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Abstract

Biomass gasification produces a gas (or syngas) containing primarily CO,, H,, CO,
CHj4 and (C;+C3), as well as some contaminants such as tars, NHs, H,S and SO,. In order to
achieve better efficiencies of the syngas applications, these contaminants must be removed
or converted before the syngas is used for internal combustion, gas engines, and in
particular for fuel cells and methanol synthesis. Compared with conventional wet
scrubbing technologies, catalytic decomposition of ammonia and tar is more advantageous
with respect to energy efficiencies.

As Part-I of this thesis, activated carbons (ACs) were produced from a Canadian peat
by chemical activation using either H;PO4 or ZnCl, as the activation agent, followed by
carbonization at a relatively low carbonization temperature (400°C). ZnCl, was found to be
an effective activation agent for developing microporous structures in the ACs, leading to
greater surface areas, while H3POy is highly active in developing the mesopores, leading to
much higher mesopore volumes and average pore sizes. The effects of intrinsic minerals in
the precursor on the textural properties of the activated carbon products were examined by
demineralization of the peat with HCI washing before the activation and carbonization.
The demineralization of the precursor greatly promoted the development of micropores
during the activation process, leading to significantly higher surface areas of the resulting
ACs irrespective as to which activation agent was used, and the AC derived from the
demineralised peat activated by ZnCl, attained the highest BET surface area of 888 m?/g.
The demineralization of the precursor could also significantly improve the mesoporous
structure of the ZnCl,-activated ACs.

In Part-II of this research, two novel carbon-based Ni/Fe catalysts were developed and
tested for catalytic decomposition of ammonia into N; and H,. These catalysts were
prepared using a meso-porous activated carbon (AC) support derived from a Canadian peat

by H3PO, activation. The newly developed catalysts proved to be highly active for
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ammonia decomposition. The conversion of 2000 ppm NHj diluted in helium over the Fe
catalyst reached as high as 90% at 750°C and at the space velocity of 45000 h™, compared
with only about 15% with the activated carbon alone without metal loading. In addition,
the new Fe/Ni catalysts showed superior performance with respect to their resistance to
catalyst deactivation. Both catalysts remained active as the reaction time increased upto 10
hours without showing a sign of deactivation. Fresh and spent catalysts were characterized
by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and temperature
programmed desorption (TPD). A cycle mechanism, involving both metal phosphides and
metal nitrides, was proposed for the NH3 decomposition reactions over these new Fe/Ni
catalysts.

In Part-III of this work, the catalytic performance of the peat-derived activated carbon
supported Fe/Ni catalysts as well as three natural limonite ores (from Australia, Brazil and
Canada) towards hot gas NH3 decomposition in a simulated gas (14.9% CO, 2.9% CHa,
11.2% H,, 11.2% CO,) with and without 5-15% H,O, was investigated at 750°C. The
Fe/AC and Ni/AC catalysts and all natural limonite ores were very active for ammonia
decomposition in the inert atmosphere. However, both AC-supported catalysts could be
severely deactivated by the simulated gas, and the Fe/AC catalyst was also deactivated by
the presence of HyO in the gas. In the presence of the simulated gas and H,0, the activities
of these two catalysts dropped drastically to as low as <10%. The three limonite ores
showed high activities towards ammonia conversion to N (>90% at 750°C ) in both inert
atmosphere or in a simulated gas with 0-15% H,0. The deactivation of the Ni/AC and
Fe/AC by the simulated gas and H,O vapor may be caused by the carbon deposition
resulting from Boudouard reaction of CO or decomposition of CHy, by the oxidation of
metal phosphides and metallic metals into less or inactive phosphates in the presence of the
simulated gas species CO and H,0, or by the competing adsorption of CO, and H,O with
NH3 on the catalyst surface.

In the Part-IV of this work, three types of natural limonite iron ores originated from
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Canada (CL), Brazil (BL), and Australia (AL) were tested as the inexpensive catalysts for
tar reforming/cracking experiments at 500-900°C using benzene as the model compound
(1000-1400 ppm) in the co-existence of HO/helium a simulated gas mixture containing
H,/CH4/CO/CO;, with and without H,O. The activities of these limonite catalysts of
benzene decomposition follow the order of priority of BL > AL > CL. Canadian Limonite
(CL) was inactive for steam reforming of benzene, probably resulting from the chemical
deactivation of catalyst by the H,O vapor to prevent formation of the active a-Fe species
on the catalyst surface. However, in the presence of the simulated gas consisting without
H,0, the CL showed improved higher activity, of about 65% at 900°C, while its
performance was deactivated slightly by the presence of H,O in the gas. The Brazilian
limonite (BL) showed the highest activities in benzene decomposition in the presence of
the simulated gas with and without H,O, owing to theist high Fe content with smaller
crystalline sizes of active Fe-species in the fresh sample or during the benzene
decomposition tests. The use of BL catalyst obtained almost complete conversion of
benzene (>95%) at above 650°C in the simulated gas irrespective of whether or not 15
vol% H,0 was present in the reactant gas. The activity of the BL catalyst was unaffected by
the addition of H,O and the presence of H,O was found to be beneficial to maintain the
high activity of BL by preventing formation of carbon deposition. The activation energies
were determined as £, =130 kJ/mol and 120 kJ/mol for benzene decomposition over CL at
750-900°C in the simulated gas with and without 15vol.% H,0, respectively. The obtained
E, values are much lower than the literature values for benzene decomposition reactions
under similar conditions with other catalysts such as Ca0.MgO and Ni/MgO, suggesting
the limonite material can be a promising less expensive catalyst for hot gas cleaning of tar

in the biomass gasification syngas.

Keywords:  Biomass gasification, Hot gas cleanup, Tar, Ammonia, Benzene, Catalysts,
Activated Carbon, Peat, Ammonia decomposition, Ni/AC, Fe/AC, Metal phosphides,
Metal nitrides, Simulated gas, Carbon-based catalysts, Limonite.
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CHAPTER 1

Introduction

1.1. Background on biomass gasification

Due to the increasing concerns about the release of greenhouse gasses (GHG),
mercury and sulphur into the atmosphere, and the depletion of the fossil fuels, research
into renewable energies such as hydro, wind, solar and biomass has attracted increasing
interest in recent years. Coal-fired power plants are among the largest producers of
anthropogenic mercury emissions in the world as well as SO,, NOy [1, 2]. In Ontario,
coal-fired plants have been the largest sources of GHGs and smog-containing pollutants
[3], and because of this, there are regulations in place to phase out the province’s coal-
based electricity by 2014, and to switch to other cleaner fuels such as renewable biomass
by co-firing coal with biomass.
| In addition to combustion or co-firing, biomass can be gasified using gasification
agents such as air/oxygen and steam into medium Btu fuel gases. Substituting fossil fuels
such as coal with. biomass in gasification processes is one step that can be taken towards
reducing GHG, sulphur and mercury emissions, as well as the reliance on imported fuels.
The gases produced (e.g. Hp, CO, CO,, CHy and Cy4) can be utilized directly as fuels for
heat and electricity generation, or as feedstock for productions of methanol, ethanol,
dimethyl ether, and Fischer-Tropsch oils, etc. [4]. Although there is great potential and
extensive research for clean power and chemical production through the gasification of
coal [5], the long-standing problem for coal gasification is that coal is non-renewable and
the coal reserves will be eventually depleted. Alternatives to coal as a feedstock in
gasification processes, biomass resources such as, forestry/agricultural residues,
municipal solid wastes (MSW), domestic and industrial wastewater sludge, can be used

to produce electricity. Annual world biomass production is 220 billion dry tonnes or

4,500 EJ [6], equivalent to 9 times of world energy consumption in 2006 (498 EJ).



Biomass feedstock can thus be an abundant source for energy, fuels, chemicals and

materials.

1.2. Problems associated with biomass gasification

The producer gas from biomass gasification contains mainly CO, H,, CO,, CHy,
H,O, and N, (if air is used as the gasification agent), but may also contain undesirable
inorganics, such as H,S, HCl, NH3 and alkali metals, and organic tars and impurities and
particulates [7]. The tars are the products of major concern in biomass gasification. Tar is
a condensable fraction of the gas product and contains components which are largely
aromatic hydrocarbons with molecular weights greater than that of benzene [8], and can
cause plugging in pipes, filters, and downstream fuel lines etc. In order to use biomass in
commercially advanced gasification technologies, it is necessary to remove, convert or
deconstruct the tar contained in the gas product.

If the final application depends on the purity of the gas, complete elimination of
tar and ammonia may be necessary, for example, polymer electrolyte membranes (PEM)
fuel cells require pure H, as the fuel so the biomass-derived gas product requires
conditioning by removing or converting the tar as well as ammonia [7]. Other
applications such as integrated gasification combined cycles (IGCC) can be more
efficient if ammonia is converted [9]. Gas turbine power generating plants utilize syngas
from either coal or biomass gasification, and ammonia present in the stream can form
nitrogen oxides (NOx) during combustion, which are significant contributors to acid rain,
or may react with other pollutants such as sulphur dioxide and nitrous oxide forming
smog. In order for biomass gasification to be feasible on an industrial scale, the
concentrations of tar and ammonia contaminants need to be reduced to levels that comply
with the environmental regulations as well as the final levels required by the end use
applications [10]

Ammonia in biomass fuel is conventionally eliminated using scrubbers or
selective catalytic reduction (SCR), in which the ammonia is reacted with NOy to form N,
and water. Tar removal can take place in the gasifier itself or downstream from the

gasifier. Prevention within the gasifier may involve reactor design, parameter



optimization, or use of catalysts [11]. Downstream from the gasifier, tar may be removed
through scrubbing and filtration or converted by thermal or catalytic cracking. Thermal
cracking requires high temperatures (>1000°C) in order to obtain a high conversion. This
can be achieved by adding oxygen to the process, but these high temperatures can lead to
soot formation in the product stream [12].

Wet scrubbing is an effective gas conditioning method that can remove significant
amounts of ammonia and tars from the producer gas, but requires that the gas be cooled,
and if the final application requires that the gas remain at high temperatures then there is
a cost of reheating the gas. In some cases tars in the form of aerosols are difficult to
remove even at temperatures below the boiling points, and may remain in the vapour
phase and NH3 concentrations my not be low enough to comply with the environmental
regulations [13,14]. Another disadvantage of this method is that the tar is only transferred
from a vapour phase to a condensed phase, decreasing the energy content of the producer
gas and more importantly producing a secondary waste stream that needs to be treated.
By converting the tar to gas products through catalytic cracking, the heating value of the
final gas product can be improved, and the gas does not need to be cooled and reheated
for its final use. In addition, by converting the tar to desired gas components, the

treatment of secondary waste streams is avoided [7].

1.3. NH; and tar decomposition with the use of catalysts

Catalysts can be used to lower the required reaction temperatures and increase the
conversion of tar and ammonia to desirable gas products, and therefore eliminating waste
streams, and increasing the fuel energy wvalue. Catalytic tar cracking and NH;
decomposition can be achieved by passing the raw gas produced from the biomass
gasification process, over a catalyst bed (a fixed or fluidized bed) at elevated
temperatures [15], converting tar to CO and H; or NHj to N; and H,. There are several
types of catalysts that have the potential for cracking tars and decomposing NH;
generated by biomass gasification, and they are classified as primary or secondary
catalysts. Primary catalysts are used within the gasifier to enhance biomass gasification

reactions, and secondary catalysts are used in a separate fixed/fluidized bed reactor



located downstream from the gasifier to reduce these components in the gasification

product gas.

1.4. Activated Carbon

Activated carbons (ACs) have been used extensively as adsorbents or catalytic
supports in environmental remediation applications such as gas purification, separation
processes, and effluent treatment to remove specific impurities. The high surface areas
make it an ideal adsorbent, and their surface properties can be further enhanced through
chemical treatment and made to adsorb specific impurities from gas streams. ACs can be
produced from a variety of carbonaceous materials such as coal, wood, coconut shells, or
peat. The use of an abundant resource such as peat or other low cost forestry/agricultural
wastes would make the AC manufacture more economically feasible for large-sale

industrial applications of ACs such as catalysts or a catalyst support [16, 17].

1.5. Motivation for the present study

There have been several studies on the decomposition of tar and NH; maihly
focusing on Ni, Fe, and Ru based catalysts [7-9]. Activated carbon-based catalysts have
been used mainly for the adsorption of noxious gases and removal of chemical warfare
agents [10]. The research on ammonia and tar decomposition using metal loaded, or
impregnated activated carbon (less expensive) is quite limited. Therefore the objective of
this study is to investigate NH3 and tar decomposition using the Canadian peat-derived
AC-supported metals as the catalysts. Peat was chosen as the AC precursor mainly
because it is present in abundance in Canada, and hence it’s of low cost. In addition,
another less expensive natural mineral resource, Canadian Limonite, abundant in
Northwestern Ontario, was also investigated as a catalyst for the NH; and tar

decomposition studies, in comparison to other limonite samples from Brazil and Australia.



1.6. Objectives

The uvltimate goal of this study was to decompose ammonia and tar into desirable
gas products, using benzene and toluene as model compounds in the studies, using less
expensive catalysts including peat-derived activated carbon-supported metals, and
limonite ores from Canada, Brazil and Australia. The possible reaction mechanisms
governing the catalytic decomposition reactions of ammonia and tar on the surfaces of the

catalysts are also investigated. The specific objectives of this study are:

1. To produce and characterize the activated carbons derived from Canadian peat
and the activated carbon-supported metal catalysts

2. To investigate the effects of the AC-based catalysts on NH; decomposition in an
inert and simulated gas

3. To investigate the effects of Canadian Limonite on NH; decomposition in an inert
and simulated gas

4. To investigate the effects of Limonite from Canada, Brazil and Australia, on tar
decomposition in an inert and simulated gas

5. To characterize the spent catalysts and to determine possible reaction mechanisms

that may govern the NH; and tar decomposition reactions.

1.7. Organization of the Thesis

This thesis is composed of seven chapters.

Chapter 1 — Introduction. It provides a general introduction and a brief literature review
on the related fields of the present research work, describing the research background,

state-of-the-art of the research and objectives of the present work.

Chapter 2 - Literature Review. It provides a detailed literature review on the related

fields of the present research work, i.e, Biomass gasification, catalysts used for hot gas



removal of ammonia and tar, including dolomite, iron-based, nickel and other metal

supported catalysts.

Chapter 3 — Production and Characterization of Activated Carbons form a
Canadian Peat. It provides the methods used in producing the activated carbons and

compares the effects of using different activating agents.

Chapter 4 — Novel Carbon-based Ni/Fe Catalysts Derived from Peat for Hot Gas
Ammonia Decomposition. It provides a method used for producing novel Ni and Fe
loaded activated carbon catalysts and their activity towards ammonia decomposition in

inert atmosphere.

Chapter 5 Hot Gas Decomposition of NH;3 in Simulated Gas over Carbon-based
Ni/Fe Catalysts and Natural Limonite Ores. It provides the results on the performance
of the Ni and Fe loaded activated carbon catalysts, as well as Natural limonite ores in

ammonia decomposition in simulated gas atmospheres.

Chapter 6 — Catalytic Decomposition of Model Tar Compound using Natural
Limonite Ores for Hot Gas Cleanup of Biomass Gasification Gas. It provides the
performance of Brazilian, Canadian and Australian limonite ores in hot gas

decomposition of benzene in simulated gas with and without H,0.

Chapter 7 — Conclusions. It presents the overall conclusions and recommendations for

future work.
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CHAPTER 2

Recent Advances in Catalysts for Hot Gas Removal of Tar and NH;

from Biomass Gasification

Biomass gasification produces a low to medium BTU product gas (or syngas) containing
primarily CO,, H,, CO, CH4 and (C,+C3), as well as some contaminants such as tars, NHs,
H,S and SO,, etc. In order to achieve better efficiencies of the syngas applications, these
contaminants must be removed before the syngas is used for internal combustion, gas
engines, and in particular for fuel cells and methanol synthesis. Compared with the wet
scrubbing technology, hot gas clean-up technology to remove tar, ammonia and other
contaminants at the “hot” state is more advantageous with respect to energy efficiencies.
This paper provides an overview on recent advances in catalysts for hot gas removal of
tar and ammonia from biomass gasification. The review focuses on the recent
development and applications of dolomite catalysts, iron-based catalysts, nickel and other
metal supported catalysts, and the novel carbon based catalysts on hot gas tar removal

and ammonia decomposition.

Keywords: Biomass gasification, Hot gas cleanup, Tar, Ammonia, Catalysts

2.1 Introduction

In biomass gasification, the biomass fuel is partially oxidized/gasified in a
oxidizing atmosphere of air, oxygen and/or steam to form a low to medium-BTU product
gas (also called producer gas or syngas) containing primarily CO,, Hp, CO, CH; and
(C2+Cs), which can be used for heat and electricity generation, or for synthesis of liquid
fuels and methanol [1-5], The overall reaction of biomass gasification may be described
by the following generalized reaction:

Biomass + O, or H,0 - CO+CO, + H,0+ H, + CH, +other HCs (H

-> tar +char + ash



— HCN + NH, + HCl+ H,S + other sulfur gases(SO,,COS,etc.)

Temperature, pressure, residence time, gasifying agent and feedstock, have significant
effects on the compositions and heating values of the resulting gas. For example, in an
air-blown gasification study it was found that increasing the gasification temperature led
to a higher concentration of CO, accompanied with a decreased H; concentration in the
gas product [2]. Gil et al. [6] examined the effects of gasifying agents (air, steam and
mixed steam/oxygen) on the product gas composition and found that when air was used,
the H, to CO mol ratio was close to 1, but the N; content in the product gas was high as
expected. Using steam as the gasifying agent minimized the N, content, and increased the
H, and CO contents, but the tar yield was increased. Different gasifying agents will
favour different intermediate reactions, leading to a variation in the gas composition, and
therefore affecting the calorific value of the gas product. In oxygen- or steam-blown
gasifiers, lower heating values (LHV) of 10-14 MJ/Nm® can be attained for the product
gas, compared with only 4-7 MJ/Nm® in a typical air-blown process [6,7], as shown in

Table 2-1.

Table 2-1: Typical gas composition and yields from gasification of pine wood chips in a

bubbling fluidized bed with different gasifying agents (summarized from Gil et al. [6])

Gas Composition (vol%, db%) Yields
Gasifying
T(C) . Tars  LHV
agent Hz CO C02 CH4 Can N2 Hzo 3
(gkg) (MI/Nm’)
Air 780-830 5-16 10-22  9-19 2-6 0-3  42-62 1134  4-62 4-8
Steam 750-780 38-56 17-32  13-17 7-12 2 0 52-60 60-95 12-14
Steam+
o 785-830 14-32 43-52 14-36 6-8 34 0 38-61  2-46 10-14
2

2 On a dry basis; ° Moisture content in the producer gas.

Biomass gasification also produces some contaminants in the product gas, such as
tars, NHs, H,S and SO,, etc. [1-5]. These contaminants must be removed before the
syngas is used for internal combustion, gas engines, and in particular for fuel cells and

methanol synthesis, in order to achieve better efficiencies of the syngas applications. Tar,
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representing all organics with a molecular weight greater than that of benzene [8], is
highly undesirable because of the detrimental problems associated with condensation of
tar in the process equipment, pipe lines as well as in end use applications such as engines
and turbines. The allowable limits for tar in the producer gas depend on the process and
end use applications. Milne and Evans [9] reported tar tolerance limits for various end use
devices: for example, less than 50-500 mg/ Nm’, 50-100 mg/Nm® and 5 mg/Nm® is
recommended for compressors, internal combustion systems, and direct-fired industrial
gas turbines, respectively. For methanol synthesis, the contents of tar and ammonia are
required to be <0.1 mg/Nm’, and <10 ppm, respectively [2. 4, 5]. The content of NH; in
the product gas, typically of 1000-5000 ppm [10], is dependant on the type of biomass
used, as well as the gasifier parameters and operating conditions. Most of the nitrogen
that is contained within biomass ends up mainly as NHz, N, and some HCN, HNCO, and
NOx [11-17]. As much as 60-80% of the nitrogen in biomass would convert to NH3
during the gasification process [18], and as much as 50-90% of the NHz would form NO
in gas turbines when the gas is combusted to produce power [19]. A large number of
studies were reported on the formation of tar and ammonia during gasification. It has
been generally shown that increasing the air to fuel ratio decreased the ammonia and tar
in the product gas [6, 20, 21], a high temperature decreased the formation of tar but a
longer residence time could increase ammonia formation [22, 23].

The tar, ammonia and other contaminants in the product gas can be cleaned by
wet scrubbing technologies, widely adopted in the existing biomass gasification processes.
Compared with the wet scrubbing technology, hot gas clean-up technology, employing
catalysts to remove these contaminants at the “hot” state, is more advantageous with
respect to energy efficiencies as it eliminates the need for cooling the product gas and re-
heating again for the syngas applications (internal combustion, gas engines, fuel cells and
methanol synthesis, etc.). The light hydrocarbons and tars formed during the gasification
process could be removed through steam/dry reforming or cracking/hydro-cracking

reactions as shown below [24]:

Steam reforming: C,H, +nH,0 <> nCO+(n+ —rg—)H2 (2)
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Dry reforming: C.H, +nCO, <>2nCO+ (%)H2 3)

Cracking: C H_ < nC+ (%)H2 4)

4n

2"”)H2 < nCH, (5)

Hydro-cracking: C,H, +(

Without the use of catalyst, steam reforming of tars occurs appreciably at >900°C
(due to the endothermic nature of these reactions and a high activation energy >250-350
kJ/mol). Steam and dry reforming reactions with the use catalysts have shown to be a
promising way to remove the tar components from the gasification gas at a lower
temperature [25]. Dolomite and VIII metals such as Ni, Fe, Co, etc. were the most
common catalysts for the tar removing reactions [26]. For instance, the use of dolomite
and NiMo/Al,03 could significantly reduce the activation energy of the steam reforming
reaction of toluene to 123 kJ/mol and 56 kJ/mol, respectively, at 650-850°C [27]. The
decomposition of benzene at 900°C through steam reforming without catalyst led to only
2% conversion, while the addition of a dolomite catalyst increased the conversion
significantly, reaching 40% at 950°C and 80% at 1000°C [28]. In addition, dolomite
catalysts were found to be active for tar cracking.

The ammonia in the producer gas can be reduced by hot gas cleanup either
through catalytic decomposition or selective oxidation, as shown in the following
reactions (eqs. 6 and 7) [29]. For some applications such as hydrogen fuel cells, complete
decomposition of ammonia into H, and N, is desirable. In catalytic decomposition of
ammonia, dehydrogenation occurs forming some reaction intermediate or N and H on the
surface of a catalyst, which subsequently form N, and H, through surface reaction on the
catalyst. Other gas components (CO, CO,, Hy, etc.) present in the bio-syngas may have a
negative effect on the decomposition of ammonia, as they would compete for the

adsorption and reactive sites on the catalyst, and they could also react with NHj to form

HCN [29].

2NH, =»3H, +N, 6)
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4NH, +30, > 2N, +6H,0 (7
The ammonia decomposition reaction (to form N, and Hj) over iron-based catalyst was

found to be first-order with respect to the partial pressure of ammonia whose rate

expression was shown as follows [30]:

r= ko exp(Ea/R/T)pNHg (8)

where E, is the activation energy of ammonia decomposition. The value of E, was found
to be 96 kJ/mol for the Fe-catalyst with potassium as a promoter, and 87 kJ/mol for the
catalyst without potassium. Chellappa et al. [31] investigated ammonia decomposition
using Ni-Pt/Al,Os catalyst, and the reaction proved to be first order reaction too, with the
activation energy of about 200 kJ/mol.

From the above discussion, it is clear that development of effective and stable
catalysts are extremely critical for the development of viable hot gas cleanup
technologies. This is because the reactions for steam/dry reforming or cracking/hydro-
cracking of tars and ammonia decomposition are highly endothermic and require high
activation energies in the absence of a suitable catalyst. As such, this review focuses on
the recent development and applications of catalysts for hot gas removal of tar and

ammonia from biomass gasification.

2.2 Catalysts for Hot Gas Tar Removal

The biomass-derived tars consist of a wide range of condensable hydrocarbon and
oxygen containing hydrocarbons compounds, which are mostly aromatics and complex
poly-aromatic hydrocarbons (PAHs) [24]. The complex composition of biomass tars
makes it difficult to understand the reaction mechanisms. Therefore, most studies used
model tar compounds such as benzene, toluene, phenol, and naphthalene in the research.
The properties of these model compounds are shown in Table 2. It was observed that in
the fluidized-bed air-blown gasification of peat, the major component is benzene,
representing 50-75% of the total tar, followed by toluene and naphthalene [32].

Naphthalene is a popular model tar compound for most research on tar decomposition,
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since it is likely the most stable and difficult to decompose among all the compounds in

the biomass-derived tars.

Table 2-2 Characteristics of the common model tar compounds [9, 27]

Compound  Characteristics

Benzene A stable aromatic structure in tars formed with high-temperature
processes
Toluene A stable aromatic structure apparent in tars formed with high-temperature

processes. With toluene, catalyst deactivation due to charring can be less
severe and the hydrocarbon conversion‘to gases is much higher in
comparison with real tar.
Phenol The major tar compound from process at temperatures lower than 800°C.
Naphthalene The major single compound in tars. The thermal reactivity follows the

order of toluene > naphthalene > benzene.

There has been extensive research on catalysts that have the potential for
decomposing tars generated in biomass gasification. Alkali metal catalysts have been
studied as primary catalysts to enhance the gasification reactions in the gasifier, but have
been found to be less active for carbon conversion and hard to recover. Materials such as
dolomite, calcium-magnesium carbonates and Ni-based catalysts have been used widely

as the secondary catalysts to minimize tar in gasification product gas [33].

2.2.1 Dolomite Catalysts

Several studies using calcined dolomites (MgO-CaQ), formed by the
decomposition of dolomite CaMg(COs), at high temperatures from 800 to 900°C, as the
secondary catalysts have shown great success for minimizing tar in the product gas [33].
The increased surface area and oxides contents on the surface make it more active than
the un-calcined dolomite for tar decomposition [34, 35]. Corella et al. [36] studied
calcined dolomites as both primary and secondary catalysts, and they observed that
calcined dolomites can be equally effective as either a primary or secondary catalyst.

Simell et al. [37, 38] studied tar removal using secondary catalysts containing CaO and
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MgO, and found that the catalytic activities were ranked in the following sequence: CaO
> Ca0-MgO > MgO > NiMo/y—-ALO;, suggesting that the presence of CaO in dolomite
might be responsible for its activity in tar conversion. Using calcined dolomites as the
secondary catalysts could increase the H, content and the H,/CO ratio in the product gas
owing to cracking and reforming of the tars [28,39]. Hu et al. [40] compared a calcined
dolomite (by calcination at 900°C) with the un-calcined dolomite as well as a calcined
olivine and the raw olivine (a mineral containing magnesium, iron and silicon) as the
secondary catalysts for apricot stone gasification [40], where it was found that among all
the catalysts tested the calcined dolomite was the most effective catalyst for increasing
the H; content in the gas.

For tar conversion, however, it was demonstrated that the activity of dolomite
increased with increasing Fe,O3 content in the material and its pore diameter [41]. In
another study, powdered dolomite was modified by mixing with Fe,O3; powders to
increase its Fe,Os content, and it was observed that the addition of Fe,O3 powders led to a
slight increase in tar conversion at 850°C [42]. .

Although calcinated dolomite catalysts have shown to be very active for
decomposition of phenols and oxygenated compounds, typically formed in steam
gasifiers, the dolomite catalysts were less effective for removal of PAHs, formed in air-
blown gasification [43, 44]. Another problem with using calcined dolomite is that it can
be easily eroded as it is a soft and fragile material, limiting its use in some types of

reactors such as a fluidized bed reactor [24]. .

2.2.2 Iron-based Catalysts

Olivine is a natural mineral containing magnesium, iron and silicon in the form of
either Fe,SiO4 or Mg,SiOs4. In a study by Kuhn et al [45], olivine catalysts of different
origins were comparatively tested for tar decomposition using naphthalene and toluene as
tar models. With a simulated gas of 400 ppm C;oHg diluted in 16%H;- 8%CO-12% CO, -
16% H,0-4% CH,4 - N, (balance), an Austrian olivine showed the greatest activity of
100% tar conversion at 900°C at GHSV = 1166 h™. Calcination of olivine (at 1600°C)
could deactivate the catalyst: the tar conversion at 800°C with the calcinated Austrian

olivine decreased from 90% to 32%. In another study by Devi et al [24], however, it was
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found that calcined olivine was more active than un-calcined olivine [24]. The
calcinations were carried out at 900°C in the presence of air, and with various lengths of
time ranging from 1 to 10 hours. They found that increasing the calcinations time from 1
h to 10 h increased the activity for naphthalene decomposition from 62% to 81%,
respectively, compared with a naphthalene conversion of only 47% with the un-calcined
olivine. Using the X-ray photoelectron spectroscopy (XPS) technique, it was found that
the content of Fe (III) on the surface of the catalysts increased with increasing
calcinations times. In the study by Hu et al [38], discussed earlier, it was also found that
calcined olivine increased the gas yield from 37% to 47%, and therefore was more active
for tar cracking than the un-calcined olivine. The above contradictory results on the
effects of calcinations observed from different studies might be due to the different
calcinations conditions. For example, the calcination temperature in the study by Kuhn et
al [45] was very high (1600°C), compared with the temperature (900°C) used by Devi et
al [24] and Hu et al [40]. Hence, it might be concluded that a too high temperature for
calcination of olivine is not desirable for tar decomposition.

Limonite is a naturally occurring iron ore with a high iron content that has been
used in tar decomposition studies. Limonite is an attractive alternative to the commercial
Ni catalysts, as it is less expensive and abundant in resource and the spent limonite
catalyst waste can be used directly for iron and steelmaking {46]. In a study by Li et al
[46], Indonesian limonite was used for the decomposition of coal volatiles from a coal
carbonization process. The limonite ore was composed mainly of goethite (FeOOH) with
an iron content of 41.4%. They studied the effects of reduction temperatures on the
catalyst and found that at temperatures above 400°C, FeOOH was reduced to Fe;O4, and
metallic iron was dominant at temperatures above 600°C. For the tar decomposition
experiments, the samples were reduced at temperatures above 650°C to obtain samples
with mainly metallic iron. The tests were carried out in a two stage reactor with
hydropyrolysis of coal occurring in the first stage and the catalyst bed in the second stage
using a 50 vol% H,; gas and a temperature of 750°C. The Indonesian limonite showed a
high conversion of tar resulting in only 0.3 wt% of the carbon remaining in the tar and the
liquid fractions after the catalytic reactor [46]. The effects of the catalyst bed temperature

on the decomposition of coal-derived volatile were also investigated. Without -catalyst
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placed in the second-stage reactor, the yields of CHy and C,-C4 gases increased with
increasing temperature as expected, while in the presence of limonite the yield of CH,4
decreased with increasing temperature, accompanied with an increase in CO yield. This
result might imply that limonite catalyzed the steam reforming reactions in the second-
stage reactor [46]. Matsumura et al. [47] tested a slurry catalyst containing 30 wt% Yandi
Yellow Australian limonite with a Fe content of 57 wt % for the decomposition of
asphaltene from a vacuum residue, compared with a conventional NiO-MoO,/Al,04
(NiMo) catalyst. The asphaltene conversions obtained with the limonite slurry were
slightly higher than with the NiMo catalyst. At a LHSV of 0.5 h'!, the use of the
Australian limonite led to asphaltene conversion of 83% at 460°C, which was higher than
that with the NiMo catalyst being about 77% at the same temperature [47]. In another
study by the same authors, Brazilian limonite, with an iron content of 46 wt%, was
examined for asphaltene decomposition, and its activity was also higher than the NiMo
catalyst, while the activity was lower than that of the Australian limonite [48].

Besides olivine and limonite, other iron containing catalysts that have been
studied for tar reduction include iron oxides (FeO, Fe;Os, Fe3Os, Fey03), ankerite
(CaFe(COs), as a ferrous dolomite), sintered iron ore, and pelletized iron ore. Nordgreen
et al [49] gasified Sweedish birch in a fluidized bed, where pre-reduced hematite (Fe,O3)
was used in a downstream reactor and almost 100% tar decomposition was achieved at
900°C. In contrast, other iron oxides, e.g., FeO, Fe,0q, ana Fe304 had very little catalytic
activity towards tar decomposition. Leppalahti et al [SO] compared the effects of ferrous
dolomite and a sintered iron ore, and found that the sintered iron ore had a very low
activity for tar conversion, although the sintered iron ore had a larger content of Fe (59.2
wt%) than the Fe-dolomite (4.6 wt%). In this study, the Fe-dolomite was calcined at
900°C. A possible reason why the Fe-dolomite showed a higher activity than the sintered
iron ore could be that the dolomite had a higher calcium content of 19.2 wt% compared
with 5.4wt% for the sintered iron ore, while CaO in dolomite was believed to be a highly

active component in tar conversion [37, 38].
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2.2.3 Nickel and Other Metal Supported Catalysts

Nickel-based catalysts, used extensively in the petrochemical industry, have
shown high activities for tar reforming/decomposition in coal and biomass gasification.
When used as the secondary catalysts, the supported nickel catalysts could attain nearly
complete decomposition of both tar and ammonia decomposition [51, 52]. As the primary
catalysts, however, Ni catalysts were less effective for tar conversion due to the severe
coke formation and leading to deactivation of the catalysts [33].

Simell and Bredenberg [53] studied the effectiveness of 11 wt% Ni/Al,O; and
several other catalysts including dolomite, activated alumina, silica-alumina, and silica
carbide for tar decomposition. It was found the Ni/Al;0; almost completely decomposed
the tar and light hydrocarbons at 900°C. Sutton et al. [54] compared several Ni-supported
catalysts, prepared either by wet-impregnation or co-precipitation, for tar reduction from
peat pyrolysis. A variety of supports including Al,O3, ZrO,, TiO,, SiO, were used with a
nickel loading of 5 wt%. For the co-precipitated catalysts, a nickel to aluminium ratio of
approximately 1:6 and 1:3 were used. Among all the wet-impregnated catalysts, the
Ni/TiO, catalyst was the most active catalyst, attaining a tar conversion of 98.1% at
800°C, followed by Ni/ZrO, with a 95.2% conversion. Under the same reaction
conditions, the co-precipitated catalysts were slightly less effective, obtaining about 92 %
tar conversion. In another study by the same authors [55], the supports were tested
without the addition of Ni, and the tar conversion over the supports alone were
significantly lower than with the addition of Ni, for example the TiO, and ZrO, alone
obtained a conversion of only 79.5% and 78.4%, respectively at 800°C [55].

The addition of nickel to dolomite and olivine has been found to significantly
improve the activity towards tar conversion [45, 56, 57]. The olivine alone showed
almost no activity for steam reforming of toluene at 750°C whereas the Ni/olivine had a
toluene conversion of approximately ~85%. In addition, the Ni/olivine showed good
selectivity to Hy, CO, and CO;, [54[. For conversion of naphthalene, the addition of Ni to
calcinated olivine remarkably enhanced the conversion, almost double that of the olivine
alone [24], 58, 59]. The addition of Ni to dolomite drastically increased the tar conversion

at 650°C from 43% to 84% [42].

18



Dou et al. [52] studied tar cracking catalysts including alumina-supported NiMo,
Y-zeolite, Alumina, Lime and Silica, using 1-methylnaphthalene as the tar model
component, and found that the NiMo/Al,O3 (4% NiO, 14.3% M603, 82.7% Al,O;) and
Y-zeolite (34.1% Al 03, 44.5% Si0,, 14.5% CaO, 6.9% Na,0) were the most effective
catalysts, removing almost 100% tar at temperatures above 500°C. The use of the
alumina-supported NiMo catalyst initially led to a high conversion of nearly 100% but it
dropped to less than 80% after 9 hours on-stream, due to catalyst deactivation. Silica
showed much less activity for tar reduction compared to the other catalysts. The long-
term durability of alumina-supported catalysts remains the biggest challenge in

application of this type of catalysts.

2.2.4 Carbon-based Catalysts

Abu El-Rub et al. [60] compared the activity of a biomass char to other catalysts
that are commonly used for tar decomposition, including calcined dolomite (21 wt%
MgO, 30 wt% CaO, 0.2 wt% Fe,03), olivine (50 wt% MgO, 42 wt% SiO,, and 7 wt%
Fe,03), and a nickel catalyst (70 wt% NiO, 12 wt% Al,O3 and 7 wt% SiO;). The biomass
char was produced by\ pyrolysis of pinewood at 500°C. Phenol (8-13 g/Nm®) and
naphthalene (40 or 90 g/Nm?) were used as tar models and the tests were carried out with
the presence of CO;, (6 vol%), H,O (10 vol%) and N, (balance) at 700 and 900°C. At
900°C all the catalysts showed high activities, and phenol was completely converted. At
700°C the Ni catalyst had the highest phenol conversion, and the biomass char was less
active, but still more effective than the olivine. The naphthalene conversion tests were
carried out at a temperature of 900°C. The biomass char achieved nearly complete
conversion of 90g/Nm’ naphthalene, whereas the dolomite obtained only 55 wt%
conversion of 40g/Nm’ naphthalene. Being slightly inferior to the Ni catalyst, the
biomass char was found to be more active for naphthalene conversions than the other
catalysts tested (olivine and dolomite) [60].

AC derived from coconut shells was used in a study by Lu et al. [61] for toluene
decomposition. The AC was used as a support for three copper precursors, i.e., copper
nitrate, copper acetate and copper sulphate, and the effects of Cu loadings and reaction

temperatures were examined. The tests were carried out using 200 ppm toluene in a N,
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gas containing 10% O, and at a space velocity of 40000 h'. The copper nitrate precursor
produced a catalyst with the highest toluene conversion at lower temperatures. The effect
of the Cu loading on the toluene decomposition was investigated using the AC the copper
nitrate and copper acetate precursors at 270°C and a space velocity of 158,720 h™'. The
copper loadings were varied from 1 to 5 wt%. A increase in Cu loadings for the Cu
(nitrate)/AC led to an increase in its activity, approaching to 73% at 5 wt% Cu loading,
but for the Cu (acetate)/AC catalysts, its activity peaked at copper loading of 3%. A
higher loading of Cu on the AC-supported catalysts might cause agglomeration of the
copper particles, leading to large particles on the surface of the AC, therefore decreasing
its activity. In another study using activated carbon derived from coconut shells by
Takaoka et al [62], H,O, and HNO3 were used as an oxidizing agent to modify the AC
for decomposition of pentachlorobenzene. The catalysts were prepared by mixing the AC
with oxidizing agents for either 3 or 24 hours, It was observed that by oxidizing the AC, a
greater number of pores were formed with larger pore diameters. In the tar decomposition
tests, the temperatures varied from 300 to 400°C, and GHSV maintained at 400 k™' for 30
minutes. The HNOs-treated AC samples (for 24 h) had high conversions of
pentachlorobenzene at 98% in air and 86% in N; at 300°C. At 400°C all catalyst samples

including the untreated AC showed 100% conversion of pentachlorobenzene.

2.3 Catalysts for Hot Gas Ammonia Decomposition

The activation energy required for ammonia decomposition is high, and the typical
temperatures in fluidized bed gasifiers, ranging from 800-900°C, is not effective for
ammonia decomposition without the presence of a suitable catalyst [14,32]. A catalyst is
required to reduce and even eliminate ammonia completely from the product gas at a
relatively low temperature, and secondary catalytic processes are most commonly used.
Many of the same catalysts used for tar decomposition, such as dolomite catalysts [28]
have also been used to minimize the ammonia in the syngas by decomposing it into N,
and H,. The most common catalysts used in NH; decomposition studies are metals of Fe

[30, 63], Ni [63, 64-66] and Ru [63, 64, 67,68].
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2.3.1 Dolomite Catalysts

It was found that ammonia could partially decompose on CaO, MgO and on
dolomites at temperatures of about 800°C in inert gas atmospheres, but the presence of
other gas species such as CO, CO,, N, and H; would interfere with the reaction [28]. it
was also found that calcined dolomite was more active than CaO or MgO alone in inert
helium gas, but with the presence of other gases the decomposition of NH; was hindered
[14, 32, 69]. Compared to other catalysts (e.g., ferrous materials and nickel catalysts),
dolomite was less effective for ammonia decomposition. When being used as a primary
catalyst in biomass gasification, dolomite, as well as limestone, actually increased the
ammonia content of the gas product at temperatures below 1000°C. Corella et al. [44]
also observed that the addition of dolomite as a primary catalyst to the gasifier, for the
purpose of tar decomposition, increased the amount of ammonia of the product gas. It
was suggested that this might be because dolomite has a high activity for tar cracking,
thus releasing the tar-bound nitrogen to ammonia. Therefore, although ammonia can
decompose over dolomite, the presence of other competing components, such as tar, will

actually decrease its activity towards ammonia decomposition [44].

2.3.2 Iron-based Catalysts

Very few studies have been done using olivine for the purpose of ammonia
decomposition, as olivine was found to be less active. In contrast, high conversions of
NH;j to N, were achieved using an Australian limonite with a high content of «-FeOOH
in a study by Tsubouchi et al [70]. In a gas stream of NHj; diluted with high purity helium,
almost complete conversion of ammonia (>99%) was obtained at a temperature of 500°C
and a space velocity of 45,000 h! with an Australian limonite. The limonite catalyst was
reduced with H; at 500°C prior to the ammonia decomposition experiments. In a later
study by the same authors [71], the efficiency of the Australian limonite was tested for
ammonia decomposition in an inert gas and a simulated gas typical of an air-blown
gasification process, containing CO, H;, CO,, and H,O. In the presence of fuel gas
(20%CO/10%H,) the ammonia conversion was found to decrease significantly at lower
temperatures, accompanied with a higher conversion to HCN. At higher temperatures

(>750°C), however, there was no deactivation of the limonite by the presence of CO and
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H,. Also, it was found that the addition of 10%CO, or 3% H,O, helped to restore the
ammonia conversion to approximately 90% at 750°C, and by increasing the temperature
further the conversion could approach to 100% [71]. Limonite also showed a higher
activity than other reference Fe oxides (Hematite (- Fe;O3) and magnetite (Fe;0,)) for
ammonia conversion [68].
Leppélahti et al [50], studied several inexpensive catalysts including iron sinter,
iron pellet, ferrous dolomite, dolomite and limestone, and inert silicon carbide and a
commercial nickel catalyst as the reference, for decomposition of ammonia in the gas
product from peat gasification. The research demonstrated that the ferrous materials and
the commercial nickel were more effective than dolomite and limestone for decomposing
ammonia. Ohtsuka et al [72] were able to obtain complete conversion of 2000 ppm NH;
by using Fe and Ca supported on brown coal chars at 650°C at a space velocity of
45,000k, They found that the 2-6 wi% Fe catalysts were actually more effective than
using an 8% Fe catalyst loaded on commercial activated carbon, owing to the high
dispersion of the iron particles on the coal char catalysts. Cycle mechanisms involving
the formation of N-containing intermediate species and the subsequent decomposition to

N were proposed for the Fe and Ca catalysts in NH3 decomposition [72].

2.3.3 Nickel and Other Metal Supported Catalysts

Mojtahedi and Abbasian [73] studied the activity of Ni/Al,Os catalysts with
different nickel loadings of 2, 7.5 and 15 wt% in a gas mixture containing CO, CO,, CHy,
H,, H,0, N; and varying NH;. The ammonia conversion was found to be strongly
dependent on the Ni content of the catalyst, and the largest ammonia conversion was
obtained with the 15 wt% Ni/ALOs. Nassos et al. [74] studied the effect of Ni loading on
various supports with varying space velocities. Ni loadings of 5 and 10 wt% were used on
the supports CegglLag 10,, CegoZ110,, and Al,O3. For the Ni supported on Cegglag 02,
and Ce9Z1910,, they found that the ammonia decomposition efficiency was directly
related to the Ni loading, increasing with increased Ni content. It was also found that the
catalytic activities differed greatly with Ni loadings at lower temperatures of 500-600°C,
while this difference was minimized at higher temperatures. More interestingly, there was

remarkable effect of catalyst support on the catalyst’s activity for ammonia
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decomposition. For instance, the 10 wt% Ni loaded on the Cegglag0;and CegoZry 0,
supports achieved ammonia conversion of 97% and 94%, respectively at 750°C,
compared with only 32% conversion with the Al,Os-supported 10% Ni at the same
temperature. Simell et al. [37] were able to convert 80% of ammonia using a nickel
monolith catalyst (NiMo/y-AL,O3) and completely decompose tar at temperatures greater
than 900°C. In a study by Wang et al [75], nickel catalysts were used to reduce both tar
and ammonia in the product gas from a pilot-scale fluidized-bed gasifier, where 95% of
the ammonia removal was obtained with the Ni catalysts at 874°C at a GHSV of 1200 h™’.
In addition, some commercial Ni-based catalysts, such as G43-A (United Catalyst), 2800
Raney Nickel (Grace Davison), 146 (Johnson Matthey) were tested for pure ammonia
decomposition for the PEM fuel cell applicaiton, and they showed good activities
(ammonia conversions of >80%) at temperature above 600-700°C, but they were less
effective (ammonia conversion <30%) at <600°C [76]. However, a Ni-Pt/Al,O5 catalyst
exhibited a very high activity for pure ammonia decomposition, leading to almost
compete conversion of NHj (97.4%) at 560°C (at 28.44 g cat. h/ g mol NH3) [76].

In the same study by Mojtahedi and Abbasian [73], comparison was made between
Ru/Al,O3 and Ni/Al,O5 catalysts. The Rw/Al,O5 catalyst was demonstrated much more
effective than the Ni catalysts. For example, the Ru/Al,O5 catalyst obtained ammonia
conversions of 95.3%, compared with 90.4% for the Ni catalysts at 850°C. When toluene
was added to the gas feed, the Ni and Ru catalysts were slightly deactivated towards
ammonia decomposition. In another study by Li et al [64], 10 wt% Ru supported on SiO,
was also found to be much more effective than the 10 wt% Ni/SiO, catalyst. In a 50
ml/min flow of pure ammonia at a GHSV of 30000 h'l, the Ru/SiO; catalyst achieved
ammonia conversion of 64%, compared to only 10% conversion with the Ni/SiO,
catalyst. Ru catalysts at a loading of 3-10 wt% supported on Al,O3 [77], Si0,[77], TiO,
[78] and MgO [79] have been widely tested for pure ammonia decompositions for fuel
cell applications, and these Ru catalysts attained 30-40% conversions at a low
temperature (400°C). Moreover, Al,O3 supported Ru or Ru-Ni catalysts (6-9 wt% total
metal loading) have shown to be effective for decomposition of ammonia 1000 ppm in a

simulated coal-derived syngas (10 vol% H,, 28 vol% CO, 54 vol% N», 3.6 vol% CO2 and



3 vol% H,0), leading to ~90% ammonia conversion at 900°C and a GHSV of 20000 h™!
[80].

However, the major problem for these Al,O3-supported Ni or Ru catalysts for hot
gas removal of ammonia or tar is associated with the deactivation by fouling of the
catalyst due to the carbon deposition and by H,S [81,82]. The problem would be serious
for tarry fuel gases from gasification and pyrolysis of coal or biomass solid fuels,
containing contaminants of tar, CO, CH4 and H,S. To prevent the carbon deposition and
hence the catalyst deactivation, effective strategies include introduction of steam in the
product gas so as to gasify the accumulated coke/carbon [83], and using non-alumina
(MgO or Ce0Oy) as catalyst supports or promoters [84]. It was reported that, an
Rh/Ce0,/8i0, catalyst was able to maintain its activity for tar decomposition even in the

presence of a high concentration of H,S (180 ppmv) in the gas stream [85].

2.3.4 Carbon-based Catalysts

Activated carbons (ACs), produced physically and chemically from various
carbonaceous materials, have larger surface areas and higher porosities, which make them
good materials as adsorbents for removal of some specific contaminants from gas/liquid
streams. Commercial ACs have been found to be much less active towards NHj
decomposition compared to other catalysts such as dolomite, olivine, iron-based and Ni-
based catalysts, as well as chars derived from coals [86,87]. In a study by Fortier et al
[88], commercial ACs derived from coconut shells with and without impregnation of
ZnCl, were tested to adsorb a variety of vapours including ammonia, cyclohexane,
nitrogen and water. The research showed that the AC alone had a very low adsorption
capacity for ammonia, 0.0114/- 0.002 mmol NHj/g AC, and the capacity was improved
by impregnation of ZnCl; up to a loading of 3.5 mmol ZnCly/g AC. The low ammonia
adsorption capacity of the commercial AC towards ammonia might be a key factor
responsible for its low activity for hot gas ammonia decomposition. Although AC and
AC supported catalysts are less active for ammonia and tar decomposition than those
supported on other materials such as AlLO;, SiO;, TiO,, MgO, CNTs, etc., further
research into the development of effective AC supported catalysts is worth the effort

because activated carbon materials have high surface areas and relatively low costs. In
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the current thesis, novel less expensive activated carbon-supported (Fe, Ni) catalysts
derived from peat have been developed for hot gas decomposition of ammonia (under
patenting) and are discussed in Chapter 4 of this work. The proprietary AC-supported
catalysts obtained > 90% ammonia conversion at 750°C with 2000 ppm/helium and at a
GHSV of 45000 b™".

In a study by Xu et al [86], pyrolysis chars from low rank coals (brown and sub-
bituminous coals) were tested as catalysts for the conversion of NHj to N». It was found
that the inherently present Fe and Ca minerals in the coal chars were responsible for their
activities towards ammonia decomposition. Studies using simulated gases containing CO,
CO;, and H; were also conducted [86], and the chars initially showed a lower activity for
NH; conversion, but after an induction period on stream, they attained high conversions
(~80% at 750°C) as in the inert atmosphere experiments. In another study by the same
group [87], decomposition of ammonia with Fe and Ca catalysts supported on coal chars
was investigated using 2000 ppm NH; diluted in helium in a fixed bed. The coal-char-
supported Fe and Ca catalysts were found to be very effective for ammonia
decomposition. An iron content of 6 wt% on an Australian brown coal char attained a
conversion of nearly 100% at 750°C and a GHSV of 45000 h™’.

Yin et al. [88,89]‘ demonstrated that the use of carbon nanotubes (CNTs) as a
catalyst support for Ru for ammonia decomposition. The catalytic performance of Ru
catalysts was strongly dependent on support materials: under similar reaction conditions,
NH; conversion decreased in the order of Rw/CNTs > Ru/MgO > Ruw/TiO; = RwW/ALO; =
Ruw/ZrO, > Rw/AC. The excellent catalytic performance of Ru/CNTs was believed to be
related to the high dispersion of Ru on the CNTs. Moreover, Yin et al. {63, 89] proposed
that the conductivity of the support might also be an important factor for catalytic activity.
A conductive support is beneficial for the transfer of electrons from promoter and/or
support to Ru, which would facilitate desorption of surface N atoms to form N,. It was
further demonstrated by Yin et al. [63, 89] that a support of high acidity is unsuitable for
NH; decomposition. Accordingly, CNTs (of high conductivity due to the graphitization
of carbon atoms) combined with a basic support (MgO) may lead to an enhanced

activities for supported Ru catalysts. As a matter of fact, this has been evidenced by
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another study by Yin et al. [90], where the Ru/MgO—-CNTs catalyst with an equal weight
of MgO and CNTs exhibited a catalytic activity higher than that of Ru/MgO or Ru/CNTs.

2.4 Conclusions

(1) Biomass gasification produces a low to medium-BTU product gas (or syngas)
containing primarily CO,, H,, CO, CHy and (C,+C3), as well as some contaminants such
as tars, NH;, H,S and SO,, etc. In order to achieve better efficiencies of the syngas
applications, these contaminants must be removed before the syngas is used for heat and
electricity generation, or in particular for synthesis of liquid fuels and methanol.

(2) The contaminants of tars and ammonia from the gasification processes could
be removed by hot gas clean-up technology through catalytic steam/dry feforming or
catalytic cracking/hydro-cracking reactions of tar, and through catalytic decomposition of
ammonia to form N5 and H,.

(3) Calcined dolomites can be equally effective as either the primary or secondary
catalysts for minimizing tar in the product gas. The presence of CaO in dolomite might be
responsible for its activity in tar conversion. Compared to other catalysts (e.g., ferrous
materials and nickel catalysts), dolomite is less effective for ammonia decomposition.
The major problem with using calcined dolomite is that it is a soft and fragile material,
which would limit its use in some types of reactors such as a fluidized bed reactor.

(4) Fe-based natural mineral catalysts, including olivine (Fe;SiO4 or Mg;SiOy),
limonite (composed mainly of goethite, FeOOH), hematite (Fe,0;), ankerite (as a ferrous
dolomite), are active for tar decomposition. Olivine is less active for ammonia

decomposition, but an Australian limonite with a high content of a-FeOOH was found to

be very effective for ammonia decomposition. Cycle mechanisms involving the formation
of N-containing intermediate Fe species were proposed for the Fe catalysts in NH;
decomposition.

(5) Nickel-based supported catalysts, used extensively in the petrochemical

industry, have shown high activities for tar reforming/decomposition and ammonia
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decomposition in coal and biomass gasification. When used as the secondary catalysts,
the supported nickel catalysts could attain nearly complete decomposition of both tar and
ammonia at > 800°C. The addition of nickel to dolomite and olivine could significantly
improve the activity towards tar conversion. The Al;O3 or SiO,-supported Ru catalyst
was showed to be much more effective than the Ni catalysts. However, the major
problem for these Al,O3-supported Ni or Ru catalysts for hot gas removal of ammonia or
tar is associated with the deactivation by fouling of the catalyst due to the carbon
deposition or by H,S. The strategies to prevent the carbon deposition and hence the
catalyst deactivation include introduction of steam in the product gas so as to gasify the
accumulated coke/carbon, and using non-alumina (MgO or CeQ,) catalyst supports or
promoters.

(7) Commercial Activated carbons (ACs) have been found to be much less active
towards NHj; decomposition compared to other catalysts such as dolomite, olivine, iron-
based and Ni-based catalysts, as well as chars derived from coals. Pyrolysis chars of low
rank coals (brown and sub-bituminous coals) and coal-char-supported Fe and Ca catalysts
showed high activities towards ammonia decomposition. More noticeably, carbon
nanotubes supported Ru catalysts exhibited excellent catalytic performance in ammonia
decomposition, owing to the high dispersion of metal particles on the support and the

conductivity of the support itself.
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CHAPTER 3

Production and Characterization of Activated Carbons from a Canadian Peat

ABSTRACT

In this study, activated carbons (ACs) with surface areas of 675-888 m*/g and total pore
volumes of 0.36-0.51 cm®/g were produced from a Canadian peat by chemical activation using
either H;PO4 or ZnCl, as the activation agent, followed by carbonization at a relatively low
carbonization temperature (450°C). ZnCl, was found to be an effective activation agent for
developing microporous structures in the ACs, leading to greater surface areas, while H;POy, is
highly active in developing the mesopores, leading to much higher mesopore volumes and
average pore sizes. The effects of intrinsic minerals in the precursor were examined by
demineralization of the peat with HCl washing before the activation and carbonization. The
demineralization of the precursor greatly promoted the development of micropores during the
activation process, leading to markedly improved the surface areas of the resulting ACs
irrespective as to which activation agent was used, and the AC derived from the demineralised
peat activated by ZnCl, attained the highest BET surface area of 888 m%/g. The demineralization
of the precursor could also significantly improve the mesoporous structure of the ZnCl,-activated
ACs.

Keywords: Activated Carbon, Peat, H;:POy Activation, ZnCl, activation, Demineralization.
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3.1. Introduction

Activated Carbons (ACs) have been widely used as adsorbents or catalytic supports
because of their high surface areas (ranging from 250-3000 m*/g) and porosity (as high as 0.6
cm’/g), pore distribution and several oxygenated surface functional groups which provide a
means of adsorption [1, 2]. Activated carbon is a non-graphitic, microcrystalline form of carbon.
Its structure is more disordered than that of graphite, and contains crystallites only a few layers
thick and less than 10 nm wide [3]. ACs have pore structures ranging from micropores (< 2nm),
to mesopores (2-50 nm) and to macropores (> 50nm), as illustrated in Figure 1. Depending on
the types of application, there are different requirements on the pore structures of ACs. For
liquid-phase applications higher pore volume in the macropore range is required for disusing
liquids into the mesopore and micropore regions, whereas in gas-phase applications, a higher

pore volume in the meso- and micro-pore region is more desirable [5].

Macropore Region
>350 Angstrom

Mesopore Region
20-50 Angtrom

b Micropore Region
E  0-20 Angstrom

Figure 3-1 Textural structure of activated carbon [4]

Activated carbons can be produced through physical or chemical activation from any
carbonaceous material such as wood, coal, lignite and peat [6]. In physical activation processes,

the precursor is carbonized at high temperatures (>800°C) followed by activation with steam or
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carbon dioxide. Compared with chemical activation methods, normally the physical methods are
inferior with respects to carbon yields and surface areas of the final products. In chemical
activation the precursor is soaked in a chemical agent such as H,SO,, ZnCl,, KOH, or H3P0, [7]
and carbonized at relatively low temperatures (<800°C). The use of potassium (K) during
chemical activation has been found to increase microporosity as well as surface area, and
calcium (Ca) has been found to promote development of mesopores [8,9].

Different methods used for activation can result in different surface characteristics such
as the BET surface area, porosity, number of active sites, and functional groups. For example, in
the study by Macia-Agullo et al. [10], coal tar pitch was activated both physically and chemically
to compare the effects of the activation methods on the surface characteristics. Physical
activation was carried out at temperatures ranging from 820-900°C, with a CO, gas flow of
100ml/min and activation times ranging from 2.5 to 26 hours. The chemical activations were
carried out using varying ratios of either KOH or NaOH at 750°C, followed by washing with SM
HCl and drying in air. It was found that the coal char chemically activated with NaOH at in a
NaOH-to-char ratio of 8:1 (w/w), produced the greatest BET surface area of 3033 m%g. The
physically activated coal char also attained a large BET surface area of 2487m?/g at 890°C and
an activation time of 22.5 hrs, but had the lowest yield of only 6%. The samples prepared by
physical activation had wider pore size distributions.

Girgis et al. [7] used both physical and chemical activation methods to activate peanut
hulls. As a physical activation method, pyrolysis for 2 hours at 600°C generated an AC with a
surface area of 253m%g. In the chemical activation methods, the peanut hulls were impregnated
with one of the following chemicals, 50% ZnCl,, 1:1 KOH and 85% or 41% H;PO, and with
varying ratios [7]. The sample prepared with 85wt% H3PO,4 with an acid/precursor ratio of 1, and
heat treated for 3 hours at 500°C resulted in the highest BET surface area (1177 m*/g) at a yield
of about 22%. This study found that samples impregnated with KOH was not effective for
activating the peanut hulls under the test conditions, although it was successful in the study by
Macia-Agullo et al. [10], this may be due to the KOH clogging the pores.

Metal compounds such as KOH are used for activation of coal precursors or chars, while
H3PO4 and ZnCl, are widely used for the activation of lignocellulosic materials such as in the
studies discussed above [7, 10]. When compared to ZnCl,, phosphoric acid is a more preferred
activation agent due to the environmental disadvantage associated with zinc chloride. In addition,

the ACs produced using ZnCl, are not accepted in pharmaceutical and food industries as it may
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contaminate the product. Phosphoric acid activation has been widely applied on a wide variety of
cellulosic precursors such as peanut hull [7], coconut shell [11, 12], sugar cane bagasse [13], and
wood sawdust [14]. The H3PO, activation processes can be either as single-stage or two-stage
activation process carried out either in an inert or oxidizing atmosphere.

Peat is accumulation of partially decayed vegetation matter formed in wetlands. Over the
past 50 years, the use of peat fuel in industry and for large-scale power generation has been very
common in Europe, in particular in Finland, Ireland, Russia, Belarus and Sweden [15, 16]. Peat
can also be used as a raw material for the production bio-oil and bio-char [15]. Peatlands cover
an estimated 400 million hectares (about 3%) of the Earth’s land surface and Canada contains
some 40% of the world’s peatlands — about 170 million hectares [16]. Therefore, peat can be an
immense resource for the production of both fuel and carbon materials. The main objectives of
this study is to produce and characterize inexpensive activated carbons from Canadian peat by
chemical activation using phosphoric acid and ZnCl,, and to examine the effects of
demineralization of the raw peat by HCI pretreatment on the product characteristics (surface

areas and pore structures).

3.2. Experimental Materials and Methods

3.2.1 Peat

The peat sample used was obtained from an Eastern Canadian company, Peat Resources
Ltd. Prior to use, the peat was dried for 24 hrs at 105°C, and then ground with a Wiley mill and
screened to particles smaller than 40 mesh (~0.4 mm). Elemental analysis of the raw peat was
carried out using a CEC (SCP) 240-XA Elemental Analyzer. The proximate analysis results were
determined by thermogravimetric analyzer (TGA). The analysis results of the raw material of

peat are given in Table 3-1.
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Table 3-1 Proximate and ultimate analyses of the peat sample.

Proximate analysis, Ultimate analysis,
Wwt% (d.b.1Y) wt% (d.a.f.?)
vM®  FC®  Ash C H N s oY
65.6 29.0 5.4 547 55 21 02 321

"Ona dry basis; ‘Ona dry-and-ash-free basis; *volatile matter; *fixed carbon content; ° By difference

3.2.2 Production of Activated Carbons using H;PO, or ZnCl,

The activated carbon was prepared by a chemical activation method using either H3POy,
or ZnCl, and the overall synthesis process is shown in Figure 3-2. The AC samples were
prepared by mixing 40 grams of the dried raw peat powder with 100 ml of 60wt% H3POy or
60wt% ZnCl,. The mixture was stirred thoroughly to form uniform slurry, and allowed to soak
overnight at room temperature. The sample was then thermally treated in a muffle furnace pre-set
at 200°C for 15 min in air, followed by carbonization at 450°C for 45 min in air. After the sample
was cooled down to room temperature, it was washed with distilled water repeatedly until a
neutral pH was obtained. The washed sample was dried ovefnight at 105°C in air before being
crushed and sieved into particles sized of 300-850 um The yields of the resulting ACs,
determined in terms of the weights, were 55-60% and 60-62% for the H3PO4 and ZnCl, process,
respectively. The obtained AC samples are designated H3PO4 AC-raw or ZnCl, AC-raw in this
study.
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Figure 3-2 Process flow diagram of production of activated carbon from peat.

In order to determine the effects of ash and intrinsic minerals, the peat was de-
mineralized with HCl pre-treatment before the activation and carbonization. The peat powder
was demineralized by adding 400 ml of 18% hydrochloric acid (HCl) solution to 40 grams of
dried peat. This was then treated under a magnetic stirrer for 16 hours at 60°C in a water bath.
After treatment with HCI, the peat slurry was cooled down to room temperature, filtrated and
washed with distilled water repeatedly until a neutral pH was obtained. The demineralized peat
sample was subject to analysis of ash content and mineral compositions. The results are
comparatively given in Table 3-2. The demineralized peat was then used to produce activated
carbon chemically activated with H3PO4 or ZnCl; using the same method as described in the
previous section. The yields of the resulting ACs were determined at about 64% for both
processes employing either H3POy4 or ZnCl,. To distinguish the obtained ACs from those derived
from raw peat, the prepared ACs are denoted as H3PO4 AC-dem or ZnCl, AC-dem, wherein the

“dem” designates the “demineralized peat”.
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Table 3-2 Ash content and concentrations of major inorganic elements in the precursor for AC

synthesis
Precursor Ash Major inorganic elements, (wt%, d.b.)"*
(wt%,db) Na K Mg Ca P Fe S Al Si
Raw peat 5.4 0.1 0.4 23 156 1.0 11.1 1.1 46 1.0
De-mineralized peat 4.4 0.01 0.01 >001 0.02 nd  0.03 0.1 0.05 0.06

"Ona dry basis; “Determined by ICP-AES

3.2.3 Characterization of ACs

The obtained AC samples were analyzed by N2 isothermal adsorption (77K) for its surface
area and textural structures. N; isothermal adsorption (77 K) was conducted with a bench-top
high speed gas sorption analyzer “NOVA 1200e/TO”, manufactured by Quantachrome
Instruments, USA. The Brunauver-Emmett-Teller (BET) equation was used to determine the
surface area of the samples and the Barrett, Joyner and Halenda (BJH) method for evaluating the
nitrogen adsorption isotherms was used to determine the area and volumes of the pores as well as
their distributions. Prior to N, adsorption, the solids were outgassed for 2 hours at 200°C to

ensure the removal of any gases present on the surface of the solids.

3.3. Results and Discussion

3.3.1 Adsorption-Desorption Isotherms

Figure 3-3 shows the N, adsorption/desorption isotherms of the H3PO4 AC-raw and

H3PO4 AC-dem. It can be easily seen that the AC derived from demineralized sample shows a
slightly higher N, adsorption capacity than that from raw peat sample, suggesting greater surface
area and porosity in the H;POs AC-dem sample. Both ACs shows isotherm curves similar to a
type between types I and II (as well as IV), indicating the presence of both micropores and
mesopores [17]. Both isotherms also show a hysteresis loop between types of H; and Hs,
indicative of slit-shaped pores and also microporosity [18]. Both samples show a high increasing
slope at higher pressures (P/Pg) suggesting a wide distribution of pore sizes and higher

mesoporosity and macroporosity [19].
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Figure 3-3 N, adsorption/desorption isotherms of H;PO4 AC-raw and H3PO4 AC-dem samples, the

solid and hollow squares represented by adsorption and desorption respectively

Figure 3-4 presents the N, adsorption/desorption isotherms of ZnCl, AC-raw and ZnCl,
AC-dem samples. Different from Figure 3-3 discussed above for the H3PO4 ACs, this figure

clearly shows that the isotherms for the ZnCl, ACs derived either from raw or demineralised peat
are typical of type II isotherm and H4 hysteresis loop. This suggests that the ZnCl, ACs are
typical of microporous materials. Similarly as observed for the H3PO4 ACs (Figure 3-3), the AC
derived from the demineralized peat had a greater N, adsorption capacity, suggesting an

increased surface area and porosity.
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Figure 3-4 N, adsorption/desorption isotherms of ZnCl, AC-raw and ZnCl, AC-dem samples

3.3.2 Surface Areas and Textural Properties

The Multi-point BET surface areas, BJH desorption surface areas, the total pore (less than
163.33 nm) volumes, BJH desorption pore volumes, and average pore diameters for all the ACs
prepared using either H3PO,4 or ZnCl, as the activation agent are presented in Table 3-3. It is
clearly seen that, ZnCl, is more effective than H3POy to produce ACs with a higher BET surface
area for both the raw and demineralized peat precursors. For example, ZnCl,-AC-raw has a BET
surface area of 703 m%/g comparéd with 675 m*/g for the HyPO4-AC-raw. Whereas, there was an
opposite trend observed for total pore volume. The use of ZnCl, resulted in ACs with a lower
total pore volume compared with that of H3PO4. As shown in the table, the total volume is 0.36
cm*/g and 0.50 cm’/g for the ZnCl-AC-raw and H3PO4-AC-raw, respectively. The above
mentioned difference in the trends between BET surface area and total pore volume may be
explained by the different performance of these two activation agents in developing the pore
structures in the ACs. As shown in the table, the BJH desorption surface areas (mainly for

mesopore area) and the BJH desorption mesopore volumes and the average pore diameters are all
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larger in the H3PO4 AC samples than those in the ZnCl, AC samples, irrespective as to whether
the peat precursor was demineralized or not. The performance of H;PO, and ZnCl, in developing
the pore structures in the ACs can be more clearly shown in Figures 3-5, and 3-6, illustrating the
BJH desorption pore size distributions of H3PO4 ACs and ZnCl, ACs, respectively. Figure 3-5
shows that both H3PO4 ACs from raw or demineralized peat have a major peak in the mesopore
range, (3.6 and 4.4 nm), while the ZnCl, ACs (from Figure 3-6) show very strong adsorption in
the micropore range (<2 nm) and much weaker peaks in the mesopore range (3-4 nm). As such,
it can thus be concluded that ZnCl, is an effective activation agent for developing microporous
structures in the ACs, leading to greater surface areas, while H;PO, is highly active in
developing the mesopores, leading to much higher average pore diameters, as clearly shown in
Table 3-3. The H3PO4 ACs with improved mesopore structures would make them excellent
catalyst supports for some reactions such as hydroprocessing of tar/heavy residues/asphaltene, as
the mesopores in catalyst supports play crucial roles in the activity and in restricting the
carbon/coke deposition [20-22]

The effects of demineralization of the peat precursor on surface areas and textural
properties of the resulting ACs are also shown in Table 3-3 and Figures 3-5 and 3-6. Similar as
the observations from the isotherms shown in Figures 3-3 and 3-4, the analytical data in Table 3-
3 indicate that the demineralization resulted in significant increases in BET surface areas and
porosity of the ACs, irrespective of the activation agent. Specifically, the BET surface area
increased from 675 m?%/ g for the H;PO4 AC-raw to 768 m%/ g for the H;PO4 AC-dem. When ZnCl,
was used as the activation agent, the demineralization yielded a marked increase (185 m?/g) in
BET surface area for the resulting ACs. As shown in Table 3-3, the ZnCl, AC-dem attained the
highest BET surface area of 888 m?%/g. The demineralization also resulted in increased total pore
volumes of the resulting ACs, in particular when the ZnCl, was used as the activation agent, e.g.,
ZnCl, AC-dem had a total pore volume of 0.48 cm®/g, compared with 0.36 cm®/g for the ZnCl,
AC-raw. From Figures 3-5, and 3-6, it can be seen that the demineralization could greatly
enhance the development of the micropores in the ACs, regardless which activation agent was
used. The effects of demineralization in promoting micropore formation were more evident when
ZnCl, was used in the activation process, leading to remarkably increases in BET surface areas
and the micropore volumes in the ZnCl; AC-dem samples. With the ZnCl,, the demineralization
also caused significantly improved mesoporous structure (as shown in Figure 3-6), and a great

increase in the BJH desorption pore (mesopore) volume, doubling from 0.13 cm’/g in ZnCl, AC-
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raw to 0.24 cm’/g in ZnCl, AC-dem. Therefore, it is clear that demineralization of the precursor
before the chemical activation could greatly promote the development of the micropores in the
resulting ACs, and it could significantly improve the mesoporous structure when ZnCl, was used
as the activation agent. The above results may be explained by the improved accessibility of the
demineralized precursor to the activation agent (H;PO4 or ZnCl,) due to the removal of some

intrinsic metals (minerals) in the precursor.
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Figure 3-5, BJH desorption pore size distribution of the H;PO4 ACs derived from raw and
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Figure 3-6, BJH desorption pore size distribution of the ZnCl, ACs derived from raw and

demineralised peat
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3.4. Conclusions

(1) Activated carbons (ACs) with surface areas of 675-888 m2/g and total pore volumes
of 0.36-0.51 cm3/g were produced from a Canadian peat by chemical activation using either
H3POq40r ZnCl; as the activation agent, followed by carbonization at 450°C.

(2) ZnCl, proved to be very effective for developing microporous structures in the ACs,
leading to greater surface areas, while H3PO, is highly active in developing the mesopores,
leading to much higher mesopore volumes and average pore size.

(3) Demineralization of the peat precursor before the chemical activation greatly
improved the surface area and pore structure of the resulting ACs. The demineralization greatly
promoted the development of the micropores during the activation process irrespective of which
activation agent was used, and it could also significantly improve the mesoporous structure when
ZnCl, was used.

(4) The AC derived from the demineralised peat activated by ZnCl, attained the highest
BET surface area of 888 m?%/g.
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CHAPTER 4

Novel Carbon-based Ni/Fe Catalysts Derived from Peat for Hot Gas Ammonia

Decomposition

ABSTRACT

Two novel carbon-based Ni/Fe catalysts were developed and tested for catalytic
decomposition of ammonia into N3 and Hy. These catalysts were prepared using a meso-porous
activated carbon (AC) support derived from a Canadian peat by H3PO, activation. The newly
developed catalysts proved to be highly active for ammonia decomposition. The conversion of
2000 ppm NHj diluted in helium over the Fe catalyst reached as high as 90% at 750°C and at the
space velocity of 45000 h, compared with only about 15% with the activated carbon alone
without metal loading. In addition, the new Fe/Ni catalysts showed superior performance with
respect to their resistance to catalyst deactivation. Both catalysts remained active as the reaction
time Increased up to 10 hours without showing a sign of deactivation. Fresh and spent catalysts
were characterized by XRD, XPS and TPD. A cycle mechanism, involving both metal
phosphides and metal nitrides, was proposed for the NH; decomposition reactions over these

new Fe/Ni catalysts.

Keywords: Ammonia decomposition, Mesoporous carbon, Peat, Ni/AC, Fe/AC, Metal
phosphides, Metal nitrides.
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4.1 Introduction

Biomass gasification produces a low to medium BTU (5-14 MI/Nm?) product gas (or
syngas) containing primarily CO,, H,, CO, CHj and (C,+C3), as well as some contaminants such
as tars, NHj, H,S and SO,, etc. In order to achieve better efficiencies of the syngas applications,
these contaminants must be removed before the syngas is used for internal combustion, gas
engines, and in particular for fuel cells and methanol synthesis. The content of NH; in the
product gas, typically of 1000-5000 ppm [1], is dependant on the type of biomass used, as well
as the gasifier parameters and operating conditions. As much as 50-90% of the NH; would form
NO in gas turbines when the gas is combusted to produce power [2]

The ammonia in the producer gas can be efficiently reduced by hot gas catalytic
decomposition. For ammonia decomposition, the most common catalysts tested include metals or
alloys of Ni [3-6], Fe [5,7], Pt [5], Ru [3, 5, 8, 9], Pd and Rh [5], Ni-Pt [10] and Ni-Ru [11].
Most of the catalyst metals were supported on solid acids such as ALO; and SiO,. Choudhéry
and coworkers [12] found that the catalytic activity of NH; decomposition decreased in the order
of Ru > Ir > Ni when pure NH; was employed as the reactant. Yin et al. [5] conducted a
systematic investigation on the effects of carbon-nano-tubes (CNTs)-supported metals (Ru, Rh,
Pt, Pd, Ni, Fe) on the reaction, and found that, under the same reaction conditions, the NH;
conversion over Ru was much higher than those over the other metals, and the reaction rates in
terms of turn-over frequencies (TOF) decreased in the order of Rﬁ >Rh=Ni>Pt=Pd>Fe. It
has been widely accepted that the roles of the meta) catalysts in ammonia decomposition involve
formation and decomposition of active metal-nitrogen compounds, i.e., metal nitrides, while
these active nitrides can be deactivated by the presence of a small amount of O, or H,O due to
the competing adsorption and the formation of some less effective oxidized species [13,14]. It
should however be noted that noble metals of Ru, Ir, and Rh are very expensive compared with
Fe and Ni-based catalysts. As far as the cost is concerned, Ni and Fe metals could be an attractive
alternative.

A good support for catalysts can not only enhance the dispersion and surface area of the
active components, but greatly affect the activities of the catalysts. For instance, the Al,Os-
supported Ru or Ir catalysts showed lower activities for ammonia decomposition than those
supported on SiO,, and the activity of Ni/HZSM-5 was much lower than that of Ni/SiO, [12].
Yin et al. [5, 15] demonstrated that the catalytic performance of Ru catalyst was strongly

dependent on support materials: under similar reaction conditions, NH; conversion decreased in
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the order of Ru/CNTs > RwMgO > Rw/TiO2 = Rw/AI203 = Rw/ZrO2 > RW/AC. The excellent
catalytic performance of Ru/CNTs was believed to be related to the high dispersion of Ru on the
CNTs. Moreover, it was proposed that the conductivity of the support might also be an important
factor for catalytic activity. A conductive support is beneficial for the transfer of electrons from
promoter and/or support to Ru, which would facilitate desorption of surface N atoms to form N.
It was further demonstrated by the same authors [5,15] that a support of high acidity is unsuitable
for NH; decomposition. Accordingly, CNTs (of high conductivity due to the graphitization of
carbon atoms) combined with a basic support (MgQO) may lead to enhanced activities for
supported Ru catalysts, as evidenced by another study by Yin et al. [16].

Compared with the abovementioned expensive Ru catalysts, less expensive and readily
available carbon-based catalysts are of interest. Xu et al. [17] reported the use of pyrolysis chars
of low rank coals as catalysts for ammonia decomposition, being more active than a commercial
activated carbon. Ohtsuka et al. [18] investigated the decomposition of NH; with Fe catalysts
supported on brown coal chars. The catalyst was prepared by pyrolyzing a brown coal with Fe
ion added. In the decomposition of 2000 ppm NHj diluted with helium at 750°C and at a space
velocity of 45,000 h', the coal-char supported 6 wt% Fe catalyst led to about 95% ammonia
conversion, compared with less than 30% conversion for the 8 wt% Fe catalyst loaded on a
commercial activated carbon (AC). Although AC and AC supported catalysts were found to be
much less active for ammonia decomposition than those supported on other materials such as
CNTs, MgO, TiO,, Al,03, SiO,, coal char, etc. [1, 17, 18], it is worth to develop effective AC
supported catalysts for NH; decomposition by properly designing its chemical and textural
structures and properties. This is mainly because activated carbon materials have high surface
areas and relatively low costs. Chemical and textural structures and properties of the activated
carbon materials could be altered by the activation process (activation reagent and conditions)
and the precursor materials (coal, biomass or peat).

Peat 1s the accumulation of partially decayed vegetation matter formed in wetlands. Over
the past 50 years, the use of peat fuel in industry and for large-scale power generation has been
very common in Europe, in particular in Finland, Ireland, Russia, Belarus and Sweden [19, 20].
Peat can also be used as a raw material for the production bio-o0il and bio-char [19]. Peatlands
cover an estimated 400 million hectares (about 3%) of the Earth’s land surface and Canada
contains some 40% of the world’s peatlands — about 170 million hectares [20]. Therefore, peat

can be an immense resource for the production of both fuel and carbon materials.
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The main objective of this study is to prepare and test novel, less expensive carbon-based
catalysts (Fe, Ni) derived from a Canadian peat for catalytic decomposition of ammonia diluted
in inert atmosphere (helium). Fresh and spent catalysts were thoroughly characterized by XRD,
XPS and TPD, in order to investigate possible catalytic mechanisms governing the ammonia

decomposition reactions over the new carbon-based catalysts.

4.2 Experimental Materials, Apparatus and Methods
4.2.1 Peat

The peat sample used as the activated carbon precursor was obtained from Eastern Canada.
Prior to use, the peat was dried for 24 hrs at 105°C, and then ground with a Wiley mill and
screened to particles smaller than 40 mesh (~0.4 mm). The proximate and ultimate analyses, as

well as the compositions of inorganic maters in the raw peat sample are given in Table 4-1.

.Table 4-1 Proximate and ultimate analyses of the peat sample and concentrations of major inorganic elements

in the raw peat.

Proximate analysis, Ultimate analysis,
wt% (d.b.) wt% (d.a.f?)
VM FC Ash C H N R
65.6 29.0 5.4 547 55 2.1 02 321

Major inorganic elements, wt% (d.b.)®
Na K Mg Ca P Fe S Al Si
<0.1 <0.1 0.1 0.8 0.1 0.6 0.1 0.3 0.1

'On a dry basis; *On a dry-and-ash-free basis; 3By difference; ‘Determined by ICP-AES

4.2.2 Production of Activated Carbon from Peat and the Activated Carbon Supported Fe/Ni
Catalysts

The activated carbon (AC) was prepared from raw peat by a chemical activation method
using H3POy, discussed previously in Chapter 3. Briefly, 40 grams of the dried raw peat powder
was mixed with 100 ml of 60wt% H3PO4. The mixture was allowed to soak overnight at room
temperature. The sample was then thermally treated in a muffle furnace pre-set at 200°C for 15
min in air, followed by carbonization for 45 min at 450°C in air. After the sample was cooled
down to room temperature, and then washed with distilled water repeatedly until a neutral pH
was obtained. The washed sample was dried overnight at 105°C in air before being crushed and

sieved into particles sized of 300-850 um.
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The Fe and Ni loaded catalysts were prepared using the above prepared AC by the wet
impregnation method using Fe(NO3)3-9H0 or Ni(NO3),-6H,0 as the metal sources. To prepare
13 wt% Fe or 13 wt% Ni supported on AC, 10 grams of the activated carbon support was mixed
with 9.38 g of Fe(NO3);:9H,0 or 6.41 g of Ni(NO;3),:6H,0 in 200 ml 50 wt% methanol/H,0
solution. The mixture was sonicated for 40 min to form a uniform slurry, and the CH;0H and
H,0 were then evaporated under reduced pressure at 40°C and 85°C, respectively. The samples
were further dried in air at 105°C for 4 hr and then calcinated in a flow of 200ml/min of N,
heated at a heating rate of 5°C/min from room temperature up to 500°C for 4 hrs in a tubular
reactor. The as-prepared AC-supported Fe or Ni catalysts in this study were denoted as Fe/AC
and Ni/AC for short.

4.2.3 Catalytic Tests of the Catalysts in Ammonia Decomposition

NH; decomposition experiments were carried out with a flow-type, vertical quartz reactor
placed in an electric furnace. The catalyst bed within the reactor measured approximately 8 mm
in height, and was held in place with fine grade quartz wool. Prior to NH; decomposition, the
samples were heated to 500°C at a heating rate of 15°C/min in a helium flow of 180 ml/min, and
then subjected to reduction using 200 ml/min of H, for 2 h. After H, reduction, the reactor was
heated to 750°C with a heating rate of 15°C/min in a He flow of 180 ml/min. As the temperature
reached 750°C, the helium flow was replaced with 2000 ppm NH; diluted with high purity He
under the space velocity of 45000 h™'. A high speed micro GC-TCD (gas chromatograph-thermal
conductivity detector) and a photo acoustic multi-gas monitor were used to determine N, formed

and the un-reacted NHj, respectively.

4.2.4 Characterization of the Catalysts

The as-prepared AC sample and the AC-supported Ni/Fe catalysts were analyzed by N,
isothermal adsorption (77K) for its surface area and textural structures, using NOVA 1200e/TO
(Quantachrome Instruments). X-ray diffraction (XRD) with Cu Ko and Fe Ko radiation
(Shimadzu XRD-6000, 30 mA and 40 kV) was used to characterize the crystalline structures of
the catalysts before and after the ammonia decomposition tests. The average crystalline size of
the particles was calculated using the Debye-Scherrer equation. X-ray photoelectron
spectroscopy (XPS) was employed to characterize the chemical composition on the surfaces of

the catalysts before and after ammonia decomposition experiments. The XPS experiments were

56



performed on a ULVAC PHI 5600 spectrometer with an Al anode for K, X-ray source operating
at 200W. Charging effects were corrected by adjusting the binding energy of Cy; peak of carbon
contamination to 284.6 eV. In addition, temperature-programmed desorption (TPD)
measurements were carried out by heating the catalyst sample in high-purity helium up to 800°C
or 900°C and held at this temperature for 30 minutes, when the desorbed N, was detected by a
GC-TCD.

4.3 Results

4.3.1 Performance of the Catalysts in NH; Decomposition

The activities of the new Fe/AC, Ni/AC catalysts towards NH; decomposition were
investigated at 750°C for various lengths of time ranging from 4 to 10 hours. The ammonia
decomposition efficiencies or ammonia conversions to N, and H, of these two new catalysts are
compared with the peat-derived activated carbon (AC) without any metal loading in Figure 4-1.
Conversion of NH3 into N, and H; over the Ni catalyst attained approximately of 75%, and the
Fe catalyst was found to have the greatest activity for ammonia decomposition reaching as high
as 90%, while the conversion with AC alone was only about 15%. Our new catalyst of Fe/AC is
thus much more active than the Fe catalyst supported on a commercial AC as reported in a
previous work by Ohtsuka et al. [18], where the commercial AC-supported Fe catalyst led to
ammonia conversion of only 30% under the same reaction conditions (750°C, 2000 ppm NHa/He,
and SV of 45000 hh). Compared with other patented carbon-based Fe catalysts [21], our new
Fe/AC and Ni/AC catalysts showed superior performance with respect to their stable activity.

As also shown in Figure 4-1, the activities of both Ni and Fe catalysts remained stable as
the reaction time increased up to 10 hours without showing a sign of deactivation, while the
activity of the previously patented carbon based Fe catalysts declined significantly after about 3
hours on the stream [18,21]. The ammonia decomposition catalyzed by the Ni/AC or Fe/AC
mainly yielded N, and H, as the dominant products, although very small amount of HCN was

formed as a by-product (at a small selectivity generally <5%) from NH;.
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Figure 4-1 NH; conversions vs. time on stream at 750°C with catalysts of Fe/AC, Ni/AC as well
as AC (space velocity of 45000 h™).

4.3.2 Characterization of the Fresh and Spent Catalysts

4.3.2.1 Surface Area and Textural Properties

The fresh as-prepared AC, Fe/AC and Ni/AC catalysts and the spent catalyst after
ammonia decomposition experiments were analyzed using N, isothermal adsorption (77K) for
their surface areas and textural structures, and the results are summarized in Table 4-2, and
Figure 4-2 for pore size distributions. The as-synthesized AC has a BET surface area of 675 m%/g,
much greater than either the fresh Fe/AC (205 m?%/g) or the fresh Ni/AC (393 m%g), owing to the
deposition of the metal ions (Fe or Ni) in the pores, as evidenced by the remarkably reduced total
pore volumes (Table 4-2). The AC had a total pore (< 163 nm) volume of 0.50 cm®/g, which
dropped with the addition of the metals to 0.25cm”/g for Ni/AC and 0.14cm’/ g for Fe/AC. The

average pore diameters also decreased with the addition of the metals, possibly due to the
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formation of micropores, or blocking of the mesopores by the metal ions. Table 4-2 also shows
BJH cumulative desorption surface areas, pore volumes and pore diameters (or mesopore
surface areas, pore volumes and pore diameters). The AC has a larger mesopore development
(with a mesopore area of 375 m%g, mesopore volume of 0.42 cm3/g and mesopore diameter of
4.4 nm), and as expected the Ni/AC and Fe/AC catalysts have greatly decreased mesopore areas
(of 11 and 41 m%/g, respectively), mesopore volumes (of 0.02 and 0.06 cm®/g, respectively) and

mesopore diameters (of both 3.7 nm).

After NHz decomposition for 4-6 hours, the BET surface area, total pore volume and
average pore diameter for the AC catalyst remained almost of no change, but the mesopore area
and mesopore volume decreased, as shown in Table 4-2. For Ni/AC catalyst, its BET surface
decreased slightly from 393 m?%g to 327 m?%g after 4 hours on stream for NH; decomposition,
while it climbed to 346 m*/g after 10 hours on stream for NH; decomposition, accompanied by a
slight increase in total pore volume and average pore diameter, as shown.in Table 4-2. The
Fe/AC catalyst had similar trends as those observed for Ni/AC with respects to the changes in the
BET surface area, total pore volume and average pore diameter with the increasing time on
stream (Table 4-2). The BET surface area of the Fe/AC catalyst increased consistently during the
ammonia decomposition. For instance, its BET surface area increased from 205 m%g (fresh) to
209 m*g (4h) and 236 m*/g (10h). The total pore volume and mesopore volume of the Fe/AC
catalyst also increased consistently with time on stream as shown in Table 4-2. _

Very interestingly, however, both Ni/AC and Fe/AC catalysts showed remarkable
increase in the mesopore areas and mesopore volumes after 4 and 10 hours on stream for NH;
decomposition. As shown in Table 4-2, the mesopore area and mesopore volume of Ni/AC
increased to 110 m%g and 0.31 cm’/g after 10 hours on stream, compared to only 41 m*/g and
0.06 cm>/g for the fresh catalyst. This sharp increases in mosopore surface area and pre volume
for these two metal catalysts can be clearly seen in Figure 4-2, where a sharp increase in the
volume of mesopores (with a diameter of 3.7 nm) in the spent Ni/AC and Fe/AC catalyst is

shown.
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Figure 4-2 Pore size distributions for the fresh AC, Ni/AC and Fe/AC catalysts, and the spent catalysts after

NH; decomposition
4.3.2.2 Crystalline Structures
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Figure 4-3 shows the XRD (Cu-Ka) profiles for the Ni/AC catalyst before and after H,
reduction at 500°C, and after the NH; decomposition at 750°C for 4 hours and 10 hours. In the
fresh catalyst (Figure 4-3d), diffraction lines of metallic Ni were observed, existing as
nanoparticles with an average crystalline size L, = 14 nm, calculated using the Debye-Scherrer
Equation. After H; reduction at 500°C (Figure 4-3c), the formation of NijpPs and NisP were
observed, accompanied by decreased intensities of the metallic Ni signals (L. = 23 nm). After the
subsequent NH; decomposition at 750°C for 4 hours (Figure 4-3b), the diffraction lines of Nij,Ps
increased in intensities, compared with those after H, reduction at 500°C. Interestingly, the
signals of NizP were replaced by relatively strong signals of Ni,P (L. = 30 nm). When the time
on stream (of NHj) increased further to 10 hours, the signals of Nij,Ps weakened but the Ni,P (L,

= 45 nm) became the dominate signals in the sample.
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Figure 4-3 XRD profiles of the Ni/AC catalyst after the NH; decomposition experiment at 750°C for 10 h
(a) and for 4 h (b), the Ni/AC catalyst after 2 h H, reduction at 500°C (c) and the fresh Ni/AC catalyst (d).

Figure 4-4 shows the XRD (Cu-Ka) profiles for the Fe/AC catalyst before and after H,
reduction at 500°C, and after the NH; decomposition at 750°C for 4 hours and 10 hours. Using
the XRD Cu-Kua filter, no diffraction lines of any Fe species could be detected, so when switched

to a Fe-Ka, a very weak XRD peak probably due to a-Fe was detectable at 20 (Fe-Ka) of about
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57 degree after 2 h H;, reduction at 500°C, as shown in Figure 4-4b. These observations strongly
suggest that Fe particles before the NH; decomposition are finely dispersed on the AC support.
When the Fe catalyst was subjected to the 4 h and 10 h decomposition at 750 °C, as seen in
Figure 4- 4(a and b), the distinct XRD signals of Fe,P appeared, and they were present as highly
dispersed nanoparticles with an average crystalline size L, =22 nm and L. =26 nm calculated by

the Debye-Scherrer Equation.
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Figure 4-4 XRD profiles of the Fe/AC catalyst after the NH; decomposition experiment at 750°C for 10 h
(a) and for 4 h (b), the Fe/AC catalyst after 2 h H, reduction at 500°C (c) and the fresh Fe/AC catalyst (d).

The detection of nickel/iron phosphides (Nij,Ps, NisP, and Ni,P, Fe,P) in the AC-supported
catalysts after the hydrogen reduction and/or after the ammonia decomposition reveals the
reaction of the Ni/Fe metal with P species remaining in the AC at elevated temperatures. There is
no doubt, the presence of P in the AC support was due to the use of H3PO4 as the chemical
activation agent in the AC production process. The presence of P in both Ni an Fe AC-supported

catalysts was also evidenced by XPS analyses, which will be discussed in the subsequent section
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of this paper. Interestingly, no metal nitride such as Ni,N and Fe,N was detectable by XRD in the
spent catalysts after ammonia decomposition, while in some previous work with limonite Fe
catalysts and brown coal chars supported Fe catalysts, Fe,N species were detected after NH;
decomposition, and these metal nitrides were considered as the active intermediates that were
involved in the catalytic mechanism for NH; decomposition [23,18]. Furthermore, it has been
demonstrated in the previous work with brown coal chars supported Fe catalysts that Fe carbide
was formed during the ammonia decomposition process at 750°C [18]. It was also reported that
the formation of iron carbide led to of the deactivation of the Fe catalyst [18]. For our two new
catalysts (Ni/AC and Fe/AC), Fe carbides were not detected in the spent catalysts even after the
ammonia decomposition for 10 hours as shown above in Figures 4-3 and 4-4, which might

account for the high on-stream stability of these catalysts as shown in Figure 4-1.

4.3.2.3 Bulk Chemical Compositions

The Elemental (C, H,N) analysis of the catalysts before and after NH; decomposition
studies is given in Table 4-3. The CHN analysis of the samples revealed that the activated carbon
catalysts comprise 55-60% C, 2-3% H, and 1-2% N. With the addition of the Ni and Fe metals to
the AC, there were no significant changes in the carbon contents compared with the AC support,
although the addition of Fe to the AC led to a small decrease in the carbon content. The nitrogen
content the AC-supported Ni or Fe catalyst was 1.6 wt% (d.b.), slightly higher than that of the
AC support (1.4 wt%), most likely owing to the metal nitrate solutions used in the wet-
impregnation process: Fe(NO;);:9H,0 or Ni(NOs),:6H,0. After H, reduction at 500°C, the
carbon contents of the metal catalysts increased whereas the hydrogen and nitrogen remained
approximately constant. After 4h or 10 h NH; decomposition reactions, the nitrogen contents of
all the samples increased significantly, likely due to the adsorption of ammonia or other N-

containing species or the formation of Fe and Ni nitrides species during the reactions.

Table 4-3, CHN analysis of the catalysts before and after NH; decomposition

Sample C% H% N%
Fresh 59.5 3.1 14
AC
After4h 70.1 1.8 4.6
Fresh 59.6 2.1 1.6
Ni/AC
After H, reduction 64.5 2.1 1.6
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After 10h 64.8 1.3 2.4

Fresh 55.9 2.0 1.6
Fe/AC After H, reduction 57.0 2.0 1.5
After10h 60.6 1.1 2.2

4.4 Discussion

4.4.1 Roles of Pore Structures in the Catalytic Reactions

The significantly increased mesopore surface areas and volumes for the Ni/AC and
Fe/AC catalysts during the ammonia decomposition, as shown previously in Table 4-2 and
Figure 4-2, might contribute to the high activities and stability of these catalysts in ammonia
decomposition (Figure 4-1). The remarkable increases in mesoporous surface area and pore
volume may be also clearly shown from the N, adsorption/desorption isotherms of these
catalysts, as illustrated in Figure 4-5. The isotherms in the figure suggest the significant
formation of mesopores during the reactions with the Ni/AC and Fe/AC catalysts, because the
isotherm curves for these two catalysts resemble Type II isotherms after the NH; decompostion.
In contrast, the fresh samples of these metal catalysts show a Type I isotherm, more typical of a
microporous material. For the Ni/AC and Fe/AC catalysts, an increase in the hysteresis elbow
was observed as the time on stream increased from 4 h to 10 h, suggesting widened mesopores
and the possibility of deeper pore formations. The Fe/AC showed hysteresis extending to low
relative pressures which might be related to complex micropore structures incorporating throats
and cavities, or the sorbate-induced swelling of the microporous material [22]. Even though the
surface area of the Fe catalyst was the lowest, it shows high microporosity based on the
adsorption-desorption isotherms. As illustrated in Figure 4-5, The isotherm for AC alone, shows
that there is not really any change of the pore structures after the reactions.

The remarkable increases in mesoporous surface area and pore volume might be
explained by the release of the carbon element from the support material in the forms of CO and
CHs (by hydro-pyrolysis or gasification) at an elevated temperature, generating more
micro/meso-pores in the support. The release of carbon elements from the support materials
could be catalyzed by the presence of nanoparticles of metals (Ni or Fe) in the catalysts, which
may be evidenced by the measurements of the CO,, CHy and CO evolved during the ammonia
decomposition, as illustrated in Figure 4-6. As clearly shown in the figure, the total amount of

65



(CO+CH,) evolved from the ammonia decomposition reactions over the AC-supported Ni or Fe

catalyst for 10h was about 6-10 times that from the reactions over AC only for 6h.

66



Volume Adsorbed/Desorbed, cc/g STP
(]

L L B L B L L L L LA S L L LI L e

0 01 02 03 04 05 06 07 08 09 1
Relative Pressure, P/P0

oy Ehd
= o
%) c @
A 0a00?®
o e®
.
L 10 hrs (‘....oo
i Q‘%
2 006%%
O oo N oA
g f\‘i
go AQL ST
o 4 hrs i\%i;;‘AAALA
[} S
3 aBSE R o f qii
&% oo o000 0T
<l a . qi-...-ll
g auﬂiq
3l aw i
Zhba Fresh Ni/AC
>
R T A A R m—
¢ 01 02 03 04 05 06 07 08 09 1

Relative Pressure, P/PO

=
95} ogo
5 10 hrs o
~ o o
o ¢
8 60000 Y .
] 3% PP
B 00000230 e0e
.-QD) 000. *® [X 24
Ho 'Y
8 *
A &

8 4 hrs ad
% AAAADADL 3.\.\.*"4:‘; ki
a) A AN [}L—. “A

Loa A MDD L A abd
g»f’“"""‘i};;;s;as
al . a A
o A
B Fresh Fe/AC
: -

{ ngais] oonaon i

5| nooooondgun SogRRRRAAS
"6 VIR mam
> "
T T T T T T T T T T T T T T T T

0 01 02 03 04 05 06 07 08 09 1
Relative Pressure, P/Po

Figure 4-5 Adsorption/desorption isotherms for the fresh AC, Ni/AC and Fe/AC catalysts, and

the spent catalysts after NH; decomposition.
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Figure 4-6 Total CO,, CH, and CO evolved during decomposition of 2000 ppm NHs/He over
AC for 6 h, Ni/AC for 10 h.and Fe/AC for 10 h.

4.4.2 Roles of Surface Chemical Structures in the Catalytic Reactions

As is well known, in a heterogeneous reaction system, a catalyst’s surface chemical
structures are more important than its bulk composition for the catalytic activities. The chemical
states and compositions over the catalyst surfaces for the fresh and spent catalysts of Ni/AC and
Fe/AC (after the ammonia decomposition experiments at 750°C for 4h and 10h) were analyzed
by XPS. Figure 4-7 illustrates the XPS spectra of Ni 2p and P 2p for the fresh and spent catalysts
of Ni/AC. Ni exists primarily in the forms of Ni** or Ni** (Ni 2p3/2 peak at around 856.8 eV)
resulting from Ni;O3 and NiO formed by air oxidation of sample prior to or during the XPS
measurements. Another Ni 2p peak observed at around 853.8 0.1 eV in the spent catalysts after
the ammonia decomposition experiments for 4h and 10h may be ascribable to the phosphides
(N1;2Ps, NisP, and Ni,P) and metallic Ni. The detection of phosphides coincides with the
observation by XRD (Figure 4-3). The P 2p XPS spectra, as also shown in figures 4-7, exhibit a
main peak at about 134 eV, regardless of the kind of the sample, which might be identified as the
phosphate species such as PO,> (133.75 eV) and metaphosphates (134.3 + 0.3eV), and there is a
weak peak at approximately 130.5 eV which may correspond to Ni,P or Fe,P (similar as

indicated in this Figures for the XPS spectra of Ni 2p).
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Figure 4-7 XPS spectra of Ni 2p and P 2p for the Ni/AC catalyst before and after H, reduction, and after

the NH; decomposition for 4 and 10 hours.

The XPS spectra of Fe 2p and P 2p for the fresh and spent catalysts of Fe/AC are shown in
Figure 4-8. According to the Fe 2p spectra for all samples (fresh and spent), Fe exists mainly in
the forms of Fe*" (x = 2 ~ 3) cations (Fe 2p3/2 peak at around 711.8 eV) due to the presence of
Fe,0s3, FesO4 and FeO formed by air dxidation of sample prior to or during the XPS
measurements. Similar as that was shown in Figure 4-7 for the Ni/AC catalysts, a weak Fe 2p
peak at around 707 eV can be observed in the spent catalysts after 4h and 10h on the stream of
2000 ppm NHs/He at 750°C. This weak peak may be due to the phosphides (Fe,P) and metallic
a-Fe, as evidenced by the XRD observation discussed previously (Figure 4-4). The P 2p XPS
spectra in Figure 4-8 also reveal the presence of Fe-phosphate species such as PO4> (133.75 eV)
and metaphosphates (134.3 = 0.3eV), and the Fe,P species (of weak signals) at approximately
130.5 eV. The presence of Fe,P species may be evidenced by the XRD measurements (Figure 4-4)
and the XPS spectra of Fe 2p in Figure 4-8.
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Figure 4-8 XPS spectra of Fe 2p and P 2p for the Fe/AC catalyst before and after H, reduction, and after
the NH; decomposition for 4 and 10 hours.

Quantitative analysis of atomic ratios was accomplished by determining the elemental peak
areas, using the Shirley background subtraction with the sensitivity factors supplied from the
instrument maker. Table 4-4 shows the atomic ratios of many elements (O, P, N, Ni and Fe) in
relation to carbon on the surfaces of the fresh and spent catalysts of Ni/AC and Fe/AC
determined by XPS. Atomic ratios Qf P/C with the fresh Fe and Ni catalysts were 0.02 and 0.07,
respectively, indicaﬁng the significant retention of the P sourced from H;PO., used as the
activation agent for preparation of the AC support from the raw peat. If plotting the atomic ratios
of Fe/P and Ni/P against time on stream, as illustrated in Figure 4-9, it can be seen that the
surface atomic ratios of Ni/P in the Ni catalyst were relatively stable at about 1.5 during the
reactions. This value is just slightly smaller than the stoichiometric values (Ni/P = 2.0-3.0) in
NiP and Ni3P, estimated by the XRD measurement (Figure 4-3). The surface atomic ratios of
Fe/P in the Fe catalyst remained approximately constant at about 2.3, which is very close to the
the stoichiometric value (Fe/P = 2.0) in Fe,P, evidenced by the XRD measurement (Figure 4-4).

As also shown in Table 4-4, the surface O/C ratios for both catalysts decreased during the
ammonia decomposition experiments, in particular after 10 hours on stream. This may be
explained by the release of elemental oxygen from the AC support or the combined oxygen from
residual P,Os during the experiment under an elevated temperature (750°C), which can be
evidenced by formation of CO and CO; in the effluent gases (Figure 4-6). To the contrary, the
surface N/C ratios for both catalysts significantly increased during the ammonia decomposition

experiments, compared with that of the respective fresh catalyst. The increase in N/C ratios on
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the two catalysts during the ammonia decomposition implies the chemisorption of NHj to the
catalysts or the formation of nitrogen-containing compounds (e.g., metallic nitrides), as will be

discussed in the following section.

Table 4-4 Atomic ratios of the fresh and spent catalysts of Ni/AC and Fe/AC.

Sample Atomic Ratios
o/C pP/C N/C Ni/C Fe/C
Ni/AC, Fresh 0.44 0.07 0.03 0.10 -
Ni/AC,4h 0.29 0.05 0.06 0.07 -
Ni/AC, 10 h 0.20 0.03 0.05 0.04 -
Fe/AC, Fresh 0.26 0.02 0.02 - 0.05
Fe/AC,4h 0.26 0.02 0.05 - 0.05
Fe/AC,10h 0.19 0.02 0.04 - 0.04
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Figure 4-9. Changes in atomic Fe/P and Ni/P ratios determined by XPS during the NH; decomposition

Figure 4-10 illustrates the N 1s XPS spectra for the fresh and spent catalysts of Fe/AC. In
the fresh catalyst, the widened peak at around 400 eV may be attributed to nitrogen present in an
organic matrix, but this peak intensity was reduced after H; reduction, possibly due to the release
nitrogen from the samples during reduction. After the NH; decomposition at 750°C over the

catalyst, the intensity of this main peak increases with increasing time on stream. After 4 and 10
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hour NH; decomposition, the XPS N 1s spectra revealed the presence of NH3(399.1 £ 0.1 eV) or
cyanides (399+1.5) on the surface of the catalysts due to the physio-/chemi-sorption of the NH;
reactant or the HCN by-product. A smaller peak was detected in the spectrum at the binding
energy of 397.4+0.1 eV, which might be attributed to Fe nitrides (FeN). Fe,N were detected in
some previous studies on ammonia decomposition using limonite Fe catalysts and brown coal
chars supported Fe catalysts, and they were considered as the active intermediates involved in

the catalytic mechanism for NH; decomposition [21, 23].
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Figure 4-10 XPS spectra of N 1s for the Fe/AC catalyst before and after H, reduction, and after
NH; decomposition for 4 and 10 hours.

4.4.3 Catalytic Mechanisms

The high activities of the Fe/AC and Ni/AC for the decomposition of 2000 ppm NH;/He at
750°C were shown and discussed in Figure 4-1, where ammonia decomposition efficiencies
(conversion of ammonia into N, and H,) reached 90% with the Fe catalyst and 75% for the Ni
catalyst, while it was only 15% with AC alone. Both catalysts showed superior stability or

resistance to deactivation compared with other patented carbon-based Fe catalysts [18, 21]. As
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shown in Figure 4-1, both catalysts remained active with even slightly climbing activities as the
reaction time increased up to 10 hours, showing no sign of deactivation, while the activity of the
previously patented carbon based Fe catalysts declined after about 3 hours on the stream [18, 21].
Possible mechanisms to explain the high activities of the new catalysts are thus discussed as
follows.

In the spent catalysts, even after the ammonia decomposition for 10 hours, no metal
nitrides (such as NiN or Fe,N) or metal carbides were detectable by XRD and XPS (Figures 4-3,
4-4, 4-7 and 4-8). In contrast, in some previous work with limonite Fe catalysts and coal chars
supported Fe catalysts, Fe,N species were detected by XRD after NH; decomposition, and these
metal nitrides were considered as the active intermediates involved in the catalytic mechanism
for NH; decomposition [18, 23]. Furthermore, it has been demonstrated in the previous work that
Fe carbide was formed during the ammonia decomposition process at 750°C over coal char
supported Fe catalysts, which led to of the deactivation of the Fe catalyst [18]. As such, the
ammonia decomposition over the new catalysts may proceed with a different mechanism. The
presence of P in both the AC-supported catalysts was evidenced by XPS analyses (Figures 4-7
and 4-8 and Table 4-4), and nickel/iron phosphides (Ni;,Ps, NisP, and Ni,P, Fe,P) were observed
by both XRD and XPS in these catalysts after the hydrogen reduction and the ammonia
decomposition. This suggests that these metal phosphides (Ni;2Ps, NizP, and Ni,P, Fe,P) might
play an important role in the ammonia decomposition reactions. To investigate whether these
metal phosphides were responsible for the conversion of NH; to N, and H,, commercial
compounds of Fe;P and Ni;P were mixed physically with the AC alone to make 25 wt %
Fe,P/AC and 25 wt % NipP/AC respectively, and their catalytic effects were examined at 750°C
under the same reaction conditions. The results are shown in Figure 4-11 in comparison to those
from the Fe/AC and Ni/AC catalysts. Although these bulk compounds were much less active
than the AC-supported Fe and Ni catalysts, the activities of Ni,P and Fe,P were still evident, in
particular for Ni;P. It is thus probable that the fine dispersion of these phosphides in-situ formed
in the two new catalysts (Ni/AC and Fe/AC) during the ammonia decomposition process may be

responsible for the high activities of these new catalysts as reported in this work.
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Figure 4-11 Effects of Fe,P/AC and Ni,P/AC on NH; decomposition (experimental conditions: 750°C,
2000 ppm NH;/He and space velocity of 45000 h™).

The Fe/AC catalyst was subjected to TPD measurements, and the results are shown in
Figure 4-12. For the curve (b) in the Figure, the catalyst was first reduced by H, at 500°C for 2
hours, and it was then treated with 2000 ppm/He NHj for 4 h at 500°C before being quenched to
room temperature and subjected to the TPD measurement. The TPD measurements were carried
out by heating the 'Catalyst sample in high-purity helium up to 800°C or 900°C and held at this
temperature for 30 minutes, when the desorbed N, was detected by a GC-TCD. As shown in the
Figure, evolution of N proceeded significantly at temperatures >600°C. At approximately 730°C
a significant amount of N, was detected from the ammonia-treated sample (Figure 4-12b), and as
the temperature was increased to 800°C there was further N, detected at an increased rate. The
fresh Fe/AC catalyst after H, reduction was also subjected to TPD measurements, as shown in
Figure 4-12a, so as to distinguish between the nitrogen present in the fresh Fe catalyst and the
chemisorbed ammonia or the Fe-nitride complexes formed during the NHj treatment. As
evidenced by the bulk CHN elemental analysis (Table 4-3) and the XPS measurement (Table 4-
4), the fresh catalyst of Fe/AC or Ni/AC contained a significant amount of inherent nitrogen
(bulk composition of N of 1.6 wt% (db) and an atomic ratio N/C of 0.02 or 0.03). As shown in
Figure 4-12a, the inherent nitrogen evolved insignificantly at temperatures <800°C, and it

peaked at 870°C in the Fe/AC catalyst without the ammonia treatment. This might imply that the
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peaks formed in the Fe catalyst after NH; treatment at temperatures of 600-800°C were more
likely a result of the decomposition of the chemisorbed NH; on the catalyst’s surface or the

decomposition of nitride species formed during the NHj; treatment.
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Figure 4-12 Evolution of N; during TPD of the fresh Fe/AC catalyst after H, reduction (a) and after NH;
treatment at 500°C for 4 h (b).

By analogy with the cycle mechanism involving Fe metal and nitrides proposed in the Fe-
catalyzed NH; decomposition studies [17, 18, 23], the following reaction schemes, involving

intermediates of iron phosphide (Fe,P) and iron nitride (FesN), are proposed:

OFe + P -> Fe,P (1)
6Fe + 3P + 2NH;(g)>3Fe;P+ Ny(g) + 3H,(g) )
Fe,P + 0.5NH; (g) + 0.75H, = 0.5Fe,N + PH; (g) 3)
PH; (g) + 2Fe = Fe,P + 1.5H, (g) ()
FesN > 4Fe + 0.5N, (g) (5)
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4Fe + NH; (g) > FesN + 1.5H, (g) (6)

The dependencies of standard Gibbs free energies (AG®) with temperature for these
reactions are given in Figure 4-13. As seen in this Figure, all of these reactions listed above are
thermodynamically favourable at 750°C. Because the presence of Fe,P was identified and
suggested by the XRD (Figure 4-4) and XPS (Figure 4-8), this species could be formed via
reactions (1) and (2) between o-Fe and the P in the AC support at elevated temperatures. The
Fe,P might react with NHj fed and the active H, or H atom on the catalyst surface to form Fe,;N
and PHj through reaction (3) (PH; was actually detected by using a PHj detection tube at the
initial period of the reactions). The Fe,P could be regenerated by the reaction of PH; and o-Fe
(reaction 4). The iron nitride species is very unstable and/or in a highly dispersed state in the
catalyst (implied by the analyses of XRD and XPS), so that it would readily decompose to o-Fe
and N at low temperatures of > 400 °C according to equation (5) [17, 18, 23], Reaction of o-Fe
and NHj3 would regenerate FesN and produce H, (reaction 6). It is thus possible that the NHj
decomposition over the new AC-supported Fe/Ni catalyst may proceed through a cycle

mechanism involving metal phosphides and nitrides.
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Figure 4-13, Dependencies of standard Gibbs free energies (AG®) with temperature for reactions (1), (2),
(3), (4), (5) and (6).

4.5 Conclusions

(1) Novel Ni/Fe catalysts were prepared using a mesoporous activated carbon (AC) support
derived from a Canadian peat by H3P04 activation. The newly developed catalysts proved to be
highly active for ammonia decomposition, Fe/AC having a higher activity compared to the
Ni/AC. The conversion of 2000 ppm NHj diluted in helium over the Fe catalyst reached as high
as 90% at 750°C and at the space velocity of 45000 h™', compared with only about 15% with the
AC alone. The new catalyst of Fe/AC was also much more active than the Fe catalyst supported
on a commercial AC reported previously.

(2) The newly developed Fe/Ni catalysts showed superior performance for hot gas
ammonia decomposition with respect to their resistance to catalyst deactivation. Both catalysts
remained active as the reaction time increased up to 10 hours without showing a sign of
deactivation. The remarkable increases in mesoporous surface area and pore volume in the
Ni/AC and Fe/AC catalysts during the ammonia decomposition might contribute to the high
activities and stability of these catalysts in ammonia decomposition.

(3) Highly dispersed nanoparticles of metallic Ni or Fe were present in the fresh catalysts
of Ni/AC and Fe/AC, evidenced by XRD. The XRD and XPS measurements of the spent
catalysts showed the presence of nickel/iron phosphides (NijpPs, NisP, and Ni,P, Fe,P) and
nitride (FexN). It was proposed that the fine dispersion of the metal phosphides and nitrides in-
situ formed in these catalysts (Ni/AC and Fe/AC) during the ammonia decomposition process

were responsible for the high activities of these catalysts through a cycle mechanism.
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CHAPTER 5

Hot Gas Decomposition of NHj in Simulated Gas over Carbon-based Ni/Fe

Catalysts and Natural Limonite Ores

ABSTRACT

The catalytic performance of the peat-derived activated carbon supported Fe/Ni catalysts as well
as three natural limonite ores (from Australia, Brazil and Canada) towards hot gas NHj
decomposition in a simulated gas (14.9% CO, 2.9% CHy, 11.2% H,, 11.2% CO;) with and
without 5-15% H,O, was investigated at 750°C. The Fe/AC and Ni/AC catalysts and all natural
limonite ores were very active for ammonia decomposition in the inert atmosphere. However,
both AC-supported catalysts could be severely deactivated by the simuléted gas, and the Fe/AC
catalyst was also deactivated by the presence of H,O in the gas. In the presence of the simulated
gas and H,O, the activities of these two catalysts dropped drastically to as low as <10%. The
three limonite ores showed high activities towards ammonia conversion to N (>90% at 750°C )
in both inert atmosphere or in a simulateci gas with 0-15% H;O. The deactivation of the Ni/AC
and Fe/AC by the simulated gas and H,O vapor may be caused by the carbon deposition resulting
from Boudouard reaction of CO or decomposition of CHy, by the oxidation of metal phosphides
and metallic metals into less or inactive phosphates in the presence of the simulated gas species

CO and H;,0, or by the competing adsorption of CO, and H,O with NHj on the catalyst surface.

Keywords: Ammonia decomposition, Hot gas cleanup, Simulated gas, Biomass gasification,

Carbon-based catalysts, Limonite.
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5.1 Introduction

Gasification is a promising technology for bio-refining biomass into value added fuel and
chemical products through the syngas platform. In biomass gasification, the biomass feedstock is
partially oxidized/gasified in an oxidizing atmosphere of air, oxygen and/or steam to form a low
to medium-BTU product gas containing primarily CO, H,, CO,, CHy4 and (C;+Cs), which can be
used for heat and electricity generation, or for synthesis of liquid fuels and methanol [1-4].
Gasification of biomass also generates some contaminants in the product gas, such as tars, NHs,
H,S and SO, etc. [1-4]. These contaminants must be removed before the syngas is used for
internal combustion, gas engines, and in particular for fuel cells and methanol synthesis, in order
to achieve better efficiencies of the syngas applications.

Depending on the type of biomass used, as well as the gasifier parameters and operating
conditions, the content of NHj in the product gas, is typically of 1000-5000 ppm [5]. The ammonia
in the producer gas can be reduced by hot gas cleanup through catalytic decomposition into N, and
H,. The most common catalysts used in the NH; decomposition studies are supported metals of Ni
[6-9] and Ru [6, 7, 9-11]. For instance, the Ru/Al,O5 catalyst obtained ammonia conversions of
95.3%, compared with 90.4% for the Ni catalysts at 850°C [9]. Al,O3 supported Ru or Ru-Ni
catalysts (6-9 wt% total metal loading) obtained~90% ammonia conversion at 900°C for
decomposition of 1000 ppm ammonia in a simulated coal-derived syngas (10 vol% H,, 28 vol%
CO, 54 vol% N, 3.6 vol% CO2 and 3 vol% H,0) at a gas hourly space velocity (GHSV) of 20000
h' [11]. However, the major problem for these Al,Os-supported Ni or Ru catalysts for hot gas
removal of ammonia is associated with the deactivation by fouling of the catalyst due to the carbon
deposition, and catalyst poisoning by H,S [12,13]. The problem would be serious for tarry fuel
gases from gasification and pyrolysis of coal or biomass solid fuels, containing significant
amounts of tar, CO, CHy and H,S.

| There were some successful studies reported recently on using natural Fe-based minerals
as catalysts for hot gas ammonia decomposition. High conversions of NHj to N, were achieved
using an Australian limonite with a high content of a-FeOOH in a study by Tsubouchi et al [14].
In an NHj gas stream diluted with high purity helium, almost complete conversion of ammonia

(>99%) was obtained at a temperature of 500°C and a space velocity of 45,000 h! with the
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Australian limonite. The efficiency of the Australian limonite was tested for ammonia
decomposition in an inert gas and a simulated gas typical of an air-blown gasification process,
containing CO, Hy, CO,, and H;O. In the presence of fuel gas (20%C0O/10%H,) the ammonia
conversion was found to decrease significantly at lower temperatures, accompanied with a higher
conversion to HCN. At higher temperatures (>750°C), however, there was no deactivation of the
limonite by the presence of CO and H,. Also, it was found that the addition of 10%CO, or 3%
H,O, helped to restore the ammonia conversion to approximately 90% at 750°C, and by
increasing the temperature further the conversion could approach to 100% [15].

Carbon-based catalysts have gained a lot of interest due to their advantages with respect to
alower cost, a high surface area and elaborate pore structure. In a study by Xu etal [16], pyrolysis
chars from low rank coals containing inherently present Fe and Ca were tested as effective
catalysts for the conversion of NHj to N». Studies using simulated gases containing CO, CO, and
H; were also conducted [16], and the chars initially showed reduced activities initially, but after
an induction period on stream, they attained high NH;3 conversions (~80% at 750°C) as in the
inert atmosphere experiments. In another study by the same group [17], decomposition of
ammoni.a with Fe and Ca catalysts supported on coal chars was investigated using 2000 ppm NH;
diluted in helium in a fixed bed. The coal-char-supported Fe and Ca catalysts were found to be
very effective for ammonia decomposition. An iron content of 6 wt% on an Australian brown
coal char attained a conversion of nearly 100% at 750°C and a GHSV of 45000 h™".

Commercial ACs have been found to be much less active towards NH; decomposition
compared to other catalysts such as iron-based and Ni-based catalysts, as well as chars derived
from coals [16,17]. Although AC and AC supported metal catalysts are less active for ammonia
and tar decomposition than those supported on other materials such as AL O3, SiO,, TiO,, MgO,
CNTs, etc., more research into the development of effective AC supported catalysts should be
carried out because activated carbon materials have high surface areas and relatively low costs.
The present work (Discussed in Chapter 4 of this thesis) has resulted in development of novel,
less expensive activated carbon-supported (Fe, Ni) catalysts derived from peat for hot gas
decomposition of ammonia (under patenting). The proprietary AC-supported -catalysts
obtained > 90% ammonia conversion at 750°C with 2000 ppm/helium and at a GHSV of 45000
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h',

The main objective of this study is to examine the catalytic performance of the peat-derived
activated carbon supported Fe/Ni catalysts as well as three natural limonite ores (from Australia,
Brazil and Canada) towards hot gas NH; decomposition in a simulated gas containing CO, H,
CO,, CHs and HyO, typical of air-blown biomass gasification. The fresh and spent catalysts were
characterized by XRD and XPS, and possible roles of the catalysts and simulated gas species in

ammonia decomposition reactions were discussed.

5.2 Experimental

5.2.1 Materials

The activated carbon (AC) used as the catalyst support for two carbon based Fe/Ni
catalysts was prepared from raw peat by a chemical activation method using H3PO,, discussed
previously in detail in Chapters 3 and 4. The Fe and Ni loaded catalysts were prepared using the
peat-derived AC by the wet impregnation method using Fe(NO3);-9H,0 or Ni(NOs),-6H,0 as the
metal sources to a metal loading amount of 13 wt% Fe or Ni. The Fe(IlT) and Ni(II) impregnated
ACs were calcined in N at 500°C for 4 hrs, while the details of the AC-supported metal catalysts
were given previously in Chapter 4. The as-prepared AC-supported Fe or Ni catalysts in this
study were denoted as Fe/AC and Ni/AC for short. In addition, three natural limonite ore samples
from Canada (CL), Brazil (BL) and Australia (AL) were used as catalysts in this study. Before
use, the limonite ore samples were crushed and sieved into particles of 0.15-0.25 mm (CL),
0.25-0.5 (BL) and 0.15-0.25 mm (AL). The compositions of inorganic matter of the limonite
samples were determined using ICP-AES (Inductively Coupled Plasma - Atomic Emission

Spectrometer), and the analytical results are shown in Table 5-1 below.
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Table 5-1 Limonite samples ultimate analysis

Limonite Major elements determined by ICP-AES (wt.%)

Sample o1 Bs Ca Mg Fe Mn Na K P S Ni S

CL 0.4 <0.1 <01 <01 421 <01 <0.1 <01 <01 02 <01 3.1
BL 31 <01 <01 04 571 <01 <01 <01 <01 <01 07 19
AL 45 <01 <01 0.2 456 <0.1 <0.1 <0.1 <01 <01 <0.1 115

5.2.2  NHj; Decomposition Apparatus and Methods

NHj; decomposition experiments were carried out with a flow-type, vertical quartz reactor
placed in an electric furnace, as schematically illustrated in Figure 5-1. The catalyst bed within
the reactor measured approximately 8 mm in height, and was held in place with fine grade quartz
wool. Prior to NH; decomposition, the samples were heated to 500°C at a heating rate of
15°C/min in a helium flow of 180 ml/min, and then subjected to reduction using 200 ml/min of H,
for 2 h. After H, reduction, the reactor was heated to 750°C with a heating rate of 15°C/min in a
He flow of 180 ml/min. As the temperature reached 750°C, the helium flow was replaced with the
reactant gas stream, either 2000 ppm NHj diluted in helium or the simulated gas containing 2000
ppm NHj3, 11.2% H,, 14.9% CO, 11.17% CO,, 2.92% CHy, 5-15% H,0 and helium balance, at
the space velocity of 45000 h'. The moisture content of the gas was controlled by
increasing/decreasing the temperature of the water vaporizer between 60-85°C, as well as
controlling the He flow through the vaporizer. Here, the composition of the simulated gas is
typical product gas from air-blown biomass gasification [18, 19]. A high speed micro GC-TCD
and a photo acoustic multi-gas monitor were used to determine N, formed and the un-reacted
NHj as well as the formed HCN, respectively. Ammonia and moisture traps, located after the gas
monitor consisting of distilled water, and calcium carbonate, respectively, were used to prevent

NH; and H,O from entering the GC.
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Figure 5-1 Experimental Apparatus

5.2.3 Characterization of the Catalysts
The as-prepared AC-supported Ni/Fe catalysts and the limonite catalyst samples (CL, BL
and AL) were analyzed by N, isothermal adsorption (77K) for its surface area and textural

structures, using NOVA 1200e/TO (Quantachrome Instruments). X-ray diffraction (XRD) with
Cu Ko and Fe Ka radiation (Shimadzu XRD-6000, 30 mA and 40 kV) was used to characterize

fhe crystalline structures of all the catalysts before and after the ammonia decomposition tests.
The average crystalline size of the particles (L;) was calculated using the Debye-Scherrer
equation. X-ray photoelectron spectroscopy (XPS) was employed to characterize the chemical
composition on the surfaces of the catalysts before and after ammonia decomposition
experiments. The XPS experiments were performed on a ULVAC PHI 5600 spectrometer with an
Al anode for K, X-ray source operating at 200W. Charging effects were corrected by adjusting

the binding energy of C;; peak of carbon contamination to 284.6 eV.
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5.3 Results

5.3.1 Characterization of the Fresh Catalysts

The fresh as-prepared Fe/AC and Ni/AC catalysts and the AC support (for comparison)
were analyzed using N, isothermal adsorption (77K) for their surface areas and textural structures,
and the results are summarized in Table 5-2. The as-synthesized AC has a BET surface area of
675 m*/g, much greater than either the fresh Fe/AC (205 m*/g) or the fresh Ni/AC (393 m*/g),
owing to the deposition of the metal ions (Fe or Ni) in the pores. The total pore (< 163 nm)
volume is 0.25 cm’/g for NI/AC and 0.14 cm® /g for Fe/AC, both lower than that of the AC
support (0.50 cm3/g). The average pore diameters from the metal catalysts are both 2.7 nm,
slightly lowered than the support (3 nm). The AC support has a larger mesopore development
(with a mesopore area of 375 m%/g, mesopore volume of 0.42 cm®/g and mesopore diameter of 4.4
nm), and as expected the Ni/AC and Fe/AC catalysts have greatly decreased mesoporé areas (of
11 and 41 m%g, respectively), mesopore volumes (of 0.02 and 0.06 cm’/g, respectively) and
mesopore diameters (of both 3.7 nm). In addition, the crystalline structures in the Fresh Fe/AC
and Ni/AC samples were analyzed using XRD, and the results have been reported previously in
Chapter 4, where no Fe-related XRD signals were detectable in the fresh Fe/AC sample, and
relatively weak signals from ultra—ﬁné crystalline particles (L= 14 nm) were detected in the fresh
N/AC catalyst. These results suggest a very high dispersion of as prepared AC-supported Fe/Ni

catalysts.
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The fresh limonite ores were also tested by N; isothermal adsorption (77K) to determine
the BET surface areas, and the crystalline structures of the fresh limonite samples were analyzed
using XRD. The physical and chemical properties of the fresh limonite samples are summarized in
Table 5-3 below, and the XRD spectra of these samples are illustrated in Figure 5-2. As shown in
the Table, the Brazilian limonite (BL) has the largest BET surface area of 90 m*g and the highest
Fe content (57 wt%), while the Canadian limonite (CL) has the smallest BET surface area of only

11 m% g and the lowest Fe content (42 wt%). The major crystalline species detected by XRD in all

fresh limonite samples were goethite (a-FeOOH), as shown in Figure 5-2. The crystalline size of
the o-FeOOH, estimated by the Debye-Scherrer equation (5-1), was the largest for the CL sample

(> 100 nm), followed by AL (25 nm) and BL (16 nm). Besides the goethite (a-FeOOH), o-Fe,03

peaks of a medium intensity, and quartz (SiO,) signals (of low-to-medium intensity) were detected

in all the fresh limonite samples.

Table S-3 Physical and chemical properties of the fresh limonite ores

Limonite ore AL BL CL
Total Fe content (wt%) 46 57 42
a-FeOOH(s) a-FeOOH(s) a-FeOOH (s)
Crystalline species a-Fe,O5 (m) a-Fe, O3 (m) a-Fe,O3 (m)
Si0; (s) Si0, (w) Si0; (m)
Size of a-FeOOH (nm)° 25 16 >100
Surface Area (m*/g)° 40 90 11

*Identified by XRD: w (weak); m (medium); s (strong) in intensity;
b Average crystalline size estimated by Debye-Scherrer method;

¢ Determined by BET method using N, isothermal adsorption (77K).
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Figure 5-2 XRD spectra of fresh limonite samples

As described in the experimental section, each catalyst sample was pre-reduced in H, at 500°C for

2 hours before being subjected to the ammonia decomposition reaction. The reduction procedure to
convert the «-FeOOH species into metallic Fe species (more reactive for NH; decomposition) has

proved to be favorable for the NH; decomposition reactions [15]. To confirm the presence of the Fe
metallic species in the limonite samples after the H, reduction, the pre-reduced samples (at 500°C
for 2 hours) were cooled down to room temperature in helium and passivated using 2% O, in He
before exposing the samples to air, to prevent the formation of oxides on the surface of the samples.

The samples were analyzed by XRD and the results are illustrated in Figure 5-3. It is clearly shown

in the Figure that metallic iron species (a-Fe) are dominant in all the limonite samples after H,

reduction. In the Hy-reduced samples, the AL had the smallest particles of a-Fe (22 nm), followed

by BL (24 nm) and CL (33 nm). In the reduced AL catalyst, very weak signals of a-FeOOH and

Fe;04 were detected, most likely due to partial oxidation by the passivation oxygen or air.
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Figure 5-3 XRD profiles of raw limonite samples after H, reduction at 500°C for 2h.

5.3.2 Performance of the Fe/AC and Ni/AC Catalysts in NH; Decomposition in Simulated Gas

Figures 5-4 and 5-5 below show the effects of simulated gas and steam on the conversion of
NHj; using the Fe/AC and Ni/AC catalyst, respectively. The experiments were initially carried out
with 2000 ppm NHj in an inert He atmosphere until a stable conversion of NH; to N, was reached
in approximately 2 hours. After that, the reactor inlet gas stream was replaced by the simulated gas
(2000 ppm NHs, 11.2% H,, 14.9% CO, 11.17% CO,, 2.92% CH,) with 0, 5, 10 and 15% H,0. As
shown in the Figures, the NHj conversions decreased drastically when switching the gas stream
from inert helium to the simulated gas with/without H,O for both Fe/AC and Ni/AC catalysts. For
Fe/AC (Figure 5-4), the introduction of the simulated gas with 0% H,0, the NH; conversion

decreased from 86% (in helium) to approximately 26%, and as the H,O content of the simulated
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gas increased, the conversion dropped further from 26% (0% H,0) to as low as 10% (15% H,0).
With NVAC (Figure 5-5), the decrease in NHj conversion was even more dramatic when the
simulated gas was introduced into the gas stream. The NH; conversion decreased sharply from
about 76% (in helium) to only 5% (in simulated gas with 0-15% H,0), while differing from that
observed with the Fe/AC, the NH; conversion over Ni/AC was independent of the H,O content in
the simulated gas. The above results strongly suggest that both Fe/AC and Ni/AC are severely
deactivated by the simulated gas (H,, CO, CO,, CH,4) and the Fe/AC catalyst is further deactivated
by the presence of H,O in the gas. Some possible reasons will be discussed later in the section of

Discussion.
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Figure 5-5 NH; conversion using the Ni/AC catalyst in the simulated gas with 0% H,O, 5% H,0, 10%
H,0 and 15% H,0.
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5.3.3 Performance of the Limonite Ores in NH; Decomposition in Simulated Gas

The activity of a Canadian limonite (CL) as a catalyst for ammonia decomposition was also
examined in inert helium and in the simulated gas with 0% and 15% H,O under the same
conditions (750°C and GHSV of 45000 h'l). The results are shown in Figure 5-6 below. In the inert
atmosphere, the CL was able to obtain 93% NH; conversion, as shown in Figure 5-6 (a). The
presence of the simulated gas (14.9% CO, 2.9% CHa, 11.2% H,, 11.2% CO,) without H,O slightly
decreased the conversion to around 90% (Figure 5-6b), suggesting the excellent performance of the
limonite catalyst in hot gas decomposition of ammonia in both inert and simulated atmosphere. The
addition of 15% H,0 to the simulated gas however led to a significant decrease in the NHj
conversion, in particular at the initial period of reaction. In the presence of the simulated gas with
15% H,0, the NH; convefsion over the limonite catalyst was as low as about 65% for 1h on stream,
while it climbed gradually with increasing time on stream, and approached to approximately 80%
for 6 h on stream. From the increasing tendency of the conversion with time on stream for the CL in
the simulated gas with 15% H,0 as shown in Figure 5-6¢, it might be expected that the activity of
the catalyst would eventuaﬂy restore to the similar level of that in the H,O-free simulated gas (i.e.,
90% NHj3 conversion).

Australian and Brazilian limonite ore (AL and BL) were also tested in 2000 ppm NHj in the
simulated gas with 15% H,0, and the results are shown in Figure 5-7. Both AL and BL showed a
very high activity for ammonia decomposition in the simulated gas with H,0, leading to 95%
conversion of NHs. AL was slightly more active than BL although BL a larger Fe content, a greater
surface area and smaller crystalline size of a-FeOOH in the fresh sample (Table 5-3). The better
activity of AL over BL might be owing to the smaller a-Fe crystalline size after 2h H, reduction at
500°C prior to the ammonia decomposition reactions, as evidenced previously in Figure 5-3. After
approximately 50 minutes on stream, both Australian and Brazilian limonite samples appeared to
reach a stable conversion, whereas the activity of the Canadian limonite towards ammonia
decomposition continued to increase with time, as discussed previously in Figure 5-6. Further
testing for a longer period of time with the Canadian limonite may lead to conversion of ammonia
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as high as that with the Australian and Brazilian limonite samples. The differences in the activities
of the ferrous limonite samples might be related to the wt.% of Fe and crystalline size of a-FeOOH
in the samples and the surface area of the samples. Among all the limonite samples, CL has the
lowest Fe content (42.1 %), the largest size of a-FeOOH particles (>100 nm) and the smallest BET
surface area (11 m?/g), thus of the poorest dispersion, which may account for its lowest activity for
ammonia decomposition, as revealed from Figure 5-7. The possible cause to the relatively lower
activity for CL at the initial period of reaction could be that the Fe species (a-FeOOH and Fe,0s) of
the Canadian limonite might require higher calcinations/reduction temperatures compared with the
Australian and Brazilian limonite ores to obtain metallic Fe, which has proven to be the active
species responsible for the decomposition of NH; [14-17].

In conclusion, all the limonite catalysts tested in this study showed stronger resistance to
the simulated gas containing CO, CHa, Hp, CO; and H,0, which is superior to the AC-supported

Fe/Ni catalysts, as discussed previously in Figures 5-4 and 5-5.
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Figure 5-6 NH; conversion using Canadian Limonite in inert He (a), in the simulated gas with 0% H,0 (b),

and in simulated gas with 15% H,O (c).
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Figure 5-7 NH; conversion in the simulated gas with 15% H,O using Canadian Limonite (AL), Brazilian

limonite (BL) and Australian limonite (AL).

5.3.4 Characterizations of Spent Catalysts

5.3.4.1 Bulk Crystalline Structures of the Spent Catalysts

Figure 5-8 below shows the XRD (Cu K,) profiles of the Ni/AC catalyst after NHj
decomposition in the simulated gas (14.9% CO, 2.9% CHa, 11.2% H,, 11.2% CO,) with 0% H,O
(d), 5% H,0 (c), 10% H,0 (b) and 15% H,O (a). In spent catalyst from the test with the simulated
gas without H,O (Figure 5-8d), the diffraction lines of Ni,P and Ni;,P5 were the dominant signals
detected in the XRD spectrum. With the introduction of H,O in the simulated gas, the Nij,Ps peaks
became more prominent than the Ni,P, and the Ni,P signals completely disappeared in the spent

Ni/AC from the test with the simulated gas with 15% H,O (Figure 5-8a).
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Figure 5-8 XRD profiles for the Ni/AC catalyst after H, reduction at 500°C for 2 hours and NHj
decomposition at 750°C in the simulated gas with 15% H,0 (a), 10% H,O (b), 5% H,0 (¢) and 0% H,0 (d).

Figure 5-9 shows the XRD (Fe K) profiles of the Fe/ACcatalyst after NH; decomposition
in the simulated gas (14.9% CO, 2.9% CHa, 11.2% H,, 11.2% CO,) with 0% H,0 (d), 5% H,0 (¢),
10% H,0 (b) and 15% H,0 (a). In spent catalyst from the test with the simulated gas without H,O
(Figure 5-9d), the diffraction lines of both Fe,P and Fe3(PO,), were detected by XRD, while the
species of Fe3(POa), was not observed in the spent Fe/AC catalyst after ammonia decomposition in
the inert helium gas (as discussed previous in Chapter 4). In the spent catalyst samples from the
experiment in the simulated gas with H,O, the signals of Fe,P decreased considerably or became
almost undetectable in the samples from the tests in the simulated gas with 10 and 15% H,0
(Figures 5-9a and 5-9b). It is thus clear that the presence of the simulated gas (CO, CHy, H; and
COy) as well as H,O led to the conversion of metal phosphide (Fe,P) into phosphate (Fe;(POs4),)
during the experiment, which might deactivate the Fe/AC catalyst for ammonia decomposition, as

revealed previously in Figure 5-4.
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Figure 5-9 XRD profiles for the Fe/AC catalyst after H; reduction at 500°C for 2 h and NH; decomposition
at 750°C in the simulated gas with 15% H,O (a), 10% H,0 (b), 5% H,0 (¢) and 0%H,0 (d).

Figure 5-10 shows the XRD (Fe K,) profiles for the spent Canadian Limonite catalyst after the
ammonia decomposition tests at 750°C in inert atmosphere (c), in the simulated gas with 0% H,O

(b) and in the simulated gas with 15% H,O (a). There were no Fe-oxide or Fe-carbide diffraction
peaks observed in all the samples, but very strong XRD signals of a-Fe species were present in the
spent CL samples after the ammonia decomposition tests in either inert atmosphere or the
simulating gas with/without H,O. The crystalline size of the o-Fe was found to increase slightly
from 59 nm in inert atmosphere to 62 nm in a simulated gas atmosphere. The addition of 15% H,0
increased the particle size further to 93 nm. This increase in crystalline size of «-Fe may be caused

by agglomeration of the Fe particles, promoted by the presence of the simulated gas and H,O,

which might partially account for the lower activity of the catalyst in the simulated gas with H,O,
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as shown earlier in Figure 5-6. Figure 5-11 shows the XRD (Fe K) profiles of the spent AL, BL
and CL after NH; decomposition in the simulated gas with 15% H,O. Similarly, strong XRD

signals from a-Fe species were detected in all the limonite samples. The spent CL sample had the

largest a-Fe crystalline size (93 nm), compared with about 78-80 nm for the spent BL and AL

catalysts, which may also partially explain why the activity of CL was slightly lower than those of
BL and AL (Figure 5-7).
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Figure 5-10 XRD Profiles for Canadian limonite after H, reduction at 500°C for 2 h and NH;
decomposition at 750°C in the simulated gas with 15% H,O (a), in the simulated gas with 0% H,O (b), and

in inert He (¢).
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Figure 5-11 XRD Profiles for the CL, AL and BL after H, reduction at 500°C for 2 h and NH;

decomposition at 750°C in the simulated gas with 15% H,O.
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3.3.4.2 Surface Chemical States of the Spent Catalysts

The chemical states on the catalyst surfaces of the spent Ni/AC and Fe/AC catalysts as well
as the limonite ores (after the ammonia decomposition at 750°C in the simulated gas with/without
H,0) were analyzed by XPS.

Figure 5-12 illustrates the XPS spectra of Ni 2p and P 2p for the spent catalysts of Ni/AC.
The major peak in the Ni 2p spectra occurs at around 853-854 €V which was also observed in the
spent NI/AC after NH; decomposition in inert atmospheres (Chapter 4), and this main peak
corresponds to nickel phosphide (Ni;,Ps, Ni3P, Ni,P) and metallic Ni, which were also evidenced in
the P 2p XPS spectra. The formation of Ni;P and Ni;,Ps in the Ni/AC samples during the ammonia
decomposition was also evidenced by XRD, as discussed before (Figure 5-8). Interestingly, new
Ni-related species (NipO3 and NiO and Ni3(PO,), were observed in the Ni 2p and P 2p XPS spectra
from the spent Ni/AC samples after NH3 decomposition in the simulated gas with 5-15% H,0. It
may suggest that during the experiment the presence of the simulated gas and H,O could oxidize

the surface nickel species to oxidative ones (nickel oxides and phosphate).
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Figure 5-12 Ni 2p and P 2p XPS spectra for Ni/AC catalyst after NH; decomposition at 750°C in the
simulated gas with 15% H,O (a), 10% H,0 (b), 5% H,0 (c) and 0% H,O (d).
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Figure 5-13 shows the XPS Fe 2p and P 2p spectra of the spent Fe/AC catalyst after NH;
decomposition in the simulated gas atmospheres with 0-15% H,0. The most prominent component
of the Fe 2p3/2 peak in each sample at binding energies of approximately 711-712 eV are
associated with Fe** and Fe®*. These peaks may be attributed to a combination of iron oxides
species (Fe;03, Fe304, FeOOH) which have binding energies of around 711 eV, and various Fe
phosphate species, such as FePOq, FesPO; or Fe3(POy),, which have binding energies of around
712 V. The 2p1/2 peak is characteristic of iron oxides, such as Fe;04 and Fe,03. Compared with
those for the Fe/AC sample after the experiment with 0% H,O (Figure 5-13d), all spectra from the
catalyst after the experiment with 5-15% H,O showed increased intensities of the Fe oxides and
phosphates species, suggesting oxidation of the Fe species on the surface of the catalysts by the
H,O in the gas stream. The formation of the irbn phosphate species, such as FePOy,
Metaphosphates and Fes;(POy),, was also evidenced in the P 2p 3/2 spectra for the spent Fe/AC
catalysts after ammonia decomposition in the simulated gas with H,O, as shown in Figure 5-13. No
iron phosphide species (FexP) or nitrides (FexN) were able to be detected by XPS in all the spent

Fe/AC samples after the experiments with or without H,O.
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Figure 5-13 Fe 2p and P 2p XPS spectra for Fe/AC catalyst after NH; decomposition at 750°C in the
simulated gas with 15% H,0 (a), 10% H,0 (b), 5% H,O (c) and 0% H,O (d).

Figure 5-14 shows the Fe 2p spectra for the CL, AL and BL catalysts before (labeled as
fresh) and after NH; decomposition in the simulated gas atmospheres with 15% H,O (labeled as
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spent). The fresh CL, AL and BL ores all have major peaks at approximately 711 eV due to the
natural presence of FeOOH, Fe;O; or Fe;04. The minor peak at approximately 719 eV in the fresh
catalysts is also attributed to FeOOH. As clearly shown in the figure, compared with those in the
fresh catalysts, the peaks at both 719 eV and 711 eV in the spent samples are diminished or
weakened in XPS intensities, suggesting reduced Fe-oxides contents on the surface of these
limonite samples, which might result from the migration of surface Fe into the bulk sample or from
the deposition of carbon on the catalyst surface due to the Boudouard reaction of CO or the
decomposition reaction of CHs. Interestingly, however, no metallic Fe or iron nitrides species
(FexN) were able to be detected by XPS in all the spent limonite samples after the ammonia

experiments in the simulated gas with or without H,O.
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Figure 5-14 Fe 2p XPS spectra for the fresh and spent CL, AL and BL ore samples (spent: after NH;

decomposition at 750°C in the simulated gas with 15% H,0).
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5.4 Discussion

5.4.1 Catalytic Mechanisms of Ammonia Decomposition over the AC-supported Fe/Ni and

Limonite Catalysts

The XRD and XPS for the spent Ni/AC catalysts showed the formation of Ni-phosphides
(Ni2P, Nil12P5) during the ammonia decomposition in the simulated gas with or without H,O
(Figures 5-8 and 5-12). These metal phosphides have also been found in the spent Ni/AC catalyst
from the NH3 decomposition experiment in inert helium (Chapter 4). This implies that these metal
phosphides (Ni;;Ps and Ni,P) might play an important role in the ammonia decomposition
reactions over the Ni/AC catalyst. In Chapter 4, it has also been confirmed that commercial
compounds of Ni,P and Fe,P were active as catalysts for ammonia decomposition in inert
atmosphere. In addition, metallic Ni was also likely present on the surface of Ni/AC during the
ammonia decomposition reaction as shown by the XPS measurement (Figure 5-12).

As shown and discussed previously in Chapter 4, iron phosphide species (Fe,P) were
detected by XPS on the Fe/AC surface after the ammonia decomposition in the inert gas. The
presence of Fe,P was also revealed by XRD measurement of the spent Fe/AC from the experiment
in the simulated gas with 0% H,O (Figure 5-9d), although iron phosphide species (FesP) were not
detected by XPS in all the spent Fe/AC samples after the experiments with or without H,O (Figure
5-13). FexP species such as Fe,P was believed to be the critical species responsible for the activity
of Fe/AC towards NH; decomposition [14-17], in accordance with the mechanism proposed
previously in Chapter 4.

Therefore, metal phosphides (such as Ni,P and Fe,P) and metallic Ni/Fe might play an
important role as the active species in ammonia decomposition, and the following cycle
mechanism was proposed. Wherein, the “Me” denotes either “Ni” or “Fe”, and the presence of P

element was owing to the residual P in the AC support prepared from peat activated by H3POy.

2Me + P > Me,P )
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6Me + 3P + 2NH;(g)~>3Me,P+ Ny(g) + 3Ha(g) 2)

Me,P + 0.5NH; (g) + 0.75H; > 0.5MeqN + PH; (g) (3) or
Me;P + 0.5H, (g) + 2/3NH; (g) > 2/3MesN + PH; (g) 3y
PH; (g) + 2Me > Me,P + 1.5H; (g) (4)
MesN > 4Me + 0.5N; (g) (5) or
MesN > 3Me + 0.5N; (g) (5)
4Me + NH; (g) > MeN + 1.5H, (g) (6) or
3Me + NH; (g) > MesN + 1.5H; (g) 6)

Iron phosphide species (Fe P) were not detected by XPS in all the spent Fe/AC samples
after the experiments with or without H,O (Figure 5-13). As such, the presence of the simulated gas
and HO could enhance oxidization of the surface Fe species to less active iron oxides and
phosphates species, and prevent formation of active iron phosphide species (FeP), which were
evidenced by both XRD and XPS analyses as discussed in Figures 5-9 and 5-13. This would
account for the drastic deactivation of the Fe/AC towards ammonia decomposition by the presence
of the simulated gas and HéO (Figure 5-4), according to the above mechanism. The above
mechanism clearly shows that the metal nitrides (MesN or MesN) were the active intermediate
compound responsible for the catalytic decomposition of NHj over the Ni/Fe catalysts, as
suggested by many previous studies [14-17]. These metal nitride species were however
undetectable in all the spent catalysts (Ni/AC, Fe/AC and limonite) by either XRD or XPS
techniques. The authors postulate that these metal nitride species might have formed during the
reactions, while they were unable to be detected by XRD or XPS, likely due to their low
concentrations in the sample, the unstable nature as an intermediate during the reaction, the air
oxidation of the surface nitride species prior to the XPS measurements, or because of the shielding

effect of the deposited carbon on the surface of the spent catalysts.
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5.4.2 Roles of Simulated Gas Species in Ammonia Decomposition over the AC-supported Fe/Ni

and Limonite Catalysts

As discussed before in Figures 5-6 and 5-7, all the limonite catalysts tested in this study
showed stronger resistance to the simulated gas containing CO, CHs, Hy, CO; and H,0, which is
superior to the AC-supported Fe/Ni catalysts. It has been reported by Tsubouchi et al [15] that the
efficiency of an Australian limonite was found to decrease significantly at lower temperatures
<700°C in the presence of fuel gas (20%CO/10%H,), but there was no deactivation of the limonite
by the presence of CO and Hj at higher temperatures (>750°C), which is in a good agreement with
the above findings of the current study. For the AC-supported Fe/Ni catalysts, however, there was
a drastic decrease in activities of these carbon supported catalysts for the decomposition of NHj in
the simulated gas (14.9% CO, 2.9% CHa, 11.2% H,, 11.2% CO,) with and without H,O, as shown
in Figures 5-4 and 5-5. The decreased activities may be caused by the carbon deposition resulting
from Boudouard reaction of CO or decomposition of CH4, by some chemical reactions of the
simulated gas species and H,O with the active metal species (e.g., FexP), or by the competing
adsorption of CO, and H,O with NHj on the catalyst surface, as discussed below in more details.

The results as discussed previously in Figures 5-4 and 5-5 strongly suggest that both Fe/AC
and Ni/AC were severely deactivated.by the simulated gas (H,, CO, CO,, CHy) and the Fe/AC
catalyst could also be deactivated by the presence of H,O in the gas. Similar observations were
reported in the previous study by Xu et al [16], where it was found that the pyrolysis chars from low
rank coals, containing inherently present Fe and Ca, could be deactivated by simulated gases
containing CO, CO, and H, due to the formation of carbon and less active metal carbides [16].
Although there are no distinct XRD diffraction lines ascribable to iron carbides or carbon in the
spent catalysts of AC supported Fe/Ni catalysts and all the limonite samples as shown previously in
Figures 5-8 through 5-11 it is possible these carbon-related species formed were finely dispersed
on the catalyst, with crystalline sizes below the detection limit of the XRD (< 5nm). The formation
of carbon over the Ni/AC or Fe/AC catalysts in the presence of the simulated gas (H,, CO, CO,,
CH,4) may proceed via the Boudouard reaction of CO or the decomposition reaction of CHy, as
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shown below.
2C0 - C+CO, (7N
CH; - C+2H, (8)

The carbon deposition via the above two equations might be retarded if there are high
concentrations of H,O, CO; and Hj in the simulated gas, which was the case in present study (with
the simulated gas consisting of 1.2% Ha, 11.2% CO; and 5-15% H,0). As a matter of fact, in the
experiments with either Ni/AC or Fe/AC in the simulated gas with 0% H,O, carbon deposition was
observed on the walls of the reactor but in the experiments involving H,O vapor the carbon
deposition was not observed, suggesting that the presence of H,O in the gas could effectively limit
the carbon deposition likely via the following C gasification reaction, water gas shift reaction and

the steam methane reforming reactions:

C+H,0->H,+CO ©)
CO+H,0 —» CO, +2H; (10)
- CHy + H,0 — CO +3H, (1)

The above isvconsistent with the findings reported by Tsubouchi et al [15], where the addition of
10%CO; or 3% H,0 helped to restore the ammonia conversion activity of the Australia limonite at
high temperatures. The results in the current study, as discussed previously in Figures 5-4 and 5-5,
however suggest that the Fe/AC catalyst could also deactivated by the presence of H,O in the gas,
although the presence of H,O vapor could prevent the carbon deposition, in accordance to the
above reactions (9) through (11). For the Fe-based catalysts (Fe/AC and limonite), the catalyst
deactivation by the simulated gas species and H,O may be related to the oxidization of the active
metal species (e.g., FexP) into less or in-active iron species, such as FePO,, Metaphosphates and
Fes(POy),, as evidenced by both XRD and XPS analysis results discussed before in Figures 5-9
and 5-13. Compared with those for the Fe/AC sample after the experiment with 0% H,0O (Figure
5-13d), all spectra from the catalyst after the experiment with 5-15% H,O showed increased
intensities of the Fe oxides and phosphates specieé (FePO4, Metaphosphates and Fe3(POq)y),

suggesting oxidation of the Fe species on the surface of the catalysts by the H,O in the gas stream.

110



The formation of the iron phosphate species might occur through the following reactions, taking
FePO4 as an example.

4CO(g) + Fe + P = FePO4+ 4C (12)

AG = - 6.9 kcal at 750°C

Fe P + 4H,0 =FePO4 + Fe + 4H; (g) (13)
AG = —-32.0 kcal at 750°C

5.2Fe + 7.4P + CO(g) + 7.8H,0 = FesC + 2. 2FePO, + 5.2PH; (g) (14)
AG = - 67.2 keal at 750°C

Fe,P + 8H,0 + P =2FePO4 + 8H; (g) (15)
AG = —95.8 kcal at 750°C

The presence of the simulated gas species CO and H;O could lead to the conversion of metal
phosphide (Fe,P) as well as metallic Fe into phosphate (Fe3(POa)z) during the experiment, which
might deactivate the Fe/AC catalyst for ammonia decomposition, as shown previously in Figure

5-4.

5.5 Conclusions

(1) Fe/AC and Ni/AC catalysts were very active for ammonia decomposition in the inert
atmosphere at 750°C, but both AC-supported catalysts were severely deactivated by
the simulated gas (14.9% CO, 2.9% CHs, 11.2% Hs, 11.2% COy), and the Fe/AC
catalyst was also deactivated by the presence of H,O in the gas. In the presence of the
simulated gas and H,O, the activities of these two catalysts dropped drastically to as
low as <10%.

(2) The three limonite ores, i.e., Canadian limonite (CL) with 42 wit% Fe, Brazilian
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limonite (BL) with 57 wt% Fe and Australian limonite (AL) containing 46 wt% Fe,
showed high activities towards ammonia conversion to N, (>90% at 750°C ) in both
inert atmosphere or in a simulated gas with 0-15% H,O.

(3) The metal phosphides (such as Ni,P and Fe,P) and metallic Ni/Fe might play an
important role as the active species in ammonia decomposition over the Fe- and
Ni-based catalysts, and the ammonia decomposition reactions seemed to proceed
through a cycle mechanism involving metal nitrides as the intermediates.

(4) The deactivation of the Ni/AC and Fe/AC by the simulated gas and H,O vapor may be
caused by the carbon deposition resulting from Boudouard reaction of CO or
decomposition of CHy, by the oxidation of metal phosphides and metallic metals into
less or inactive phosphates in the presence of the simulated gas species CO and H,O, or

by the competing adsorption of CO, and H,O with NH3 on the catalyst surface.
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CHAPTER 6

Catalytic Decomposition of Model Tar Compound using Natural Limonite Ores

for Hot Gas Cleanup of Biomass Gasification Gas

ABSTRACT

In this study, three types of natural limonite iron ores from Canada (CL), Brazil (BL), and
Australia (AL) were tested as inexpensive catalysts for tar reforming/cracking experiments at
500-900°C using benzene as the model compound (1000-1400 ppm) in the co-existence of
H,0/helium a simulated gas mixture containing H,/CH4/CO/CO, with and without HyO. The
activities of these limonite catalysts of benzene decomposition follow the order of priority of BL>
AL > CL. Canadian Limonite (CL) was inactive for steam reforming of benzene, probably
resulting from the chemical deactivation of catalyst by the HO vapor to prevent formation of the
active o-Fe species on the catalyst surface. However, in the presence of the simulated gas
consisting without H,0, the CL showed improved higher activity, of about 65% at 900°C, while its
performance was deactivated slightly by the presence of H,O in the gas. The Brazilian limonite
(BL) showed the highest activities in benzene decomposition in the presence of the simulated gas
with and without H,O, owing to its high Fe content with smaller crystalline sizes of active
Fe-species in the fresh sampie or during the benzene decomposition tests. The use of BL catalyst
obtained almost complete conversion of benzene (>95%) at above 650°C in the simulated gas
irrespective of whether or not 15 vol% H,O was present in the reactant gas. The activity of the BL
catalyst was unaffected by the addition of H,O and the presence of H,O was found to be beneficial
to maintain the high activity of BL by preventing formation of carbon deposition. The activation
energies were determined as E, =130 kJ/mol and 120 kJ/mol for benzene decomposition over CL at

750-900°C in the simulated gas with and without 15vol.% H,O, respectively. The obtained E,
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values are much lower than the literature values for benzene decomposition reactions under similar
conditions with other catalysts such as Ca0.MgO and Ni/MgO, suggesting the limonite material
can be a promising less expensive catalyst for hot gas cleaning of tar in the biomass gasification

syngas.

Keywords: Limonite, catalyst, hot gas cleanup, tar, benzene, reforming, cracking

6.1 Introduction

Compared with coal gasification, biomass gasification produces a raw gas that contains a large
amount of tar due to the cellulose-based structure. In an air-blown or steam fluidized bed gasifier
for biomass gasiﬁcation, typical tar yield have been reported in the range of 4-62 g/kg and 60-95
g/kg, respectively [1]. The tar in the gas can condense in the downstream pipes and equipment such
as heat exchangers causing equipment to corrode and possibly fouling and blocking the lines. This
will result in increased costs of the gasification process, and also a decreased efficiency of the gas,
therefore removal of the tar is vital for utilizing the biomass gas efficiently. Moreover, tar is highly
undesirable because of the detrimental problems associated with end use applications such as
engines and turbines. As reported by Milne and Evans [2] less than 50-500 mg/ Nm?®, 50-100
mg/Nm® and 5 mg/Nm® of tar is recommended for compressors, internal combustion systems, and
direct-fired industrial gas turbines, respectively. For methanol synthesis, the content of tar is
required to be <0.1 mg/Nm3 [3].

Tar reduction can be achieved within the gasifier itself or downstream from the gasifier. Tar
conversion or prevention within the gasifier is known as a primary method, and may involve
reactor design, parameter optimization, or catalyst beds [4]. In secondary methods, which take
place downstream, the tar can be either removed physically or converted chemically through hot
gas cleanup. Physical processes include wet scrubbing and filtration. Wet scrubbing is an effective

gas conditioning method that condenses tars out of the product gas, but requires that the gas be
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cooled. If the end applications are high temperature processes, extra energy will be required to cool
and reheat the syngas stream, thus decreasing the overall energy efficiency [S]. Another
disadvantage of this method is that the tar is only transferred from a gas phase to a condensed phase,
producing a secondary waste stream that needs to be treated. By converting the tar to gas via hot
gas cleanup, the gas does not need to be cooled and reheated for its final use, and by converting the
tar to desired gas components, the chemical energy of the gas product is retained and treatment of
the secondary waste streams is avoided [6].

The most common secondary methods used for tar reduction are thermal or catalytic cracking
[7]. Thermal cracking requires high temperatures (>1100°C) in order to obtain a high conversion,

this can be achieved by adding oxygen to the process, but these high temperatures can lead to soot
formation in the product stream [8]. Catalysts can be used to lower the required reaction
temperatures and increase the conversion of tar to gas (CO and Hp). Catalytic tar
cracking/reforming is achieved by passing the raw gas produced from the biomass gasification
process, over a solid catalyst in a fixed bed reactor, having the same or similar temperature and
pressure :as the gasifier [8]. The biomass-derived tars consist of a wide range of condensable
hydrocarbon and oxygen containing hydrocarbons compounds, which are mostly aromatics and
complex poly-aromatic hydrocarbons (PAHs) [9]. The complex composition of biomass tars makes
it difficult to understand the reaction mechanisms. In the fluidized-bed air-blown gasification
biomass, the major components could be benzene, toluene, phenol, naphthalene and their
derivatives [10], and benzene and derivatives were found to be the dominant components in the tar
derived from steam/O, gasification of sawdust [11], Therefore, model tar compounds such as
benzene, toluene, phenol, and naphthalene were often used in the research [9-12], and the thermal
reactivity was found to follow the order of toluene > naphthalene > benzene [2]. Tars can be
catalytically reformed/cracked at a high temperature via steam/dry reforming or
cracking/hydro-cracking to form gas products of carbon monoxide and hydrogen and methane, as

presented in the following equations:

Steam reforming:  C, H, +nH,0 <> nC'O+(n+—r§—)H2
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Dry reforming: C,H,+nCO, <>2nCO+ (%)H2

Cracking: CH, onC+ (%)H2

dn—m
2

Hydro-cracking: C,H, +( VH, <> nCH,

The most common catalysts tested for tar cracking/reforming are calcined dolomite, CaO or
MgO [13-16], Supported transition and nobel metals (primarily Ni and Ni/Mo) [17-19],
carbon-based catalysts (such as biuomass chars) [20]. Inexpensive Fe-containing materials (olivine
and iron oxide) have all been used in studies for steam reforming/cracking of benzene and toluene

model tar compounds [21, 22]. Except for being used as the ammonia decomposition catalysts [23],
natural limonite iron ores, mainly composed of goethite (a-FeOOH), have not been investigated so

far for hot gas tar reduction.

The main objective of this study is to test limonite ores, the inexpensive and readily available
locally natural materials, for tar reforming/cracking experiments using benzene as the model
éompound. In this study, three types of limonite iron ores originated from Canada (CL), Brazil
(BL), and Australia (AL) were tested for reforming/cracking of benzene in the co-existence of a

simulated gas mixture containing Ho/CH4/CO/CO, or an inner gas (helium) with and without HO.

6.2 Experimental

6.2.1 Materials

Three natural limonite ore samples from Canada (CL), Brazil (BL) and Australia (AL) were
used as catalysts in this study. The as received ores were crushed and sieved into particles of
0.15-0.25 mm (CL), 0.25-0.5 (BL) and 0.15-025 mm (AL) and 0.5-1.0 mm (AL). The
compositions of the inorganic matter (e.g., Fe content) of the limonite samples were determined
using ICP-AES (Inductively Coupled Plasma — Atomic Emission Spectrometer). The fresh

limonite ores were also tested by Ny isothermal adsorption (77K) to determine the BET surface
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areas. The crystalline structures of the fresh limonite samples were analyzed using XRD. The
physical and chemical properties of the fresh limonite samples are summarized in Table 6-1 below.
As shown in the Table, the Brazilian limonite (BL) has the largest BET surface area of 90 m*/g and
the highest Fe content (57 wt%), while the Canadian limonite (CL) has the smallest BET surface

area of only 11 m%g and the lowest Fe content (42 wt%). The major crystalline species detected by

XRD in all fresh limonite samples were goethite (a-FeOOH), as shown in Figure 5-2. The
crystalline size of the a-FeOOH, estimated by the Debye-Scherrer equation, was the largest for the
CL sample (> 100 nm), followed by AL (25 nm) and BL (16 nm). Besides the goethite (a-FeOOH),

o-Fe, 03 peaks of a medium intensity, and quartz (SiO,) signals (of low-to-medium intensity) were

detected in all the fresh limonite samples.
Prior to the tar decomposition studies, all catalyst samples were reduced using 200 ml/min of

H, for 2 h at 500°C, and the XRD analytical results are also presented in Table 6-1. As clearly

shown in the Table, metallic iron species (a-Fe) were the dominant Fe-species in all the limonite

samples after H, reduction. In the Hy-reduced samples, the AL had the smallest particles of a-Fe

(22 nm), followed by BL (24 nm) and CL (33 nm). In the reduced AL catalyst, very weak signals of
a-FeOOH were detected.
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Table 6-1 Physical and chemical properties of the fresh limonite ores and the limonite samples after H,

reduction at S00°C for 2 h

‘ ' Fresh sample Sample after H, reduction
Limonite ore 7y BL CL AL BL CL
Total Fe content 46 57 42 nat n.a. n.a.
(wt%)

) a-FeOOH(s) o-FeOOH(s) A-FeOOH (s) o-Fe(s) a-Fe (s) a-Fe (s)

Crystalline

Ca a-Fe,03 (m)  a-Fe,Os3 (m)  a-FeyO5 (m) a-FeOOH(w) SiO, (w)  SiO, (m)
species SiO; (s) Si0; (w) Si0, (m) Si0; (s)
Size of a-FeOOH | 25 16 >100 22 24 33
or a-Fe (nm)°
Surface Area 40 90 11 nal n.a. n.a.
(m?/g)°

®dentified by XRD: w (weak); m (medium); s (strong) in intensity;
® Average crystalline size estimated by Debye-Scherrer method,;

¢ Determined by BET method using N, isothermal adsorption (77K);
4 Not analyzed.

6.2.2 Experimental Apparatus and Methods

The benzene or toluene reforming/cracking experiments were carried out with a flow-type,
vertical tubular quartz reactor (8 mm ID) placed in an electric furnace, as schematically illustrated
in Figure 6-1. The catalyst bed within the reactor was 8 or 16 mm in height for all the tests with
benzene and was held in place with fine grade quartz wool. Prior to the decomposition studies, the
samples were reduced using 200 ml/min of H, for 2 h at 500°C. After Hy reduction, the reactor was
heated to the desired temperature with a He flow of 180 ml/min at 15°C/min. As the temperature
reached the desired reaction temperature, the helium flow was replaced with the following two
types of reactant gas stream:

(a) 300 ml/min of 1000ppm benzene diluted in helium (balance) with 15 vol% HO,
corresponding to a GHSV of 45000 h';

(b) 110 ml/min of 1360ppm benzene diluted in a simulated gas (9.6 vol%H,, 13 vol%CO, 9.5
vol%CO,, 2.5 vol%CH,) and helium (balance) with or without 15 vol% H,O, corresponding to a

GHSV of 8200 h'l.
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The H,0 vapor content of the gas was controlled by the temperature of the water vaporizer and the
helium flow through the vaporizer, which was kept at a set temperature of 85 °C for the studies
using 15% H,0. A high speed micro GC-TCD was used to determine the CO and CH4 formed and
the un-reacted benzene (C¢Hg) and toluene (C;Hg). A moisture trap, located after the reactor,

consisting of calcium carbonate, was used to prevent H,O from entering the GC.

Mass Flow Controllers

Benzene Toliene Sim Gas Water Vaporizer

Figure 6-1 Experimental Apparatus for tar reforming/cracking

6.2.3 Characterization of the Catalysts
X-ray diffraction (XRD) with Fe Ka radiation (Shimadzu XRD-6000, 30 mA and 40 kV) was

used to characterize the crystalline structures of all the catalysts before (fresh catalysts) and after
(spent catalysts) the ammonia decomposition tests. The average crystalline size of the particles (Zc)
was calculated using the Debye-Scherrer equation. X-ray photoelectron spectroscopy (XPS) was
employed to characterize the chemical composition on the surfaces of the catalysts before and
decomposition experiments (for benzene decompositions). The XPS experiments were performed
on a ULVAC PHI 5600 spectrometer with an Al anode for K, X-ray source operating at 200W.
Charging effects were corrected by adjusting the binding energy of Cjs peak of carbon

contamination to 284.6 eV.
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6.3 Results and Discussion

6.3.1 Steam Reforming of Benzene using Canadian Limonite

Catalytic steam reforming of 1000ppm benzene was carried out using CL in a 15%H,0/He
atmosphere at reaction temperatures of 650°C, 750°C, and 850°C and a space velocity of 45000 h'.
The results are shown in Figure 6-2. Very low conversion of benzene at approximately 10% was
observed for all the temperatures. Very low formation of CO at a rate of < 3umol/min/g-catalyst
was observed during the experiments, and no CH, formation was observed during the tests for all

temperatures, suggesting the following steam reforming reaction of benzene over the CL catalyst:

C,H, +6H,0 > 6CO+9H, AHC05 = 704.9 kI/mol (6-1)
C.H, +12H,0 > 6C0,+15H, AHs=457.7ki/mol  (6-2)

C H, +TH,0 - CO,+10H, +5CO  AH95=663.7kl/mol  (6-3)

The standard Gibbs free energy changes for the above reactions were calculated as negative values

at temperatures >400°C.

100
CL |
90 + ; —+— 850°C
SV:45000 h .
. 80 I Flowrate: 300 ml/min = 750°C
BN 0
o 70 T Gas Composition: ~a- 650°C
% 60 + 1000 ppm CgHg+ 15% H,0
>
Z 50 F
S
O 40 t
Uﬁ\; 30 F
20
10 7"“*
0 1 1 1 1
0 50 100 150 200 250

Time on stream, min

Figure 6-2 Benzene conversion over Canadian limonite (CL) in steam reforming. (1000ppm benzene in a

15%H,0/He atmosphere at 650°C, 750°C, and 850°C and an SV of 45000 hh
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The low activity of the Canadian Limonite (CL) for steam reforming of benzene might
result from the competing adsorption of the H,O vapor and benzene vapor, or the chemical
deactivation of catalyst by the H,O vapor. To determine why the Canadian Limonite was inactive in
the steam reforming of benzene, XRD analysis of the spent catalyst samples was carried out. Figure
6-3 below shows the XRD (Fe K, profiles for the spent Canadian limonite catalyst after reforming
experiments of 1000ppm benzene in a 15% H,O/He atmosphere at temperatures of 650, 750 and
850°C. The spent catalysts showed strong diffraction peaks for Fe;Oy, all having crystalline sizes

greater than >100 nm, and in the sample that was tested at 750°C there were weak diffraction peaks
attributed to FeO. There were no signals of o-Fe species, commonly regarded as the active species
for a Fe-based catalyst [21-23]. The low activity of the CL sample towards steam reforming of
benzene was thus likely due to the oxidation of the active a-Fe species to form inactive Fe3O4 and

FeO species.

CL 1000 ppm C¢Hg/He e Fe;04
15% H,0 ~100 nm m FeO
- o Sio,
° . ﬁ
W O‘ . [ ] A

> O

850°C lOOnm |
[ ]
S g oe S m)
750°C g
0 >100nm
[ ] [ ] .
2 e L

T T T T T T T

10 20 30 40 50 60 70 80 90
20 (Fe-Ka), Deg.

X-ray Diffraction Intensity (a.u.)

Figure 6-3 XRD profiles of Canadian limonite samples after steam reforming of benzene at 650, 750 and

850°C, in a 15%H,0/He atmosphere.
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6.3.2 Decomposition of Benzene using Canadian Limonite in Simulated Gas with and without
H;0

As discussed above, the CL was inactive in steam reforming of benzene, or benzene was
highly resistant to steam reforming even at a high temperature (850°C) with the presence of an
iron-based catalyst. In fact, this low conversion is no surprise since the thermal reactivity of
benzene was found to be the lowest compared with other tar model compounds (toluene,
naphthalene) [2]. The Canadian limonite (CL) was further tested for decomposition of benzene in a
stream of simulated gas consisting of 1360 ppm benzene, 9.6 vol%H,, 13 vol%CO, 9.5 vol%COs,,
2.5 vol%CH, and helium (balance) with or without 15 vol% H,O. In these tests, the reactant gas
flow rate was reduced to from 300 ml/min to 110 ml/min and the catalyst bed height was increased
to 16 mm, hence decreasing the GHSV to 8200 h. The results from these tests are presented in
Figure 6-4.

Figure 6-4a shows the performance of the Canadian limonite in conversion of benzene, at
steady state, in the simulated gas with and without 15 vol% HyO at a temperature ranging from 750
to 900°C. A blank run was carried out at 900°C using quartz wool as the bed material to determine
the possibility of thermal cracking reactions of benzene in thé simulated gas with 0% H,O, and
approximately 0% benzene conversion was obtained for 4h on the stream, suggesting the extremely
low thermal reactivity of benzene as discussed in the previous section. As clearly shown in the
figure, in the presence of the simulated gas, CL was fairly active for decomposition of benzene and
its activity increased with increasing temperature irrespective of whether the HO was present or
not. For example, in the simulated gas without H,O, the benzene conversion increased significantly
from about 15% at 750°C to approximately 65% at 900 °C. In the 