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ction from biomass by continuous
fast pyrolysis and in-line steam reforming

A. Arregi, G. Lopez, M. Amutio,* I. Barbarias, J. Bilbao and M. Olazar

The continuous fast pyrolysis (500 �C) of pine wood sawdust has been studied in a conical spouted bed

reactor (CSBR) followed by in-line steam reforming of the pyrolysis vapours in a fluidised bed reactor on

a Ni commercial catalyst. An analysis has been carried out on the effect reforming temperature in the

550–700 �C range, space time from 2.5 to 30 gcat min gvolatiles
�1 and steam/biomass ratio between

2 and 5 have on the pyrolysis volatile conversion, H2 yield and gaseous stream composition. The

continuous pyrolysis-reforming process has shown great potential for H2 production from biomass, with

no operational problems and allowing for full conversion of pyrolysis vapours. Thus, a maximum H2 yield

of 117 g per kg of biomass was obtained at 600 �C, at the highest space time studied (30 gcat min

gvolatiles
�1) and for a S/B ratio of 4. This yield is higher than those obtained by other alternatives, such as

direct steam gasification or bio-oil reforming. Moreover, the char produced in the pyrolysis step has

been continuously removed from the conical spouted bed reactor in order to be upgraded following

promising valorisation alternatives.
Introduction

The promotion of H2 as an energy carrier together with its
increasing demand as a fuel and raw material has generated
a growing interest for the development of renewable sources for
its production, in order to modify the current situation in which
around 96% of H2 is produced from fossil fuels, such as natural
gas, petroleum derivates or coal.1

The thermochemical conversion of biomass is an alternative
for the full-scale production of H2, and particularly gasication
has been widely studied.2 However, biomass gasication faces
several challenges related to the quality of the syngas obtained
and, especially, to its tar content, which causes serious opera-
tional problems due to the blockage by fouling of process
equipment3 and limits the applications of the syngas
produced.4

Another alternative to produce H2 from biomass that has
gained growing attention in recent years is the indirect route by
bio-oil reforming.5 Bio-oil is the liquid product obtained in the
biomass fast pyrolysis process, whose yield can reach 75 wt%
operating under suitable conditions.6,7 This strategy has certain
clear advantages compared to the direct gasication, such as
the remarkably lower process temperature, which gives way to
lower energy requirements and material costs,8 and the higher
energy density of the bio-oil compared to biomass, leading to
lower transport costs. However, the physical properties of the
bio-oil pose a serious drawback for this indirect route. Thus,
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bio-oil is unstable and polymerizes under storage, causing an
increase in viscosity and average molecular weight.9 Further-
more, the incomplete vaporization of the bio-oil also involves
a great challenge due to the formation of carbonaceous
deposits, and therefore a decrease in the reforming conversion
efficiency.10 In order to alleviate the problems associated with
bio-oil properties, most of the reforming studies in the litera-
ture have been carried out with model compounds and
synthetic mixtures simulating bio-oil and tar5,8 or with the bio-
oil aqueous fraction.11–13

The H2 production by biomass pyrolysis and in-line
reforming of pyrolysis volatiles avoids the problems associ-
ated with bio-oil handling and vaporization. Furthermore,
a fraction of the bio-oil is not discarded and all hydrocarbons of
pyrolysis gases are reformed improving the potential process
yield. Therefore, although it has been scarcely studied, this
strategy is regarded as a feasible solution for H2 production in
small scale units.14 The research group headed by Prof. Wil-
liams studied the pyrolysis and reforming of biomass and other
residues in batch regime, with the unit consisting of two xed
bed reactors.15–17 The process developed by the research group
headed by Prof. Tomishige is also based on two xed bed
reactors for the pyrolysis and reforming steps and, although
their experimental equipment is of a relatively reduced size, it
operates with continuous biomass feed.18,19 The process devel-
oped by Xiao et al.20,21 is based on a uidised bed reactor for the
pyrolysis step and a xed bed reactor for the catalytic steam
reforming operating in continuous regime. The strategy
proposed by Ma et al.22 includes an intermediate char gasica-
tion step for the maximization of H2 yield. Thus, the process
RSC Adv., 2016, 6, 25975–25985 | 25975
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consists of three sequential steps: pyrolysis in a uidised bed
reactor, char gasication in an entrained ow gasier and
reforming of volatiles in a xed bed reactor.

In a previous paper,23 a combination of a conical spouted bed
reactor (CSBR) and a xed bed reactor was used for the pyrolysis
and in-line reforming of HDPE. In order to overcome the
operational problems encountered when using a xed bed in
the reforming step, it has been replaced by a uidised bed
reactor.24,25 Furthermore, the CSBR has shown an excellent
performance in the pyrolysis of biomass,6,26 which augurs well
for a successful scale-up of the technology.27

This study pursues the development of an original contin-
uous two-step process for the production of H2 from biomass by
coupling the pyrolysis in a CSBR with the steam reforming in
a uidised bed reactor. This direct strategy is an attractive and
novel alternative to the indirect bio-oil reforming process, given
that it avoids the operational problems associated with bio-oil
handling. Moreover, the results were obtained in an experi-
mental unit made up of two reactors connected in series oper-
ating in continuous regime and characterized by their high heat
and mass transfer rates, and therefore, under similar condi-
tions to those of industrial reactors.
Experimental
Materials

The biomass used in this study is forest pine wood waste (Pinus
insignis), which has been crushed, ground and sieved to
a particle size between 1 and 2 mm in order to ease the feeding
operation. This sawdust has been dried at room temperature to
moisture content below 10 wt% and the main properties are
summarized in Table 1. The ultimate and proximate analyses
have been determined in a LECO CHNS-932 elemental analyzer
and in a TGA Q5000IR thermogravimetric analyzer, respectively.
The higher heating value (HHV) has been measured in a Parr
1356 isoperibolic bomb calorimeter.

The catalyst used in the reforming step is a commercial one
for methane reforming provided by Süd Chemie (G90LDP
catalyst). The metallic phase is Ni supported on Al2O3, which is
Table 1 Pine wood sawdust characterization

Ultimate analysis (wt%)

Carbon 49.33
Hydrogen 6.06
Nitrogen 0.04
Oxygen 44.57

Proximate analysis (wt%)

Volatile matter 73.4
Fixed carbon 16.7
Ash 0.5
Moisture 9.4

HHV (MJ kg�1) 19.8

25976 | RSC Adv., 2016, 6, 25975–25985
doped with Ca, with the content of NiO being 14%. The original
catalyst has a shape of perforated rings (19� 16 mm), but it was
ground and sieved to 0.4–0.8 mm, which is the suitable particle
size to attain a stable uidisation regime.

The physical properties of the catalyst have been determined
by N2 adsorption–desorption in a Micromeritics ASAP 2010. The
adsorption–desorption isotherm of this catalyst, which has
been reported elsewhere,23,28 shows that it has low porosity with
a BET surface area of 19 m2 g�1 and an average pore diameter of
122 Å.

In order to determine the reduction conditions required
prior to use, temperature programmed reduction (TPR) of the
catalyst has been carried out in an AutoChem II 2920 Micro-
meritics. The TPR curve (provided in previous studies23,28)
showed a main peak at 550 �C associated with NiO reduction,
which interacts with a-Al2O3. Moreover, another peak is
observed at 700 �C, which is probably related to NiAl2O4

according to the composition given by the provider.
Thus, the catalyst has been subjected to an in situ reduction

process at 710 �C for 4 h under 10 vol% H2 stream to ensure
complete reduction of the metallic phase.
Equipment and reactors

The pyrolysis of biomass and in-line steam reforming of the
volatiles produced has been studied in a bench scale plant
whose scheme is shown in Fig. 1. The plant is provided with
a CSBR for the pyrolysis step and a uidised bed reactor for the
reforming step.

The CSBR has been designed and tuned in previous studies
dealing with hydrodynamics, pyrolysis and gasication of
different wastes, such as biomass,26,29,30 plastics31,32 and
tyres.33,34

The main dimensions of the pyrolysis reactor are as follows:
height of the conical section, 73 mm; diameter of the cylindrical
section, 60.3 mm; angle of the conical section, 30�; diameter of
the bed bottom, 12.5 mm, and diameter of the gas inlet, 7.6
Fig. 1 Scheme of the laboratory scale pyrolysis-reforming plant.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Experimental conditions in the parametric study of the steam
reforming step

Temperature (�C) 550, 600, 650 and 700 (space time 20, S/B 4)
S/B ratioa 2, 3, 4 and 5 (600 �C, space time 20)
S/C ratio 3.9, 5.8, 7.7 and 9.7 (600 �C, space time 20)
Space time
(gcat min g�1)a

2.1, 4.2, 8.3, 12.5, 16.7 and 25 (600 �C, S/B 4)

Space time
(gcat min g�1)b

2.5, 5, 10, 15, 20 and 30 (600 �C, S/B 4)

a By mass unit of the biomass fed into the pyrolysis reactor. b By molar
unit of the pyrolysis derived volatiles fed into the reforming step, i.e.
molar ow rate of carbon contained.
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mm. The reactor has a lateral outlet pipe placed above the bed
surface for the removal of char particles from the bed (Fig. 1).
Moreover, the reactor is provided with a gas preheater, which is
lled with stainless steel pipes that increase the surface area for
heat transfer. The reactor is located inside an oven of 1250 W,
with this oven being controlled by two K-type thermocouples
located inside the reactor, one in the bed annulus and the other
one close to the wall.

The pyrolysis vapours formed in the pyrolysis process are
reformed in a uidised bed reactor. The diameter and length of
this reactor are 38.1 and 440 mm, respectively. The heat
required for the reforming step is provided by a 550 W radiant
oven, which is controlled by a thermocouple placed in the
catalyst bed.

Both the pyrolysis and the reforming reactors, together with
the interconnection pipes, cyclone and lter are located inside
a forced convection oven. This oven is kept at 270 �C in order to
avoid the condensation of pyrolysis products and steam in the
elements connecting the reaction system. The cyclone is placed
downstream the pyrolysis reactor to retain the ne char parti-
cles entrained from the bed. Regarding the lter (5 mm sintered
steel), its main purpose is to capture catalyst nes elutriated
from the uidised bed reactor.

The feeding system consists of a vessel equipped with
a vertical sha connected to a piston placed below the material
bed. By raising the piston at the same time as the whole system is
vibrated by an electric engine, the feeding system discharges the
biomass through a pipe to the reactor. This pipe is cooled with
tap water to avoid biomass partial degradation and blocking the
system. Moreover, a very small nitrogen ow rate introduced into
the vessel stops the steam entering the feeding vessel.
Experimental conditions

The operating conditions for the pyrolysis and reforming reac-
tors were ne tuned in previous hydrodynamic studies carried
out at the reaction temperatures (500 and 600 �C, respectively)
in order to attain an adequate uidisation behaviour in both
steps. Therefore, not only the geometric factors of the reactors
but also the size of sand particles in the pyrolysis reactor and
those of sand and reforming catalyst in the reforming step have
been optimized to achieve the desired uidisation regime in
each step.

Thus, the conical spouted bed reactor contains 50 g of silica
sand with a particle size in the 0.3–0.35 mm range. The bed in
the steam reforming step is made up of a mixture of reforming
catalyst and inert sand, with the total bed mass being kept
constant at 25 g in all the runs. The catalyst/sand mass ratios
used were chosen according to the space time studied. The
particle size of the catalyst was in the 0.4–0.8 mm range and that
of the inert sand in the 0.3–0.35 mm range.

The temperature in the pyrolysis step was xed at 500 �C in
all the runs performed, because this temperature was deter-
mined as the optimum one in a previous study.6 Table 2
summarizes the operating conditions used in the runs carried
out for determining the inuence of the parameters on the
reforming step. The effect of temperature has been studied
This journal is © The Royal Society of Chemistry 2016
in the range from 550 to 700 �C, with steam/biomass ratio (S/B)
and space time in these runs being 4 and 20 gcat min gvolatiles

�1,
respectively. The study of higher temperatures was discarded in
order to avoid irreversible catalyst deactivation by sintering.

The inuence of S/B ratio has been assessed by varying this
parameter between 2 and 5, with the water ow rate being
constant in all the runs (3 mL min�1) in order to keep the
hydrodynamic conditions in the reactors. Accordingly, the S/B
ratio was adjusted by modifying the biomass feed rate in the
range from 1.5 to 0.6 g min�1. Moreover, the same space time
(20 gcat min gvolatiles

�1) was used in these runs, which was
attained by modifying the mass of catalyst for each S/B ratio.
Furthermore, in order to ease comparison of the results with
those in the literature, the values have been determined for the
molar steam/carbon ratio (S/C) of the stream fed into reform-
ing step (biomass pyrolysis volatile fraction), Table 2. It should
be noted that a char yield around 17 wt% is obtained in the
pyrolysis step. Accordingly, the carbon contained in this char is
not reformed in the second step and was not considered for the
S/C ratio estimation.

Finally, the effect of space time in the reforming step was
studied in the 2.5–30 gcat min gvolatiles

�1 range by varying the
amount of catalyst, with the biomass feed rate being kept at
0.75 g min�1. In addition, the space times given by mass unit of
the biomass fed into the pyrolysis reactor are also shown in
Table 2.

All the runs have been performed in continuous mode for
several minutes in order to ensure steady state in the process.
Moreover, the runs have been repeated at least 3 times under
the same conditions (with fresh catalyst) in order to guarantee
reproducibility of the results.
Product analysis

The volatile stream leaving the reforming reactor has been
analysed on-line by means of a GC Agilent 6890 provided with
a HP-Pona column and a ame ionization detector (FID). The
sample has been injected into the GC by means of a line
thermostated at 280 �C, once the reforming reactor outlet
stream has been diluted with an inert gas. The non-
condensable gases have been analyzed on-line in a micro GC
(Varian 4900) by taking the samples aer the condenser and
coalescence lter.
RSC Adv., 2016, 6, 25975–25985 | 25977
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Reaction indexes

In order to quantify the process results, conversion and indi-
vidual product yields have been considered. The reforming
conversion has been dened similarly as the carbon conversion
efficiency commonly used in the gasication processes, i.e., the
ratio between the moles of C recovered in the gaseous product
and those fed into the reforming step.

X ¼ Cgas

Cvolatiles

� 100 (1)

Note that the carbon contained in the biomass char is not
considered for estimating conversion. Accordingly, full conver-
sion of bio-oil compounds is attained when they are totally
reformed to yield gaseous products. The bio-oil compounds
yield has been determined by on-line GC analysis of the
reformed product stream.

Similarly, the yield of C containing individual compounds
has been based on the biomass pyrolysis volatiles stream

Yi ¼ Fi

Fvolatiles

� 100 (2)

where Fi and Fvolatiles are the molar ow rates of product i and
pyrolysis volatiles, respectively, both given in C moles
contained.

The hydrogen yield was determined as a percentage of the
maximum allowed by stoichiometry, which accounts for the
hydrogen coming from the pyrolysis products and the steam.
The following stoichiometry was considered:

CnHmOk + (2n � k)H2O / nCO2 + (2n + m/2 � k)H2 (3)

YH2
¼ FH2

F 0
H2

� 100 (4)

where FH2
and F0

H2
are the hydrogen molar ow rate obtained in

the run and the maximum allowable by stoichiometry.
Results
Biomass pyrolysis (rst step)

The pyrolysis step was carried out under steam environment,
given that the steam required in the reforming step was intro-
duced in the pyrolysis reactor, where it plays the role of a u-
idising agent. A previous study revealed that steam has
a negligible effect in the pyrolysis of this material, which is
explained by the moderate temperature used in this process
(500 �C). Moreover, it should be noted that, even operating with
N2 as uidising agent, there is a signicant steam concentration
in the reaction environment because the water yield in the
biomass pyrolysis process is above 25 wt%.6 Thus, the results
were similar to those previously reported by Amutio et al.6 in the
pyrolysis of the same biomass but using N2 as uidising agent.
Kantarelis et al.35 observed certain differences in the biomass
pyrolysis product yields and composition when comparing
steam and N2 pyrolysis. However, the same authors stated based
on a simulation study that the differences between steam and
25978 | RSC Adv., 2016, 6, 25975–25985
nitrogen pyrolysis are negligible in terms of heat transfer and
product formation rate.36

The fast pyrolysis of pine wood sawdust in a CSBR gives way
to a wide distribution of products, which can be grouped into
three fractions: gases, bio-oil and char. The rst two fractions
are the volatile products, which are driven to the uidised bed
reactor to be reformed. However, the char formed is continu-
ously removed from the pyrolysis reactor by means of a lateral
outlet pipe to avoid its accumulation in the bed. This separation
is achieved in the CSBR due to the different trajectories
described by char particles in this system, which has previously
been used in the pyrolysis of tyres and biomass, and has been
described elsewhere.26,33 Under the conditions studied, char
yield is 17 wt% and its recovery is of great interest for the
economy of the process, with its main applications being,
amongst others, the production of adsorbent,37,38 fertilizers,39

catalyst support40–42 and soil amender.43

The main product obtained in the pyrolysis step is the liquid
product or bio-oil, whose yield is 75 wt% due to the excellent
features of this reactor for biomass fast pyrolysis, especially, its
high heat transfer rate, short residence time and rapid char
removal from the reaction environment.6 The main products of
the bio-oil, which is a complex mixture of oxygenated
compounds, are as follows: phenols (16.5 wt%), ketones (6.4%),
saccharides (4.5%), furans (3.3%), acids (2.7%), alcohols (2.0%)
and aldehydes (1.9%). Furthermore, a water yield of around
25 wt% is also obtained,6 which acts also as a reforming agent in
the second reforming step.

Regarding the gaseous fraction, its yield was 7.3 wt% and is
made up of CO, CO2 (similar yield for both, 3.3 wt%) and a low
concentration of CH4, C2–C4 hydrocarbons and H2.6

The molecular formula corresponding to the stream of
biomass pyrolysis volatiles entering the reforming reactor has
been determined based on the compositions of the gas and bio-
oil fractions: CH1,93O0,92.
Steam reforming (second step)

The effect of temperature, S/B ratio (or S/C ratio) and space time
on the product yields and gas fraction composition have been
analysed for the operating conditions summarized in Table 2.
In order to ascertain the effect operating conditions have on the
reaction indexes the following reactions have been considered:
the steam reforming of oxygenates, eqn (3).

Water gas shi (WGS):

CO + H2O 5 CO2 + H2 (5)

Methane steam reforming:

CH4 + H2O 5 CO + 3H2 (6)

Cracking (secondary reaction):

CnHmOk / oxygenates + HCs + CH4 + CO + CO2 (7)
This journal is © The Royal Society of Chemistry 2016

https://doi.org/10.1039/c6ra01657j


Fig. 3 Effect of reforming temperature on the yields of the gaseous
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Effect of temperature. The products obtained in the
reforming step can be grouped into two fractions: the gaseous
products and the non-converted liquids. The main gaseous
products obtained in the reforming step are H2, CO2 and CO,
and low concentrations of CH4 and light hydrocarbons (C2–C4).
The non-converted product fraction is mainly made up of bio-
oil compounds leaving the pyrolysis step that have not been
reformed, although changes would have undergone in their
composition due to certain extent of thermal cracking in the
reforming reactor.

The effect of temperature on biomass derived volatiles
conversion is shown in Fig. 2. As observed, under the conditions
studied at 550 �C conversion is almost 60%, whereas at 600 �C
conversion is complete. Xiao et al.20,21 studied the pyrolysis and
in-line reforming of different biomasses on Ni catalysts in
a uidised-xed bed system, and they also determined
a minimum temperature of 600 �C to attain a high conversion
degree of biomass tars.

Fig. 3 shows the effect of temperature on the individual
gaseous product yields (graph a) and gas composition (graph b).
It should be noted that H2 yield is based on the maximum
allowable by stoichiometry, but those of the other compounds are
given by carbon mole unit fed into the reforming step. As
observed in Fig. 3a, the effect of temperature on H2 yield is
negligible once full conversion has been reached (above 600 �C),
with its yield being of around 93.5% between 600 and 700 �C.
Consequently, 600 �C is considered the optimum temperature
from a thermodynamic point of view, because it provides the
highest equilibrium concentration for H2 in the reforming of
oxygenates.8 In addition, operation at this relatively low temper-
ature avoids the irreversible catalyst deactivation by Ni sintering.

Although most of the studies in the literature dealing with
the steam reforming of bio-oil report lower H2 yields based on
the maximum allowable by stoichiometry than those in this
study,5 certain authors have reported values as high as 90% or
even slightly higher.12,13,44
Fig. 2 Effect of reforming temperature on conversion. Reforming
conditions: space time, 20 gcat min gvolatiles

�1; S/B ratio, 4.

products (a) and their concentrations (on a dry basis) (b). Reforming
conditions: space time, 20 gcat min gvolatiles

�1; S/B ratio, 4.

This journal is © The Royal Society of Chemistry 2016
Regarding H2 production, it increases from 64 g kgbiomass
�1

at 550 �C to around 110 g kgbiomass
�1 between 600 and 700 �C.

Xiao et al.20,21 reported a yield of around 100 g kgbiomass
�1 in the

pyrolysis and in-line steam reforming of pine wood chips under
optimum conditions in a uidised-xed bed system. Ma et al.22

operated in a three-step process (biomass pyrolysis in a ui-
dised bed reactor, gasication in an entrained ow reactor and
reforming in a xed bed) and obtained a maximum H2 yield of
76 g kgbiomass

�1 at the highest reforming temperature studied,
850 �C.

Furthermore, the H2 yields reported in the biomass steam
gasication process vary widely depending on the operating
conditions, gasication technology, original biomass properties
and, especially, on the type of catalyst used. Thus, when the
gasication is performed with an inert material or a primary
catalyst, such as dolomite, olivine or g-alumina, the H2 yields
are between 30 and 50 g kgbiomass

�1.45–48 The yields are higher,
RSC Adv., 2016, 6, 25975–25985 | 25979
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70–80 g kgbiomass
�1, when the reforming activity is increased by

improving the primary catalyst with the addition of Ni or Fe.49,50

A comparison of the H2 production results with those in the
indirect route, i.e. bio-oil reforming, is complex due to the
differences between these two strategies. Thus, in the pyrolysis
and in-line reforming process the carbon contained in the char
fraction is not reformed, but the entire volatile fraction
(including gases and the whole bio-oil) is treated. Nevertheless,
the bio-oil reforming strategy has hardly been applied to the
whole bio-oil, with the aqueous fraction being the feed in most
of the cases. Furthermore, a signicant fraction of the bio-oil is
lost due to its incomplete vaporization.10 Thus, problems
related to phase separation of the raw bio-oil and the repoly-
merization of phenolic compounds, which have a great poten-
tial for H2 production, hinder the feeding of the whole bio-oil
into the reforming reactor.51

Furthermore, the fact that H2 yields in the bio-oil reforming
studies are referred to different basis, such as mass unit of
organic compounds (without water), bio-oil aqueous fraction or
whole bio-oil, also complicates comparison. Thus, the H2

production obtained by Bimbela et al.11 in the steam reforming
of bio-oil aqueous phase on a Ni–Al catalyst was remarkably
high, 138 g kg�1, but their yield is given by mass unit of organic
compounds in the feed. The value reported by Remiro et al.52 in
the reforming of raw bio-oil on a Ni/La2O3–Al2O3 catalyst is 117
g kgbio-oil

�1. Salehi et al.53 obtained a maximum H2 production
of 142 g kgbio-oil

�1 in the reforming of raw bio-oil on a Ni–Al2O3

catalyst. The H2 yield reported by Czernik and French10 in the
Table 3 Comparison of H2 and gas yields obtained in different biomass

Reference Strategy Reactor Feed

This
work

Pyrolysis/reforming Spouted bed/
uidised bed

Pine wood/py
volatiles

20 Pyrolysis/reforming Fluidised bed/
xed bed

Pine wood/py
volatiles

21 Pyrolysis/reforming Fixed bed/
xed bed

Pine wood/py
volatiles

22 Pyrolysis/reforming Fluidised bed/
xed bed

Timber wood
volatiles

54 Pyrolysis/reforming Fixed bed/
xed bed

Wood sawdus

11 Bio-oil reforming Fixed bed Bio-oil aqueo
53 Bio-oil reforming Fixed bed Raw bio-oil
52 Bio-oil reforming Fluidised bed Raw bio-oil
55 Bio-oil reforming Fixed bed Raw bio-oil
44 Bio-oil reforming Fluidised bed Raw bio-oil +
10 Oxidative bio-oil reforming Fluidised bed Bio-oil aqueo
47 Steam gasication Fluidised bed Miscathus gig
45 Steam gasication Dual uidised bed Wood pellets
48 Steam gasication Spouted bed Pine wood
46 Steam gasication Updra Wood chips
50 Steam gasication Fluidised bed Miscathus gig
49 Steam gasication Fluidised bed Almond shell

a Yields per kg of biomass. b Yields per kg of organic bio-oil. c Yields per

25980 | RSC Adv., 2016, 6, 25975–25985
autho-thermal reforming of bio-oil aqueous fraction on a Pt
commercial catalyst was slightly lower, between 85 and 110 g
kgbio-oil

�1, depending on the origin of the bio-oil tested.
Accordingly, the indirect route has a lower H2 production
capacity per biomass mass unit compared to the direct
pyrolysis-reforming strategy, even if high bio-oil yields are ob-
tained (65–75 wt%) in the previous biomass pyrolysis process.
Table 3 summarizes a comparison of the H2 yields obtained in
several biomass conversion processes.

It should be pointed out that both conversion and H2 yield
are strongly inuenced by bio-oil composition, given that the
reactivities of the compounds in the bio-oil are different. Most
reforming studies in the literature focus on studying the effect
of operating conditions, although certain authors conducted
studies dealing with the reactivity of different model
compounds in the bio-oil. Thus, Remón et al.56 studied the
catalytic reforming of acetic acid, phenol, furfural, guaiacol and
levoglucosan on a Ni–Co/Al–Mg catalyst at 650 �C, and the H2

yield obtained with the different model compounds followed
this order: phenol > furfural > acetic acid > guaiacol > levoglu-
cosan. The lower H2 yields of guaiacol and levoglucosan were
explained by the high amount of carbon converted into coke.
2-Methylfuran, furfural and guaiacol steam reforming were
studied by Trane-Restrup and Jensen57 and the highest
temperature (780 �C) needed for complete conversion in the
reforming of guaiacol was reported, whereas full conversion was
achieved at 700 �C in the reforming of 2-methylfuran and
furfural. Moreover, the highest carbon deposition was observed
conversion processes

Temperature
(�C) Catalyst

H2 yield
(g kg�1)

Gas yield
(m3 kg�1)

rolysis 500/600 Ni commercial 110a 1.9a

rolysis 650/650 Ni–coal char 100a 1.9a

rolysis 700/650 Ni–coal char 52a 1.12a

/pyrolysis 600/850 Ni–MgO commercial 76a 1.69a

t 500/800 Ni–Ca–AlOx 31a

us fraction 850 Ni–Al 138b 2.25b

950 Ni–Ru–Al2O3 142c —
700 Ni–La2O3–Al2O3 117c 1.85c

700 Ni–Cu–Zn–Al2O3 102c 1.6c

10% ethanol 850 Ni–K–Mg commercial 129c 2.1c

us fraction 850 Pt–Al2O3 commercial 110c 1.9c

anteus 880 Olivine 49a 1.2a

850 Olivine 42a 1.13a

900 Inert sand 32a 1a

700–900 — 36a 1a

anteus 900 Ni–olivine 73a 1.6a

830 Fe–olivine 65a 1.4a

kg of bio-oil.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Effect of reforming space time on conversion. Reforming
conditions: 600 �C; S/B ratio, 4.
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for guaiacol followed by furfural and 2-methylfuran. Wang
et al.58 investigated the steam reforming of phenol, acetic acid
and hydroxyacetone at 700 �C on a Ni/nano-Al2O3 catalyst and
the conversion and H2 yield decrease as follows: hydroxyacetone
> acetic acid > phenol. Some model compounds of bio-oil were
also studied by Hu and Lu59 at temperatures below 500 �C for
the steam reforming of acetic acid, ethylene glycol and acetone,
while higher temperatures were needed for the reforming of
ethyl acetate and m-xylene.

Nevertheless, the reactivity of these compounds is different
when they are reformed alone or in a mixture of different
organic compounds. These interactions were studied by Remón
et al.56 and a different reactivity was reported for the acetic acid
depending on the medium. Thus, 100% conversion was ach-
ieved for the reforming of an aqueous solution of acetic acid,
whereas 87% of the acetic acid was converted in the reforming
of the aqueous fraction of the bio-oil. Wu et al.60 studied the
difference between two simulated aqueous fractions of bio-oil,
a light fraction (methanol, ethanol, acetic acid and acetone
mixture) and a heavy fraction (furfural, phenol, catechol and
m-cresol mixture), and they report that higher temperatures are
needed for reforming the heavy fraction, with coke deposition
beingmore signicant. Consequently, the difficulty is evident in
studying the reactivity of the compounds of biomass pyrolysis
volatiles, due to the high amount of species contained and the
interactions between them.

Carbon monoxide and dioxide yields are enhanced by
increasing reforming temperature from 550 to 600 �C (Fig. 3a).
However, above 600 �C, an increase in CO is observed at the
expense of decreasing CO2, with this trend being related to the
exothermic nature of the WGS reaction (eqn (5)), which is
hindered by temperature.

The effect of temperature on the gaseous fraction composi-
tion is not so remarkable (Fig. 3b). In fact, H2 concentration
takes values of around 66 vol% in the range studied. A slight
effect on CO2 and, especially, on CO concentration is observed,
with their evolution being explained by the effect of temperature
on the WGS reaction equilibrium. The slight differences
between the gas composition obtained at 550 and 600 �C, but
great differences in conversion, are explained by the fact that
almost all the gases are produced by reforming. Thus, the
formation of gases by secondary reactions involving pyrolysis
products, i.e., cracking, decarboxylation, decarbonilation and
so on, are of minor signicance.

Effect of space time. As observed in Fig. 4, a value of 20 gcat
min gvolatiles

�1 is required to attain pyrolysis volatiles full
conversion. However, operating with 15 gcat min gvolatiles

�1 the
process performance is also suitable, obtaining a conversion of
98.5%. Consequently, specic gas production increases with
space time, reaching a value of 1.95 N m3 kgbiomass

�1 for the
highest space time studied. This production is considerably
higher than those usually reported for the steam gasication of
biomass, even though partial conversion of char occurs in gasi-
cation. Thus, the specic gas production usually ranges
between 0.9 and 1.2 N m3 kgbiomass

�1 operating under suitable
conditions,45–48 reaching values of up to 1.7 N m3 kgbiomass

�1

when using in situ catalysts.50 Nevertheless, it should be noted
This journal is © The Royal Society of Chemistry 2016
that the main advantage of the pyrolysis-reforming strategy
compared to gasication is the capability for producing a H2 rich
gas free of tars (the main challenge in gasication) by taking
advantage of highly active reforming catalysts. Therefore, the
pyrolysis-reforming strategy should be conducted with relatively
high space times in order to ensure a gas product completely free
of tars, which would also ease its subsequent applications.

An increase in space time enhances both steam reforming
(eqn (3)) and WGS (eqn (5)) reactions, and therefore the
formation of H2, CO2 and CO is favoured, as shown in Fig. 5a. It
should be noted that, for the highest space time studied (30 gcat
min gvolatiles

�1), CO yield decreases due to the displacement of
the WGS reaction. This fact, together with the intensication of
CH4 and other hydrocarbon reforming, gives way to an increase
in H2 yield, reaching a value of 95.8% of the maximum allow-
able by stoichiometry. A qualitatively similar effect of space time
on product yields has been observed by several authors in the
steam reforming of bio-oil.52,61,62

Furthermore, hydrogen mass balance (considering the
hydrogen content in the volatiles, the water fed into the reaction
medium and the H2 produced) allows verifying that the water
reacted increases when space time is increased. This value is
negative for 2.5 gcat min gvolatiles

�1 because the inner biomass
moisture is not consumed, whereas for 30 gcat min gvolatiles

�1 the
water reacted accounts for 522 g kgbiomass

�1 and the H2

produced for 117 g kgbiomass
�1.

The inuence of space time on gas fraction composition is
shown in Fig. 5b. As observed, the main effect of increasing
space time is an increase in H2 and CO2 concentration and
a decrease in that of CO. In addition, a remarkable improve-
ment of CH4 conversion is also observed.

Effect of steam/biomass ratio. Fig. 6 shows the effect of S/B
ratio on process conversion. As observed, the effect is almost
negligible due to the high conversion values obtained for all
the S/B ratios studied. This result can be attributed to the
RSC Adv., 2016, 6, 25975–25985 | 25981
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Fig. 5 Effect of reforming space time on the yields of gaseous
products (a) and their concentrations (on a dry basis) (b). Reforming
conditions: 600 �C; S/B ratio, 4.

Fig. 6 Effect of S/B ratio on conversion. Reforming conditions:
600 �C; space time, 20 gcat min gvolatiles

�1.

Fig. 7 Effect of S/B ratio on the yields of the gaseous products (a) and
their concentrations (on a dry basis) (b). Reforming conditions: 600 �C;

�1
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relatively high space time studied, which ensures high
conversion values.

Furthermore, as observed in Fig. 7a, the effect of S/B ratio on
the yields of the individual compounds is more noticeable.
Thus, an increase in S/B ratio causes a steady increase in H2 and
CO2 yields and a reduction in those of CO and CH4. An increase
in the steam partial pressure in the reaction environment
enhances steam reforming reaction kinetics (eqn (3) and (6)), as
well as the displacement of the WGS reaction equilibrium (eqn
(5)). Thus, H2 yield increases from 89.2% to 94.2% when S/B
ratio is raised from 2 to 5, although a similar conversion is
attained in both experiments. In the same line, the yield of CO2

increases from 84.0 to 90.1%, whereas the opposite trend is
observed for CO, i.e., a decrease from 14.4 to 8.9%. The same
effect of S/B ratio on product yields has been reported by other
space time, 20 gcat min gvolatiles .

25982 | RSC Adv., 2016, 6, 25975–25985 This journal is © The Royal Society of Chemistry 2016
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authors in the reforming of bio-oil and pyrolysis vapours20,52,61

and in the biomass steam gasication.48,63

Although process conversion efficiency improves for high S/B
ratios and reduces coke formation,5 this parameter should be
carefully optimized bearing in mind energy efficiency,20 i.e.,
high S/B ratios require high amounts of steam to be produced
and unreacted steam to be condensed at the outlet of the
reformer. The optimum S/B ratios determined for biomass
steam gasication are in the 0.6–0.85 range,64 but those for the
pyrolysis-reforming strategy should be higher due to the higher
steam consumption.

As observed in Fig. 7b, the effect of S/B ratio on the
concentration of gaseous products is qualitatively similar to the
effect on product yields. H2 concentration increases with S/B
ratio to a value of 66.1 vol% for an S/B value of 5. However,
CO content in the gas decreases from 5.3 to 3.0 vol% in the S/B
ratio range studied. The CO2 concentration does not follow
a clear trend, with its concentration being between 30 and
32 vol%. The content of CH4 and other gaseous hydrocarbons is
very low due to the relatively high space time used.
Conclusions

The pyrolysis of biomass in a CSBR and in-line reforming in
a uidised bed reactor has proven to be a feasible alternative
for the production of H2. The separation of pyrolysis and
reforming steps has several practical advantages, both from
an operational point of view and from the catalytic reforming
performance. Moreover, steam atmosphere in the pyrolysis
has a limited effect on product distribution, with the results
being similar to those previously obtained using N2 as uid-
ising agent.

The Ni commercial catalyst is highly active for the reforming
of biomass pyrolysis volatiles. A minimum temperature of
600 �C and a space time of 20 gcat min gvolatiles

�1 are required to
attain complete conversion with an S/B ratio of 4. Once this
temperature has been reached, a further increase to 700 �C
showed a limited effect on product yield and composition, with
H2 production being 110 g kgbiomass

�1 in this temperature
range.

An increase in space time enhances both the reforming and
the WGS reaction, leading to an increase in the yields of H2 and
CO2. Thus, at the highest space time studied, a H2 yield of
95.8% of the maximum allowable by stoichiometry was ob-
tained. Similarly, the main effect of increasing the S/B ratio is
the shiing of the reforming and WGS reactions, thereby
improving H2 yield. However, an increase in this ratio involves
higher heating requirements in the process.
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