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Pyrolysis of biomasses accompanied by its successive steam gasification to
synthesis gas was studied by a Temperature Programmed Reaction (TPR) method. Tars
were produced at 200-400 °C and little tars were produced above 400 °C. Reactions of
char, which was formed during pyrolysis of biomass, were subjected to the reactions
with steam by Temperature Programmed Reaction (TPR) method. Gas formations
started at around 600 °C and reached the maximum level about 830 °C irrespective of
the low material and finished at 850 °C. The main gaseous products of the char
gasification were Hy, CO, CO; and lesser amount of CHs. The carbon conversion in the
fixed bed was around 62-77% in carbon basis. Among the four types (pine wood chip,
bamboo, coconut and corneob), corncob was the most suitable biomass to be pyrolyzed.
On the other hand, pine wood chip was more difficult to be pyrolized. The amount of
char obtained in the pyrolysis was the largest for pine wood chip (28.2 wt%) and the
smallest for corncob (21.7w1%) in dry basis.

Simultaneous gasification and steam reforming of the biomass on Ni/dolomite
catalyst in fluidized bed reactor were studied in the gaseous production in the one stage
reactor. The parameters such as temperature, steam flow rate, biomass feed rate, gas
flow rate for fluidization, oxygen flow rate and catalyst types were studied to produce
the high gaseous products including tar elimination. The temperature at 780 °C, steam
flow rate of 222 mmol/h, gas flow rate for fluidization 450 ml/min and oxygen input 50
ml/min were found to be the suitable conditions. The Ni/Dolomite and the developed
Ni/Dolomite were also studied about their performance. It can be confirm that
Ni/Dolomite and the newly developed Ni-WO;/Dolomite show high performance in
biomass gasification. The various types of biomass (pine wood chip, coconut shell,

bamboo, comcob and palm shell) were selected to study the difference of gas
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CHAPTER 1
Introduction

Biomass is the product of photosynthesis and is thought to be one of the most
promising renewable energy resources. Gasification of biomass with steam has been
known to produce gases (Hz, CO, CO, and CHy,), light and heavy hydrocarbon (tar)
and char. The complete gasification of biomass, which produces synthesis gas is a
promising process for its utilization, where syngas can be converted to methanol,
DME, hydrocarbons or hydrogen. Biomass gasification with steam is operated at high
temperature (~ 1000 °C) to gasify all of biomass (including tar) or at lower
temperature (~800°C ) while co-producing tar and hydrocarbons.

Chaudhari et al. [1] have studied the optimum conditions for producing gases
from biomass-derived char to show that a steam flow rate of 2.5 g/h/g of the biomass
derived char (BDC) and 650-700 °C are suitable for the production of synthesis gas
having lower ratio (1.33) of H,/CO. Biomass gasification with the fluidized bed by
varying catalysts was studied and also was investigated with regard to the suitable
parameters such as temperatures, steam/biomass ratio and biomass species to
produced the higher yield of synthesis gas and tar removal. Asadullah et al. [2-8],
Rapagna et al. [9] and Franco et al. [10] studied the biomass gasification in a fluidized
bed reactor to find the suitable conditions. Asadullah et al. [2-8] developed two types
of reactor which were single bed and duel bed reactors the different biomass types
such as cedar wood, jute stick, baggase and rice straw. Single bed reactor was
effective in the cedar gasification and not suitable for rice straw since the catalyst
deactivated quickly because of the high ash content and fixed carbon. However, cedar
wood, jute stick, baggase using the duel fluidized bed reactor with Rh/CeQO,/SiO, are
effective at low temperature. Rapagna et al. [9] investigated the two stages
gasification process, which composed of a fluidized bed gasifier and a secondary
catalytic fixed bed reactor. Two types of nickel catalysts or calcined dolomite are
tested after the fluidized bed gasifier, showing that fresh nickel catalysts are active for
the reforming of methane and tars, where hydrogen is higher than 60% by volume.
Franco et al. [10] have claimed that the temperature of 830 °C and steam to biomass
ratio of 0.6-0.7 (w/w) could produce the higher gaseous products and reduce heavier

hydrocarbons by 3-5%.



Recently, Ni-supported dolomite (Ni/Dolomite) catalyst [11-13] was studied
for catalytic performance in the tar gasification to claim that it is an effective catalyst
for fixed bed gasification of tar. The Ni/Dolomite catalyst showed excellent activity
for the gasification of tar and its model compounds (toluene and naphthalene) and
resistance against coking.

Tar elimination, which is heavy hydrocarbon, was investigated with catalyst.
Srinakruang et al. [11-12] have claimed that Ni/Dolomite is the performance and
effective catalyst for tar gasification. The characteristics of this catalyst were
described elsewhere [11-13]. The structures of NiO, NiMgO, and CaO forms
depended on the calcination temperature and reduction temperature to form reduced
nickel (Ni®). Furthermore, the support catalysts were also investigated such as
dolomite, Al,O3; and SiO,, which it found that Ni based on dolomite catalyst shows
excellent catalytic activity and anti-coking character in steam gasification of toluene
and naphthalene.

According to the literature reviews [2-8, 10, 14, 15-16], the apparatus in
fluidized bed gasification process were developed to reduce tar and char. Most of the
experimental set ups in the literature review were two stages, which one is the
biomass gasification as the primary reactor and then gaseous products were flowed
into the catalytic gasification as the secondary reactor. Nowadays, there were the
applications to manage the gasification in the single reaction, which include
pyrogasification, the catalytic tar and char gasification. Asadullah et al. [2-8] have
modified the gasifier as the single-bed and duel bed and claimed that the rapid
deactivation was found probably in the single bed because of high ash content (22.6%)
and fixed carbon (28.4%) in the rice straw biomass. The duel-bed reactor inhibited the
catalyst deactivation drastically.

In this research work, the experiment is divided into two parts. The first part is
the basic studies of biomass pyrolysis and biomass pyrolysis followed by catalytic
gasification with fixed bed. The characteristics of gas products are studied by
Temperature Program Reaction (TPR) method. Also, char from biomass pyrolysis
process is investigated the characteristics of steam gasification with and without
catalyst by Temperature Program Reaction (TPR) method at higher temperature. The
various types of biomass [solf wood and hard wood] are selected to study the

decompositions of biomass pyrolysis and the characteristics of gas products.



The second part is of the biomass gasification with fluidized bed in the one
stage reactor. The new efficiency apparatus of biomass catalytic steam reforming and
gasification are set up and studied the gas products at the various parameters. The
amounts of gases, tar and char at various parameters are presented in this book.
Furthermore, the catalytic tar gasification was also studied with various types of
Ni/Dolomite catalyst.



CHAPTER 2

Theory and Literature Reviews

Renewable energy is of growing importance in satisfying environmental
concerns over fossil fuel usage and its contribution to the greenhouse effect. Wood
and other forms of biomass are some of the main renewable energy resources
available and provide the only source of renewable liquid, gaseous and solid fuels.
Wood and biomass can be used in a various way to provide energy:

- by direct combustion to provide heat for use in heating, for steam production
and hence electricity generation;

- by gasification to provide gaseous fuels which are subjected to combustion,
or to an engine or turbine for electricity generation;

- by fast pyrolysis to provide a liquid fuel that can substitute for fuel oil in any
static heating or electricity generation application. The liquid can also be

used to produce a range of specialities and commodity chemicals.

2.1. Pyrolysis

Biomass is a mixture of hemicellulose, cellulose, lignin and minor amounts
of other organics which each pyrolyse or degrade at different rates and by different
mechanisms and pathways. Lignin decomposes over a wider temperature range
compared to cellulose and hemicellulose which rapidly degrade over narrower
temperature ranges, hence the apparent thermal stability of lignin during pyrolysis.
The decomposition rate and extent of each components depends on the process
parameters including reactor (pyrolysis) temperature, biomass heating rate and
pressure. The degree of secondary reaction (and hence the product yields) of the
gas/vapor products depends on the time-temperature history to which they are
subjected before collection, which includes the influence of the reactor configuration.

Although some research has been carried out on the individual components of
biomass, most applied and larger scale work has focused on whole biomass as the cost
of pre-separation is considered too high. In addition, the separation and recovery of
pure forms of lignin and hemicellulose are difficult due to structural changes in

processing, although pure cellulose is relatively easy to produce.



Fast pyrolysis is a high temperature process in which biomass is rapidly
heated in the absence of oxygen. As a result it decomposes to generate mostly vapors
and aerosols and some charcoal. Liquid production requires very low vapor residence
time to minimize secondary reactions of typically 1 s, although acceptable yields can
be obtained at residence times of up to 5 s if the vapor temperature is kept below 400
°C. After cooling and condensation, a dark brown mobile liquid is formed which has a
heating value about half of that of conventional fuel oil. While it is related to the
traditional pyrolysis processes for making charcoal, fast pyrolysis is an advanced
process, which is carefully controlled to give high yields of liquid. Research has
shown that maximum liquid yields are obtained with high heating rates, at reaction
temperatures around 500 °C and with short vapor residence times to minimize
secondary reactions. A compilation of published data is shown in Figure 2.1
for typical products from fast pyrolysis of wood [17]. Fast pyrolysis processes have
been developed for production of food flavours (to replace traditional slow pyrolysis
processes which had much lower yields), speciality chemicals and fuels. These utilise
very short vapor residence times of between 30 and 1500 ms and reactor temperatures
around 500 °C. Both residence time and temperature control is important to ~ freeze"
the intermediates of most chemical interest in conjunction with moderate gas/vapor
phase temperatures of 400-500 °C before recovery of the product to maximize organic

liquid yields.

Yield, wi% on dry feed

T0%
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Figure 2.1 Typical yields of organic liquid, reaction water, gas and char from fast

pyrolysis of wood, wt% on dry feed basis [17-23].



The essential features of a fast pyrolysis process are:

- very high heating and heat transfer rates, which usually requires a finely
ground biomass feed;

- carefully controlled pyrolysis reaction temperature of around 500 °C in the
vapour phase, with short vapour residence times of typically less than 2 s;

- rapid cooling of the pyrolysis vapours to give the bio-oil product.

The main product, bio-oil, is a miscible mixture of polar organics (about 75-
80 wt%) and water (about 20-25 wt%). It is obtained in yields of up to 80 wt% in total
(wet basis) on dry feed, together with by product char and gas which are, or can be,
used within the process so there are no waste streams. Liquids for use as fuels can be
produced with longer vapour residence times (up to around 5 s) and over a wider
temperature range although yields might be affected in two ways: secondary volatiles
decomposition at temperatures above 500 °C and condensation reactions at gas/vapour
product temperatures below 400 °C. Most woods give maximum liquid yields of up to
80 wt% dry feed basis at 500-520 °C with vapour residence times not more than 1 s.
Very short residence times result in incomplete depolymerisation of the lignin due
to random bond cleavage and inter-reaction of the lignin macromolecule resulting in a
less homogenous liquid product, while longer residence times can cause secondary
cracking of the primary products, reducing yield and adversely affecting bio-oil
properties. Evidence from SEC (selective exclusion chromatography) analysis
of the liquids would suggest that the reactor configuration and the dominant mode of
heat transfer strongly influence the average molecular weight of the products
[24-26].

It is important to remember that pyrolysis always gives three products (gas,
liquid and solid) of which the liquid is a homogenous hydrophilic (oleophobic)
mixture of polar organics and water from both the pyrolysis reaction and the original
water in the feedstock. A sound understanding of the inherent processes will allow
any of these products to be maximized and it is the engineer's challenge to optimize
the process by maximizing product quantity and quality while paying proper atten-

tion to minimize costs and minimize environmental concerns.



There are two important requirements for heat transfer in a pyrolysis reactor:

1. to the reactor heat transfer medium (solid reactor wall in ablative reactors,
gas and solid in fluid and transport bed reactors, gas in entrained flow
reactors);

2. from the heat transfer medium to the pyrolysing biomass.

Two main ways of heating biomass particles in a fast pyrolysis system can be
considered: gas+solid heat transfer as in an entrained flow reactor where heat is
transferred from the hot gas to the pyrolysing biomass particle by primarily
convection and solid + solid heat [27] and Aston [15-16]. Fluid bed pyrolysis utilises
the inherently good solids mixing to transfer approximately 90% of the heat to the
biomass by solid + solid heat transfer with a probable small contribution from gas-
solid convective heat transfer of up to 10%. Circulating fluid bed [28] and transport
reactors also rely on both gas + solid convective heat transfer from the fluidizing gas
and solid + solid heat transfer from the hot fluidizing solid although the latter may be
less significant than fluid beds due to the lower solids bulk density. Some radiation
effects occur in all reactors. The important feature of ablative heat transfer is that the
contact of the biomass and the hot solid abrades the product char of the particle
exposing fresh biomass for reaction. This removes particle size limitations in certain
ablative reactors (e.g. the NREL vortex reactor), but at the expense of producing
microcarbon, which is difficult to remove from the vapor phase and reports to the
liquid product. Attrition of the char from the pyrolysing particle can also occur in both
fluid and circulating fluidized beds, due to contact of the biomass with in-bed solids
where solids mixing occurs. In fluid bed reactors, however, attrition of the product
char is relatively low and it has been observed that the char particles have the original
particle shape, but are slightly reduced in size by char layer shrinkage and attrition.

Char removal is an essential requirement for large particles (>2 mm) to avoid
slow pyrolysis reactions. The low thermal conductivity of biomass gives low heating
rates through larger particles, which leads to increased char formation. Hot char is
known to be catalytically active. It cracks organic vapors to secondary char, water and
gas both during primary vapor formation and in the reactor gas environment.
Therefore, its rapid removal from the hot reactor environment and minimal contact

with the pyrolysis vapor products is essential.



Since the thermal conductivity of biomass is very poor (0.1 W/mK along the
grain, ca 0.05 W/mK cross grain), reliance on gas+solid heat transfer means that
biomass particles have to be very small to fulfil the requirements of rapid heating to
achieve high liquid yields. Claimed temperature increases of 10,000 °C/s may be
achieved at the thin reaction layer but the low thermal conductivity of wood will
prevent such temperature gradients throughout the whole particle. As particle size
increases, liquid yields reduce as secondary reactions within the particle become
increasingly significant .

A consistent method of expressing product yields is required to remove
ambiguities in the comparison of product yields. It is recommended that the water in
the feed should be discounted in the final pyrolysis products with only the water of
pyrolysis being quoted and the product yields expressed on a dry feed basis. As a rule
of thumb, the water of pyrolysis is typically 12 wt% of dry feed.

It is necessary to distinguish between temperature of reaction and reactor
temperature. The latter is much higher due to the need for a temperature gradient to
effect heat transfer. For fast pyrolysis the lower limit on wood decomposition is
approximately 435 °C for obtaining acceptable liquid yields of at least 50% with
low reaction times. The effect of temperature is well understood in terms of total
product yield with a maximum at typically 500-520 °C for most forms of woody
biomass. Other crops may have maxima at different temperatures. The effect of
temperature is less well understood in terms of product fuel quality.

The effect of vapour residence time on organic liquid yield is relatively well
understood although the interaction of temperature and residence time is less
understood. Studies by, for example, Diebold [27] has attempted to interlink both
primary liquids formation and secondary cracking, but one essential component,
which is neglected the variation of water yield with temperature and residence time.
There is extensive literature on the mechanisms and pathways of fast pyrolysis, which
has been reviewed [15-16]. It is believed that at temperatures below 400 °C, secondary
condensation reactions occur and the average molecular weight of the liquid product
decreases. Boroson et al. [29] have demonstrated that the average molecular weight
decreases with the degree of secondary reaction, i.e. increasing residence time and

temperature.



For chemicals, it is considered necessary to " freeze" the process at the
appropriate time-temperature point in the envelope to maximise yield. In one case this
has led to a commercial reactor design where vapour residence times down to 30 ms
are claimed. Fuels have less specific process requirements and most work has focused
on maximising liquid yield rather than product quality. There is no definition of
product quality in terms of physical or chemical properties or composition, and this
area will need to be addressed as more applications are tested and alternative supplies
of bio-fuel-oil become available.

This has long been a major difficulty for researchers. The pyrolysis vapours
have similar properties to cigarette smoke and capture by almost all collection devices
is very inefficient. The product vapours are not true vapours but rather a mist or fume
and are typically present in an inert gas at relatively low concentrations, which
increases cooling and condensation problems. They can be characterised as
combination of true vapours, micron sized droplets and polar molecules bonded with
water vapour molecules. This contributes to the collection problem as the aerosols
need to be impinged onto a surface to permit collection, even after cooling to below
the dew point temperature. Electrostatic precipitators are effective and are now used
by many researchers but can create problems from the polar nature of the product and
arcing of the liquids as they flow, causing the electrostatic precipitator to short out.
Larger scale processing usually employs some type of quenching or contact with
cooled liquid product which is effective. Careful design is needed to avoid blockage
from differential condensation of heavy ends. The rate of cooling appears to be
important. Slow cooling leads to preferential collection of the lignin derived
components, which is a viscous liquid which can lead to blockage of heat exchange
equipment and liquid fractionation. Very rapid cooling of the product has been
suggested to be effective as occurs typically in a direct contact quench. Transfer lines
from the reactor through the cyclone(s) to the liquid collection system should be
maintained at >400 °C to minimize liquid deposition and collection.

Some char is inevitably carried over from cyclones and collects in the liquid.
Subsequent separation has proved difficult. Some success has been achieved with hot
gas filtration in a ceramic cloth bag house filter [27] and also candle filters for short
run durations. Liquid filtration has also proved difficult as the liquid can have a gel-

like consistency, apparently due to some interaction of the lignin derived fraction with
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the char. This aspect of char reduction and/or removal will be increasingly important
as more demanding applications are introduced which require lower char tolerances in
terms of particle size and total quantity. Possible solutions include changing process
conditions to reduce the nature of the pyrolytic lignin, increasing the degree of
depolymerisation of the lignin-derived fraction of the liquid, changing the feedstock to
one with a lower lignin content, or adding chemicals to the liquid for example to

improve handling properties or reduce char-lignin interactions.

2.2 Gasification

It is customary to report the content of moisture, volatile matter, fixed carbon
and ash as proximate analysis. Table 2.1 gives the proximate analysis of 13 biomasses
reported by Raveendran et al [30]. Upon heating the biomass was dried up to 120 °C
and was devolatalized the volatile matter up to 350 °C. Char was gasified above 350
°C. Therefore, it is customary to classify the entire gasifier process as drying,
devolatiliation and gasification. Depending upon the nature of environment inert or
reactive prevailing during gasification the process is called pyrolysis for inert
environment and gasification for reactive environment. Pyrolysis is the
devolatilization of volatile matter in inert medium to produce pyrolytic liquids, solid
char and gaseous fuel. The liquid product may also be upgraded to refined fuels. The
solid char may be used as a fuel. The gaseous fuel is high in hydrocarbons with high
calorific value. Since the bulk density and calorific values of pyrolytic liquid and solid
char are very high they have high-energy density compared to original mass [18-23].
When the environment is reactive (air) complete gasification of biomass takes place

yielding gaseous fuel and ash.



Table 2.1 Proximate analysis of biomasses [30]
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No. Biomass VM Ash Fixed carbon

(daf) (%) (db) (%) (100 -VM)(%)
1 Bagasse 84.2 2.9 15.8
2 Coconut coir 82.8 0.9 17.2
3 Coconut shell 80.2 0.7 19.8
4 Coir pith 73.3 7.1 26.7
5 Corn cob 85.4 2.8 14.6
6 Corn stalks 80.1 6.8 19.9
7 Cotton gin waste 88.0 5.4 12.0
8 Groundnut shell 83.0 o0 17.0
9 Millet husk 80.7 18.1 19.3
10 Rice husk 81.6 23.5 18.4
11 Rice straw 80.2 19.8 19.8
12 Subabul wood 85.6 0.9 14.4
13 Wheat straw 83.9 11.2 16.1

2.2.1. Variables

The variable affecting the rate of gasification are to be identified and

quantified. The variables are given below:

No. Variable Characteristics

1 Size Big Small

2 Shape Powdery Lump

8 Structure Porous Non-porous
4 Environment Inert Reactive

5 Flow of medium | Static Continuous

6 Heating rate | Slow Fast

7 Temperature <500 °C > 500 °C

8 Ash Catalytic Non-catalytic
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Since pyrolysis and gasification of biomass are thermochemical processes, the
temperature and rates of heating have pronounced effects on the weight loss of
biomass. Thermogravimetric analysis (TGA) measures and records the weight loss of
sample biomass as the temperature is raised at desired uniform rate. In addition the
effect of environment such as inert and reacting atmosphere with and without flowing
can be studied. For determining the characteristics of pyrolysis and also kinetic
parameters, TGA is used extensively. Kinetic parameters are calculated using the net
weight loss with simplifying assumptions, which do not necessarily correspond to the
complex chemical reaction in the thermal degradation of biomass. However, TGA
data provide useful comparisons of reaction parameters such as temperature and

heating rates.

2.2.1.1. Size

Smaller the biomass size better would be the heat transfer. The temperature
would be uniform resulting in reaction taking place throughout the particle. Whenever
reaction controls the gasification, the rate of reaction will be maximum and increase
exponentially with temperature. However, there is a limitation on the size above
which heat transfer would be controlling. Maa [31] has shown that the pyrolysis of
cellulose material is reaction controlled for size less than 0.2 cm, for sizes 0.2-6 cm

both heat transfer and reaction control, whilst above 6 cm heat transfer controls.

2.2.1.2. Shape

Bio-residues are generally powder in nature. At present they are pelletized
before gasification so as to reduce the volume of gasifier. Pelletization consumes
power thus reducing the available energy. Lumps on the other hand can be gasified
conveniently. However, lumps beyond 6 cm size are not suitable. In order to have
uniform rate of gasification yielding uniform composition of producer gas, the lumps
are cut into small chips having size less than 2.5 cm. Chipping is also an energy

consuming operation.
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2.2.1.3. Structure

If the biomass is highly porous, the surface area for reaction is very high and
the diffusion of the reactant/product would be easy. Uniform temperature could be
achieved throughout biomass resulting in continuous reaction at all portions of
biomass yielding uniform composition of product gases. When the biomass is less
porous, the temperature varies from the maximum at the exterior to the minimum at
the interior. The reaction takes place only at the exterior surface. This surface shrinks
with reaction. Because of the non-uniformity in temperature, drying, pyrolysis and
gasification take place simultaneously yielding non-uniform composition of gases.
Granli et al [32] have studied thermogravimetric analysis and devolatilization kinetics
of hard woods such as alder, beech, birch, oak, and soft woods such as Douglas fir,
pine A, pine B, redwood and spruce. They have observed that in the case of soft
woods, the decomposition starts at lower temperature, the maximum
temperature of weight loss for hemicellulose is higher and hemicellulose & cellulose

zones are wider.

2.2.1.4. Environment

Generally, it is observed that reactive environment (air/oxygen) results in
complete gasification of biomass while inert environment (nitrogen/argon) aids
devolatilization (pyrolysis) yielding more char. Pyrolysis of biomass has attracted the
attention of many investigators [33-34] as it yields solid, liquid and gaseous fuel from
biomass.

Commercial gasifiers employ air at substoichiometric guantity to generate
producer gas. Depending upon the type of contact between biomass and air, the
gasifier is called down draft, updraft or cross flow gasifier. Each type has its own
advantages and disadvantages in generating quality producer gas. Thus, the
understanding on the effect of environment on gasification has come to the natural end.
Hence, the present gasifiers produce gases with low calorific values due to
dilution by nitrogen.
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2.2.1.5. Flow of medium

Williams and Besler [33-34] have observed that the secondary degradation of
char to gases can be prevented in pyrolysis of biomass by sweeping away the
devolatilized gases by inert gases such as nitrogen. This yields more char equal to
fixed carbon content in the biomass. Therefore, many investigators have carried out
the pyrolysis studies with flowing nitrogen. Safi et al [35] have carried out studies on
global degradation kinetics of pine needles in air. An air flow rate of 50 ml/min was
maintained. The char obtained at different heating rates were less than the available
fixed carbon, due to the presence of reactive medium such as air. If the medium were
static, then there is a possibility of secondary degradation of char taking place. This
may result in complete gasification of biomass. However, no attempt is reported so far

on the effect of static inert or static reactive medium on the gasification of biomass.

2.2.1.6. Heating rates

Bridgwater [18-23] reported the influence of pyrolysis reaction parameters
such as temperature and heating rates to determine the yield and composition of the
derived products. In fast pyrolysis with high heating rates of up to 1000 °C/min at
temperature below 650 °C and with rapid quenching the liquid, intermediate products
of pyrolysis condenses without further breaking down higher molecular weight
species into gaseous products. Formation of char is minimized by high heating rates.
Gaseous products form at high heating rates to high maximum temperature. If the
desired end product is the liquid hydrocarbon or bio-oil, fast pyrolysis is preferred.
Fluidized bed, cyclonic, entrained flow, vortex and ablative reactors are recommended
for fast pyrolysis.

Slow pyrolysis requires low heating rates and low maximum temperature.
Maximum yield of char via secondary coking and repolymerization reaction is
observed at slow heating rates coupled with a low final maximum temperature (less
than 500 °C) and with long gas and solid residence times. Therefore, slow pyrolysis
has been used for the production of char. Fixed bed reactor, multiple hearths and
rotary Kkiln are used for slow pyrolysis. Even though the rate of purging of gaseous
products to prevent the secondary reaction influences the pyrolysis, no attempt has

been made so far to evaluate its effect. William and Besler [33-34] have carried out a
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detailed study on the influence of temperature and heating rate on slow pyrolysis of
biomass in a static batch reactor at heating rates of 5, 20,40 and 80 K/min to a final
temperature of 300, 420, 600 and 720 °C with nitrogen as purging gas. Slow pyrolysis
has yielded aqueous, oil, gas and char. The gaseous, liquid and solid products of

pyrolysis are analyzed for composition, yield and calorific value.

The observations made are as follows:
- A decrease in the yield of char and a corresponding increase in the yield of
oil and gas resulted with increase in temperature for each heating rate.
- At 420 °C and above, the aqueous yield remained virtually constant at
about 37 wt%.
- Very high char yield has been obtained at 300 °C as char has retained
partially pyrolysed material such as hydrocarbons of high molecular weight.
- The high molecular weight hydrocarbon within char volatilizes and degrades
thermally as the temperature was increased.
- The oil yield increases steadily from 300 to 720 °C at all heating rates.
- The oils are highly oxygenated.
- An increase in carbon and hydrogen and a decrease in sulfur and oxygen
contents of the oil with heating rates were observed.
-The gas yield also increases with temperature at all heating rates.
-The char yield decreases with temperature and with heating rates.
- The calorific values of oils and char were essentially independent of heating
rates and were found to be an average 23 and 32 MJ/kg, respectively.
- The yields of CO, CO,, H, CH4 and C;Hg increased with heating rates.
- Total calorific values were 13.6, 15.7, and 15.8 MJ/m3 at heating rates of 5,
20, 40 and 80 K/min, respectively.
-The calorific values of gases were fairly independent of heating rates above 5
K/min.

- Water and oil were evolved throughout the higher temperature.

The advantage of gasification is that using the syngas is more efficient than
direct combustion of the original fuel; more of the energy contained in the fuel is
extracted. Syngas may be burned directly in internal combustion engines, used to

produce methanol and hydrogen, or converted via the Fischer-Tropsch process into
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synthetic fuel. Gasification can also begin with materials that are not otherwise useful
fuels, such as biomass or organic waste. In addition, the high-temperature combustion
refines out corrosive ash elements such as chloride and potassium, allowing clean gas
production from otherwise problematic fuels. Gasification of fossil fuels is currently
widely used on industrial scales to generate electricity. However, almost any type of
organic material can be used as the raw material for gasification, such as wood,
biomass, or even plastic waste. Thus, gasification may be an important technology for
renewable energy. In particular biomass gasification is carbon neutral.Gasification
relies on chemical processes at elevated temperatures >700°C, which distinguishes it
from biological processes such as anaerobic digestion that produce biogas. In a

gasifier, the carbonaceous material undergoes several different processes:

1.The pyrolysis (or devolatilization) process occurs as the carbonaceous
particle heats up. Volatiles are released and char is produced, resulting in up to 70%
weight loss for coal. The process is dependent on the properties of the carbonaceous
material and determines the structure and composition of the char, which will then

undergo gasification reactions.

H, Tars

&iﬂu_

2. The combustion process occurs as the volatile products and some of the
char reacts with oxygen to form carbon dioxide and carbon monoxide, which provides

heat for the subsequent gasification reactions. Letting C represent a carbon-containing

organic compound, the basic reaction here is C +%O2 — CO.
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3. The gasification process occurs as the char reacts with carbon dioxide and
steam to produce carbon monoxide and hydrogen, via the reaction.

(C+%HZO—>COZ+H2)

4. In addition, the reversible gas phase water gas shift reaction reaches equilibrium
very fast at the temperatures in a gasifier. This balances the concentrations of carbon

monoxide, steam, carbon dioxide and hydrogen. (CO+H,0 - CO, + H,)

In essence, a limited amount of oxygen or air is introduced into the reactor to
allow some of the organic material to be "burned" to produce carbon monoxide and
energy, which drives a second reaction that converts further organic material to

hydrogen and additional carbon dioxide.
2.3. Biomass Pyrolysis and Gasification

Biomass is a renewable energy source because the energy it contains comes
from the sun. Through the process of photosynthesis, chlorophyll in plants captures
the sun's energy by converting carbon dioxide from the air and water from the ground
into carbohydrates, complex compounds composed of carbon, hydrogen, and oxygen
as shown in Figure 2.2. When these carbohydrates are burned, they turn back into
carbon dioxide and water and release the sun's energy they contain. In this way,
biomass functions as a sort of natural battery for storing solar energy. As long as
biomass is produced sustainably—with only as much used as is grown—the battery

will last indefinitely.



18

PHOTOSYNTHESIS

In the process of photosynthesis, plants convert radiant energy from

the sun into chemical energy in the form of glucose - or sugar.
water  + carbom dioxide + sunlight —=  glucose + oxygen
6EHO  + 6 €0, + radiant energy—s CH, 0, + 60,

Figure 2.2 The process of photosynthesis in biomass production [36].

Gasification is a process that converts carbonaceous materials, such as coal,
petroleum, or biomass, into carbon monoxide and hydrogen by reacting the raw
material at high temperatures with a controlled amount of oxygen. The resulting gas
mixture is called synthesis gas or syngas and is itself a fuel. Gasification is a very
efficient method for extracting energy from many different types of organic materials,
and also has applications as a clean waste disposal technique. The gasification of
biomass is a developing energy technology among various systems for the energetic
utilisation of biomass, which has the following main advantages compared to

conventional combustion technologies.

1. The combined heat and power generation via biomass gasification techniques
connected to gas-fired engines or gas turbines can achieve significantly higher
electrical efficiencies between 22 % and 37 % compared to biomass
combustion technologies with steam generation and steam turbine (15 % to
18 %). If the produced gas is used in fuel cells for power generation, an even
higher overall electrical efficiency can be attained in the range between 25 %
and 50 %, even in small scale biomass gasification plants and under partial
load operation.

2. Due to the improved electrical efficiency of the energy conversion via
gasification, the potential reduction in CO; is greater than with combustion.
The formation of NOx compounds can also be largely prevented and the
removal of pollutants is easier for various substances. The NOy advantage,

however, may be partly lost if the gas is subsequently used in gas-fired engines
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or gas turbines. Significantly lower emissions of NOy, CO and hydrocarbons
can be expected when the produced gas is used in fuel cells instead of using it
in gas-fired engines or gas turbines.

3. Pyrolysis of biomass generates three different energy products in different
quantities: coke, oils and gases. Flash pyrolysis gives high oil yields, but
because of the technical efforts needed to process pyrolytic oils this energy
generating system does not seem to be very promising at the present stage of
development. However, pyrolysis as a first stage in a two-stage gasification
plant for straw and other agricultural feedstocks posing technical difficulties in

gasification does deserve consideration.

In most biomass gasification processes, air is used as gasifying agent with the
result, that a low calorific value gas (3-5 MJ/m?) is generated, which can be used after
cleaning in gas-fired engines or gas turbines. For gas turbines connected to a steam
turbine, medium calorific value gas (12-15 MJ/m?3) is more favourable than low
calorific gas. Steam injection into the gas turbine combustion chamber (Cheng
process) requires at least medium calorific value gas. The production of methanol or
hydrogen via biomass gasification or the use of producer gas in low-temperature fuel
cells also require either gasifiers operating with highly-enriched oxygen and steam or
indirectly heated (allothermic) gasifiers must be used with steam as a gasification
medium to generate the necessary medium calorific value raw gas with high hydrogen

content.

Gasification of wood and wood-type residues and waste in fixed bed or
fluidised bed gasifiers with subsequent burning of the gas for heat production is state
of the art. The wood gasifiers employed primarily in the Scandinavian countries are
used almost entirely for heat generation. Significantly greater technical problems are
posed by gasification of straw and other solid agricultural feedstocks, which mostly
have higher concentrations of nitrogen, sulphur, chlorine and alkalines. The
gasification of herbaceous biomass is still at an early stage of research and
development. Intensified development efforts on gasification technologies for
herbaceous biomass feedstocks are desirable as the potential supply of this group of

fuels is comparatively large.
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Thorough gas cleaning and perfect adaptation of the gas from biomass
gasification to the specific requirements of the gas utilisation systems are the
prerequisites for gas use in gas-fired engines, gas turbines and fuel cells. Tar
compounds can be removed effectively by increasing the gas temperature or by
catalytic tar cracking with dolomite or nickel. However, even for wood gasifiers there
is still no economically viable solution of the tar problem. None of the gasifier types
currently on the market have been successfully tested in connection to gas-fired
engines in long term operation under practical conditions in combined heat and power

stations.

Gani A et al [37] studied on (1) analysis of the main compositions for several
types of biomass, which includes Indonesian agricultural biomass of palm oil fiber
and bagasse, (2) fundamental pyrolysis and combustion characteristics for the biomass
samples selected by a thermo-gravimetric (TG) analysis, (3) the pyrolysis and
combustion characteristics for the simulated biomass, which consists of mixture of
cellulose with lignin chemicals, to discuss the effect of the cellulose and lignin content
in the biomass on the pyrolysis and combustion characteristics, and (4) elucidation of
the reason for difference of the reactivity for the actual biomass samples from that for
the simulated biomass samples by means of observation of morphological change

before and after the reaction.

As a representative result of the pyrolysis tests, Figures 2.4a and 2.4b show
profiles of fraction of the mass decrease of combustibles for several types of biomass
such as hinoki sawdust, rice husk, palm oil fiber, corn stalk, rice straw, larch bark and
bagasse, comparing with the cellulose and lignin chemicals. The vertical axis
represents fraction of mass decrease of combustibles. The cellulose and lignin
chemicals are also tested as references since the biomass mainly consists of these
compounds as shown in Figure 2.3. From both the figures, the pyrolysis starts at about
473 K for all of the samples. The combustibles in the biomass react at the two stages
during pyrolysis. At the first stage, the mass rapidly decreases due to cellulose
volatilization. After that, the slow mass decrease occurs at the second stage due to
lignin decomposition. Focusing on pattern of the profile of mass decrease, trend of the
mass decrease for bark differs from that for the others. The cellulose chemical
decomposes at high decomposition rate within narrow temperature range. While,

decomposition rate of the lignin chemical becomes slower than that of the cellulose
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chemical. Comparing these results for the actual biomass samples with those for the
cellulose and lignin chemicals, the profile for bark relatively comes near to that for the
lignin. This is because the bark contains the highest lignin content as shown in Figure
2.3. On the contrary, the profile for rice husks approaches to that for the cellulose.
These results suggest that the volatilization behavior of biomass depends on its own
component such as the cellulose and lignin content. Generally, the lignin is harder to

decompose than the cellulose since part of lignin consists of benzene rings [37].
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Rice Rice Hinoki Com Palm Larch Bagasse
straw husk sawdust stalk fibre bark

Figure 2.3 Cellulose and lignin contents in several types of biomass [37].
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Figure 2.4 Residual fraction of combustibles for several types of biomass, cellulose
and lignin during pyrolysis [37].

Changes of fraction of mass decrease of combustibles during combustion for
several types of biomass, lignin and cellulose are shown in Figures 2.5a and 2.5b.
Trend of the mass decrease for combustion differs from that for pyrolysis obtained
before. The results show that the reaction rate for all of the samples during
combustion becomes faster than that during pyrolysis. Comparing the result for bark
with that for the lignin chemical, as an example, the reaction rate for bark becomes
much higher than that for the lignin even if the lignin content in the bark is the highest
of all of the biomass samples. These results suggest that cellulose content in the
biomass may enhance the ignition characteristics and decomposition of lignin since
the cellulose compounds have the structure of branching chain of polysaccharides and
no aromatic compounds, which are easily volatilized. Consequently, the biomass will
burn at the flowing steps. First, the cellulose components in the biomass are

volatilized, so that the porosity in the char particles of biomass increases and that
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oxygen easily diffuses into the char particles. Next, the lignin components in the
biomass can also react with oxygen diffused even if the reactivity of lignin itself is
low. In other words, this discussion suggests that the char morphology will be one of

the important indices to evaluate the biomass reactivity during combustion.

The results above-mentioned show the reaction characteristics for the actual
biomass samples. Additionally, the results suggest that the cellulose and lignin content
in the biomass affects the reactivity qualitatively. In order to quantitatively elucidate
effect of the cellulose and lignin content on the pyrolysis and combustion
characteristics for the biomass, the simulated biomasses are made by means of mixing
the cellulose with lignin chemicals in various concentration ratios. In this experiment,
the cellulose compositions of the simulated biomasses are varied from 0% to 100%,
and the other component is lignin. Figures 2.6a and 2.6b shows profiles of mass
decrease fraction of combustibles for several simulated biomasses with different
cellulose and lignin contents during pyrolysis and combustion at heating rate
20 K/min, respectively. The results for pyrolysis show that the over all reaction rate
decreases with an increase of the lignin content. Profiles of the mass decrease seem to
cellulose and lignin contents during pyrolysis and combustion at heating rate
20 K/min, respectively. The results for pyrolysis show that the over all reaction rate
decreases with an increase of the lignin content. Profiles of the mass decrease seem to
rise up proportionally to the lignin content in the simulated biomass. While, for
combustion, the similar tendency to the results for pyrolysis is obtained especially
before about 0.8 h. After that, the mass suddenly decreases due to the lignin
combustion. This result means that the lignin in the biomass controls the reaction rate

during combustion.
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Figure 2.6 Residual fraction of combustibles of cellulose, lignin and their mixture
[37].

Morphological change of the simulated and actual biomass samples before
and after pyrolysis and combustion are observed by a scanning electron microscope
(SEM). Figures 2.7a — 2.7c show the surface morphology of the raw material of
Hinoki sawdust and the cellulose and lignin chemicals, respectively. It can be
observed from this figure that Hinoki sawdust has fibrous and porous structure. The
cellulose chemical also has the similar structure, as shown in Figure 2.7b. While,
morphology of the lignin chemical is observed to be lumpy solid, as shown in Figure
2.7c. From these observation results, hinoki sawdust and cellulose chemical can easily

decompose and burn, comparing with the lignin chemical. Figures 2.8a and 2.8b, as an



26

example, shows the morphological structure after 1 h pyrolysis for Hinoki sawdust
and the simulated biomass of 60% cellulose and 40% lignin, respectively. From
Figure 2.8a, the morphology of the actual biomass is still to be fibrous and porous,
even if the pyrolysis proceeds. Under this condition, oxygen can diffuse easily inside
the particle during combustion. While the simulated biomass shown in Figure 2.8b, it
can be observed that the cellulose and lignin chemicals seem to react individually. In
other words, the lignin chemical does not react much, so that the shape of the lignin
remains lumpy solid. This is one of the reasons why the combustion reactivity for the
simulated biomass differs from that for the actual biomass samples. The combustion

reactivity of the biomass deeply relates to the char morphology formed.
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Figure 2.7 Morphology of (a) Hinoki sawdust, (b) cellulose, and (c) lignin chemicals

before reaction [37].

Figure 2.8 Morphology of (a) Hinoki sawdust and (b) the simulated biomass (60%
cellulose; 40% lignin) after 1 h pyrolysis [37].

2.4. Definition and Composition of Tar [38]

Biomass fuels and residues can be converted to energy via thermal, biological
and physical processes. Each process area is described with the greatest emphasis on
the technologies that are attracting the most attention in the research, demonstration
and commercial arenas. Thermo-chemical conversion covers different processes
combustion, gasification and pyrolysis with interleaved boundaries. Biomass
gasification is gaining attention as a route for biomass energy production, but producer
gas from this process usually contains unacceptable levels of tar. Tar can cause
operational problems in downstream processes by blocking gas coolers, filter elements

and engine suction channels. Most producer gas applications also require removal of
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at least part of the dust and tar before the gas can be used. Hence, the tar control and

convert is a key issue for a successful application of biomass-derived producer gas.

Tar is a complex mixture of condensable hydrocarbons, but a unique definition
is lacking. Generally, producer gas from biomass gasifiers contains tar, which forms a
serious problem for its use in e.g. engines and turbines. Besides tar also light
hydrocarbons and ammonia are nearly completely removed. There are still many
questions related to tar and the problems they may cause. Tar, itself is a complex
mixture of condensable hydrocarbons, which still requires to be satisfactorily defined.
It is also necessary to understand its composition and formation in order to design
systems for its optimum removal or conversion and for minimizing its formation in
the gasifier and interactions downstream to the end use device. As the formula (1)
shows, the product gas formed from biomass gasification contains the major
components CO, H,, CO,, CH4 H0, and N, , in addition to organic (tars) and
inorganic (H.S, HCI, NHg,alkalimetals) impurities and particulates.The organic
impurities range from low molecular weight hydrocarbons to high molecular weight
polynuclear aromatic hydrocarbons. The lower molecular weight hydrocarbons can be
used as fueling as turbine or engine applications, but are undesirable products in fuel
cell applications and methanol synthesis. The higher molecular weight hydrocarbons
are collectively known as “tar”. These tars tend to be refractory and are difficult to
remove by thermal, catalytic or physical processes. And also tar can condense or
polymerize into more complex structures in exit pipes, heat exchangers or on
particulate filters, leading to choking and attrition, which can result in decrease of
total efficiency and a increase in the cost of the process. So the aspect of tar cracking
or removaling as clean-up is one of the most important technical uncertainties in

implementation of gasification technologies and is discussed below:

Biomass + O, (or H,0) — CO, CO,, H,0, H,, CH,4 + other hydrocarbons
— tar + char + ash 1)
— HCN + NH3 + HCI + H,S + other sulfur gases

One of the issues associated with biomass gasifier tars is how they are defined.

More often than not, tar is given an operational definition by that conducting biomass
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gasification R&D. An excellent report by Milne et al. [39-40] describes in detail the
operational definitions of biomass gasification tars as published. In the literature and
provides a comprehensive survey of tar formation and conversion. It is not the intent
of this report to provide the definition of “tars” but, for the most part , “tars” are
considered to be the condensable fraction of the organic gasification products and are
largely aromatic hydrocarbons ,including benzene. The diversity in the operational
definitions of “tars” usually comes from the variable product gas compositions
required for a particular end-use application and how the “tars” are collected and
analyzed. Tar sampling protocols are being developed to help standardize the way tars
Are collected [41]; however, these methods are not yet widely established. Regardless
of how “tar” is defined, tar removal, conversion, or destruction is seen as one of the
greatest

Tars are formed during gasification in a series of complex reactions. The
formation of tar is highly dependent on the reaction conditions. Due to increased
reaction temperature, secondary reactions occur in the gas phase which convert
oxygenated tar compounds to light hydrocarbons, aromatics, oxygenates and olefins
subsequently forming higher hydrocarbons and larger PAH intertiary processes [39-
40]. The tar formations chime proposed by Elliott and and summarized by Milne [39-
40] is presented in Figure 2.9, Elliott [42] reviewed the composition of biomass
pyrolysis products and gasifier tars from various processes. Figure 2.9 shows the
transition as a function of process temperature from primary products to phenolic
compounds to aromatic hydrocarbons, and Tablel shows the classes of chemical
components in each major regime based on GC/MS analysis of collected “tars”. In a
later publication, Baker et al.[43] showed a conceptual relationship between the yield
of “tars” and the reaction temperature as shown in Figure 2.10.They cited levels of
“tar” for various reactors with updraft gasifiers having 12 wt% of wood and downdraft
less than1%. Steam-blown, fluid-bed gasifiers had tar levels of 15% at 600 °C and 4%
at 750 °C. For oxygen-blown fluid-bed, the levels of “tar” were 4.3% at 750 °C
and1.5% at 810 °C. The entrained flow gasifier of Battelle Columbus Laboratories,
operated at 1000 °C, had “‘tar’” levels of 1%. Table 2.2 tabulates the variety of
reported levels of “*tar’’. For the tar element composition, not enough data were found
to establish a relationship with temperature. The carbon, hydrogen and oxygen
contents in tar do not seem to vary with temperature, but only a sample of four species

with just few points was available as a support for this judgment. The mass percentage
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of carbon in tar remains approximately at 54.5%, the percentage of hydrogen at 6.5%
and the percentage of all organic contaminants with a molecular weight larger than
benzene [58].
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Figure 2.9 Tar maturation scheme proposed by Elliott [42].
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2.4.1. Tar classes

Based on the molecular weight of tar compounds, some researchers [45-46]
divided tar components into five groups, as shown in Table 1.Tar leads to fouling once
the gas becomes (over) saturated with it. This leads to aerosol formation and
depositions inside the installation. These fouling phenomena are not of concern as
long as all the tar is present in the gas phase. It is therefore believed that the tar
problem is fundamentally not concerned with the tar quantity, but is with the

properties and the composition of the tar.
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Table 2.2 List of tar compounds that are considered for different tar classes [38]

Tar class | Class name Property Representative compounds
1 GC-undetectable | Very heavy tars, cannot be Determined by subtracting the
detected by GC GC-detectable tar fraction
from the total gravimetric tar
2 Heterocyclic Tars containing hetero atoms; | Pyridine, phenol, cresols,
aromatics highly water soluble quinoline, isoquinoline,
compounds dibenzophenol
3 Light aromatic (1 | Usually light hydrocarbons Toluene, ethylbenzene,
ring) with single ring; do not pose a | xylenes, styrene
problem regarding
condensability and solubility
4 Light PAH 2 and 3 rings compounds; Indene, naphthalene,
compounds condense at low temperature methylnaphthalene, biphenyl,
(2-3 rings) even at very low concentration | acenaphthalene, fluorene,
phenanthrene, anthracene
5 Heavy PAH Larger than 3-ring, these Fluoranthene, pyrene,
compounds components condense at chrysene, perylene, coronene
(4-7 rings) high-temperatures at low

concentrations

The condensation behaviour of tar is an integral effect of all tar components

that are present in the syngas. The components their individual contribution to the

total tar vapour pressure is there in decisive. When the tar vapour pressure exceeds the

aturation pressure of the tar, the gas becomes (over) saturated according Raoult’s Law

[47]. Thermodynamically, this state leads to condensation of the saturated vapour. The

tar dewpoint is the temperature at which the real total partial pressure of tar equals the

saturation pressure of tar. Hence, in condensation related issues, the tar dewpoint is a

powerful parameter to evaluate the performance of gas cleaning systems. It is believed
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that, when the dewpoint of tar is reduced to levels below the lowest expected
temperature, fouling related problems by condensation or tar aerosols are solved. To
use this approach in design issues, a calculation tool has been developed to predict the
tar dewpoint on basis of the concentration of the individual tar components in the
syngas. An illustration of the relation between the tar dewpoint and tar concentration
is summarized by Bergman [48] and shown in Figure 2.11. Condensation curves are
given for the individual tar classes, e.g. the dewpoint curve for class 5 is calculated
including only class 5 tars. Furthermore, each tar component is contributes equal to
the total concentration on mass basis. The dewpoint calculation excludes tar class 1, as
the components are not known. For a CFB gasifier it is believed that tars that belong
to class 1 start to condense around 300-350 °C [48]. Even at low class 5 tar
concentration of circa 0.1 mg/m? the corresponding dewpoint (°C) exceeds the
dewpoint valid for high concentration of class 2, 3, and class 4 tar (e.g. 1000 mg/m?®).
It can be derived from Figure 2.11 that class 5 tars dominate the dewpoint of tar. Even
for very low concentrations of class 5 tars (e.g. <1 mg/m®) a dewpoint below 100 °C
can be obtained. The graph clearly points out that, dependent on the concentration in
the syngas, classes 2 and 4 need to be partially removed for a proper tar dewpoint of
about 25 °C. The class 3 tar compounds do not condense at concentration as high as
10,000 mg/m?, and play an unimportant role in this matter.
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Figure 2.11 The tar dewpoint of the different tar classes in relation to the

concentration [38].
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2.4.2. Tar heat enthalpy and entropy

Evaluation of the thermodynamic properties of tar is important in the
development and analysis of biomass or coal related processes as gasification,
liquefaction, pyrolysis. Specifically, the evaluation of the enthalpy and entropy of
these compounds is essential for performing first and second law analyses. Until now
several studies have been made on the specific heat, enthalpy, and entropy of tar.
Eisermann [49] proposed one method for evaluating the specific heat, enthalpy, and
entropy of tar. Hyman and Kay [50] proposed one correlation formula for the specific

heat of the tar produced in the gasification of coal:
C 1 -3 (1)
4 =B(4.94x10 )

where Cr is the specific heat (kJ/kg tar K), D the specific gravity at 289 K/289 K and
T is the temperature (K).

For the formula, Lowry [28] proposed that using a typical specific gravity
value of 1.17, the equation can be rearranged to give:
C, =4.22x10°T @
standard enthalpy of tar.

Tar produced from different resource, the results is different, for example,
two widely different coals (a Pittsburgh seam and a Wyodak seam) have been given a
heat content value of 130,000 BTU per gallon. Eisermann et al. [49] proposed the
following equation for the enthalpy and entropy:

HE HO"'ICTdT,HO =—AH® +ncHo, +nsHgo, +U7HHZZO’AHO

—30,980kJ / kJtar,S = S° +j(_:|_—TdT,S“ (3)

=a +a exp—a(ﬂJrNj +a( © ]+a( N j+a( > j
L *C \lC+N) °lc+N) °(C+N
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where S° is the standard entropy (kJ/kmol carbon K), a; = 37.1635, a, = -
31.4767, a3 = 0.564682, a4 = 20.1145, as = 54.3111, and as = 44.6712.

Thunman [51] proposed the another formula of heating value of tar. A
general assumption for the heating value of tar is that the composition of tar is close to
that of wood between 673 and 923 K, so the heating value of tar is between 22 and 26
MJ/kg (combustible substance), and between 973 and 1273 K, the composition is
close to that of lumped hydrocarbons, whose heating value is about 40 MJ/Kkg.
However, no further data were found to make a model. So, initially, it was thought
that the heating value of tar could be determined from the heating value of its
components, but the different substances present in tar and their amount were too

difficult to find. Finally, a general correlation of Mason and Gandhi [52] was adopted:

HHV = 146.58Xc tar + 568.78Xp tr— 51.53X0 tar (4)

where HHV is the high heating value, is expressed in Btu/lb. As 1 Btu/lb =
2.326 kJ/kg, it becomes in kJ/kg: HHV = 340.95 Xc tar + 1322.98 Xy tar - 119.86 Xo tar.

2.4.3. Tar analysis

During the past decades, several institutes have developed methods for the
sampling and analysis of tars, on-line and offline. The sampling part of the off-line
methods is based on trapping the tar by condensation on cold surfaces or filters, by
absorption in a cold organic solvent or by adsorption on a suitable sorbents. The
analysis of the tars is most often performed by gas chromatography (GC) or
gravimetrically (by weighing the collected tars, after careful evaporation of the solvent
and condensed water). The latter method has been used for over a decade in the
framework of the worldwide UNDP/World Bank monitoring program. Recently, on-
line methods have been developed and improvements of these methods are being
further investigated. Among these methods, the European tar protocol is the most
popular and accepted by researchers.

In the series of impinger bottles, the first impinger bottle acts as moisture
collector, in which water and tar condensed from the process gas by absorption in

isopropanol. The heat released by gas cooling and condensation is removed either in
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an external water bath or by an additional heat exchanger before the condenser. The
heat exchanger may be necessary for high moisture producer gases (e.g. from steam
gasification) and should be designed to meet the demands of the gasifier. The
condenser is a standard impinger bottle or can optionally be equipped with an internal
liquid quench system which is especially suitable for producer gases containing higher
tar levels. When using a liquid quench, isopropanol is the circulating liquid. After the
moisture collector the gas is passed through a series of 4 impingers with solvent and 1
final impinger which is empty. Direct condensation of the liquid effluent without
diluting media, e.g. with cold trapping, can result in further reaction of the trapped
compounds. Finemeshed frits give better results than coarse-meshed frits; G3 frits
should be installed in the impinger train. If G3 frits give a too high a pressure drop
(e.g. 0.5 bar), G2 frits should be used. Petersen column is an alternative equipment for
the 6 impinger bottles in Figure 2.12, which consists of two washing stages filled with
isopropanol. It is jacket cooled. The cooling fluid and cooling temperature can be
selected as required. Gas chromatograph is the main analysis apparatus, which is (or
should be) fitted with a capillary column, a flame ionization detector and a data
processing system. The stationary phase of the capillary column should be bonded
poly(5%diphenyl/95%dimethylsiloxane). The recommended dimensions are an
internal diameter of 0.25-0.32 mm and a length of 30-60 m. It should be noted that
this length is suited to the defining of total GC-tar but for determining individual
compounds the length is suited to the defining of total GC-tar but for determining
individual compounds the length may be to short. The typical gas chromatograph
parameters are: column temperature program: 50 °C for 5 min. To 325 °C at 8 °C/min,
stop for 5 min; injector: split, 1:75; injector temperature: 275 °C; detector temperature:
300 °C; injection volume: 1-2 ml; carrier gas: hydrogen or helium, column pressure

adjusted so that the linear velocity of hydrogen is 30-55 cm/s and helium 20-40 cm/s.
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Figure 2.12 Collection of moisture and tar [38].
2.4.4. Tar and char formation behavior [53]

Pyrolysis behavior of wood at gasification temperature (800 °C) was
investigated focusing on the behaviors of the wood constituent polymers [cellulose,
hemicellulose (glucomannan and xylan) and lignin (milled wood lignin)] by T.
Hosoya et al. [53]. Tar compositions (iso-propanol-soluble and water-soluble tar
fractions), which were characterized with GPC, GC-MS, GC-FID (oxime-TMS
analysis), capillary electrophoresis and *H NMR analysis, were quite different
between wood polysaccharides and lignin.

Figure 2.13 shows the reactors after pyrolysis in N at 800 °C for 30 s with the
temperature profile of the reactor. Both i-PrOH and water-soluble fractions from wood
polysaccharide samples (cellulose, glucomannan and xylan) and milled wood lignin
(MWL) were recovered form the upper part (>14 cm from the bottom) of the reactor
wall with the corresponding wall temperature of less than 400 °C. Secondary char
(char after wvolatilization) formation behavior was different between wood
polysaccharide samples and MWL.Wood polysaccharide samples formed secondary
char at the reactor wall (10-16 cm from the bottom) and this was very close to the
place where tar fractions were recovered. Only very small amount of carbonized
products were observed around 2-10 cm from the bottom of the reactor. On the other
hand, secondary char from lignin was observed from the bottom to the upper side of
the reactor continuously. These differences would derive from the different
reactivities of the volatile products toward carbonization as described later.
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Fig. 2.13 Pyrolysis reactors after pyrolysis of wood and its constituent polymers in N2
at 800 °C for 30 s with the temperature profile of the furnace [53].

2.4.5. Fractional composition of the pyrolysis products

Table 2.3 summarizes the fractional compositions (oven dry basis) of the
pyrolysis products. Cellulose formed small amount (10.0 wt%) of char with large
amount (72.0 wt%) of the tar fraction, while MWL (lignin) produced large amount
(40.6 wt%) of char with comparatively small amount (38.2 wt%) of the tar fraction.
Hemicellulose (glucomannan and xylan) showed the tendency between cellulose and
MWL. These results are also supported with the papers [53, 30]. The amount of the
product water was positively related with the amount of the char fraction in the wood
polysaccharides pyrolysis. MWL produced much less amount of the product water
although substantial amount of the char fraction is formed. These differences are
understandable with their different chemical structures. Lignin has aromatic rings
which are in more dehydrated states than the sugar moiety of wood polysaccharides. It
is also noted that wood polysaccharide samples, especially cellulose, formed
substantial amounts (5.2-21.6 wi%) of the water-soluble fractions.

Table 2.3 Fractional compositions after pyrolysis of wood and its cell wall

constituents (wt%, oven dry basis)

Gas Tar Product  Char
Total i-PrOH- Water- water
soluable soluable

Wood 114 41.6 37.1 4.5 9.2 37.7
Cellulose 12.9 72.0 50.4 21.6 5.1 10.0
Glucomannan  13.0 41.3 32.3 9.0 153 30.4
Xylan 14.1 54.3 49.1 5.2 11.5 20.1
MWL 12.1 38.2 37.1 o ) | 9.2 40.6

2.4.6. i-PrOH-soluble fraction

Figure 2.14 shows the GPC chromatograms (Detector: UV220 nm) of the i-
PrOH-soluble fractions. Although the products analyzed in these chromatograms are
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only those with the adsorbing ability of UV220 nm, the products are observed in wide
MW ranges of 100-2000 as polystyrene standard. These results indicate that the
i-PrOH-soluble fractions contain certain amount of high MW products, which are
difficult to be analyzed with GC. With refractive index (RI) detector, GPC analysis
was difficult due to a large peak of the solvent, i-PrOH. The chromatographic pattern
obtained from wood is observed as a sum of those from wood polysaccharide samples
and MWL.
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Figure 2.14 GPC chromatograms of i-PrOH-soluble fractions obtained from wood
and its constituent polymers. Retention times of 4,40-dihydroxy-3,30-
dimethoxy-stilbene (a), coniferylaldehyde (b), vanillin and 5-
hydroxymethylfurfural (c) and furfural (d); detector: UV220 nm [53] .

Figure 2.15 shows the total-ion chromatograms of the i-PrOH soluble
fractions in their GC-MS analysis. Identification of the products was conducted with
the retention times and mass fragmentation patterns compared with those of the
authentic compounds. Table 4 summarized the identification results with their major
mass fragments. Identification of compounds 6, 7, 11 and 24 was carried out by
comparing their mass fragmentation patterns. Wood polysaccharide samples formed
the products categorized into C,—Cj3; carbonyls, anhydrosugars, carboxylic acids,
furans and Cs—Cg carbonyls, although their yields were different between wood
polysaccharide types. 2-Hydroxymethylenemethylene-tetrahydrofuran-3-one (7) is a

specific product inxylan pyrolysis with revision of the chemical structure. Compound
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15 with an expected MW of 114 is also observed as a large peak. Although compound
15 has not been identified yet, the crystals were isolated with the same MW and
different melting point from compound 7 in the syrup obtained by dry distillation of
xylan. Benzene-type aromatic compounds were not detected from wood
polysaccharide samples. On the other hand, aromatic monomers with 4-hydroxy-3-
methoxyphenyl (guaiacyl) moiety, which is the consistent aromatic ring of Japanese
cedar wood lignin, were mainly identified in the i-PrOH-soluble fraction from MWL.
Many of these products contain carbonyl and/or C, = Cg groups. Dimeric aromatic
compounds were scarcely observed in the chromatograms probably due to their low
volatility. It is also noted that demethylation products such as catecol-type compounds,
which are expected to be formed through homolytic cleavage of phenyl-methyl ether
at this temperature, were scarcely observed in the chromatogram. Table 5 summarizes
the yields (oven dry basis) of some major products from wood polysaccharides
determined by oxime-TMS analysis (for C,—Cj3 carbonyls, anhydrosugars and furans)
and CE (for carboxylic acids). Total yields of these products correspond to 18.7-43.7
wit% of the i-PrOH-soluble fractions.

2.4.7. Reaction mechanism and kinetic

Tar decomposition mainly occurs due to cracking, steam and dry reforming
reactions as shown below [53].

Cracking: pCnHx - qCmHy + rH,.

Stream reforming: CyHy+nH, O — (n+ x/2)H; + nCO.

Dry reforming: CiHx+nCO; — (x/2)H; +2nCO.

Carbon formation:  C,Hy — nC + (x/2)H..
CnHy represents tar, and CnHy represents hydrocarbon with smaller carbon number
than C,Hy.



40

24
3,1 Wiood

j 14
a0 22
l 25 13 e

_: " 13 Cellulose
I o * o2e v iz /L_

! Cilucomianmnan

B ?
5 > i 14 13
H

5 .
15
- Mylan
[
i J.li'! 1
T ™ TE) i
e = MWL
m| ™
L]
- 1 1 1 - 1 1 1
i 30 40 S0 &0 ko

!
13 20

| =Y
-
A
L
a8
*
nte
S+=
=
br
-
B H

=iy Corbeamyls amed Aromatics

warhoxylie peids
5 16: Cuaiacal

I Glycolaldavy de 17 d-Methylguaiscal
2 Agetic agicd 18: 4-Edhyguaizoal
3 Hydrosewvacetons 19 4-%r .
20 Eugeiol
Furams amal 21 Wanillin
LIS T SRR Y 23 cis-lsoeugenal
. 23 irans-lsoeugenod
% : Furfiral = iy
F X4 Fomovsmillin
6 : I 5.Dihydro-5-methylfiaran i i
2 one I5; Acemcamillians
2 t F sl
T A — 26 Coniferylaldehy de
tetrakbnedrodin J-pme

i 4.,% 15 : unknown

& : 2-Fhrdroxy-3-rmethyl
cyclopenden- | o]
11 S-Hydronoymmethy
2tetrabydresfurs
12: 5. Hydrosoymmethn

Amnhydrosagars

Figure 2.15 Total-ion chromatograms of i-PrOH-soluble tar fractions obtained from

wood and its constituent polymers in GC-MS analysis[53].

2.4.8. Decomposition mechanism

After analysis of experimental results, Jess [54] presented the reaction scheme
of thermal conversion of tar (aromatic hydrocarbons) in the presence of H, and H0,
and shown in Figure 2.16. From which, it is can conclude that benzene is the key
component of thermal decomposition of tar (aromatic hydrocarbons), and a
carbonaceous residue (soot) is formed, above all from naphthalene. The soot as well
as the organic cracking products (e.g. methane) primarily formed react with H20O in
consecutive reaction steps. He also pointed that the thermal conversion of aromatic
hydrocarbons in product gases from pyrolysis and gasification of solid fuels,
temperatures of ~1200 °C are necessary at residence times of technical relevance (<10
s). To convert the soot and organic cracking products primarily formed to CO and Hs,

even higher temperatures of at least 1400 °C are required.
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Figure 2.16 Simplified reaction scheme of thermal conversion of aromatic

hydrocarbons the presence of hydrogen and steam [38].

Nair et al. [55] proposed naphthalene decomposition scheme by Pulsed
Corona method, and shown in Figure 2.17, which is proposed according to the product
distribution observed during experiments. By products were mainly formed by an
oxidation mechanism. Intermediate compounds seen in Figure 2.17 lead to byproduct
formation of naphthalene-dione and phthalicanhydride, which was observed by
GC/MS analysis, as well. The main path for ring opening is via naphthoxy formation
and its decomposition to indenyl via a thermal mechanism, which largely governs the
decomposition scheme. After analysis and discussion, he proposed the complete

scheme for corona processing in a fuel gas mixture as shown in Figure 2.18.

9l e

Figure 2.17 Naphthalene decomposition scheme [38].
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Figure 2.18 Main reaction pathways for reactive radicals in corona processing

of fuel gas for naphthalene removal at 200 °C [38] .
Unimolecular and bimolecular decomposition mechanism for tar

transformations, and give a example, unimolecular reactions and bimolecular

decomposition of vanillin, is shown in Figures. 2.19 and 2.20.
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Figure 2.19 Unimolecular reactions of vanillin [38].
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Figure 2.20 Bimolecular decomposition of vanillin [38].
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2.5. Reaction Kinetic

2.5.1. Model component
Because of the complexity of tar, several researchers have studied these
decomposition reactions using model biomass tar compounds such as phenol, toluene,
1-methyl-naphthalene, naphthalene and so on. The general reaction kinetic equations

used are shown in the following:
B o o R L i

app “tar ' “tapp =

—T
tar r VO

app

(~Egpp /RT) 1)

= kO,appe

Devi et al. [56] used naphthalene component as the tar model, the catalytic
activity of olivine is investigated via steam reforming. During dry reforming reaction
with CO,, naphthalene conversion of about 80% is observed and both steam and dry
reforming reaction of naphthalene forms more than 50% gaseous products over 10 h
pretreated olivine. The apparent rate constant and the apparent activation energy for
naphthalene decomposition, over 10 h pretreated olivine under syngas mixture, is
calculated assuming a first-order reaction with respect to naphthalene. The
temperature dependency is calculated according to Arrhenius’ Las, apparent activation
energy for naphthalene conversion over 10 h pretreated olivine calculated is 187 kJ
mol™ with frequency factor of 2.06 x 10° m*kg™ h™.

Jess [54] used naphthalene, toluene and benzene as aromatic hydrocarbon.
The kinetics of the thermal conversion in the presence of hydrogen and steam were
studied. The experiments were performed in a tubular flow reactor at a total pressure
of 160 kPa, temperatures of 700-1400 °C, residence times of 0.3-2 s and different
gas-phase concentrations of hydrogen, steam and the aromatics. The mechanisms of
primary and consecutive reactions are presented as reaction schemes that are
supported by kinetic calculations. The following order of reactivity is obtained:
toluene >> naphthalene > benzene. Besides gaseous organic cracking products such as
methane and ethane, condensed products and a carbonaceous residue (soot) is formed,
principally from naphthalene. Soot formation is strongly inhibited by hydrogen. Steam
has only a little influence on the conversion of the aromatics. Under the given reaction
conditions, neither the soot primarily formed nor the organic cracking products such
as methane are completely converted by steam to carbon monoxide and hydrogen,

even at the highest temperature.
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Swierczynski et al. [57-58] use toluene as model component of tar. A model
study in laboratory scale fixed bed reactor of toluene steam-reforming is studied, the
toluene conversion obtained with Ni/olivine at 560 °C is the same as with olivine at
850 °C. A kinetic model established, taking into consideration a zero order for water
and first-order for toluene gives the kinetic parameters (E, = 196 kimol™ and A (k) =
3.14 x 10® m® (kg cat h™) comparable to those reported for steam-reforming of
benzene or tars on commercial nickel catalysts

Taralas et al. [59] used toluene as model component of tar. Thermal
destruction of vaporized toluene in the presence of a [N, + H,0 + O] in air and [N, +
H, + H,O] gas mixtures are examined. Experiments were performed in a non-
isothermal tubular flow reactor at a total pressure of ca. 101.3 kPa, temperature range
of 973-1223 K. In presence of oxygen containing molecules (molar ratios of [H,O +
0,]/C7Hsg were varied between 1.78 and 3.52), a first-order reaction rate could express
the effects of temperature and residence time. Thermal destruction of toluene in [Ny +
H, + H,0] gas mixture ([H, + H,0]/C;Hg) 3.52, and (0.40 <t < 0.90 s) was studied as
reference. Activation energies of the thermal destruction of toluene are: 356 + 5 kJ
mol™ in [N, + H,0 + O] atmosphere, 2.3 x 10" s™ the frequency factor.

The temperature dependence (1098 < T < 1223 K) of the rate constant for
overall hydrodealkylation reaction

C7Hs(g) + Ha(g) — CeHe(9) + CHa4(9)

- AH; (173 = 101 kJ mol™ was determined. The rate constant was calculated from
the toluene conversation at different temperatures and as plotted according to the
Arrhenius law, the calculated activation energy E is 250 + 10 kJ mol™ in [Nz + H, +
H,0] gas mixture and the frequency factor 3.3 x 10' mol® m'®s™®. A chemical
reaction network and a free-radical mechanism have been suggested to explain the
products concentration distribution. The free-radical mechanism has been used to

interpret the experimental trends at gas residence times (t <5 ).
2.6. The Steam Catalytic Gasification Development in Fluidized bed

Rapagna et al. [9] investigated catalytic gasification tests with two nickel
steam reforming catalysts (one spent and one fresh), as well as with calcined dolomite.
The initial average diameter of the biomass particles was 1.1 mm. The aim of

experiments was to characterise the influence of operating parameters on the catalytic
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draft transformation of tar components into CO and H,, in presence of steam, so as to
obtain useful data for the design of industrial units. There is general consensus on the
effectiveness of nickel catalysts for tar reforming, but suitable operating conditions,

such as temperature and space time, need further assessment.

Figure2.21 Bench scale gasification plant. (1) fluidised bed reactor, (2)gas distributor,
(3) wind box, (4) electric furnaces, (5) biomass feeder, (6) cyclone, (7)
ceramic filter, (8) cooling system, (9) gas flow meter, (10) gas
chromatographs, (11) pump, (12) water manometer, (13) catalytic fixed
bed reactor [9].

Figure 2.21 provides a schematic representation of the bench scale facility
utilised in this study. Its major components are: biomass feeding system, fluidised bed
gasifier, catalytic fixed bed, gas cooling system, metering and analysing for the off-
gases. The fluidised bed gasifier consists of an austenitic stainless steel cylindrical
vessel of internal diameter 62 mm fitted with an alumina porous distributor plate,
designed to allow for a good gas distribution at all temperatures. The bed is located in
a cylindrical Carbolite Furnace provided with temperature and heating rate control
systems. The temperatures in the reactor are measured by means of two
thermocouples, one immersed in the bed and the other located under the distributor.

The bed inventory is sand particles (d, = 348 um, p, = 2640 kg/m®). Water for the
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generation of steam (the fluidizing gas) is fed to an electrically heated boiler by means
of a peristaltic pump at a constant flow rate. The biomass feeding probe (of internal
diameter 8 mm and cooled by means of air flowing through a jacket) is designed to
deliver the biomass well inside the bubbling bed. The secondary catalytic fixed bed
reactor (of internal diameter of 60 mm) is located after a ceramic candle filter and
heated by means of a cylindrical electric furnace. The temperature is measured with a
thermocouple located inside the reactor which is filled with catalyst: either one of the
two nickel catalysts or calcined dolomite. Some further runs with calcined dolomite
were performed by placing it directly in the gasifier, in place of the sand particles.

The operating conditions in the gasifier (temperature, biomass/steam ratio and
biomass feed rate) were kept constant for all the runs (770 °C, 1 and 764 kg of
biomass per hour per m® of bed, respectively). The influence of the operating
conditions in the catalytic converter on the production of gases, especially H,, was
investigated over the temperature range of 660-830 °C, for Gas Hourly Space
Velocities (GHSV) in the range 9000-27,700 h™. About 2 m® of dry gas (at ambient
conditions) per kg of daf biomass were obtained by utilising the fresh catalyst at the
highest temperature level, with more than 60% by volume being hydrogen. The lowest
tar residue was 0.45 g/kg of daf biomass, which increased slightly over the three hours
gasification time. Substantial carbon deposition was observed, mainly on the catalyst
layers contacting the inlet gas.

Franco et al. [10] studied steam gasification in an atmospheric fluidized bed.
The experimental work was carried out at atmospheric pressure, on a bench scale
fluidised bed gasifier described in Figure 2.22. The gasifier was circular in cross-
section with an inside diameter of 70 mm and was 500 mm, total height. The gasifier
was placed inside an electrical furnace, which provided the heat for reactions. The
biomass was fed under gravity to the top of the gasifier by a continuous feeding
system, composed of a screw feeder and a variable speed motor. A flow of nitrogen
was used to facilitate biomass feeding and to provide counter flow to the gas flow in
the feeding tube from the gasifier. The analysis of the solids collected in the cyclone
showed that some fine particles, a mixture of unconverted char and sand, were
elutriated out of the gasifier. The gasifying/fluidising medium (steam) was introduced
through a gas distributor composed of 12 injectors of 8 mm diameter with four holes
of 1.5 mm placed at the bottom end. The steam was produced in a generator and the

steam flow rate was controlled with a water pump supplying water to the generator.
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Figure 2.22 Schematic diagram of the installation [10].

Wood wastes of the more common biomass species in Portugal were chosen
for this study: pine: Pinus pinaster (softwood), eucalyptus: Eucalyptus globulus and
holm-oak (hardwood).

The effects of experimental conditions on the gasification process and on the
gas composition were evaluated. Apart from the biomass species, the relevant
conditions included some aspects of the fluidised bed gasification process like
reaction temperature, fuel/steam ratio, and steam flow rate/fluidisation velocity. The
ranges of experimental conditions used in this work were the following: reaction
temperature 700-900 °C; freeboard temperature-750 °C; flow rate of wood-5.7-11.5
g/min; flow rate of steam- 4.6 g/min; steam/biomass ratio-0.4—0.85; wood moisture
content-9.5-12% (wet basis); particle size-1250-2000 mm. The particle size was
selected to avoid problems of feeding and to provide minimum variations in the mass
flow rate. It is difficult to classify biomass particles within a restricted size range
because of irregular shapes. The feed contained some fines and considering the scale-
up effect, the size used was what could be equivalent to chips that could be fed to an
industrial scale gasifier. It is not likely that biomass feed in an industrial plant would
have a high concentration of fines which could always be recycled back to the bed to
maximize their conversion. The final gas composition of the gasification process is the
result of the combination of a series of complex and competing reactions, given below,

occurring to a varying degree.
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Oxidation
C+0, — CO, 1)
C+ %Oz - CO (2)
Boudouard
C+CO, — 2CO ()
Water gas
primary : C+H,O0 —> CO+ H, 4)
secondary : C+2H,0 — CO;+2H, (5)
Methanation
&= ) £ L&) CH (6)
Water—gas shift
CO+H,0 —» COp+H; (7)
Steam reforming
CH;+H,O — CO+3H; (8)

The operating temperature was found to have a strong influence on the gas
composition. The rise in temperature gave rise to a significant increase in H, content
by 10-20% and a reduction in heavier hydrocarbons by 3-5%, while the CO amount
decreased slightly in the range 730 and 850 °C and then remained constant. The
steam/biomass ratio was also observed to be an influential parameter on gasification
reactions. A steam/biomass ratio of about 0.6-0.7 w/w was found to produce higher
energy and carbon conversion, greater gas yields, and gas composition favouring H;
formation. The nature of biomass species appeared to have influence on the
gasification process to some extent because it resulted in variations in gas composition.
The variations in the gas composition were, however, not observed so significant with
respect to the nature of biomass and hence one could be replaced by another without
any major consequences in the process. This is advantageous, because the availability
of biomass wastes is very seasonal. Various gasification reactions may be involved
but the water—gas shift reaction appears to be dominant for temperatures up to about
830 °C for both the holm-oak and eucalyptus. For the temperature 830-900 °C, though
this reaction took place, water—gas reactions and the Boudouard reaction appear to
prevail. When pine wastes were gasified, boudouard and water—gas reactions appeared
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to have an important role, over the whole temperature range, therefore, the importance
of water—gas shift reaction was found to take place to an extent less significant and
this reaction was probably dominant only over a narrow temperature range. The
reason for this has not been elucidated but differences in the mineral matter associated
catalytic effects and/or the porous structure of the pine waste, compared to the
eucalyptus and oak wastes, may be significant.

Asadullah et al. [2-8] studied the catalytic gasification of real biomass (wood
powder) with Rh/CeQ,/Si0,. Figure 2.23 shows a laboratory scale continuous feeding
and fluidized bed gasifier of biomass. The gasifier is made of quartz glass with the
height of 66 cm. The fluidized bed of 5 cm height and 15 mm i.d. is located just at a
middle of the reactor. The biomass feeder consisted of a conical glass vessel with a
screw valve at the bottom, allowing continuous feeding of biomass particles by
vibrating the vessel with an electric vibrator. An inner tube of 8.5 mm i.d. made of
quartz is inserted from the feeder to the catalyst bed. Nitrogen flow of 60 ml/min was
usually used for transporting the biomass particles to the catalyst through an inner
tube. Air was introduced into the gasification reactor from the bottom portion so as to
reach the catalyst bed through a quartz distributor. The flow of air and the gases
formed in the fluidized bed kept the catalyst particles fluidized. The process was
carried out under atmospheric pressure by adding 3 g of a catalyst which was
pretreated under an H, stream of 40 mi/min at 773 K for 30 min to the fluidized bed.
The product gas was successively passed through a filter and an ice water condenser
so as to remove any solid or liquid materials from the product gas steam. The clean
sample of the product gas was collected from the sampling port by micro syringe and

analyzed by gas chromatography (GC). CO, CO,, CH4, Hy, and H,O were formed as

the products. In the non-catalyzed and dolomite-catalyzed reaction, a small amount of
C, product was formed. The concentration of CO, CO,, CH,, and C, products was
determined by FID-GC equipped with a methanator using a stainless steel column
packed with Gasukuropack 54.The concentration of hydrogen was determined by
TCD-GC using a stainless steel column packed with a molecular siever 13X used for

transporting the biomass particles to the catalyst bed through an inner tube.
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Figure 2.23 Schematic diagram of the reactor system [2-8].

The gasification of biomass (cedar wood) on Rh/CeQO,/SiO,(60) catalyst in a
fluidized bed reactor efficiently proceeded to produce syngas between the
temperatures of 823 and 973 K. About 98-99% of the carbon in the biomass was
converted to the gas product at 873 K. However, on the conventional nickel-based
catalyst and on dolomite this value is 73 and 43%, respectively, at the same
temperature. The rest of the carbon was related to the tar and char, which caused the
deactivation of the conventional catalysts. Since almost all the carbon in the biomass
was converted to the gas product on the Rh/CeO,/SiO, (60) catalyst, the deactivation
related to the tar or char deposition on the catalyst surface was not observed. It is
demonstrated that Rh/CeO,/SiO, (60) catalyst is applicable to the gasification of real
biomass at much lower temperatures than conventional methods.

About 150 mg/min of biomass was the optimum feeding rate on 3 g of the
catalyst using the ER of 0.3. The gas composition and also the C-conv were very
dependent on the co- and counter-current feeding of biomass and air. In the counter-
current feeding, the C-conv and syngas formation was higher than co-current feeding
of air and biomass. The catalyst activity was quite stable even in the long reaction
period (4 h). The TGA results showed that the combustion activity of carbon materials

on the Rh/Ce0,/SiO,(60) catalyst was much higher than on conventional catalysts and



51

that the reaction was highly exothermic, so that the catalyst surface remained clean
and self-immunized to maintain the activity during the reaction in the fluidized bed
reactor.

In the feeding line of the reactor, the biomass first thermally decomposed to
the tar, char, steam, and a small fraction of product gas (Figure 2.24). Then the
volatile tar and solid char contacted with the catalyst particles in the lower part of the
catalyst bed where oxygen is present and a part of the tar and char may take part in the
combustion reaction to form CO, and H,O. Then the catalyst with adsorbed tar and/or
char quickly moves up due to the fluidization and begins to be reduced at the upper
part, where the tar and char take part in the reforming reaction in the presence of
steam on the catalyst surface to form CO and H,. In the fluidized bed catalyst, if
oxygen is used, the characteristic reduction and oxidation cycle of the catalyst exists.
And thus an ideal catalyst must convert the tar and char to useful gas in the presence
of steam and/or oxygen completely by the reforming and combustion reactions. The
combustion reaction is faster than the reforming reaction. Furthermore, the biomass-
derived tar is more active than the char. Consequently, the tar usually takes part in the
reforming reaction on the reduced surface at the upper part; however, the char is more
refractory in nature and takes part in the combustion reaction on the oxidized catalyst
at the bottom part.
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Figure 2.24 Possible mechanism of the catalytic gasification of biomass [2-8].
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The sketch diagram of the single and dual bed reactor is shown in Figures
2.25a and 2.25b. The reactor was made of quartz glass. An inner tube was inserted
from the top. Cellulose and biomass were supplied from the top of the reactor together
with N, from the port A. The biomass feeder consisted of a glass vessel with a small
pore at the bottom and it was vibrated by the vibrator and the feeding rate was
controlled by the vibrating rate. The gasifier was composed of a fluidized bed section
at the middle of the reactor. In the gasification of biomass with oxygen, O, and N,
were supplied from the port B. In the pyrogasification, N, was supplied from the port
B. In the case of steam reforming of biomass, N, and steam was supplied from the
port B. The microfeeder was used for steam feeding. The product gas was collected
and analyzed by gas chromatography (GC).

For the dual bed reactor, and this consisted of two fluidized-bed sections.
First section was located at the bottom of the conical part on the outer quartz tube and
the other one was at the bottom of the inner tube. The catalyst particles were placed in
the fluidized-bed section of inner tube. The biomass was fed from the feeder by
vibrating with an electric vibrator and transported through the side tube under nitrogen
flowing. In the case of this dual-bed gasifier, oxygen was supplied through a capillary
tube which was inserted to the inner tube from the top of the fluidized-bed reactor. At
first, biomass was pyrolyzed in the outer tube to form the tar and char mainly. The
char accumulated in the conical bed section and the tar reached the catalyst-bed and
took part in the reforming reaction. In contrast, all the biomass-derived products in the

feeding tube go to the catalyst-bed in the single-bed type.
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Figure 2.25 Schematic diagram of the single-bed reactor(a) and the dual-bed
reactor(b). (a) Gasification with air A: N, + biomass, B: O, + Ny;
pyrogasification A: N, + biomass, B: Ny; steam reforming A: N, +
biomass, B: H,O + Ny; solid carbon (char + coke) estimation A: Ny, B: O..

(b) Activity test of biomass gasification A: Oy, B: N, + biomass, C: Ny;
coke estimation A: Oy, B:N,, C: Ny; char estimation A: N, B: O, C: O,
[2-8].

From the result of the gasification of cellulose over novel Rh/CeO,/SiO;
catalysts, it is found that the gasification process consists of the reforming of tar and
the combustion of solid carbon. The novel Rh/CeO,/SiO, was tested in the
gasification with air, pyrogasification, and steam reforming of cedar wood. As a result,
Rh/CeO,/SiO, gave higher yield of syngas than the conventional steam reforming Ni
catalyst. Furthermore, the performance between single and dual bed reactors was
compared. Single bed reactor was effective in the gasification of cedar, however, it
was not suitable for the gasification of rice straw since a rapid deactivation was
observed. Gasification of rice straw, jute stick, baggase using the fluidized dual-bed
reactor and Rh/CeO,/SiO, was also investigated. Especially, the catalyst stability in
the gasification of rice straw clearly was enhanced by using the fluidized dual bed

reactor.
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In this thesis work, the one stage reactor for steam catalytic biomass
gasification was developed and also investigated the suitable conditions such as
temperatures, steam flow rates etc. The Ni/Dolomite and the developed Ni/Dolomite
doped with WO3 catalyst were used in this experiment. The completed biomass

gasification to form the most of synthesis gas is our target.

2.7. Literature Reviews

The type and quality of the apparatus that is used in laboratory is one of the
most important considerations.

Chaudhari et al. [1] studied the optimum condition for producing gases from
biomass-derived char. It was observed that a steam flow rate of 2.5 g/h/g of biomass
derived char (BDC) and 650-700 °C were suitable for the production of synthesis gas
having lower (1.33) ratio of H,/CO.

Asadullah et al. [2-8] investigated the gasifier with two fluidized-bed sections.
The first section is a single bed type with the catalyst on the large distributor. The
other type is dual-bed type, where the catalyst was placed on the fluidized-bed section
of the inner tube. The biomass was fed from feeder by vibrating the vessel with an
electric vibrator with nitrogen flow. It was found that dual-bed reactor combined with
Rh/Ce0,/SiO,(30) catalyst was more effective than single-bed reactor in term of
higher carbon conversion of product gases (H,,CO and CH,).

Catalytic biomass steam gasification runs were studied in fluidized bed gasifier
and a secondary catalytic fixed bed reactor by Rapagna et al. [9]. The fluidized bed
gasifier consists of an austenitic stainless steel cylindrical vessel of internal diameter
62 mm in a cylindrical Carbolite Furnace. The temperatures in reactor are measured
by two thermocouples, one immersed in the bed and the other located under the
distributor. The biomass was fed by feeding probe (internal diameter 8mm and cooled
by flowing air through a jacket). The secondary catalytic fixed bed reactor (internal
diameter 60 mm), which is filled with catalyst; either nickel catalysts or calcined
dolomite, is located after the fluidized bed gasifier and a ceramic candle filter,
respectively. The results show that fresh nickel catalysts are extreamly active in
removing methane and tars. As a result, hydrogen product is found to be higher than

60% by volume.
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Franco et al. [10] studied the biomass steam gasification process which was
carried out in an atmospheric fluidized bed. The gasifier of 500 mm in total height and
circular cross section with inside diameter of 70 mm was packed inside an electric
furnace. The biomass was fed from the top by a continuous feeding system under
gravity, consisted of a screw feeder and a variable speed motor. The gasifier was
operated at over temperature range of 700-900 °C, varying steam/biomass ratio from
0.4 to 0.85 w/w with three types of biomass: Pinus pinaster(softwood), Eucalyptus
globules and holm oak (hardwood). The results obtained at the optimized condition, at
temperature 830 °C and steam biomass ratio of 0.6-0.7 w/w, were gas richer in
hydrogen and decrease in hydrocarbon and tars. It was found that H, content increased
by 10-20% and heavier hydrocarbons decreased by 3-5% while the temperature was
increased.

Srinakruang et al. [11-12] studied the development of Ni based on dolomite
catalyst (Ni/Dolomite) in terms of their performance and characters for the tar
gasification. It was claimed that Ni based on dolomite catalyst is an effective catalyst
for fixed bed gasification of tar. The Ni/Dolomite catalyst showed excellent activity
for tar decomposition and anti-coking of toluene and naphthalene.

Sato et al. [13] developed Ni/MgO-CaO (based on dolomite) catalyst which
was doped with WO3 as a sulfur-resistant promoter in the tar reforming. The
characteristics of the newly-developed were investigated using a simulated gas
containing naphthalene as tar. The result has confirmed that the developed catalyst
shows a high naphthalene reforming activity and is stable even in gas containing
hydrogen sulfide. The catalyst also exhibited superior resistance to coking as well as
sulfur poisoning compared to several commercial steam-reforming catalysts.

Bridegwater et al. [18-23] reviewed that tar could be reduced by thermal
cracking in a fluidized bed gasifier. Meanwhile, biomass-derived tar was very
refractory and hard to crack by thermal treatment alone. In order to effectively
decompose the tar, the following ways were suggested: increasing residence time,
such as using a fluidized bed reactor freeboard, but this method was only partially
effective; Direct contacting with an independently heated hot surface, which required
a significant energy supply and decreased the overall efficiency. At the same time, the
method was also partly effective and depended on good mixing; Partial oxidation by
adding air or oxygen could increase CO levels at the expense of conversion efficiency

decrease and operation cost enhancement.
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Tomishige et al. [60-61] investigated the biomass gasification (cedar wood) on
Rh/Ce0O,/SiO, (60) with fluidized bed of 5cm in height and 15 mm i.d. that is located
just at the middle of the quartz glass reactor with the height of 66 cm. The biomass is
fed by vibrating the vessel with an electric vibrator composing of a conical glass
vessel with screw valve at the bottom. Syngas was produced between temperatures of
550 and 700 K. The carbon in biomass was converted to gas product at 600 K with 98-
99% C-conversion. It is showed that Rh/CeO,/SiO; (60) catalyst was appropriate for
the biomass gasification at low temperatures.

Zhang et al. [62] investigated tar catalytic destruction in a tar conversion
system consisting of a guard bed and catalytic reactor. Three Ni-based catalysts
(IC146-1, Z409 and RZ409) were proven to be effective in eliminating heavy
tars(>99% destruction efficiency). Hydrogen yield was also improved by 6-11
vol%(dry basis). The experimental results also demonstrated that space velocity had
little effect on gas compositions, while increasing temperature boosted hydrogen yield
and reduced light hydrocarbons( CH4 and C,H,4) formation, which suggested that tar
decomposition was controlled by chemical kinetics.

Zhu et al. [63] studied the catalytic gasification of char from co-pyrolysis of
coal and wheat straw was studied. Alkali metal salts, especially potassium salts, are
considered as effective catalysts for carbon gasification by steam and CO,, while too
expensive for industry application. The herbaceous type of biomass, which has a high
content of potassium, may be used as an inexpensive source of catalyst by co-
processing with coal. The reactivity of chars from co-pyrolysis of coal and straw was
experimentally examined. The chars were prepared in a spout-entrained reactor with
different ratios of coal to straw. The gasification characteristics of chars were
measured by thermogravimetric analysis (TGA). The co-pyrolysis chars revealed
higher gasification reactivity than that of char from coal, especially at high level of
carbon conversion. The influence of the alkali in the char and the pyrolysis
temperature on the reactivity of co-pyrolysis char was investigated. The experimental
results show that the co-pyrolysis char prepared at 750 °C have the highest alkali
concentration and reactivity.

Zabaniotou et al. [64] have claimed that lignocellulosic biomass is an
interesting and necessary enlargement of the biomass used for the production of
renewable biofuels. It is expected that second generation biofuels are more energy

efficient than the ones of first generation, as a substrate that is able to completely
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transformed into energy. The present study is part of a research program aiming at the
integrated utilization of rapeseed suitable to Greek conditions for biodiesel production
and parallel use of its solid residues for energy and second generation biofuels
production. In that context, fast pyrolysis at high temperature and fixed bed air
gasification of the rapeseed residues were studied. Thermogravimetric analysis and
Kinetic study were also carried out. The obtained results indicated that high
temperature pyrolysis could produces higher yields of syngas and hydrogen

production comparing to air fixed bed gasification.



CHAPTER 3

Experimental Procedures

3.1. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) evaluated the weight change in
biomasses as a function of temperature. The measurement is carried out with a heating
rate of 10 °C/min from 20 to 500 °C in 100 ml/min of air and nitrogen atmosphere by
ULVAC SINKU-RIKU TGD 9600.

3.2. The scanning electron microscope (SEM)

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons in a
raster scan pattern. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample's surface topography,
composition and other properties such as electrical conductivity. The samples were
analyzed by JEOL JSM-5800 LV model.

3.3.X-ray Diffractometer

An X-ray diffractometer (XRD, Rigaku, RINT 2000) was used to investigate
the structures of Ni/dolomite. The crystalline average size was calculated by
L =KA/A(26)cosd,, where Lis the crystalline size, K is a constant (K =0.9 ~ 1.1),
A is the wavelength of X-ray (CuK, = 0.154 nm), and A(26) is the width of the peak
at half height.

3.4. Catalyst Preparation

The Ni/Dolomite was prepared by precipitation method with containing 10 %
of Ni from aqueous solution of nickel nitrate hexahydrate with ammonium carbonate
in hot distilled water in the presence of dispersed dolomite, which is calcined at 1200

°C for 24 hours. After that, the catalyst was filtered and washed with hot water then
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dried at 120 °C overnight and finally calcined in air at 500 °C for 2 hours.

The newly developed Ni-WOs/Dolomite catalyst (12%WO; by weight.) was
prepared by precipitating nickel and tungsten aqueous solutions with MgO-CaO
(calcined Dolomite)as a precipitant and carrier in hot distilled water. After the
precipitate was filtered and washed with hot water. It was dried overnight at 120 °C
and then calcined in air at 800 °C overnight.

3.5. Biomass Pyrolysis followed by Gasification Experimental Set Up

The schematic diagram of the biomass pyrolysis followed by gasification
which was controlled by temperature programmed method was shown in Figure 3.1.
The biomass pyrolysis followed gasification experiment was carried out with a fixed
bed in quartz reactor with inner diameters of 10 mm. The reactor was externally
heated by two electric furnaces and their temperatures were measured with two
thermocouples at the center position of the reactor. This reactor was divided into 2
parts; the upper part was the pyrolysis zone at the temperature range of 150 to 400 °C
and the lower part was the gasification zone at temperature 700, 750 and 800 °C with
Ni/Dolomite catalyst. The Ni/Dolomite catalyst was reduced with hydrogen at
temperature 700 °C for 2 hours.

Four kinds of biomass in dry basis were studied: wood chip, coconut shell,
bamboo, and corncob. Each biomass with total amounts of 0.5 g in stainless steel
mesh basket, hydrogen feed75 mmol/h, argon carrier 193 mmol/h and steam flow rate
178, 222 and 244 mmol/h from evaporator were fed through the top of the reactor.
Gaseous products (CO, CO,, CH,4 and H,) from the bottom of the reactor were
analyzed by TCD activated carbon column gas chromatograph after removing water.

By the way, char which is one of the main products from pyrolysis process
was subjected to the steam gasification to evaluate the reaction temperature by a
temperature programmed gasification (TPG) method. The char gasification system
was similar to that of the pyrolysis where no catalyst zone exist. Char (0.15 g) in the
stainless mesh basket was set in the reactor, followed by feeding the mixed gas steam
222 mmol/h hydrogen 75 mmol/h, Argon 193 mmol/h with heating from 400 to 850
°C for 1 hour. Moreover, the effect of Ni/dolomite catalyst on char gasification was

studied the gaseous products.
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Figure3.1 Schematic diagram of the experimental set up for biomass fixed bed
gasification (1: Gas tanks; 2: Mass flow controller; 3: Steam generator; 4:
Evaporator; 5: Thermocouples; 6: The first furnace; 7: The second furnace;
8: Quartz reactor; 9: Biomass sieve basket; 10: Ni/Dolomite catalyst bed,;

11: Liquid collector; 12: Gas flow meter; 13: Gas chromatograph).

3.6. Biomass Gasification with Fluidized Bed Experimental Set Up

Figure 3.2 shows the schematic diagram of biomasses gasification with
fluidized bed. The cylindrical stainless steel tube reactor with inner diameter of 38.7
mm and 705 mm of height was located inside an electric furnace, which is heated by
temperature programmed method. The flow of argon and hydrogen with gasifying
medium (steam) from water pump were fed into evaporator and then flowed through a
gas distributor which is placed at the bottom of the reactor and contain Ni/Dolomite
catalyst. Before gasification occurred, Ni/Dolomite was reduced by hydrogen at 700
°C for 2 hours in order to be the effective and performance catalyst as a metal nickel
form. The various amounts of biomasses were fed from the top under gravity by
continuous feed and analyzed every 4 minutes. The gaseous products flow through the
top of reactor into impinger bottles which contained isopropyl alcohol (IPA) for tar
trap and were analyzed by TCD gas chromatograph. From the previous literatures [2-

8], they have claimed carbon-based conversion (%C) which can be calculated by
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(ECO+CO2+CH4)/Total carbon feeding in biomass)x100. The amount of tar is
measured by weight from impinger bottles. The amount of char is defined as (100-

(%C conversion)- Tar(%)).The conditions of this experiment were shown in Table3.1.
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Figure3.2 Schematic diagram of the experimental set up for biomass fluidized bed
gasification(1: Gas tanks; 2: Mass flow controllers; 3: Water; 4: Water
pump; 5: Evaporator; 6: Electric furnace; 7: The cylindrical steel vessel
reactor; 8:The biomass feeder; 9: Vibrator; 10: Thermocouples; 11:
Impinger bottles; 12: Injection; 13: Gas chromatographs; 14: Gas flow

meter).
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Table 3.1 The parameters in biomass gasification with fluidized gasification

Parameters

Biomass types Wood chip, Bamboo, Coconut shell,
Corn cob and Palm shell

Temperatures(°C) 750, 780 and 810 °C

Steam flow rates 177, 222 and 244 mmol/h

Gas flow rates for fluidization (ml/min) Argon | 350, 450 and 550 ml/min
+H,50 ml/min
Biomass feed rate 7.5, 15 and 30 g/h
Catalyst weights 10and 20 g

Oxygen inputs 30, 50 and 75 ml/min




CHAPTER 4

The Characteristic and Unit Reaction of Biomass Pyrolysis and Gasification
with Fixed Bed

4.1. The Properties of Biomasses

Table 4.1 shows the elemental analysis the compositions of carbon, oxygen,

hydrogen, nitrogen and ash that contain in five types of biomass such as wood

chip[Japan], bamboo[Japan], coconut shell[Thailand], corncob[Japan] and palm

shell[Thailand] by the elemental analysis.

Table 4.1 Analysis of five types of biomass in dry basis

Wood chip Coconut shell Bamboo Corncob Palm shell
Elemental analysis(%wt)?
Carbon 47.3 46.5 46.2 41.4 45.8
Hydrogen 6.2 6.0 B-1 6.3 6.4
Nitrogen 0.29 0.35 0.34 1.1 2.6
Oxygen 46.2 46.7 47.4 45.2 45.2

Determined by CHN elemental analysis.

The thermogravimetric analysis (TGA) evaluated the weight change in

biomasses as a function of temperature as shown in Figures 4.1a and 4.1b. The

measurement is carried out with a heating rate of 10 °C/min from 20 to 500 °C in 100

ml/min of air and nitrogen atmospheres by ULVAC SINKU-RIKU TGD 9600.
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Figure 4.1 The thermogravimetric analysis (TGA) of five types biomass. (a) in air

atmosphere, (b) in N2 atmosphere.
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According to Figure 4.1a, three steps of weight decrease occurs in air
atmosphere: first, a temperature range of 50-200 °C which is attributed to the
dehydration of biomass, the weight decrease (exothermic) in a range temperature of
200-420 °C is attributed to the formation gases, tar, and char finally, the weight loss at
above 420 °C is the oxidation. As shown in Figure 4.1b, the thermogravimetric
analysis (TGA) shows that three steps of weight decrease occurs in N, atmosphere.
Firstly, the weight loss over 50-200 °C which can attribute to the dehydration, the
exothermic weight decrease over 200-420 °C can be attributed to the formation of
gases, tar and char. Finally, the slow weight loss at above 420 °C may be attributed to
the CO or CO, from char.

According to Figure 4.1b, the weight loss due to thermal decomposition of
each biomass, which concerned with pyrolysis process in the range temperature of
180 - 400 °C, can be prioritized in terms of decomposed amount at certain
temperature as following: corncob > bamboo > pine wood chip > coconut shell,
respectively. This primary order data is the advantage for decomposition or pyrolysis
of the various types of biomass as a function of temperature study because the
decomposition or pyrolysis reaction of each biomass at the certain temperature is
different.

4.2. The Clarification of Unit Reactions in Pyrolysis followed by Catalytic Tar
Gasification

Thermogravimetric analysis (TGA) suggested the pyrolysis of biomass was
composed of (1) dehydration, (2) pyrolysis to tar and char. Step (2) was studied with
the Temperature Program Reaction (TPR) method, which is followed by the catalytic
steam reforming.

Since the quick determination of tar generation or itS composition is quite
difficult. We adopted the quick gasification technology, when the tar and gas are
generated from biomass, then were introduced to the Ni/Dolomite catalyst bed (kept at
750 °C). The carrier gas composed of H,O (steam), H, and Argon. In the catalyst bed,
the tar material is completely converted to gases (CO, CO;, H, and CHy), which were

determined quickly by an on-line GC at every 5 minutes.
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4.2.1. Pyrolysis Experiment

Figure 4.2 presents the result of Temperature Programmed Reaction (TPR)
method of coconut shell in argon atmosphere without catalyst in the lower part.
Biomass, which is located at the upper part of reactor, was pyrolyzed from 180-400 °C
by temperature program. The gas products were analyzed by TCD gas chromatograph
as a function of temperature. The result presents the gas products from biomass after
pyrolysis.

It was found that the total amounts of carbon monoxide, carbon dioxide and
methane from biomass corresponded to less than 10% of total biomass in carbon basis
in the temperature range of 200-300 °C and the other product is composed of tar and
char. Both of them were stable over 300-450 °C. It can be concluded that most gaseous

products were derived from tar.
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Figure 4.2 Effect of temperature on gas compositions from biomass pyrolysis in

argon atmosphere by using temperature program.
4.2.2. Pyrolysis followed by Catalytic Tar Gasification

Results of TPR followed by catalytic tar reforming for each biomass
(pine wood chip, coconut shell, bamboo and corncob) are shown in Figures.4.3a-4.3d.
By comparing the data in Figure 4.2 with those of Figure4.3b, it is clear that the
biomass pyrolysis started from 200 °C then reached the maximum level at around 300
°C and finished at around 400 °C. Also, it is clear that for 4 types of biomass, coconut
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shell is most easy to be pyrolyzed and pine wood chip is most difficult to be pyrolyzed.
Remarkably, hydrogen was produced at pyrolysis temperature of 180 °C because
volatile matter started to be released at this temperature and through the catalyst bed at
750 °C.

It can be concluded that gas productions (CO, CH,4, CO;and Hy) in this
experiment are mostly derived from tar produced in pyrolysis step followed by their
gasification on Ni/dolomite catalyst at 750 °C. Char is not decomposed at temperature
lower than 400 °C. Table 4.2 and Figure 4.4 present the percentages of remaining char
after the pyrolysis experiment in carbon basis. The weight ratio of remaining char was
in the following order pine wood chip (25.8%) > coconut shell (24.5%) > bamboo
(21.9%) > corncob (16.8%). However, the liberated tar was in the reverse order. It
shows that around 61-77 % of the total biomass feeds in carbon basis is converted to
tar and hydrogen. The summations of carbon monoxide, carbon dioxide and methane
(CO+CH4+CO,), which are total carbon of gas and tar against total biomass are placed
in the order; pine wood chip (67%) < bamboo (70%) <coconut shell (71%) < corncob

(72%) in carbon basis.

Table 4.2 The percentages of the products in pyrolysis and gasification step in carbon

basis
Biomasses  Gases(CO+CH;+CO;) (wt%)? Char(wt%)” Deposited tar (wt%)"
Pine wood chip 61.9 25.8 2.8
Coconut shell 70.7 245 2.8
Bamboo 745 21.9 2.8
Corncob 77.3 16.8 2.8

 measured by TCD gas chromatograph.
® measured by weight.

Comparing the properties among four types of biomass in the present work as
shown in Figures.4.3a-4.4d; wood chip, coconut shell, bamboo and corncob, the
compositions of carbon, hydrogen and oxygen contained in each biomass were not far
apart but the result of gasification and decomposition was slightly different. Among
four types of biomass gasification in the fixed bed as a function of the temperature,
coconut shell can be pyrolyzed and gasified at 230 °C, while pyrolysis of pine wood

chip, bamboo and corncob start from 180 °C.
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The results of different biomass pyrolysis are corresponded to the
decomposition of biomass in N, atmosphere by TGA. It has claimed that coconut shell
is most difficult to be pyrolyzed in the temperature range of 200-300 °C, whereas
corncob, bamboo and pine wood chip are pyrolyzed at the temperature range of 150 —
250 °C. Moreover, it was found that woodchip was more difficult to be pyrolyzed and
gave the lowest gaseous products. These differences should be attributed to not only
the porous texture of each biomass but also the structure of carbohydrate exhibits
strong effects on the gasification and decomposition of biomasses. Moreover, the
content of cellulose and lignin affected their volatilization. The pyrolysis rate of the
biomass with higher cellulose content became faster than the biomass with higher
lignin content.

The mechanism of biomass pyrolysis followed by catalytic gasification to
form gas compositions can be explained that the products from biomass pyrolysis,
which is the upper part, are gases (CO and CO,), tar and char as shown in equation (1).
Tar is passed through the catalytic bed at 750 °C, which is located in the lower part, to
form the synthesis gas. In the lower part, the influence of tar reforming, steam
reforming and water gas shift is the main reactions to produce the gas products. Char
can not be decomposed at the low temperature and remains in the stainless steel sieve
basket after pyrolysis reaction.

Biomass + H,O — CO + COt+ Tar + Char (1)
CuHy(Tar) + x H,0 <« M09 oy 00 + (x+%) Hs @)
CiHy (Tar) +y H,0 <« MO 5y CO, + (x+y) Ha ©)
CyHy (Tar) +x CO, < MO 5 oy co+ (%) H, (4)

4x — y Ni(750°C)
CxHy (Tar) + ( 5 JHy —— X CHy (5)
CO + H,0 PN CO, + H, (6)

CO +3H, o CHs + H,0 )



Formation rate from catalytic steam gasification (mmol/h . g)

69

400

BH2
oCO2
mCHE
mCO

300

200

(a)

100

300 r

200

(b)

()

(d

150 200 =) =2a0 27s S0 =25 =s0 TS 400 00

Pyrolysis temperature (°C)

Figure 4.3 Effect of temperature on gas compositions from temperature programmed
pyrolysis followed by steam gasification with Ni/Dolomite at 750 °C and
steam 222 mmol/h. (a). Pine wood chip, (b). Coconut shell, (c). Bamboo,
(d).Corncob.
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Figure 4.4 The products of biomass pyrolysis followed by catalytic gasification by
temperature programmed method in carbon basis at steam flow rate 222
mmol/h, H, 75 mmol/h, Ar 193 mmol/h and biomass 0.5 g.

Tar, which is one of the main products from pyrolysis zone, was well known
that can be eliminated by the excellent catalyst in the suitable circumstances. From the
above discussion, gaseous products are mostly derived from tar and the significant of
eliminated tar mechanisms will be explained in this article. Wood chip was selected to
find the suitable conditions of tar gasification. After pyrolysis occurred, gases and tars
were reached on the Ni/Dolomite catalyst to be gasified. Since the temperature and the
steam concentration are the important parameters, the gasify temperatures were set up
at 700, 750, and 800 °C, respectively. Temperature at 750 °C and the best composition
of reforming gas is H,/H,O (220/75) were shown as the best performance in catalytic
tar gasification which is the same result as Srinakruang et al. [11-12] that claimed the
property of Ni/Dolomite catalyst- It could become the high performance at the
temperature around 750-780 °C in toluene and naphthalene gasification. The tar
reforming gasification by steam (eq.(2)), water gas shift reaction(eq.(6)), and steam
reforming reaction(eq.(7)) could explain the consequences of gas compositions.

Ni/Dolomite catalyst was used for tar gasification under the suitable conditions
both steam (222 mmol/h) and temperature (750 °C) with Ni/Dolomite catalyst. When
gasification was carried on, tar has been derived to react with reduced nickel to form
nickel carbide and finally reacted with steam to be synthesis gas. After tar was gasified

through Ni/Dolomite catalyst, tar can be completely eliminated into the synthesis gas.
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The catalytic mechanisms are presented in the reaction (8) to (10), Ni/Dolomite
catalyst is reduced with hydrogen to form reduced Ni®® and then cracked with tar to

form the synthesis gas when gasification occurred.

NiO + H, 5,  Ni® +HO ©)

Ni(O)+CxHy > NiCX +Hy (9)
Steam

NiCx + Hy ——> Ni+ CO+H, (10)

4.2.3. Char Gasification

The reactions of char [65-71] steam gasification without catalyst to promote
gas products are shown below:

2 C (Char) + 3H,O0 —— CO + 3Hy+ CO; (11)

CO; + H; < CO + H,O (12)
Chars were derived from biomass pyrolysis and could not decompose at lower
temperature than 400 °C. Table 4.3 illustrates the analysis of char composition that
was derived from four types of biomass. The range of temperature is examined to

eliminate char in gasification process.

Table 4.3 Analysis of four types of char from biomass

Pine wood chip ~ Coconut shell Bamboo Corncob

Elemental analysis of char(%wt)®

Carbon 71.9 76.1 74.6 75.2
Hydrogen 2.4 3.8 3.7 3.4
Nitrogen 0.0 0.0 0.0 0.5
Oxygen 257 20.1 21.7 20.9

®Determined by CHN elemental analysis.
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Temperature Programmed Reaction (TPR) method was used in this
experiment from 400 °C to 850 °C in 20 minutes. In Figures.4.5a-4.5d, the char
gasification of four species of biomass as pine wood chip, coconut shell, bamboo and
corncob is shown as a function of temperature. From the figures, it can be seen that
char started to be gasified to form carbon monoxide from 680 °C and sharply
increased at over 800 °C. After heating up to 850 °C, no char remained. It can be
concluded that char gasification can be operated smoothly at temperature above 800
°C. Table 4 shows the composition in mol (%) for four species of biomass char in
carbon basis. The composition of gaseous products depends to some extent on the
source of the char, the major products are CO, the next one is CO; and the yield of
CHy is low (2 ~ 5 mol (%)).

Char is the component of lignin content, which is not decomposed at low
temperature. According the figures, the gas compositions of four biomass chars are
different, especially bamboo char. Although the CHN elemental analysis presents the
percentages of carbon, hydrogen and oxygen in four chars of biomass, which are
similarly among four char biomass types. It can be explained that bamboo is most the
soft wood. It can be gasified easiest with steam. Moreover, the pore and morphology
have claimed the important influence to steam gasification [37, 72-73]. On the other
hand, coconut shell, which is the hard wood, is hardest to be gasified with steam
giving the small amounts of gas products. It can be summarized that the characteristic

of the soft wood and the hard wood is the important influence in gasification.

Table 4.4 The gas productions in char gasification in carbon basis

Chars CO(mol %) CHy(mol%) CO; (mol%)
Pine wood chip 51.8 5.6 43.1
Coconut shell 66.0 5.2 28.8
Bamboo 68.4 2.4 29.2

Corncob 62.9 2.6 34.5
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Figure 4.5 The char steam gasification without Ni/Dolomite catalyst at the high temperature
by temperature program at steam 222 mmol/h, H, 75 mmol/h, Ar 193 mmol/h and
char 0.15 g. (a). Pine wood chip, (b). Coconut shell, (c). Bamboo, (d) Corncob.
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Figure 4.6 The char steam gasification of coconut shell with Ni/Dolomite catalyst at
steam 222 mmol/h, H, 75 mmol/h, Ar 193 mmol/h and char 0.15 g.

Furthermore, the effect of Ni/Dolomite on char from coconut shell
gasification was also investigated for comparing with and without catalyst as shown in
Figure.4.6 and Figure.4.5b. Surprisingly, the effect of this catalyst was negative for
char gasification giving smaller gases. This result can be summarized that Ni/dolomite
IS unnecessary or even negative for the char gasification. The carbon deposition was
found on Ni/Dolomite surface after experiment finished which is analyzed by TGA as
shown in Figure 4.7. Although the reason is not clear, the possibility of secondary

reaction of gas (CO) may take place.
Ni

20 —» CO, +C (13)
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Figure 4.7 Char decomposition on Ni/dolomite catalyst surface by thermogravimetric
analysis (TGA).

As the result from the above experiments, it can be summarized the
characteristic of pyrolysis and steam gasification with and without catalyst on the gas
compositions from low temperature (180 °C) to high temperature (850 °C) by
temperature programmed reaction (TPR) method as shown in Figures 4.8a — 4.8c.

The figures present the characteristics of gas compositions in the various
situations such as pyrolysis in argon, pyrolysis followed by gasification in argon and
steam and pyrosis followed by gasication in argon and steam with Ni/Dolomite
catalyst. Coconut shell is chosen to investigate the gas compositions at the various
circumstances. The results of gas production at the variety situations in this chapter
can be the primary data of biomass pyrolysis, tar catalytic gasification and char

gasification lead to the application of biomass gasification.
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Figure 4.8 The summarization of gas compositions on temperature program at the
various situations. (a) Pyrolysis coconut of shell in argon atmosphere, (b). Steam
pyrolysis and gasification of coconut shell at steam 222 mmol/h, H, 75 mmol/h, Ar
193 mmol/h and coconut shell 0.5 g, (c). Steam pyrolysis followed by catalytic
gasification coconut shell at steam 222 mmol/h, H, 75 mmol/h, Ar 193 mmol/h,

Ni/Dolomite catalyst 5 g and coconut shell 0.5 g.
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4.3. Conclusions

From thermogravimetric analysis (TGA) of four types of biomass showed
three steps of weight loss occurred in the presence of Nj: (1) the dehydration of
biomass (50-200 °C); (2) the formation gases, tar, and char (200-420 °C); and (3) char
steam gasification (600-800 °C). The predicted in-situ pyrolysis and gasification of
biomass in the Ni catalyzed system is shown in Figure 4.9.

The biomass (pine wood chip, coconut shell, bamboo and corncob) pyrolysis
was characterized by the Temperature Programmed Reaction (TPR) method in fixed
bed followed by the steam reforming of tar. About 30% (carbon basis) char, the TPR
of char with steam showed the reaction proceeded at temperature higher than 750 °C
without catalyst giving CO, CO, and H, as the major products. The pyrolysis
reactivity was in the order; pine wood chip < bamboo < corncob < coconut shell while
the char gasification activity was in the order; bamboo > corncob > coconut shell >

pine wood chip.

(~200°C)
(750-
Char 800°C(slowest))
— 0 v
ey e 1| (~400°C :“““"": CO, CO,,
. ]Oass ( ) >: Gas ! > CHAandsz
Tar (700-750 °C (slow)) f
I H,O+Ni/dolomite

Figure 4.9 The predicted in-situ pyrolysis and gasification of biomass in the Ni

catalyzed system.



CHAPTER 5

The Utilization of Biomasses in Simultaneous Gasification and Reforming
Process in Fluidized Bed

5.1. The Effect of Gasification Parameters

The effect of various parameters on gas composition from gasification
was studied. In this chapter, the results of gasification and reforming experiments with
fluidized bed are illustrated in term of the gas composition.

5.1.1. The effect of temperature

The temperature is the main role for gasification process. In this research, it is
controlled by temperature programmed method at 750, 780 and 810 °C, respectively.
The steam/carbon ratio of 0.77 is presented to demonstrate the effect of temperature.
Bamboo was selected to study the gasification because it could easily be gasified as
mentioned in chapter 3. The gasification of bamboo with the feeding rate of 7.5 g/h
was investigated the gas products as a function of temperature. Figure 5.1 presents the
effect of temperature on gas compositions (CO, CH,4, CO; and Hy). It was found that
the temperature of 780 °C was the most suitable temperature, which gave the high
carbon monoxide and the low methane and carbon dioxide. Char formation was found
to be reduced at this temperature from 10.5% to 6.5%. Moreover, the ratio of H,/CO
at 780 °C was obtained around 2, which was the ratio of methanol synthesis. The
formation of carbon monoxide and hydrogen decreased at higher temperature. Tar was
found at a small level of around 0.4%. Table 5.1 shows the products from the effect of
temperature in carbon basis. The C-conversion was around 89-93%. These results
seem to show that tar reforming and the steam reforming prevail at the higher
temperature to derive the high carbon monoxide. The compositions of gas products
due to the effect of temperature in this experiment have also concerned with Franco C
et al. [10] who claimed that the operating temperature was a strong influence on the
gas composition. The CO amount decreased slightly in the range temperature of 750

and 850 °C whereas the H, amount increased.
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Figure 5.1 The effect of temperature on gas compositions for biomass gasification
with fluidized bed at steam flow rate 222 mmol/h, fluidized velocities 450
ml/min and bamboo 7.5 g/h/10 g of Ni/Dolomite catalyst.

Table 5.1 The effect of temperature on the products of biomass gasification with
fluidized bed in carbon basis

Temperature(®°C)  CO  CH, CO; H, %C  Char(%)®  Tar(%)"
mmol/h conversion
750 117.7 60.9 87.4  524.6 89.1 10.5 0.4
780 137.8 59.9 69.9 612.6 93.1 6.5 0.4
810 123.4 59.8 84.4 566.1 92.5 7.1 04

Bamboo 7.5 g/h/10 g of Ni/Dolomite catalyst (C-total 289 mmol/h), steam 222
mmol/hr, fluidized velocities 450 ml/min.

2and ® measured by average weight.
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5.1.2. The effect of steam flow rate

The influence of steam/carbon ratio on the steam gasification process for
bamboo biomass was also studied. The steam/carbon ratio could be varied either by
changing the steam flow rate while keeping the biomass feed rate constant. In the
experiments undertaken, the steam flow rates of 177, 222 and 244 mmol/h were
studied at the temperature of 780 °C while keeping the biomass feed rate constant.

The steam flow rate at 222 mmol/h or the steam/carbon ratio at 0.77 was
observed to be the most appropriate condition as shown in Figure 5.2. The formation
of H, seems to be favoured for steam/biomass ratio of about 0.77-0.84 w/w. The
amount of hydrogen was sharply increased while carbon monoxide decreased at the
highest steam rate. The formation of carbon dioxide and methane was stable giving
small amount as shown in Table 5.2. The C-conversion was around 92%. The results
suggest that for steam/carbon ratio at 0.61 w/w, there was not enough steam to react
with all the biomass added to gasifier. When steam/carbon ratio higher than 0.7 w/w
was used, the formations of H, and CO, were released. On the other hand, CO, and
CH, remained constant. The steam reforming, water-gas shift and tar reforming were
dominated the main roles to produce the synthesis gas, especially hydrogen. The result
was also similar with the experiment of Franco C et al. [10], who found that the
steam/ carbon ratio of 0.6-0.7 w/w produce the higher conversion and favouring H,

formation.

Ni

Tar + H,O —> CO+H; Tar reforming reaction
Ni

Tar + H,O — s COy+2H,

CO +H;0 <  COy+H, Water-gas shift reaction

CH; + H,0 = CO +H; Steam reforming reaction
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Figure5.2. The effect of steam on gas compositions for biomass gasification with
fluidized bed at temperature 810 °C, gas flow rate for fluidization 450
ml/min and bamboo 7.5 g/h/10 g of Ni/Dolomite catalyst.

Table 5.2 The effect of steam on the products of biomass gasification with fluidized

bed in carbon basis

Steamrate S/IC CO CH, CO, H, %C Char(%)? Tar(%)°
(mmol/hr) mmol/hr conversion
177 0.61 126.5 72.3 68.8 281.8 92.5 7.1 0.4
222 0.77 137.8 59.9 69.9 387.0 92.6 7.0 0.4
244 0.84 130.8 66.2 71.6 428.9 92.7 6.9 0.4

Bamboo 7.5 g/h/10 g of Ni/Dolomite catalyst (C-total 289 mmol/h), steam 222
mmol/h and gas flow rate for fluidization 450 ml/min.

2and® measured by average weight.
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5.1.3. The effect of gas flow rates for fluidization

The influences of gas flow rates for fluidization were investigated during the
reaction. The minimum gas flow rate for fluidization in quartz tube was studied which
found to be at 350 ml/min. The various Argon gases such as 300, 400 and 500 ml/min
mixed with hydrogen 50 ml/min were fed into the reactor for fluidization. From the
Figure 5.3, carbon monoxide was increased when fluidization increased while
methane and carbon dioxide decreased, especially hydrogen. From the effect of
fluidization on the higher carbon monoxide, it can be explained that the tar formation
from biomass could be promoted at the high fluidization and then was activated with
tar reforming reaction, which led to the high carbon monoxide. Also, the prevailing of
steam reforming and water-gas shift is the main importance to produce gas products.

The products are shown in Table 5.3.

Ni

Tar + H,O F——" 00 + H; Tar reforming reaction
CH,; + H,0 = CO +H, Steam reforming reaction
CO +H0 = COz+ H; Water-gas shift reaction
500 100 |~=*—C©
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450 1+ - t e —a—CO2
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£ E 250 3
S E g
8 200 1 40 §
150 + - ©
100 T 20
o .
50 " ¥
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Gas flow rate for fluidized velocities (ml/min)

Figure5.3 The effect of fluidized velocities on gas compositions for biomass
gasification with fluidized bed at temperature 780 °C, steam rate 222
mmol/h and biomass 7.5 g/h/10 g of Ni/Dolomite catalyst.
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Table 5.3 The effect of fluidized velocities on the products of biomass gasification
with fluidized bed in carbon basis

Gas flow rate CoO CH, CO; H. %C Char(%)? Tar(%)"
for fluidizations mmol/h conversion
(ml/min)
350 121.8  66.6 WO.20 8 41 00 92.6 7.0 0.4
450 123.4  59.9 84.4  429.6 92.6 7.0 0.4
550 139.7 __uaiit® 68.9 3452 925 7.1 0.4

Bamboo 7.5 g/h/10 g of Ni/Dolomite catalyst (C-total 289 mmol/h), steam 222
mmol/h.

2and ® measured by average weight.
5.1.4. The effect of biomass feeding rate

Biomass feeding rate was investigated to produce the gaseous products. The
steam/carbon ratio of 0.77, 0.19 and 0.38 w/w were continuously fed on the top of
the reactor under gravity at the temperature of 780 °C and steam flow rate of 222
mmol/h constants , where the amount of Ni/Dolomite catalyst in the reactor bed was
fixed at 10 g. The formation of CO, CO, and CH, proportionally increased with
increasing the feeding rate of biomass and hydrogen constantly. The carbon
conversion to gas was around 92-93%. The gaseous products are shown in Figure 5.4
and Table 5.4. The formation of carbon monoxide was higher than hydrogen at the
highest biomass feed rate. The reactions, as shown below, present the mechanisms of
reforming and gasification in fluidized bed, where the biomass feeding rate is
increased in carbon basis and the steam flow rate is kept constant. The carbonaceous
gas products in carbon basis are sharply increased whereas hydrogen is decreased due

to a constant steam flow rate.

Biomass s CO + CO, + Tar + Char

Tar + H,O L CO+H; Tar reforming reaction
Tar + H,O L) CO,+ 2H,
Char + H,0 — CO + CO; + H, Char gasification
CO +H;0 PN CO.+ H; Water-gas shift reaction

CH,; + H,0 = CO +H, Steam reforming reaction
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Figure 5.4 The effect of biomass feed rate on gas compositions for biomass
gasification with fluidized bed at temperature 780 °C, steam flow rate 222
mmol/h, gas flow rate for fluidization 450 ml/min and Ni/Dolomite catalyst
10 g.

Table 5.4 The effect of biomass feed rate on the products of biomass gasification with

fluidized bed in carbon basis

Biomass feed Steam/Carbon CO CH, CO; H, %C Char(%)*  Tar(%)"

rate (g/h) (W/w) mmol/h conversion
7.5 0.77 139.8  59.9 699  307.0 93.3 7.0 0.4
15 0.30 283.1 1318 119.7 4116 925 7.0 0.4
30 0.19 570.8 268.2 231.3  438.0 92.6 7.0 0.4

Bamboo 7.5 g/h(C-total 289 mmol/h), 15 g/h( C-total 578 mmol/h), 30 g/h(C-total
1156 mmol/h), Ni/Dolomite catalyst 10 g, steam 222 mmol/h and gas flow rate for
fluidization 450 ml/min.

2and " measured by average weight.



85

In the same way, the various types of biomass were investigated as shown in
Figure 5.6. Nowadays, the utilization of biomass was become popular in the industry
because it is the renewable energy. The soft woods [bamboo, corncob and pine wood
ship] and hard wood [coconut shell and palm shell] were selected for the gasification
to characterized the gas compositions. The differences of soft wood and hard wood are
the pore size and morphology, which is the main factor for gasification process [37]. It
can be seen that soft wood was easier gasified than hard wood.

The main components of biomass are carbon, oxygen and hydrogen, which are
carbohydrate function groups and can be developed to the useful gases lead to the
methanol or DME production. According to the figure, it can be seen that the gaseous
products of five types of biomass can be produced in the same rate because most of
them have similar the compositions of carbon, hydrogen and oxygen from the CHN
elemental analysis. Table 5.5 shows the products of five types of biomass in
gasification process with fluidized bed. The gas compositions of each biomass type
are not so different in carbon basis because the elemental analysis shows nearly the
same amount of carbon, oxygen and hydrogen. Also, the effect of hemicellulose,
cellulose, and lignin compounds in each biomass is the important influence in
gasification. The discussions of this effect are claimed in chapter 4 and the literature
review [37].
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Figure 5.5. The gas compositions for five types of biomass gasification with fluidized
bed at temperature 780 °C, steam rate 222 mmol/h, gas flow rate

for fluidization 450 ml/min and Ni/Dolomite catalyst 10 g.
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Table 5.5 The products of five types of biomass gasification with fluidized bed in
carbon basis

Biomasses CcoO CH,4 CO, H, %C Char(%)*  Tar(%)"
(g/n) mmol/h conversion

Wood chip 150.2 62.7 94.7 345.6 90.5 9.1 04

Coconut shell 134.2 63.6 BO.BIF S8 07 1 7.5 0.4

Bamboo 137.8  59.9 69.9 4000 926 7.0 0.4

Corncob 137.1 a9 47.8 28desl,. 92.3 7.3 0.4

Palm shell 124 200240 7248 (', %326.6™B89.2 10.4 0.4

Wood chip (C-Total 289 mmol/h), Coconut shell (C-total 290.6 mmol/h), Bamboo (C-
total 289 mmol/h), Corncob (C-total 258.6 mmol/h) and Palm shell (C-total 286.1
mmol/h), Ni/Dolomite catalyst 10 g, steam flow rate 222 mmol/h and gas flow rate
for fluidization 450 ml/min.

2and ® measured by average weight.

5.1.5. The effect of catalytic weights

Also, the weight of Ni/Dolomite catalyst was investigated. It was found that
the products are rather similar or not so high different as shown in Table 5.6. Thus, the

catalyst weight of 10 g was selected to operate the gasification experiment.

Table 5.6 The products of biomass gasification with fluidized bed in carbon basis

Ni/Dolomite co CH, CO, Ho  %C Char(%)*  Tar(%)"
9) mmol/h conversion
10 301.7 121.2 111.8 4116 928 7.0 0.4
20 319.7 117.9 90.9 4341 914 7.0 04

Bamboo 15 g/h (C-total 289 mmol/h), steam flow rate 222 mmol/h, H, 133 mmol/h,
Ar 1071 mmol/h.

2and ® measured by average weight.
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5.1.6. The effect of oxygen input

In the above experiment, the gasification was studied without oxygen situation
because Ni/Dolomite catalyst has claimed that it deactivated in air to form NiO. This
may result in a low effective and performance. Thus, the effect of oxygen was
investigated the influence lead to the gaseous productions. The flow rate of oxygen
also was the important role, which it was flowed at 30, 50, 75 and 100 ml/min. The
total fluidization velocity of gas flow rate of 450 mi/min, temperature of 780 °C and
steam flow rate at 222 mmol/h were selected in the reaction to study the effect of
oxygen input on gas compositions.

The effect of oxygen input is shown in Figure 5.6. It was found that oxygen
has significant influence to perform the amounts of carbon monoxide and carbon
dioxide forms. The partial oxidation in equation (1) occurs at low oxygen input, which
gives the higher carbon monoxide than carbon dioxide. Where oxygen flow rates were
increased, it can be seen sharply that carbon dioxide increased and methane decreased.
At the highest oxygen flow rate, it was observed that carbon dioxide was higher than
carbon monoxide, which the influence of oxidation (2) is prevailing. Besides, the
steam reforming (3) and the water gas shift reactions (4) also participated to produce

the gas products.

C+ %0, — co (1)
C+0, e CO, (2
CHj+ H,0 <~ CO+3H, (3)

CO + H,0 N CO+H, (4
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steam flow rate 222 mmaol/h, gas flow rate for fluidization 450 ml/min.and

Ni/Dolomite catalyst 10 g. At biomass feed rate (a). 15 g/h; (b). 30 g/h.
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Table 5.7 The effect of oxygen input on gas compositions in biomass gasification with
fluidized bed in carbon basis

Biomass Oxygen CO CH, CO; H, %C  Char(%)® Tar(%)"
feed rate (ml/min) mmol/h conversion
15 g/h 30 2779 946 1753 621.7 94.9 5.1 0.2
50 25406 N 7160 L 000278  93.3 6.7 0.2
75 275.7 655 206.8 621.6 94.8 5.0 0.2
100 2152 68.7 2641 6204 9438 5.0 0.2
30 g/h 30 BeS 003111 132979, "648:3. 93.1 6.7 0.2
50 P24 Sl .2 | '3DRSN DR ™93.1 6.7 0.2
75 OO N 872 O AIBNINN, 587, 5"W08.1 6.7 0.2
100 401 & Fre5:0 4194 % "557:2%, 93.0 6.8 0.2

Biomass feed rate 15 g/h (C-total 578 mmol/h) and 30 g/h (C-total 1156 mmol/h),
Ni/Dolomite catalyst 10 g, steam flow rate 222 mmol/h , H, 133 mmol/h, Ar 1071
mmol/h.

2and ® measured by average weight.

Moreover, Figure 5.7 and Figure 5.8 show the product distribution and C-
conversion on Ni/Dolomite catalyst as a function of time-on-steam. The gasification
experiment was carried out in the conditions of temperature at 780 °C, steam flow rate
at 222 mmol/h, gas flow rate for fluidization of 450 mi/min and Ni/Dolomite catalyst
of 10 g. The biomass feed rates at 15 g/h and 30 g/h were selected, whereas oxygen
inputs of 50 ml/min and 100 ml/min were fed into the reactor, respectively. The gas
compositions were investigated by TCD gas chromatograph every 5 minutes, while
biomass was continuously fed. The gas products were also studied endlessly after
biomass was stopped feed. The amount of oxygen input also studied to illustrate the
effect on gas compositions after finished biomass feed to produce gas products from
biomass or char residues in the reactor.

According to the figures, the C-conversion was within 92-93% at the
beginning of the reaction, where biomass was continuously fed. At the highest oxygen
input (100 ml/min), hydrogen was found decreased as a function of time-on-steam.

The influence of hydro-oxidation reaction (5) was prevailed at this situation.

H, + %20, —> H,O (5)
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After the feeding of the biomass into the reactor was finished to feed into
reactor, the gas formation rate decreased gradually with time on steam. On the other
hand, gas compositions (CO, CO H; and small CH,) were also released at this zone.
Because the char residues that accumulated in the reactor were gasified with steam
and oxygen to produce the gas products. The influence of char gasification, partial
oxidation and oxidation prevailed at this situation to promote CO, CO,, H, and small
CHa.

Comparing with gas products at low oxygen input (50ml/min) and at the
highest oxygen input (100 ml/min) after finished biomass feed, it can be seen that
carbon monoxide, carbon dioxide and hydrogen are formed and no methane occurred
at low oxygen input (50ml/min). The formation of carbon monoxide was higher than
carbon dioxide due to the influence of partial oxidation. Furthermore, carbon dioxide
has produced and higher than carbon monoxide at the highest oxygen (100 ml/min)
after finishing biomass fed because of the influence of oxidation.

Figure 5.9 and Table 5.8 illustrate the products as a function of the various
biomasses feeding rates in the term of steam/carbon ratio, where steam flow rate was
kept constant rate and oxygen input also is fed into the reactor. Whereas biomass feed
rates are increased, the amounts of gaseous products also increased. Comparing with
the Table 5.4 and Table 5.8 in case of the presence and absence of oxygen input, it was

found that CO, CH,, tar and char decreased while CO; increased after oxygen input.
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Figure 5.7 The gas compositions on time-on-steam with fluidized bed at temperature
780 °C, steam flow rate 222 mmol/h, gas flow rate for fluidization 450
ml/min, Ni/Dolomite catalyst 10 g, biomass feed rate 15 g/hr and oxygen

input at 50 ml/min.
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Figure 5.8 The gas compositions on time-on-steam with fluidized bed at temperature
780 °C, steam flow rate 222 mmol/h, gas flow rate for fluidization 450
ml/min and Ni/Dolomite catalyst 10 g, biomass feed rate 30 g/hr and
oxygen inputat 100 ml/min.
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Figure 5.9 The gas compositions as a function of increasing biomass feed rate at
temperature 780 °C, steam flow rate 222 mmol/h, gas flow rate for
fluidization (Ar 400ml/min+0, 50 ml/min) and Ni/Dolomite catalyst 10 g.
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Table 5.8 The effect of biomass feed rate in steam/carbon ratio with oxygen input on
the products of biomass gasification with fluidized bed in carbon basis

Steam/Carbon CcoO CH, CO; H. %C Char(%)*  Tar(%)°
(wiw) mmol/h conversion
0.77 99.6 38.5 185.0 IF #2755 945 5.3 0.2
0.38 264.3 G 20519 F 40248 . 94.8 5.0 0.2
0.19 542.4 812 3523 6243  93.0 6.8 0.2

Bamboo 7.5 g/h(C-total 289 mmol/h), 15 g/h( C-total 578 mmol/h), 30 g/h(C-total
1156 mmol/h), Ni/Dolomite catalyst 10 g, steam flow rate 222 mmol/h, and gas flow
rate for fluidization (Ar400ml/min+0O; 50 ml/min).

2and ® measured by average weight.
5.1.7. The mechanism for biomass gasification in fluidized bed

Figure 5.10 illustrates the expected mechanism that occurs in the fluidized bed.
Actually, the effectiveness of biomass gasification with fluidized bed occurred where
the suitable conditions were set up. When gasification occurred, biomass was gasified
with steam to produce gases, tar and char. Tar was eliminated with Ni/Dolomite
catalyst, which led to the increase in synthesis gas. Char was reacted with steam to the
gaseous products. Moreover, water gas shift and steam reforming, which are the

reversible reactions, also played the important role to form gaseous products.
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Figure 5.10 The mechanism of biomass gasification in fluidized bed with Ni/Dolomite

catalyst.

5.2. The Characteristic of Ni/Dolomite Catalysts

[11-12] have presented the

effectiveness and performance of Ni/Dolomite catalyst that can eliminate tar

Form the previous work, Srinakruang et al.

formation. According to XRD analysis in Figure 5.11, the structure of Ni/Dolomite
catalyst was observed as CaCOs (260=29.48 °). It was claimed that MgNiO,, NiO and
MgO were detected at 37.2°, 43.2°and 62.8° in the same result as Srinakruang et al.
[11-12]. NiO was reduced with hydrogen at 700 °C to be reduced nickel (Ni®®) form in
reaction (1). When gasification was carried on, tar has been derived to react with
reduced nickel to form nickel carbide in reaction (2) and finally reacted with steam to

be synthesis gas in reaction (3).
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Figure 5.11. XRD analysis of three types of Ni/Dolomite catalyst. (a). Ni/Dolomite;
(b). Ni/Dolomite+SiO, binder; (c). Ni-WOg/Dolomite.
(¢) CaCOs, ( Z )NiMgO,, (n ) NiO, (O )MgO, (A ) CaWo,

Ni/Dolomite + SiO, binder was developed because Ni/Dolomite structure
might break during the process of crushing and sievimg. SiO, binder was added to
support the stronger structure.

In addition, the newly developed Ni-WO3s/Dolomite catalyst has been studied
to get the highest performance by Sato et al [13]. It was found that the new catalyst
exhibited higher activity at low temperature, and better resistance to sulfur and coking.
In the new catalyst, an added component that promotes dissociation of the combined
sulfur elements accelerates the reactions as shown in equations (4) and (5),
presumably retaining the lager part of active Ni. Ni-W catalyst is known to be highly

active for

90
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hydrodesulfurization (HDS). In HDS process, WSx on Ni catalyst promotes
conversion of organic sulfur compounds to H,S. It is also confirmed that H,S desorbs
from sulfide Ni catalyst in the presence of H, at high temperature. Therefore, it is
possible that W promotes sulfur dissociation shown in equations (4) and (5).

In the Figure 5.11, it is shown that XRD analysis of Ni-WOs/Dolomite
catalyst which the structure of Ni/dolomite catalyst was observed as CaWO,
(26 =18.58° and 28.74°%). It has been claimed that MgNiO,, NiO and MgO were
detected at 37.2°, 43.2° and 62.8°.

NiS, + W E L7 NiA\S, (4)

WSx#XHy — =35 ~W+xH,S (5)

Table 5.9 presents the characteristics of three types of Ni/Dolomite catalyst
that are used in this experiment. NiO was the main structure that is the keyword in the
tar gasification. Also, BET and metallic surface area are shown in the below table. The
SEM photography of three catalysts is presented to see the impregnated

characterization of Ni based on dolomite in Figure 5.12.

Table 5.9 Properties of three types of Ni/Dolomite catalysts

Type | Catalysts Ni form® BET(m“/g)®  Metallic surface area(m“/g)°
1 | Ni/Dolomite NiO, NiMgO, 27.0 0.5
2 | Ni/Dolomite+SiO; binder NiO, NiMgO, 27.0 0.4
3 Ni-WO3/Dolomite NiO, NiMgO, 30.3 1.3

# measured by XRD analysis.
® calculated from N, adsorption isotherm.
¢ calculated from H, adsorption after Ni reduction at 900 °C with 20% H,.



96

Ni/Dolomite Ni/Dolomite+SiO, binder Ni-WO3/Dolomite

Figure 5.12 The SEM of three types of Ni/Dolomite catalyst.

5.3. The Performance of Catalysts

Figure 5.13 shows the result of three types of catalyst on gas compositions in
gasification with fluidized bed. Bamboo was used to check the products because It
was so interesting in gasification process and was available in abundant in Thailand.
According to the figures, the biomass feed rates at 30 g/h was fed continuously. When
comparing with the three types of catalyst, it may be seen that the newly Ni-
WO3/Dolomite catalyst can produce higher the synthesis gas than Ni/Dolomite and
Ni/Dolomite + SiO, binder. Also, carbon dioxide and methane were decreased. Hence,
this experiment can be supported by the result of Srinakruang et al. [11-12], which
used toluene and naphthalene as tar model, that the performance of Ni/Dolomite can
be operated in the real biomass gasification for tar elimination to form the synthesis
gas. Compare with the literature of Asadullah et al. [2-8] who studied the cedar wood
gasification on Rh/CeO,/SiO, catalyst, the advantage of Rh/CeO,/SiO, catalyst could
play at the low temperature and also could produce the high carbon conversion.
However, the cost of this catalyst is relatively higher than conventional catalyst, since
the work was done at the laboratory level. The chemicals used for catalyst preparation
were high grades and expensive. Thus, Ni/Dolomite catalyst was also another choice
in biomass gasification due to its cost, method of preparation and life time were
completely the appropriate catalyst [11-13], which can be brought in a commercial

scale laboratory.
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Figure 5.13 The gas compositions for bamboo biomass gasification with fluidized bed
at temperature 780 °C, steam flow rate 222 mmol/h, gas flow rate for fluidization 450

ml/min, 30 g/h of bamboo and Ni/Dolomite catalyst 10 g.

Table 5.10 The biomass gasification with the various types of Ni/Dolomite on the gas

compositions

Biomass feed rate CO CH,4 CO, H, %C Char(%)*  Tar(%)°
(g/h) mmol/h conversion

Ni/Dolomite 610.2 2349 = 2251 4071 924 7.2 0.4

Ni/Dolomite+SiO;, binder 585.8 2324 2525 4416 926 7.0 0.4

Ni-WO3/Dolomite 666.7 209.9 193.6 5412 92.6 7.0 0.4

Bamboo 30 g/h (C-total 1156 mmol/h), Ni/Dolomite catalyst 10 g, steam flow rate 222
mmol/h, and gas flow rate for fluidization 450 ml/min.

2and ® measured by average weight.
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The characteristics of catalysts after gasification were studied regarding the
structures and carbon deposition. Figure 5.14 shows TGA analysis which was done to
investigate the weight loss of carbon deposition on Ni/Dolomite in 100 ml/min of air
atmosphere, which was around 0.37 mg. XRD analysis was also carried out to check
the structure of catalysts after used in gasification. According to Figure 5.15, the
structures of three catalysts were shown to be CaCO3, CaO, MgNiO,, NiO and MgO
for Ni/Dolomite and Ni/Dolomite + SiO,. The newly developed Ni-WOj/Dolomite
catalyst was CaWQ,, MgNiO,, NiO, Carbon and MgO.
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w5 0.25 T

1 o5 IE | TGlmg)
a |— —=DTA
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Figure 5.14 TGA analysis of carbon deposition on Ni/Dolomite catalyst after used in

biomass gasification.



99

1200 Y CaCo;
DY O CaO
1000 - oMgNiOZ
NiO
800 A MgO
A
O %
600 - ]
O
400
A
Op
200 -
0 N Amwmmm
0 10 20 30 40 50 60 70 80 90
a.
600 -
A CaWO,

500

400

300

200

100

Figure 5.15 XRD analysis of three types of Ni/Dolomite catalyst after used in
biomass gasification. (a). Ni/Dolomite and Ni/Dolomite+SiO, binder; (b).
Ni-WOs/Dolomite.

5.4. Conclusions

In the present work, the biomass gasification and the catalytic tar gasification
were combined in one system. The newly designed apparatus was set up and studied
to analyze the performance and the effect of various conditions such as temperature,
steam, etc. The effect of them was summarized as follows:

1. The effect of temperature: at 780 °C was selected as the suitable temperature,
which can produce high carbon monoxide.
2. The effect of steam: at 222 mmol/h is suitable and hydrogen is increased at higher

steam flow rate.



o

o

~

100

. The effect of gas flow rate for fluidization velocities: when gas flow rate is

increased, CO is increased and H; is decreased and reactions of gasification are so

fast due to the high fluidization which was the influence of tar formation that lead

to the activation of tar reforming.

Carbon conversions of biomasses were around 90-93%. Tar was found to be so
small around 0.4% and char was around 7%.

Five types of biomass: most of them can produce similarly the gaseous products

because the compositions of carbon, hydrogen and oxygen of each biomass are

similar.

Biomass feed rates: when biomass feed rates were increased, CO increased and

higher than hydrogen.

. The effect of oxygen: where oxygen input was increased, carbon dioxide increased
and higher than carbon monoxide at the highest oxygen flow rate. Moreover,
methane was found to be decreased where input oxygen. The influences of
partial oxidation, oxidation and steam reforming are dominant to produce gas
products. Char and tar also were found that decreased.

It is claimed that Ni/Dolomite catalyst is the effective and give best performance
for tar cracking. The newly developed Ni-WOg/Dolomite catalyst is investigated to
resist sulfur and coking. Three types of catalyst were used in the biomass
gasification, which are Ni/Dolomite, Ni/Dolomite + Silica binder and Ni-
WO,/Dolomite. From the XRD analysis, the structures of Type 1(Ni/dolomite) and

Type 2 (Ni/Dolomite+Silica binder) were similar which were in CaCO3; MgNiO»,
NiO and MgO forms. Type 3 (Ni-WOs/Dolomite) was CaWO,, MgNiO,, NiO and
MgO forms. When the catalytic gasification was operated, the newly Ni-

WOgz/Dolomite catalyst was the best catalyst for bamboo and palm shell biomasses
which could  produce the high carbon monoxide and hydrogen but low methane

and carbon dioxide were found. Furthermore, the characteristic of used catalyst

also studied in term the structure and carbon deposition. The used Ni-

WOg3/Dolomite catalyst was found CaWQ,, MgNiO,, NiO, Carbon and MgO.

Carbon deposition on catalyst was around 0.37 mg according to the TG analysis.



CHAPTER 6

General Conclusions

TG analysis for five types of biomass shows three steps of weight loss occurs
in air atmosphere: the dehydration of biomass is the temperature range of 50-200 °C,
at the temperature range of 200-420 °C is attributed to the gases, tar, and char
formation and finally, at above 420 °C is the oxidation. In nitrogen atmosphere, the
dehydration and the pyrolysis occur at 50-200 °C and 250-400 °C, respectively.

From the experiment, it can be suggested that gas products such as the carbon
monoxide and carbon dioxide from biomass pyrolysis corresponded to less than 10 %
of total carbon basis in biomass.

Moreover, pyrolysis followed by catalytic gasification reaction by
temperature programmed method presented that almost all the gas products were
derived from tar formation.

Gas products started to be pyrolized at temperature of 200 °C and at the
maximum level 0f300 °C, which can be designed as the first zone.

In the second zone tar from the first zone is gasified with the Ni/Dolomite
catalyst, which was kept at 750 °C. The gaseous products almost are derived from tar
in pyrolysis step and reacted with catalyst.

The final step is the char gasification with steam. Since char began to be
gasified at 700 °C and could smoothly be gasified at above 800 °C, no char remained
after reaction. The steam rate of 222 mmol/h was found to be a suitable condition in
biomass catalyst gasification and char gasification. Tar could becompletely gasified
with the Ni/Dolomite catalyst. Moreover, the effect of Ni/Dolomite catalyst was
negative for char gasification giving smaller gas products.

The biomass (pine wood chip, coconut shell, bamboo and corncob) pyrolysis
is characterized by the Temperature Programmed Reaction (TPR) method in fixed bed
followed by the steam reforming of tar. About 30% char in carbon basis, the TPR of
char with steam showed that the reaction proceeded at temperature higher than 750 °C
without catalyst while giving CO, CO; and H, as the major products. The pyrolysis
reactivity was in the following order; pine wood chip < bamboo < corncob < coconut
shell while the char gasification activity was in the following order; bamboo >

corncob > coconut shell > pine wood chip.
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The development of biomass gasification has been studied continuously for the
highest efficiency and safety. The newly apparatus has set up to study the effect of
various conditions such as temperature and steam to produce gas products. The
temperature at 780 °C selected as the suitable temperature, which can produce the high
carbon monoxide. Steam flow rate 222 mmol/h was suitable and hydrogen was
increased at high steam rate. Fluidization velocities (V) was increased, CO was
increased whereas H, was decreased and reactions of gasification were so fast. Carbon
conversions of biomasses were around 90-93%. Tar was found to be so small around
0.4% and char was around 7%. For types of biomass, most of them can produce the
gaseous products because the compositions of carbon, hydrogen and oxygen of each
biomass were similar. When biomass feed rates was increased, the product of CO was
increased and was higher than hydrogen. Where oxygen input was increased, it is
found that carbon dioxide increased higher than carbon monoxide at the highest
oxygen flow rate. Moreover, methane, tar and char were found to be decreased after
oxygen input.

At the temperature of 780 °C , steam flow rate at 222 mmol/h, biomass feed
rate of 15 g/h (the steam/carbon ratio was around 0.77) and fluidization at 450 ml/min
could produce the ratio of synthesis gas of around 2. The carbon conversion was
around 92.6%, char 7.0% and tar 0.4%.

The newly developed Ni-WOs/Dolomite catalyst is the best catalyst for
biomass gasification to produce the high carbon monoxide and hydrogen whereas

small amount of methane and carbon dioxide still be expected.
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Appendix A

Steam flow rate from peristaltic pump
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No. | Set by Water out from pump in 15 | Average | ml/min | ml/min | mmol/h
digital(ml/m | ml (sec) in liquid | in gas in gas
in) phase phase phase

Timel Time2 | Time3
(sec) (sec) (sec)

1 0.02 0.4 0.4 0.4 0.4 0.027 33.185 | 88.888

2 0.03 0.6 0.6 0.6 0.6 0.040 49.778 | 133.333

3 0.04 0.8 0.8 0.8 0.8 0.053 66.370 | 177.777

4 0.05 F 1 1 1 0.067 82.963 | 222.222

5 0.06 1.1 Lt 14 In] 0.073 91.259 | 244.444

6 0.07 Ju? 18 1% I 0.080 99.556 | 266.666

7 0.08 1.3 1.3 1.8 153 0.087 107.852 | 288.888

8 0.09 1.6 1.6 1.6 1.6 0.107 132.741 | 355.555

9 0.10 1.7 1 17 1. % 0.113 141.037 | 377.777

Calculations;

Water 0.027 ml/min in liquid phase

(0.027ml / minx 22.41 / mol x1000

18g/mol

33.185 ml/min in gas phase

33.185ml / minx 60 min

22.41 / mol x1hr

88.888 mmol/h




Appendix B

Gas standard from gas chromatograph
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Gas % Area from gas | Area fromgas | Area from gas | Average
standards | mixture | chromatograph | chromatograph | chromatograph

Time 1 Time 2 Time 3
H, 40.28 6942718 7135462 7007581 7028587
CoO 19.89 381725 399273 382770 387922
CO, 19.83 822203 852246 829758 834735
CH,4 14.97 307257 316872 312267 312132

Calculations of gas products from experiment;

1. Calculated the percentage of gas products

% CO
% CO;
% CH,

% H;

19.89(%) x [CO gas chromatograph area from experiment]
[CO gas chromatograph area from experiment]

19.83(%) x [CO, gas chromatograph area from experiment]
[CO, gas chromatograph area from experiment]

14.97(%) x [CH4 gas chromatograph area from experiment]
[CH4 gas chromatograph area from experiment]

40.28(%) x [H» gas chromatograph area from experiment]
[H2 gas chromatograph area from experiment]

2. Gas product flow calculations

Flow of CO

Flow of CO»,

Flow of CH,

Flow of H»

Gas out (ml/min) x [% CO] x 273 K x 1 mol x 60 min
298 Kx22.41x1hr

Gas out (ml/min) x [% CO,] x 273 K x 1 mol x 60 min
298 Kx2241x1hr

Gas out (ml/min) x [% CH4] x 273 K x 1 mol x 60 min
298 Kx2241x1hr

Gas out (ml/min) x [% Hz] x 273 K x 1 mol x 60 min
298 Kx22.41x 1 hr

3. Carbon in biomass calculation for material balance

Carbon in biomass

Carbon in bamboo

Carbon from elemental analysis(%) x Biomass weight(q)
12

46.24(%) x0.5¢
12
19.26 mmol
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Carbon from elemental analysis(%) x char weight(q)

Carbon in char of biomass

12
Carbon in char of bamboo = 76.09(%) x0.59
12
= 317.04 mmol
4. Carbon conversion(%)
Carbon conversion (%) = CO + CO, + CH,_+ tar + char x 100

Carbon total in biomass



Appendix C

Biomass pyrolysis followed by catalytic gasification at 750 °C experiments

1. Pine wood chip 0.5 g, Steam flow rate 177.78 mmol/h, Ar 72 ml/min and H, input 28 mimin (75 mmol/h)

Temperature | Time Gas (6{0)] CH,4 CoO, H, (0{0)] CH; | CO, |H» CcO CH, CO, H» H, real
(°C) (sec) flow area area area area (%) (%) (%) (%) mmol/h mmol/h mmol/h mmol/h | mmol/
in out h

25 (ml/min)

ml
180 14.20 | 105.69 0 2458 4598 3528000 |0.00 |0.09 | 0.60 |41.21 |0.00 0.23 1.55 106.86 31.86
190 12.49 | 120.18 15967 | 5701 12422 3700025 | 158 |0.21 |1.62 |43.21|4.67 0.62 4.77 127.44 52.44
200 12.44 | 120.94 66791 | 21275 | 40178 | 4569902 | 7.01 | 0.78 |5.23 |53.37 | 20.82 2.32 15.53 158.40 83.40
225 10.82 | 138.64 77045 | 21243 | 42587 | 4394326 |8.09 | 0.78 |555 |51.32 ] 27.53 2.65 18.87 174.61 99.61
250 9.98 | 150.38 55499 | 33338 | 79944 | 5204696 |5.83 |1.22 | 10.41 |60.79 | 21.51 4,52 38.43 224.31 149.31
275 8.39 | 178.72 66941 | 24153 | 46675 | 3543396 |7.03 |0.89 |6.08 |41.38 | 30.83 3.89 26.66 181.50 106.50
300 8.41 |178.43 72256 | 16221 | 30913 | 3365200 | 7.59 | 0.60 |4.03 |39.30 | 33.23 2.61 17.63 172.09 97.09
325 8.92 | 168.17 64199 | 24056 | 47273 | 3405458 | 6.74 | 0.88 | 6.16 |39.77 | 27.82 3.64 25.41 164.14 89.14
340 10.26 | 148.24 38166 | 37151 | 91344 | 4444487 |4.01 |1.36 |11.90 |51.91 | 14.58 4.96 43.28 188.82 113.82
356 11.17 | 134.45 28556 | 21896 | 45478 | 4243922 | 3.00 | 0.80 |5.92 |49.57|9.89 2.65 19.54 163.53 88.53
370 11.34 | 132.36 11021 | 7536 10406 | 3710988 | 1.16 |0.28 |1.36 |43.34|3.76 0.90 4.40 140.77 65.77
380 11.41 | 131.50 7384 4334 4905 3153523 [ 0.78 | 0.16 | 0.64 | 36.83 | 2.50 0.51 2.06 118.85 43.85
400 11.82 | 126.92 0 2606 3008 2842165 |0.00 | 0.10 |0.39 |33.19 | 0.00 0.30 1.22 103.38 28.38
400 12.27 | 122.39 0 2184 3273 2980357 | 0.00 | 0.08 | 0.43 |34.81|0.00 0.24 1.28 104.54 29.54

8TT



2. Coconut 0.5 g, Steam flow rate 177.78 mmol/h, Ar 72 ml/min and H; input 28 mimin (75 mmol/h)
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Tempe | Time Gas CO CH, CO, H, CO CHs | CO; | Hy CO CH, CO, H, H, real
rature | (sec) flow area area area area (%) | () |[(%) | (%) | mmol/h | mmol/h | mmol/h mmol/h | mmol/h
(°C) in out

25 ml (ml/min)
180 10.94 | 137.86 0 0 0 3943202 | 0.00 |[0.00 [0.00 |46.05|0.00 0.00 0.00 155.80 80.80
200 10.79 | 140.31 0 0 0 3822388 | 0.00 |(0.00 [0.19 |44.64 |0.00 0.00 0.65 153.71 78.71
230 10.86 | 138.38 0 0 3567 3867423 | 0.00 | 0.00 |0.46 |45.17|0.00 0.00 1.58 153.38 78.38
250 10.25 | 146.76 12076 |0 24116 | 3624603 | 2.25 |0.16 |3.14 |42.33|8.73 0.61 12.16 163.91 88.91
275 8.50 177.67 53460 | 8399 41011 | 3946600 |5.61 | 0.31 |5.34 |46.09 | 24.48 1.34 23.29 200.96 125.96
300 7.58 198.01 109376 | 23415 | 66830 | 4531566 | 11.49 | 0.86 |8.71 |52.93 | 55.81 4.18 42.30 257.16 182.16
325 7.91 189.96 94093 | 27851 | 75080 | 4594364 |9.88 | 1.02 |9.78 |53.66 | 46.06 4.77 45.59 250.13 175.13
350 8.53 175.98 66580 | 30798 | 66837 | 4802799 |6.99 |1.13 |8.71 |56.09 |30.20 4.88 37.60 242.23 167.23
375 9.27 161.94 51799 | 23332 | 41481 | 4378840 |544 |0.86 |540 |51.14 2162 3.40 21.47 203.23 128.23
400 8.82 170.45 43485 | 11416 | 24265 | 4365932 | 457 | 042 |3.16 |50.99 | 19.10 1.75 13.22 213.28 138.28
400 10.11 | 149.40 44047 | 25150 | 46670 | 4394591 |4.63 | 0.92 |6.08 |51.33 | 16.96 3.38 22.29 188.16 113.16
400 11.20 | 135.90 39087 | 18718 | 28171 |4219394 |4.10 |0.69 |3.67 |49.28 | 13.69 2.29 12.24 164.34 89.34

6TT




3. Bamboo 0.5 g, Steam flow rate 177.78 mmol/h, Ar 72 ml/min and H; input 28 mimin (75 mmol/h)
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Tempe | Time Gas CO CH, CO, H, CO CHs | CO; | Hy CO CH, CO, H, H, real
rature | (sec) flow area area area area (%) | () |[(%) | (%) | mmol/h | mmol/h | mmol/h mmol/h | mmol/h
(°C) in out

25 ml (ml/min)
180 10.13 | 148.13 2350 1863 3906 3881020 | 0.25 |0.07 |[051 |4533|0.90 0.25 1.85 164.76 89.76
200 9.49 158.45 15967 | 5777 12690 | 4015860 | 1.68 |0.21 |1.65 |46.90 |6.52 0.82 6.43 182.36 107.36
225 9.18 163.86 31654 | 11667 | 24154 | 4251446 |3.32 | 0.77 |3.15 | 49.65 | 13.37 1.72 12.65 199.65 124.65
250 8.42 178.47 75373 | 31713 | 55621 | 4671460 | 792 |1.16 |7.25 |54.56 |21.57 3.24 23.01 220.12 145.12
275 8.25 182.10 108196 | 46945 | 74134 | 4974712 | 11.36 | 1.72 | 1.72 |58.10 | 34.67 5.10 31.73 238.94 163.94
300 7.97 188.7 146144 | 60520 | 92145 |5211034 | 15.35|2.22 | 12.00 | 60.86 | 71.08 10.29 55.58 281.84 206.84
325 7.08 211.97 70163 | 36709 | 80494 | 4779726 | 13.02 | 1.35 | 10.48 | 55.82 | 38.33 7.01 54.54 290.37 215.37
350 7.83 191.62 30906 | 14823 | 31018 | 4290230 | 7.46 | 054 |4.04 |50.11 | 42.70 2.56 19.00 235.61 160.61
375 9.09 165.22 15249 | 5997 13435 | 3727635 | 1.60 |0.22 | 175 |4354 |15.26 0.89 7.09 176.51 101.51
400 10.00 | 150.14 15615 | 7689 14434 | 3976471 | 164 |0.28 |1.88 |46.44|6.04 1.04 6.93 171.11 96.11
400 10.01 | 149.91 9950 4615 9269 3774404 | 104 |0.17 |121 |44.08 |3.84 0.62 4.44 162.16 87.16
400 10.36 | 144.82 1171 3097 6480 3780996 |0.12 |0.11 [0.84 |44.16|0.44 0.40 3.00 156.93 81.93

0ct




4. Corncob 0.5 g, Steam flow rate 177.78 mmol/h, Ar 72 ml/min and H; input 28 mimin (75 mmol/h)

121

Tempe | Time Gas CO CH, CO, H, CO CHs | CO; | Hy CO CH, CO, H, H, real
rature | (sec) flow area area area area (%) | () |[(%) | (%) | mmol/h | mmol/h | mmol/h mmol/h | mmol/h
(°C) in out

25 ml (ml/min)
180 9.51 157.73 11328 | 8361 16584 | 2841418 | 1.19 | 031 |216 |33.19 |4.60 1.19 8.36 128.45 53.45
200 9.21 162.94 16907 | 11013 | 21206 | 2745026 |1.78 |0.40 |[2.76 |32.06 |7.10 1.62 11.04 128.19 53.19
225 8.55 175.57 53368 | 32524 | 53972 | 4539020 |7.56 |1.60 |8.82 |55.83]|3494 7.38 40.77 258.11 183.11
250 7.98 188.42 71954 | 43508 | 67703 | 4779887 |6.92 |2.00 |11.65 |58.04 | 30.73 8.90 51.75 257.86 182.86
275 8.30 181.05 65870 | 54610 | 89430 | 4969617 | 10.94 | 2.15 |9.44 | 55.40 | 51.87 10.18 44.76 262.71 187.71
300 7.81 193.24 104168 | 58516 | 72468 | 4743573 |7.75 | 159 |8.63 |55.54 |33.34 6.84 37.14 238.96 163.96
325 8.56 175.35 73788 | 43339 | 66272 | 4755095 | 566 |1.36 |7.98 |51.31|23.02 5.52 32.48 208.78 133.78
350 9.05 165.81 53862 | 36991 | 61276 |4393344 |4.05 |0.76 |455 |47.97 | 16.14 3.01 18.14 191.19 116.19
375 9.24 155.82 35039 | 18239 | 32931 |4063922 |3.68 |0.67 |4.29 |47.46 |14.07 2.56 16.40 181.49 106.49
400 10.94 | 137.79 33405 | 17276 | 32740 | 4109104 | 351 |0.63 |4.26 |47.99 | 11.86 2.14 14.42 162.26 87.26
400 10.61 | 141.71 25013 | 12195 | 22517 | 4002826 |2.63 |0.45 |293 |46.75|9.13 1.56 10.20 162.57 87.57
400 10.34 | 145.93 13578 | 6979 14927 | 3874272 | 143 | 026 |194 |4525|511 0.92 6.96 162.03 87.03

T¢T




Char steam gasification experiments

1. Char of pine wood chip 0.2 g, Steam flow rate 177.78 mmol/h and Ar 72 ml/min.
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Temperature | Time Gas (6{0)] CH, CO, H, (6{0)] CH;4 (6{0)) H, (6{0) CH, CcoO, H,
(°C) (sec) flow area area area area (%) (%) (%) (%) mmol/h mmol/h | mmol/h mmol/h
in out
25 ml (ml/min)
400 | 17.30 86.71 23475 29121 | 43436 5883224 2.47 1.07 5.66 68.71 5.25 2.27 12.04 71.19
420 | 17.30 86.71 43883 88383 | 22142 5861349 4.61 3.24 2.88 68.46 9.81 6.90 6.14 70.65
460 | 17.05 87.98 11810 31362 6993 5984400 1.24 1.15 0.91 69.89 2.68 2.49 1.97 75.89
480 | 17.16 87.49 10974 32200 4433 6129474 1.15 1.18 0.58 71.59 2.47 2.54 1.24 78.70
500 | 17.19 87.26 19638 32051 3446 6204115 2.06 1.18 0.45 72.46 4.42 2.52 0.96 80.16
520 | 17.52 85.62 20264 30124 4176 5985380 2353 i} 0.54 69.91 4.47 2.32 1.14 71.87
560 | 16.73 89.66 16324 25884 6856 5891486 LiFl 0.95 0.89 68.81 3.77 2.09 1.96 76.39
580 | 16.83 89.26 15988 19984 9542 5886854 1.68 0.73 1.24 68.76 3.68 161 2.72 75.60
600 | 16.18 92.71 15985 21161 | 14724 6083353 1.68 0.78 1.92 71.05 3.82 1.77 4.36 86.63
620 | 16.50 90.91 16576 21554 | 14815 5746301 1.74 0.79 1.93 67.11 3.88 1.76 4.30 74.72
660 | 15.70 95.54 22178 20234 | 13460 5925080 2.38 0.74 1.75 69.20 5.46 1.74 411 87.24
680 | 16.12 93.05 33658 21028 | 22078 6200770 3.53 0.77 2.88 72.42 8.07 1.76 6.57 90.36
700 | 16.31 91.96 33569 21186 | 21612 6342556 3.53 0.78 2.82 74.08 7.96 1.75 6.35 92.16
720 | 15.80 95.17 41258 20425 | 27108 6346807 4.33 0.75 3.53 74.13 10.12 1.75 8.25 98.11
760 | 15.63 96.24 53414 17773 | 40674 5620026 OT 0.65 5.30 65.64 13.25 154 12.51 80.01
780 | 15.20 98.68 74941 20254 | 61044 6291458 7.87 0.74 7.95 73.48 19.06 1.80 19.25 102.94
800 | 15.46 97.04 84935 18932 | 62922 6750781 8.92 0.69 8.20 78.85 21.24 1.65 19.52 112.75
820 | 14.09| 106.51 95232 16539 | 55383 6505200 10.00 0.61 7.21 75.98 26.14 1.59 18.85 123.57
850 | 14.24| 105.38 145342 18794 | 92041 7401025 15.26 0.69 11.99 86.44 39.47 1.78 31.00 148.52
850 | 13.35| 112.68 122941 14568 | 76893 6880209 12.91 0.53 10.02 80.36 35.70 1.48 27.69 147.18
850 | 11.90| 126.24 118228 12303 | 77515 7003126 12.41 0.45 10.10 81.79 38.46 1.40 31.28 178.38

¢l




2. Char of coconut shell 0.2 g, Steam flow rate 177.78 mmol/h and Ar 72 ml/min
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Temperature Time Gas (6{0)] CH, area CO, H, CO CH, CcO, H, (6{0)] CH, CO, H,
(°C) (sec) flow area area area (%) (%) (%) (%) mmol/h mmol/h mmol/h mmol/h
in out
25 ml | (ml/min)
400 10.47 | 143.30 | 15818 39577 18317 | 3765672 1.66 145 2.39 43.98 5.84 5.11 8.39 79.66
420 10.22 | 146.83 | 21180 59040 13394 | 3669588 2.22 L M 1.74 42.86 8.01 7.81 6.29 79.42
460 10.39 | 144.41 | 12960 29909 4833 3852415 1.36 1.10 0.63 44,99 4.82 3.89 2.23 84.44
480 10.51 | 142.77 | 12132 27226 3467 3977178 L2 1.00 0.45 46.45 4.46 3.50 1.58 87.74
500 10.37 | 144.80 | 15065 26375 4231 3826548 1"58 0.97 0.55 44.69 5.62 3.44 1.96 83.80
520 10.39 | 14448 | 17357 26455 6935 4092845 .82 0.97 0.90 47.80 6.46 3.44 3.20 94.47
560 10.01 | 149.84 | 20945 21072 8698 3993958 2.20 4. 7% 1.13 46.65 8.09 2.84 4.17 96.51
580 10.09 | 148.72 | 18901 18619 7936 4151830 1.99 0.68 1.03 48.49 7.24 2.49 3.77 101.96
600 10.34 | 145.11 | 21472 18125 8041 4130858 2.26 0.67 1.05 48.25 8.03 2.37 3.73 96.79
620 10.53 | 14258 | 25010 7281 8988 4127007 208 0.27 1.17 48.20 9.19 0.94 4.10 93.65
660 10.25 | 146.65 | 31499 16358 10308 | 4060850 833 0.60 1.34 47.43 11.90 2.16 4.83 95.68
680 10.31 | 145.60 | 39510 14918 16154 | 4345642 4.15 0.55 2.10 50.75 14.83 1.96 7.52 106.34
700 9.86 152.13 | 55691 16452 24084 | 4550962 5.85 0.60 3.14 53.15 21.83 2.25 11.71 123.42
720 9.71 15455 | 58603 13293 26807 | 4454741 6.15 0.49 3.49 52.03 23.34 1.85 13.24 122.32
760 9.62 155.93 | 75264 15477 27494 | 4321759 7.90 0.57 3.58 50.48 30.24 2.17 13.70 118.14
780 9.56 156.98 | 90747 13328 35413 | 4531888 9.53 0.49 4.61 52.93 36.71 1.88 17.77 128.89
800 9.43 159.18 | 103546 12812 35578 | 4379914 sueoony 0.47 4.63 51.15 42.48 1.84 18.10 124.82
820 9.15 163.88 | 110125 12568 30205 | 4983427 11.56 0.46 3.93 58.20 46.51 1.86 15.82 159.06
850 8.84 169.79 | 160236 10260 36899 | 4611445 16.83 0.38 4.81 53.86 70.11 1.57 20.02 149.39
850 8.23 182.40 | 151026 7843 50514 | 4992176 15.86 0.29 6.58 58.31 70.99 1.29 29.45 185.97
850 8.17 183.73 | 130265 6243 43531 | 4709226 13.68 0.23 5.67 55.00 61.68 1.03 25.56 172.97
850 7.86 190.95 | 111810 4477 39943 | 4475226 11.74 0.16 5.20 52.27 55.02 0.77 24.38 169.91
850 7.94 192,20 | 112771 4304 39757 | 4883014 11.84 0.16 5.18 57.03 55.86 0.7 24.42 193.98
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3. Char of bamboo 0.2 g, Steam flow rate 177.78 mmol/h and Ar 72 mi/min

124

Temperature Time Gas CO area CH, CO, H, CcO CH, (6{0)) H, (6{0)] CH, CO, H,
(°C) (sec) flow area area area (%) (%) (%) (%) mmol/h | mmol/h | mmol/h mmol/h
in out
25 ml | (ml/min)
420 10.07 | 149.03 3270 3895 23937 3539262 0.34 0.14 3.12 41.34 1.26 0.52 11.40 76.17
450 10.07 | 148.95 8525 20562 | 3950 3692662 0.90 a9 0.51 43.13 3.27 2.76 1.88 82.63
475 9.90 151.55 8525 20562 | 3950 3692662 0.90 0.75 0.51 43.13 3.33 2.81 1.91 85.39
500 10.31 | 145.58 1541 13250 | 1522 3548163 0.16 0.49 0.20 41.44 0.58 1.74 0.71 73.04
520 10.44 | 143.69 2561 18720 | 2251 3514677 020 0.69 0.29 41.05 0.95 2.42 1.03 69.74
550 9.76 153.67 2561 18720 | 2251 3514677 Q.27 0.69 0.29 41.05 1.01 2.59 1.11 79.79
580 9.76 153.67 12424 17093 | 3541 3932740 1.30 0.63 0.46 45.93 4.92 2.37 1.74 98.20
600 9.69 154.93 19385 12803 | 4942 4049026 2.04 0.47 0.64 47.29 7.74 1.79 2.45 104.79
620 9.53 157.47 19385 12803 | 4942 4049026 2.04 0.47 0.64 47.29 7.87 1.82 2.49 107.74
650 9.21 162.87 21990 10253 | 6760 3873440 Rk 0.38 0.88 45.24 9.23 1.50 3.52 105.80
675 9.06 165.58 27441 9033 13454 4114606 2.88 0.33 1.75 48.06 11.71 1.35 7.12 120.26
700 8.85 169.87 46880 8155 19597 4310950 4.92 0.30 2.55 50.35 20.52 1.25 10.64 134.88
720 8.12 184.79 56056 8147 28549 4570416 5.89 0.30 3.72 53.38 26.69 1.36 16.86 167.04
750 7.50 200.32 74696 8740 31131 4225743 7.84 0.32 4.06 49.35 38.56 1.58 19.93 167.60
780 7.29 205.68 123375 | 9713 47564 4747326 1296 | 0.36 6.20 55.45 65.39 1.80 31.27 204.84
800 7.22 207.66 154560 | 9702 53655 4859366 16.23 | 0.36 6.99 56.75 82.71 1.81 35.61 214.21
820 6.15 244.02 165913 | 8694 47227 4209185 Appm——. 52 6.15 49.16 104.34 1.91 36.84 219.37
800 6.55 229.01 250568 | 9936 79224 5927314 26.32 | 0.36 10.32 | 69.23 147.88 2.05 57.99 314.04
820 6.94 216.54 165913 | 8694 47227 4209185 17.42 | 0.32 6.15 49.16 92.59 1.70 32.69 186.22
850 9.45 159.61 250568 | 9936 79224 5927314 26.32 | 0.36 10.32 | 69.23 103.07 1.43 40.42 196.14
850 8.69 172.75 240899 | 7621 54455 5934601 25.30 |0.28 7.09 69.31 107.25 1.19 30.07 218.82
850 9.48 158.20 116540 | 2937 39424 5239051 12.24 |0.11 5.14 61.19 4751 0.42 19.94 | 162.54
850 10.43 | 143.82 57408 1264 34375 5037323 6.03 0.05 4.48 58.83 21.28 0.16 | 15.80 132.63
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4. Char of corncob 0.2 g, Steam flow rate 177.78 mmol/h and Ar 72 ml/min

125

Temperature Time Gas CO area CH, CO, H, CcoO CH, CO, H, CcO CH, CO, H,
(°C) (sec) flow area area area (%) (%) (%) (%) mmol/h | mmol/h | mmol/h | mmol/h
in out
25 ml (ml/min)

400 10.23 146.58 1972 1659 11765 3790102 0.21 0.06 1.53 4427 |0.74 0.22 5.51 84.22
420 10.12 148.21 3141 16120 | 2470 3912412 0.33 0.59 0.32 45.69 |1.20 2.15 1.17 91.18
440 10.05 149.34 3141 16120 | 2470 3912412 0.33 0.59 0.32 4569 |1.21 2.17 1.18 92.46
480 10.10 148.59 7291 15488 | 1642 3924177 0.77 0.57 0.21 4583 | 2.79 2.07 0.78 92.11
500 10.24 146.55 1991 20899 | 1518 3984196 0.21 0.77 0.20 46.53 | 0.75 2.76 0.71 92.33
520 10.09 148.66 1991 20899 | 1518 3984196 0.21 0.77 0.20 46.53 | 0.76 2.80 0.72 94.75
560 10.02 149.75 7918 22605 | 1693 3792073 0.83 0.83 0.22 4429 | 3.06 3.05 0.81 87.75
580 10.10 148.95 8971 18089 | 2771 4091521 0.94 0.66 0.36 4779 | 3.44 2.43 1.32 99.67
600 9.64 155.68 8971 18089 | 2771 4091521 0.94 0.66 0.36 47.79 | 3.60 2.54 1.38 107.55
620 9.57 156.92 14140 15942 | 3468 3865654 1.49 0.59 0.45 4515 |5.72 2.25 1.74 98.85
660 9.48 158.46 27218 17063 | 11752 4505892 2.86 0.63 1.53 52.63 | 11.11 2.44 5.95 129.63
680 9.20 163.11 25312 11582 | 6722 3794877 2.66 0.43 0.88 4432 |10.64 1.70 3.50 102.40
700 9.27 161.85 42378 11550 | 15442 4030804 | 4.45 0.42 2.01 47.08 |17.68 1.68 7.99 111.97
720 9.00 166.97 37137 11534 | 15052 4250201 3.90 0.42 1.96 49.64 | 15.98 1.73 8.03 128.39
740 8.38 179.21 41644 11737 | 15512 3754984 | 4.37 0.43 2.02 43.86 | 19.23 1.89 8.89 117.86
760 7.87 190.71 47322 7577 14004 3894705 497 0.28 1.82 4549 | 23.26 1.30 8.54 137.88
780 7.44 201.74 57424 12354 | 27239 4368336 6.03 0.45 3.55 51.02 | 29.85 2.24 17.56 177.57
800 7.51 199.84 70814 11937 | 30780 4261156 7.44 0.44 4,01 4977 | 36.47 2.15 19.66 169.06
820 7.51 199.73 89290 13745 | 42197 4858260 9.38 0.50 5.50 56.74 | 45.96 2.47 26.94 203.10
840 7.59 197.70 116712 | 14757 | 51057 5079073 12.26 | 0.54 6.65 59.32 | 59.46 2.63 32.26 212.79
850 7.75 193.70 131853 | 15353 | 50884 5111791 13.85 | 0.56 6.63 59.70 | 65.82 2.68 31.50 208.78
850 8.42 178.22 143649 | 14284 | 52998 4972412 15.09 | 0.52 6.90 58.07 | 65.98 2.29 30.19 178.97
850 8.21 182.73 119338 | 10570 45039 | 4162199 12.53 0.39 5.87 | 48.61 56.20 1.74 26.31 142.98
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5. Char of coconut shell 0.2 g, Steam flow rate 177.78 mmol/h, Ar 72 mi/min and Ni/dolomite catalyst 5 ¢

126

Temperature Time Gas (6{0) CH, area CO, H, @0 CH, (6{0)) H, (6{0)] CH, CO, H,
(°C) (sec) flow area area area (%) (%) (%) (%) mmol/h mmol/h | mmol/h mmol/h
in out
25ml | (ml/min)
620 10.15 |[14790 |0 5296 2332 3977124 0.00 0.19 0.30 46.45 0.00 0.71 1.10 93.58
660 10.37 | 14470 | 1466 9994 4258 3995538 0.15 8.3% 0.55 46.67 0.55 1.30 1.97 90.70
680 10.40 | 144.32 | 1945 13399 7468 3647747 0.20 0.49 0.97 42.60 0.72 1.74 3.44 75.88
700 10.14 | 148.27 | 16177 17855 9924 4091386 1.70 0.66 129 47.79 6.18 2.38 4.70 98.85
720 9.71 154.74 | 18874 15860 12812 | 4087563 1.98 0.58 1.67 47.74 7.53 2.21 6.34 106.27
740 9.58 156.61 | 24509 14969 15462 | 4103905 457 056 2.01 47.93 9.89 2.11 7.74 109.20
760 9.69 154,94 | 28483 15832 16349 | 4188302 2.99 0.58 2.13 48.92 11.37 2.21 8.10 110.99
800 9.91 151.33 | 32728 13763 15683 | 4172843 3.44 0.51 2.04 48.74 12.76 1.88 7.59 105.97
820 9.80 153.17 | 46852 14009 23961 | 4268826 4.92 0.51 3.12 49.86 18.49 1.93 11.73 112.40
840 9.85 152.53 | 48010 11104 23799 | 4172688 5.04 0.41 3.10 48.73 18.87 1.53 11.60 107.41
850 9.54 157.23 | 59412 11359 30792 | 4028570 6.24 0.42 4.01 47.05 24.07 161 15.48 106.54
850 9.65 155.72 | 54911 6329 24224 | 4025120 STt 0.23 3.16 47.01 22.04 0.89 12.06 104.63
850 9.28 161.76 | 40254 6164 24314 | 4025367 4.23 0.23 3.17 47.01 16.78 0.90 12.57 111.62
850 9.05 166.01 | 39593 4494 24944 | 4143225 4.16 0.16 3.25 48.39 16.94 0.67 13.24 122.13
850 8.53 176.04 | 36895 3726 26717 | 4023756 3.87 0.14 3.48 47.00 16.74 0.59 15.03 128.00
850 8.65 173.76 | 37575 2594 22277 | 3902507 3.95 0.10 2.90 45.58 16.83 0.41 12.37 119.34
850 9.06 165.68 | 32323 2668 26068 | 3988793 3.39 0.10 3.40 46.59 13.80 0.40 13.80 114.40
850 9.23 162.47 | 29488 2044 21380 | 3683500 3.10 0.08 2.78 43.02 12.35 0.30 11.10 96.52
850 9.71 154,58 | 33695 2145 21133 | 3788420 3.53 0.08 2.75 44.25 13.42 0.30 10.44 92.84
850 9.22 162.91 | 30538 2140 24043 | 4045212 3.20 0.08 3.13 47.25 12.82 0.31 12.52 113.87

9¢1




Appendix D

Simultaneous biomass gasification and reforming with fluidized bed

1. The effect of temperature

127

Temperature | Time Gas CO CHgarea| CO; H, CO CH,4 CO, H, CO CH4 CO, H,
(°C) (sec) flow area area area (%) (%) (%) (%) mmol/h | mmol/h | mmol/h | mmol/h
in out
25 ml | (ml/min)

750 4.43 685.02 106016 |143292 37127 1458508  [11.13 5.26 4.84 17.03 187.16 88.41 81.29 153.01
750 4.87 616.51 |26788 49207 |14788 1269977 |2.81 1.81 1.93 14.83 42.56 27.32 29.14  |91.06
750 4.75 632.21 |2209 4682 25922 1011827 |0.23 0.17 3.38 11.82 3.60 2.67 52.38 50.00
750 4.58 655.65 |0 1761 1948 1058179 |0.00 0.06 0.25 12.36 0.00 1.04 4.08 65.51
750 4.59 653.76 |0 0 1188 1015437  {0.00 0.00 0.15 11.86 0.00 0.00 2.48 56.93
750 4.37 688.37 |0 0 1094 1120430 |0.00 0.00 0.14 13.09 0.00 0.00 2.41 87.71
780 4.59 653.18 |135524 |183508 |48480 1441871 |14.23 6.74 6.31 16.84 228.13 107.96 |101.22 |136.59
780 4.88 615.23 |31940 48429 16898 1209068 |3.35 1.78 2.20 14.12 50.64 26.84 33.23 79.86
780 4.75 632.31 |1847 4209 8494 1005371 |0.19 0.15 1.11 11.74 3.01 2.40 17.17 |48.86
780 4.69 640.34 |0 0 1638 903213 0.00 0.00 0.21 10.55 0.00 0.00 3.35 32.43
780 4.80 625.63 |0 0 1261 986893 0.00 0.00 0.16 11.53 0.00 0.00 2.52 43.62
780 4.72 635.75 |0 0 1202 982363 0.00 0.00 0.16 11.47 0.00 0.00 2.44 45.66
810 5.19 578.03 1128434 178212 47994 1664834 [13.49 6.54 6.25 19.44 191.32 92.78 88.67 142.47
810 4.61 651.51 35320 52385 18361 1288432 |3.71 1.92 2.39 15.05 59.30 30.74 38.24 107.25
810 4.81 624.10 |4502 4483 19237 1036589 |0.47 0.16 2.51 12.11 7.24 2.52 38.37 52.08
810 4.78 627.68 |0 1094 2402 1006183  |0.00 0.04 0.31 11.75 0.00 0.62 4.82 47.67
810 4.88 615.80 |0 0 2342 977532 0.00 0.00 0.31 11.42 0.00 0.00 4.61 39.19
810 4.87 616.48 1948 0 1938 986042 0.20 0.00 0.25 11.52 3.09 0.00 3.82 40.89
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1. Thermogravimetric analysis (TGA)

Conditions;
Model: ULVAC SINKU-RIKU TGD 9600;

TG
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Appendix E

Biomass Type: Coconut shell;
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N, flow rate 100 ml/min;  Heating rate 10 °C/min.
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2. Thermogravimetric analysis (TGA)
Conditions;
Model: ULVAC SINKU-RIKU TGD 9600;

Biomass Type: Coconut shell;  Air flow rate 100 ml/min; Heating rate 10 °C/min.
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XRD analysis of Typel: Ni/Dolomite catalyst
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XRD analysis of Type2: Ni/Dolomite + Silica binder catalyst
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XRD analysis of Type3: Ni/Dolomite which is doped with WO3 7
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