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Abstract 

Hydrogen is currently produced mostly from hydrocarbons, such as naphtha and 

natural gas; and, the demand for hydrogen in industrial applications, like oil refining, 

bitumen upgrading or in fuel cells, is increasing natural gas consumption and, 

consequently, applying pressure on the supply of natural gas. As such, the supply of 

natural energy resources is becoming a challenging prospect in the 21
st
 century.  

Renewable energy sources, such as biomass, are therefore presently gaining 

increased attention. Accordingly, a viable route towards hydrogen production from 

biomass, such as agricultural residues, has been developed through the process of 

catalytic steam reforming of the aqueous fraction of biomass pyrolysis oil. This method 

consists of two stages: generation of bio-oil from biomass via a fast pyrolysis reaction in 

a fluidized bed reactor in the first stage, followed by application of the catalytic steam-

reforming process on the aqueous phase of bio-oil to produce renewable hydrogen in a 

fixed bed steam reformer unit in the second stage. The overarching aim of this study was 

evaluation of both stages of this method, thereby improving the efficiency of hydrogen 

production from biomass.  

 In the first stage, wheat straw as biomass was converted into pyrolytic oil, char 

and gases under high-temperature conditions in a fluidized bed reactor. The main 

operating parameters of the pyrolysis process were evaluated for producing high quality 

bio-oil with maximum yield. Under the optimal conditions of pyrolysis (reaction 

temperature of about 500°C and wheat straw particle size of less than 0.6 mm), the 
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maximum yield of bio-oil exceeded 50% by weight. In order to evaluate the quality of 

bio-oil produced through this process, several characterization methods, such as 

elemental analysis and Karl Fischer titration, were applied. 

 In the second stage (catalytic steam-reforming process), aqueous phases of a 

commercial bio-oil, as well as the bio-oil produced in the first stage, were converted to 

hydrogen in a catalytic fixed bed steam reformer. With the commercial bio-oil, the effects 

of three groups of nickel-alumina based catalysts developed in-house were evaluated in 

terms of their yield for hydrogen production. Additionally, the operational conditions of 

the catalytic steam-reforming process were evaluated for a higher hydrogen yield. The 

highest hydrogen yield of about 65% was achieved by using the most effective catalyst 

(Ru-Ni/Al2O3 with 14 wt% Ni) in the case of the aqueous commercial bio-oil under the 

following optimal conditions: temperature of 850°C and a space velocity (WHSv) of 10 

h
-1

. With the aqueous laboratory-made bio-oil, hydrogen was produced with a yield of 

about 60% over the same catalyst and under similar operational conditions. 
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 Introduction Chapter One:

Environmental issues concerning fossil energy resources, including environmental 

pollution and global climate changes, have been widely discussed over the last few years. 

Furthermore, increasing concerns regarding the reduction of the availability of fossil fuel 

feedstock have motivated attempts to find and utilize renewable energy resources. Solar, 

geothermal, hydropower, wind and biomass are several examples of renewable energy 

resources that have the potential to be used sustainably and continuously around the 

world. 

Biomass is a very abundant source of renewable energy that has the potential to 

be converted to several forms of energy through various thermochemical conversion 

processes (Yanik et al., 2007; Bridgewater et al., 1999). Biomass can be converted to 

usable forms of energy through direct combustion, to biogas fuel through gasification or 

bioliquid fuel through pyrolysis (Bridgwater et al., 1999).  

 Depending on how quickly the biomass feedstock is heated up, pyrolysis 

processing of biomass can be categorized as slow or fast pyrolysis (Salehi et al., 2009; 

Mohan et al., 2006). In the fast pyrolysis process, biomass is mostly converted to bio-oil 

under an intermediate temperature (450°C to 600°C) and inert atmosphere (no air), 

followed by quickly quenching the produced vapour (Kim et al., 2010; Seon et al., 2010; 

Salehi et al., 2009; 2011). 
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Due to several limitations regarding the properties of bio-oil, such as relatively 

high water content, acidity, poor stability, low heating value and high viscosity 

(difficulties in transportation), it is difficult to use bio-oil directly as fuel (Bridgwater et 

al., 2003; 1991). Therefore, the conversion of bio-oil or the aqueous phase of bio-oil to 

hydrogen through the catalytic steam-reforming process has been considered as a 

practical option (Davidian et al., 2007; Wu et al., 2008; Iojoiu et al., 2007).  

The catalytic steam-reforming approach of bio-oil has been considered as a 

carbon dioxide (CO2) neutral renewable energy supply, since the amount of CO2 released 

into the environment during the conversion process of biomass will be consumed in the 

process of photosynthesis during the growth of a new plant (Vagia and Lemonidou, 2007; 

Zhang et al., 2009). This advantage becomes significant when considering the 

environmental problems related to the production of hydrogen from fossil fuels; however, 

the catalytic steam reforming of fossil fuels for the production of hydrogen currently 

supplies about 95% of industrial demand (Kothari et al., 2008; Ewan et al., 2005; Saxena 

et al., 2008). 

The aim of the present work was the evaluation of the conversion process for 

producing renewable hydrogen from biomass. First, biomass in the form of wheat straw 

was converted into bio-oil, char and gases in a fluidized bed pyrolyzer. Second, three 

groups of nickel-based catalysts produced in-house were used for hydrogen production 

through the catalytic steam reforming of aqueous bio-oil in a fixed-bed steam reformer.  
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This thesis contains five chapters in addition to a table of contents, a list of tables, 

and a list of figures. Chapter Two provides the background and literature review, as well 

as the objectives of this research. Chapter Three describes the experimental apparatus and 

methods for bio-oil production from wheat straw, as well as for hydrogen production 

from the aqueous fractions of bio-oil. 

Chapter Four presents the results achieved from the experiments. In this chapter, 

the impacts of different operating conditions on the yield and quality of pyrolysis 

products are discussed. In addition to the impacts of different operating conditions, the 

effects of different catalysts on the yield of hydrogen production are discussed for the 

production of hydrogen through catalytic steam reforming of the aqueous fraction of bio-

oil. 

Chapter Five summarizes the conclusions of this study and presents several 

recommendations for future work.  
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 Background and Literature Review Chapter Two:

2.1 Biomass 

The environmental issues related to the consumption of fossil fuels, such as 

carbon dioxide (CO2) emission, on one hand and limited fossil fuel resources on the other 

have directed attention towards clean and renewable alternative energy resources, such as 

biomass (Bellais, 2007; Yorgun et al., 2003).  

Biomass is composed of plant or plant-derived materials and is considered as one 

of the most available renewable sources of energy in the world today (Bridgwater, 2003). 

Although the conversion process of biomass to energy produces almost the same amount 

of CO2 per unit of carbon compared to fossil fuels, the process of photosynthesis 

throughout the growth of new plants counterbalances the emissions of CO2 and qualifies 

biomass as a CO2 neutral renewable source of energy (Zhang et al., 2009). 

Biomass generally represents a variety of agricultural products and residues, such 

as wheat straw, corn straw, corn stalk, hazelnut shells, cotton seed, forest resources (e.g. 

sawdust and wood chips), as well as certain waste products of municipal and urban 

resources, such as discarded furniture or wood residues from construction. Several of the 

main elements in the composition of biomass include oxygen (O), carbon (C), nitrogen 

(N) and hydrogen (H) (Mohan et al., 2006). The elemental analysis (C, H, O, N and 

sulphur, S) and physical properties (moisture content, ash content and higher heating 

value, HHV) of different biomass types are tabulated in Table  2-1. 
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Table  2-1. Elemental analysis and physical properties of different biomass types (Isahak 

et al., 2012) 

Biomass 

type 

C 

(wt%) 

H 

(wt%) 

O 

(wt%) 

N 

(wt%) 

S 

(wt%) 

Ash 

(wt%) 

Moisture 

(wt%) 

HHV 

(Mj/Kg) 

Rapeseed 58.81 8.57 23.46 3.67 - 5.78 5.15 26.70
a
 

Rice husks 48.36 5.13 32.79 0.72 0.31 12.50 6.80 16.79 

Safflower 59.05 8.87 26.72 3.03 - 2.33 6.04 23.86
a
 

Walnut shell 50.48 6.41 41.21 0.39 - 1.40 8.11 19.2
a
 

Hybrid 

Poplar wood 
49.40 6.00 43.10 0.23 0.05 1.20 5.00 19.74 

Sesame stalk 48.62 5.65 37.89 0.57 - 7.26 9.53 19.10
a
 

Soybean 

cake 
52.46 6.17 26.51 8.72 - 6.15 9.15 23.23 

Cardoon 42.78 4.40 43.69 0.64 0.09 8.40 - 18.20 

Mixed wood 47.58 5.87 42.10 0.20 0.03 2.10 7.76 - 

Rice straw 36.89 5.00 37.89 0.40 - 19.80 - 16.73 

Peach pulp 44.51 6.73 45.38 0.88 - 2.40 9.30 15.40 

Timber wood 47.72 5.54 44.85 0.89 - 1.00 - - 

Olive husks 50.90 6.30 38.60 1.37 0.03 2.80 8.50 - 

Almond shell 47.63 5.71 44.48 - - 2.18 - - 

Pine wood 45.92 5.27 48.24 0.22 - 0.35 7.99 18.98
b
 

Coconut 

shell 
47.97 5.88 45.57 0.30 - 0.50 - 19.45 

a
 Assumed higher heating value (HHV) for dry basis 

b
 Dry ash-free basis 

In general, biomass is made of three key components: cellulose, hemicellulose 

and lignin (Hamelinck et al., 2005; Hames et al., 2003). Cellulose occupies the major 

fraction of biomass (30-60 percent). The fundamental part of cellulose is glucose formed 

through a complicated process, where for every glucose complex, one water molecule is 

removed in order to produce an anhydrous glucose unit (Brown, 2001; Velden et al., 
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2010; Hames et al., 2003). About 20-25 weight percent (wt%) of biomass consists of 

hemicellulose, which itself is constructed from sugars, glucose, pentoses and hexoses 

(Mani et al., 2006; Jefferson et al., 2004; Brown, 2001; Barrio, 2002).  

While the first two major chemical constituents of the biomass (cellulose and 

hemicellulose) degrade at temperatures of 240-350°C and 200-260°C, respectively, the 

third main component of biomass is a high molecular weight polymer named lignin, 

which can be degraded at temperatures in the range of 350-650°C (Mohan et al., 2006; 

Bridgwater et al., 1999). Table  2-2 shows the general components of different biomass 

sources, including oreganum stalk, wheat straw, poplar aspen, corncob and corn stover. 

Table  2-2. Main components of different biomass types (Yanik et al., 2007; Scott et al., 

1982; Scott et al., 1985; Isahak et al., 2012). 

Components 
Oreganum 

stalk 

Wheat 

straw 

Poplar 

aspen 
Corncob 

Corn 

stover 

Cellulose (wt %) 33.8 32.4 42.3 31.7 31.0 

Hemicellulose (wt %) 9.3 41.8 31.0 3.4 43.0 

Lignin (wt %) 10.9 16.7 16.2 31.7 13.0 

2.2 Biomass to energy 

Biomass can be converted to usable forms of energy in different ways, including 

heat generation through direct combustion, and indirect ways, such as biogas fuel 

production via gasification and bioliquid fuel generation through pyrolysis (Bridgwater et 

al., 1999).  
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In the gasification process, biomass can be gasified by partial oxidation at higher 

temperatures (i.e. 750-1800°C) in order to produce a mixture of flammable gases, 

including hydrogen (H), carbon monoxide (CO), carbon dioxide (CO2) and methane 

(CH4) (Daugaard, 2003; Dauenhauer et al., 2007). In pyrolysis, biomass is converted to 

liquid fuel under an intermediate temperature (450-600°C) and inert atmosphere (no 

oxidation agents), followed by rapid quenching of the produced vapour (Mohan et al., 

2006; Tsai et al., 2007; Kim et al., 2010; Seon et al., 2010; Salehi et al., 2009 and 2011). 

The pyrolysis of biomass results in a liquid fuel that can be easily transported or 

stored. Furthermore, the produced bio-oil via the pyrolysis of biomass feedstock can also 

be considered as source of more than 300 valuable chemical compounds that can be 

classified in several groups, such as acids, phenols, furans and ketones (Bridgwater et al., 

2000; Mohan et al., 2006; Charles et al., 2008; Mullen et al., 2010; Salehi et al. 2011). 

Table  2-3 shows the results of the composition analysis of several types of bio-oil 

originated from different types of biomass. 
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Table  2-3. Composition of pyrolytic oils produced from different biomasses (Ortiz-Toral, 

2008). 

  Fluidized bed  

(University of Waterloo) 

Vortex 

(NREL) 

Product (dry wt%)  Poplar 

  (504°C) 

Maple  

(508°C) 

Spruce 

 (500°C) 

Oak 

 (~500°C) 

Hydroxyacetaldehyde   10 7.6 7.7 4.3 

Formic acid   3.1 6.4 7.2 3.3 

Methylglyoxal   - 0.65 - - 

Glyoxal   2.2 1.8 2.5 3 

Acetol   1.4 1.2 1.2 1.8 

Formaldehyde   - 1.2 - 2.2 

Levoglucosan   3 2.8 4 3.8 

Ethylene glycol   1.1 0.6 0.9 - 

Fructose   1.3 1.5 2.3 - 

1,6-anhydroglucofuranose   2.4 - - - 

Glucose   0.4 0.6 1 - 

Xylose   - - - 0.9 

Acetic acid   5.4 5.8 3.9 5 

Cellobiosan   1.3 1.6 2.5 - 

Pyrolytic lignin   16.2 20.9 20.6 24.9 

Oligosaccharide   0.7 - - - 

Unidentified   11.9 17.1 12.9 5.8 

Oil   65.8 67.9 66.5 55.3 

Gas   10.8 9.8 7.8 12.2 

Char   7.7 13.7 12.2 12.4 

Water   12.2 9.8 11.6 10.4 

Mass closure   96.5 101.2 97.7 90.3 
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2.3 Pyrolysis process 

In general, the pyrolysis of biomass can be characterized into two main 

categories: slow and fast pyrolysis. These two approaches can be defined based on how 

quickly the biomass feedstock is heated up.  

In the case of slow pyrolysis, biomass is heated up slowly (i.e. a long residence 

time) to a medium temperature around 450°C in an inert atmosphere and is mainly 

converted into char (Salehi et al., 2009; Mohan et al., 2006). In fast pyrolysis, biomass is 

rapidly heated up (i.e. a short residence time of less than 2 seconds) to a moderate 

temperature (450-600°C) in absence of any reagents, in order to be degraded into volatile 

products. These volatiles are then quickly cooled down to form bioliquid. (Mohan et al., 

2006; Tsai et al., 2007; Kim et al., 2010; Seon et al., 2010; Salehi et al., 2009; 2011). It 

should be noted that the pyrolysis vapour residence time can be defined as the volume of 

reactor divided by the volume flow rate of the inlet carrier gas (Scott et al., 1999). 

The pyrolysis process can typically be divided into several steps (Graham, 1993; 

Pütün et al., 2008; Salehi, 2011): 

 Heat transfer through the biomass particles to achieve the desired temperature 

inside the particles; 

 Biomass decomposition (primary pyrolysis reactions) to generate volatile 

matters and char as the solid product; 

 Heat transfer between the produced hot vapour and non-decomposed biomass; 
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 Autocatalytic reaction (secondary pyrolysis reaction) between the hot volatiles 

and char; 

 Separation of volatiles and solid particles; and, 

 Quick quenching of the volatiles to produce bio-oil. 

It is worth mentioning that, unlike slow pyrolysis, fast (or flash) biomass 

pyrolysis is used to produce the highest possible bio-oil yield; and, char and non-

condensable gases are generated as byproducts. 

2.3.1 Fast pyrolysis technique 

In comparison with the development history of about 200 years for gasification 

and 2000 years for combustion, fast pyrolysis is a fairly new technique. Its developed has 

occurred mainly over the past 20 years (Bridgwater et al., 2000; Ortiz-Toral, 2008).  

In the past two decades, a large number of research studies have been conducted 

on the fast pyrolysis of biomass (Bridgwater et al., 1999; Sensöz et al., 2002; Mohan et 

al., 2006; Lee et al., 2005; Tsai et al., 2007; Yanik et al., 2007; Park et al., 2008; Kevin et 

al., 2009; Salehi et al., 2009; Kim et al., 2010; Seon et al., 2010; Salehi et al., 2011; 

Zhang et al., 2011). Different biomass sources have been used as feedstock, such as corn 

straw, wood waste, corncobs, corn stalks, Japanese larch, oreganum stalks, sawdust and 

rice straw, to produce pyrolytic oil. Furthermore, different reactor types (i.e. fluidized and 

fixed beds) have been used to convert biomass feedstocks to bio-oil. The pyrolytic oils 

produced throughout these studies have had yields between 30 wt% and 70 wt%. 
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2.3.2 Fast pyrolysis reactors 

The reactor unit is one of the most important parts of a biomass fast pyrolysis 

plant. The aforementioned studies developed many different laboratory-scale reactor 

figurations for the fast pyrolysis process: fluidized bed reactors (Ji-lu et al., 2007; Raja et 

al., 2010; Salehi et al., 2011; Asadullah et al., 2008; Heo et al., 2010a; Zhang et al., 

2009), bubbling fluidized bed reactors (Mullen et al., 2010; Xu et al., 2009), tabular fixed 

bed reactors (Salehi et al., 2009; Ozbay et al., 2008; Demiral et al., 2011; Tsai et al., 

2006; Eigenberger et al., 1992; Sensöz et al., 2006; Pütün et al., 2005a; Gercel et al., 

2007; Onal et al., 2011), conical spouted bed reactor (Amutio et al., 2012), auger reactors 

(Gopakumar et al., 2010; Ingram et al., 2008; Bhattacharya et al., 2009) and cyclone 

reactor (Léde et al., 2007).    

The by-products of char and volatile matters are generally removed from the 

bubbling fluidized bed reactor by means of the carrier gas and are directed into the 

cyclone downstream of the reactor to separate the char from the vapour phase 

(Bridgwater et al., 2012; Isahak et al., 2012). A simplified sketch of a typical fluidized 

bed reactor is illustrated in Figure  2-1. 
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Figure  2-1. Simplified schematic of bubbling fluidized bed reactor 

The circulating fluidized bed reactor can also be considered as another 

appropriate candidate for biomass fast pyrolysis process, since it takes advantage of both 

a high heat transfer rate and a short vapour residence time. (Bridgwater et al., 2012; 

Isahak et al., 2012).  

Hot sand was used as the fluidizing media, which was circulated between the 

pyrolyzer vessel and combustor unit (Bridgwater et al., 2012; Isahak et al., 2012). 

Although this circulating process makes the operation of these types of reactors more 

complex compared to the bubbling fluidized bed type, they have been extensively 

employed in refinery applications (Bridgwater et al., 2012; Isahak et al., 2012). Ensyn 

Corporation’s RTP (rapid thermal processing) technology uses a circulating fluidized bed 
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reactor for the production of biomass pyrolytic oil (Bridgwater et al., 2012; Isahak et al., 

2012). A basic schematic of this type of reactor is depicted in Figure  2-2. 

The rotating cone reactor is very similar to the circulated fluidized bed reactor. In 

rotating cone reactor technology, the spinning movement of the cone results in a 

centrifugal force, which plays the role of a carrier gas in a circulated fluidized bed reactor 

and transports the solid components upwards (Bridgwater et al., 2012; Isahak et al., 

2012). 
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Figure  2-2. Simplified schematic of circulating fluidized bed reactor 
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As it can be seen in Figure  2-3, ground biomass (feedstock) and hot sand particles 

(heat carrier) are mixed together and fed into the bottom of the rotating cone. The 

produced volatiles are sent to a condenser to be formed as bio-oil. The solid components 

including char, unconverted biomass and sand, are directed towards a combustor where 

the sand particles are reheated to the desired temperature before being recycled 

(Bridgwater et al., 2012).  

B
i
o

m
a

s
s
 
F

e
e

d
s
t
o

c
k

Combustor
A

ir

Char and Sand

Volatiles

and Aerosol

towards condenser

Flue gas

Hot Sand A
s
h

Cone Reactor

`

P
y
ro

ly
s
is

 V
o

la
ti
le

s

B
io

m
a

s
s
 f
e

e
d

s
to

c
k

Sand

Rotating

 Cone

C
y
c
lo

n
e

 

Figure  2-3. Simplified schematic of a rotating cone reactor 
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In an auger reactor, hot sand (heat carrier) and the biomass feedstock are 

continuously being mingled by an auger system, as demonstrated in Figure  2-4. The 

produced volatiles are directed towards a condensing system; and, the char mixed with 

the heat carrier is axially sent into a container (located downstream of the reactor).  

Although auger reactors in a biomass pyrolysis process take advantage of 

relatively low operational costs, they are not appropriate for large (industrial) scale plants 

(Isahak et al., 2012).   
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Figure  2-4. Simplified schematic of an auger reactor 

2.3.3 Fast pyrolysis parameters 

Considering the research studies that have used the pyrolysis process as their 

method for producing bio-oil from biomass (Tsai et al., 2007; Yanik et al. 2007; Park et 
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al., 2008; Kevin et al., 2009; Salehi et al., 2009; Kim et al., 2010; Seon et al., 2010; 

Salehi et al., 2011; Raja et al., 2010; Ozbay et al., 2008; Onal et al., 2011; Bhattacharya 

et al., 2009), the most effective operating conditions of the pyrolysis process, regardless 

of the biomass type used, can be identified as follows: 

 The reaction temperature, 

 The biomass particle size, and 

 The vapour residence time. 

According to previous research, the reaction temperature and biomass particle 

size have been proven to be the most effective operational parameters in a pyrolysis 

process (Salehi et al., 2009; Salehi et al., 2011; Robinson et al., 2008; Gercel, 2011; 

Garcia-Perez et al., 2008a; Gercel, 2002; He et al., 2009; Thangalazhy-Gopakumar et al., 

2010; DeSisto, 2010). 

Garcia-Perez et al. (2008b) pyrolyzed Mallee woody biomass in a fluidized bed 

reactor over a temperature domain of 350-580°C. This study reported that the bio-oil 

yield increased from ~53 wt% to a maximum of ~62 wt% as the pyrolysis temperature 

increased from 350°C to 450°C. However, the bio-oil yield sharply decreased when the 

temperature was increased beyond 450°C and dropped to ~55 wt% at 580°C. Abnisa et 

al. (2011) also experienced a similar trend for the bio-oil yield as a function of the 

pyrolysis temperature. In this study, palm shells were converted into bio-oil in a fluidized 

bed pyrolyzer. A maximum bio-oil yield of ~47 wt% was observed at 500°C.  
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This tendency can be attributed to the secondary cracking reactions that occur 

between heavy compounds of pyrolysis vapour at higher temperatures. As a result, at 

temperatures higher than the optimum of 500°C, the yield of bio-oil decreased; and, the 

yield of gaseous products grew (Blasi, 2008; Zhang et al., 2009; Park et al., 2009; Yanik 

et al., 2007). However, these secondary cracking reactions have been found to be less 

effective at lower pyrolysis temperatures (Salehi et al., 2011; Velden et al., 2010). 

Nevertheless, an incomplete fast pyrolysis has been postulated as a reason for achieving 

lower amounts of bio-oil yield at lower temperature conditions (Park et al., 2008; Salehi 

et al., 2011). 

As previously stated in Section 2.3, in order to produce an acceptable yield of bio-

oil, a short vapour residence time of about one second is an important parameter to be 

considered in fast pyrolysis reactor design (Bridgwater et al., 1999; Salehi et al., 2011; 

Park et al., 2009). (Vapour residence time is defined as the volume of reactor divided by 

the volume flow rate of inlet carrier gas.) In other words, a shorter adjustment of the 

residence time of volatiles inside a pyrolyzer (e.g. fluidized bed reactor) can minimize the 

effects of secondary reactions, such as repolymerization, thermal cracking and 

recondensation, thereby increasing the yield of bio-oil. 

Wang et al. (2005) postulated that there was no obvious influence of vapour 

residence time, if less than three seconds, on the bio-oil production. In another study by 

Salehi et al. (2011), sawdust was pyrolyzed in a fluidized bed reactor. This study reported 

no significant changes in bio-oil yields as vapour residence time was increased from 0.76 

s to 1.54 s. A bio-oil yield of 62.31 wt% was observed for a vapour residence time of 
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0.76 s, whereas a vapour residence time of 1.54 s yielded in 62.04 wt% of bio-oil. This 

finding confirms the claim of Wang et al. (2005) that bio-oil production is not 

significantly influenced by vapour residence time below three seconds.  

Ates et al. (2004) pyrolyzed sesame stalk in a fixed bed reactor. The distribution 

of pyrolysis products (bio-oil, char and gas) were presented as functions of pyrolysis 

operating parameters, such as temperature (400-700°C) and biomass particle size (224-

1800 μm). A maximum yield of bio-oil of about 37 wt% was achieved at a temperature of 

550°C. It was argued that the influence of biomass particle size on the yield of products is 

insignificant. Similarly, Heo et al. (2010a) reported that an extremely large or small 

biomass (sawdust) particle size decreased the yield of pyrolysis products.  

Shen et al. (2009) utilized Mallee woody as feedstock in a fluidized bed pyrolyzer 

and analyzed the produced bio-oil qualitatively and quantitatively as a function of 

biomass particle size (180-560 μm). They reported that the bio-oil yield initially 

decreased as a result of increasing the size of feed particles to 1500 μm, with the change 

in the yield of bio-oil flattening with particle sizes greater than 1500 μm.   

 Many researchers found that an effective heat transfer through the smaller 

particles improved the yield of bio-oil in the fast pyrolysis of fairly small particles (Shen 

et al., 2009; Kang et al., 2006; Velden et al., 2010; Bridgwater et al., 1999; Salehi et al., 

2011). 
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2.4 Bio-oil to hydrogen: a viable technique  

Although bio-oil is completely combustible, it is difficult to use directly as fuel 

due to several challenges, such as poor stability, high water content, low heating value, 

and high viscosity (Bridgwater et al., 2003; Bridgwater et al., 1991). The acidity of bio-

oil makes it a corrosive fluid, making it costly to transport. Moreover, some important 

properties of bio-oil (viscosity, water content, elemental and chemical composition) 

change with storage time. Therefore, it has been recommended to process fresh bio-oil 

before any significant changes in its properties occur over time (Radlein, 1999). 

Boucher et al. (2000) found that bio-oil generated from wood bark aged 

significantly over a storage period of 65 days. Increased bio-oil viscosity upon storage 

has been argued to be one of the obvious indicators of the bio-oil aging issue. Similar 

results have been found in the study of other researchers (Czernik et al., 1994).  

All in all, the issues regarding the properties of bio-oil as well as its storage and 

transportation point to the necessity for a comprehensive investigation towards upgrading 

bio-oil and considering it as an intermediate product rather than direct fuel.  

A viable alternative is being developed through the production of hydrogen from 

biomass through the catalytic steam reforming of the aqueous phase of biomass pyrolysis 

oil. This method consists of two stages: generating bio-oil from biomass via fast 

pyrolysis; and, catalytic steam reforming of the aqueous phase bio-oil to produce 

hydrogen (Takanabe et al., 2006; Rioche et al., 2005; Czernik et al., 2002; Davidian et 

al., 2007; Wu et al., 2008; Iojoiu et al., 2007; Garcia et al., 2000). 
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2.4.1 Catalytic steam reforming of aqueous bio-oil  

Bio-oil can be split into two fractions by adding water and subsequently 

centrifuging the mixture. This process results in a water soluble fraction and a water 

insoluble fraction (Garcia et al., 2000; Sipila et al., 1998). The aqueous fraction consists 

of mostly water (~80 wt%), aldehydes, ketones, alcohols, carboxylic acids, sugars and 

some other carbohydrates (Iojoiu et al., 2007; Sipila et al., 1998). The insoluble fraction 

of bio-oil includes pyrolytic lignin, which can be refined to some valuable chemicals, 

whereas the aqueous phase of bio-oil can be steam reformed to generate hydrogen (Huber 

et al., 2006; Czernik et al., 2002; Bimbela et al., 2009; Ortiz-Toral, 2008; Garcia et al., 

2000). 

Currently, hydrogen is mostly produced via catalytic steam reforming of some 

hydrocarbons, such as methane and naphtha, and also oxygenated compounds, like 

methanol and ethanol. This well-established technology can be applied in hydrogen 

production from bio-oil (Wang et al., 1996).  

In practice, steam-reforming reactions are carried out at high temperatures 

between 600°C and 800°C. A complete steam-reforming process follows two steps: the 

first step is dealing with a reversible endothermic reaction, which is more likely to 

happen at high temperatures. The second step is an exothermic reaction that is more 

likely to happen in relatively lower temperatures.  

The methane steam-reforming reactions can be written as follows (Takanabe et 

al., 2006): 
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CH4 + H2O ↔ CO + 3H2         ΔH = 206 kJ/mol                                                         (2-1) 

 

CO + H2O ↔ CO2 + H2                ΔH = - 41 kJ/mol                                                          (2-2) 

The aqueous bio-oil can be considered as oxygenated organic compounds with a 

simplified formula of CnHmOk. Therefore, the steam-reforming and water–gas shift 

reactions equations (2-1 and 2-2, respectively) can be rewritten in the case of aqueous 

phase bio-oil, respectively, as follows (Rioche et al., 2005; Basagiannis et al., 2007; 

Czernik et al., 2002; Wang et al., 2007): 

CnHmOk + (n-k) H2O ↔ nCO + (n+m/2-k) H2                                                              (2-3) 

n CO + n H2O ↔ n CO2 + n H2                                                                                     (2-4) 

Due to the high-temperature condition of a steam reformer unit, the thermal 

cracking reaction may also happen based on the Boudard reaction (Rioche et al., 2005; 

Czernik et al., 2002). 

CnHmOk  ↔ CxHyOz + gas (H2, CO, CO2, CH4…) + coke                                            (2-5) 

2 CO ↔ CO2 + C (solid)                                                                                                                                                    (2-6) 

Different research studies have been conducted over the past decade in the area of 

producing hydrogen from the aqueous phase of bio-oil. In a study by Basagiannis et al. 

(2007), a laboratory-made catalyst of 15 wt% MgO/Al2O3 promoted by the addition of 5 

wt% ruthenium was used in the steam-reforming process of an aqueous fraction of bio-oil 

produced from beech wood. This catalyst was found effective in terms of its selectivity, 
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activity and stability towards hydrogen production through the catalytic steam reforming 

of an aqueous fraction of bio-oil.  

Garcia et al. (2000) studied the aqueous phase of bio-oil utilized in a steam 

reformer and the effects of both in-house developed and commercial catalysts were 

studied in terms of their yield for hydrogen production. A Ni/Al2O3 catalyst was 

promoted by lanthanum and magnesium and employed in a series of aqueous bio-oil 

steam-reforming experiments. They reported that the yield of hydrogen started from 

about 85 wt% at the beginning of the test run and dropped dramatically to 40 wt% after 

25 minutes.  

In order to achieve a more thorough understanding of the nature of biomass liquid 

derived through steam reforming of the aqueous phase of bio-oil, further studies are 

necessary, particularly with regards to the effects of operating conditions and the choice 

of catalyst.  

The temperature, steam-to-carbon ratio and space velocity are the main operating 

parameters for the aqueous bio-oil steam-reforming process (Yan et al., 2010; Wang et 

al., 2007; Galdamez et al., 2005; Kechagiopoulos et al., 2007; Pan et al., 2006; Czernik et 

al., 2002). Increasing the temperature or steam-to-carbon ratio can drive the reactions 

towards the production of hydrogen. In a study by Wang et al. (2007), the yield of 

hydrogen was reported to have been enhanced as the steam-reforming temperature 

increased. Carbon conversion has also been observed to rise sharply from 15 wt% to 93 

wt% as temperature increased from 500-750°C. 
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Similar trends in the yield of hydrogen as a function of operating parameters have 

been presented by a number of other studies that experimented with the reforming of 

aqueous bio-oil in fixed bed and fluidized bed reactors (Yan et al., 2010; Galdamez et al., 

2005; Kechagiopoulos et al., 2007; Pan et al., 2006; Czernik et al., 2002). In the study of 

Czernik et al. (2002) for instance, the steam reforming of the aqueous fraction of bio-oil 

was carried out at temperatures of 800-850°C in a fixed bed reactor and aqueous bio-oil 

was introduced to the steam reformer unit at space velocities of 700-1000 h
-1

. A direct 

proportionality between the temperature and the hydrogen yield was observed. 

2.5 Objectives of this research 

The overall goal of this study was the evaluation of a conversion process to 

produce renewable hydrogen from biomass through the aqueous phase of bio-oil via the 

process of catalytic steam reforming. This research has been conducted in two main 

stages. In the first stage (pyrolysis of biomass): 

 Wheat straw (as the biomass) was converted into pyrolytic oil, char and gases 

under high-temperature conditions in a fluidized bed reactor; and,  

 The influences of the operating parameters, including pyrolysis temperature 

and feedstock particle size, on the bio-oil yield and quality were investigated. 

In the second stage (steam reforming of aqueous bio-oil): 

  The aqueous phases of a commercial bio-oil and a bio-oil developed in-house 

were converted to hydrogen in a fixed bed catalytic steam reformer; and,  
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 The effects of nickel-alumina based catalysts developed in-house and different 

operating parameters, including the reaction temperature and the space 

velocity, on the hydrogen yield were investigated.  



   25 

 

 

 Experiments and Methods Chapter Three:

3.1 Biomass fast pyrolysis process 

A fluidized-bed pyrolyzer was used for producing bio-oil from wheat straw. Since 

wheat straw particles can be heated up uniformly and faster in a fluidized bed reactor, this 

reactor provided uniform and effective heat transfer, as required for a fast pyrolysis 

reaction.  

 In this study, bio-oil was produced by pyrolyzing wheat straw and the effects of 

different operating parameters, such as reaction temperature and wheat straw particle 

size, on the yield and quality of products were subsequently investigated. Bio-oil is the 

main product of pyrolysis process, while char and gas also are produced as by-products.  

In order to determine the effect of pyrolysis operating conditions on bio-oil and 

char quality, the Karl Fischer titration method was implemented for measuring water 

content, and an elemental (carbon, hydrogen, oxygen, nitrogen) analysis was conducted 

with a PerkinElmer 2400 CHN Analyzer. 

3.1.1 Biomass as feedstock 

The wheat straw used as feedstock in this study was obtained from a local farm in 

Red Deer, Alberta. The wheat straw was ground by means and sieved in three different 

particle sizes: < 0.6 mm, 0.6 – 1.0 mm, and 1.0 – 1.4 mm.  
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A proximate analysis of the wheat straw was done with a thermogravimetric 

analyser (PerkinElmer STA 6000), and the ultimate analysis of wheat straw was 

performed by the CHN analyser (PerkinElmer 2400 CHN Analyzer). The results of these 

analyses are listed in Table  3-1.  

Table  3-1. Main characteristics of the wheat straw used in the pyrolysis process 

 

As received Dry (D) Dry & Ash Free (DAF) 

Proximate Analysis (wt%)    

Moisture 4.95   

Ash 6.50 6.84  

Fixed Carbon 14.45 15.20 16.32 

Volatiles 74.10 77.96 83.68 

Ultimate Analysis (wt%)    

Carbon 44.15 46.45 49.86 

Hydrogen 5.96 6.27 6.73 

Nitrogen 0.55 0.58 0.62 

Oxygen 
a
 37.69 39.65 42.79 

High Heating Value (MJ/kg) 
b
 17.59 18.51 19.87 

                                   a
 by difference, 

b 
using empirical formula 

3.1.2 Fluidized bed pyrolysis apparatus 

A simplified process flow diagram of the pyrolysis plant is shown in Figure  3-1. 

The system consists of several main parts, including a fluidized bed reactor and plenum, a 

biomass feed system, a char collector that traps char from gas flow, mass flow controllers 
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that control and record the flow rate of the carrier gas (nitrogen), metal and glass 

condensers for bio-oil recovery, as well as a heating system (Salehi et al., 2011a).  

 

Figure  3-1. Process flow diagram of the experimental apparatus for the fast pyrolysis 

system: (1) control system and monitor; (2), (3) gas flow controller; (4), (5) biomass 

feeder; (6) screw feeder nozzle’s cooling jacket; (7) plenum; (8) fluidized bed reactor; (9) 

heating and insulation system; (10) cyclone; (11) char collector; (12) metal condenser; 

(13) glass condenser; (14) impinger trap; (15) water-glycol refrigerated circulator; 

thermocouples (TCs); pressure transducers (PTs) (Salehi et al., 2011a) 

A photograph of the implemented pyrolysis system is given in Figure  3-2. The 

main part of this equipment is the fluidized bed reactor. As previously mentioned, there 

are several types of reactors, such as ablative, fluidized bed, rotating cone and auger 

reactors, that can be used for pyrolysis process. Among them, the fluidized bed unit 
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provides an efficient heat transfer and a comparatively short residence time for the 

reactants, in order to achieve a higher yield of bio-oil (Salehi et al., 2011a).  

 

 

Figure  3-2. Fluidized-bed pyrolysis plant 

Furthermore, two nitrogen flow controllers (MKS, M100B), ten thermocouples 

(type-K) and five pressure transducers (Rosemount) were used at different locations of 

the plant to monitor operational stability.  

As illustrated in Figure  3-1, there are two nitrogen gas streams in the pyrolysis 

plant: one flows to the top of the screw feeder with a flow rate of 2000 STP mL/min (STP 
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stands for standard temperature and pressure), while the other stream flows to the bottom 

of the plenum with a flow rate of 13000 STP mL/min. Therefore, the overall flow rate of 

the fluidizing gas (i.e. nitrogen) is 15000 STP mL/min, which reflects a residence time of 

about 0.76 s for the vapours in the reactor (Salehi, 2011). 

The operational parameters, including temperature, pressure and gas flow rate, 

were controlled and recorded with LabView software (version 8.5). Table  3-2 shows 

control locations for the temperature, pressure and nitrogen flow rate. 

3.1.3 Experimental procedure  

In a typical experiment, the system was heated up to the desired temperature and 

purged by nitrogen gas (N2) in order to make sure that an inert atmosphere existed inside 

the system. After stabilizing the desired temperature, a certain amount of ground wheat 

straw was continuously introduced into the fluidized bed reactor by means of a twin-

screw feeder.  

At the end of each experiment, when the system cooled down to the atmospheric 

temperature, the amount of unfed biomass in the feeder was measured to calculate the 

exact amount biomass that was fed into the reactor. The products—bio-oil and char—

were weighed. Knowing the mass of the fed wheat straw and the mass of the produced 

bio-oil and char, it was possible to determine the yield of products. The yield of the 

produced non-condensable gas could be determined by subtracting the yields of the bio-

oil and char from 100% (Ji-lu et al., 2007; Kim et al., 2010). The desired pyrolysis 
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temperature in the fluidized bed reactor was controlled by adjusting the feed rate of the 

wheat straw.  

Table  3-2. Control points for temperature, pressure and gas flow rate (Salehi, 2011) 

 Location Note 

Thermocouple   

TC1 Plenum Tip touch the wall 

TC2 Sand bed Tip Inside the reactor 

TC3 Middle of reactor Tip touch the wall 

TC4 Reactor to cyclone connection line Tip touch the wall 

TC5 Cyclone Tip touch the wall 

TC6 Char collector Tip touch the wall 

TC7 Cyclone to condenser connection line Tip touch the wall 

TC8 Cyclone to condenser connection line Tip Inside the pipe 

TC9, TC10 Metal condenser Tip Inside the condenser 

Pressure transducer 

(PT) 
  

PT1 Plenum  

PT2 Feeder  

PT3 Bottom and top of the sand bed ΔP along the sand bed 

PT4 Before cyclone  

PT5 After cyclone  

Gas flow controller 

(MFC) 
  

MFC1 Nitrogen flow to fluidized bed  

MFC2 Nitrogen flow to feeder  
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It should be noted that, in this study, the product yields were always calculated 

based on the fresh biomass as received. Therefore, the produced bio-oil included both the 

original moisture present in the wheat straw and the water produced through the 

dehydration reaction of hemicellulose and cellulose, i.e. pyrolysis water (Xu et al., 2009). 

3.1.4 Product characterization 

In order to determine the carbon (C), nitrogen (N) and hydrogen (H) content of 

the feedstock and products, a series of elemental analyses were conducted with a 

PerkinElmer 2400 CHN Analyzer. A proximate analysis was also carried out, in order to 

further characterize the feedstock in terms of moisture, ash, fixed carbon and volatiles 

using a thermogravimetric analyzer (PerkinElmer STA 6000). 

The higher heating values (HHVs) of the liquid and solid products of pyrolysis 

process, as well as that of the wheat straw as feedstock, were determined by using 

Equation (3-1) (Bridgeman et al., 2007). Based on this equation, the HHV is related to 

the amounts of the respective elements—C, H and N—in the organic components. The 

CHN contents in Equation (3-1) are expressed in mass percentages. 

HHV (MJ/kg) = {1.87×C
2
-144×C-2802×H+63.8×C×H+129×N+20147}/1000    (3-1) 

The water content of the produced bio-oil was measured by applying the Karl 

Fischer titration with a Mettler Toledo DL32 Coulometric Titrator. CombiTitrant 5 Keto 

was used as the titrant, and a solution of 1:3 of chloroform (99 wt%) / methanol (99.5 

wt%) was used as the solvent.  



   32 

 

 

The ash contents of the feedstock (i.e. wheat straw) and the process products were 

determined by measuring the amount of ash that remained after burning a certain amount 

of samples in a muffle furnace at a temperature of 650°C for about 6 h (Mullen et al., 

2010). The density measurement bottle was used to determine the density of bio-oil.   

3.2 Aqueous phase of bio-oil to hydrogen 

3.2.1 Catalytic steam reforming 

Three groups of nickel-alumina catalysts, as shown in Table  3-3, were tested for 

hydrogen production via catalytic steam reforming of the aqueous fraction of bio-oil. 

These catalysts were prepared in-house in the previous research conducted in our 

research group by Salehi et al. (2011b) with the support of alumina (Al2O3), Nickel (Ni) 

as the active agent, and ruthenium (Ru) and magnesium oxide (MgO) as promoters. 

These catalysts can be classified as follows: 

1. Nickel alumina (Ni/Al2O3)  

2. Nickel alumina promoted with ruthenium (Ru-Ni/Al2O3) 

3. Nickel alumina promoted with magnesium oxide (MgO-Ni/Al2O3) 

The preparation and characterization of these catalysts have been detailed in 

previous studies conducted in our research group by Salehi et al. (2011b). 

Experiments were conducted in a catalytic fixed bed reactor, in order to evaluate 

the effects of different Ni/Al2O3 based catalysts on the steam reforming of aqueous bio-
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oil and to investigate the operational conditions, such as temperature and mass flow rate 

of bio-oil per mass of the catalyst (WbHSV), to achieve a higher yield of hydrogen. 

Table  3-3. Nickel alumina catalysts’ composition and physical properties (Salehi, 2011) 

No. Group 
Catalyst 

name 
Catalyst composition (wt%) 

Physical properties 

BET 

surface 

area 

(m
2
/g) 

Pore 

volume 

(cm
3
/g) 

Average 

pore size 

(Å) 

1 

I 

Ni-Al-1 5.6% Ni- Al2O3 164.00 0.74 135.61 

2 Ni-Al-2 10.7% Ni- Al2O3 152.45 0.68 135.73 

3 Ni-Al-3 14.1% Ni- Al2O3 133.48 0.62 143.82 

4 Ni-Al-4 18% Ni- Al2O3 107.36 0.34 96.91 

5 

II 

Ru-Ni-Al-1 0.5% Ru- 5.6% Ni- Al2O3 159.62 0.69 122.70 

6 Ru-Ni-Al-2 0.5% Ru- 10.7 % Ni- Al2O3 159.35 0.62 112.06 

7 Ru-Ni-Al-3 0.5% Ru- 14.1 % Ni- Al2O3 148.59 0.63 122.89 

8 Ru-Ni-Al-4 0.5% Ru- 18 % Ni- Al2O3 133.56 0.49 102.69 

9 
III 

Mgo-Ni-Al-1 12.8% MgO- 18% Ni- Al2O3 156.30 0.65 125.55 

10 Mgo-Ni-Al-2 12.8% MgO- 33.3% Ni- Al2O3 151.63 0.60 114.79 

3.2.2 Fixed bed steam-reforming apparatus 

Catalytic steam-reforming experiments were carried out using an apparatus that 

consisted of a tubular reactor, flow controller systems and an analysis system. A general 

process diagram of the catalytic steam-reforming plant is illustrated in Figure  3-3, which 

also demonstrated several main parts of the system. A snap shot of this system is shown 

in Figure  3-4. 
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Figure  3-3. Process flow diagram of the experimental apparatus for the fixed bed catalytic 

steam reformer: (1) gas flow controller; (2) aqueous bio-oil syringe pump; (3) metal 

condenser; (4) tubular furnace; (5) fixed bed tubular reactor; (6) water collector; (7) glass 

condenser; (8) exhaust; (9) water-glycol refrigerator; (10) online micro gas 

chromatograph  

 

 

 

Figure  3-4 Catalytic steam-reforming unit  
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In order to analyze the gaseous product (e.g. hydrogen, carbon monoxide, carbon 

dioxide), an online micro gas chromatograph (GC, Varian Micro GC, Model CP-4900) 

installed downstream of the steam reformer unit was used. A standard mixture of H2, N2, 

CO, CO2, and C1 to C4 (CH4, C2H4, C2H6, C3H6, C3H8, C4H8, and C4H10) was used for the 

calibration of micro-GC. The specifications of the CP-4900 Micro-GC are as follows: 

Injector: 

- Micro-machined injector with no moving parts 

- Injection volume: 1 µL to 10 µL, software selectable 

- Optional heated injector: 30 °C to 110 °C, including heated transfer line 

Column Oven: 

- Molsieve 5Å PLOT (Hydrogen, oxygen, nitrogen, carbon monoxide, noble gases)  

- HayeSep A (Air, methane, carbon dioxide, ethylene, ethane, acetylene, natural gas) 

- Temperature range: 30 °C to 180 °C, isothermal 

Detector: 

- Micro-machined Thermal Conductivity Detector (TCD) 

- Internal volume: 200 μL per channel 

Detection Limits: 

- WCOT columns: 1 ppm 

- Micro-packed columns: 10 ppm 

Carrier Gases: 

- He and Ar: 550 ± 10 kPa (80 ± 1.5 psig) input 

Further details regarding the CP-4900 Micro-GC can be found in the related manual 

book. 
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The glass condenser located at the cyclone outlet was used to recover the excess 

steam, protecting the micro GC from damage as a result of moisture. A photograph of the 

micro GC is depicted in Figure  3-5. 

 

Figure  3-5. Micro gas chromatograph (Varian, Model CP-4900) 

3.2.3 Feedstock and characterization 

A commercial bio-oil provided by Biomass Technology Group (BTG) and a bio-

oil produced from wheat straw in the University of Calgary’s Department of Chemical 

and Petroleum Engineering Pyrolysis Research Lab, were used for this study. Table  3-4 

presents the main elemental composition of the BTG bio-oil and some its physical 

properties, such as water content, pH, density and HHV. Based on the obtained elemental 

composition results, the average molecular formulas were determined to be CH1.87O0.754, 

including water.  
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Table  3-4. Elemental analysis and characteristics of the commercial (BTG) bio-oil 

Elemental analysis (wt%)
  

Carbon  45.83 

Hydrogen  7.15 

Nitrogen  0.87 

Oxygen 
a  

46.15 

Water content (wt%)  23.10 

pH  2.10 

Density (kg/m3)  1225 

HHV(MJ/kg)
 

 17.50 

                  aby difference 

3.2.3.1 Preparation of aqueous fractions of bio-oil 

In order to prepare the aqueous fraction, bio-oil was mixed with a certain amount 

of distilled water for separation into two phases: an organic rich phase, WIFB (water 

insoluble fraction of bio-oil); and, an aqueous rich phase, WSBO (water soluble fraction 

of bio-oil). The mixture was then centrifuged in a Fisher Scientific Marathon 2100 

centrifuge at about 4500 rpm for 120 minutes in order to separate the phases. 

Consequently and through decanting, the two phases separate: the organic rich phase 

goes to the bottom, and the aqueous rich phase goes to the top.  

Bio-oil and water were mixed in weight ratios of 1:1, 2:1 and 1:2 to get different 

aqueous solutions with different water contents. The water content of the WSBO samples 
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were examined by applying the Karl-Fisher titration method using a Mettler Toledo 

DL32 Coulometric Titrator. Table  3-5 shows the water contents and elemental analyses 

of WSBO samples with different oil-water weight ratios. WSBO-1, WSBO-2 and 

WSBO-3 represent the aqueous phases of commercial bio-oil; whereas, WSBO-4 

represents the aqueous phase of the bio-oil produced from wheat straw in the Pyrolysis 

Research Lab.  

As can be seen in Table  3-5, the aqueous phase from higher B/W (bio-oil / water) 

ratios had lower water content and higher carbon content. For this study, the aqueous 

phases of bio-oil with a B/W ratio of 1:2 (for both WSBO-3 and WSBO-4) were selected 

for use in the catalytic steam-reforming process.  

Similar to bio-oil, the main elemental composition of the aqueous phase of bio-oil 

is C, H, N and oxygen (O). The elemental analysis was performed using an elemental 

analyzer (PerkinElmer model 2400 CHN analyzer). On this basis, the oxygenated organic 

compounds in the WSBO samples were generally described by the average chemical 

formulas shown in Table  3-5. 
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Table  3-5. The water content and elemental analysis of WSBO samples 

Sample # 

Weight 

ratio 

(B/W) 

Water 

content 

wt% 

Elemental analysis (wt%) 

Average 

chemical 

formula 

including 

water 

Average 

chemical 

formula  
Carbon Hydrogen Nitrogen Oxygen

a
 

WSBO-1 2: 1 60.50 19.77 7.80 0.02 72.41 CH4.73O2.75 
CH0.65O0.71

&2.04 H2O  

WSBO-2 1: 1 71.50 13.83 9.82 0.48 75.87 CH8.52O4.11 
CH1.63O0.67 

&3.45 H2O  

WSBO-3 1: 2 81.50 8.66 10.59 0.24 80.51 CH14.67O6.97 
CH2.13O0.7&

6.27 H2O  

WSBO-4
b
 1: 2 60.50 19.77 7.80 0.02 72.41 CH15.29O7.07 

CH2.19O0.52

&6.55 H2O 

a 
by difference  

b 
aqueous phase of homemade bio-oil 

3.2.4 Experimental procedure 

In a typical experiment, 100 mg of fresh catalyst were placed in the middle of the 

reactor and loaded on a thin layer of glass wool, as a stand support for catalyst particles. 

The reactor was then heated gradually up to 870°C. The catalyst powders were 

subsequently reduced in situ using a mixture of nitrogen and hydrogen gases (N2 and H2, 

respectively, 50 vol%) with a total flow rate of 400 mL/min at 870°C for 2 h. The 

complete system was stripped with pure N2 at a flow rate of 200 mL/min at 850°C for 1 

h, to ensure an absolutely inert atmosphere inside the system. The aqueous phase of bio-

oil was then injected into the reactor at a constant flow rate of 5.25 mL/h by means of a 

syringe pump.  



   40 

 

 

During the experiment, the bed temperature was measured each second by the 

thermocouple located closed to the catalyst bed. For this purpose, the micro GC located 

downstream of the condenser took a sample of the outlet gas every 4 minutes.  

After each run, the catalyst bed was purged with N2 to the point where the 

temperature of the catalytic bed dropped to room temperature. The catalyst bed, including 

the glass wool and deposited coke, was removed and weighed. Knowing the initial 

weight of the fresh catalyst and the glass wool, the difference was considered as the 

amount of the coke deposited on the catalyst bed. 

3.2.5 Data treatment 

3.2.5.1 Reactions relevant to the process 

1. Steam reforming: 

The catalytic steam reforming of hydrocarbons, such as methane and naphtha, is a 

well-established industrial process for hydrogen production. The steam reforming of any 

organic compound, such as the aqueous phase of bio-oil, can be written according to the 

following equations (Eqs. (3-2)-(3-4)), which have mentioned in numerous studies 

(Rioche et al., 2005; Basagiannis et al., 2007; Wang et al., 2007; Pena et al., 1996). It 

should be noted that, because steam reforming is an endothermic reaction, higher 

temperatures generate higher efficiencies (Czernik et al., 2002). 

CnHmOk + (n-k)H2O ↔ nCO + (n+m/2-k)H2                                                                (3-2) 
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2. Water–gas shift reaction: 

Due to the excess steam used in the steam-reforming process, the steam-reforming 

reaction is followed by the water–gas shift reaction (WGS), which is exothermic. This 

reaction can be depicted as:  

nCO + nH2O ↔ nCO2 + nH2                                                                                         (3-3) 

Therefore, the overall steam-reforming reaction of any oxygenated organic 

compound can be written as: 

CnHmOk + (2n-k)H2O ↔ nCO2 + (2n+m/2-k)H2                                                           (3-4) 

3. The Boudouard reaction and methanation: 

The Boudouard reaction and methanation are responsible for the undesirable 

effect of coke formation on the surface of catalyst. These thermal cracking reactions 

occur parallel to the reforming reactions and consequently cause the catalytic activity to 

decrease. In the studies of Rostrup (1997) and Trimm (1997), the carbonaceous deposit 

on the surface of catalyst was reported to be the main side effect of these reactions. These 

side reactions can be depicted as follows:  

CnHmOk ↔ CxHyOz + gases (H2, H2O, CO, CO2, CH4 . . .) + coke                               (3-5) 

2CO ↔ CO2 + coke                                                                                                       (3-6) 

CO + 3H2 ↔ CH4 + H2O                                                                                               (3-7) 
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In the case of the aqueous phase of bio-oil, e.g. WSBO-3 (CH2.13O0.7& 6.27 H2O), 

the overall steam-reforming reaction based on Equation (3-4) can be depicted for a 

complete conversion of aqueous bio-oil to CO2 and H2 products as: 

CH2.13O0.7 + 1.3H2O ↔ CO2 + 2.36H2                                                                                                                (3-8) 

The stoichiometric maximum yield of hydrogen is 2.36 moles per mole of carbon 

in the feed. In other words, the overall stoichiometry gives a maximum hydrogen yield of 

3.41 wt% for WSBO-3 as the feed (gr produced H2 / gr aqueous-bio-oil fed). In actual 

conditions, however, the yield of hydrogen is lower than the stoichiometric maximum, 

due to the undesirable side reactions (i.e. Eqs. (3-5), (3-6) and (3-7)), which produce 

coke, carbon monoxide, carbon dioxide and methane. 

3.2.5.2 Definition of parameters 

The hydrogen yield, as depicted in Equation (3-9), is defined as the ratio of the 

quantity of hydrogen obtained according to the maximum theoretical amounts of the 

produced hydrogen:  

         ( )   
                          

                         
                                                         (3-9)  

Similar to the hydrogen yield, the yields of other produced gases are defined 

based on Equation (3-10): 

                  ( )   
                     

                                 
                                 (3-10) 
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Carbon conversion and coke deposition are also defined based on Eqs. (3-11) and 

(3-12). The denominator in Equation (3-12), i.e. grams of bio-oil fed, is considered as 

equivalent grams of the aqueous phase of bio-oil, regardless of its water content.  

                  ( )   
                                  

                   
                            (3-11)           

                ( )   
                                      

                   
                          (3-12)                                                                                                                                                        

Equation (3-13) presents the definition of the steam/carbon (S/C) ratio. It should 

be noted that the amount of water present in the WSBO is considered as the total input 

water in Equation (3-13). For instance, the 81.5 wt% of water content in WSBO-3 

reflects a S/C molar ratio of 6.27. 

     
                        

                   
                                                                                    (3-13)       

The weight hourly space velocity (WHSv) can be denoted as follows (Wu et al., 

2008):  

     (    )   
                      

                
                                                                  (3-14) 
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 Results and Discussions Chapter Four:

4.1 Wheat straw pyrolysis results 

As previously stated, the aim of this study was the evaluation of the main 

operating parameters of a wheat straw, fast pyrolysis process for the production of high 

quality bio-oil with a maximum yield. To study the effects of the operating parameters, 

the reactor was heated up to the desired temperature. Ground wheat straw with a certain 

particle size was introduced half an hour after steady state temperatures had been 

achieved in the plant. Nitrogen, with an overall flow rate of 15000 STP CC/min, was 

used as the fluidizing gas in all experimental runs.  

The experiments were categorized into two parts: the first part of the experiments 

was dedicated to the study of the effects of the operational parameters on the yield of the 

products. The second part of the experiments was designed to investigate the influences 

of the operational parameters on the quality of the liquid and solid products of the wheat 

straw pyrolysis process.  

4.1.1 Effects of operating parameters on product yields  

4.1.1.1 Effect of the pyrolysis temperature on product yields  

The pyrolysis temperature is the most important operational parameter in the 

biomass pyrolysis process. In order to investigate the effects of temperature on the 
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product yields, wheat straw was pyrolized at different temperatures within the range of 

450-550°C. The product yield versus the pyrolysis temperature is depicted in Figure  4-1. 

These experiments were conducted at a nitrogen gas flow rate of 15000 STP mL/min 

(vapor residence time of 0.76 s) with a wheat straw particle size of < 0.6 mm. The bio-oil 

yield showed a maximum value at temperature of about 500°C, which is in good 

agreement with results reported by other researchers (Kersten et al., 2005; Yanik et al., 

2007; Salehi et al. 2011a; Garcia-Perez et al., 2008a).  

Since the yield of bio-oil in the experimental results varied between 45 wt% and 

51 wt% with a margin of error of about 4% within the mentioned range of temperatures, 

it cannot be concluded decisively that the peak of bio-oil yield occurred at a temperature 

of 500°C. 

By increasing the temperature, the yield of produced gas showed an increasing 

trend. The yield of produced gas increased by 10 wt% within the reaction temperature 

domain of 450-550°C, as shown in Figure  4-1. Similarly, Kim et al. (2010) in a study 

reported an increasing tendency for the yield of gas as a function of temperature in the 

pyrolysis of palm kernel shells.  

Many researchers have stated that, at a high pyrolysis temperature, the secondary 

reactions, including the cracking reactions of the high molecular-weight compounds in 

the vapoir phase as well as the reactions between those heavy molecules and the 

produced char, should be also taken into consideration (Blasi, 2008; Zhang et al., 2009; 

Park et al., 2009; Yanik et al., 2007). Therefore, a lower bio-oil yield and a higher gas 
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yield is expected at higher pyrolysis temperatures. However, since the pyrolysis 

temperature should be high enough to achieve a complete pyrolysis reaction, the bio-oil 

yield declined at lower temperatures, as reflected in the obtained results. A similar 

tendency has been reported in related studies (Zhang et al., 2009; Heo et al., 2010b; 

Calonaci et al., 2010). 

 

Figure  4-1. Effect of the pyrolysis temperature on the yields of pyrolysis products. 

Operational conditions: N2 flow rate of 15000 STP mL/min and a wheat straw particle 

size of less than 0.6 mm. (Lines added to make the trends clearer.)  
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As it can be seen from Figure  4-1, the char yield showed a decreasing trend with 

increasing temperature. This tendency can be attributed to the secondary reactions that 

result in greater degradation of the char at higher pyrolysis temperatures (Calonaci et al., 

2010).  

4.1.1.2 Effect of the wheat straw particle size on product yields 

 In order to evaluate the effect of biomass particle size on product distribution, 

three different fractions of wheat straw particle size were studied: <0.6 mm, 0.6 – 1.0 mm 

and 1.0 – 1.4 mm. Figure  4-2 shows the results of the wheat straw pyrolysis process at a 

temperature of 500°C, using the different biomass particle sizes and a nitrogen flow rate 

of 15000 STP mL/min.  

As it can be seen, the maximum value of 51 wt% for the yield of bio-oil for the 

smallest particle size of wheat straw for particles (i.e. less than about 0.6 mm) was 

reduced by about 8 wt% to the minimum value of 43 wt% for the particle sizes between 

1.0 mm and 1.4 mm. The char and gas yields on the other hand, increased as a function of 

increasing particle size. 

An efficient heat transfer through smaller particles may be the main reason for a 

more efficient production of bio-oil in the fast pyrolysis process. The high dependency of 

the heating rate on the size of particles indicates that the average temperature is 

significantly higher for smaller particles, implying the efficiency of the fast pyrolysis 

reaction for achieving a higher yield in the production of bio-oil. 
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Many researchers have similarly argued that an effective heat transfer through the 

smaller particles results in a more efficient production of bio-oil in the fast pyrolysis of 

fairly small particles (Bridgwater and Peacocke, 2000; Shen et al., 2009; Kang et al., 

2006; Velden et al., 2010; Bridgwater et al., 1999; Shen et al., 2009; Park et al., 2008; 

Garcia-Perez et al., 2008a; Salehi et al., 2011a). However, a higher cost of grinding is 

unavoidable for obtaining smaller particles.  

 

Figure  4-2. Effect of the wheat straw particle size on the yield of pyrolysis products. 

Operational conditions: N2 flow rate of 15000 STP mL/min and a pyrolysis temperature 

of 500°C. (Lines added to make the trends clearer.) 
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4.1.2 Effect of operating parameters on the quality of pyrolysis products 

4.1.2.1 Influence of the pyrolysis temperature on the bio-oil quality 

The results regarding the influence of temperature on the elemental composition 

(carbon, hydrogen, nitrogen and oxygen) of the produced bio-oil and char are depicted in 

Figure  4-3. Despite the nitrogen content remaining constant with increasing temperature, 

the carbon content peaked at 500°C, the while oxygen and hydrogen contents reached 

their minimum values at this temperature.  

 

Figure  4-3. Effect of the pyrolysis temperature on the elemental analysis of the produced 

bio-oil. Operational conditions: N2 flow rate of 15000 STP mL/min and a wheat straw 

particle size of less than 0.6 mm. (Lines added to make the trends clearer.) 
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Wang et al. (2005), in a study of biomass pyrolysis process in a fluidized bed 

reactor, reported the same trends for the elemental analysis of bio-oil and char as a 

function of temperature in the pyrolysis process. 

Water content is another important property of biomass pyrolysis liquid, 

measured to characterize the quality of the produced bio-oil. Figure  4-4 demonstrates the 

effect of different pyrolysis temperatures on the water content of bio-oil. The water 

content of the produced bio-oil shows a minimum turning point at temperature of 500°C. 

This tendency corresponds with the results reported in related studies (Wang et al., 2005; 

Zhang et al., 2011). 

The water content of bio-oil increased by further increasing the temperature to 

500°C. Shen et al., (2009) argued that this trend is due to the secondary cracking 

reactions that dominate the pyrolysis process at higher temperatures. It is worth 

mentioning that the trends of the oxygen and hydrogen contents of the produced bio-oil, 

as depicted in Figure  4-3, are similar to the trend of bio-oil water content shown in 

Figure  4-4. 
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Figure  4-4. Effect of the pyrolysis temperature on the water content of produced 

bio-oil. Operational conditions: N2 flow rate of 15000 STP mL/min and a wheat straw 

particle size of less than 0.6 mm. (Line added to make the trend clearer.) 
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Figure  4-5. Effect of the pyrolysis temperature on the elemental analysis of the 

produced char. Operational conditions: N2 flow rate of 15000 STP mL/min and a wheat 

straw particle size of less than 0.6 mm. (Lines added to make the trends clearer.) 

Figure  4-6 shows the ash content of the produced char as a function of the 
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wheat straw is 6.5 wt%. Considering the decrease in the yield of char as a result of 

increasing temperature as depicted in Figure  4-1, it can be concluded that the percentage 

of ash in the produced char escalates with increasing pyrolysis temperature.  

 

Figure  4-6. Effect of the pyrolysis temperature on the ash content of the produced 

char. Operational conditions: N2 flow rate of 15000 STP mL/min and a wheat straw 

particle size of less than 0.6 mm. (Line added to make the trend clearer.)  
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Equation (3-1) as earlier mentioned.  

 Figure  4-7 shows the HHVs of the produced char and bio-oil as a function of the 

pyrolysis temperature. The bio-oil HHV as a function of the pyrolysis temperature 
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followed a trend opposite to that of the bio-oil water content. This result is consistent 

with the results reported in related studies (Kersten et al., 2005; Scott et al., 1988). For 

the produced char (DAF), the HHV increased as a result of increasing pyrolysis 

temperature.  

 

Figure  4-7. Effect of the pyrolysis temperature on the higher heating values 

(HHVs) of the produced char and bio-oil. Operational conditions: N2 flow rate of 15000 

STP mL/min and a wheat straw particle size of less than 0.6 mm. (Lines added to make 

trends clearer.) 

0

5

10

15

20

25

30

35

40

425 450 475 500 525 550 575

H
H

V
 (

M
J/

K
g
) 

Temperature (oC) 

HHV (Higher Heating Value) 

Bio-oil 

Char 

Char (DAF Basis) 



   55 

 

 

4.1.2.3 Influence of the wheat straw particle size on the bio-oil quality 

Figure  4-8 demonstrates the effect of wheat straw particle size on bio-oil quality, 

in terms of elemental composition. Experiments were carried out at 500°C and a nitrogen 

gas flow rate of 15000 STP mL/min. 

As illustrated in Figure  4-8, the bio-oil carbon content showed a decreasing trend 

as a function of wheat straw particle size. On the other hand, the oxygen content 

increased considerably, while the hydrogen content increased slightly. These results were 

expected, since the bio-oil water content increased by increasing the particle size, as 

illustrated in Figure  4-9. 

As illustrated in Figure  4-9, the bio-oil carbon content shows a decreasing trend as 

a function of wheat straw particle size. On the other hand, oxygen content increased 

considerably while hydrogen content increased slightly. These results are fairly expected 

since by increasing the particle size, the bio-oil water content increased as illustrated in 

Figure  4-9. 
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Figure  4-8. Effect of the wheat straw particle size on the elemental analysis of 

produced bio-oil. Operational conditions: N2 flow rate of 15000 STP mL/min and a 

pyrolysis temperature of 500
o
C. (Lines added to make trends clearer.) 

The water content of bio-oil samples increased by 16 wt% as the biomass particle 
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tendency is due to both the lower average temperature and the longer vapour residence 

time of the larger particles. Furthermore, a larger particle size provides more surfaces for 

the char that forms around the biomass particles, which functions as a catalyst in the 

dehydration reaction of some parts of volatile compounds. As a result, the subsequently 

produced bio-oil has a higher content of water and oxygen. 
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Figure  4-9. Effect of the wheat straw particle size on the water content of the 

produced bio-oil. Operational conditions: N2 flow rate of 15000 STP mL/min and a 

pyrolysis temperature of 500°C. (Line added to make the trend clearer.) 
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related to the increasing trend of the yield of the produced char as a function of the wheat 

straw particle size, shown in Figure  4-2. 

 

Figure  4-10. Effect of the wheat straw particle size on the elemental analysis of 

the produced char. Operational conditions: N2 flow rate of 15000 STP mL/min and a 

pyrolysis temperature of 500°C. (Lines added to make the trends clearer.) 

 

0

2

4

6

8

10

12

14

70

75

80

85

90

95

100

< 590 590-1000 1000-1400
W

t%
 H

, 
N

 a
n
d
 O

 

 C
 w

t%
 

Particle size (µm) 

Char (DAF Basis) Ultimate Analysis (%) 

Carbon 

Hydrogen  

Nitrogen  

Oxygen 



   59 

 

 

 

Figure  4-11. Effect of the wheat straw particle size on the ash content of the 

produced char. Operational conditions: N2 flow rate of 15000 STP mL/min and a 

pyrolysis temperature of 500°C. (Line added to make the trend clearer.) 

The influence of the wheat straw particle size on the HHV of the produced bio-oil 

and char are presented in Figure  4-12. Although the HHV of the produced char as a 

function of wheat straw particle size did not change considerably, the HHV of the 

produced bio-oil showed a decreasing tendency as the wheat straw particle size increased. 

Furthermore, the HHV of the produced bio-oil tended to level out with particle sizes 

greater than 1.4 mm. These effects can be related to the trends of the carbon, hydrogen 

and oxygen contents of the produced bio-oil as a function of the biomass particle size.  
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Figure  4-12. Effect of the wheat straw particle size on the HHV of the produced 

char and bio-oil. Operational conditions: N2 flow rate of 15000 STP mL/min and a 

pyrolysis temperature of 500°C. (Lines added to make the trends clearer.) 
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4.2 Catalytic steam reforming of the aqueous fraction of bio-oil 

The catalytic steam-reforming experiments are divided into two parts. In the first 

part, the three groups of catalysts shown in Table  3-3 were tested in the catalytic steam 

reforming of a commercial bio-oil with a bio-oil / water ratio of 1:2 (i.e. WSBO-3). For 

each catalyst, the hydrogen yield was determined. Based on the obtained results, the most 

active catalyst in terms of hydrogen production was selected for further investigations in 

the second part of experiments, where the operational conditions were evaluated for 

higher yields in the production of hydrogen. 

4.2.1 Catalytic steam reforming with different catalysts 

All the experiments with the three groups of catalysts were carried out at the 

following conditions: a temperature of 850°C, a nitrogen flow rate of 200 STP mL/min 

and a WSBO-3 feed rate of 5.25 mL/h. 

4.2.1.1 Catalytic steam reforming of WSBO-3 over the Ni/Al2O3 group  

Figure  4-13 shows the results of the catalytic activity of the first catalyst group 

(Ni/Al2O3) for the production of hydrogen through catalytic steam reforming of an 

aqueous bio-oil (WSBO-3) as a function of time in an isothermal condition at a 

temperature of 850°C. The decline in catalyst activity or decrease of hydrogen yield over 

time was due to coke deposition on the surface of the catalyst particles. Coke formation 

on the catalyst surface deactivates catalyst and leads the process to lower hydrogen yields 
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and, ultimately, to reactor blockage. Such a problem has also been experienced and 

described by Panagiotis et al. (2006). 

 

Figure  4-13. Catalytic steam reforming of WSBO-3 over the Ni/Al2O3 series of 

catalysts: H2 yield versus time. Operational conditions: temperature of 850°C, N2 flow 

rate of 200 STP mL/min, space velocity (WHSv) of 10 h
-1

 and WSBO-3 feed rate of 5.25 

mL/h. (Lines added to make trends clearer.)  
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increasing the content of nickel (Ni) as their active agent. In terms of its performance in 

the production of hydrogen, the most effective catalyst of this group was found to be 

Ni/Al2O3-3 with about 14 wt% Ni content. 

Table  4-1. Average hydrogen yields over Ni/Al2O3 catalysts for a period of 1 hour 

Catalyst 
H2  

wt% 

C1  

wt% 

CO 

wt% 

CO2  

wt% 

C2  

wt% 
CO/CO2 

C 

Conversion 

(wt%) 

Coke 

Deposition  

(wt%) 

Ni/Al2O3-1 44.89 4.98 22.27 25.40 1.55 0.88 53.66 12.57 

Ni/Al2O3-2 49.99 3.75 19.82 30.62 0.76 0.65 54.96 12.16 

Ni/Al2O3-3 55.69 3.20 20.39 30.41 0.74 0.67 54.83 12.06 

Ni/Al2O3-4 55.28 3.07 20.37 31.44 0.76 0.65 55.69 11.09 

4.2.1.2 Catalytic steam reforming of WSBO-3 over the Ru–Ni/Al2O3 group 

Figure  4-14 demonstrates the results of the catalytic activity of Ru-Ni/Al2O3 

catalysts for hydrogen production as a function of time under an isothermal condition at 

850°C.  The highest hydrogen yield was achieved over the Ru-Ni/Al2O3-3 catalyst with 

14.1 wt% Ni content. However, since there was an error of about 6% in our results, it is 

not possible to decisively conclude that the Ru-Ni/Al2O3-3 was the most active catalyst in 

this group. 
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Figure  4-14. Catalytic steam reforming of WSBO-3 over the Ru-Ni/Al2O3 series 

of catalysts: H2 yield versus time. Operational conditions: temperature of 850°C, N2 flow 

rate of 200 STP mL/min , space velocity (WHSv) of 10 h
-1

 and WSBO-3 feed rate of 5.25 

mL/h. (Lines added to make the trends clearer.) 

Figure  4-15 compares the average hydrogen yields achieved over the Ni/Al2O3 

and Ru–Ni/Al2O3 catalysts. It can be concluded that the addition of 0.5 wt% of ruthenium 

to the Ni/Al2O3 catalysts increased the production of hydrogen. As experienced in this 

study, the yield of hydrogen increased from 54% to the highest value of 65% by 

promoting Ni/Al2O3-3 with ruthenium.  
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Figure  4-15. Comparison of the Ni/Al2O3 and Ru–Ni/Al2O3 catalysts in terms of 

hydrogen production: H2 yield versus nickel content. Operational conditions: temperature 

of 850°C, N2 flow rate of 200 STP mL/min, space velocity (WHSv) of 10 h
-1

 and WSBO-

3 feed rate of 5.25 mL/h. 

Figure  4-16 shows the yields of the produced gases in the catalytic steam 

reforming of WSBO-3 over Ru-Ni/Al2O3-3 as a function of time. A reduction in the 

hydrogen (H2) yield and a rise in the carbon monoxide (CO) and methane (CH4) yields 

with time were observed for all experimental runs. The same tendencies were 

experienced in the studies of Czernik et al. (2007) and Panagiotis et al. (2006) on 

catalytic steam reforming of bio-oil at a temperature 850°C. These tendencies can be 

0

20

40

60

80

5.6 10.7 14.1 18.0

H
2
 Y

ie
ld

 (
%

) 

 Ni (%) 

Ru-Ni/Al2O3 Ni/Al2O3



   66 

 

 

attributed to the occurrence of the water–gas shift reaction and methanation in the steam-

reforming process. These reactions have the following consequences:  

 Catalyst deactivation 

 A reduction in the yield of H2  

 Increase in the yields of CO and CH4 

 

Figure  4-16. Catalytic steam reforming of WSBO-3 over the Ru-Ni/Al2O3-3 

catalyst: H2 yield versus time. Operational conditions: temperature of 850°C, N2 flow rate 

of 200 STP mL/min, space velocity (WHSv) of 10 h
-1

 and WSBO-3 feed rate of 5.25 

mL/h. (The green line added to make the trend clearer.)  
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Figure  4-17 shows a comparison between the catalytic steam reforming of bio-oil 

and its aqueous phase (WSBO-3) over the Ru-Ni/Al2O3 catalyst in terms of hydrogen 

production. From the trends depicted in this figure, it can be concluded that the bio-oil 

steam reforming over the Ru-Ni/Al2O3-3 produced higher hydrogen yields than those of 

its aqueous phase. 

 

Figure  4-17. Catalytic steam reforming of WSBO-3 and bio-oil
1
 over the Ru-

Ni/Al2O3 series of catalysts. Operational conditions: temperature of 850°C and N2 flow 

rate of 200 STP mL/min. (Lines added to make the trends clearer.) 

                                                 
1
 Bio-oil data was taken from the study of Salehi et al. (2011b). 

40

50

60

70

80

90

100

Ru-NiAl-1 Ru-NiAl-2 Ru-NiAl-3 Ru-NiAl-4

H
2
 Y

ie
ld

 (
%

) 

Catalysts 

WSFB-3 Bio-oil



   68 

 

 

Although the commercial (BTG) bio-oil used to produce the aqueous fractions in 

this study was used in a previous study on the production of hydrogen from BTG bio-oil 

steam reforming—conducted in the Pyrolysis Research Lab at the University of Calgary 

(Salehi et al. 2011b)—the results of the elemental analyses as listed in Table  4-2 indicate 

that the composition of the BTG bio-oil constituents has changed over a period of 2 

years.  

Similarly, Boucher et al. (2000), in a study of bio-oil production from wood bark, 

found that bio-oil aged significantly over a storage period of 65 days. Another study 

related to the aging of bio-oil reported that an increase in the bio-oil viscosity with 

storage is one of the indicators of the bio-oil aging issue (Czernik et al., 1994). 

The effect of storage time on the stability of bio-oil has also been studied by 

Ortiz-toral et al. (2008) and Vispute et al. (2011). These studies reported a considerable 

reduction in the concentration of several main compounds of bio-oil, including acetic 

acid, acetol and lavoglucosan.  

As such, the steam reforming of the aqueous phase of the aged BTG bio-oil 

(WSBO-3) in this study should not be compared with that of the fresh BTG bio-oil used 

in the previous study by Salehi et al (2011b).  
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Table  4-2. Elemental analysis of fresh and aged commercial (BTG) bio-oil 

Elemental analysis (wt%)
 

Fresh (Year 2010) Aged (Year 2012) 

Carbon 45.83 41.29 

Hydrogen 7.15 7.69 

Nitrogen 0.87 0.17 

Oxygen 
a 

46.15 50.85 

a
by difference 

4.2.1.3 Catalytic steam reforming of WSBO-3 over the MgO–Ni/Al2O3 group  

Figure  4-18 presents the results of the catalytic activity of the third group of 

catalysts (MgO-Ni/Al2O3), in terms of hydrogen production as a function of time under 

an isothermal condition at a temperature of 850°C. Based on these results, the highest 

hydrogen yield was achieved over the MgO-Ni/Al2O3-2 catalyst with a Ni content of 33.3 

wt% rather than that of MgO-Ni/Al2O3-1, which had a Ni content of 18 wt%. However, a 

comparison of the hydrogen yields achieved over the MgO-Ni/Al2O3-1 and MgO-

Ni/Al2O3-2 catalysts indicates that the yield of hydrogen for this group did not enhance 

considerably as the Ni content increased. 

Figure  4-19 shows the yields of produced gases in the catalytic steam reforming 

of WSBO-3 over MgO-Ni/Al2O3-2 as a function of time. As this figure shows, the 

hydrogen yield dropped sharply after 30 minutes. This effect can be attributed to coke 

deposition on the catalyst surface, which, as outlined earlier, causes the catalyst to 



   70 

 

 

deactivate and results in lower hydrogen yields and even reactor blockage (Panagiotis N. 

K. et al., 2006). 

 

Figure  4-18. Catalytic steam reforming of WSBO-3 over the MgO-Ni/Al2O3 

series of catalysts: H2 yield versus time. Operational conditions: temperature of 850°C, 

N2 flow rate of 200 STP mL/min, space velocity (WHSv) of 10 h
-1

 and WSBO-3 feed 

rate of 5.25 mL/h. (Lines added to make the trends clearer.) 
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Figure  4-19. Catalytic steam reforming of WSBO-3 over the MgO-Ni/Al2O3-2 

catalyst: H2 yield versus time. Operational conditions: temperature of 850°C, N2 flow rate 

of 200 STP mL/min, space velocity (WHSv) of 10 h
-1

 and WSBO-3 feed rate of 5.25 

mL/h. (Line added to make the trend clearer.) 

Figure  4-20 shows the catalytic activity of different types of catalysts. The results, 

as depicted in this figure, indicate that promoting Ni/Al2O3 by MgO improved the 

catalytic activity in terms of hydrogen yield by 3%, with the hydrogen yield increasing 

from 55 wt% in the case of Ni/Al2O3-4 to 58 wt% in the case of MgO-Ni/Al2O3-1.  
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A comparison of the hydrogen yield obtained over Ru–Ni/Al2O3-4 and MgO-

Ni/Al2O3-1 catalysts with the same nickel content of 18 wt% showed that promoting the 

Ni/Al2O3 catalyst with ruthenium was more effective than with magnesium oxide. 

 

Figure  4-20. Comparison of the catalytic activity of different catalysts in terms of 

hydrogen production. Operational conditions: temperature of 850
o
C, N2 flow rate of 200 

STP mL/min, WHSv of 10 h
-1

, and WSBO-3 feed rate of 5.25 mL/h. (Lines added to 

make the trends clearer.) 
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4.2.2 Effects of operational parameters on catalytic steam reforming of 

aqueous bio-oil 

In the second part of the experiments, the influences of the operational conditions 

of temperature and space velocity (WHSv) on the production of hydrogen were 

evaluated. The Ru–Ni/Al2O3-3 catalyst was used, as it showed the best catalytic 

performance with the highest hydrogen yield among the three groups of catalysts. 

4.2.2.1 Influence of the temperature on catalytic steam reforming of WSBO-3 

Temperature is the main operating parameter in the catalytic steam-reforming 

process. It was found that the reaction temperature had noteworthy effects on the 

produced gases.  

The catalytic steam reforming of the aqueous phase of bio-oil (WSBO-3) over the 

Ru-Ni/Al2O3-3 catalyst was tested at various temperatures from 750°C to 950°C. Each 

experiment was carried out at a space velocity of 10 h
-1

. The average yields of the 

produced gases over a period of one hour are depicted in Figure  4-21.  

Under the experimental conditions, H2, CO, carbon dioxide (CO2) and CH4 were 

the only products detected by the micro gas chromatograph (GC). The results indicated 

that the hydrogen yield and carbon conversion were enhanced as the reaction temperature 

increased. On the other hand, the deposition of coke on the catalyst showed a declining 

trend as the reaction temperature decreased.  
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As previously stated, the catalytic steam-reforming process consists of several 

reactions, including both exothermic and endothermic reactions. Therefore, the increasing 

trend of hydrogen yield becomes almost level when increasing the reaction temperature 

beyond 950°C (Li et al., 2009). 

 

Figure  4-21. Effect of the reaction temperature on the catalytic steam reforming of 

WSBO-3 over the Ru-Ni/Al2O3-3 catalyst: H2 yield versus temperature.  Operational 

conditions: N2 flow rate of 200 STP mL/min, WHSv of 10 h
-1

 and WSBO-3 feed rate of 

5.25 mL/h. (Lines added to make the trends clearer.) 
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Furthermore, as the reaction temperature increased from 850°C to 950°C, the CO2 

yield declined and the yield of CO increased. This effect is due to the reverse water–gas 

shift (RWGS) reaction that occurs at higher temperatures. The margin of error in the 

results was about 6% (see Figure  4-21). 

4.2.2.2 Influence of the space velocity on catalytic steam reforming of WSBO-3 

The influence of the space velocity (WHSv) on the catalytic steam reforming of 

the aqueous phase of bio-oil (WSBO-3) over the Ru-Ni/Al2O3-3 at a temperature of 

850°C was investigated. The results are presented in Figure  4-22. These results indicate 

that the residence time of the reactants in the reactor decreased as the WHSv increased. 

Therefore, more reactants remained unconverted; and, the hydrogen yield and carbon 

conversion decreased as a result of the increased WHSv.  

Furthermore, by further increasing WHSv beyond 10 h
-1

,
 
the CO yield was 

observed to increase, whereas the yield of CO2 dropped. Basagiannis et al. (2007) 

explained this effect as due to the water–gas shift reaction not achieving equilibrium 

conditions at short residence times. 
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Figure  4-22. Effect of the space velocity on the catalytic steam reforming of 

WSBO-3 over the Ru-Ni/Al2O3-3 catalyst: H2 yield versus WHSv. Operational 

conditions: temperature of 850°C, N2 flow rate of 200 STP mL/min, and WSBO-3 feed 

rate of 5.25 mL/h. (Lines added to make the trends clearer.) 
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5.25 mL/h, a WHSv of 10 h
-1

 and a temperature of 850°C. The results are shown in 

Figure  4-23.  

 

Figure  4-23. Long-term activity of Ru-Ni/Al2O3-3 for the catalytic steam 

reforming of WSBO-3: H2 yield versus time. Operational conditions: temperature of 

850°C, N2 flow rate of 200 STP mL/min, WHSv of 10 h
-1

 and WSBO-3 feed rate of 5.25 

mL/h. (Line added to make the trend clearer.) 
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min, due to the gradual deactivation of the catalyst. After 50 min on stream, the activity 

of the catalyst did not further change. These observations indicate that the activity of the 

catalyst was reduced due to coke deposition and catalyst deactivation. 

4.2.2.4 Catalytic steam reforming of WSBO-4 over the Ru-Ni/Al2O3-3 catalyst 

The catalytic steam reforming of the aqueous phase of a bio-oil produced in-house 

(WSBO-4) from wheat straw over the Ru-Ni/Al2O3-3 catalyst was tested at a temperature 

of 850°C. The results are depicted in Table  4-3. The average hydrogen yield was 

calculated to be about 59.50%. 

Table  4-3. Average hydrogen yields of hydrogen in the catalytic steam reforming of 

WSBO-4 over the Ru-Ni/Al2O3-3 catalyst for a period of 1 hour 

Run# 
H2  

% 

C1 

% 

CO  

% 

CO2 

% 

C2 

% 
CO/CO2 

C 

Conversion 

(%) 

Coke 

Deposition 

(%) 

1 57.34 1.28 20.45 34.72 0.16 0.59 56.71 16.56 

2 61.58 1.36 20.06 37.60 0.41 0.53 59.47 15.21 

3 59.56 1.49 18.18 37.87 0.91 0.48 58.49 14.48 

Average 59.50 1.38 19.56 36.73 0.50 0.53 58.22 15.42 

A comparison between the results of the catalytic steam reforming of the aqueous 

phase of a commercial bio-oil (WSBO-3) and the aqueous phase of in-house bio-oil 

(WSBO-4) over the Ru-Ni/Al2O3-3 catalyst at a temperature of 850°C shows that the 

hydrogen yield for WSBO-4 was about 5% less than the hydrogen yield for WSBO-3. 
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Coke deposition for the case of WSBO-4 was observed to be about 15.4 %, whereas the 

amount of coke deposited on the catalyst for the case of WSBO-3 was 10.91%.   
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 Conclusions Chapter Five:

5.1 Bio-oil production 

Throughout this study, bio-oil as the main product and char and gas as by-

products were produced from wheat straw in a fluidized bed pyrolyzer. The effects of 

pyrolysis parameters, including temperature and particle size on the yield and quality of 

pyrolysis products, were investigated. For these purposes, different characterization 

methods, such as elemental analysis, water content measurement, higher heating value 

(HHV) determination and ash content measurement, were utilized in the evaluation of the 

quality of the products.  

The bio-oil yields in the experiments conducted for this study ranged from 45 

wt% to 51 wt% within the temperature range of 450-550°C. The maximum yield of bio-

oil of about 51 wt% was achieved under the following conditions: a pyrolysis 

temperature of 500°C and a wheat straw particle size of less than 0.6 mm. However, it 

cannot be concluded for certain that the yield of bio-oil peaked at a temperature of 500°C, 

since a margin of error of about 4% for the experimental results needs to be taken into 

consideration. Furthermore, a lower bio-oil yield and higher gas yield were observed at 

higher pyrolysis temperatures. With increasing temperatures, the yield of produced char 

decreased, and the yield of gas increased.  

The results of the elemental analysis of the produced bio-oil indicated that the 

nitrogen content stayed almost constant as a function of temperature and the carbon 
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content peaked at 500°C. On the other hand, the oxygen and hydrogen contents reached 

their minimum values at the same temperature. Furthermore, the water content of the 

produced bio-oil showed a minimum turning point at 500°C and increased at 

temperatures beyond 500°C. However, the bio-oil HHV as a function of the pyrolysis 

temperature demonstrated an opposite trend compared that of the bio-oil water content.  

In the elemental analysis of the produced char as a function of temperature, the 

carbon content demonstrated an increasing trend, whereas the oxygen content tended to 

decrease. Furthermore, the ash content of the produced char increased with increasing 

pyrolysis temperature. 

 With regards to the influence of the wheat straw particle size, the yield of bio-oil 

decreased from its maximum value of about 51 wt% for a particle size of less than 0.6 

mm by about 8 wt% to the minimum value of 43 wt% for particle sizes between 1.0 mm 

and 1.4 mm. On the other hand, the char and gas yields as functions of particle size, 

demonstrated increasing trends.  

The results of the elemental analysis of the produced bio-oil as a function of 

particle size indicated a decreasing trend for the carbon content and increasing trends for 

the oxygen and hydrogen contents. These tendencies were due to the increase in the water 

content of the bio-oil as a function of particle size. The water content of bio-oil increased 

by 16 wt% from the smallest particle size studied (< 0.6 mm) to the largest (1.0 – 1.4 

mm).  
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The results of the elemental analysis of the produced char as a function of particle 

size showed increasing trends for the carbon and oxygen contents, whereas the hydrogen 

content remained nearly constant. The ash percentage of char decreased as the particle 

size increased.  

Finally, the higher heating value (HHV) of the produced bio-oil showed a 

declining trend as the particle size increased and tended to become constant beyond the 

particle size of 1.4 mm. Furthermore, the HHV of the produced char slightly increased as 

the particle size increased. 

5.2 Hydrogen production 

In this study, hydrogen was produced through a catalytic steam-reforming process 

in a fixed bed reactor from the aqueous phases of both a commercial bio-oil and an in-

house bio-oil. Throughout this process, the effects of using different nickel alumina based 

catalysts and operational parameters on the yield of hydrogen production were evaluated. 

For the first group of catalysts (Ni/Al2O3), a yield of 44.89% in the production of 

hydrogen was achieved over the Ni/Al2O3-1 catalyst with a nickel content of 5.6 wt%; 

and, a yield of 49.99% was achieved over the Ni/Al2O3-2 catalyst with a nickel content of 

10.7 wt%. The highest hydrogen yield of 55.69% of this catalyst group was achieved 

with Ni/Al2O3-3, which had a nickel content of 14.1 wt%. The results indicated an 

improvement in the activity of the catalyst with an increase in the nickel content. 
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However, considering that a yield of 55.28% was achieved for the Ni/Al2O3 catalyst with 

a nickel content of 18%, it can be concluded that this improvement is limited. 

The addition of ruthenium (Ru) or magnesium oxide (MgO) to the Ni/Al2O3 

catalysts led to an increase in the yield of hydrogen production. The yield of hydrogen for 

the Ru-Ni/Al2O3-3 catalyst (i.e. Ni/Al2O3-3 promoted with ruthenium) was 65%, which is 

about 9% greater than the yield of hydrogen for the Ni/ Al2O3-3 catalyst. Adding MgO to 

the Ni/ Al2O3 catalyst promoted the hydrogen yield from 55 wt% (over Ni/Al2O3-4) to 58 

wt% (over MgO-NiAl2O3-1). Evidently, the activity of the Ni/Al2O3 catalyst promoted 

with Ru was higher than the activity of the catalyst promoted with MgO, in terms of 

hydrogen production.  

Among the three groups of catalysts, the Ru–Ni/Al2O3-3 catalyst demonstrated 

the best catalytic performance, leading to the highest hydrogen yield of about 65% from 

the aqueous phase of the commercial bio-oil under the following conditions: a 

temperature of 850°C and a space velocity of 10 h
-1

. With regards to the stability of Ru-

Ni/Al2O3-3, the results indicated a slow decrease of about 10 wt% in the yield of 

hydrogen after 2 hours.  

The hydrogen yield and carbon conversion were enhanced as the reaction 

temperature increased from 750°C to 950°C. A maximum hydrogen yield of about 69% 

was reached at a temperature of 950°C. On the other hand, coke deposition showed a 

declining trend with increasing temperature. Coke deposition was minimized at around 

9% at 950°C.  
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The residence time of the reactants in the reactor decreased as the space velocity 

(WHSv) increased. Consequently, the hydrogen yield and carbon conversion decreased, 

while coke deposition increased.  

The catalytic steam reforming of the aqueous phase of the in-house bio-oil over 

the Ru-Ni/Al2O3-3 catalyst was examined at a temperature of 850°C. The obtained yield 

of hydrogen was about 60%, which is about 5% less than the yield of hydrogen obtained 

from the aqueous phase of the commercial bio-oil. The coke deposition on the catalyst for 

the in-house bio-oil was found to be 15.42%, while the amount of coke deposited on the 

catalyst for the commercial bio-oil was found to be 10.91%. 

Since the commercial bio-oil used for the steam reforming process in this study 

had already aged for 2 years, the results cannot be compared with those of the fresh 

commercial bio-oil. The elemental analysis of the results showed that the commercial 

bio-oil after almost 2 years had changed in terms of its composition.    
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