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Hydrogen production from renewable resources has received extensive attention recently
for a sustainable and renewable future. In this study, hydrogen was produced from cata-
lytic steam reforming of the aqueous fraction of crude bio-oil, which was obtained from
pyrolysis of biomass. Five Ni—Al catalysts modified with Ca, Ce, Mg, Mn and Zn were
investigated using a fixed-bed reactor. Optimized process conditions were obtained with a
steam reforming temperature of 800 °C and a steam to carbon ratio of 3.54. The life time of
the catalysts in terms of stability of hydrogen production and prohibition of coke formation
on the surface of the catalyst were carried out with continuous feeding of raw materials for
4 h. The results showed that the Ni—-Mg—Al catalyst exhibited the highest stability of
hydrogen production (56.46%) among the studied catalysts. In addition, the life-time test of
catalytic experiments showed that all the catalysts suffered deactivation at the beginning
of the experiment (reduction of hydrogen production), except for the Ni—Mg—Al catalyst; it
is suggested that the observation of abundant amorphous carbon formed on the surface of
reacted catalysts (temperature programmed oxidation results) may be responsible for the
initial reduction of hydrogen production. In addition, the Ni—Ca—Al catalyst showed the
lowest hydrogen production (46.58%) at both the early and stabilized stage of catalytic
steam reforming of bio-oil.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

Hydrogen, as a clean and high energy fuel, has attracted
extensive attention in recent years for its wide applications in
manufacture and the petrochemical industry [1]. In addition,

there is a predicted substantial demand for hydrogen use for
fuel cells in the future. Currently, the main process to produce
hydrogen is from catalytic steam reforming of natural gas
[2,3]. However, alternative processes for hydrogen production
is urgently needed in terms of sustainability, e.g. using
biomass as a renewable resource. Using biomass has been
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widely accepted as an alternative way to offset greenhouse
gas emissions, guaranteeing national energy security, as well
as contributions to a better utilization of local natural re-
sources, especially for those countries and regions that have
plentiful supply of biomass resources [4—6].

Hydrogen can be obtained from biomass by direct ther-
mochemical processes, biological methods and intermediate
steps of oxygenates production with subsequent reforming.
Since it was first proposed by NREL (USA), catalytic steam
reforming of bio-oil has been an economically feasible method
for hydrogen production with respect to the energy density,
handling and transportation properties of bio-oil compared
with raw biomass [7—10]. Additionally, up to 60—75% of crude
biomass can be converted to liquid bio-oil in practical appli-
cations, demonstrating its technical maturity [11]. Steam
reforming of crude bio-oil [3,7,12], aqueous fraction [13] as
well as model compounds [14—16] or a mixture of them [17] for
hydrogen production has been widely investigated.

Catalysts with high activity, selectivity in relation to
hydrogen production and stability in terms of sintering and
coke formation are of great importance to the steam reform-
ing process [18,19]. Although, noble metals e.g. Pt and Pd are
confirmed to be highly active, nickel-based catalysts have also
been extensively researched, since Ni has comparatively
lower cost and Ni-based catalysts are effective for O—H and
C—C cracking reactions [20—22]. In addition, Ni-based cata-
lysts have been reported to have better performance in terms
of hydrogen production and catalyst deactivation, compared
with other metals such as Co, Fe and Cu, for the steam
reforming of acetic acid [23]. The high catalytic activity of
Ni—Al catalysts was attributed to the large metallic area and
high thermal stability [24]. However, Ni—Al catalysts have
been reported as having problems of catalyst deactivation due
to coke formation during the reforming of bio-oil [3,25]. The
formation of coke on the surface of the catalyst will cause
metal particle sintering and decrease the activity of the cata-
lystin relation to the yield and concentration of hydrogen [26].

Various strategies have been proposed to reduce coke for-
mation during the catalytic reforming process; classified as
followings: process configuration, operational parameters
optimization, catalyst improvement and others such as add-
ing O, to the process [27]. Thermal treatment of raw biomass
before the catalytic reforming stage was reported by Valle
et al. [28] in order to separate pyrolytic lignin which is mainly
responsible for coke formation. The use of fluidized beds has
also been reported to attenuate coke deposition on catalysts
[29]. A current-enhanced catalytic steam reforming method
has been proposed which reported less coke formation
compared with the normal reforming method [12]. Reforming
temperature and steam to carbon ratio were also found to be
essential factors for coke formation as well as quality of
product gas [30,31].

The modification of the catalyst via metal addition is an
effective way to improve the Ni-based catalytic activity as well
as carbon resistance for hydrogen production from steam
reforming of crude bio-oil. It has been reported that the
amount of deposited coke on Cu—Ni/SiO, was significantly
reduced through the modification of the catalyst with Ca and
Mg oxides [32]. Promoters including alkaline and alkaline
earth metals and others such as Ce, Zn have also been known

to decrease the acidity of catalyst support, prohibiting
cracking and polymerization reactions, which may lead to
detrimental coke formation [33—35]. The improved stability of
promoted Ni—Al catalyst was probably due to the enhanced
steam absorption or the production of reactive carbon formed
by the promoter [35,36]. Our previous studies have shown that
adding metals such as Zn and Ca to Ni/Al,0;3 by co-
precipitation are effective for biomass catalytic gasification,
in relation to the reduction of coke deposition on the surface
of the catalyst [6]. However, insufficient knowledge exists
about their influence on bio-oil reforming; in addition, there is
a lack of detailed investigation of the influence of those metals
on catalytic behavior in terms of hydrogen production and
catalyst deactivation, from the process of steam reforming of
real-world bio-oil.

In this paper, the aqueous fraction of crude bio-oil from
corn stalk pyrolysis was catalytically steam reformed in a two-
stage fixed bed reactor. Process optimization in relation to
reforming temperature and steam to carbon ratio were
initially optimized. Then, five Ni—Al catalysts with different
metal addition (Ca, Ce, Mg, Mn and Zn) were applied to the
steam reforming of bio-oil. Additionally, catalyst character-
ization including X-ray diffraction, temperature programmed
oxidization and scanning electron microscopy were also car-
ried out for a fundamental understanding of the catalytic ef-
fects of adding metal to the Ni—Al catalyst.

Experimental material and methods
Experimental materials

The bio-oil used for catalytic steam reforming experiments
was obtained from fast pyrolysis of corn stalk in a small scale
tube furnace at 500 °C, more details about the pyrolysis
configuration can be found in our previous report [37]. Bio-oil
used in this study was the aqueous fraction, which was a
brown colored liquid with an acidic odor. The properties and
elemental composition of the bio-oil are shown in Table 1. The
ultimate analysis of bio-oil was carried out using a CHNS/O
elementary analyzer (Vario Micro cube, Germany). It was
shown that the main elemental composition was carbon,
hydrogen and oxygen with the average molecular formula of
CH; 84700676 €xcluding water. Other impurities such as sulfur
and nitrogen are minor components and not considered here.

Table 1 — Main characteristics of the bio-oil.

Characteristics Bio-oil
Elemental analysis (dry, wt%)

Carbon 47.34
Hydrogen 7.29
Nitrogen 2.63
Oxygen*® 42.70
Sulfur 0.05
Water content (ar, wt%) 71.57
Density (g ml™?) 1.03
pH 3.85

& Calculated by difference.
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Table 2 — Main composition of bio-oil determined by GC—MS (mass % of bio-oil).

No. Species Content No. Species Content
1 Acetic acid 54.76 12 2-Cyclopenten-1-one, 2-methyl- 1.53
2 Furfural 6.53 13 1,2-Benzenediol 1.53
3 2-Methoxytetrahydrofuran 4.35 14 1,4:3,6-Dianhydro-alpha-d-glucopyranose 1.36
4 Pyridine 3.59 15 Phenol, 3-methyl- 1.35
5 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 3.31 16 1,2-Benzenediol 1.22
6 2-Propanone, 1-(acetyloxy)- 2.55 17 5-Methoxy-pent-4-enoic acid, methyl ester 1.06
7 1-Hydroxy-2-butanone 2.41 18 2-Cyclopenten-1-one, 3-methyl- 1.04
8 Butyrolactone 241 19 Cyclopentanone 0.95
9 2-Furanmethanol 2.30 20 Acetic acid, methoxy- 0.90
10 Phenol 2.29 21 beta-D-Glucopyranose, 1,6-anhydro- 0.71
11 2-Furanol, tetrahydro- 1.92 22 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- 0.67

The pH of bio-oil was measured with an Ohaus Instrument PH
meter Starter 2c and the water content was determined using
Karl-Fisher titration method with TitroLine KF-10Coulometric
Titrator. The bio-oil had a high oxygen content, strong acid
and high water content (71.57 wt%). Light component organic
compounds containing mostly carbohydrate-derived com-
pounds were observed using gas chromatography—mass
spectroscopy (GC—MS) (7890A/5975C, Agilent Technologies,
USA), the main components are listed in Table 2. The com-
ponents identified are mainly consisted of acids, furfural,
ketones and phenols originating from thermal degradation of
the cellulose, hemicellulose and lignin in biomass.

Catalyst preparation and characterization

The Ni-M—Al catalyst with molar ratio 1:1:1 (Ni loading con-
tent of 33.3 relative atomic %) was prepared by a co-
precipitation method (all the five Ni—Al catalysts were pre-
pared using same way, and M stands for the different metal
addition e.g. Ce, Ca, Mg, Mn and Zn). The precipitant NH4(OH)
was added to an aqueous solution containing Ni(NOs),-6H,0,
M(NOs),-4H,0 and Al(NOs);-9H,0 until the final pH (around
8.0) was obtained, while the solution was kept at 40 °C with
moderate stirring during the precipitation process. The pre-
cursors were filtered and washed with water (40 °C) and then
dried at 105 °C for around 12 h, followed by calcination under
static air atmosphere at 750 °C (heating rate of 20 °C min?) for
3 h. The catalysts were then crushed and sieved to keep par-
ticle size between 65 and 212 pm.

It is worth noting that all the Ni—Al catalysts were not
reduced, as the gases produced during the reforming process,
such as H, and CO, possess the ability to reduce the catalystin
situ [24]. Therefore, the NiO phase would be reduced initially
during the steam reforming process, and act as active sites for
catalytic reactions.

The composition and physical structure of the catalysts
was characterized with X-ray diffraction (XRD), scanning
electron micrograph (SEM) and temperature programmed
oxidization (TPO) analyzer. Species identification of fresh and
reacted catalyst was performed with an XRD analyzer (X’Pert
PRO, PANalytical B.V., Netherlands), with peaks being identi-
fied using High Score Plus software package. The measure-
ment was completed in the 26 range from 5° to 85° with a scan
step size of 0.026°. Simultaneously, SEM (JSM-5610LV, JEOL,
Japan) operating at 20 kV was carried out to observe the
morphology of carbon deposited on the catalyst. The TPO

analyses was conducted to quantify the carbon deposition
content of reacted catalyst through combustion in air
(100 ml min~?) in a Thermogravimetric Analyzer (TGA) (Per-
kinElmer Instruments, USA), with a heating rate of
15 °C min ! from room temperature up to 800 °C and keep this
temperature for 10 min. The differential thermo-gravimetry
(DTG) results from the experiment of TPO are also discussed
in this study.

Experimental setup and procedure

Catalytic steam reforming of bio-oil was conducted in a two
stage fixed bed reactor shown in Fig. 1. The reaction system
consisted essentially of a stainless steel tube gasification
reactor with two temperature ranges (Zone I: vaporization
zone (Height: 405 mm, I.D. 51 mm) and Zone II: gasification
zone (Height: 257 mm and 1.D. 32 mm)), a continuous feeding
system, and gas condensing system with ice and water
mixture and a gas cleaning section followed by gas-sampling
and measurement system. The vertical stainless steel tube
was designed with two stages corresponding to the furnace
for bio-oil (including water) volatilizing and catalytic gasifi-
cation, respectively.

During each experiment, the reactor was heated up to the
preset temperature and kept stable. The volatilization zone I
was set at 400 °C [13,38] to avoid excessive coke formation
before catalytic reforming, while the reforming temperature
(T,) of zone II was set ranging from 600 to 900 °C. From the
temperature distribution along the reactor (Fig. 1), it can be
seen that the temperatures of zone I were close to the preset
temperature while zone II maintained at least 120 mm length
of constant temperature area corresponding to different pre-
set conditions. The residence time through the catalyst was
calculated and ranged between 0.23 and 0.46 s, which was
comparable to the 0.24 s (at the optimal condition) used by
Bimbela et al. [17], therefore ensuring that the catalytic
reforming took place completely. Bio-oil was fed continuously
into the reactor at a mass flow rate of 0.3 g min~'. High-purity
nitrogen was supplied as carrier gas at 150 ml min~*. A thin
layer of quartz wool was placed on a mesh support in the
middle of the catalytic stage to hold the catalyst particles. 0.5 g
of catalyst was loaded evenly between two layers of quartz
wool. After pyrolysis and catalytic reforming, the gas product
was passed through a two-stage ice-water condenser for
condensable vapors condensing. The non-condensable gas
was periodically sampled and analyzed on-line, while liquid in
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Fig. 1 — Schematic diagram of the two staged fix bed
gasifier system and the temperature distribution along the
reactor.

the condenser was collected for further analysis. Experiments
were repeated twice to ensure the reliability of the results.
Blank experiments were carried out with quartz sand as a
control experiment.

The gas product was measured using a dual-channel gas
chromatograph (GC) (Micro-GC 30004, Agilent Technologies,
USA) that was equipped with thermal conductivity detectors
(TCD). Channel A (molecular sieve 5A) was used to detect Hy,
CO, CH4 at 110 °C and channel B (a chromatographic column of
polystyrene) was to check CO,, C,H,, CoHy and C,Hg at 105 °C
[39,40]. The average value of three times measurements of
each gas sample was used.

Adding water directly into the bio-oil was adopted to
investigate the influence of water content to the process, and
the amount was calculated based on the specified S/C (steam/
carbon) ratio, which was defined as the total mole of water in
the feed to the mole of carbon in bio-oil. Initial water content
in bio-oil sample (71.57 wt%) has been considered for the
calculation of S/C ratio.

Calculation methods

Based on the ultimate analysis, all the organic compounds can
be simplified as CH,,0,, on a carbon basis. Hence, the reactions
taking place during the steam reforming process of bio-oil can

be described by Eq. (1), similar to the description of the in-
dustrial process of methanol reforming for hydrogen pro-
duction [41].

CH,Op + (1 —n)H,0—-CO + (1 + m/2 —n)H, (1)

CO+H,00C0, +H, +Q 2

Water gas shift reaction (Eq. (2)) plays an important role for
hydrogen production during the steam reforming of bio-oil.
The maximum stoichiometric hydrogen yield can be ach-
ieved when the reaction of reforming occurs as follows:

CHpO, + (2 — n)H,0 GO, + (2 +m/2 — n)H, 3)

The hydrogen yield is defined as the mole ratio of H, in the
product gas divided by H, in stoichiometric potential:

moles of H, obtained

(24+m/2 — n) x moles of Cin the feed x 100

H, yield(%) =

H, selectivity is defined as the mole fraction of H, in the
produced gas containing H,, CO, CO,, CHy and C,, which in-
dicates the hydrogen purity in the gas product.

The yield of each carbon-containing gas (CHy4, CO, CO,) is
quantified by:

moles of CH,(CO, CO,) obtained
moles of Cin the feed
x 100

CHL(CO, CO,) yield(%) =

Carbon conversion shows the ability of carbon converted to
gas, higher carbon conversion is corresponding to more car-
bon converted to gaseous product. Carbon conversion can be
calculated as follows.

C conversion(%) moles of CH4, CO,CO, and C, obtained
o moles of C in the feed

x 100

Gas and liquid yields are the mass of gas or liquid divided
by the feed (aqueous solution of bio-oil). While for solid
product, as it is difficult to separate the deposited coke and
solid residue in the second stage, the difference of the mass of
solid in the second stage before and after each experiment
was recorded as the weight of solid product to provide infor-
mation for mass balance calculation.

Results and discussion

Optimization of process conditions for catalytic reforming of
bio-oil

Ce, Mg modified Ni—Al catalysts have been reported to show
higher reforming activity and significantly promote oxygen-
ates conversion compared with pure Ni—Al catalysts [42,43]. In
addition, our previous tests found that the Ni—Ce—Al has high
hydrogen selectivity, so it was chosen for the optimization of
process conditions. Catalytic steam reforming of bio-oil was
carried out using the Ni—Ce—Al catalyst (0.5 g) at various
catalytic temperatures (600, 700, 800 and 900 °C) and water to
carbon ratios (S/C ratio) (3.54, 6 and 9). The effect of temper-
ature on product gas is shown in Table 3. In addition, Table 4
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Table 3 — Experimental results of catalytic steam
reforming of bio-oil aqueous fraction with different

catalytic temperature (T,), S/C = 3.54, Ni—Ce—Al catalyst,
30 min reaction time.

Experiment 1 2 3 4
T, (°C) 400 400 400 400
T, (°C) 600 700 800 900
Bio-oil feeding rate (g min?) 0.3 0.3 0.3 0.3
Gas yield (g g * bio-oil) 0.03 0.09 0.33 0.37
Liquid yield (g g~* bio-oil) 0.82 0.74 0.54 0.62
C conversion (%) 8.11 24.81 80.44 90.40
H, yield (%) 564 17.68 5530  57.21
Gas composition (Vol%)

H, 60.82 61.68 62.44 60.07
CH, 5.21 8.54 8.19 9.88
Cco 11.59 15.96 9.53 8.91
CO, 21.57 13.44 19.01 20.45
C, 0.79 0.38 0.82 0.69

shows the influence of S/C ratio on the yield of products from
catalytic steam reforming of bio-oil.

From Table 3, gas yield increased significantly from 0.03 to
0.37 g g ! bio-oil (including water fraction) when the reform-
ing temperature increased from 600 to 900 °C, and liquid yield
was decreased from 0.82 to 0.61 g g~ * bio-oil. It indicated that
more compounds in the bio-oil were converted to gas product
with reforming temperature rising up. However, the WGS re-
action was inhibited as the catalytic reforming temperature
was increased from 600 to 700 °C due to the exothermic nature
of the reaction; consequently the concentration of CO,
decreased but CO increased. When the reforming temperature
is lower than 700 °C, the process was mainly controlled by
hydrocarbons reforming. And the lower carbon conversion
might be due to incomplete reaction of bio-oil, and a majority
of organics especially those large molecule compounds which
need higher energy for cracking/reforming. As temperature
increasing further (>700 °C), the concentration of Cj,
decreased while CH, concentration increased from 8.19 to
9.88 Vol%. Therefore, the thermal cracking of large molecules
in bio-oil might attribute to the increasing of carbon conver-
sion at higher temperature.

Table 4 — Experimental results of catalytic steam
reforming of bio-oil aqueous fraction with different S/C

ratio, T, = 800 °C, Ni—Ce—Al catalyst, 30 min reaction

Experiment 3 5 6
T, 800 800 800
S/C 3.54 6 9
Gas yield (g g * bio-oil) 0.33 0.30 0.27
Liquid yield (g g~* bio-oil) 0.54 0.63 0.55
C conversion (%) 80.44 71.56 63.10
H, yield (%) 55.30 52.89 46.71
Gas composition (Vol%)

H, 62.44 64.59 64.61
CH, 8.19 8.56 7.72
Cco 9.53 6.62 6.30
CO, 19.01 19.37 20.53
C, 0.82 0.87 0.84

The reforming temperature showed significant influence
on the hydrogen and gas yield. With the increase of reforming
temperature (T,) from 600 to 800 °C, H, yield increased
remarkably from 5.64 to 55.30% and the carbon conversion
showed similar tendency, increasing from 8.11 to 80.44%. It
might be because hydrogen production was in the kinetic
controlled region rather than the thermodynamic controlled
region as the temperature was lower than 800 °C, and higher
temperature is favorable for high H, yield and carbon con-
version [44]. Thus, H, yield was increased with the increase of
catalytic reforming temperature despite the exothermic re-
action of the WGS. However, only a slight increase of
hydrogen yield was obtained when the reforming temperature
was between 800 and 900 °C, as the hydrogen production
process is complex and is not only controlled by temperature,
but is also influenced by many other factors, such as the CO,
absorption enhanced reaction, WGS reaction, and steam
reforming/cracking reactions. While CO, capture by carbon-
ation process was thermodynamically unfavorable at higher
temperature, thus the CO, fraction increased slightly from
19.01 to 20.45 Vol% (H, production was reduced at high tem-
perature). However, the thermal cracking (Eq. (4)) and
methanation reaction (Eq. (5)) of liquid oil also happened
simultaneously during the reforming process [13,19], which
resulted in a higher hydrogen production at higher reforming
temperature:

CH,,0, — CyH, 0, + gas(H,,CO,,CO,CH,4,C,...) + coke —Q  (4)

CH4 + HzO‘-’CO + 3H2 — Q (5)

In addition, the enhanced thermal cracking reactions at
higher reforming temperature e.g. 900 °C will lead to more
serious coke deposition and catalyst sintering (catalyst deac-
tivation) [2]. Therefore, by considering the energy consump-
tion of the process, 800 °C was selected as the optimized
reforming temperature for further studies in this work.

Steam reforming of bio-oil was carried out with different S/
C ratios at a catalytic temperature of 800 °C. Raw bio-oil mass
flow was fixed at 0.3 g min~* while the actual bio-oil (include
added water) feeding rate was adjusted with S/C ratio. From
Table 4, gas yield was decreased from 0.33 to 0.27 g g ' raw
bio-o0il and C conversion was decreased from 80.44 to 63.1%
when S/C ratio was increased from 3.54 to 9. A small decrease
in CO and CH4 molar fraction was also observed. H,:CO ratio
was 6.55, 9.76, 10.26 for the water to carbon ratio of 3.54, 6 and
9 respectively, and the H, concentration increased slightly,
indicating that the Water Gas Shift reaction was favored with
more steam.

However, the hydrogen yield was decreased from 55.30 to
46.71%. It is suggested that S/C ratio of 3.54 is already close to
the steam saturation point for the bio oil used here. Further-
more, more water may lower the reactor temperature, which
might inhibit the reforming reactions. Simultaneously, an
increase of steam amount corresponds to higher flow rate and
shorter residence time; thus resulting in a decrease of resi-
dence time of reactants in catalyst. The two factors might lead
to the lower H, production at higher S/C ratio. Wang et al. [45]
have proved the feasibility of hydrogen production from bio-
oil catalytic reforming without steam addition. In addition,
the energy consumed for evaporating and heating the
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excessive steam to the specified reforming temperature may
compromise the feasibility of the process. Therefore, an S/C
ratio of 3.54 was selected for investigating the effect of catalyst
during the steam reforming of bio-oil.

Steam reforming of bio-oil with different catalysts

Mass balance and hydrogen production

In this section, Ni—Al catalysts with different metal addition
and silica sand were tested in the steam reforming of bio-oil.
All of the tests were performed under the same reaction
conditions: S/C ratio of 3.54, reforming temperature of 800 °C,
and operation time of 30 min. Gas composition for each
experiment was analyzed about every 4 min.

The profile of gas composition during catalytic steam
reforming of bio-oil with Ni—Ce—Al catalyst is shown in Fig. 2.
The maximum production of hydrogen (77.16 Vol%) was ob-
tained at the beginning of the reaction process with the lowest
CO, concentration (3.09 Vol%). The high catalytic activity at
the beginning of the reforming process in terms of hydrogen
production is due to the availability of abundant catalytic
sites. However, with reaction extension, CO, content
increased with the reduction of H, concentration until the gas
concentration was gradually stabilized. Carbon conversion to
gas increased from 22.68 to 47.35% mainly due to the rise in
CO, content. It is suggested that the catalyst was deactivated
with bio-oil steam reforming. In addition, the increase of C,H,
and C,H, concentrations indicated the suppression of
cracking/reforming reactions of hydrocarbons. Coke is formed
when the catalyst was used for a certain time. The detailed
information of coke formation and catalyst sintering will be
discussed later.

As shown in Table 5, all the modified Ni—Al catalysts
showed good performance for hydrogen production, the
highest H, yield of 56.46% was obtained with the Ni—-Mg—Al
catalyst, followed by the Ni—Ce—Al (55.30%) and Ni—Zn—Al
(52.01%) catalysts. Furthermore, the Ni—Ca—Al catalyst
generated the lowest hydrogen production (46.58%) among
the catalytic runs; however it still showed some catalytic ac-
tivity for H, promotion in comparison with the controlled

75k . 175
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S | =MW —e CHi—4A-CO S
< . _o_C ; _0 =
§ 45 ¥ CO2 —4—C2 o—C conversnon/o/o das é
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)

151 415
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Fig. 2 — Gas composition and carbon conversion during
reforming process with time, Experimental conditions: S/
C = 3.54, T, = 800 °C, Ni—Ce—Al catalyst.

experiment which produced only 38.72% of hydrogen pro-
duction. Hydrogen yield showed similar trend with the
hydrogen production in terms of weight of bio-oil.

Although hydrogen production showed large differences
for different catalysts, the variance of gas yield was very
limited. The Ni-Zn—Al and Ni—-Mg—Al have relatively higher
gas yield of 0.40 and 0.38 g g~ * bio-oil, respectively. It is around
0.32-0.34 g g~ bio-oil for the left catalysts. Carbon conversion
shows a similar trend with that of gas yield.

Hydrogen yield and gas composition varied greatly with
different catalyst type. The high H, selectivity (composition) of
62.44 and 60.97 Vol%, as well as the low composition of CO,
were obtained by the addition of Ce and Mn, respectively. It is
suggested that the addition of Ce or Mn to Ni—Al catalyst may
enhance the absorption of CO, by CeO and Mn,0s. The highest
H, yield (29.02 mg g * bio-oil) was obtained for the Ni—Mg—Al
catalyst, and the lowest hydrogen yield (23.94 mg g~* bio-oil)
was obtained with the Ni—Ca—Al catalyst, during the cata-
lytic steam reforming of bio-oil. The benefit of Mg addition to
the Ni—Al catalyst was suggested to block the active sites that
were necessary for the coke formation on surface of catalyst
[36]. Medrano and co-workers reported on the influence of the
promoters, Mg and Ca, on Ni—Al catalysts in the catalytic
steam reforming of pyrolysis liquids and reported that Ca
showed poorer activity in relation to H, content and lower
carbon conversion compared with Mg [8]; this is consistent
with our results. In addition, it has been reported that steam
absorption was enhanced by Mg, resulting in more hydrogen
present in steam being converted into H, gas [18].

For the control experiment, the yield of CH, and C, gases is
lower than that with Ni—Al catalysts. It indicated that thermal
cracking of large molecules to small hydrocarbons e.g. C,H,4 is
dominant for bio oil gasification without catalyst compared
with the steam reforming of light hydrocarbons, which are
known as precursors for coke deposition on the surface of
catalyst [32,43].

Life time assessment of the modified Ni—Al catalyst
Four-hour catalytic steam reforming of bio-oil with the
modified Ni—Al catalysts has been carried out to evaluate the
stability of the catalysts, and the result is shown in Fig. 3. The
Ni—Mg—Al catalyst showed the most stability in terms of
hydrogen production. For the other catalysts, hydrogen pro-
duction was reduced for the first half hour. In the presence of
the Ni—Ce—Al catalyst, H, yield was reduced from around 62%
at the beginning to 50% after 30 min. It may be due to coke
deposition on the catalyst surface, which could prevent the
active sites being able to react with the reactants, thus the
reforming process was inhibited; on the other hand, the WGS
reaction was suppressed with the decrease in the capacity of
CO, absorption, and it was not so favored for hydrogen pro-
duction. Medrano et al. [8] investigated a modified Ni—Al
catalyst for steam reforming of bio-oil at 650 °C in a fluidized
bed, where the same tendency was observed after a 2-h
stream test. The loss of activity was suggested due to carbo-
naceous species on the catalyst.

After 60-min test of steam reforming of bio-oil, it seems
that all the modified Ni—Al catalysts were stabilized in rela-
tion to hydrogen production. Ni-Mg—Al still showed the best
performance for catalytic reforming, with a H, yield of 52.18%
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Table 5 — Experimental results of steam reforming of bio-oil aqueous fraction with or without catalysts, T; = 400 °C,

T, = 800 °C, S/C = 3.54, bio-oil feeding rate = 0.3 ml min~—?, 30 min reaction time.

Ni—Ca—Al Ni—Ce—Al Ni—Mg—Al Ni—Mn—Al Ni—Zn—Al Sand
gas yield (g g~* bio-oil) 0.33 0.33 0.38 0.32 0.40 0.36
C conversion (%) 80.20 80.44 90.42 76.04 94.05 84.74
H, yield (%) 46.58 55.30 56.46 50.98 52.01 38.72
Gas composition (Vol%)
H, 57.65 62.44 58.99 60.97 56.14 43.50
CH, 9.99 8.19 8.08 8.69 8.49 10.57
CcO 7.26 9.53 8.19 7.74 7.32 12.30
CO, 23.55 19.01 22.94 21.58 26.16 29.99
C, 1.55 0.82 1.79 1.02 1.89 3.64
Gas production (mg g~* bio-oil)
H, 23.94 28.42 29.02 26.20 26.73 19.90
CH, 33.25 30.57 31.00 30.06 32.41 36.23
CcO 42.43 60.61 55.63 46.73 48.87 69.37
CO, 223.47 207.17 251.66 213.29 276.30 217.71
C, 9.48 5.87 12.54 6.60 12.75 15.05

obtained at 240 min, while other catalysts had a relatively
lower yield range from 40 to 46%.

Characterization of the reacted catalyst

The XRD diffraction result of fresh and used catalyst collected
after the 4 h test is shown in Fig. 4. Wide and asymmetric
peaks of the fresh catalyst compared with the used catalyst
indicate low crystallinity of the fresh catalyst. The main
diffraction of the fresh catalyst corresponds to NiO, metal
oxides, NiAl,0, and Al,05. The presence of NiO phase in the
fresh Ni—Al catalyst (Fig. 4a) is consistent with the production
of Ni phase after the reforming process, which was confirmed
by the XRD pattern of the reacted catalyst (Fig. 4b). Ce, Zn, Mn
modified catalysts showed high intensity of diffraction for
oxide species, while no obvious signal was present for NiO on
Ni—Ce—Al catalyst. High intensity of MO for the Ni—Mn—Al
catalyst may account for the high selectivity of H, which
resulted from CO, absorption enhanced effect at the initial
phase of reforming process (shown in Fig. 3), as a large pro-
portion of CO, could be absorbed by metal oxides (the
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Fig. 3 — Hydrogen production from life-time assessment of
Ni—Al modified catalysts. Experimental conditions:
T, = 400 °C, T, = 800 °C, S/C = 3.54, 240 min reaction time.

absorption effect of CO, gas has been observed during the
experiment, not shown here). For the Ni—Ca—Al catalyst, it
seems that a mainly crystal phase of NiO or Ni rather than Ni-
metal could be identified; this might be related to the poor
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Fig. 4 — XRD analysis of fresh (a) and reacted (b) catalyst
(MO refers to oxides of modified metal).
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performance of the Ni—Ca—Al catalyst during the catalytic
steam reforming of bio-oil.

Both the fresh and reacted Ni—Mg—Al show peaks of MgO
at diffraction angles 26 of 42.9° and 62.3°, the presence of MgO
was reported to enhance spillover of O and/or —OH anions
from the carrier surface into the metal particles [46], which
contributes to its high activity for hydrogen during the life
time tests (Fig. 3). The patterns of NiAl,0, and other com-
pounds like NiO have very similar diffraction patterns, which
make it difficult to confirm the presence of NiAl,O, in the
catalyst. The diffraction peaks at 44.5°, 51.8° and 76.3°detected
in the reacted Ni—Al catalyst was attributed to metallic Ni,
which resulted from the reduction of NiO by reducing gases
(Hz, CO etc.) during the catalytic steam reforming of bio-oil.
The diffraction peaks of carbon could be barely detected by
XRD on the reacted catalysts, indicating the modified Ni—Al
catalyst with good performance to carbon resistance.

Coke formation on the used catalysts was measured with
TPO analysis (Fig. 5). There was a slight moisture loss peak
(around 100 °C) for all Ni—Al catalysts and then the five cata-
lysts undergo different weight loss patterns for coke
oxidation.

The increasing weight peak ranging from 350 to 450 °C was
regarded as the oxidation of metallic Ni in the catalyst (Fig. 4).
The amount of coke can be calculated in terms of TG curves

104 (a)

Weight (wt.%)

90 1 1 1 1 1 1
100 200 300 400 500 600 700 800
Temperature (°C)
0.06 -

(b)
Ni-Zn-Al

Ni-Ce-Al

Mass loss rate (wt.%/°C)

\

Ni-Mn-Al

from 100 to 800 °C (the oxidation of metallic Ni was excluded),
as mentioned in our previous work [47]. The calculated
amount of deposited coke was 4.75, 2.62, 4.59, 7.27 and 0.73 wt
% for the Ni—Al catalyst with Ca, Ce, Mg, Mn and Zn, respec-
tively. The reacted Ni—-Zn—Al shows the least coke deposition,
it might illustrate the reason that Ni—Zn—Al has the highest
carbon conversion (Table 5). It can be concluded that pro-
moters Zn, Ce and Mg have less coke deposited than Mn and
Ca. Wu et al. [6] also found that Ni—Zn—Al had better coke
deposition resistance than Ni—Ca—Al from SEM and TPO re-
sults. The largest coke formation on the reacted Ni-Mn—Al
catalyst is consistent with former reports that Ni—-Mn—Al
catalyst generated a large amount of carbon nanotubes during
plastics gasification [48].

As shown in Fig. 5b, the lower carbon oxidation peak
(350—440 °C) was ascribed to the combustion of amorphous
carbon derived from the metal-support interface, while
oxidation peak at higher temperature was assigned to fila-
mentous carbon [21,49]. The generation of amorphous car-
bons could encapsulate the catalytic sites [21,50] during the
thermal-chemical conversion process. Therefore, the pres-
ence of abundant amorphous carbons on the reacted
Ni—Ce—Al, Ni—Ca—Al and Ni—-Mn-—Al catalysts might be
responsible for the reduction of hydrogen production at the
initial stage of catalytic reforming of bio-oil (Fig. 3).

More stable filamentous carbons (oxidation peak around
520 °C) were deposited on the reacted Ni—Zn—Al and
Ni—Mg—Al catalyst, while the reacted Ni—Ca—Al catalyst
seems to have a moderate deposition of fillamentous carbons
compared with other reacted catalysts. Medrano [8] found the
promoter Ca and Mg to Ni—Al catalyst produced the genera-
tion of a more polymerized carbon that was difficult to be
oxidized. The formation of filamentous carbons on the reacted
Ni—Ca—Al, Ni-Mg—Al and Ni-Zn—Al has been confirmed from
the SEM analysis (Fig. 6(a), (c) and (e)).

The average diameter of the filamentous carbon on the
reacted Ni—-Mg—Al was smaller than that on the reacted
Ni—Zn—Al catalyst. Longer and thicker filamentous carbons
were observed on reacted Ni—Zn—Al (Fig. 6); this might be
responsible for the low hydrogen production during the cat-
alytic reforming of bio-oil (Fig. 3).

In general, all the five modified Ni—Al catalysts showed
good performance for bio-oil reforming. Ni—-Mg—Al catalyst
presented the most catalytic and stabilized performance in
terms of hydrogen production, and the capillary filamentous
carbon deposited had tiny influence on its activity. The good
capability of CO, absorption contributed to the high H, yield
and selectivity of Ni—Ce—Al at an early reaction stage. The
rapid deactivation of Ce, Mn, Ca modified catalysts over the
first 30 min of the experiment resulted from the amorphous
carbon deposition on the catalyst. Ni-Zn—Al revealed the best
carbon resistance from the TPO results. A relatively low ac-
tivity for hydrogen production was obtained by Ni—Ca—Al,
which was due to less interaction between Ni and Ca.

1 1 1 1 1 1
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 5 — TGA analysis (a) and DTG (b) results of temperature
programmed oxidation of reacted catalysts.

Conclusions

In this study, catalytic steam reforming of bio-oil aqueous
fraction was carried out with Ni—Al catalysts in a two stage
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Fig. 6 — SEM images of the reacted Ni—Al catalysts: (a)Ni—Ca—Al, (b)Ni—Ce—Al, (c)Ni—-Mg—Al, (d)Ni—Mn—Al, (e)Ni—Zn—AlL

fixed bed reactor for hydrogen production. The conclusions as the Ni—Ca—Al catalyst with mainly NiO phases and
can be derived as follows. minor Ni-metal phases (XRD results) generated the lowest
yield of hydrogen.

1) Significant influence on gas yield and composition was 3) The modified Ni—Al catalysts exhibited excellent carbon

=

observed with catalytic temperature and steam to carbon
ratio. High catalytic steam reforming temperature favors
the reactivity of reforming reaction and thermal cracking
of bio-oil compounds, thus promoting H, production and
carbon conversion. WGS reaction and H, selectivity was
found to be enhanced at a high S/C ratio, while excessive
steam was found to be detrimental for H, production. An
optimum reforming temperature and S/C ratio of 800 °C
and 3.54, respectively, was obtained in this work.

2) The Ni—Al catalyst was modified with Ca, Ce, Mg, Mn and
Zn. All the five modified Ni—Al catalysts showed high ac-
tivity for H, production compared with non-catalytic trials.
CO, absorption was suggested at the initial operation time
of 30 min for the catalytic steam reforming process,
resulting in a high H, yield. The Ni—Mg—Al exhibited the
highest catalytic reactivity and stability with H, yield of
56.46%. Additionally, Ni-metal crystal phases seems to be
beneficial for the catalytic activity of hydrogen production,

deposition resistance. Filamentous carbons were observed
on the Ni-Mg—Al and Ni—-Zn—Al catalysts, which has a
small effect on catalyst activity. Amorphous carbon depos-
ited on the reacted Ni—Ce—Al, Ni—Ca—Al and Ni—Mn—Al
catalysts was suggested to account for the rapid deactiva-
tion of catalytic activity in initial reforming process.
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