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ABSTRACT OF THE DISSERTATION

Investigation of the Effect of In-Situ Catalyst on the
Steam Hydrogasification of Biomass

by

Xin Fan

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2012
Dr. Joseph M. Norbeck, Chairperson

The gasification of biomass is potentially an efficient and economically viable
technology to assist in reducing the global dependence on fossil fuels and carbon dioxide
emission. CE-CERT steam hydrogasification technology combines hydrogen with water
to convert carbonaceous matters to a high energetic synthesis gas which offers several
advantages for biomass gasification compared to other mainstream gasification
technologies. Although steam hydrogasification appears to be an advantageous
gasification technology, it still needs to be improved for optimum efficiencies to assess
the overall commercial viability. A particular challenge for the scaling-up steam
hydrogasification process is the low reactivity of carbon with hydrogen. The gas
residence time in the large-scale gasifier needs to be substantially long to account for the
slow reaction rate in the presence of hydrogen. The consequence is that much larger size
and more expensive gasifier is required to implement the large-scale CE-CERT process
which leads to a considerably high initial investment cost. The main objective of this
thesis is to investigate the effect of biosolids serving on the steam hydrogasification of
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biomass for improving the steam hydrogasification efficiency. The use of biosolids is
motivated by its low cost, integrated in the steam gasification as the feedstock and the
potential for catalytic effect due to its typically high concentration in iron and calcium.
This research will not only contribute to technological analysis for the scaling-up CE-
CERT steam hydrogasification process but also provide an alternative pathway for
biosolids energy recovery in a cost-efficient manner.

Characteristics and Kkinetics of steam hydrogasification of biomass was
investigated initially in chapter two with the objectives to optimize the reaction
conditions and to establish a simplified approach for kinetic measurements in the steam
hydrogasification. A newly designed laboratory-scale reactor, referred to as the inverted
batch reactor is used in this thesis. This reactor succeeded performing the desired realistic
thermal conditions to allow for fundamental laboratory studies of the steam
hydrogasification. The heating rate and temperature were found to have significant
influence on the steam hydrogasification. Kinetic parameters were obtained by using a
first-order kinetic model based on product gas formation.

Steam hydrogasification of the co-mingled biosolids with biomass was
investigated in chapter three to determine the effect of biosolids on the steam
hydrogasification of biomass. It is experimentally demonstrated that the biosolids
integrated in the feed dramatically improved the steam hydrogasification efficiency not
only in carbon conversion but also in gasification reaction rate. The steam
hydrogasification with 50wt% biosolids in the feed yielded more than 70% carbon

conversion at 700°C. There was an approximately 6% increase in the carbon conversion
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compared to the steam hydrogasification of biomass. The gasification rates of CH4 and
CO formation were enhanced by 18% and 12%, respectively. The characterization of
metal elemental compositions in the biosolids revealed that the biosolids was particular
rich in Fe, Ca.

Catalytic steam hydrogasification of biomass with different catalysts based on
metal compounds of Fe, Ca, Mg, Na and K is investigated in chapter three. Steam
hydrogasification of biomass with non-catalysts, with the in-situ biosolids and with the
added catalysts were evaluated to identify the catalytic activity of biosolids. The catalytic
activity of catalysts in the steam hydrogasification for CO formation followed the order
of iron catalysts > biosolids > other tested catalysts. And the catalytic activity for CH,4
formation was in the sequence of calcined dolomite > biosolids > other tested catalysts.
Biosolids in-situ integrated in biomass feedstock was found to be highly active and
effective to catalyze the steam hydrogasification and improve the steam hydrogasification
efficiency. The catalytic action of biosolids on the steam hydrogasification may be

attributed to the synergistic effect of iron, calcium and alkali metals in the biosolids.
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Chapter 1

Introduction and Background

1.1 Biomass Gasification
1.1.1 Energy from biomass

Biomass, referred to organic matters produced during the process of
photosynthesis, is a major source of renewable energy [1-2]. The carbon cycle of biomass
from its growth absorbing CO, toward releasing CO, back into the atmosphere leads to a
net zero CO, emissions [3-4]. Biomass is the only current renewable energy source for
liquid transportation fuel [5]. The sustainable use of biomass can contribute to reduce the
reliance on fossil fuels and greenhouse gas emission [4-6]. Bioenergy derived from
biomass currently represents approximately 10%-14% of the world's primary energy
supply [6]. The current goal of the United States is to have at least 20% of petroleum
demand replaced with biofuels from biomass by 2020 [7].

Biomass resources contribute to a broad variety of biomass feedstock, such as
forestry residues, agricultural residues, herbaceous crops, crops oils and municipal green
wastes. The agricultural residues and forestry residues are the primary biomass feedstock
resources in the United States [8, 9]. The forestry residues include residues from the
logging, wood processing mills, pulping liquors, paper mills and urban woody residues.
The wood processing mills, pulping and paper mills are estimated to produce 145 million
dry tons of residues annually and the annual residues derived from logging operations

and urban wood are about 107 million dry tons [9]. The agricultural residues include



grains used for biofuels production (eg, soybean and corn), crop residues from corn
stover, small grain straw and others, perennial grass and corps, animal manures and food
residues. The United States can produce 428 million dry tons of annual crop residues, 377
million dry tons of perennial crops, 87 million dry tons of grains used for biofuels [9].
The primary biomass resources in California State are forestry residues, agricultural
residues and urban wastes [10]. Biomass resources in California State are estimated to 80
million gross tons of biomass per year. And an annual 32 million dry tons biomass in
California is considered feasible to use as the biomass feedstock for renewable electricity
generation and biofuels [11]. California’s biomass resources offer substantial
opportunities in helping to meet the in-state future needs of clean and renewable energy.
There are many ecological and economic benefits of biomass as an energy supply.
The residues from biomass resources are abundant, easily accessible and broadly
available to national wide regions. The carbon dioxide released to the atmosphere during
biomass energy consumption is fixed by the photosynthesis during biomass growth. Thus,
a very short life cycle of biomass can realize a zero net carbon dioxide emission [12, 13].
Biomass is the only renewable energy source to create liquid transportation fuels
compared to other renewable energy, such as solar, wind and geothermal energy.
Biomass to liquid fuels is advantageous in terms of delivery, storage and infrastructural
compatibility. Biomass replacing fossil fuels can reduce the dependence on imported
energy, particular in petroleum that contributes to enhance the energy security in the
United States [14]. The development of biomass energy industry provides direct or

indirect employment opportunities.



Despite many benefits of biomass energy, there are technological barriers to
overcome. Biofuels are more expensive than fossil fuels due to the cost on biomass
feedstock. The biomass feedstock cost includes the cost on growing, harvesting,
collection and transportation of biomass. It reduces the competitiveness of biomass
energy compared with fossil fuels and other renewable technologies [1-4, 15]. Better
understanding of currently available biomass feedstock including biomass distribution
and characterization, transport, storage and processing costs is required. Better techniques
must be developed for cost-effective growing, harvesting and transportation of biomass
feedstock and bioenergy industrial systems require access to biomass resources. The
obstacle to the increased utilization of second generation biofuels is that lack of
commercial-scale reliable technologies. It is important for the development of large-scale
conversion technologies to improve the efficiency and lower the cost [16, 17].
Conversion technologies

Biofuels are types of fuel productions derived from biomass, including biogas,
biodiesel, ethanol, methanol, DME, synthetic gasoline, Fischer-Tropsch diesel fuels. First
generation biofuels are made from food crops, such as soybean, sugar, corn and vegetable
oil. For example, biodiesel can be produced from trans-esterification of vegetable oils.
However, the first generation biofuels are limited due to the competition with cropland
use for food supply [18]. Therefore, second generation biofuels from nonfood biomass is
emphasized on its development currently. The lignocellulosic biomass is comprised of
cellulose, hemicellulose and lignin is the main biomass source for second generation

biofuels.



The biomass feedstock can be converted into biofuels or energy productions by
conversion technologies. Figure 1.1 shows a diagram for a description of biomass
conversion processes. These conversion technologies for second generation biofuels from
lignocellulosic biomass are divided in two main processing routes: biochemical and

thermochemical technologies [19].

Biomass — Biomass _ Biomass

Feedstock Conversion Energy
Forestry Biochemical Biopower
- Logging - Anaerobic digestion - Heat
- Wood, paper mills - Hydrolysis/ Fermentation - Electricity
Agricultural Thermal/chemical Biofuels
- Grains - Combustion - Ethanol
- Crops residue - Pyrolysis - Methanol, DME
- Perennial grasses - Gasification - Syngas
- Animal manure - Direct liquefaction - Transportation fuels
- Oil plants - Transesterification - Biodiesel

Figure 1.1 Conversion of biomass to a variety of biofuels and energy products



Biochemical technologies can convert the carbohydrate chains of the
lignocellulosic biomass into ethanol production. The ethanol production from
lignocellulosic biomass is referred to as cellulosic ethanol. The biochemical processes for
cellulosic ethanol generally include steps of pretreatment, hydrolysis and fermentation
[20]. The pretreatment process is an initial process step to break up lignin and expose the
cellulose and hemicellulose fractions for subsequent hydrolysis. The sugars are released
in chemical hydrolysis or enzymatic hydrolysis of hemicellulose and cellulose fractions.
Following hydrolysis, enzymatic fermentation is the next step to convert the resultant
sugars into ethanol. And then the concentration and purification of ethanol production are
achieved by distillation and dehydration. The lignin component in lingo-cellulosic
biomass is difficult to be hydrolyzed and residual lignin solids are separated, dried and
combusted to generate heat and electricity power in bio-refinery plant. Cellulosic ethanol
from biochemical technologies has not been in commercialization. Much remains to be
done to reduce the final ethanol production cost, such as improving the sugar yields,
reducing the cost for the pre-treatment process and reducing the cost of enzymes [21, 22].

Thermochemical conversion technologies for biofuels are chemical reforming
processes under the appreciated pressure and temperature levels to convert biomass
feedstock into synthetic gas fuels or liquid fuels. Thermochemical conversion processes
can produce the energy products in a very short residence time of seconds to minutes
compared to biochemical processes. Three main thermochemical technologies are
pyrolysis, gasification and direct liquefaction [23]. Direct liquefaction technologies are

based on hydrogenation of carbonaceous feedstock into liquid hydrocarbons [24]. Direct



liquefaction proceeds under very high pressure levels in the range of 5-20 bars compared
to pyrolysis and gasification. The direct liquefaction of coal has been a reliable
technology while direct liquefaction is considered as little attractiveness for the
development of biofuels [25]. Pyrolysis is a thermochemical process to decompose
biomass in the absence of oxygen into bio-oils, volatile gases and chars. The product
yields and distributions are dependent on the reaction parameters such as temperature,
heating rate and residence time. Bio-oil, the main product in pyrolysis can be refined into
liquid biofuels in the downstream process and can be utilized as a fuel source for power
generation. The unreacted, solid residual referred as to chars with ash are combustible
qualities for heat generation. The volatile gases include a mixture of H,, CO, COg,
hydrocarbon gases and tars. Conventional pyrolysis has a very low gas product yield due
to the normally lower temperature range of around 300-500°C [26] and tars in the gas
phase are corrosion to downstream equipment. Pyrolysis is not considered as a good
approach for syngas or gas fuels compared with gasification technologies although fast or
flash pyrolysis technologies can achieve a relative higher gas yield than slow pyrolysis
[27,28]. This thesis will focus on biomass gasification, particular in steam
hydrogasification of biomass. The literature reviews of biomass gasification technologies
and CE-CERT steam hydrogasification technology are introduced in the following

sections.



1.1.2 Gasification technologies

Biomass gasification has been widely researched and applied as a clean, efficient
and cost-effective technology for biomass conversion into syngas or synthetic fuels
compared to other thermochemical technologies [29-31]. Gasification technologies use
reaction agents such as air, oxygen or steam, hydrogen to convert the carbonaceous
materials into energetic gaseous products. The product gases are dominantly a mixture of
carbon monoxide (CO), hydrogen (H2) and methane (CH,) with small quantities of
carbon dioxide (CO,), and steam (H,O). The yield and chemical composition of product
gases are mainly affected by the gasification agent (air, steam, or hydrogen), the gasifier
operating conditions, and feed characteristics [30-32]. The other products in gasification
include char, tars, inorganic constituents and other higher molecular weight hydrocarbon
gases [33]. The gaseous products need to be cleaned up to remove undesirable impurities
such as nitrogen and sulfur compounds; unconverted condensable organics (tars) and fine
particles in order to improve the gas qualities and protect poisoning of the downstream
catalysts. The clean-up product gases can be used for syngas and converted to liquid
transportation fuel, gas fuels for heat and electricity generation, hydrogen energy source
[3, 29-31].

Gasification is generally classified according to the gasifying agents into partial
oxidation, steam gasification, hydrogasification and gasification with other agents like
CO,. The basic overall reaction taking place in the gasifier can be summarized as in the

Equationl.1.



Biomass + O, or Hy, H,0, air — CO, H,, CHy4, CO,, H,0,
+ tars + chars + ash Equation (1.1)
Partial oxidation (POX) is a gasification process with pure oxygen or air under
high temperature (800 -1600°C) to produce fuel gas production. POX technologies are
common known in commercial and large-scale demonstration applications. The relative
reactions are presented in the equations 1.2-1.4. The heat in this process can be supplied
by the exothermic reactions of partial combustion in the POX gasifies. However, POX
provides a low heating value in the produced syngas with large amount of No.

Partial oxidation reaction

C+%0,—CO Equation (1.2)
CO +% 0, — CO; Equation (1.3)
H,+% 0, — H0 Equation (1.4)

Hydrogasification is a gasification process with hydrogen as the gasifying agent.
The predominant reaction in hydrogasification is methanation reaction in the Eqn. 1.5.
Hydrogasification can be used for the production of synthetic natural gas (CH4) from
biomass. However, hydrogasification is not attractive for biomass conversion because the
reactivity of carbon with hydrogen is much lower than that of carbon with steam and
oxygen.

Methanation reaction

C+H;— CH,y Equation (1.5)

The addition of steam as gasifying agent in gasification process is defined as

steam gasification. The steam gasification can yield hydrogen-rich gas product and N,-



free product gases compared with partial oxidation. For example, the H, composition
from steam gasification of woody biomass can reach 40% of the output gases [34]. And
the reactivity of gasification with steam is higher than gasification with hydrogen. The
water-gas reaction in Eqn. 1.6 is the main reaction in steam gasification. Many other
chemical reactions involved in the steam gasification are presented in the equation 1.6-
1.9. High tars yield in the gas products is a challenge issue for steam gasification.
Catalytic steam gasification has been investigated to reduce tars formation. Water gas
reaction

C+H;O < CO + Hy Equation (1.6)

Boudouard reaction

C+CO; « 2CO Equation (1.7)

Water-gas shift reaction

CO +H;0 « CO;, + H, Equation (1.8)

Steam methane reforming

CH4 + H,O < 3H, + CO Equation (1.9)
Type of Gasifiers

The type of gasifiers plays one important role in determining gasification
performances [35]. Main commercial gasifiers include primarily downdraft and updraft
fixed beds, bubbling and circulating fluidized beds, entrained flow beds [36]. The option
of the type of gasifiers is related to with specific features and limitations of the specific

application.



Downdraft gasifiers Downdraft fixed beds have co-current flow of feedstock
materials and the gasification agent (eg. air, steam, oxygen) moving product gas stream
downward. The agent is introduced and reacted with solids at a throat under a high
temperature zone. The product gases leave the bottom of bed at high temperature and
most of the heat is transferred to the agent added at the throat on the top of bed. This
configuration results in a high carbon conversion efficiency and a relatively clean product
gas with low content of tar since more tars are cracked when all tars pass through a hot
bed of char and. Downdraft gasification is simple and reliable technology for small scale
applications of practical capacity up to about 500 kg/h feed rate [37]. So the limitations of
downdraft beds are low heating rate, limited scale-up potential [38].

Updraft gasifiers Updraft fixed beds have current-current flow of feedstock
materials and the gasification agent moving product gas stream upward. In updraft beds,
the solids move down to be gasified and vapors flow up with the hot product gases. The
hot ascending gases transfer heat to the incoming feedstock which is dried or preheated
before moving to the gasification ozone. For that, the gas exit temperature is low. Some
tars in the vapors are carried out by the upward flowing product gases. This configuration
features for high carbon conversion and high thermal efficiency. However, updraft
gasification has high level of tar in the product gases [39]. So the product gas requires
substantial cleanup for further downstream processing. The limited scale- up for updraft
beds is about 4t/h feed rate [38]. Although it has little scale-up limitation compared with

downdraft beds, it has not been built in practice for large scale power applications due to
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high tar content in the fuel gas. Catalytic gasification in updraft beds has been developed
for tar cracking and removal recently.

Fluidized bed gasifiers Fluidized beds are classified to bubbling and circulating
fluidized beds according to the fluid velocity. Bubbling fluidized beds have relatively low
fluid velocities and moderate tar levels in the product gas between the level of the
downdraft and updraft beds. Circulating beds have very high gas velocities with recycled
solids entrained after passing a cyclone to improve the carbon conversion efficiency [40].
The tar level is relatively low compare with bubbling beds. In fluidized beds, the solid
particles are fluidized at high enough velocities of oxygen and steam or air. Silica sands
are usual bed materials to avoid sintering and other bed materials such mineral catalysts
of olivine, limestone and dolomite are developed to reduce tars [41]. The heating rate of
the fluidized beds is much higher than heating rate of the fixed beds. These
configurations of fluidized beds provide important features not available in the fixed
beds. Fluidized beds have good heat and mass transfer between the gas and solid phase,
uniform solid mixing and temperature gradient. And this type of gasifiers can accept
various feedstock materials with a wide range of participle sizes and ash contents [42].
Fluidized beds have demonstrated to be reliable with a variety of feedstock for small
scale and plant scale applications [43, 44].

Entrained flow gasifiers Entrained gasifiers have co-current flow of the feed and
the agent gas. Entrained gasifiers have much higher heating rate and operating
temperature compared with fixed beds and fluidized. The heating rate in entrained

gasifiers can reach the level of 104 K/s and the operating temperature can be at 1200-
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1500°C [45]. Hence, the product gases have low concentration of tars and methane. The
entrained gasifiers have high conversion efficiency and good quality of product gases.
And they are viable and suitable for large scale applications above 10t/h with very good
scale-up potential. However, this type gasifier has slagging ash due to high temperature
above the ash melting.

Commercialization of biomass gasification is still in the development stage as a
consequence of both economic and technical challenges [30, 31] although biomass
gasification technologies have been widely applied in research and small investment
applications. The removal of tars is a key issue for gas production from biomass
gasification. Catalytic biomass gasification using inexpensive, disposable catalytic
substances are investigated by most researchers to reduce the tar formation and improve
the output gas qualities. Biomass feedstock must be dried to remove the moisture content
before conversion, which is required by most gasification technologies. The need to
drying biomass leads to the cost and energy loss in biomass gasification. There are some
barriers to overcome, including: the need for improved conversion efficiency of biomass
to reduce reactor size; reliable pretreatment technologies and feeding systems for large-
scale gasifiers; improved durability of catalysts for downstream processes; reduction of
the cost of facilities [29-32, 46].

Steam hydrogasification technology in CE-CERT process is very advantageous
compared to other mainstream gasification technologies for biomass and waste

conversion into synthetic liquid or gas fuels.
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1.1.3 CE-CERT steam hydrogasification

The College of Engineering Center for Environmental Research and Technology
(CE-CERT) at the University of California, Riverside (UCR) has developed a multi-step
thermochemical process based on Steam Hydro-gasification to convert carbonaceous
matters into synthetic fuels. It is referred to as the CE-CERT process in this thesis. The
steam hydrogasification has several advantages that have been demonstrated in our
previous studies [47-49]. It is reported by the U.S National Energy Technology
Laboratory (NETL) that CE-CERT process has the potential to be 12% higher efficiency
with 18% lower capital cost than the most conventional mainstream gasification
technologies [50]. This thesis will focus on steam hydrogasification of biomass
feedstock, either only or comingled with biosolids. It aims to address the use of
inexpensive biosolids from wastewater treatment process as in-situ catalyst to enhance
the steam hydrogasification efficiency. A simplified diagram of the CE-CERT process is

shown in Figure 1.2.

Excess H, Recycle

Feedstock

Figure 1.2 A simplified diagram of the CE-CERT Process
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Steam hydrogasification combines hydrogen with water to convert carbonaceous
materials into the methane rich gases. The output gas stream from the Steam
Hydrogasification Reactor is then subjected to a warm gas cleanup unit to primarily
remove sulfur species. The cleanup product gases along with steam are then catalytically
reformed into syngas (H,+CO) by the Steam Methane Reforming (SMR). The steam
hydrogasification product gases are ideally suited for reforming to produce synthesis gas
due to the presence of a significant amount of methane and steam. A H,/CO ratio of
syngas can be controlled by adjusting the input H,O to feed ratio in the steam
hydrogasification. The synthesis gas is fed into a Fischer-Tropsch Reactor (FTR) to be
converted into synthetic liquid fuels. It is noted that the CE-CERT process does not
require an external H; source. The excess H; is separated after the SMR and fed back into
the Steam Hydrogasification Reactor to make an internal self-sustain source of H, in the
process.

The basic overall reactions taking place during the CE-CERT process are
represented in the equations 1.10-1.12. Cetane (CigHs4) is used to represent a liquid
hydrocarbon production in the Fischer-Tropsch reactions.

Steam Hydrogasification Reaction:

C+H,0+H; > CH; +H,0O+CO + CO, Equation (1.10)

Steam Methane Reforming:

CHs+ H,0O — 3H+ CO Equation (1.11)

Fischer-Tropsch Reaction:

33H, +16CO — CigHas +16H,0 Equation (1.12)
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The Steam Hydrogasification is a key and innovative step in the CE-CERT
process. The features and advantages of the steam hydrogasification compared with other
gasification technologies are summarized as follows:

1. One unique feature is the utilization of a slurry feed. It has the ability to handle
wet feedstock so that it can reduce the cost of drying feedstock. Thus, this
technology provides an attractive option for directly converting feedstock
materials with high moisture content into energetic products, such as sewage
sludge.

2. It has high carbon conversion efficiency at moderate temperature and pressure
and potential for reduced production of tars.

3. No external air or oxygen supply is required as gasifying agent compared to POX
and it offers versatility for both small scale and large scale applications.

4. Input H,O to carbon ratio in the feed can be adjusted to achieve a desired H; to
CO ratio for efficient downstream production of synthetic fuels.

Although steam hydrogasification in our laboratory has shown to be an
advantageous gasification technology, it still needs to be improved for optimum
performances to assess the overall commercial viability. Steam hydrogasification is
considered as hydrogasification process with the addition of steam. It is known that the
reactivity of carbon with different reaction agents at 1073 K is in the order of r(O;) >>
r(H20) > r(COy) > r(H,) [51]. The consequence is that the gas residence time in steam
hydrogasification gasifier has to be substantially longer to account for the lower reaction

rate of carbon with hydrogen. Large size, more expensive gasifier is needed to implement
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the large-scale CE-CERT process which leads to a considerable increase in initial
investment cost. The relative low reaction rate in the presence of hydrogen is one
particular challenge for the development of scaling-up steam hydrogasification. Catalytic
gasification with the agent either steam or hydrogen have been developed to enhance the
gasification rate and to reduce the tars formation [52-54]. However, it is unknown to us
whether the use of catalysts can improve the steam hydrogasification efficiency.
Therefore, this thesis will explore catalytic steam hydrogasification by using in-
expensive, in-situ catalytic substances in order to improve the steam hydrogasification
efficiency. The main objective of this thesis is to find out how active and effective the
biosolids is in steam hydrogasification of biomass. The attractiveness of the biosolids is
related to its low cost, integrated in the steam gasification as feedstock and its potential
for catalytic effect. An introduction to biosolids and literature reviews for the various

types of catalysts on biomass gasification will be presented in the following sections.
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1.2 Introduction to Biosolids
1.2.1 What are biosolids

Biosolids, historically known as sewage sludge, are solid byproducts from
municipal wastewater treatment processes. Biosolids contain approximate 95 percentage
water content, as well as nutrient-rich organic matters, inorganic matters and pathogens.
The United States has more than 16,500 publicly owned wastewater treatment works
(POTWs) that generates over eight million dry tons of biosolids annually [55].
Approximately 60% of annual biosolids is ultimately disposed through land applications
and direct landfills [56]. Biosolids disposal to land presents a rising challenge as a
consequence of environmental concerns, in particular, excessive accumulation of toxic
heavy metals in soil caused by land applications and landfill leachate. The increased
quantities of biosolids and more restrictions from legislates on disposal have forced a
demand for cost-effective and environmental-friendly biosolids management [57-58].
Energy recovery from biosolids is attracting more and more attention for the beneficial
use of biosolids [59].

The quantity and characteristics of the biosolids from municipal wastewater
mainly depend on wastewater treatment processes and the type of subsequent treatment
for the biosolids [57]. It’s necessary to make an understanding of the wastewater
treatment processes and processing treatment for biosolids before discussed on biosolids
characteristics. A general wastewater treatment process at wastewater treatment plants

(WWTP) for municipal biosolids is shown in Figure 1.3.
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Figure 1.3 A schematic diagram of general wastewater treatment processes at WWTP



Wastewater from the municipal sanitary collection system is firstly pretreated in
screening and other facilities to remove coarse solids and grit. After that, the screened
wastewater is treated in a primary settling tank for the gravity sedimentation to remove
suspended solids prior to a secondary treatment. The secondary treatment is typically a
biological treatment process to remove biodegradable organic matters in the wastewater.
Microorganisms are used to consume the dissolved and suspended organic matters
usually in an aeration tank. Then the wastewater is subsequently clarified in a secondary
sedimentation tank to separate the concentrated suspension and microorganisms.
Secondary treatment process is required for all municipal plants to reach the minimum
treatment level for wastewater efflux. Some municipal WWTP involve a tertiary
treatment process (also called advanced treatment) to achieve high effluent quality, such
as direct discharge to a drinking water source. For example, biological and chemical
precipitation and processes are used in a tertiary treatment for nitrogen or phosphorus
removal and chlorinated disinfection.

Biosolids from WWTPs are usually a mixture of sludge from primary and
secondary treatment processes [58]. A processed biosolids stream is generated in a
specific wastewater treatment process. The biosolids stream produced in a primary
treatment process is called primary sludge while the biosolids generated in a secondary
sedimentation is called waste activated sludge. Some biosolids produced from the tertiary
treatment is referred to as tertiary sludge. The primary sludge is the settled sludge from
primary sedimentation tanks, which usually contains 3%-7% solids. Waste activated

sludge, the concentrated suspension with excess micro-organisms is settled in secondary
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sedimentation tanks but not recycled to the aeration tank as activated sludge. Secondary
biosolids contain higher water content than the biosolids from a primary treatment.
Biosolids from higher levels of treatment processes also contain increased concentrations
of contaminants since the dissolved organic matters and contaminants removed from the
wastewater end up in the biosolids [59]. Chemicals such as ferric chloride, aluminum,
lime are dosed in wastewater processes to precipitate the suspended solids that lead to the
increased concentrations of these chemicals in the biosolids.

Biosolids treatment

POTWs involve additional processing treatments for biosolids to meet regulatory
requirements before most use and disposal of biosolids, including thickening,
stabilization and dewatering processes. POTWSs select the specific processing method for
biosolids according to the specific management in biosolids disposal or uses. Major
stabilization methods include anaerobic or aerobic digestion, lime stabilization, heat
treatment and composting [57]. Physical separation techniques are typically used for
dewatering, such as high-speed centrifuges, belt filter press, and air drying.

Stabilization Biosolids are stabilized to reduce the biosolids mass, the pathogens
in the biosolids and eliminate offensive odors. Anaerobic digestion is widely used
biological technology for biosolids stabilization. Anaerobic digestion uses
microorganisms to decompose the biodegradable portion of the volatile compounds in the
absence of oxygen environment to produce biogas. The biogas generated from anaerobic
digestion of biosolids composes of a primary 60%-65% of methane and about 30-40% of

CO; [55]. The biogas can be collected and applied as an energy resource for heat or
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electricity generation. Anaerobic digestion has been practiced in many large wastewater
treatment plants in California and the northeastern U.S. not only to stabilize biosolids but
also to recover energy from biosolids to biogas [60].

Dewatering The dewatering treatment significantly reduces the biosolids volume
and weight by removing water in the biosolids as much as possible that make biosolids
compatible and less expensive for transportation, disposal or beneficial use. The raw
biosolids generated in the wastewater treatment process typically have a solids content of
approximately 2 to 5%. The dewatering processes can convert biosolids in a liquid form
into semi-solids that are approximately 15-50% solids content [59]. For example, belt
filter presses produce belt biosolids cakes that achieve 20% to 32% solids content [61].
The dewatered and dry biosolids are required for a number of biosolids management
options such as landfills and incineration. Furthermore, many gasification and pyrolysis
technologies for energy recovery of biosolids are not compatible for the raw biosolids as
feedstock due to the high moisture content in biosolids. An external energy supply is
essential to dry and dewatered biosolids that results in a large energy consumption in
biosolids management. Therefore, CE-CERT steam hydrogasification technology offers
an important advantage in alternative method for biosolids management by directly

utilizing the raw biosolids integrated in the feedstock.

21



Characteristics of biosolids

The typical components of biosolids can be generally classified into six groups as

follows [62]:

1.

2.

Water, the moisture content varying from a few percentages to more than 95wt%
Organic carbon compounds that are approximately 50%-60 wt% on a dry basis
Inorganic compounds, such as silicates (Si), iron (Fe), calcium (Ca) and
magnesium (Mg), aluminates (Al)

Organic and inorganic nitrogen and phosphorous compounds

Trace metals and other trace contaminants with concentrations from more than
1000 ppm to less than 1 ppm, such as Zn, Pb, Cu, Cr, Ni, Cd, Hg, As and
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHS)
Pathogens, such as disease-causing organisms of bacteria, parasites and viruses

The influent wastewater and wastewater treatment processes have a large impact

on the physical and chemical compositions in biosolids. Biosolids has rich beneficial

nutrients such as nitrogen and phosphorous that can be used as fertilizer in soil. The N

and P concentrations in a dry basis of biosolids are typically 4wt% and 2 wt%,

respectively. Table 1.1 shows metal elemental compositions in biosolids. Some metal

elements in biosolids are essential for plant growth, including iron, magnesium, copper

and zinc. Solids in biosolids are a combination of organic and inorganic solids. The

volatile solids are the organic carbon and nitrogen compounds that compose of

approximately 30 to 50% of solids content in biosolids. The energy value of biosolids is

22



embedded in the volatile solids portion. Energy recovery from biosolids can take
advantage of the energy value of biosolids.
Table 1.1 Metal elemental compositions of biosolids and maximum allowable

metal concentration in biosolids by the U.S. EPA
(Average value of over 200 biosolids samples from eight states)

Main metal  Biosolids® Trace metal  Biosolids® Standard?®
elements (Wt%)? elements (ppm)? (ppm)?

Ca 3.9 Zn 1740 2800
Fe 1.1 Cu 850 1500
Al 04 Ni 82 420

K 0.3 Cr 890 1200
Mg 0.4 Mn 260 -

Na 0.2 Pb 500 300

Notes 1. Source from Dowdy et al. [63]
2. All the values are based on a dry basis of biosolids
3. U.S. EPA 1994 [64]

Biosolids disposal and use

Biosolids are managed by POTWs for disposal and beneficial use, including
incineration, land applications and landfills, or surface disposal. Figure 1.4 shows
practice of biosolids disposal and use in the United States [61].

Landfilling Landfilling is the most common method for biosolid disposal [58].
Biosolids are disposed in landfills with municipal solid waste (MSW). Approximately 30
percent of the biosolids are landfilled or surface land disposed. Landfilling of biosolids
usually occurs the quality of the biosolids does not meet the EPA standard for land

applications. Biosolids landfilling has been causing secondary pollutions due to leachate
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and greenhouse gas emission. The increased land is required for landfilling leads to high

cost on landfills [61].

Land
Application

49%

Figure 1.4 U.S. biosolids management practice in 2004

Incineration Incineration is one of conventional methods for biosolids disposal.
The process is a complete oxidation of volatile solids in the biosolids at high temperature
with excess air to form mainly carbon dioxide and water. About 15% of annual dry tons
of biosolids in the United States are disposed by incineration. The only leaving solid
residue, the ash is required for disposal in landfills or may be used as construction
materials. Environmental problem associated with incineration of biosolids is the release
of particulates and pollutants to the atmosphere [58, 59]. Exhausted gases are treated to
meet the requirements set by federal and state regulations. The investment cost on the
exhaust gas cleanup system is very high so that the cost on incineration disposal is
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dramatically increased. Conventional incineration of biosolids generally consumes more
energy than the energy recovery from biosolids that cannot be regarded as an energy
recovery option for biosolids [59]. Currently, co-incineration of biosolids and coal in
coal-fired power plants is applied in practice that is considered as the recovery of energy
from the biosolids in the form of heat or electricity [60].

Land Application Land application is the most common method for a beneficial
use of biosolids. The biosolids applications to land include agricultural land, forests, mine
reclamation and parks. It is estimated that about 50% of biosolids are applied to land.
Biosolids can be used as agricultural fertilizer, or serve as soil amendment since nutrients
(e.g. nitrogen and phosphorus) and trace metals (e.g. copper, zinc, molybdenum, boron,
calcium, iron, magnesium, and manganese) in the biosolids are beneficial for plant
growth. Stabilization treatment of biosolids is required before land application. However,
the accumulations of the toxic chemicals and heavy metals in the biosolids lead to
contaminate the soil. The regulators have been set by the U.S. EPA (1994) for limitations

of biosolids to land in order to eliminate secondary environmental pollutions [64].
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1.2.2 Biosolids energy recovery technologies

There are two primary energy recovery pathways for biosolids: biodegradation
and thermal conversion [65, 66]. Anaerobic digestion is a biodegradation method that has
been commonly used to recover energy from biosolids and also is one stabilization type
for biosolids treatment. The thermal conversions of biosolids include co-incineration or
co-combustion, pyrolysis and gasification technologies. The energy products from
digestion and thermal conversions are significantly different. Anaerobic digestion
consumes the biodegradable organic matters in the biosolids to produce biogas methane
and the byproduct CO, and a large fraction of biosolids left for disposal. Thermal
conversion can convert the volatile solids in the biosolids into the energy productions and
leaves the byproduct only ash fraction. An overview of the thermal conversion of

biosolids is presented in Figure 1.5.

Heat

_[Co-combustion P
ower

Bio-oil

[Biosolids HDewateringH Drying ]———-[ Pyrolysis =~ |—> 511::11‘[ gas
—| Gasification |—> Syngas
Fuel gas

Synthetic
[CE-CERT process]% Liquid fuels

Figure 1.5 Thermal conversion technologies for biosolids energy recovery
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Gasification, a relatively new technology can recover the energy value from
biosolids with the gasifying agent air, oxygen, steam, hydrogen, or a mixture of these
gases at high temperatures. Dry biosolids can be comingled with woody biomass or green
waste to meet the required feed characteristics. A thermal drying treatment of biosolids
may be included in the gasification upstream that consumes a portion of the energy
generated from the gasification process.

The CE-CERT steam hydrogasification process has been developing an
alternative option for biosolids energy recovery. The raw biosolids mixed with
lignocellulosic biomass can be used as co-mingled feedstock in the steam
hydrogasification to be converted into energetic products in a potentially cost-efficient
manner compared with other gasification technologies. It should be noted that the raw
biosolids contain more than 90% water. Hence, the co-mingled feedstock can achieve a
desired carbon to water ratio by directly utilizing the water content in the biosolids as the
steam source and the carbon in the biomass as the main carbonaceous matters. Steam
hydrogasification offers a significant advantage in biosolids energy recovery by directly
utilizing the raw biosolids which eliminates the cost and energy loss on biosolids

dewatering and drying treatment.
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1.3 Literature Review on Catalysts

There are numerous studies in the literature on biomass gasification using various
catalysts. The catalytic gasification of biomass is aimed to improve the quality of the gas
product; increase conversion efficiency and reduce tar production [67-69]. There are two
approaches in using catalysts for biomass gasification that depends on the position of the
catalysts relative to the gasification reactor [67]. Catalysts, called primary catalysts, are
added as reactor bed materials or directly mixed with the biomass. The feedstock and
primary catalysts can operate within the same gasification reactor and achieve in-situ
catalytic gasification. Catalysts, called secondary catalysts, are placed in the downstream

reactor to treat the gaseous products from gasifiers.

— Natural minerals e.g. olivine, limestone, dolomite
Catalysts Transition metals e.g. Fe, Ni based catalyst
Alkali salts; alkaline
earth metal oxides €.0. NaZCO3’ KZCOS’ D), 1o

Figure 1.6 A classification of catalysts for biomass gasification
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Sutton et al. [67] described three distinct groups of catalyst materials for biomass
gasification. They are dolomite, alkali metals and nickel. Bridgwater et al. [68] reviewed
dolomites, fluid catalytic cracking catalysts, nickel and metals such as platinum,
palladium and rhodium. And the review paper by Abu EI-Rub et al. [69] included nine
different kinds of catalysts for tar elimination in biomass gasification process. In
summary, these catalysts are divided into three kinds of groups and listed in Figure 1.6.

The mineral catalysts are low cost and easy to dispose. Chemical compositions of
three mineral catalysts are represented in Table 1.2. The dolomite class has the highest
catalytic activity compared with other mineral catalysts [68]. The alkali catalysts can be
directly added to biomass by wet impregnation or dry mixing; however, the recovery is
difficult and costly and particle agglomeration can occur at high temperature in a
fluidized bed reactor [67, 69]. The nickel is an effective, commercially available catalyst
but its sensitivity is subject to rapid deactivation and its cost is rather expensive.

Biomass chars are currently reported in biomass gasification to elimination tar

yields due to its high alkali metal content [71, 72].

Table 1.2 Chemical composition examples of limestone, olivine and dolomite [68]

Catalyst CaO MgO SiO, Fe,O4 Al,O; NiO Cr,04

Limestone 52 15 15 - - - -
Olivine 0.37 51.8 36.5 9.14 0.88 0.36 0.6
Dolomite 29.06 22.44 0.38 0.2 0.08
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The biosolids samples in this thesis are supplied by the Riverside Regional Water
Quality Treatment Plant. The initial research in our lab-scale experiments found that the
co-mingled feedstock contributed to actually improve the steam hydrogasification
efficiency. The biosolids contain metal species including Fe, Ca, Mg, K, Na as well as
some other trace metals. The enhanced conversion efficiency may be the result of a
catalytic action in steam hydrogasification as the consequence of the metal species in
biosolids. The proposed hypothesis provides motivation to integrate biosolids in-situ in
the feedstock to catalyze the steam hydrogasification for a higher reaction rate instead of
adding commercial catalysts. The research aims to determine the effect of biosolids on
the steam hydrogasification of biomass and investigate the use of biosolids as an in-situ

catalytic material to enhance the steam hydrogasification efficiency.
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1.4 Objectives

The main objective of this thesis is to investigate the effect of biosolids serving as
in-situ catalyst on steam hydrogasification of biomass for improving the steam
hydrogasification efficiency. This research will contribute to complement the scaling-up
steam hydrogasification process and provide an alternative pathway for beneficial use of
biosolids in a cost-efficient manner. The organization of thesis is described as follows.

1. Chapter two will investigate characteristics and kinetics of steam
hydrogasification of biomass. The objectives are to optimize the reaction
variables achieving a high efficiency and to establish an approach of kinetic
measurement for fundamental laboratory studies of steam hydrogasification. A
novel batch reactor will be described in this chapter. The experiments are
performed under varied reaction conditions to examine effect of major reaction
parameters in terms of gas formation rate, carbon conversion. A kinetic study of
steam hydrogasification based on the product gas formation will be accomplished
to determine the specific reaction rate and activation energies.

2. Chapter three will focus on steam hydrogasification of co-mingled biosolids with
biomass as the feedstock. The objective is to investigate how active and effective
biosolids affects the steam hydrogasification of biomass. Steam hydrogasification
of co-mingled feedstock and biomass feedstock are conducted under the reaction
conditions. A comparison of experimental results between the co-mingled
feedstock and biomass feedstock will be accomplished to determine effect of

biosolids on the steam hydrogasification efficiency including carbon conversion,
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the gasification rate. The metal elemental compositions in the biosolids will be
characterized by using ICP-AES and SEM- EDS.

Chapter four will investigate catalytic steam hydrogasification of biomass using
different catalysts aiming to verify the possibility of biosolids serving as in-situ
catalyst. This chapter will contribute to understand the catalytic effect of
biosolids. The catalysts will be selected based on alkali metals Na and K, alkaline
earth metal Ca and Mg, and transition metal iron which are major metal species in
the biosolids. Series of experiments with different catalysts are carried out under
the same reaction conditions as those in chapter three. The catalytic effect of the
tested catalysts will be examined and the catalytic activity of these catalysts will
be determined. Finally, steam hydrogasification of biomass with non-catalysts, the
in-situ biosolids and the added catalysts will be evaluated to identify the catalytic

activity of biosolids as an effective in-situ catalyst.
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CHAPTER 2

Characteristics and Kinetics of Steam Hydrogasification of Biomass

This chapter focuses on studying characteristics and Kkinetics of steam
hydrogasification of biomass. It aims to optimize the reaction conditions for high
conversion efficiency and to establish an approach for the kinetic measurements in the
steam hydrogasification. A newly designed laboratory-scale reactor, referred to as
inverted batch reactor is used for the studies of steam hydrogasification in this thesis. The
design details, features and operation of the inverted batch reactor are presented in this
chapter. Series of experiments were conducted at varied temperatures and different
heating rate with the same water to biomass ratio 1.2 g/g. The effect of temperature and
heating rate on the steam hydrogasification were examined in terms of char morphology,
carbon conversion and gas formation. It is found that heating rate and temperature have a
significant influence on the conversion efficiency in the steam hydrogasification. A
kinetic study of steam hydrogasification based on the product gas formation was

accomplished and kinetic parameters were determined.
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2.1 Introduction

The initial reactor in the CE-CERT process is the steam hydrogasification reactor
which has been shown to produce the synthetic output gas with a very high percentage of
methane. The current types of gasifiers for gasification are introduced in the section 1.1.2.
The fluidized bed gasifier is the preferred type for the CE-CERT process demonstration
unit (PDU) scale. A fluidized bed for 1 ton/day steam hydrogasification is on-going
tested in the lab which can provide best temperature distribution with high heat-up and
good mixing of solid-gas phase material to achieve more efficient SHR performances.
Further fundamental laboratory studies of SHR kinetics and characteristics are important
for optimizing operation conditions in the scaling-up fluidized bed gasifier. Therefore,
it’s necessary to design a lab-scale reactor system for laboratory experiments which can
simulate the similar thermal conditions of a fluidized bed. That’s the motivation of a

newly designed reactor to be built and used in this thesis as discussed below.

Molten Sat Bath

\ 0 Reactor Vessel

—Electnic Tubular Fumnace

Figure 2.1 A schematic diagram of the micro batch reactor
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Two lab-scale batch reactors were used for steam hydrogasification of biomass in
the previous experimental work. One is a 12 cc non-stirred batch reactor (S.K.Jeon, 2005)
referred to as the micro batch reactor and the other is a 240 cc stirred tank reactor
(C.Valkenburg, 2006) referred to as the stirred batch reactor [72, 73].

A simple schematic diagram of the micro batch reactor is shown in Figure 2.1.
The reactor vessel is a stainless steel tube of 12 mm 1.D. and 100 mm in length. The
reactor temperature is controlled by a molten salt bath that is located inside an electric
tube furnace. This micro reactor can reach a heating rate up to 600 K/s. It had
demonstrated using the micro reactor that steam hydrogasification had higher conversion
efficiency in comparison to steam pyrolysis or dry hydrogasification under the same
conditions [48]. However, it was far from the working conditions of a scaling-up gasifier
due to the non-stirred environment and microgram amount level for the feed. And also it
was limited by the maximum pressure capability of 250 psi. Therefore, a stirred batch
reactor with a continuous stirred impeller system was built and used in instead of the
micro reactor. Figure 2.2 shows a photograph of the stirred batch reactor setup [73]. It not
only improved the mass transfer of reactants and but only allowed for a high pressure
condition up to 500 psi and gram amount level for the feed. The stirred reactor was
previously used to investigate the effect of parameters on SHR such as H; to carbon ratio
and feedstock variability. But the stirred batch reactor had a limitation of low heating rate
which is less than 1 K/s. That hindered its application for kinetic measurements in the

SHR.
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Figure 2.2 A photograph of the stirred batch reactor setup
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Figure 2.3 A photograph of the inverted batch reactor setup
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In process demonstration scale steam hydrogasification, the feedstock will be
continuously fed to the fluidized bed gasifier at a constant bed temperature. Therefore,
it’s necessary to design a new lab-scale reactor which can simulate the similar thermal
environment in the fluidized gasifier under rapid heating rate, constant bed temperature.
For that, a novel batch reactor system has been developed instead of the stirred batch
reactor. The photograph of this reactor system is shown in Figure 2.3. It is referred to as
the inverted batch reactor in this thesis.

This inverted batch reactor has an inverted stirred system with a pressure-driven
feeding system that can rapidly load the feed materials into the reactor at a desired
temperature. This is compared to the stirred batch reactor that required long delays when
the reactor was heated up with the feedstock slowly reaching the desired reaction
temperature. This unique feature results in rapid heating of the feedstock to a target
temperature and more closely represents the thermal conditions in the fluidized bed
reactor. That allows for fundamental laboratory studies of steam hydrogasification using
a variety of feedstock to complement the development of process demonstration scale
CE-CERT process. Additionally, the novel batch reactor is improved with a non-reactive,
non-catalytic quartz vessel inserted into the metal reactor vessel to minimize any
potential Nickel catalytic effect on the reactions. A comparison of three batch reactors

discussed above is summarized in Table 2.1.
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Table 2.1 A comparison of current and previous reactors used in the laboratory

Micro Batch Stirred Batch Inverted Batch

Reactor parameters Reactor (2005)  Reactor (2006)  Reactor (2009)

Reactor Volume (cc) 12 240 270
Heating Rate (K/s) 10-10° <10 102%-10°
Impeller System (Y/N) No Yes Yes
Maximum Pressure (psi) 250 500 400
Feed Amount (g) 103-10% 1-10 1-10

Most of the kinetic measurements of biomass gasification are conducted in the
thermogravimetric analyzers (TGA) at low heating rate that are far from those in practical
commercial gasifiers [74, 75]. For an accurate Kinetics study, the heating period in the
gasification should be very rapid to inhibit biomass devolatilization. Therefore, in order
to address an experimental approach for an accurate measurement of kinetic parameters,

the inverted batch reactor can be applied for analysis of kinetics due to its features.
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2.2 Experimental Section
2.2.1 Feedstock Materials

Pinewood sawdust was used as a representative for biomass feedstock and
referred to as biomass feedstock in this thesis. The pinewood needs to be prepared before
using as feedstock samples in the laboratory experiments. The sawdust particles were
first crushed in a laboratory mill (model number: Thomas-Willey model 4, Arthur H.
Thomas Company) reducing the size to 1mm and then pulverized in a grinder (model
number: Braun KSM-2W) to obtain fine particles size smaller than 500 um. After
grounded, the fine particles were sieved to particle size of 150-180 um and then dried in a
vacuum oven at 105°C for 2 hours to vaporize its moisture content. The proximate and
ultimate analysis of the pinewood sample is shown in Table 2.2. The data was obtained
from Huffman Laboratory Approximate Analysis.

Table 2.2 Proximate and ultimate analysis of pinewood

Proximate Analysis (wt%)

Moisture 5.65
Volatile Matter 81.52
Fixed Carbon 12.58
Ash 0.25

Ultimate Analysis (wt%, dry basis)

C 47.56
H 6.31
N 0.05
@) 45.81
Balance 0.27
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2.2.2 Experimental apparatus

Two lab-scale batch reactors are described in this chapter: the current inverted
batch reactor at a high heating rate used for catalytic and kinetic studies and the previous
stirred batch reactor used for a comparison at a low heating rate.
Inverted batch reactor

A lab-scale inverted batch reactor is used to study kinetics and characteristics of
steam hydrogasification at a high heating rate. A schematic diagram of the inverted bath
reactor (Disclosure and Record of Invention, UC Case No. 2012-685-12) is shown in
Figure 2.4. This reactor system consists of a pressure-driven feeding system on the top, a
reactor vessel in the middle and a magnetically driven impeller system inverted at the
bottom.

The feeding system includes a 50 cc stainless steel feeder tube, two high pressure
steam ball valves and a 500 cc stainless steel cylinder. One ball valve (Swagelok
Company, San Diego, CA) is used for a seal between the feeder tube and the reactor
vessel and the other is used for a seal between the feeder tube and the cylinder. The two
valves can be operated at the same time for a feed loading. The cylinder is used to
provide enough pressurized gas to load the feed in the feeder tube into the reactor. The
reactor vessel of 177.8 mm long and 44.5 mm 1.D. is made of Inconel 600 (Special Metal
Corp., Huntington, WV). It is heated by an irradiative ceramic fiber heater (Watlow
Electric Manufacturing Company, St. Louis, MO). The feed samples are held in the
feeder tube before they are loaded into the reactor. When the reactor temperature reaches

a desire reaction temperature, the feed samples are rapidly introduced into the reactor by
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the pressurized carried gas. This reactor configuration results in rapid heating of the
feedstock at a constant desired reaction temperature.

A non-reactive, non-catalytic quartz tube is designed and inserted inside the
Inconel reactor vessel to minimize any potential Inconel surface effect on the reactions.
The quartz tube (G. M. Associates Inc., Oakland, CA) is 115 mm long and 40 mm in I.D.
and welded with a quartz fritted porous disc of 4 mm thickness at the bottom. Inconel 600
contains up to 72% of nickel metal. This nickel base alloy Inconel may act as catalytic
material at high temperature reported in the literatures [76, 77] and in previous studies
(Valkenburg, 2006). Gaseous products can transfer through the fritted disc to flow out
while the solid residues are collected in the quartz tube. A magnetically driven impeller
system (Autoclave Engineers, Erie, PA) is inverted to install from the bottom of the
reactor vessel. A straight-blade type impeller is used to provide continuous stirred
environment under pressurized conditions which can improve mass transfer of the
reactants. Cooling water using ethylene glycol as the cooling medium is circulated
around the impeller system to avoid damage of the magnet above its maximum allowable
temperature. The gas flow out of the reactor is filtered by a Swagelok coalescing filter to
trap water in the product stream before the product gases are analyzed. K type
thermocouples are inserted into the quartz tube and the heater to measure the
temperatures. LabView (National Labs, 2006) is used for recording temperature and
pressure second by second which is collected by Field-Point modules from the National

Instrument.
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Figure 2.4 A schematic diagram of the inverted batch reactor
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Stirred batch reactor

The stirred batch reactor is employed for a low heating rate. A schematic diagram
of the inverted bath reactor is shown in Figure 2.5. The reactor consists of an electrical
heater, a reactor vessel and a magnetically driven impeller system. The reactor vessel of
40 mm in 1.D. and 200 mm in length is made of Inconel 600 and heated by an electrical
heater. The reactor allows high temperature and pressure conditions of maximum 500 psi
at 800 °C. This reactor has a special design of magnetic impeller configuration to improve
mass transfer of the reactants compared with a TGA system. K type of thermocouples
inside the reactor and the heater are used to measure the temperature. The feedstock
sample is placed in the reactor initially and then the reactor with the feedstock is heated
up to reach the desired reaction temperature. The heating up period takes a long time
resulting in a low heating rate. Hence, the stirred batch reactor has a limitation of heating

rate due to its configuration.
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Figure 2.5 A schematic diagram of the stirred batch reactor
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2.2.3 Experimental procedure

Series of experiments were performed in the inverted batch reactor to
investigate the temperature influence and kinetics in the SHR. The variable reaction
conditions were set up at the temperature 600°C, 660°C and 700°C, respectively with the
same H,O to biomass mass ratio 1:1.2 and hydrogen to H,O mole ratio 1.5: 1. The
procedure for a typical experiment is described as follows.

The prepared feedstock of 1.5g biomass samples mixed with 1.8g water was held
in the feeder tube outside the heating zone before each experimental run. Pressurized
hydrogen in the cylinder was prepared to use as the gasifying agent as well as the carried
gas to facilitate the feedstock loading. The reactor vessel immersed in the heater was
tested for leaks and then vacuumed in three times using hydrogen to flush of the air in the
reactor. After the reactor system was setup, the reactor vessel in the heating zone was
heated from room temperature to a desired reaction temperature. For example, 390 psi
hydrogen pressure in the cylinder was ready to provide enough pressure for loading the
feedstock into the reactor at 700°C. After the temperature inside the quartz tube reached
up to 700°C, the two valves were opened at the same moment and the feedstock was
rapidly fed into the quartz tube by the pressurized hydrogen. And the valves must be
immediately closed in seconds as soon as the feed was loaded. Each experimental run
started from that moment and the impeller system was turned on. Heating of the
feedstock samples was considered to be instantaneous at the temperature 700°C under the
hydrogen pressure 270 psi. The heating rate could achieve several hundred K per second.

The temperature in the reactor was monitored and adjusted to keep at a constant targeted

46



temperature during the reaction time. The gaseous products passed through a filter to
remove the steam and other condensable components before on-line analysis.

After each experimental run, the heater and impeller system was turned off and
the reactor was cooled down to room temperature. The quartz tube was taken out and
then dried at 100 °C for 20 minutes in order to remove any moisture. The solids residue
(char with ash sample) in the quartz tube was weighed to determine the char yield or
carbon conversion.

In order to investigate the heating rate influence on SHR, experiments were also
conducted in the stirred batch reactor at 700°C with the same conditions in the inverted
batch reactor. The wet feedstock sample was held into the reactor vessel in the heating
zone. The reactor was then pressurized with hydrogen to a pressure of 100 psi. The
reactor was heated up with the feedstock to reach the targeted temperature. After

experiments, the solid residue in the reactor vessel was collected and weighed.
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2.2.4 Analysis Methods
Analysis of Gas Products

A Cirrus™ Atmospheric Pressure Residual Gas Analyzer (referred to as RGA and
shown in Figure 2.6, MKS Instruments, Inc.) is used for real-time analysis of product
gases in this thesis. RGA can identify and analyze gaseous components based on the
quadruple mass spectrometer. This quadrupole mass spectrometer RGA has several
advantages for on-line analysis of mixture gases [78, 79]. First, RGA can offer a fast on-
line monitoring for identification and analysis of a large number of gas mixtures in one
signal analyzer including trace contaminants in process gases; solvent vapors;
hydrocarbons; atmospheric gas species and so on. Second, RGA can track gas
composition over a wide dynamic range from ppb to percentage levels. Third, the

operation and maintenance of RGA is convenient due to its bench-top configuration.

Figure 2.6 A photograph of Cirrus Atmospheric Pressure Residual Gas Analyzer

This RGA is an atmospheric pressure system. It means that the inlet gases should

be injected into RGA at the atmosphere pressure equal to 1 bar. For that, a PEEK™
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capillary transfer line is used to connect the reactor to RGA system to reduce the product
stream pressure acceptable for the RGA. PEEK capillary tubing is widely used in high
pressure liquid chromatography and has good chemical resistance and strong structure
maintaining dimensional stability. The capillary line (Health & Science, Inc.) used has a
dimension of 0.217 mm 1.D. and 100 mm long in order to assure a maximum flow rate
acceptable for RGA with the minimal gas loss. A T-fitting vent is installed at the inlet of
RGA to guarantee a constant 1 atmosphere pressure to RGA. If the inlet gas pressure is
lower than 1 bar, RGA will pull the air through the vent to reach 1 atmosphere pressure.
The RGA provides near real-time analysis of the gaseous products by continuous
scans of mass spectra every 3-4 seconds. The sensitivity of RGA to a particular gas
species is expressed as the peak intensity per unit measure in Eqgn. (2.1), which is

assumed to be relatively unaffected in a wide range of RGA background.

Sc _lc Equation (2.1)

Where Sc is RGA sensitivity to a gas species, Ic (torr) is major intensity of a gas species
in mass spectra, Pc (torr) is partial pressure of a gas species in mixture gases.

The RGA records the mass spectra data as intensity in units of torr. The major
product gases from the steam hydrogasification are CH4, CO, CO, and less amount of H,.
The relative concentration of a gas species in mixture gases is proportional to the
intensity of a gas species according to Eqn. (2.1) based on a constant sensitivity. The
sensitivity of a gas species in mixture gases can be obtained by RGA calibration using

certified calibration gas.
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The evolution of gas products during the steam hydrogasification was analyzed by
RGA. The gases evolved were identified by detecting the key fragment ions produced.
Hence, analysis for CO and CO, are taken for the molecular peak of m/z=28, m/z=44 in
the mass spectra pattern while the CH,4 analysis is taken for m/z=15 not m/z=16. This is
because both mass spectra patterns of CO and CO; have fraction of the fragmental peak

in the m/z=16 due to the ionization of oxygen element.

Carbon Conversion

Carbon conversion (wt %) in steam hydrogasification is defined as the fraction of
carbon in biomass converted to the gaseous products and liquid residue. Before each
experimental run, the carbon content of the pinewood feedstock is calculated to be 45%
on a wet basis (5.65%). After each experimental run, the carbon content in the solid
residue is estimated by assuming that all the char is present as elemental carbon and also
that all the ash is retained in the solids residue [73]. The calculation is based on dry, ash

free basis of the char weight.

carbon left over after a test <100
carbon in the feedstock before a test

Carbon Conversion (wt %) = [1—
Analysis of Char Products

Scanning Electron Microscopy (SEM) is used to investigate the structural

transformations of biomass and char particles. SEM analysis can help to understand the

effect of heating rate on char reactivity. Morphological changes of particle surface before
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and after SHR are observed. Chars morphology changes at different heating rate from
two reactors are analyzed. The SEM analysis in this thesis is performed using a XL30-
FEG SEM. The samples are pinewood samples (150-180 um), solid chars (dry, ash basis)
from the inverted batch reactor at 700°C and solid chars from the stirred batch reactor.
The sample particles are dispersed on an aluminum plate and platinum-coated in a

vacuum electric sputter coater about 30 seconds before SEM analysis.
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2.3 Results and Discussion
2.3.1 Effect of heating rate
Temperature profiles
The heating rate has a significant influence on gasification reactivity [80, 81].
Effect of heating rate on the steam hydrogasification was evaluated through the

experiments at low heating rate and high heating rate.
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Figure 2.7 A temperature profile from the stirred batch reactor at a 700°C test

The two reactors provided different thermal conditions due to their different
reactor configurations. Figure 2.7 shows the temperature profile in the stirred batch
reactor during the steam hydrogasification at 700°C. The feedstock was heated in the

reactor from room temperature to 700°C. It is seen that it took at least 12 minutes for the

52



reactor to reach the desired reaction temperature and then the temperature was stable at
700°C until the experiment ended. The stirred batch reactor had a long heating up period
resulting in a low heating rate. The average heating rate in the stirred batch reactor was

defined as,

AT
— <1(K/s
At (K/s)

The inverted batch reactor made novel designs of a feeding system and a quartz
tube in the heating zone in order to improve the heat efficiency compared with the stirred
batch reactor. The temperature profile in the inverted batch reactor at 700°C is shown in
Figure 2.8. The temperature profile showed a continuous constant reaction temperature
during the whole reaction time. Heating of the feedstock in the inverted reactor was
instantaneously completed since the samples were rapidly loaded into the heating zone. It
was difficult to calculate the accurate heating rate for the inverted batch reactor based on
the definition above. The average heating rate in the inverted batch reactor was estimated
in the range level of 10%-10%K/s. It was based on the assumption that the instantaneous
temperature change was completed within the time change of a response time of K type
thermocouple which was measured to be 1-5 seconds. It is considered that the
temperature condition is the isothermal reaction condition. Hence, the inverted batch

reactor can perform a high heating rate for the steam hydrogasification process.
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Figure 2.8 A temperature profile from the inverted batch reactor at 700°C

Effect of heating rate on the carbon conversion

Carbon conversion at high heating rate and low heating rate were obtained and
effect of heating rate on the steam hydrogasification was determined. The carbon
conversions under the prescribed experimental conditions at different heating rate are
shown in Figure 2.9. The carbon conversion increased from 50.8% at low heating rate in
the stirred batch reactor to 66.4% at high heating rate in the inverted batch reactor. It is
found that the heating rate had a strong influence on the carbon conversion in the steam
hydrogasification. More chars are converted at high heating rate resulting in less char
yield that enhanced the carbon conversion in the steam hydrogasification process. The

influence of heating rate demonstrated that a fluidized bed of high heating rate and
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constant bed temperature is a preferred type gasifier for scaling-up steam
hydrogasification. Besides, the heating rate on pyrolysis or gasification had direct impact
on reaction kinetics and high heating rate had a lower activation energy compared with
low heating rate [82, 83]. Therefore, high heating rate is essential for Kinetic

measurement in the gasification system that will be discussed in the section 2.3.3.
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Figure 2.9 Effect of heating rate on carbon conversion in the steam hydrogasification

using the inverted batch reactor and the stirred batch reactor
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Effect of heating rate on the char morphology

The morphology of chars is affected greatly by gasification temperature and
hating rate. Effect of heating rate on char morphology and reactivity in the steam
hydrogasification is evaluated through SEM images of chars produced at different
heating rate.

Figure 2.10 shows SEM image of a surface state of patent material (pinewood
particles). It is observed that a typical patent particle has its original structure of cells
strongly bounded with obvious slits and fractures. The grinding process led to the

shredded edge in the pinewood particle.

Det WD }————+—— 100 gm
SE

Figure 2.10 SEM image of the patent sample
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The chars from the inverted batch reactor were produced at high heating rate
while the chars from the stirred batch reactor were produced at low heating rate. The
SEM images of chars generated at high heating rate and low heating rate were shown in
Figure 2.11 and 2.12, respectively. Effect of heating rate on surface morphologies of
chars can be examined by a comparison of SEM images of chars at different heating rate
with the patent sample.

At low heating rate, some destruction and deep opening in the char structure were
observed compared with the original wood cells structure. The surface state of char
maintained uniform rough morphology and presented an obvious porous structure. More
remarkable observations can be seen in Figure 2.11(b). The micro pore structure in an
arrangement on the char surface was attributed to devolatilization of volatile matters at
low temperatures [84].

At high heating rate at 700°C, the char presented a thoroughly deformed structure
so that the cell structure did not exist. It was observed that the char had a smooth
morphology with signs of melting in Figure 2.12. Besides, the micro pore structure on the
char surface was shrinkage and even closed but created larger cavities instead. The
similar phenomena on biomass char generated at high heating rate have been reported by
Fu et al. [85] and Cetin et al. [86]. High temperature at high heating rate led to the
occurrence of plastic transformations of particles which resulted in melting of particles
and created a smooth morphology and large cavities [87]. No devolatilization phenomena

occurred in the inverted batch reactor due to the high heating rate.
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A comparison of biomass char morphology at high and low heating rate was
presented above. It is found that heating rate had a remarkable impact on char
morphologies. At low heating rate and low temperature, the release of a significant
amount of volatile matters occurred resulting in the pore structure. The devolatilization
leads to a low char reactivity and conversion efficiency in the gasification process [84,87].
At high heating rate and high temperature, melting of particles occurred resulting in a
smooth morphology and shape of cavities. The porous structure would be shrinking or
destroyed at direct high temperature due to the plastic deformation (also referred to as
melting). It is indicated that no devolatilization happened at high heating rate. It is proven
that the inverted batch reactor is able to perform a high heating rate condition in the

steam hydrogasification.
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Figure 2.11 SEM images of biomass chars from the stirred batch reactor
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Figure 2.12 SEM images of biomass chars from the inverted batch reactor

60



2.3.2 Effect of temperature
Effect of temperature on the carbon conversion

Effect of temperature on the steam hydrogasification efficiency was examined at
the temperatures range of 600°C to 700°C with water to biomass ratio 1.2g/g. The effect

of temperature on the carbon conversion efficiency is presented in Figure 2.13.
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Figure 2.13 Effect of temperature on carbon conversion in the steam hydrogasification

With the temperature increasing from 600°C to 700°C, the carbon conversion was
increased from 55.7% to 66.4%. A higher temperature enhanced the carbon conversion in
the steam hydrogasification. The biomass chars decomposed faster at high temperatures

than at low temperatures, resulting in a decrease in the char yield and an increase in the
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carbon conversion. It is means that high temperatures lead to high reactivity of chars.
Reaction temperature in the steam hydrogasification is an important parameter which has
strong influence on the carbon conversion. And temperature also affects the gasification
rates that will be presented in the followings.

It have been reported that a high reaction temperature promoted biomass
decomposition in the steam gasification or in the hydrogasification [88, 89]. In this study,
it is demonstrated that the temperature is a favorable reaction parameter for the steam

hydrogasification of biomass.

Effect of temperature on the product gas evolution

The main gas products in the steam hydrogasification are CH, and CO with small
amount of CO,. Effect of temperature on the formation of the product gases CH,, CO and
CO, are presented in Figures 2.14-2.16, respectively. Each product gas had its own
variation with the reaction time and temperature, different from others. The intensity

value in the gas formation is proportional to the amount of a product gas generated.
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Figure 2.14 Effect of temperature on the CH, evolution in the steam hydrogasification

For CH, in Figure 2.14, it is found that CH,4 evolution was largely promoted when
the temperature was increased from 600°C to 700°C. The CH4, amount monotonously
increased with reaction time and the maximum amount of CH,4 at 700°C was achieved at
around 25mins while the maximum amount of CH, at 600°C was reached after 30mins. It
means that the higher temperature the higher maximum amount of CH,4 generated in the
steam hydrogasification and the less reaction time needed to reach the maximum point.
Similar to CH,4, the CO and CO, amounts were also increased with reaction time and
temperature. However, it can be seen that the release of CO,at 700°C took about 10mins
to complete while the release of CH; and CO took around 25mins and 20mins to

complete, respectively.
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It is proven that reaction temperature has a remarkable influence on the product
gas formation during the steam hydrogasification process. The amount of CH,, CO and
CO; generated in the steam hydrogasification was increased with an increase of reaction

temperature.
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Figure 2.15 Effect of temperature on the CO evolution in the steam hydrogasification
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Figure 2.16 Effect of temperature on the CO, evolution in the steam hydrogasification
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2.3.3 Kinetics Study
Kinetic model

Determination of kinetic parameters in the steam hydrogasification of biomass is
one of the major objectives in this chapter. Kinetic parameters are valuable for the design
of large-scale gasifiers, process simulation and optimization of process variables [90].
Lignocellulose biomass has the variability of composition, physical properties and the
mechanisms of thermal degradation of biomass components are not comprehensive
understood since series of consecutive and competitive reactions occur simultaneously
during the gasification [91]. Although modeling approaches of biomass pyrolysis or
gasification has been proposed by some researchers [90-92], developing a rigorous
kinetic model for biomass gasification is a very challenge project. Therefore, the
measurement of kinetic parameters in this study aims to derive a simplified kinetic model
suitable for the steam hydrogasification.

The main product gases CH,4, CO and CO; were generated from series of complex
and competitive reactions in the presence of hydrogen and steam. A first-order kinetic
model proposed by Encinar et al. [93] is employed for kinetics analysis in the steam
hydrogasification process. This model is assumed that the biomass decomposes through
series first-order parallel reactions and that each product gas species is generated from a
single, independent and molecular reaction, each having different activation energy. We
proposed the principles of the kinetic model are suitable for the steam hydrogasification.

The experimental data are expected to fit to a first-order kinetic rate expression.
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The reaction rate equations in details are presented in the followings. The rate of

formation of a product gas species in a batch reactor is expressed as equation (2.2):

dm
r=—
dt

Equation (2.2)
Where, mis moles of a gas species generated at a given time t.
The rate of biomass mass loss in a batch reactor in a first-order kinetic is

expressed as the equation (2.3):

_dd_l\t/l = kM Equation (2.3)

Where, M is mass of biomass residue at a given time.

The mmoles of a gas species at a given time can be related to M according to the
equation (2.4):

m=a(M,—-M) Equation (2.4)

Where, M, is the initial mass of biomass to be gasified

M is mass of biomass residue at a given time

a is an conversion coefficient between a gas species and biomass residue.

Differentiation of equation (2.4) and combination of equation (2.3) are accounted
for the equation (2.5):

am _ M kM =k M= Mo _ k(m, —m) Equation (2.5)

dt dt -«

Where, m, = alM, is the total moles of gas generated when the release of the gas is ended
in the gasification process. This value of m, can be obtained by extending reaction time

until no more product gas is released.
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The first-order kinetic expression equation (2.6) is given below after separation of
variables and integration of equation (2.2-2.5) in details above:

mO
m, —m

In

=kt Equation (2.6)

Where, m is moles of a gas species generated at a given time t

m;, is the total moles of a gas species generated in the gasification process

k is the rate constant of a gas species formation

According to equation (2.6), a plot of its left side versus time should yield a
straight line with no intercept in the origin, of which the slope is the value of rate constant
k or specific reaction rate. A thermal condition under continuous stable temperature
during the reaction time is critical for the determination of rate constant k at a defined

temperature.

Rate constants

Plots of In(mo/(m-mg) versus time for the individual product gas (CH,, CO and
CO;) can be obtained from the gas evolutions in Figures 2.14-2.16. For that plot, the
generated gas amount m at any given time is determined by the intensity value in the gas
evolution while my, the value when no more the gas species is released, is obtained from
the maximum amount in the gas evolution.

Values of rate constants are obtained from least squares analysis in the plots of
In(mo/(m-mo) versus time. Figure 2.17 shows the plots of In(my/(m-mo) versus time for
CH, formation in the steam hydrogasification at different temperatures 600°C, 660°C and

700°C. It is firstly found that the experimental data points fitted a straight line through the
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zero point and the correlation coefficients of least squares analysis were up to 0.99. This
good linear relationship of In(mo/(m-mg) versus time supports the first-order kinetic rate
based on the kinetic model. Secondly, it is also observed that the slopes of the straight
lines became larger with an increase of the reaction temperature. The slope of the straight
line determined the value of rate constant kcps at a defined temperature. That means a
higher temperature led to an increase of specific reaction rate. The plots for CO and CO,
formation are shown in Figs 2.18 and 2.19. The CO and CO; presented similar results to

those for the CHa.
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Figure 2.17 Plots of In(mg/(mo-m) versus time for CH, formation at different

temperatures. The solids lines are least squares analysis results.

69



5
= 700°C
4| o 660
A 600°C
&
)
€ 34
‘o
O
o
£
o 24
8]
o ]
E R
£
14
()
0 T T T
0 400 800 1200 1600

Time (sec)

Figure 2.18 Plots of In(mg/(mo-m) versus time for CO formation at different temperatures.

The solids lines are least squares analysis results.

70



4.5

= 700°C
e 660°C u A
3.6 A  600°C
c 2.7
S -
o
1=
= 18
(@]
S
£
< 094 4
A
A
A
00 T T T T T
0 110 220 330 440 550 660

Time (sec)

Figure 2.19 Plots of In(mg/(mo-m) versus time for CO, formation at different

temperatures. The solids lines are least squares analysis results.

Figure 2.20 shows the effect of temperature on the rates of CH4, CO and CO,
formation. The specific rates (rate constant k) at different temperatures 600°C, 660°C and
700°C are listed in Table 2.3. As expected, the reaction temperature had remarkable
influence on the rate of product gas formation in the steam hydrogasification. The
specific rate of CH,4 formation almost doubled and the rate of CO formation increased
nearly twice when the reaction temperature increased from 600°C to 700°C. The
temperature led to the enhancement in the rate of gas formation. This result indicated that
the dominant reactions occurred in the steam hydrogasification were favored by the

reaction temperature. The product gas CO, was generated at a very fast rate that was
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much higher than that of CO and CH, regardless of the temperatures. It is inferred that the

release of CO, completed fast at the initial gasification step.
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Figure 2.20 Effect of temperature on the rates of product gas formation

Table 2.3 Rate constants of CH4, CO and CO, formation in the steam hydrogasification

of pinewood at different temperatures

T(°C) Rate constants  (107sec™) Correlation coefficients

kcH, kco kco, R%chH, R%co R%co,
600 0.95 1.30 6.35 0.99 0.98 0.99
660 1.35 1.92 7.20 0.99 0.99 0.99
700 1.75 2.90 7.80 0.99 0.99 0.99
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Activation Energies

Values of k can be expressed as an Arrhenius function of temperature given in the

equation (2.7):

E.
Equation (2.7
RT) q 2.7)

k=Aexp(—
Where, A is Arrhenius pre-exponential factor or frequency factor (sec™);

E is the activation energy (kJ mole™):

R is a gas constant (8.314J mole™*K™);

T is the gasification temperature (K).
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Figure 2.21 Arrhenius plots for CH,, CO and CO, formation in the steam

hydrogasification
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The Arrhenius plots of CH,4, CO and CO, are shown in Figure 2.21. Table 2.5 lists
the obtained activation energies of CH,, CO and CO, formation and the Arrhenius pre-
exponential factors and correlation coefficients in the steam hydrogasification of
pinewood. The correlation coefficients up to 0.99 supported a good result of linear
regression analysis for the Arrhenius equation. A comparison of the activation energies
for CH, and CO formation in steam hydrogasification with other reported results under
pyrolysis process [93, 94] are listed in Table 2.6. The dry pyrolysis experiments were
conducted in an inert N, environment in a bench-scale reactor at high heating rate. It is
indicated that the activation energies of individual product gas formation were strongly
dependent on the feedstock materials. The steam hydrogasification has lower activation
energy of CH, formation than that of pyrolysis due to the presence of steam and

hydrogen.

Table 2.5 Activation energies, Arrhenius pre-exponential factors of CH4, CO and CO,

formation at the temperatures 600°C to 700°C

Product Activation Arrhenius pre- Correlation
gas energy exponential factors coefficients
Ea (kJ mole™) A (sec™t) R?
CH,4 42.8 0.24 0.99
6{0) 51.8 1.62 0.98
CO; 14.0 0.04 0.99
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Table 2.6 Activation energies for CH, and CO formation in this work and others

Biomass Temperature (°C)  Activation Energy (kJ mole™) Ref.
CH4 CcO

Pinewood 600-700 42.8 51.8 This work

Maize 400-700 76.7 18.9 [93]

Tobacco 400-700 80.2 23.1 [93]

Sunflower 400-700 61.6 19.6 [94]

Cherry stone 300-800 58.1 42.8 [94]
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2.4 Conclusion

The steam hydrogasification of biomass pinewood was carried out at
temperatures ranging from 600°C to 700°C with the H,O to biomass ratio 1.2g/g. The
inverted batch reactor was used to provide a high heating rate level of a few 10° K/s
while the stirred batch reactor was used to perform a low heating rate level of a few 1
K/s. Effect of heating rate and temperature on the steam hydrogasification were
determined. Kinetic parameters in the steam hydrogasification were obtained based on a
first-order kinetic model. The results of this study have led to the following conclusions.

1. Heating rate is found to have a significant influence on the conversion efficiency
in the steam hydrogasification. There was approximate 15% increase in carbon
conversion when the heating rate was increased from less than 10 K/s to more
than 10% K/s. A high heating rate in the steam hydrogasification led to a reduction
in the char yield resulting in an increase of the carbon conversion.

2. Obvious changes of char morphologies at different heating rate were observed
from SEM images. The chars produced at low heating rate had rough surface
morphology with retained signs of the original cell structures. The de-
volatilization of volatile matters occurred at low temperatures due to low heating
rate that resulted in a porous network structure on the char surface. In contrast,
high heating rate and high temperature led to thoroughly melting of particles,
resulting in smooth surface morphology and large spherical cavities. It is

concluded that heating rate had a remarkable impact on the char reactivity. The
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de-volatilization, porosity evolution and melting phenomena are helpful to
understand what happens during the steam hydrogasification.

. The gasification temperature is a critical parameter to improve the steam
hydrogasification efficiency. There was a 10% increase of carbon conversion in
the steam hydrogasification of pinewood when the temperature was increased
from 600°C to 700°C. And the rate of CH, and CO formation had a dramatic
increase at higher temperature 700°C. It is concluded that an increase of reaction
temperature not only promoted the carbon conversion but also enhanced the
gasification rates in the steam hydrogasification.

. The inverted batch reactor is able to perform a realistic thermal condition for the
kinetic measurement in lab-scale experiments, which is essential to determine the
specific reaction rate at a particular temperature.

. An approach for determination of Kkinetic parameters in the steam
hydrogasification is established in this thesis. A simple first-order kinetic model is
used to analyze the steam hydrogasification kinetics. The experimental results
agreed well with the first-order Kinetic rate. This simplified kinetic model was
suitable for kinetic analysis in the steam hydrogasification. The gasification rate
was governed by the rate of CH, and CO formation. The activation energies of
CH,4 and CO formation in the steam hydrogasification of pinewood were 42.8 and

51.8 kJ/mole, respectively.
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Chapter 3

Steam Hydrogasification of Co-mingled Biosolids with Biomass as the Feedstock

This chapter focuses on the co-utilization of biosolids and biomass in steam
hydrogasification. It aims to investigate the effect of biosolids on the steam
hydrogasification of biomass. The water content in the biosolids serves as the source of
steam and the woody biomass supplies the main source for carbonaceous matters. The co-
mingled feedstock of biomass and biosolids can achieve a desired carbon to water ratio.
Steam hydrogasification of co-mingled feedstock were performed at 700°C with a H,O/C
mole ratio 1.5:1. The effect of biosolids on steam hydrogasification was examined
including carbon conversion, the reaction rate of CH4 formation and CO formation. The
metal elemental compositions in the biosolids were characterized by using ICP-AES and
SEM- EDS. The possibility of biosolids integrated in the feedstock as in-situ catalyst to

improve the steam hydrogasification efficiency was discussed in this chapter.
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3.1 Introduction

Biosolids, sewage sludge from municipal wastewater treatment plants, contains
nutrient-rich organic matter and high water content as well as high concentration of metal
species. Biosolids has high ash content compared to cellulosic biomass. Major metal
elements in the ash are Fe and Ca due to an addition of FeCl; or lime in the wastewater
treatment processes [95]. Co-gasification of biosolids and biomass or coal has been
extensively investigated [96-97]. Several researchers [98-101] have suggested that
catalytic effects can occur in the co-gasification resulting in reduction of tars and increase
of char reactivity due to the presence of Fe(lll) and Ca in the biosolids ash. Based on
literature review of catalysts, the metals in the biosolids have a potential for a catalytic
effect. This study will investigate co-utilization of biosolids and biomass as the co-
mingled in the steam hydrogasification, which is expected that the use of biosolids in the
feedstock could improve steam hydrogasification efficiency. The main tasks in this
chapter include evaluating the steam hydrogasification of co-mingled biosolids with
biomass; determining how active and effective the biosolids affects the steam
hydrogasification of biomass through a comparison of co-mingled feedstock with
biosolids and biomass feedstock without biosolids; and investigating the impact of

biosolids on char structure and elemental compositions by using SE- EDS and ICP-AES.
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3.2 Experimental sections
3.2.1 Feedstock materials
Biomass The biomass feedstock used in this study is pinewood sawdust. The
samples were dried at 105°C for 2 hours and sieved to a particle size of 150-180um.
Biosolids Biosolids used in this study is supplied by the Riverside Regional Water
Quality Treatment Plant located in the city of Riverside, California. The raw biosolids
samples are obtained from the top level of Dissolved Air Floatation Thickener. For that,
the biosolids samples are from the secondary treatment process without dewatering or
digestion treatment. Raw biosolids samples were stored in sealed jar in refrigerator before

tests in order to avoid moisture evaporation.

Table 3.1 Chemical compositions of the biosolids and pinewood samples

Composition (wt%) pinewood biosolids
Moisture 5.65 92.9
Volatile matter 81.52 49
Fixed carbon 12.58 0.6
Ash 0.25 1.6
Total 100 100
Moisture 5.65 92.9
C 44 .87 2.90
H 5.95 0.44
N 0.05 0.53
0] 43.22 1.64
Ash 0.25 1.59
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Chemical compositions of biosolids and pinewood biomass used in this study are
presented in Table 3.1. It is seen that the biosolids sample contains more than 90%
moisture content and approximate 1.6% ash content while its carbon content is as low as
3%. For that, biosolids without dewatering process is not available to feed into a gasifier
due to the high moisture content and low carbon level. But woody biomass contains high
carbon content and lower ash content. Hence, the biosolids co-mingled with woody
biomass as the feedstock for steam hydrogasification can achieve a desired carbon to
water ratio by utilizing the water content of biosolids as the source of steam in the SHR

and the biomass as the main source of carbonaceous matters.

Table 3.2 Analysis of inorganic elements in the biosolids and pinewood samples

Inorganic elements Biosolids " Biomass ©
(mg/g dry basis)

Iron (Fe) 13.2 0.02
Calcium (Ca) 22.2 0.82
Aluminum (Al) 5.50 0.04
Magnesium (Mg) 4.30 0.20
Potassium(K) 5.10 0.61
Sodium (Na) 2.50 0.03
Titanium (Ti) 1.40 0.00
Phosphorous (P) 1.20 0.06
Sicilon (Si) 2.70 0.16

(a) measured on ash basis as equivalent oxides
(b) 17.98 wt% ash on dry basis
(c) 0.33wt% ash on dry basis
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Biosolids and woody biomass not only show differences in organic matter but
also in inorganic matter. Inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) is used to analyze the inorganic elements in biosolids and biomass ash. Ash
samples were obtained on a dried sample basis after stage ashing to 750°C and holding at
temperature for 8 hours. The analysis results (received from Huffman Laboratories Inc.)
are listed in Table 3.2. Biosolids contains high concentrations in metal elements including
Fe, Ca, Al, Mg, K, Na compared to the pinewood biomass. Most of the main metal
species in the biosolids comes from inorganic compounds added in the wastewater
treatment plant, such as FeCls, lime (CaO), CaCOs. FeCl; is dosed to the primary
treatment process as a coagulant by Riverside Water Plant that results in the high

concentration of iron in the biosolids.

Preparation of biomass feedstock and co-mingled feedstock
To prepare biomass and water mixture as biomass feedstock, 1g of pinewood was

added with 1g of distilled water and mixed together.

Figure 3.1 Procedure for biomass mixed with biosolids as co-mingled feedstock
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Table 3.3 Comparison of compositions of biomass and co-mingled feedstock

Compositions Biomass Feedstock Co-mingled Feedstock
Biomass 109 0.93¢g
Biosolids 00g 119

Biosolids loading 0 wt% 50 wt%
Total H,O 109 109
Total Carbon 045¢ 0.45¢

Ash 0.0025 g 0.02 g

The fresh biosolids mixed with the dry biomass is used as co-mingled feedstock
(seen in Figure 3.1). The biosolids loading in the feedstock is defined as the amount of
biosolids per the total amount of the feedstock (biomass and biosolids). The biosolids
amount in the co-mingled feedstock is determined by a desired H,O amount and the
biomass amount is determined by the total carbon needed in the feed. The co-mingled
feedstock should keep the same water and carbon amount as biomass feedstock in order
to make a comparison. Approximate 1.1 g biosolids and 0.93g biomass were weighed
respectively and then mixed together to achieve a total of 0.45 g carbon and 1g water in
the feed. From Table 3.3, it can be seen that the biomass feedstock and co-mingled
feedstock have the same amount of water, carbon, solids loading except for the ash

content.
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3.2.2 Experimental procedure

Lab scale experiments of steam hydrogasification were carried out in the inverted
batch reactor. A schematic diagram of the experimental setup for steam hydrogasification
of biomass feedstock and co-mingled feedstock is shown in Figure 3.2. The experimental

conditions for biomass feedstock and co-mingled feedstock are listed in Table 3.4.

— m ]:_]:2
p——————— @ R
T controller Fooc
RGA
SEM
@ Solids Gas
Electronic Inverted Residue Gas
Balance Batch Reactor Analyzer

Figure 3.2 A schematic diagram of an experimental setup
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Table 3.4 Experimental conditions for steam hydrogasification of biomass feedstock and

co-mingled biosolids with biomass feedstock

Parameters Biomass Co-mingled
Feedstock Feedstock
Feed materials pinewood+H,0 pinewood+biosolids
H,O/carbon mole ratio 1.5:1 1.5:1
Biosolids loading (wt %) 0 50
Temperature  (°C) 700 700
H,pressure  (psi) 270 270

Steam hydrogasification of co-mingled feedstock were performed under the same
conditions as those for biomass feedstock. For each test, the feedstock was loaded into
the reactor only after the temperature in the reactor was reached 700°C. Each test took at
least 30 minutes until no more product gases were released in the steam gasification. The
char yield was measured directly by weighing the quartz tube before and after each test.
And gaseous products were analyzed in a real-time using RGA to determine the gas

evolutions.
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3.2.3 Analysis methods

In this study, the steam hydrogasification performances are evaluated including
carbon conversion efficiency and the rates of energetic product gas CH; and CO
formation. The carbon conversion is determined based on the weight of chars that is
described in section 2.2.3. The rates of product gas are determined based on a first-order
kinetic model. It is proven that this kinetic model is fit for analysis of kinetics in the
steam hydrogasification. Hence, the kinetic rate expression for CH, and CO formation
can be described as follows:

mO
m, —m

In =kt

Where, m is moles of a gas species generated at a given time t; m, is the total moles of a
gas species generated in the gasification process; k is the rate constant of gas formation.
A plot of the left side of equation versus time should yield a straight line with the slope
for k.

Scanning Electron Microscopy (SEM) is used to analyze surface morphology and
Energy Dispersive X-ray Spectroscopy (EDS) is used for the elemental analysis and
chemical characteristics of a char sample after the steam hydrogasification. An EDS
equipped with a XL30-FEG SEM is utilized in this study to investigate the representative
char samples with and without biosolids. The chars with biosolids were collected from
co-mingled feedstock and the chars without biosolids were obtained from biomass

feedstock after the steam hydrogasification.
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3.3 Results and Discussion
3.3.1 Effect of biosolids on reaction rates

Steam hydrogasification of co-mingled biosolids with biomass as the feedstock
were carried out at 700°C with a H,O/C mole ratio 1.5:1.The steam hydrogasification of
biomass feedstock were performed under the same reaction conditions as blank tests in
this study. A comparison can allow the assessment of biosolids influence on the steam
hydrogasification.

A kinetic study of steam hydrogasification was discussed in the previous section
2.3.3. The experimental results provide an evident support for the first-order Kinetic
model based on the rate of gas formation. According to the previous study, it assumes
that the global reaction Kinetics is controlled mainly by the chemical reactions and the
internal mass and heater transfer limitation can be negligible. CO, is released fast in the
gasification process, yielding a high formation rate compared with the energetic product
gases CH4 and CO. Hence, the reaction rates in the steam hydrogasification are governed
by the rates of CH, and CO formation.

Verification of kinetic plots for CH, formation using biomass feedstock and co-
mingled feedstock are shown in Figure 3.3. It can be seen that the In(mg/(mg-m) versus
time yielded a straight line with correlation coefficients of up to 0.99 for least squares
analysis. It is proven that the experimental data was good fit to the first-order kinetic rate.
Moreover, it is found that the slope of the straight line for co-mingled feedstock is higher
than that for biomass feedstock. The value of the slope stands for the specific reaction

rate. It means that co-mingled feedstock has a higher rate of CH4 formation compared to
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the biomass feedstock. Plots of CO formation in Figure 3.4 show the similar results as

that observed in Figure 3.3.
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Figure 3.3 Kinetic plots for CH, formation using co-mingled feedstock and biomass
feedstock. The solids lines are least squares analysis results.
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Figure 3.4 Kinetic plots for CO formation using co-mingled feedstock and biomass
feedstock. The solids lines are least squares analysis results.

The rates of CH4 and CO formation were obtained from the slopes in kinetic plots.
The experiments were repeated at least four times to obtain an average value and error
bars. The results are presented in Figure 3.5. It is found that the steam hydrogasification
with 50wt% biosolids in the feed had a higher rate of CH, formation than that with no
biosolids. An increased rate of CO formation was also observed when using co-mingled
feedstock with biosolids. The biosolids loading in the feed promoted the reaction rate of
CHsand CO formation. As previous discussion, the steam gasification rate is controlled

based on the rate of product gas CH, and CO formation. Hence, it is referred that the
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biosolids integrated in the feed resulted in a positive influence on the reaction rate in the

steam hydrogasification.
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Figure 3.5 Effect of biosolids on the rates of CH, and CO formation in the steam

hydrogasification of biomass at 700°C
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3.3.2 Effect of biosolids on the carbon conversion

Figure 3.6 shows the effect of biosolids on carbon conversion in the steam
hydrogasification. More than 70% conversion efficiency was achieved in the steam
hydrogasification of co-mingled feedstock of biomass and biosolids, which was a 6%
higher conversion than using only biomass feedstock. It is found that the biosolids

integrated in the biomass feedstock led to an increase of carbon conversion.
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Figure 3.6 Effect of biosolids on carbon conversion in the steam hydrogasification of

biomass at 700°C
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For a comparison, the results from steam hydrogasification of co-mingled

feedstock and biomass feedstock are presented in Table 3.5. The carbon conversion was

increased from 67% to 73% when the biosolids was loaded by 50wt% in the feed. In

addition, the co-mingled feedstock with 50wt% biosolids yielded an approximate 18%

increase in the rate of CH, formation and a 12% increase in the rate of CO formation.

These results demonstrated that the utilization of biosolids in the steam hydrogasification

not only could enhance the gasification rate but also could improve the carbon conversion

efficiency.

Table 3.5 Experimental comparison of biomass feedstock and co-mingled feedstock

Biomass Co-mingled
Feedstock” Feedstock®

Biosolids loading (wt%) 0% 50%
H,O/carbon mole ratio 1.5:1 1.5:1
Temperature (°C) 700 700
CH, formation k ® (10%sec™) 1.78 +/- 0.14 2.10 +/- 0.15
CO formation k ? (10sec™) 3.10 +/- 0.19 3.48 +/- 0.18
Carbon conversion # (wt %) 67.1 +/- 3.95 73.3+/- 3.99

a. Data (+/-) represents 95% confidence intervals.
b. Differences are statistically significant.

From Table 3.3, it is seen that the only difference from biomass feedstock and co-

mingled feedstock is the ash content in the feed. The biosolids contain higher ash content

than woody biomass. That results in the more ash in the co-mingled feedstock. From the
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ash analysis in Table 3.2, it is found that biosolids contains high concentrations of metal
species, especially in potentially catalytic metal elements such as Fe, Ca, Mg, K, Na. The
iron compounds, alkali salts and alkaline earth oxides have been extensively used as the
gasification catalysts [68, 69]. It is considered that the enhanced conversion and rate may
be the result of a catalytic effect caused by the metal species in the biosolids. Some
researchers [98-100] found the biosolids had influence on the gas fuel composition in the
pyrolysis/gasification and suggested that the improved results were as the consequences
of catalytic actions from the inorganic matters in the biosolids. Saw W. et al. [101]
studied the influence of biosolids blended in wood pellets on the steam gasification in a
fluidized bed gasifier and found that biosolids had a significant influence on the syngas
composition. The presence of Fe, Ca and other alkali metal K and Na in the biosolids ash
were considered to contribute to the catalytic effect in this literature [99]. Manya J.J. et al.
[100] investigated air gasification of dried biosolids and suggested that the reduction of
tars was due to the catalytic effect of ash in the biosolids. However, more evidences are
needed to confirm the catalytic effect of biosolids and to suggest that ash-rich biosolids
could serve as an in-situ catalyst. In the following studies, the catalytic steam
hydrogasification using different catalysts will be performed to investigate the effect of
different catalytic additives on steam hydrogasification such as compounds of iron, alkali

or alkaline earth metals.
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3.3.3 Characterization of co-mingled chars

The experimental results found that the co-mingled feedstock improved steam
hydrogasification efficiency. The ICP-AES analysis shows that biosoloids samples
contain high concentrations in metals of Fe, Ca, Ka, Na and Mg. It is expected to find the
evident differences between the feedstock with and without biosolids. Therefore,
scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDS)
are used in this study to characterize the physical morphology and determine the
elemental compositions of co-mingled chars and biomass chars without biosolids.

Figures 3.8 and 3.9 show the SEM images of chars from biomass feedstock and
co-mingled feedstock after the steam hydrogasification. It is observed from Figure 3.8
that biomass chars had melting morphology with smooth surface. As expected, the SEM
results were consistent with that in the previous study (seen in 2.3.1). SEM images in
Figure 3.9 show surface morphology of the co-mingled chars. It is clearly observed that
co-mingled chars presented inter-mixing of biomass and biosolids residue. The melting
structures with smooth surface were from biomass chars while the micro particles with
rough morphology were residues from biosolids. It can be seen that the biosolids residues
are highly dispersed within the surface of biomass chars. This co-structure observed in
biomass-biosolids char has a similar formation with the structure of catalytic active sites
and the solid phases [102]. Hence, the morphological analysis of biomass-biosolids chars
indicates that biosolids residue could serve as active sites on woody biomass for catalytic

performances.
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Figure 3.7 SEM images of chars from the biomass feedstock
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Figure 3.8 SEM images of chars from the co-mingled feedstock
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SEM-EDS analysis is widely used to detect elemental compositions in
microstructure areas. Results of energy-dispersive X-rays EDS can be visualized to
provide elemental composition information.

The spectra analysis of biomass chars and co-mingled chars are shown in Figures
3.9 (a) and (b). The relatively weak signal intensities in the X-ray spectra indicate much
lower concentrations of these elements in the particles. The EDS results reveal a large
difference in chemical compositions between the chars with and without biosolids.
Biomass char is elementally composed of a strong concentration of carbon, with lighter
amount of oxygen. The char with biosolids is elementally composed of a high
concentration of carbon, with lower level of oxygen and lower amount of inorganic
elements of P, Na, Al, Si, P, K, Mg, Ca and Fe. The detected inorganic elements are
originally from the biosolids. The ICP-AES analysis in Figure 3.2 shows that iron and
calcium have the top two highest concentrations in biosolids ash. The quantitative data in
EDS is consistent with the elemental compositions determined by ICP-AES. SEM-EDS
analysis found a fact that the chars with biosolids were rich in Ca, Fe, Na and K. These
results provided a good evidence for the presence of potentially catalytic substances in
the steam hydrogasification due to the use of biosolids in the feed. It is referred that the
effect of biosolids on the steam hydrogasification efficiency may be the consequences of

catalytic effect of the metal species in the biosolids.
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Figure 3.9 SEM-EDS of chars
(a) chars from biomass feedstock (b) chars from co-mingled feedstock
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3.4 Conclusion

Steam hydrogasification of co-mingled biosolids and biomass as the feedstock
were investigated in the inverted stirred batch reactor at 700°C with a H,O/C mole ratio
1.5:1. Steam hydrogasification of biomass were also carried out under the same
conditions for a comparison. The effect of biosolids on steam hydrogasification was
experimentally examined including reaction rate and carbon conversion. ICP-AES and
SEM-EDS techniques were used to analyze the elemental compositions and char
structures of co-mingled feedstock. The results are concluded as follows.

1. Co-utilization of biomass and biosolids as co-mingled feedstock yielded more
than 70% carbon conversion under the appreciated reaction conditions. More than
90% water content in the biosolids is directly utilized as the source of steam
instead of adding external water in the steam hydrogasification. Biosolids loading
in the feed is depended on a desired H,O/C ratio. It is experimentally
demonstrated that steam hydrogasification has an important advantage on
biosolids energy recovery by directly utilizing the raw biosolids which eliminates
the cost on biosolids dewatering and drying. Steam hydrogasification provides an
alternative for biosolids beneficial use in a potentially cost-efficient manner.

2. A comparison of the experimental results between the biomass feedstock and co-
mingled feedstock was very impressive. It is found that biosolids in the co-
mingled feedstock contributed to improve the steam hydrogasification efficiency.
There was nearly 6% increase in the carbon conversion when the biosolids was

loaded to 50wt% in the feed. The use of biosolids led to an increase in the rates of
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CH, and CO formation. It is found that biosolids had significantly positive
influence on the steam hydrogasification.

. The ICP-AES analysis found that the biosolids samples had high contents in metal
elements, in particular of iron (Fe) and calcium (Ca). The SEM micrographs of
co-mingled chars showed that biosolids residues were highly dispersed on the
surface of biomass chars. The structure of biosolids residue presented in SEM is
considered to serve as activation sites on the surface of chars. A distinguish in the
elemental compositions of chars with and without biosolids were found. As
determined by EDS, the Na, Al, K, Mg, Ca and Fe were detected in the chars with
biosolids while none of them were presented in the biomass chars without
biosolids. The results revealed that co-mingled chars with the biosolids were rich
in metal species including Fe, Ca, Na, K and Mg. And it is indicated that the
improved efficiency may be attributed to the catalytic effect of biosolids on the
steam hydrogasification due to the presence of iron, calcium compounds and other
alkali metals Na, K in the biosolids.

In summary, the utilization of biosolids in the feedstock promoted the steam

hydrogasification in carbon conversion and reaction rates. There was significant evidence

in elemental compositions of chars to suggest that biosolids could serve as in-situ

gasification catalyst due to the presence of metals Fe, Ca and other alkali metals.

However, more evidences are needed to confirm the catalytic effect of biosolids. It is

important to investigate the effect of catalytic materials on the steam hydrogasification

which are Fe, Ca, Mg, Na and K based catalysts.
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Chapter 4

Catalytic Steam Hydrogasification of Biomass with Catalysts

This chapter investigates catalytic steam hydrogasification of biomass using
different catalysts to identify the catalytic activity of biosolids. It will contribute to
understand the catalytic effect of biosolids on the steam hydrogasification. The tested
catalysts in this study include alkali metal salts, mineral dolomite and transition metal
iron. These catalysts are added to the biomass feedstock by physical mixing method.
Series of experiments with the added catalysts were carried out under the same conditions
as those in chapter three. Catalytic effects of the tested catalysts were evaluated and the
catalytic activity was determined. A comparison of steam hydrogasification of biomass
with non-catalysts, in-situ biosolids and the added catalysts were discussed in this chapter

to verify the catalytic activity of biosolids as an effective, in-situ catalyst.
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4.1 Introduction
4.1.1 Selection of catalytic materials

As introduced in the section 1.3, the catalysts for gasification can be generally
classified into alkali metal salts, alkaline earth metal oxides and salts, minerals, transition
metal based catalysts such as iron and nickel. Catalysts have been widely used in
gasification of biomass or coal to improve quality of syngas and reduce tar formation.
Although there have been extensive researches on catalytic gasification with agents of
CO,, steam or air, no research has been done on the catalytic steam hydrogasification.
Therefore, this study aims to investigate the catalytic effect of catalysts on the steam
hydrogasification by using different metal-based catalytic compounds. Selection of
appropriate catalysts is the initial task before experimental tests. Alkali (K and Na),
alkaline earth (Ca and Mg), and transition metal Fe are most commonly used catalysts
and widely reported in the literature [67-69]. Furthermore, they are the major metal
elements contained in the biosolids. The selection of tested catalysts in this study is based

on the metals of K, Na, Ca, Mg and Fe.

Iron catalysts

Iron-based catalysts are nontoxic, cheaper and easy to prepare than other
transition metal catalysts such as Ni, Rh. Single Fe(lll) salts FeCls, Fey(SO4)s and
Fe(NOg3)s as iron catalyst precursor and iron oxides as additives in gasification are listed
in Table 4.1. FeCl; is almost inactive to catalyze the gasification while conversion of
FeCl; to CI" free can make active iron dispersed on the feedstock for iron-catalyzed
gasification. Some researchers used the FeCl; solution as precursor salts to prepare
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chlorine-free iron catalyst by using Ca(OH), or NH3 [103, 104]. However, the presence of
chloride and sulfate not only causes serious corrosion during the gasification but also
produces contamination needed for gas cleaning [105]. And also FeCls and Fe;(SO4)s
showed ineffective in hydrogasification [106]. It was found that Fe(NOs3)s; had high
catalytic activities on the gasification with gasifying agents such as steam, H, or air and
CO,[107-109]. Therefore, Fe(NOs3); is selected as tested catalyst in the steam
hydrogasification system because of its CI™ and S™ free and high reactivity. In addition,
iron oxides such as Fe,O3 and Fe;O4 have been demonstrated to be effective for reduction
of C,-C3 emission in steam gasification of woody biomass [110, 111]. In this study,
Fe,Os3 is selected as a tested catalyst of iron oxides considering its activity in the presence

of hydrogen and steam.

Table 4.1 Selection of Fe (111) salts and oxides as tested catalysts (Y- sample tested; N-

no sample tested)

FEC|3 FEz(SO4)3 FG(N03)3 F9203 F6304
N N Y Y N

Alkali metal salts

Alkali metal salts are well-known catalysts on the gasification. Among the alkali
metals, Na and K metal salts are investigated in this study not only because they are
cheaper than Li and Cs salts but also because Na and K are major metal elements in the

biosolids. Single Na and K salts are listed in Table 4.2. Alkali metal chlorides are found
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to be ineffective or less effective compared to the carbonates, sulfates and nitrates [112-
114]. Among these salts, carbonates (K,COs, Na,CO3) are the most common, high
activity catalysts that can be added to biomass by dry mixing or wet impregnation in the
steam gasification of biomass. It is found that the carbon conversion to gas products was
increased using alkali carbonate catalysts due to the reduction of tars [115-117]. And the
order of catalytic activities is K,CO3; > Na,COs. In addition, binary eutectic catalyst of
Na,CO3-K,CO3; was found to increase the gasification rate in the presence of hydrogen
[118]. Therefore, Na,CO3 and K,COj salts are selected as tested catalysts for the steam

hydrogasification due to high activity in the presence of steam and H..

Table 4.2 Selection of Na and K salts as tested catalysts (Y- sample tested; N-no

sample tested)

COs* NOs S0.> ol
Na* Y N N N
K* Y N N N

Alkaline earth metal catalysts

Alkaline earth metal catalysts include CaO, MgO or CaCO3; and MgCOs. In the
gasification process, alkaline earth metal carbonates are transferred to the active form in
alkaline earth metal oxide. Hence, their metal oxides have higher activity than their metal
carbonates. Dolomite, a calcium magnesium ore with the general chemical formula
CaMg(COs3),, is a most common catalyst in biomass gasification [119, 120]. The

advantages of these natural occurring catalysts are relatively inexpensive and abundant.
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However, dolomites in their naturally occurring form are not nearly active as catalysts
until they are calcined. The calcined dolomite is an attractive primary catalyst as bed
material in the fluidized beds since it is highly effective to reduce the tar content in the
product gas from a gasifier. Calcined dolomite contains alkaline earth metal oxides (CaO
and MgO). The chemical name and formula of calcined dolomite is calcium magnesium
oxide (CaO'MgO). In this study, calcined dolomite is investigated in the steam

hydrogasification of biomass as a tested catalyst.

4.1.2 Catalyst loading methods

Two methods are applied for addition of catalysts to biomass in the gasification
process. One method is dry mixing method also called physical mixing and the other
method is wet impregnation method. Dry mixing is to directly add the catalyst material to
biomass by physical mixture. This method is widely used for the catalysts as additives in
a gasifier. For example, natural occurring minerals such as limestone, dolomite, iron ores
can be mixed with the biomass as a primary catalyst as well as bed materials in the
fluidized beds [67, 108]. In addition, it is available for alkali salts such as K,COs,
Na,CO3[120]. In contrast, wet impregnation is multi-step method for catalyst preparation
compared to dry mixing. A general wet impregnation process is described in brief as
follows. Some amount of a catalyst precursor salt is dissolved in the distilled water or
methanol and then the solution is added to biomass based on a catalyst loading. The wet
mixture is agitated and the suspension is subject to evaporation for removal of water or

methanol. After that, the impregnated biomass with the catalyst is dried at 105°C for 24h
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before use. It is widely used for catalysts supported by material Al,O3 such as Ni-based
catalysts. And it is the most common method for catalyst preparations with the precursor
salts, such as iron salts and alkali metal salts. Some researcher found that catalyst
impregnation techniques improved catalyst dispersion on the feedstock [106, 108, 120].
Fe(NO3)s3, K,CO3 and Na,COj3 can be either impregnated or dry mixed with the biomass.
All the tested catalysts in this study are able to be physical mixing with the
biomass feedstock. Therefore, the physical mixing of catalyst with the biomass feedstock
is chosen as catalyst addition method for all the tested catalysts due to its availability and
simplicity. Importantly, the method can be compared with the physical mixture method of

co-mingled feedstock.
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4.2 Experimental Sections
4.2.1 Materials

Feedstock materials The biomass feedstock used in this study is pinewood
sawdust. The samples were dried at 105°C for 2 hours and sieved to a particle size of 150-
180um. The composition analysis of pinewood is presented in Table 2.3.

Catalyst materials The five catalysts to be tested in the steam hydrogasification
of biomass are Fe(NOs3)3, Fe,03, Na,CO3, K,CO3 and calcined dolomite (CaO'MgO).

Fe,O3 (CAS number 1309-37-1) is purchased from Alfa Aesar Reagent Company.
The chemical name is Iron (I11) oxide and purity is 99.998% (metals basis).

Fe(NO3)s 9H,0 is used for Fe(lll) nitrates. The chemical name of Fe(NO3)s 9H,0
(CAS number 7782-61-8) is ferric nitrate nonahydrate. This reagent (assay >98% purity)
is purchased from Sigma Aldrich Corporation.

The alkali metal salts Na,CO; and K,COj purchased from Sigma Aldrich
Chemical Company are analytical reagent grade (>99.9%)

Calcined dolomite samples used in this study are purchased from Chemical Lime
Corporation (Fort Worth, TX). The chemical name and formula for calcined dolomite is
calcium magnesium oxide (CaO'MgO). Calcined dolomite samples are grounded and
sieved to the particle size 75-120um before experimental tests. The chemical
compositions of calcined dolomite are identified by inductively coupled plasma emission
spectroscopy (ICP-ES). The oxide compositions of the calcined dolomite sample are
presented in Table 4.3. And X-ray Diffraction (XRD) pattern of calcined dolomite sample

is shown in Figure 4.1.
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Counts

Table 4.3 Chemical compositions of calcined dolomite sample (wt%)

Catalyst Cao MgO SiO, Fe 03 Al,O3

Calcined

) 56% 43% 0.53% 0.34% 0.13%
dolomite

140

Cao
120+

100
80 MgO

g Cao
601 Cao

40 Ca0o

20+
0 T T T

20 30 40 50 60 70 80
2 THETA (degrees)

Figure 4.1 X-ray diffraction patterns for calcined dolomite sample
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4.2.2 Addition of catalysts

Physical mixing method is used for preparation the mixture sample of biomass
added with catalyst as follows. The prepared mixture sample is added with 1.0g amount
of distilled water to achieve a biomass to H,O ratio 1:1(g/g).
Preparation of Fe,O3 and biomass mixture

The catalyst Fe,O3 loading (wt%) is defined as the mass of metal Fe in the
catalyst per mass of biomass. Fe (I11) oxide contains 69.9 wt% Fe. To obtain a 7 wt% Fe
loading on 1g of biomass, 0.1g amount of Fe,O3 was weighed. To prepare biomass mixed
with Fe,O3 catalyst, the weighed Fe,O3 fine powder was added to 1.0g biomass manually
in a flask. And the mixture was then stirred physically for a sufficient time in order to
obtain a better homogeneity of the mixture sample. Finally, 1.0 g of distilled water was
added to the prepared Fe,O3 and biomass mixture ready for the experimental test.
Preparation of Fe(NO3)s; and biomass mixture

The reagent Fe(NO3)s 9H,0 was firstly prepared for fine powder by grounding in
a agate mortar. The ferric nitrate compound Fe(NO3)s; 9H,0 contains 13.8 wt% Fe. To
obtain approximate 6 wt% Fe loading of 1g of biomass, 0.43g amount of Fe(NO3)3 9H,0
was weighed. The weighed Fe(NO3); 9H,0 was added to 1.0 g biomass physically to
yield a mixture sample. After the addition of catalyst to biomass, 0.17g H,O had been
contained in the mixture sample due to 40.1 wt% H,O composition of Fe(NO3)s 9H,0.
For that, less than 1.0 g water was added for the mixture to achieve biomass to H,O mass

ratio 1g/1g.
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Preparation of Na,CO3; or K,CO3and biomass mixture

The reagent Na,COj3 contains 43.4 wt% Na and the reagent K,COj3 contains 56.6
wt% K. To achieve 7% K and 7% Na loading of 1g of biomass, the weighed amount of
K,CO3z and Na,CO3 are 0.1g and 0.16 g, respectively. The weighed K,CO3 or Na,COs
was directly added to 1.0 g amount of biomass and then the mixture was stirred manually
to obtain a good dispersion of the catalyst.
Preparation of calcined dolomite and biomass mixture

The calcined dolomite contains mainly CaO and MgO. The catalyst loading
(%wt/wt) is defined as the mass of calcined dolomite per unit the mass of biomass. In
this study, 0.1g amount of calcined dolomite was used to mix with 1.0 g of biomass by

physical mixing. In this study, the calcined dolomite loading is 10 wt%.

4.2.3 Experimental procedure

The experimental conditions in this study are listed in Table 4.4. Five different
substances based on metal of Fe, K, Na, Ca, Mg are examined as catalysts for steam
hydrogasification of biomass. The prepared mixture samples (biomass + catalyst mixture)
are performed in the steam hydrogasification under the same reaction conditions as those
for SHR with non-catalysts. Steam hydrogasification with catalysts were carried out
using the inverted batch reactor. The inverted batch reactor was described in the section
2.2 and experimental procedures were presented in the section 3.2. Only a brief

description is given as follows.
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For each test, 1.0g pinewood biomass with catalyst and 1.0g water was held in the
feeder tube of the reactor and then fed into the reactor when the reactor reached the
gasification temperature 700°C. The gas flow passed through the capillary line to be
injected into RGA and the gas products were on-line analyzed using RGA.

Effect of catalysts on the steam hydrogasification is evaluated in the rates of CH4
and CO formation. The catalytic activity of catalysts is determined based on their

influence on the reaction rate.

Table 4.4 Experimental conditions for steam hydrogasification of biomass with catalysts

Run No. Catalyst Temperature Biomass/H,0 Pressure

(Yowt) (°C) (9/9) (psi)
1 None catalyst 700 1:1 270
2 + Fe(NO3)3 700 1:1 270
3 + Fey03 700 11 270
4 + Na,CO3 700 1:1 270
5 + K,CO3 700 1:1 270
6 + calcined dolomite 700 1:1 270
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4.3 Results and Discussion
4.3.1 Catalytic effect of catalysts

The catalytic compounds including iron compounds (Fe(NOs)s, Fe,0s3), alkali
carbonate salts (Na,COs, K;COs3) and calcined dolomite (CaO'MgO) were physically
mixed with the biomass feedstock and tested in the steam hydrogasification at 700°C with
a H,O to biomass mass ratio 1:1. The effects of different catalysts on the steam
hydrogasification of biomass were examined.

The catalysts have influence on the reactivity of chars in the catalytic gasification
process. A first-order kinetic model based on the rate of gas formation is employed for
kinetic measurements in the steam hydrogasification. In this study, the Kinetic rate
expression for catalytic steam hydrogasification coincides with that for non-catalytic case
but taking into account the presence of catalyst. After separation and integration with
details in section 2.3.3, the catalytic kinetic equation [121] in a batch reactor can be
expressed as

mO
m, —m

In

=kt Equation (4.1)

Where, m is moles of a gas species generated at a given time;

mo is the total moles of a gas species generated in the gasification process;

k. is the specific rate of a gas formation for a given catalyst. It is noted that k., different

from k with non-catalyst, is corresponded to temperature, catalyst type and concentration.
From equation 4.1, there should be a linearity of its left side versus time. Value of

k. is obtained from the least squares analysis results. Figure 4.2 shows Kinetic plots of for
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CH, and CO formations in the steam hydrogasification with Fe(NO3)s. Linear fits are
obtained for CH, formation and CO formation in case of Fe(NOgs); catalyst. The
experimental data fit to the first-order kinetic rate is very acceptable due to the correlation
coefficients up to 0.99. Similar plots for Fe;O3;, K,CO3, Na,CO3 and calcined dolomite
catalysts are shown in Figures 4.2-4.6. All these plots with different catalysts support for
the first-order kinetic rate in catalytic steam hydrogasification.

Values of k. at different temperatures allow one to determine the activation
energies of CH, and CO formation. It will be future work to obtain activation energies in
catalytic steam hydrogasification. It is expected that the activation energies of catalyzed

process with catalysts are less than those for non-catalytic process [121-123].
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Figure 4.2 Kinetic plots of In(mg/(me-m) versus time for CH, and CO formation with

Fe(NO3)scatalyst. The solids lines are least squares analysis results.
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Figure 4.3 Kinetic plots of In(mg/(me-m) versus time for CH,and CO formation with

Fe,Oscatalyst. The solids lines are least squares analysis results.
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Figure 4.4 Kinetic plots of In(mo/(mo-m) versus time for CH, and CO formation with

K,COj3 catalyst. The solids lines are least squares analysis results.
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Figure 4.5 Kinetic plots of In(my/(me-m) versus time for CH, and CO formation with

Na,COj catalyst. The solids lines are least squares analysis results.
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Figure 4.6 Kinetic plots of In(mg/(me-m) versus time for CH,and CO formation with

calcined dolomite. The solids lines are least squares analysis results.
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According to the kinetic analysis, the specific rates of the CH4 and CO formation
for different catalysts were obtained. For a comparison, the steam hydrogasification of
biomass with non-catalysts is also included. The experimental results are presented in
Figures 4.7-4.8 and Table 4.5.

Figure 4.7 shows the rates of CH, formation in the steam hydrogasification of
biomass without catalysts and with different added catalysts. Compared with un-catalytic
steam hydrogasification, the added catalysts improved the reaction rate, respectively.
Steam hydrogasification with calcined dolomite showed the highest rate of CH,
formation among all the tested catalysts, yielding 45% higher rate than that of un-
catalytic SHR. As observed, iron salt Fe(NO3)3 slightly increased the specific rate of CH,
formation while the iron oxide Fe,O3exerted no influence on that. As iron group catalysts,
iron salt is more active than iron oxide. Both alkali salts K,CO3; and Na,COg3 led to a
higher rate of CH, formation but K,COs is better than Na,COs;. From the comparable
results in Table 4.5, it is demonstrated that calcined dolomite was the most effective
catalyst to catalyze the steam hydrogasification for an increased rate of CH4 formation.
The results from the catalysts based on different metals also indicate that the catalytic

effect followed the sequence of Ca-Mg > K > Na > Fe.
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Figure 4.7 Effect of different catalysts on the rate of CH, formation
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Figure 4.8 Effect of different catalysts on the rate of CO formation

Figure 4.8 shows a comparison of the rates of CO formation in the steam
hydrogasification with various types of catalysts and without catalysts. It is found that
iron catalysts had a strong influence on the CO formation rate and iron salt Fe(NO3); is
more active than Fe,Os. Among all the tested catalysts, Fe(NOz); is highly active to
catalyze the steam gasification, resulting in an approximate 22% higher rate of CO
formation than that of un-catalytic SHR. The catalytic effect of alkali metal catalysts on
CO formation is less than that of Fe(lll) catalysts. For alkali metals, K,CO3 led to a
higher rate of CO formation but Na,CO; had little influence on that. The addition of

calcined dolomite resulted in a similar catalytic effect with K,CO3 on the rate of CO
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formation in the steam hydrogasification. The results in Figure 4.8 indicated that the
metals of Fe, K, Ca and Mg are active for a catalytic effect on CO formation in the steam
hydrogasification with the sequence of Fe > Ca-Mg > K. And it is also revealed that the
iron catalysts were the most effective catalyst to catalyze the steam hydrogasification for

an increase in the rate of CO formation.

Table 4.5 The rates of CH, and CO formation in the steam hydrogasification with

non-catalysts and different catalysts

Temperature  Feedstock-catalyst CH,*? co?
(°C) (Wt%) (10°sec™) (10%sec™)
700 Biomass (None) 1.78 +/-0.14 3.10 +/- 0.15
700 Biomass+Fe(NOs)s” 1.92 +/-0.11 3.77 +/- 0.16
700 Biomass+ Fe,05° 1.80 +/- 0.10 3.63 +/-0.15
700 Biomass+ K,CO5"° 2.00 +/- 0.13 3.40 +/- 0.17
700 Biomass+ Na,CO5° 1.96 +/- 0.15 3.20 +/-0.14
. PR
700 Biomass+calcined 258+/-0.13  3.43+/-0.16

dolomite

a. Data (+/-) represents 95% confidence intervals.

b. Differences are statistically significant for both CH4 and CO.

c. Differences are statistically significant for CO of Fe,O3 and CH,4 of Na,COs.

119



4.3.2 Catalytic activity and mechanisms

From above discussion, the effectiveness of different catalytic materials in the
steam hydrogasification depends on the type of catalyst. To assess the catalysts for
catalytic steam hydrogasification, it is necessary to determine the catalytic activity of a
catalyst. In this study, catalytic activities of different catalysts are evaluated based on
their catalytic effect on the steam hydrogasification. A new parameter is defined to
represent the catalytic activity [107] which is the ratio of specific rate with catalyst and
without catalyst under any given conditions, expressed as Kc/knon. The value of K¢/Knon 1S
taken to evaluate the catalytic activity of a catalyst. Kkyn is the value for steam
hydrogasification of biomass with none catalyst added. It is noted that kno, is 0.00178
sec™! for CH4 formation and 0.00310 sec™ for CO formation and k/kno,=1.0 for un-

catalytic steam hydrogasification of biomass at 700°C.

Table 4.6 Catalytic activities of catalysts in the steam hydrogasification at 700°C

Run No. Catalyst kS::] ‘:m kcc/:lg -
1 None 1.00 1.00
2 Fe(NOs)s 1.08 1.22
3 Fe O3 1.00 1.17
4 K,CO3 1.12 1.10
5 Na,COs 1.10 1.00
6 Calcined dolomite 1.45 1.11
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The catalytic activities of the tested catalysts used are presented in Table 4.6. The
catalytic activities of the tested catalysts in the steam hydrogasification for CH4 formation
were in the order of calcined dolomite > K,CO3~ Na,CO3; > Fe(NO3)3 and their catalytic
activities for CO formation followed the order of Fe(NO3)3 > Fe,O3 > calcined dolomite =~
K,CO:s.

Calcined dolomite composed of CaO and MgO was an very effective catalyst to
catalyze the steam hydrogasification which was not only highly active for CH, formation
but also for CO formation. It is indicated that calcined dolomite can be used as bed
materials as well as a catalyst in the fluidized bed gasifier of demonstration scale unit.

Iron catalysts were highly active for CO formation but a very minor effect on CH,4
formation. The iron in Fe®*" had stronger catalytic effect than iron in oxide. This may be
attributed to improved iron dispersion on the surface of biomass chars [103, 106].

For alkali metals of K and Na, the catalytic activity in the steam hydrogasification
followed the sequence of K > Na. That activity order has also been reported in the
literature [114, 118].

The activities of catalysts based on metal of Fe, Ca, Mg, K and Na indicate that
alkali (K and Na), alkaline earth (Ca and Mg) and transition (Fe) metals have different
catalytic effects on the steam hydrogasification. Ca-Mg had the most catalytic effect in
the steam hydrogasification. And iron salt catalyst had the highest catalytic activity for

CO formation.
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Proposed Mechanisms
The overall reaction for non-catalytic steam hydrogasification can be expressed as
the equation 4.2
C+H,O+Hy;,— CO+CHs+H,y Equation (4.2)
The gasification in the presence of steam and hydrogen is very complex and it

involves many possible reactions, for example:

C+2H; — CH,4 (Methanation/hydrogasification reaction)
C+CO; « 2CO (Boudouard reaction)
C+H,0—- CO+Hj, (Water-gas/steam gasification reaction)
CO +H,0 « CO, + H, (Water-gas shift reaction)

CHs + H,O < 3H, + CO (Reforming reaction)

It would be difficult to understand the catalytic steam hydrogasification and
explain the mechanisms for the catalytic activity if all the complex reactions are
considered. Hydrogasification reaction and steam gasification reaction are two main
reactions in the steam hydrogasification reactions. In this study, the catalytic action of
catalysts in the gasification with H,O and H; is explained through the separation
mechanism of steam gasification and hydrogasification. It is proposed for CH4 and CO
formation in the steam hydrogasification that direct hydrogasification is the predominant
mode of methane formation and steam gasification reaction is the rate determining step of
the CO formation.

The catalytic activity of iron, alkali salts and alkaline earth metals in steam

gasification have been explained with this oxygen exchange mechanism [103, 104, 124].
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It is suggested for a best explanation of the catalytic action in steam hydrogasification for
CO formation.
The proposed mechanism of catalytic steam hydrogasification for CO formation is

described as

M + H,0O — M(O) + H, Equation (4.3)
M(O) + C —> M + C(O) Equation (4.4)
C(0)— CO Equation (4.5)

Where, M represents a given catalyst; M(O) and C(O) represents the intermediates. From
equations 4.3-4.5, it is given the equation 4.6.
C+H;O—- CO+Hy Equation (4.6)
The catalytic action in hydrogasification can be explained by hydrogen adsorption
mechanism involving solid-gas and solid-solid reactions [125, 126]. The proposed

mechanism of catalytic steam hydrogasification for CH4 formation is described as

N + Hz < N(Hy) Equation (4.7)
N(Hy) + C — C(H,) Equation (4.8)
C(H2) + H, — CH, Equation (4.9)

Where, N stands for the active sites on the catalyst surface. From the equations 4.7-4.9, it
is given the equation 4.10.
C+2H; —» CH,4 Equation (4.10)
This mechanism is suggested for an explanation of the catalytic activity of
catalysts for CH, formation in the presence of hydrogen. The combination of equations

4.6 and 4.10 is the overall reaction of steam hydrogasification in the equation 4.2.
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4.3.3 Catalytic effect of in-situ biosolids

The effect of biosolids on the steam hydrogasification has been discussed in
chapter 3. Biosolids, in-situ within the steam hydrogasification, promoted the gasification
rates and carbon conversion. In this chapter, it is demonstrated that metal catalysts have
catalytic effect on the steam hydrogasification. Fe, Ca, Mg, Na and K are the major metal
elements contained in the biosolids. Therefore, a comparison of steam hydrogasification
with non-catalysts, in-situ biosolids and different catalysts are summarized in Figure 4.9
and Table 4.7 in order to determine catalytic effect of biosolids as in-situ catalyst for the

steam hydrogasification.
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Figure 4.9 The gasification rates of steam hydrogasification of biomass with non-

catalysts, in-situ biosolids and different catalysts
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Figure 4.9 shows the rates of CH, and CO formation with non-catalysts, biosolids
and different catalysts. The steam hydrogasification rates are governed by CO and CH,
formation rates. It is found that biosolids had a dramatic catalytic effect on the steam
hydrogasification for both CH, and CO formation compared with other tested catalysts.
This evident fact confirmed that biosolids, integrated in the co-mingled feedstock could

be an effective in-situ catalyst for the steam hydrogasification.

Table 4.7 Experimental conditions for un-catalytic and catalytic steam

hydrogasification of biomass and catalytic activities of different catalysts

Catalyst Temperaure - HOIC - __Cataytc Acivity
None 700 151 1.0 1.0
Biosolids 700 15:1 1.2 11
Calcined dolomite 700 151 1.4 11
Fe(NO3)3 700 1.5:1 1.1 1.2
Fe 03 700 1.5:1 1.0 1.2
K2COs3 700 1.5:1 1.1 11
Na,COs 700 151 1.1 1.0

Steam hydrogasification of biomass with non-catalysts, in-situ biosolids and
added catalysts were carried out under the same conditions. The addition of a catalyst is
physical mixing with the biomass feedstock which is the same method used for the

mixture of biosolids and biomass as the co-mingled feedstock.
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It can be seen from Table 4.7 that the biosolids could be a highly active catalyst to
be in-situ with the steam hydrogasification. The catalytic activity of biosolids on CH,4
formation is higher than other tested catalysts except for calcined dolomite. The catalytic
activity of biosolids on CO formation is similar with calcined dolomite. A fact is found
that biosolids as in-situ catalyst had a good catalytic activity not only on CO formation
but also on CH,4 formation.

Biosolids samples used in this study are rich in iron and calcium. Catalytic effects
of different metal catalyst (Fe, Ca, Mg, K, Na) on the steam hydrogasification have been
evaluated. The results indicate that the iron group catalyst is the most active to catalyze
CO formation in the steam hydrogasification while calcium based catalyst is the most
active to catalyze CH, formation in the steam hydrogasification. There are also
significant evidences in the literatures for the enhancement of catalytic activity by
mixture of catalysts [127, 128]. It is suggested that the good catalytic action of biosolids
could be understood by synergistic effects of metals in the biosolids, in particular of Fe
and Ca. The iron in the biosolids is important to affect the CO formation and calcium and
other alkali metal species in the biosolids contribute to catalytic effect on the CH,4
formation in the steam hydrogasification. More research works will be taken in the future

to propose explanations and mechanisms for the catalytic action of biosolids.
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4.4 Conclusion

Catalytic steam hydrogasification of biomass with different catalysts were
performed in the inverted batch reactor at 700°C with a biomass to H,O ratio 1:1 g/g. The
tested catalysts included Fe(NO3)s, Fe,O3, K,CO3, Na,CO3and calcined dolomite (CaOr
MgO). Catalytic effect of catalysts on the steam hydrogasification was evaluated and the
catalytic activity was determined. Steam hydrogasification with non-catalysts, in-situ
biosolids and the added catalysts were compared to determine the catalytic activity of
biosolids as in-situ catalyst. The results are concluded as follows.

1. The reaction rates in catalytic steam hydrogasification were obtained using the
same Kkinetic measurement approach for un-catalytic SHR. The experimental data
with different catalysts was fit to the first-order kinetic rate expression.

2. The tested catalysts of iron compounds (Fe(NO3)s, Fe,Os), alkali carbonate salts
(Na,CO3, K,CO3) and calcined dolomite (CaO'MgO) were found to be active to
catalyze the steam hydrogasification. The rates of CH, formation and CO
formation were increased with the addition of catalysts in the steam
hydrogasification. Iron catalysts were the most active to catalyze CO formation in
the steam hydrogasification in the sequence of Fe(NOgs); > Fe,O3. Among the
tested catalysts, the calcined dolomite was the most effective catalyst in the steam
hydrogasification, which not only enhance the rate of CH, formation but also
improved the rate of CO formation. Alkali salts also had catalytic effect on steam

hydrogasification in the order of K,CO3 > Na,COj3. The results indicate that the
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metals of alkali (K and Na), alkaline earth (Ca and Mg) and transition (Fe) have
different catalytic effects on the steam hydrogasification of biomass.

It is revealed that the physical mixing is an effective method for addition of
catalyst addition to the feedstock. Effect of catalyst addition method and catalyst
loading on catalytic steam hydrogasification will be studied in the future.

. A defined parameter k./kno, IS used to evaluate the catalytic activity of a catalyst.
The metal catalysts have the catalytic activities in the order Ca-Mg > K~ Na > Fe
for CH, formation in the steam hydrogasification while their catalytic activities for
CO formation follow the order of Fe > Ca-Mg ~ K > Na. It is identified that iron
and calcium catalysts have the best activity to catalyze the steam hydrogasification.
The catalytic effect of catalysts in the steam hydrogasification could be explained
by the oxygen exchange mechanism for the CO formation and hydrogen
adsorption mechanism for the CH, formation.

Steam hydrogasification with non-catalysts, in-situ biosolids and the added
catalysts were evaluated. Catalytic effect of biosolids on the steam
hydrogasification was found to be evident. It is confirmed that biosolids,
integrated in the biomass feedstock could serve as an effective in-situ catalyst in
the steam hydrogasification. The ranking of the catalytic activity of catalysts for
CH, formation in the steam hydrogasification at 700°C is calcined dolomite >
biosolids > alkali carbonate salts of K and Na > iron catalysts. The ranking of the
catalytic activity for CO formation in the steam hydrogasification at 700°C is iron

catalyst > biosolids > other tested catalysts. A high catalytic activity of biosolids in
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the steam hydrogasification was identified. It is inferred that biosolids could be
innovatively utilized as in-expensive and in-situ catalyst in the scaling-up steam
hydrogasification gasifier.

Catalytic steam hydrogasification with different catalysts in this chapter assisted in
understanding the catalytic behaviors of biosolids on the steam hydrogasification.
The biosolids has high contents in metals of Fe, Ca, Mg, K and Na, in particular of
Fe and Ca. The catalytic activity of biosolids in the steam hydrogasification may
be attributed to the synergistic effects of iron, calcium and other alkali metal
species in the biosolids. The presence of iron and calcium in the biosolids is

important for the catalytic effect of biosolids on the steam hydrogasification.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This chapter summarizes the experimental results and conclusions in this thesis
and suggests some research works in the future. This thesis has investigated the use of
biosolids integrated in biomass feedstock as in-situ catalyst for improving the steam
hydrogasification efficiency. It is demonstrated that the biosolids has a good catalytic
activity in the steam hydrogasification. The main tasks completed in three chapters are
concluded as follows.

1. In chapter two, characteristics and kinetics of steam hydrogasification of biomass
were evaluated including carbon conversion, char morphology, product gas
formation and kinetic parameters. A series of experiments were performed with a
H,0 to biomass pinewood ratio 1.2:1 g/g at temperatures ranging from 600-700°C.
(1) Temperature and heating rate have significant influence on the steam

hydrogasification process. Approximately 15% increase in carbon conversion
was found when the heating rate was elevated from several K/s to a few 10°
K/s. It is indicated that a high heating rate has a remarkable impact on the char
reactivity. There was about 10% increase in the carbon conversion with the
temperature increasing from 600 °C to 700°C. A high temperature not only
promoted the carbon conversion but also enhanced the rates of product gas

formation in the steam hydrogasification.
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(2) It is proven in this thesis that the newly-designed lab-scale inverted batch
reactor succeeded performing the desired realistic thermal conditions more
closely to a fluidized type gasifier. This reactor is able to allow for kinetic
measurements in the steam hydrogasification under catalytic or non-catalytic
conditions.

(3) A kinetic measurement approach is established in this thesis by employing a
simplified first-order kinetic model. The steam hydrogasification rate is
governed by the rates of CH, and CO formation. The activation energies of
CH, and CO formation in the steam hydrogasification of pinewood were
42.8kJ/mole and 51.8kJ/mole.

In chapter three, the effect of biosolids on steam hydrogasification of biomass was

investigated. Steam hydrogasification of co-mingled biosolids with biomass as the

feedstock were carried out at 700°C with a H,O/C mole ratio 1.5:1. A comparison
of experimental results between the steam hydrogasification of co-mingled
feedstock and biomass feedstock was discussed.

(1) It is experimentally demonstrated that steam hydrogasification has an
important advantage on biosolids energy recovery by directly utilizing the raw
biosolids integrated with woody biomass in the feed. Steam hydrogasification
technology can provide an alternative pathway for beneficial use of biosolids
in a potentially cost-efficient manner which eliminates the cost and energy

loss on biosolids dewatering and drying.
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(2) Itis concluded that the addition of biosolids in the feed dramatically improved
the steam hydrogasification efficiency not only in the carbon conversion but
also in the reaction rate. The steam hydrogasification with 50wt% biosolids in
the feed yielded more than 70% carbon conversion under the appreciated
reaction conditions that was an approximately 6% higher yield compared to
that without biosolids loading. Furthermore, the CH4 and CO formation rates
were enhanced when using the co-mingled feedstock with biosolids.

(3) SEM-EDS and ICP analysis reveals that biosolids are rich in the metal
elements of Fe, Ca, Mg, K, Na and Al. There was a significant evidence for
the presence of Fe, Ca, Mg, K and Na in co-mingled chars due to the biosolids
in-situ in the feedstock.

In chapter four, catalytic steam hydrogasification of biomass using different

catalysts was investigated. The tested catalysts included Fe(NO3)s, Fe;03, K,COs,

Na,CO3 and calcined dolomite (CaO'MgO). Catalytic effect of catalysts on the

steam hydrogasification was evaluated and the catalytic activity was determined.

A comparison of steam hydrogasification of biomass with non-catalysts, in-situ

biosolids and the added catalysts were discussed.

(1) The tested catalysts were demonstrated to have catalytic effects on the steam
hydrogasification. Iron catalyst is the most active to catalyze the CO
formation. Calcined dolomite composed of CaO and MgO is the most
effective catalyst in the steam hydrogasification which is not only highly

active for CH, formation but also effective for CO formation. It means that
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calcined dolomite can be used as a catalyst bed material in the fluidized bed
gasifier for demonstration scale steam hydrogasification.

(2) The catalytic activity of catalysts in the steam hydrogasification for CH,
formation was found to be in the order of calcined dolomite > K,CO3; =
Na,CO3 > Fe(NO3); and their catalytic activity for CO formation followed the
order of Fe(NOs); > Fe,O3 > calcined dolomite ~ K,COs;. The oxygen
exchange mechanism and hydrogen adsorption mechanism were proposed to
assist in explaining the catalytic action of catalysts in the steam
hydrogasification.

(3) Biosolids was found to have a high catalytic activity in the steam
hydrogasification not only for CH, formation but also for CO formation
compared to the tested catalysts. It is verified that biosolids integrated in
biomass feedstock could serve as an effective, in-expensive, in-situ catalyst to
improve the steam hydrogasification efficiency. The catalytic action of
biosolids in the steam hydrogasification may be attributed to synergistic effect

of iron, calcium and alkali metals in the biosolids, in particular of Fe and Ca.
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5.2 Future Work

For a demonstration scale steam hydrogasification process, the pretreated
feedstock of biomass and biosolids in form of slurries will be pumped into the fluidized
bed gasifier. In that case, biosolids can be performed in-situ within the steam
hydrogasification. The following tasks will be needed in the future to further investigate
the performances of steam hydrogasification of biomass with the biosolids and develop
the utilization of biosolids as in-situ catalyst in the fluidized bed gasifier.

1. Investigate the effect of biosolids on gas product yield and composition on the
steam hydrogasification using co-mingled feedstock

2. Investigate the effect of biosolids loading on the steam hydrogasification of
biomass by varying the biosolids loading in the feedstock

3. Investigate the catalytic effect of iron-calcium catalysts and compare the binary or
ternary catalysts with the single catalysts. It will help to get a better understanding
of catalytic behaviors of the biosolids due to the presence of a mixture of Fe, Ca
and other metals.

4. Develop the utilization of biomass-biosolids chars as bed materials in the
fluidized bed gasifier as well as in-situ catalyst and compare the biosolids with

other additives such as silica sand and minerals.
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