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A B S T R A C T   

The pyrolysis and in line steam reforming of different types of representative agroforestry biomass wastes (pine 
wood, citrus wastes and rice husk) was performed in a two-reactor system made up of a conical spouted bed and 
a fluidized bed. The pyrolysis step was carried out at 500 ◦C, and the steam reforming at 600 ◦C with a space time 
of 20 gcatalyst min gvolatiles

− 1 and a steam/biomass ratio (S/B) of 4. A study was conducted on the effect that the 
pyrolysis volatiles composition obtained with several biomasses has on the reforming conversion, product yields 
and H2 production. The different composition of the pyrolysis volatiles obtained with the three biomasses studied 
led to differences in the initial activity and, especially, in the catalyst deactivation rate. Initial conversions higher 
than 99% were obtained in all cases and the H2 production obtained varied in the 6.7–11.2 wt% range, 
depending on the feedstock used. The stability of the catalysts decreased depending on the feedstock as follows: 
pine wood ≫ citrus waste > rice husk. A detailed assessment of the mechanisms of catalyst deactivation revealed 
that coke deposition is the main cause of catalyst decay in all the runs. However, the volatile composition derived 
from the pyrolysis of citrus waste and rice husk involved the formation of an encapsulating coke, which severely 
blocked the catalyst pores, leading to catalyst deactivation during the first minutes of reaction.   

1. Introduction 

The amount of agro-industrial wastes has been increased in the last 
years due to the high demand of related feedstocks for food production 
(Freitas et al., 2021). Most of these wastes are incinerated or disposed in 
landfills and, in some cases, used to produce animal feed or recover 
energy (Cristóbal et al., 2018; Stone et al., 2019). Although a responsible 
production of food must involve minimization of wastes, the inedible 
parts of food wastes must be treated. These wastes can be used as 
feedstock in biorefineries to produce valuable products and chemicals 
(Cormos, 2023). Recently, new technologies for food waste valorization 
have been developed in order to step forward in the biorefinery concept 
(Caldeira et al., 2020; De Laurentiis et al., 2018; Kurniawan et al., 2023). 
Moreover, their valorization can contribute to the production of high 
value-added products and chemicals by sustainable pathways using 
renewable sources, and therefore help to decrease the current de
pendency on fossil resources. 

Among the wastes from food production, citrus peel waste is an 

interesting alternative biomass source and has been recently considered 
as a promising feedstock for the production of fuels and chemicals 
(Caldeira et al., 2020; Jeong et al., 2021; Ong et al., 2018). Thus, thanks 
to their high availability, since citrus fruits are the most cultivated fruits 
over the world, their production has reached around 124 million tons 
per year (Patsalou et al., 2020). Furthermore, most of this amount is 
used for food processing and, especially, for juice production, which 
leads to close to 54 million tons per year of citrus wastes, mainly 
composed of citrus peel waste (Teigiserova et al., 2021). Citrus wastes 
have a high organic and water content and a low pH, and therefore the 
European legislation does not allow their disposal in landfills (Santiago 
et al., 2020). Biological routes for orange waste valorization have 
proven to be viable for the production of different chemicals (Jeong 
et al., 2021), but the high concentration of essential oils, such as limo
nene, is the main problem for the valorization via this route due to the 
anti-microbial properties of these oils (Zema et al., 2018). Nevertheless, 
thermochemical routes have also proven to be highly relevant, espe
cially those involving gasification (Galvagno et al., 2019; Vargas et al., 
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2015) and pyrolysis processes (Alvarez et al., 2018; Kim et al., 2016; 
Lam et al., 2018). 

Rice husk is one of the most available agricultural residues, as it 
accounts for approximately 134 million tons per year worldwide 
(Quispe et al., 2017). It is mainly composed of hemicellulose, cellulose 
and lignin, and therefore is suitable for the production of fuels and 
chemicals (Moogi et al., 2021). Moreover, thermochemical processes, 
such as direct combustion, have been the most used ones in order to 
recover energy (Quispe et al., 2017). Recently, fast pyrolysis has gained 
attention for bio-oil production from rice husk due to its efficiency 
(Alvarez et al., 2014; Tian et al., 2021) and flexibility involving oper
ating conditions, apart from the possibility of jointly feeding other types 
of biomasses (Bushra and Remya, 2020). The bio-oils produced by py
rolysis of citrus wastes or rice husk are not suitable for direct use due to 
their high content of water, oxygen and ash, and therefore low energy 
density (Chang, 2020). In fact, the deterioration of rice husk bio-oil 
properties, as well as the tendency of certain compounds (especially, 
alcohols, furans and hydrocarbons) to accumulate on the bottom layer 
has been reported (Cai et al., 2019). Attempts have been made to 
improve this bio-oil through another in-line step, usually a catalytic 
pyrolysis step, but a rather limited success has been attained. 

In this scenario, the pyrolysis and in line upgrading by catalytic 
steam reforming has been proposed as an alternative pathway to avoid 
these problems related to bio-oil storage, given that the volatiles ob
tained in the pyrolysis step are directly driven into the reforming step 
(Arregi et al., 2018a; Lopez et al., 2022; Santamaria et al., 2021). This 
original route has been recently developed using several reactor con
figurations, with the most common one being two fixed beds connected 
in series (Cao et al., 2017; Waheed et al., 2016; Xiao et al., 2013) 
operating in batch regime. However, there is hardly any study dealing 
with reaction units operating in continuous regime, such as a battery of a 
fluidized bed with a fixed bed (Wang et al., 2013; Xiao et al., 2011) or a 
spouted bed with a fluidized or fixed bed (Fernandez et al., 2021, 
2022a). Apart from avoiding the problems related to bio-oil storage, the 
main advantages of this strategy are as follows (Arregi et al., 2018a): i) 
temperature can be independently optimized in each step; ii) the direct 
contact between the feedstock impurities and the catalyst is avoided; iii) 
Ni sintering can be avoided due to the relatively low temperature used, 
and; iv) full conversion can be achieved without tar production. In 
addition, this process allows obtaining a H2-rich gas product. It should 
be highlighted that H2 is one of the promising sustainable energy car
riers in the future and currently a widely used compound in industry, 
mainly for ammonia production and oil refining (Khademi and 
Lotfi-Varnoosfaderani, 2021). Therefore, the use of different types of 
biomasses may be an interesting alternative for H2 production, as this 
would allow reducing the dependency on fossil fuels. 

This study deals with the upgrading of the pyrolysis volatile com
ponents (bio-oil and gases) from different biomasses (pine wood, citrus 
wastes and rice husk) in a novel integrated process made up of contin
uous pyrolysis and in line catalytic steam reforming. A Ni commercial 
reforming catalyst has been used, which has shown a good performance 
in previous studies dealing with biomass pyrolysis-reforming carried out 
by our research group (Arregi et al., 2016, 2018b, 2018c, 2018d). Apart 
from biomass, this technology performs well in the treatment of 
different types of wastes, such as plastics (Barbarias et al., 2016, 2018) 
or even biomass/plastic mixtures (Arregi et al., 2017). Nevertheless, 
given the availability of different types of biomasses, studies involving 
their joint treatment are essential in order to assess process flexibility. 
Therefore, this study deals with the effect that feedstock nature has on 
the conversion of the pyrolysis volatile stream, product yields and gas 
composition. Moreover, catalyst deactivation has also been studied in 
depth, analyzing the catalyst performance with time on stream and 
characterizing the deactivated catalysts by N2 adsorption-desorption, 
X-ray diffraction (XRD), ultimate analysis, temperature programmed 
oxidation (TPO) and transmission electron microscopy (TEM) images. 
The results obtained in this study will allow establishing the main 

mechanisms of catalyst decay and provide further knowledge about the 
role played by bio-oil composition in the deactivation of the reforming 
catalyst. 

2. Experimental 

2.1. Feedstock properties and catalyst characterization 

Several feedstocks (pine wood waste, citrus wastes and rice husk) 
were tested in the pyrolysis-reforming process. Considering the different 
characteristics of the biomasses, each feedstock was pretreated in a 
different way prior to its valorization in order to ease continuous 
feeding. Pine wood waste was directly ground and sieved to obtain pine 
wood sawdust with a particle size ranging between 1 and 2 mm (Arregi 
et al., 2016). Citrus wastes were first dried for 24 h at 60 ◦C to a moisture 
content of 1.5 wt%, and the pretreated wastes were then ground and 
sieved to remove particles with size lower than 1 mm (Alvarez et al., 
2018). Rice husk supplied by Brillante brand (Ebro Foods S.A) was 
ground and sieved to a particle size in the 0.63–1 mm range. Although 
the conical spouted bed reactor (CSBR) allows treating a very wide range 
of particle sizes (Alvarez et al., 2014), the range selected is the most 
suitable for the feeder available in the laboratory unit. 

Table 1 shows the main features of the feedstocks, which were 
measured in a LECO CHNS-932 elemental analyzer (ultimate analysis) 
and in a TGA Q5000IR thermogravimetric analyzer (proximate anal
ysis). Moreover, the analysis of the data obtained by TGA allows 
determining the main chemical constituents of the different biomasses, i. 
e., hemicelluloses, cellulose, lignin and pectin, with the latter being only 
contained in citrus wastes. Besides, an isoperibolic bomb calorimeter 
(Parr 1356) was used to measure the higher heating value (HHV). The 
chemical composition of the ash determined by X-ray fluorescence 
(model AXIOS, PANalytical) is set out in Table 2. 

As observed in Table 1, pine wood sawdust has higher C content 
compared to the other feedstocks (49.1 wt%, 42.7 wt% and 42.0 wt% for 
pine waste, citrus waste and rice husk, respectively). Besides, the lower 
amount of fixed carbon and, especially, that of ashes contained in the 
pine wood makes this biomass a suitable feedstock for valorization and 
H2 production through the pyrolysis-reforming process. Conversely, the 
rice husk biomass has a high ash content (12.9 wt%), which is mainly 
composed of silica (Table 2). This high ash content may negatively affect 
the overall H2 production in the process, since it means a lower amount 
of volatiles to be fed into the reforming reactor. Moreover, it is to note 
that considerable differences have been observed in the concentrations 

Table 1 
Feedstock characterization.  

Feedstock Pine wood Citrus waste Rice husk 

Ultimate analysis (wt%)a 

Carbon 49.08 42.7 42.0 
Hydrogen 6.03 6.4 5.4 
Nitrogen 0.04 1.0 0.4 
Oxygenb 44.35 47.6 39.3 
Proximate analysis (wt%)c 

Volatile matter 73.4 74.1 70.5 
Fixed carbon 16.7 23.6 16.6 
Ash 0.5 2.3 12.9 
Moisture 9.4 1.5 1.1 
Macromolecular composition (wt%)d 

Cellulose 51.0 17.5 46.4 
Hemicellulose 23.0 17.0 21.7 
Lignin 26.0 29.4 31.9 
Pectin – 36.1 – 

HHV (MJ kg¡1) 19.8 19.4 16.8  

a on a dry basis. 
b by difference. 
c on an air-dried basis. 
d on an ash free basis. 
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of the main components of each biomass. Thus, pinewood and rice husk 
are lignocellulosic biomasses, with a cellulose content of around 46.4 
and 51.0 wt%, a hemicellulose content between 21.7 and 23.0 wt% and 
a lignin one in the range from 26.0 to 31.9 wt%. However, the citrus 
waste is made up of 36.1 wt% pectin, 17.0 wt% hemicellulose and 17.5 
wt% cellulose, with the remaining 29.4 wt% being lignin, proteins and 
soluble sugars, as well as certain fats (Alvarez et al., 2018). Accordingly, 
the product distribution in the pyrolysis stream depends on the 
composition of the biomass. 

A commercial catalyst from Clariant’s ReforMax series was used 
(Reformax® 330 LDP). This catalyst is a calcium-promoted nickel-based 
one, which is highly active for a variety of reforming processes and feed 
conditions. This catalyst was crushed and sieved to a particle size in the 
0.4–0.8 mm range, for the purpose of obtaining a good fluidization 
regime in the reforming step. In previous studies, the catalyst was 
characterized in detail by N2 adsorption-desorption (Micromeritics ASAP 
2010) and temperature programmed reduction (TPR) (Micromeritics 
AutoChem 2920). The catalyst has a low BET surface area (19 m2 g− 1) 
and pore volume (0.04 cm3 g− 1). The reduction temperature of the 
catalyst was established at 710 ◦C following the results obtained in the 
TPR analysis, ensuring full reduction of NiO and NiAl2O4 spinel phases. 
A 10 vol% H2 in N2 stream was used for the reduction of the catalyst 
during 4 h. More details about the characterization and properties of the 
catalyst can be found elsewhere (Arregi et al., 2017; Santamaria et al., 
2020a). 

The textural properties of the deactivated catalysts were determined 
by N2 adsorption-desorption (Micromeritics ASAP 2010), following the 
same procedure as the one conducted in the fresh catalyst. Moreover, the 
amount of sulfur on the spent samples was quantified using a LECO 
CHNS-932 elemental analyzer. 

X-ray powder diffraction (XRD) patterns of both fresh (reduced) and 
deactivated catalysts were obtained in a Bruker D8 Advance diffrac
trometer, and the Ni crystallite size was estimated based on the Debye 
Scherrer equation. 

The deactivated catalysts were also characterized by temperature 
programmed oxidation (TPO) analysis in a TA Instruments TGA Q5000IR. 
Firstly, the sample was thermally treated with a N2 stream (50 mL 
min− 1) at 200 ◦C for 20 min in order to remove the water contained in 
the sample. Temperature was then reduced to 100 ◦C, and the N2 flow 
was replaced with air (50 mL min− 1), keeping these condition for 5 min 
until the signal was stabilized. Subsequently, the sample was oxidized 
with an air flow of 50 mL min− 1 from 100 ◦C to 800 ◦C and kept at that 
temperature for another 30 until full coke combustion. The same pro
cedure was followed for the fresh reduced catalyst in order to account 
for the mass gain derived from the metal oxidation. In addition, trans
mission electron microscopy (TEM) images were obtained in a Philips 
CM200 apparatus in order to draw information about the location and 
nature of the coke. 

2.2. Reaction equipment and experimental conditions 

The general scheme of the pilot plant used in the pyrolysis-reforming 
process is shown in Fig. 1. It has been developed based on previous 
studies by the research group, in which the unit performed well in the 
pyrolysis and in line steam reforming of biomass, plastics, and biomass/ 
plastic mixtures (Arregi et al., 2017, 2018b; Barbarias et al., 2016). The 
bench scale plant consists of the following components: feeding devices 
for solid, gas and water streams, reaction units, the product separation 
system and devices for the analysis of the outlet gaseous stream. 

The solid feeding dispenser consists of a dosage cylinder provided 
with a piston and a vibrator. The different feeds (pine wood, citrus waste 
or rice husk) are loaded into the dispenser through an inlet located at the 
top of the feeding system. The piston pushes the solid towards the top of 
the feeding dispenser, where it falls into the reactor through a cooled 
tube. Different gases (N2 and H2) can also be fed into the lower part of 
the pyrolysis reactor, i.e., N2 as an inert gas, and H2 for the reduction of 
the catalyst prior to use in the reforming step. Water is fed into the 
system by means of a Gilson 307 positive displacement pump and 
vaporized by an evaporator prior to entering the reactor. 

The main elements of the reaction system are the conical spouted bed 
reactor (CSBR) for the pyrolysis of the biomasses and the fluidized bed 
reactor (FBR) for the in line steam reforming of the volatiles produced in 
the pyrolysis reactor. The pyrolysis reactor is a CSBR, which has a lower 
conical section and an upper cylindrical one. The specific dimensions of 
the CSBR, which can be found elsewhere (Arregi et al., 2016), ensure the 
stability of the bed with a great versatility involving operating condi
tions. This versatility allows working with a wide range of gas flow rates. 
Thus, high gas flow rates lead to high particle velocities, and therefore 
high turbulence, avoiding the segregation in the bed. Moreover, the char 
formed is continuously removed from the pyrolysis reactor by means of a 
lateral outlet pipe to avoid its accumulation in the bed. The operating 
conditions used in the runs were established based on the prior knowl
edge by the research group (Amutio et al., 2012; Arregi et al., 2016, 
2018b), and are as follows: pyrolysis temperature, 500 ◦C (the optimum 
one to maximize bio-oil production); biomass flow rate, 0.75 g min− 1; 
water flow rate, 3 mL min− 1; sand mass, 30 g; and sand particle size, 
0.30–0.35 mm. Furthermore, the FBR is a cylindrical reforming reactor 
made up of stainless steel, with an internal diameter of 38.1 mm and a 
length of 440 mm. Likewise, based on previous parametric and hydro
dynamic studies, the following operating conditions were selected: 
reforming temperature, 600 ◦C; space time, 20 gcatalyst min gvolatiles

− 1 ; 
steam/biomass ratio (S/B), 4; catalyst particle size, 0.40–0.80 mm; and 
sand particle size, 0.30–0.35 mm. 

The product separation system consists of a cyclone and a filter. The 
cyclone is placed between the CSBR and FBR in order to remove the char 
and sand particles and the filter is located after the FBR in order to 
remove the fine catalyst particles formed by attrition and entrained from 
the bed. Furthermore, the unit is provided with a pressure gauge, which 
detects increases in pressure drop caused by filter clogging, and there
fore the need for its replacement. Both reactors, the cyclone and the 
filter are located inside an oven in which a temperature of 300 ◦C is 
maintained. This oven avoids the condensation of heavy compounds 
upstream and downstream the FBR, which is essential to avoid the 
condensation of volatile products (especially in the outlet stream) prior 
to the chromatographic analysis. In addition, the system for gas-liquid 
separation consists of a condenser made up of double shell tube and a 
coalescence filter to retain the micro-droplets (fog) in the gaseous 
stream. 

2.3. Product analysis 

The products obtained in the pyrolysis of different biomasses were 
analyzed prior to reforming. The gases and liquid products were 
analyzed by on-line chromatographic techniques. On the one hand, in 
order to quantify the products, the sample was first diluted with an inert 

Table 2 
Chemical analysis of the ash (wt%).  

Feedstock Pine wood Citrus waste Rice husk 

SiO2 8.84 0.29 98.02 
Al2O3 2.38 0.33 0.52 
Fe2O3 2.30 0.09 0.11 
MnO 2.46 – 0.01 
MgO 10.44 4.78 0.11 
CaO 32.34 29.47 0.23 
Na2O 1.93 1.98 0.10 
K2O 11.30 30.9 0.38 
TiO2 0.11 0.02 0.02 
P2O5 2.55 8.34 0.08 
SO3 3.59 3.46 –  
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gas, then mixed with 0.05 mL min− 1 of an internal standard (cyclo
hexane, Panreac, 99.5%) and, finally, injected into a gas chromatograph 
GC Varian 3900 by means of a line thermostated at 280 ◦C. This GC is 
equipped with a sampling valve (6-port valves), an injector (split/ 
splitless type), a HP-Pona column and a flame ionization detector (FID). 
Besides, FID response factors determined in previous studies were used 
in the GC for the quantification of the bio-oil compounds, which 
correspond to different bio-oil families, such as phenols, ketones, alde
hydes and saccharides, among others (Alvarez et al., 2018). Moreover, 
the identification of these compounds was carried out by means of a gas 
chromatograph-mass spectrometer (GC-MS Shimadzu QP-2010S) by 
analyzing the collected liquid using a similar column as in the GC. A 
detailed description of all analytical devices is provided in the Supple
mentary information. Furthermore, a gas micro-chromatograph (GC 
Varian 4900) was used for the analysis of the permanent gases (H2, CH4, 
CO, CO2 and C2–C3), which was equipped with three channels and three 
analytical modules, as well as the injector, column and detector. Finally, 
the mass balance was closed by weighing the char collected by the 
lateral outlet. 

The condensable volatile components and permanent gases obtained 
in the pyrolysis-reforming runs were analyzed in-line by a gas chro
matograph (GC Varian 3900) and gas micro-chromatograph (GC Varian 
4900), respectively, described above. Samples of the volatile stream 
were extracted prior to condensing the reforming product stream, 
whereas the sampling point of the permanent gases was located after the 
condensation system. Moreover, the runs have been repeated at least 3 
times under the same experimental conditions in order to ensure 
reproducibility of the results. Standard deviations of the results were 
determined from these runs. 

2.4. Reaction indices 

The main reaction indices for the monitoring of the process are as 
follows: conversion, the yields of C containing products and H2, the 
production of H2 and gaseous stream, and the amount of steam reacted.  

• Conversion (X, %): It is defined as the C moles recovered in the 
gaseous product stream (Cgas) over those fed into the reforming step 
(Cvolatiles). 

X (%) =
Cgas

Cvolatiles
⋅100 (1)    

• C containing product yields (Yi, %): They are defined as the molar flow 
rate of C moles contained in each product i (Fi) over the molar flow 
rate of C in the volatile stream entering the reforming reactor 
(Fvolatiles). 

Yi(%) =
Fi

Fvolatiles
⋅100 (2)    

• H2 yield (YH2, %): It is defined as the percentage of the maximum 
allowed by stoichiometry, with FH2 and FH2

0 being the H2 molar flow 
rate obtained in the run and that calculated by stoichiometry, 
respectively: 

YH2 (%) =
FH2

FH2
0 ⋅100 (3)    

• H2 production (PH2, wt%): It is defined as the ratio between the mass 
flow rate of H2 produced (mH2) and the mass flow rate of biomass fed 
into the pyrolysis reactor (m0). 

PH2 (wt%) =
mH2

m0
⋅100 (4)    

• Gas production (Pgas, wt%): It is defined as the ratio between the mass 
flow rate of gas produced (mgas) and the mass flow rate of biomass 
fed into the pyrolysis reactor (m0). 

Pgas(wt%) =
mgas

m0
⋅100 (5)  

Fig. 1. Continuous bench scale plant for biomass pyrolysis and in line steam reforming.  
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• Reacted steam (Rsteam, wt%): It is the amount of steam reacted in the 
reforming reaction by mass unit of the biomass fed into the process. 

Rsteam(wt%) =
msteam

m0
⋅100 (6) 

In order to study the effect that biomass type has on the catalysts 
activity and stability, the following main reactions were considered:  

• Steam reforming of oxygenate compounds derived from biomass: 

CnHmOk +(n − k)H2O → nCO + (n+m / 2 − k)H2 (7)    

• Water Gas Shift (WGS): 

CO+H2O ↔ CO2 + H2 (8)    

• Methane steam reforming: 

CH4 +H2O ↔ CO + 3H2 (9)    

• Cracking of oxygenate compounds (secondary reaction): 

CnHmOk → oxygenates+ hydrocarbons+CH4 +CO + CO2 (10)  

3. Results and discussion 

3.1. Effect of biomass type on the distribution of pyrolysis products 

3.1.1. Pyrolysis product yields 
In order to evaluate the role played by biomass nature in the 

reforming step performance, the products obtained in the pyrolysis step 
were studied in detail. Biomass pyrolysis products were grouped into 
three different fractions: gas, liquid (bio-oil) and solid (char). Fig. 2 
shows the effect that biomass type has on product distribution. The 
highest bio-oil yield was achieved when pine wood waste was in the 
feed, i.e., a bio-oil yield of 75.3 wt%. The pyrolysis of rice husk led to 
lower bio-oil yields (69.0 wt%) due to the higher char yield, which is 
directly related to the high ash (mainly silica) content of rice husk. 
Nevertheless, the difference is not considerable, as both biomasses are 
lignocellulosic. Regarding the the bio-oil yield obtained in the pyrolysis 
of citrus wastes (54.9 wt%), it was significantly lower than that in the 
pyrolysis of lignocellulosic biomasses. These differences are explained 
by the presence of pectin in the orange peel, whose thermal decompo
sition leads to high char yields (Aburto et al., 2015; Chen and Chen, 
2009; Einhorn-Stoll and Kunzek, 2009; Ge et al., 2015; Sharma et al., 
2001). Furthermore, the high bio-oil yields obtained in all cases are 
attributable to the excellent performance of the CSBR, i.e., it allows 
attaining short residence times of the volatiles and high heat and mass 

transfer rates. Consequently, devolatilization reactions are promoted 
and, in turn, secondary cracking reactions are minimized (Alvarez et al., 
2014, 2018). The studies in the literature using other technologies under 
similar operating conditions report bio-oil yields in the 60–75 wt% 
range with pine wood wastes (Garcia-Perez et al., 2008; Oasmaa et al., 
2010), in the 35–53 wt% range with citrus fruit wastes (Aguiar et al., 
2008; Miranda et al., 2009) and in the 47–56 wt% range with rice husk 
(Guo et al., 2011; Heo et al., 2010). Concerning gas and char yields, the 
highest ones were obtained when citrus wastes were valorized (15.8 and 
29.3 wt%, respectively). Nevertheless, the other two lignocellulosic 
biomasses led to similar gas and char yields: 7.3 and 17.3 wt% for pine 
wood and 5.8 and 25.2 wt% for rice husk, respectively. The mentioned 
differences in the pyrolysis product distribution have a remarkable 
impact on the H2 production potential in the subsequent reforming step. 
Thus, the high char yields obtained in the pyrolysis of citrus wastes and 
rice husk hinder an efficient carbon reforming. 

3.1.2. Pyrolysis product composition 
Table 3 shows the detailed product distribution obtained in the py

rolysis of pine wood waste, citrus waste and rice husk and the main 
compounds of each fraction. Concerning gas composition, the gaseous 
fraction is mainly made up of CO and CO2. CO2 yield is considerably 
higher in the case of citrus waste compared to pine wood and rice husk. 
This trend is explained by the high CO2 yield obtained in the pyrolysis of 
pectin (Aburto et al., 2015; Sharma et al., 2001) because pectin is 
basically made up of acids with carboxyl groups, which are removed by 
decarboxylation reactions and lead to higher amounts of CO2 than in 
lignocellulosic biomasses. In the latter case, hemicellulose is the main 
responsible for CO2 formation (Aburto et al., 2015; Yang et al., 2007). 
The yields of other compounds, such as C1–C4 hydrocarbons and H2, are 
low in the pyrolysis of all kind of biomasses, with their overall value 
being below 10% the total amount of gas. 

The most relevant differences are those related to bio-oil composi
tion. The main compound of the bio-oils obtained with the feedstocks 
studied is water (yields between 22.4 and 25.4%), which accounts for 
33.7, 40.8 and 33.4% of the total amount of the liquid in the pyrolysis of 
pine wood, citrus waste and rice husk, respectively. This water comes 
from the moisture of the biomass, as well as from the pyrolysis process 
by dehydration reactions (Amutio et al., 2012). Besides, higher amounts 
of water are produced in the pyrolysis of citrus wastes due to the water 
produced in the pyrolysis of the pectin contained in orange wastes 

Fig. 2. Effect of biomass type on pyrolysis product distribution.  

Table 3 
Yields of gas, liquid and solid fractions (wt%) in the pyrolysis of different 
agroforestry biomass wastes.  

Fraction Compound Pine wood Citrus waste Rice husk 

Gas  7.33 15.78 5.85  
CO2 3.27 12.31 2.55  
CO 3.38 2.72 2.95  
Others 0.68 0.75 0.35 

Bio-oil  75.33 54.90 68.99  
Acids 2.73 3.33 7.03  
Aldehydes 1.93 – 1.98  
Alcohols 2.00 2.60 –  
Ketones 6.37 7.68 7.55  
Phenols 16.49 0.94 9.00  

Alkyl-phenols 1.80 0.48 3.38  
Catechols 7.16 0.46 3.07  
Guaiacols 7.53 - 2.55  

Ethers – – 2.42  
Carboxylic Anhydrides – – 0.91  
Furans 3.32 11.79 4.62  
Saccharides 4.46 1.58 1.10  
Nitrogenated compounds – 0.28 1.45  
Hydrocarbons – 0.01 –  
Others 0.06 – –  
Unidentified 12.61 4.29 9.92  
Water 25.36 22.40 23.01 

Char  17.34 29.32 25.16  
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(Aburto et al., 2015). 
The bio-oil obtained in the pyrolysis of pine wood is mainly 

composed of phenols, which stem from the depolymerization of lignin 
macromolecules (Amutio et al., 2012), with their yield being of 16.49 wt 
%. This phenolic fraction is mainly composed of guiacols (7.53 wt%) and 
catechols (7.16 wt%), with a low yield of alkyl-phenols (1.80 wt%). 
Ketones are another relevant group in the pinewood bio-oil with a yield 
of 6.37 wt%, which stem from condensation reactions of the 
carbohydrate-derived fraction (Mohan et al., 2006) and decomposition 
of miscellaneous oxygenates, sugars and furans (Jacobson et al., 2013). 
A similar trend is observed in the pyrolysis of rice husk, given that 
phenols (9.00 wt%) and ketones (7.55 wt%) are also the main com
pounds of the bio-oil. However, the distribution of phenolic compounds 
obtained in the rice husk bio-oil differs from that in the pine wood one, 
with the yield of catechols, guaicols, and alkyl-phenols being 3.07 wt%, 
2.55 wt% and 3.38 wt%, respectively. Pine wood derived bio-oil has a 
higher amount of saccharides, accounting for 4.46 wt% (mainly 
composed of levoglucosan), and a lower one of acids (2.73 wt%) 
compared to rice husk (1.10 and 7.03 wt% for saccharides and acids, 
respectively). The presence of nitrogenated compounds in the rice husk 
derived bio-oil is noteworthy, with their yield being 1.45 wt%. Never
theless, the composition of the bio-oil obtained in the pyrolysis of citrus 
wastes is totally different. Furans are the main compounds obtained 
after water, with their yield being 11.79 wt% and furfural as the main 
compound. Ketones are the third prevailing lump with a yield of 7.68 wt 
% with acetone being the main compound in this group. The yield of 
acids (3.33 wt%) is also slightly higher than in the bio-oil from pine 
wood (2.73 wt%), whereas the yield of phenols is 0.94 wt%, which is 
extremely low compared to the bio-oil from pine wood and rice husk. 
Moreover, nitrogenated compounds are also evident in the bio-oil from 
citrus wastes, but with a lower yield compared to the one obtained from 
rice husk (0.28 wt% and 1.45 wt%, respectively). 

The utilization of the char obtained from the pyrolysis of different 
agroforestry biomass wastes may improve the economic feasibility of the 
process (Windeatt et al., 2014). Thus, the char obtained in the pyrolysis 
of pine wood sawdust can be used as fuel, active carbon (after activation 
processes) or for soil amendment (Amutio et al., 2012), whereas the one 
obtained in the citrus wastes pyrolysis is more adequate to use as a fuel 
due to the high calorific value and low surface area (Alvarez et al., 
2018). In the case of the char from rice husk, it has a high silica content, 
apart from the carbonaceous fraction. Therefore, it may be used for the 
production of either activated carbon by upgrading the carbonaceous 
fraction or high purity silica by controlled combustion after acid treat
ment (Alvarez et al., 2014). 

3.2. Influence of the biomass type on the reforming step performance 

3.2.1. Catalyst performance at zero time on stream 
The volatiles (gas and bio-oil) obtained in the first pyrolysis step 

were fed in line into the second reforming step. Fig. 3 displays the initial 
conversion of pyrolysis volatiles and the H2 production at zero time on 
stream. Although high conversions were obtained in all cases (>99.7%) 
and the effect of the feedstock on conversion was therefore negligible 
due to the relatively high space time used, the influence on H2 pro
duction was more significant and decreased as follows: pine sawdust 
(11.2 wt%) > rice husk (10.0 wt%) > citrus waste (6.7 wt%). This trend 
is explained by the different amount of volatiles transferred into the 
reforming reactor. Thus, although the H2 concentration in the gas is 
similar for all the feedstocks studied (around 66 vol%), the amount of 
gases produced changes depending on the feedstock. The reforming of 
the pyrolysis volatiles from pine sawdust and rice husk led to gas pro
ductions of 132.2 wt% and 119.5 wt% (based on the biomass fed into the 
pyrolysis process), respectively, whereas the citrus waste pyrolysis only 
produced 82.5 wt%. The gas produced is closely related to the amount of 
carbon contained in the pyrolysis volatiles, and therefore the steam 
reacted in the reforming process, which accounts for 49.7, 12.6 and 44.5 

wt% in the reforming of pine wood, citrus waste and rice husk, respec
tively. Thus, the lowest gas production was obtained when citrus waste 
was valorized, since the carbon retained in the char is higher than in the 
case of the other feedstocks, and the amount of carbon to be reformed in 
the reforming step is therefore much lower. Likewise, Gao et al. (2018) 
obtained a maximum H2 production of 10.5 wt% at 700 ◦C in the 
pyrolysis-reforming of rice husk. Moreover, papers dealing with the 
valorization of different agricultural biomass wastes report a H2 pro
duction of 5.1 wt% from palm shell kernels (Akubo et al., 2019), 4.0 to 
6.1 wt% from rice husk (Waheed et al., 2016), and 4.0 wt% from wood 
sawdust (Dong et al., 2017). 

Fig. 4 displays the effect that feed nature has on the initial product 
yields. As observed, H2, CO2 and CO are the main compounds of the gas 
produced. Similar initial H2 yields were obtained for all the biomasses 
studied, with their values being in the 93.5–96.4% range. Gao et al. 
(2018) reported H2 yields of up to 81.1% of the stoichiometric one in the 
reforming of rice husk pyrolysis volatiles. Higher discrepancies are 
observed in the CO2 and CO yields. The pyrolysis-reforming of citrus 
wastes led to the highest CO2 yield (94.4%) and lowest CO yield (5.1%), 
whereas the lowest CO2 yield (88.6%) and highest CO yield (10.6%) 
were attained when pine wood was valorized. As aforementioned, this 
trend is explained by the different nature of the feedstock, with the 
higher CO2 produced in the citrus wastes being due to the pyrolysis of 
the pectin contained in this waste (Aburto et al., 2015; Zhou et al., 
2011). Nevertheless, the reforming of rice husk pyrolysis volatiles pro
duced CO2 and CO yields of 92.8 and 6.8%, respectively, which are half 
way between those obtained for pine wood and citrus wastes. The yields 
of CH4 and C2–C3 hydrocarbons at zero time on stream were negligible, 

Fig. 3. Conversion and H2 production at zero time on stream in the pyrolysis- 
reforming of agroforestry biomass wastes. 

Fig. 4. Gaseous products yields at zero time on stream in the pyrolysis- 
reforming of agroforestry biomass wastes. 
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with their maximum values being of 0.56% for pine sawdust valoriza
tion and 0.09% for citrus waste valorization, respectively. 

Regarding gas composition (Fig. 5), H2 concentration in the gas was 
similar for all the feedstocks studied, which is around 66 vol% of the gas. 
Moreover, CO2 and CO concentrations follow the same trend as CO2 and 
CO yields, i.e., the highest CO2 (32.7 vol%) and lowest CO (1.8 vol%) 
concentrations were obtained in the reforming of citrus waste pyrolysis 
volatiles, whereas the lowest CO2 (30.2 vol%) and highest CO (3.6 vol%) 
concentrations corresponded to the reforming of pine sawdust pyrolysis 
volatiles. As aforementioned, this fact is related to the different pyrolysis 
volatile composition that reaches the reforming reactor; that is, the 
highest CO2 yield is attained in the pyrolysis of citrus wastes (Table 3). 
As in the case of product yields, CH4 and C2–C3 concentrations in the gas 
were negligible in all cases. 

Similar results have also been obtained in the literature for the py
rolysis and in line reforming of rice husk, with H2 concentrations 
ranging between 61.3 and 65.2 vol% (Chen et al., 2011; Pan et al., 2012; 
Waheed et al., 2016). A lower H2 concentration was obtained by 
Al-Rahbi and Williams (2019) with waste wood pellets as feedstock, i.e., 
a maximum H2 concentration of 29.7 vol%. Nevertheless, the maximum 
H2 concentration obtained by Akubo et al. (2019) in the 
pyrolysis-reforming of sugarcane was 59.2 vol%. 

3.2.2. Evolution of catalyst performance 
In order to show the activity and stability of the reforming catalysts 

when different biomass feedstocks were treated in the pyrolysis- 
reforming process, the evolution of conversion and H2 production is 
displayed in Fig. 6. As observed, although the initial conversion was 
similar for the three feedstocks studied, their evolution with time on 
stream was very different. The reforming of pine wood pyrolysis vola
tiles led to an initial conversion of 99.7% which was maintained almost 
steady until 60 min on stream. Afterwards, conversion decayed sharply 
to 57.2% when operation was conducted for 106 min on stream. In the 
case of citrus waste valorization, a stable conversion was observed for 
the first 25 min of reaction, and then decreased almost linearly with 
time. Finally, when rice husk was valorized, a sharp drop in volatile 
conversion was evident from the beginning of the reaction until 70 min 
on stream. For longer reaction times, conversion stabilized at around 
47.5%. The differences in catalyst deactivation are related to the 
composition of the pyrolysis volatile stream fed into the reforming step, 
which heavily depends on the feedstock used. Besides, the lower bio-oil 
yield to be reformed when rice husks (69.0%) and, especially, citrus 
wastes (54.9%) were used rather than pine wood (75.3%), are evidence 
of the high influence of the bio-oil composition on catalyst stability 
(Fig. 2). 

A similar trend as that of conversion was also observed for H2 

production in Fig. 6. Nevertheless, the total amount of H2 obtained 
depended on the feedstock. Thus, when operation was conducted for 
106 min on stream, H2 production decreased from 11.2 to 5.7 wt%, from 
6.7 to 1.3 wt% and from 10.0 to 1.1 wt% when the pyrolysis volatiles of 
pine wood, citrus waste and rice husk, respectively, were reformed. 
Furthermore, the drop in H2 production was much more pronounced for 
citrus waste and rice husk than for pine wood. Thus, in the former cases, 
it decreased by 80.6 and 89.0%, respectively, whereas in the latter 
decreased by 49.1%. A similar trend for the evolution of conversion and 
H2 production was also observed in the pyrolysis-reforming of pine 
wood sawdust on a self-prepared Ni/Al2O3 catalyst (Santamaria et al., 
2020a). It is to note that although the reforming of pyrolysis volatile 
streams corresponding to different kinds of biomasses has been studied 
in the literature, the loss of catalyst activity has not been extensively 
studied under continuous operation. 

Fig. 7 displays the evolution of product yields with time on stream for 
the reforming of different agroforestry wastes. H2 yield decreased with 
time on stream from 93.5 to 46.4%, from 96.4 to 21.7% and from 95.8 to 
11.1% for pine wood, citrus waste and rice husk, respectively, due to 
catalyst deactivation in the reforming and WGS reactions (Santamaria 
et al., 2020a). The decay of H2 yield with time on stream followed the 
same trend as conversion. Regarding CO2 yield, it decreased from 88.6 
to 48.0%, from 94.4 to 41.6% and from 92.8 to 22.6% in the reforming 
of the volatile streams from pine wood, citrus waste and rice husk, 
respectively. Thus, the deactivation of the catalyst led to lower activity 
for the WGS reaction, which was particularly significant for citrus 
wastes and, especially, for rice husk. As observed in Fig. 7, the CO yield 
obtained when operation was conducted for 106 min on stream (the 
catalyst was significantly deactivated) was much higher in the reforming 
of the pyrolysis volatiles from rice husk (17.6%) than from pine wood 
(7.7%) and citrus wastes (11.3%), which is explained by the higher 
deactivation of the catalyst for the WGS reaction in the former case. The 
yields of CH4 and C2–C3 hydrocarbons increased considerably with time 
on stream for the three feedstocks studied, which is evidence of catalyst 
deactivation for the reforming reaction and their production by sec
ondary cracking reactions (Bimbela et al., 2013; Fu et al., 2014). Their 
values increased from 0.56 to 1.00% and from 0.04 to 0.44%, respec
tively, in the reforming of pine wood pyrolysis volatiles, especially in the 
last stages of the reaction. The increase in their yields was even more 
pronounced for citrus waste and rice husk, with the trends being similar 
for both feedstocks. The highest yields of CH4 and C2–C3 hydrocarbons 
were obtained at the end of the run (106 min on stream) and they 
accounted for 3.89 and 5.03% yields for citrus waste and 3.42 and 
3.68% for rice husk valorization, respectively, which are much higher 
than those obtained for pine wood. This is evidence that secondary 
cracking reactions are becoming more significant than reforming and 
WGS reactions when the catalyst is highly deactivated, especially for 
citrus waste and rice husk. 

The evolution of gas composition with time on stream is shown in 
Fig. 8 for the reforming of different biomass pyrolysis volatiles. 
Although catalyst activity decreased with time on stream and the total 
amount of gas produced was therefore lower, the composition of the gas 
produced in the reforming of pine wood pyrolysis remained almost 
constant. This means that almost all the gases are produced by reform
ing, and secondary reactions, namely, cracking, decarboxylation, and 
decarbonilation are therefore of minor significance. Thus, H2 and CO2 
concentrations were in the 66.1–63.5 vol% and 30.2–30.8 vol% ranges, 
whereas CO, CH4 and C2–C3 hydrocarbon concentrations increased 
slightly from 3.6 to 4.9 vol%, from 0.2 to 0.6 vol% and from 0 to 0.1 vol 
% ranges, respectively. Fig. 8b shows the concentration of the gas ob
tained with time on stream in the pyrolysis-reforming of citrus waste. As 
observed, its trend was very different from that of pine wood. Thus, the 
concentration of H2 decayed sharply from 65.4 to 38.5 vol%, and those 
of CO2 and CO increased from 32.7 to 43.4 vol% and from 1.8 to 11.8 vol 
%, respectively, for 106 min on stream. It should be noted that high CO 
and CO2 concentrations were obtained when the catalyst was 

Fig. 5. Gas composition at zero time on stream in the pyrolysis-reforming of 
agroforestry biomass wastes. 
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deactivated, which is due to secondary cracking reactions. The evolution 
of the gas composition with time on stream for rice husk valorization 
(Fig. 8c) shows a similar trend as that obtained for citrus waste pyrolysis- 
reforming process. H2 concentration decreased considerably from 66.2 
to 31.7 vol%, revealing the lower extension of reforming reactions (Eq. 
(7)) when rice husk was used as feedstock. Furthermore, CO2 concen
tration was almost constant for the whole run, in the 31.3–34.1 vol% 
range, whereas a sharp increase in CO concentration was observed from 
2.3 to 26.6 vol%, which is evidence of catalyst deactivation for the WGS 
reaction. Finally, the concentrations of CH4 and C2–C3 hydrocarbons 
increased, even though they were much lower than those of other 
compounds, in the 0.2–5.2 vol% and 0–2.4 vol% ranges, respectively. 

As previously mentioned, the composition of the pyrolysis volatile 
stream changes depending on the feedstock, which greatly influences 
catalyst stability in the reforming step. In this regard, the bio-oil derived 
from pine wood had a higher content of phenols (especially guaicols and 
catechols) and saccharides than that from citrus waste and rice husk. 
These compounds are well known for being the main coke precursors in 
the steam reforming of biomass derived compounds (Fernandez et al., 
2022b; Ochoa et al., 2017; Remón et al., 2015). However, despite the 
bio-oils derived from citrus waste and rice husk had much lower con
centrations of these compounds, the deactivation rate of the catalysts 
involved was significantly higher than in the reforming of pine wood 
pyrolysis volatiles. In the case of citrus waste, furans (mainly furfural) 
were the main compounds in the bio-oil. In this regard, furfural has been 
reported to cause severe catalyst deactivation in steam reforming re
actions (Remón et al., 2015; Trane-Restrup and Jensen, 2015). Con
cerning the rice husk derived bio-oil, the high yield of carboxylic acids 
(7.03 wt%) greatly influences the stability of the catalysts due to their 
low reactivity in reforming reactions (Li et al., 2018; Remón et al., 

2015). Furthermore, the presence of N-containing species in the bio-oils 
from both citrus waste and rice husk (0.28 and 1.45 wt%, respectively), 
may involve a high catalyst deactivation rate (Ren et al., 2021). Thus, 
the N contained in the biomass feedstock was converted during the 
pyrolysis process in N-containing compounds, namely, pyrrole-N, pyr
idine-N and nitrile-N, which can be further decomposed into NOx pre
cursors (mainly NH3, HCN and HNCO) (Cao et al., 2014; Chen et al., 
2023; Leppälahti, 1995). The distribution of these products depends on 
the chemical composition of the feedstock and reaction temperature 
(Binte Mohamed et al., 2022; Torres et al., 2007), with NH3 formation 
being favored at low temperatures (Binte Mohamed et al., 2022; Chen 
et al., 2023). Moreover, it is well-established that Ni based catalysts are 
effective to convert HCN into NH3 by hydrogenation (Eq. (11)) and 
subsequent decomposition of NH3 into N2 and H2 (Eq. (12)) (Kumagai 
et al., 2017, 2020). 

HCN+ 3H2 → NH3 + CH4 (11)  

2NH3 → N2 + 3H2 (12) 

The reforming activity of Ni catalysts is compromised by this latter 
reaction due to the adsorption of NH3 on the Ni active sites (Binte 
Mohamed et al., 2022; Yin et al., 2020), which means that both NH3 
decomposition and reforming are competing reactions. This fact ex
plains the fast catalyst deactivation and the evolution of the yields and 
compositions of the products when citrus waste and, especially rice 
husk, were valorized. 

3.2.3. Discussion on the origin of catalyst deactivation 
Several research studies dealing with the pyrolysis and in line 

reforming of biomass (Nahil et al., 2013; Santamaria et al., 2019), 

Fig. 6. Evolution of conversion and H2 production with time on stream in the pyrolysis-reforming of pine wood (a), citrus waste (b) and rice husk (c).  
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reforming of oxygenated compounds (Vicente et al., 2014) and bio-oil 
reforming processes (Remiro et al., 2013) have reported metal sinter
ing and, especially, coke deposition, as the main cause of catalyst 
deactivation. Moreover, reforming catalysts may also be deactivated by 
oxidation of the metal active phase or by poisoning due to the presence 
of inorganic impurities in the biomass, such as sulfur, organic nitrogen 
compounds, phosphates or chloride species (Ashok et al., 2019). It 
should be noted that, frequently, the combination of more than one of 
the above mechanisms is responsible for the catalyst deactivation. 

In order to identify the main causes of catalyst deactivation, the 
spent catalyst samples were characterized by N2 adsorption–desorption, 
XRD, ultimate analysis, TPO, and TEM images. Table 4 shows the 
textural properties of the fresh reduced and deactivated catalysts. As 
observed, there was a decrease in the specific surface area and pore 
volume in all the samples due to the blockage of the catalyst pores by 
coke deposition, whereas the mean diameter of the catalyst pores 
increased by the blockage of the smaller pores. In the case of pine wood, 
this blockage was less pronounced (BET surface area slightly decreases 
from 19.0 m2 g− 1 to 17.1 m2 g− 1) and did not lead to a complete clogging 
of the catalyst surface. However, when citrus waste and rice husk were 
valorized, a more severe blockage was observed in both deactivated 
samples, leading to a considerable reduction in SBET and pore volume 
(SBET decreased from 19.0 to 6.4 and 6.0 m2 g− 1 and pore volume from 
0.111 to 0.028 and 0.026 cm3 g− 1 for citrus waste and rice husk, 
respectively). These results suggest that a different type of coke was 
deposited on the catalysts when pine wood or citrus waste and rice husk 
are used as feedstock. Moreover, the full blockage of the catalyst pores 
observed in the citrus waste and rice husk valorization may be related to 
the rapid loss of catalyst activity (Fig. 6). Thus, this drastic blockage of 
the support pores hinders the access of the reactants to the active sites, 

involving the fast deactivation of the reforming catalyst. 
Fig. 9 shows the XRD profiles of both fresh reduced and deactivated 

catalysts when different biomasses were valorized by the pyrolysis- 
reforming process. This analysis was conducted in order to ascertain, 
on the one hand, any possible change in the metallic structure of the 
samples and, on the other hand, whether metal sintering occurred 
leading to catalyst deactivation. As observed, there are no significant 
differences in the profiles, with all showing typical diffraction peaks 
corresponding to Ni0, CaAl2O4, Al2O3, CaO(Al2O3)2 and CaAl12O19. It is 
to note that NiO crystalline phase was not detected in any of the XRD 
patterns, which discards oxidation of Ni0 sites as the main cause of 
catalyst decay in all the runs. Moreover, the Ni0 crystallite size in all 
samples was determined by Debye-Scherrer equation at 2θ = 52◦. The 
fresh catalyst showed a Ni0 crystallite size of 25 nm, whereas a similar 
slight increase was observed in all the catalysts deactivated for 106 min 
on stream. Thus, it may be concluded that catalyst decay is not due to Ni 
sintering. 

Ultimate analysis of the deactivated samples was conducted in order 
to determine the possible amount of sulfur in the catalyst. As previously 
mentioned, the impurities in each type of biomass may lead to a fast 
catalyst deactivation. It is to note that most of these compounds 
remained in the char produced in the first pyrolysis step, which, as 
stated before, was continuously removed by a lateral outlet (Fig. 1). The 
results show that the amount of sulfur in the catalysts decreases as fol
lows: Citrus waste (0.32 wt%) > Rice husk (0.25 wt%) > Pine wood 
(0.21 wt%.). This means that the concentration of sulfur compounds in 
the volatile stream accounts for 2.69 ppmv for the pine wood, 3.60 ppmv 
for the rice husk and 6.74 ppmv for the citrus wastes. Furthermore, it has 
been reported that small concentrations of sulfur compounds may 
significantly affect the catalyst performance during steam reforming 

Fig. 7. Evolution of product yields with time on stream in the pyrolysis-reforming of pine wood (a), citrus waste (b) and rice husk (c).  

A. Arregi et al.                                                                                                                                                                                                                                   



Journal of Environmental Management 347 (2023) 119071

10

reactions (Koningen and Sjöström, 1998), especially when citrus wastes 
are valorized. However, given the low concentration of sulfur com
pounds in the volatile stream, poisoning of the metal active sites has not 
been considered as the main cause of catalyst decay. 

In order to analyze the coke deposited on the deactivated catalysts, 
temperature programmed oxidation (TPO) was conducted. This tech
nique allows determining both the amount of coke and its nature/ 
location on the catalyst surface. Thus, Fig. 10 shows the TPO profiles and 
Table 5 the coke content and average coke deposition rate obtained for 
the three feedstocks studied. As observed in Fig. 10, there are two clear 
peaks at 425 and 563 ◦C in the catalyst used for pine wood valorization, 
which correspond to two types of cokes differing in their structure and/ 
or location. The first peak corresponds to either an amorphous coke or 
one that is located on the Ni particles, whose combustion is promoted by 
Ni catalytic effect. The second peak is a structured coke and/or 

Fig. 8. Evolution of gas composition with time on stream in the pyrolysis-reforming of pine wood (a), citrus waste (b) and rice husk (c).  

Table 4 
Properties of the fresh and deactivated catalysts in the pyrolysis-reforming of 
agroforestry biomass wastes.  

Feedstock SBET
a Vpore

b dpore
b 

(m2 g− 1) (cm3 g− 1) (Å) 

Fresh catalyst 19.0 0.111 122 
Pine wood 17.1 0.101 243 
Citrus waste 6.4 0.028 208 
Rice husk 6.0 0.026 251  

a SBET: Specific surface area determined by Brunauer–Emmett–Teller (BET) 
method. 

b Vpore and dpore: pore volume and pore diameter distribution determined by 
Barret–Joyner–Halenda (BJH) method. 

Fig. 9. XRD patterns of the fresh reduced catalyst and those deactivated in the 
steam reforming of pyrolysis volatiles from agroforestry biomass wastes. 
Crystalline phases: ( ) CaO(Al2O3)2, ( ) Ni0, ( ) CaAl2O4, ( ) CaAl12O19, and 
( ) Al2O3. 
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deposited far from the Ni particles. Nevertheless, the TPO profiles ob
tained for citrus wastes and rice husk are different, since only one main 
peak is observed at low temperature and corresponds to amorphous 
coke. This type of coke has been reported as the main cause of catalyst 
deactivation, since it encapsulates Ni particles, hindering the access of 
reactants to the active sites (Landa et al., 2022; Santamaria et al., 
2020b). In the case of citrus waste valorization, the combustion of the 
amorphous coke occurs mainly at around 414 ◦C, even though a small 
peak appears at around 584 ◦C. This second peak is very low compared 
to the first peak, which is evidence of the different performance of the 
catalyst in the reforming process. A similar profile was obtained in the 
catalyst deactivated in the reforming of rice husk pyrolysis volatiles, 
with the main peak being at around 430 ◦C, which corresponds to the 
coke deposited on Ni metallic sites, and a small one at higher temper
ature. These results are consistent with the ones obtained in the N2 
adsorption-desorption technique, wherein a more severe blockage of the 
catalyst pores was observed in the catalysts used in the citrus waste and 
rice husk pyrolysis-reforming runs. 

Regarding the amount of coke and average deposition rate on the 
catalysts (Table 5), it is noteworthy that despite the lower deactivation 
rate observed in the pine wood run (Figs. 6 and 7), the highest amount of 
coke was deposited on this catalyst (4.65 wt% for pine wood vs. 2.91 wt 
% and 3.37 wt% for citrus waste and rice husk, respectively). These 
results are evidence of the higher influence of coke nature and location 
than its content on catalyst deactivation. Thus, although the same 

catalyst and operating conditions were used for the pyrolysis-reforming 
process with the three feedstocks, the composition of the pyrolysis 
volatile stream greatly influenced the type of coke deposited on the 
catalysts. Thus, a fast deactivation was observed when citrus waste and 
rice husk were valorized. 

In order to analyze the morphology of the coke deposited on the 
deactivated catalysts, transmission electron microscopy (TEM) was 
performed and the images are displayed in Fig. 11. The dark areas are 
ascribed to Ni particles and the grey shapes to the support. 

As observed, no specific morphology of the coke is evidenced in any 
catalyst, i.e., it corresponds to an amorphous coke. Therefore, the 
presence of filamentous coke was not observed, which is consistent with 
previous results in which biomass pyrolysis and in line steam reforming 
were analyzed (Arregi et al., 2018b; Santamaria et al., 2019). It is to note 
that the coke deposited on the catalysts used in the citrus waste and rice 
husk valorization (blurred spots) is clearly located on the Ni crystallite 
sites, thereby hindering the access of reactants to the active sites. These 
images are consistent with the results obtained by the N2 
adsorption-desorption technique (severe blockage of the catalyst pores 
in the catalysts used with citrus waste and rice husk) and by TPO (a 
single peak burning at low temperature ascribed to encapsulating coke). 
These results are evidence that, although the cokes in all the catalysts are 
of amorphous nature, their condensation degree and location, and 
therefore the blockage of Ni sites, is influenced by the composition of the 
volatile stream to be reformed. 

Accordingly, the main cause of catalyst decay in the pine wood 
valorization is coke deposition, with phenolic compounds, especially 
guiacols and catechols, being the main coke precursors. In the citrus 
waste and rice husk pyrolysis-reforming, catalyst deactivation may not 
be a consequence of a single mechanism, but the combination of mul
tiple factors. Accordingly, the composition of the volatiles derived from 
citrus waste and rice husk pyrolysis, with a high concentration of furans 
in the former case and N-containing compounds in both cases, may be 
responsible for the fast catalyst decay. On the one hand, these com
pounds lead to the formation of encapsulating coke, which severely 
blocks the catalyst pores, hindering the access of reactants to Ni sites. On 
the other hand, as mentioned above, the presence of N-containing im
purities in these bio-oils (0.28 and 1.45 wt% in citrus waste and rice 
husk, respectively) may involve the formation of NOx precursors, whose 
decomposition competes with the reforming reaction due to the 
adsorption of NH3 on Ni active sites, thereby leading to a fast catalyst 
deactivation. 

4. Conclusions 

The pyrolysis and in line steam reforming conducted in a conical 
spouted bed-fluidized bed configuration has proven to be a suitable and 
flexible strategy for the production of H2 from different agroforestry 
residues. 

The diverse composition of the pyrolysis volatiles, depending on the 
feedstock, involves significant differences in both the initial reaction 
indices and the catalyst stability throughout the reaction. Thus, 
although initial conversions were higher than 99% for the three bio
masses studied, the initial H2 production decreased as follows: Pine 
wood (11.2 wt%) > rice husk (10.0 wt%) > citrus waste (6.7 wt%). 
Moreover, the differences observed regarding catalyst deactivation are 
evidence of the high influence of bio-oil composition on catalyst sta
bility. Pine wood processing leads to full conversion for 60 min on 
stream followed by a sharp decrease. However, the valorization of citrus 
waste involves a severe deactivation subsequent to 25 min on stream, 
with this fact being even more pronounced when rice husk was valorized 
(volatile conversion sharply decreases from the beginning of the 
reaction). 

The assessment of the main deactivation causes allows excluding 
metal sintering or Ni active site oxidation as responsible of catalyst 
decay. Although sulfur poisoning may affect the catalyst performance, it 

Fig. 10. Temperature programmed oxidation (TPO) profiles of the catalysts 
deactivated in the pyrolysis-reforming of different agroforestry biomass wastes. 

Table 5 
Coke content (CC) and average coke deposition rate (rC) in the catalyst used in 
the pyrolysis-reforming of agroforestry biomass wastes.  

Feedstock Coke deposition 

CC (wt%) rC (mgcoke gcat
− 1 gbiomass

− 1 ) 

Pine wood 4.65 0.59 
Citrus waste 2.91 0.37 
Rice husk 3.37 0.42  

A. Arregi et al.                                                                                                                                                                                                                                   



Journal of Environmental Management 347 (2023) 119071

12

was also discarded due to the low concentration of sulfur compounds in 
the volatile stream. 

In all pyrolysis-reforming runs, coke deposition greatly affected the 
catalyst performance during the reaction. Furthermore, differences in 
the nature and location of the coke, due to differences in the pyrolysis 
volatile composition, had an influence on the reforming catalyst sta
bility. Thus, phenolic compounds, particularly guaiacols and catechols, 
are the main coke precursors in the pine wood valorization. However, 
the higher concentration of furans in the citrus waste bio-oil and N- 
containing compounds in the bio-oils from both citrus waste and rice 
husk, involve the formation of an encapsulating coke, which severely 
clogs the catalyst pores, and therefore leads to more severe deactivation 
than that deposited on the catalyst used in the pine wood pyrolysis- 
reforming. Although all the cokes deposited on the deactivated cata
lysts have an amorphous nature, coke nature and location rather than its 
content play a key role in catalyst deactivation. Moreover, the formation 
of NOx precursors from N-containing compounds in these pyrolysis 
volatiles competes with the reforming reaction by the adsorption of NH3 
on Ni active sites, thereby leading to fast catalyst deactivation. 

The results of this study involve a step further on the knowledge of 
the role played by bio-oil composition in the deactivation of the 
reforming catalysts and allow the proposal of future strategies for 
enhancing catalyst stability in the reforming stage. 
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