 20.7 and 24.9 %. It should be noted that the 

non-converted fraction corresponds to the liquid hydrocarbons (C5+ fraction), according to the 

definition of conversion considered in this study (Eq. 1).As observed, the performance of the 

catalysts used at both space times is as follows: Ni/La2O3-Al 2O3 > Ni/Al2O3 > Ni/CeO2-Al 2O3. It 

should be noted that the in-line pyrolysis-reforming process showed a remarkable potential for 

hydrogen production with all the catalysts tested. Moreover, full conversion of pyrolysis 

products with a space time of 16.7 gcat min gplastic
-1 allows for the production of a tar free syngas. 

The lowest conversion and H2 production were obtained when the Ni/CeO2-Al 2O3 catalyst was 

used, which is even lower than that corresponding to the Ni/Al2O3 catalyst. This is partially 

explained by the lower Ni content in the former. Although CeO2 addition to the Ni/Al2O3 

catalyst improves the performance in the biomass pyrolysis-reforming process 50, this effect is 

negligible when PP is valorized due to the different composition of the volatiles fed into the 

reforming step. In spite of the lower Ni content of Ni/La2O3-Al 2O3 catalyst compared to 

Ni/Al 2O3, La2O3 addition has a positive effect on conversion and H2 production. Czernik and 

French 79 reported similar hydrogen production values (34 %) in the in-line reforming of PP 

pyrolysis volatiles over a Ni commercial catalyst in a continuous reaction unit made up of two 

fluidized bed reactors. The use of a Ru/Al2O3 catalyst in a reaction unit based on two continuous 

fixed beds for the pyrolysis and in-line steam reforming of PP led to a maximum hydrogen 

production of 36 % 25. Lower hydrogen productions (below 26.6 %) were reported by Wu and 

Williams 24 in a batch unit with two fixed bed reactors, in which they used Ni/MgO/Al2O3 

catalysts. Yao et al. 34 analyzed the performance of Ni/Al2O3 catalysts prepared following 

different methodologies in the PP pyrolysis-reforming in a batch unit including two fixed bed 

reactors, and they obtained hydrogen productions between 9.2 and 13.4 %. Recently, Yao et al. 

19 reported hydrogen productions in the 11 to 13 % range using Ni based catalysts supported on 

different zeolites. It should also be noted that polymers with linear structure and high hydrogen 

content (high H/C ratio), such as polyethylene and polypropylene, have a lower tendency to 

form cyclic and aromatic products during pyrolysis, and therefore perform better in pyrolysis-

reforming compared to other polymers containing aromatic structures and oxygen, such as PET 



20 

 

18, 28, polyurethanes 35 and polystyrene 13, 24, 26, 28, 29. Thus, Barbarias et al. 26 reported a H2 

production of 29.1 % in the pyrolysis-reforming of PS using a Ni/Al2O3 commercial catalyst in 

the same experimental unit as in this study. In the same line, Namioka et al. 13 obtained a higher 

hydrogen production when PP was in the feed (36%) than when PS was the raw material (33 

%). Zhou et al. 17 reported the maximum H2 production in the PS pyrolysis reforming over a Ni-

Fe/ZrO2 was at 500 ºC in a reaction unit made up of two fixed bed reactors. Saad and Williams 

27 performed a detailed study, in which they compared the dry reforming of different plastics 

over a Ni-Co/Al2O3 catalyst, and H2 production decreased from 15 % when the feed was PE to 

7.6 and 2.5 % when the feeds were PS and PET, respectively. In the same line, the hydrogen 

productions reported in biomass pyrolysis-reforming are also markedly lower, i.e., 11 % under 

optimum process conditions and highly active catalysts 14, 80-82. 



 

Figure 4. Conversion and hydrogen productions obtained in the

volatiles with space times of 4.1 and 16.7 g

and Ni/La2O3-Al 2O3 (c) catalysts.

Figure 5 shows the yields of 

with the two space times. The 

In fact, a space time of 4.1 g

pyrolysis products (C5+). However, 

conditions allow determining the higher activity of 

(Eq. 5) and, especially, for promoting the 
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yields in relation to those obtained with the conventional Ni/Al

space time of 16.7 gcat min gplastic
-1, almost complete conversion 

three catalysts performed well compared to the lower space time. 

catalyst with the space time of 16.7 gcat min gplastic
-1 produced 

yield of residual hydrocarbons (including gaseous and liquid ones

(~1.5%) at zero time on stream. However, the Ni/CeO2-Al

reforming performance leading to a remarkable 

7.5 and 2.9 %, respectively. In the same line, the use of Ni/La2

WGS reaction by shifting it towards the formation of H2 and CO

 

conventional Ni/Al2O3 and CeO2 
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produced high yields of H2, 

including gaseous and liquid ones) is 

Al 2O3 and Ni/Al2O3 

a remarkable yield of residual 

2O3-Al 2O3 catalyst 

and CO2. 
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Figure 5. Individual product yields obtained in the reforming of PP pyrolysis volatiles 

with the space times of 4.1 and 16.7 gcat min gplastic
-1 over Ni/Al2O3 (a), Ni/CeO2-Al 2O3 (b) and 

Ni/La2O3-Al 2O3 (c) catalysts. 

The results at zero time on stream clearly show that the Ni/La2O3-Al 2O3 catalyst is the one of 

best performance. However, a suitable catalyst for this process should also consider stability. 

Thus, Figure 6 shows the evolution with time on stream of conversion and hydrogen production 

for the three prepared catalysts used with the space time of 16.7 gcat min gplastic
-1. The results 

show that the activity of the three catalysts decreased almost linearly, which is evidence of a 

progressive reduction of conversion and hydrogen production with time. As can be seen, 

Ni/Al 2O3 and Ni/CeO2-Al 2O3 catalysts show more a pronounced activity decline over time, 

while the Ni/La2O3-Al 2O3 catalyst performs better concerning conversion and hydrogen 

production throughout time. Thus, conversion decreases from full one at the beginning to 91 % 

after 200 min continuous operation with Ni/La2O3-Al 2O3 catalyst. It is to note that the use of 

La2O3 as promoter reduces alumina acidity and inhibits coke formation 66. Moreover, it also 

promotes water adsorption and dissociation and gasifies the deposited coke, preventing catalyst 

deactivation 83, 84. The Ni/Al2O3 catalyst showed a faster deactivation rate than the Ni/La2O3-

Al 2O3 catalyst, thus conversion decreasing to 86 % after 200 min operation. Although the 

conversion attained with the Ni/CeO2-Al 2O3 catalyst after 200 min was of 84%, the lower initial 

activity should be also considered for the evaluation of its stability. In fact, the conversion drop 

throughout the reaction process is lower than in the case of the non-promoted Ni/Al2O3 catalyst. 

Interestingly, the deactivation rates observed in the reforming of PP pyrolysis products were 

remarkably lower than those observed in biomass pyrolysis-reforming with the same catalysts 

and under similar operating conditions 50, 57. 



 

Figure 6. Evolution with time on stream of conversion and hydrogen production in the 

reforming of PP pyrolysis volatiles with a space time

Ni/CeO2-Al 2O3 (b) and Ni/La2
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reduction being higher in the non

and the catalytic activity decreased, the CO

extent (especially on Ni/La2O
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-1. The results show that the yield of hydrogen 

over time on stream from 84 to 62 %, from 78 to 62 % and 

O3 and Ni/La2O3-Al 2O3 catalysts were used, respectively, 

reduction being higher in the non-promoted catalyst. Moreover, as the reaction time increased 

and the catalytic activity decreased, the CO2 yield decreased and CO yield increased to 

O3-Al 2O3 and Ni/Al2O3). Therefore, the reduction of catalyst activity 

Evolution with time on stream of conversion and hydrogen production in the 

over Ni/Al 2O3 (a), 

obtained throughout time in the reforming on the three 

that the yield of hydrogen 

from 78 to 62 % and from 86 to 66 % 

catalysts were used, respectively, with this 

, as the reaction time increased 

yield decreased and CO yield increased to certain 

the reduction of catalyst activity 



 

for steam reforming (Eq. 5) and 

CO2. In addition, the results show

progressively increase with the advance of time on stream and 

view of the results, the Ni/La

Ni/Al 2O3 and Ni/CeO2-Al 2O3.

Figure 7. Evolution with time on stream of 

PP pyrolysis volatiles with a space time

(b) and Ni/La2O3-Al 2O3 (c) catalysts.

Catalyst deactivation  

25 

) and the WGS (Eq. 6) reaction explain the evolutions of

In addition, the results show that the yields of non-converted C5
+ and lighter hydrocarbons 

with the advance of time on stream and so decay of catalytic activity. 

Ni/La2O3-Al 2O3 catalyst showed higher efficiency 

. 

 

Evolution with time on stream of individual product yields in the reforming of 

PP pyrolysis volatiles with a space time 16.7 gcat min gplastic
-1 over Ni/Al2O3 (a), Ni/CeO

c) catalysts. 

explain the evolutions of H2, CO and 

and lighter hydrocarbons 

decay of catalytic activity. In 

higher efficiency and stability than 

in the reforming of 

a), Ni/CeO2-Al 2O3 



26 

 

The suitable performance of a reforming catalyst depends on many parameters such as 

conversion, hydrogen production, and catalyst activity and stability. Another parameter 

affecting catalyst performance is the composition of the input feed. Feeds like polyethylene and 

polypropylene (with high hydrogen content and low tendency to Diels-Alder reactions and coke 

production) lead to an almost linear inactivation 28. However, biomass, PS and PET pyrolysis 

volatiles contain high amounts of aromatic and oxygenated compound, and they therefore lead 

to coke formation 28. Accordingly, the decrease in catalytic activity usually follows an 

exponential trend 26, 58. Moreover, the performance of tje reforming catalyst can also be 

conditioned by the stability of the metallic phase 85, 86. Therefore, the causes of catalyst 

deactivation are analyzed in this section by considering coke deposition and Ni sintering as the 

more plausible causes according to previous results 50, 57.  

Figure 8 shows the XRD patterns of the spent catalysts used for 200 min stream time. It should 

be noted that there are no significant differences compared to the fresh catalysts (Figure 3). In 

addition, the Ni crystalline phases are observed at 2θ = 44 °, 52 ° and 76 ° for the studied 

catalysts, while the diffraction lines of NiO are not identified, which is evidence that the 

catalysts are not deactivated due to active phase oxidation. The spent Ni/CeO2-Al 2O3 catalyst 

shows no diffraction line at 2θ = 34 °, while the deactivated Ni/CeO2-Al 2O3 catalyst used in 

biomass reforming recorded a diffraction line corresponding to CeAlO3 spinel phase 50. The 

XRD results also show that the nature of Ni/La2O3-Al 2O3 catalyst had not changed. In addition, 

by applying the Scherrer equation for the diffraction peak at 2θ = 52 °, the Ni crystallite size has 

been calculated to ascertain catalyst irreversible deactivation by Ni sintering for the fresh and 

spent catalysts (Table 2). Compared to the fresh catalysts, the Ni crystallite size does not 

increase considerably, and therefore the deactivation observed for these catalysts is not due to 

Ni sintering. However, the Ni crystallite size of the spent Ni/CeO2-Al 2O3 catalyst has hardly 

changed (~ 18-19 nm). 



 

Figure 8. X-ray diffraction (XRD) profiles of the spent 

Ni/La2O3-Al 2O3 catalysts. 

The nature, location and amount of the deposited coke 

programmed oxidation (TPO). The results of coke 

summarized in Table 2 and their TPO profiles have been plotted in Fig
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the amount of coke deposited in different catalysts, 
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ray diffraction (XRD) profiles of the spent Ni/Al 2O3, Ni/CeO

The nature, location and amount of the deposited coke were analyzed based on

programmed oxidation (TPO). The results of coke deposited on the used catalysts have

summarized in Table 2 and their TPO profiles have been plotted in Figure 9. The results show 

 catalyst led to a lower amount of coke deposited (2.24 wt%) 

(3.46 wt%) and Ni/Al2O3 (3.75 wt%) catalysts. The a

per plastic mass unit fed into the process (rc) is a practical parameter

the amount of coke deposited in different catalysts, and is defined as follows 50

 

Ni/CeO2-Al 2O3 and 

based on the temperature 

deposited on the used catalysts have been 

The results show 
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The average coke 

a practical parameter for comparing 
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rcoke=
�����/ 

���!	�		
  (7) 

where Wcoke and Wcat are coke and catalyst masses, respectively, mPP the feed rate and t the time 

on stream.  

Table 2 shows the average coke deposition rate (rc) for the reforming catalysts, which is directly 

related to the amount of coke produced for the continuous operation with the three catalysts. As 

can be seen, the Ni/La2O3-Al 2O3 catalyst had a lower coke deposition rate (0.15 mgcoke gcat
−1 

gplastic
−1) compared to Ni/Al2O3 (0.25 mgcoke gcat

−1 gplastic
−1) and Ni/CeO2-Al 2O3 (0.23 mgcoke gcat

−1 

gplastic
−1) catalysts. The results also show that the promoted catalysts led to lower coke deposition 

rates. Thus, the incorporation of La2O3 promoted steam adsorption and dissociation, which 

favors in situ coke gasification 83, 84. In the same line, the redox properties of CeO2 also 

contribute to coke gasification 87, 88.  



 

Figure 9. Temperature programmed 

for 200 min continuous operation.
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Ni/Al 2O3 10 13 3.75 200 0.25 

Ni/La2O3-Al 2O3 20 23 2.24 200 0.15 

Ni/CeO2-Al 2O3 18 19 3.46 200 0.23 

a Calculated from the full width at half the maximum of the Ni (2 0 0) diffraction peak at 2θ = 

52 ° in the XRD using the Scherrer equation. 

Figure 9 shows the TPO profiles obtained with the spent homemade catalysts. As observed, 

peak location and shape changed to some extent due to coke deposition. The first peak for the 

spent Ni/Al2O3 catalyst appears at around 480 ºC, corresponding to amorphous coke combustion 

deposited on the Ni particles. The second peak at around 600 ºC corresponds to the filamentous 

coke with less influence on catalyst deactivation 84. Similarly, the two types of coke observed 

for used Ni/La2O3-Al 2O3 catalyst burned at lower temperatures compared to Ni/Al 2O3, which is 

explained by the coke hindering effect of La2O3 due to its water adsorption capacity during the 

reforming reaction 47, 89. Previous studies dealing with biomass pyrolysis-reforming led to 

similar trends 57, although the ratio between the two types of cokes and their structure is totally 

different when plastics are valorized. Furthermore, the coke deposited on the Ni/CeO2-Al 2O3 

catalyst burned at lower temperatures, around 300 and 480 ºC, which is related to CeO2 

promotion, enhancing water adsorption and providing redox properties to the support. 

Therefore, coke gasification is favoured and its evolution to a more structured coke is inhibited 

90, 91. In addition, there is a small peak at around 640 ºC, which is related to the filamentous 

coke. It is to note that due to the capacity of the promoted catalysts for water adsorption, which 

activates the gasification of the coke precursors, the amorphous carbonaceous structure is not 

dense enough to fully block the metallic sites, and therefore the catalysts are stable for a longer 

time on stream.  

Figure 10 shows TEM images of the used catalysts, which may give an insight of the 

morphology of the deposited coke. The TEM images confirm the bigger size of Ni crystallite in 
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the promoted catalysts compared to the Ni/Al2O3 catalyst, which was also inferred based on the 

XRD profiles of the spent catalysts (see Table 2). Thus, the average Ni crystallite size 

corresponding to Ni/Al2O3 was 13 Å, whereas those of Ni/CeO2-Al 2O3 and Ni/La2O3-Al 2O3 

were 19 and 23 Å, respectively. As mentioned above, the filamentous nature of the coke is 

clearly observed. Moreover, the TEM images also show an amorphous coke without any 

specific morphology, whose condensation degree and location is different depending on the 

catalyst. These results evidence the effect feed composition has on the type of coke and its 

structure. When biomass pyrolysis-reforming was studied 50, 57, none of the catalysts contained 

filamentous coke; that is, the coke was mainly amorphous. Thus, the filamentous coke formed 

in the reforming of hydrocarbons produced in polyolefin pyrolysis deactivates less than the coke 

formed in the reforming of the oxygenate compounds derived from biomass pyrolysis 31. 

Comparing the three catalysts studied, Ni/La2O3-Al 2O3 has acceptable stability and undergoes 

the lowest coke deposition by enhancing precursor gasification 65. 

The present study clearly shows a positive performance of Ni/La2O3/Al 2O3 catalysts, as they 

lead to high hydrogen productions and full conversion of plastics pyrolysis volatiles at zero time 

on stream. In spite of the improvement in catalyst stability operating with La2O3 promoted 

catalysts, fast deactivation is still a challenge to be overcome for the full-scale development of 

the plastics pyrolysis reforming strategy. Given that the reforming reaction is a highly 

endothermic process, operation under oxidative conditions, i.e., by injecting an oxygen stream 

to the reforming reactor, may avoid the high heat requirement in the reforming step. Moreover, 

this strategy may also contribute to the in situ combustion of the coke deposited on the catalyst, 

and therefore attenuate catalyst deactivation 92. Accordingly, studies dealing with the oxidative 

steam reforming of plastics pyrolysis volatiles will be conducted in the future, with focus being 

placed on the development of suitable catalysts for the operation under these conditions. 



 

Figure 10. TEM images of deactivated 

Al 2O3 (c) catalysts. 
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two promoted catalysts containing La2O3 and CeO

polypropylene pyrolysis volatiles in a bench scale pyrolysis

operating in continuous regime. The results showed that a space time of 

led to partial polypropylene conversion and rather low

range of conditions studied. Nevertheless, a space time of 16.7 g

conversion and high hydrogen production. Furthermore, polypropylene is a highly 
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conversion, hydrogen production and coke deposition, and is therefore

reforming of this feed. H2, CO, and CO2 were the main products of the 
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pattern also showed that lower temperatures are needed to burn the coke on the 
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