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ABSTRACT

The catalytic performances of nano and regular Fe,Os in the oxidation of methane
(CH4) and carbon monoxide (CO) singly and in combination were compared in a laboratory
study. The major oxidation product is carbon dioxide (CO;). The performance of the
nanocatalyst for oxidation of CH; and CO was studied under variable conditions of
temperature, concentration and space-time. It was demonstrated that 40 mg of Fe,O;
nanoparticles (NANOCAT® superfine iron oxide) was much more effective than 400mg of
non-nano Fe,0;-PVS (Bailey-PVS Oxides) in calatalyzing the oxidation. Furthermore, in the
oxidative coupling of CH4 and CO, the efficiency of mixed gas conversion was also higher
when NANOCAT® was used as the catalyst than when Fe,0;-PVS was used, and almost
complete oxidation of the mixed gas phases was observed. These results support the
hypothesis that the small particle size (3nm), high surface area (245 m?/g), and denser surface
coordination of the nanocatalyst can contribute to its better performance as a catalyst.
Generally, the oxidation of CO and CH, increased significantly with increase in temperature.
In the presence of oxygen, the reaction is zero-order on CO. The oxidation efficiency was not
affected by the CO concentrations at any temperature (more than 200°C). However, lower
concentrations in the gas phase contributed to higher oxidation efficiency over the entire
range of temperatures. The oxidation of CHy is quite complicated, and has not been clearly
delineated. An increase in the inlet gas flow rate caused a lower conversion rate. An
examination of space time effect of CO oxidation reveals that the higher space time between
carbon monoxide and NANOCAT® has little or no effect on oxidation efficiency. In contrary
to CO oxidation, the CH4 and mixed gas (CO and CH,) oxidations were accelerated by
increased space time with NANOCAT®.



1-2
CHAPTER 1.INTRODUCTION

Catalytic oxidation is known as one of the most widespread techniques for removing
harmful emissions of several gas phases. Most articles have reported that various catalysts
are particularly active in CO (carbon monoxide) or VOC (Volatile Organic Compound)
catalytic oxidation. In recent years, many researchers have focused on the use of
Nanocatalysts due to their high catalytic performance in comparison with other catalysts.
This study focuses on three concerns: (i) oxidation of CO by nano and regular Fe,0;, (ii)
oxidation of CH,4, volatile organic compound, by both catalysts, and (iii) oxidation of CO
combined with CH,4 by the two catalysts. The catalytic activities of the two catalysts were
then compared.

This thesis is organized into six chapters. The oxidation of CO and VOCs released
from industrial facilities or occurring in nature is the objective of this research. Chapter 2 not
only presents a literature review on the fundamentals of catalysis, but also discusses CO and
CH, describing their sources, their effects on people, and the available removal techniques. In
addition, the reaction mechanism of Fe,Os as a CO and CH, oxidant is described.

Chapter 3 describes the experimental set-up for this study. It explains the properties
of both catalysts and the experimental apparatus and procedures that were used to acquire
information on the oxidation efficiencies of CO and CHj.

In Chapter 4, results of the research are discussed: the oxidation of CO and CH4 was
carried out over nanoparticle Fe;O3 and compared with oxidation carried out using Fe,Os-
PVS powder as the catalyst. The catalytic performance of the two catalysts on the oxidative
activities of methane and carbon monoxide was studied under variable conditions of
temperature, concentration, and space time.

Chapter 5 presents a general conclusion, including the results from Chapter 4. It also
provides a few recommendations for future research.

Finally, Chapter 6 provides the list of the references for the study.



CHAPTER 2. LITERATURE REVIEW

2.1 INTRODUCTION

Catalysts have ling been used for removing harmful exhausts from car and stationary
pollution sources. Exhausts containing VOCs, carbon monoxide (CO), nitric oxide (NO), and
so on from industrial facilities and cars can be converted to harmless nonpollutants at
reasonable temperatures with cost-effective systems utilizing heterogeneous catalysts. The
use of the catalytic systems allows conversion of pollutants to non-pollutants at higher rates
with lower energy consumption than conventional thermal oxidation, resulting in cost-
effective pollution control [1]. To reduce the energy consumption, reaction temperature is
required to be as low as possible. A catalyst improves the oxidation reaction rate, allowing
faster reaction at a lower temperature. Thus, Catalytic oxidation can effectively cut down the
cost of operation compared with that of uncatalyzed, thermal oxidation. The use of catalytic
systems for pollutant abatement was virtually non-existent before 1970’s, but they are now
widely used for destruction of VOCs from stationary sources such as chemical processing
plants, reduction of nitric oxides from power plants and stationary engines, and
decomposition of ozone in high-flying aircrafts [2]. In the future, the use of catalytic agents
for pollution abatement applications promises to grow at a strong pace.

Toxic pollutants have been considered an important environmental issue in the last
decades. Carbon monoxide and methane will be the focus in this paper because of their
importance in vehicle emissions [3]. Carbon monoxide is the most toxic substance with
which we come into contact in our daily life. Carbon monoxide is a product of the
incomplete combustion of fossil fuels, and its sources include leaking chimneys and
furnaces; back-drafting from furnaces, gas water heaters, wood stoves, and fireplaces; gas
stoves; generators and other gasoline powered equipment; automobile exhaust from attached
garages; and tobacco smoke. Interruption of the normal supply of oxygen by CO poisoning

puts at risk the functions of the heart, brain, and other vital functions of the body. Lethal and



serious sub-lethal effects of CO poisoning are reported frequently. Methane (CH,),
discharged by the petroleum and chemical industries, has been chosen for this study as being
representative of volatile organic compounds (VOCs). Catalytic oxidation of CH, reduces
CO [4]. The oxidation of carbon monoxide and methane by various catalysts has been
in;/estigated for many years, and they have proven to be efficiently oxidized at lower
temperatures than are required for the thermal process. Thermal oxidation units burn CO and
CH,4 at very high temperatures, usually in the range of 750-1000°C, whereas a catalytic
oxidation unit operates at 350 and 500°C [5]. Several catalysts have shown to be highly
efficient in the oxidation of CO and CHa.

Among several catalysts, the precious metal (Pt, Pd) based, (e.g., perovskite-type
(LaxAgxMnOs)), and transition metal oxide based catalysts [6] have been extensively studied
for the oxidation of toxic gases. The precious metal based catalysts are known to be highly
active and stable and are used for vehicle exhaust gas control. However, the high cost of
precious metals and their sensitivity to sulfur poisoning inspired this research to find a
substitute. Various transition metal oxides and mixed metal oxides have been used for carbon
monoxide and VOC oxidation. In recent years, many researchers have focused on the
application of Nanocatalysts due to their high catalytic performance in comparison with
many other catalysts [7-9]. Nanophase transition metal oxides with their small particle size,
high surface area, and denser surface availability of unsaturated sites can improve the
catalytic performance over that of non-nano catalysts [7]. Of the many carbon monoxide
oxidation catalysts, Fe,O3 nanoparticles are especially attractive candidates in certain special
applications, where the potential toxicity of other catalysts is of concern. Among nanoparticle
metal oxides, the NANOCAT® superfine Fe,03 (SFIO) nanoparticle with a particle size of 3
nm has been extensively used for CO oxidation. Li et al. [7] have evaluated and illustrated

the high efficiency of NANOCAT® SFIO for CO oxidation and have shown it to be



considerably superior to other catalytic systems, especially to the other forms of iron oxide

catalysts, in terms of activation at a given temperature and in conversion efficiency.

The oxidation mechanisms of CO with CH4 by nanoparticle Fe,O3; and Fe;O3-PVS
were investigated in this research. The catalytic activities of NANOCAT® SFIO and Fe,0s-
PVS in the oxidation of CO and CH4 oxidation by O, were investigated on a bench scale at
different temperatures; different space time of CO with CHy; and different concentrations of
CO, CH,, and O, in contact with the catalysts. The reactions were carried out as a function of
CO and CHj4 concentrations, temperature, flow rates, and space time of CO and CH4 with the

catalysts, and monitored by using a gas chromatograph (GC) to analyze the outlet gas.

2.2 CATALYST FUNDAMENTALS
2.2.1 Activity of catalyst

A catalyst is a material that increases the rate (molecules converted by unit time) of a
chemical reaction while itself not undergoing any permanent change. The adsorption of
pollutants onto the catalyst provides chemical reaction shortcuts in which reactants are
converted to products more rapidly than if no catalyst were present. This translates to
reactions happening at lower temperatures, leading to savings in energy and reactor material.
Since reaction rates are increased, the throughput of reactants and the amount of product are
greatly increased, allowing the use of smaller reaction vessels.

Reactants undergoing conversion must pass through various energy barriers, called
the activation energy (F), before the product is produced. Figure 1.1 shows the net enthalpy
change against the reaction coordinate and the energy path of reactants to product. With the
catalytic effect, the energy barrier, or activation energy, that controls in the transformation of

reactant to product is lower.



The rate of reaction is inversely proportional to the exponential of the activation
energy. This relationship is expressed through the rate constant £, as in Equations 1 and 2,
where C, and C, represent the concentrations of the reactants at any given time and
superscripts x and y denote their respective reaction orders [3]. The rate constant is related to
the preexponential function kj which is a mechanistic term, and is proportional to the
number of active sites on the catalyst. R and T are the universal gas constant and the absolute
temperature, respectively [3].

Rate= kC;Cy (1)

E
k=k, exp(—R—T) 2

E,, no catalyst

AH
\/Ea, catalyst
)
4

Reactants

_w AH, reaction

Products

Reaction coordinate

Figure 1.1 Catalyzed and uncatalyzed reaction energy paths for reactants converted to
products [3].

The activation energy for the entire reaction reveals the slowest of all steps involved
in converting reactant to product. The overall rate can not be greater than the slowest step.
The difference between the energy states of the reactants and the products is the exothermic

heat of reaction. The presence of a catalyst does not affect the enthalpy and net free energy.



Catalysts change neither the energies of the initial and final states nor the equilibrium; they
affect only the rate of reaction to the final product state. Finally, catalysts enhance the

kinetics of reaching equilibrium.

2.2.2 Oxidation procedures

To maximize reaction rate, it is essential to ensure accessibility of all reactants to the active
catalytic sites dispersed within the internal pore network of the carrier. Here’s an example of
how the catalyst converts CO to CO,:

The net reaction of CO to CO, is

CO +0.50, — CO, 3)

To convert CO to CO,, physical and chemical steps must occur [3]:

(1) CO and O; contact the outer surface of the carrier containing the catalytic sites. To do so,
they should diffuse through a stagnant thin layer of gas in close contact with the catalyzed
carrier. Bulk molecular diffusion rates vary approximately with T> and typically have an
activation energy of E;=2-4 kcal/mol.

(11) Since the bulk of the catalytic components are internally dispersed, the majority of the
CO and O; molecules must diffuse through the porous network toward the active sites. The
activation energy for pore diffusion, E, is approximately half that of a chemical reaction, or
about 6-10 kcal/mol.

(iii)) Once CO and O, molecules arrive at the catalytic site, O, dissociates quickly, and
chemisorption of both O and CO occurs on adjacent catalytic sites. The kinetics generally
follow exponential dependence on temperature, for example, exp(-E3/RT), where Es is the
activation energy, which for chemisorption is typically greater than 10 kcal/mol.

(iv) An activated complex forms between adsorbed CO and adsorbed O, with an energy

equal to that at the peak of the activation energy profile, since this is the rate-limiting step. At



this point the activated complex has sufficient energy to convert to adsorbed CO,. Kinetics
also follow exponential dependence on temperature, for instance, exp(-E+/RT) with activation
energies typically greater than 10 kcal/mol.

(v) CO; desorbs from the site following exponential kinetics, for example, exp(-Es/RT) with
activation energies typically greater than 10 kcal/mol.

(vi) The desorbed CO; diffuses through the porous network toward the outer surface with an
activation energy and kinetic similar to those in step (ii).

(vil) CO,; must diffuse through the stagnant layer and, finally, into the bulk gas. Reaction
rates follow T2 dependence. Activation energies are also similar to those in step (i), less than
2-4 kcal/mol.

Step (1) and (vii) represent bulk transfer, which is a function of the specific molecules, the
dynamics of the flow conditions, and the geometric surface area of the catalyst or carriers.
Pore diffusion, illustrated in steps (ii) and (vi), depends primarily on the size and shape of
both the pore and the diffusing reactants and product. Steps (iii), (iv), and (v) are related to
the chemical interactions of reactants and products (CO, O,, and CO,, respectively) at the

catalytic sites.

2.2.3 Packed-bed reactor

The simplest flow one could think of is plug flow: constant velocity of flow in every
part of a system with no mixing between elements. Amazingly, such a simple flow is a fair
approximation to actual flow in a simple channel or pipe [3]. The plug flow reactor (PFR) is
used very often to study such important processes as thermal and plasma chemical reactions
in the fast gas flows, catalysis area. The characteristic of a packed-bed reactor (PBR) is that
material flows through the reactor as a plug. The packed-bed reactor, packed with solid
catalyst particles, allows pollutants to be converted to non-pollutants by being absorbed on

the catalyst surface. Packed-bed reactor advantages compared with other reactors include [3]



(i) high conversion per unit mass of catalyst, (ii) low operating cost, and (iii) continuous
operation.

The principal difference between reactor design calculations involving homogeneous
reactions and those involving fluid-solid heterogeneous reactions is that for the latter, the
reaction rate is based on the mass of a solid catalyst, W, rather than on reactor volume, V. For
a fluid-solid heterogenous system, the rate of reaction of a substance A is defined as [10]

—r,= g mol A reacted/s - g catalyst 4

The mass of the solid is used because the amount of the catalyst is what is important to the
rate of reaction; the reactor volume that contains the catalyst is of secondary significance.
The design Equation was developed based on reactor volume [10]. The derivation of the
design Equation for a packed-bed reactor is carried out in a manner analogous that used in
the development of the tubular design Equation. To accomplish this derivation, the volume
coordinate in Equation 5 for a tubular reactor is simply replaced with the catalyst weight
coordinate W in Figure 1.2. As with the PFR, the PBR is assumed to have no radical
gradients in concentration, temperature, or reaction rate. The Generalized mole balance on

species A over catalyst weight AW results in the following equation [10]:

in - out + generation = accumulation
Fip)- F+by) +rav =0 ®)
Fa - FA(W'*'AVV) + I‘I;AW =0 (6)

The dimensions of the generation term in Equation (6) are [10]

=— moled -(mass of catalyst) = m-oleA )
(time)(mass of catalyst) time

’3'4 A



10

Which are, as expected, the same dimension of the molar flow rate Fa. After dividing by AW

and taking the limit as AW— 0, we arrive at the differential form of the mole balance for a

packed-bed reactor:

dF .
d_I/;:rA (8)

When pressure drop through the reactor and catalyst decay are neglected, the integral form of

the packed catalyst-bed design, Equation 9, can be used to calculate the catalyst weight.
N ©)

F 0 rA

4

FA(W) Fa[W+AW]

Figure 1.2 Packed-bed reactor [10].

2.3 IMPORTANCE OF CATALYTIC TREATMENT OF POLLUTANT GASES

There are a few concerns with the inlet gas phases for this study. The following
sections briefly discuss CO and CHy, in relation to their sources, their effects on people, and

the removal methods used for their monitoring and abatement.
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2.3.1 Carbon monoxide

Carbon monoxide (CO) is another carbonaceous gas in the earth's atmosphere that
participates in the global carbon cycle. Carbon monoxide is a colorless, odorless, and
tasteless gas and it burns with a violet flame. It can be slightly soluble in water and is soluble
in alcohol and benzene. Carbon monoxide has a specific gravity of 0.96716, a boiling point
of 190°C, a solidification point of 207 °C, and a specific volume of 13.8 ft’/Ib at 21°C. Its
auto ignition temperature (liquid) is 609°C [11]. Carbon monoxide is classed as an inorganic

compound.

Sources of Carbon Monoxide

Carbon Monoxide is produced by the incomplete combustion of the fossil fuels - gas,
oil, coal, and wood used in boilers, engines, oil burners, gas fires, water heaters, solid fuel
appliances, open fires [12], unvented kerosene and gas space heaters, leaking chimneys and
furnaces, automobile exhaust from attached garages, and tobacco smoke [12]. Dangerous
amounts of CO can accumulate when, as a result of poor installation, poor maintenance, or
failure of or damage to an appliance in service, the fuel is not burned properly, or when
rooms are poorly ventilated and the CO is unable to escape. Table 1.2 lists the sources and
sinks for CO in Tg (1012 g) per year. Fossil fuel combustion is a significant source, as is
biomass burning. Carbon monoxide also can be produced in secondary oxidation reactions
with methane or non-methane hydrocarbons (NMHC). Major sinks include reaction with the
hydroxyl radical and soil uptake. These estimates carry large uncertainties, but it is very
likely that anthropogenic sources dominate natural sources. Carbon monoxide is much more

reactive than carbon dioxide, so its lifetime in the atmosphere is shorter.
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Standards or guidelines

No indoor air quality standards for CO have been announced [13]. The U.S. National

Ambient Air Quality Standards for outdoor air are 9 ppm (40,000 p/m’) for 8 hours, and 35

ppm for 1 hour.

Tablel.1 Sources of carbon monoxide [14]

Sources and sinks Amount, Tg/yr
Fossil Fuel 400-1000
Primary Biomass Burning 335-1400
Sources Plants 50-200
Oceans 20-80
Secondary NMHC Oxidation 300-1400
Sources Methane Oxidation 400-1000
OH reaction 2200
Sinks Soil Uptake 250
Stratospheric loss 100

Measurement methods [13]

Some relatively high cost infrared radiation adsorption and electrochemical

instruments do exist, and moderately priced real-time measuring devices are also

available. A passive monitor is currently under development, and many manufacturers have

developed CO detectors that can be used in the home.
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Levels in homes [13]
Average levels of carbon monoxide in homes without gas stoves vary from 0.5 to 5
ppm. Levels near properly adjusted gas stoves are often 5-15 ppm, and those near poorly

adjusted stoves may be 30 ppm or higher.

Control measures [13]

It is important to be sure that combustion equipment is maintained and properly
adjusted. Vehicular use should be carefully managed adjacent to buildings and in vocational
programs. Additional ventilation can be used as a temporary measure when high levels of

CO are expected for short periods of time.

Harmful effects of carbon monoxide

The initial symptoms of CO poisoning are similar to the flu without the fever. They
include headache, fatigue, dizziness, nausea and shortness of breath. Many people with CO
poisoning may mistake their symptoms for the flu or be misdiagnosed by physicians, which
sometimes results in tragic deaths [13]. Table 2 shows the physiological effects produced in
humans at specific levels of CO exposure.

Table 1.2 Physiological effects on human as increase in the concentration of CO [12]

Concentration of CO in air, ppm | Inhalation time and toxic developed

Safety level as specified by the Health and

% Safety Executive

200 Slight headache within 2-3 hours
Frontal headache within 1-2 hours,

40 becoming widespread in 3 hours
Dizziness, nausea, convulsions within 45

50 minutes, insensible in 2 hours
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Carbon Monoxide poisons by entering the lungs via the normal breathing mechanism
and displacing oxygen from the bloodstream. Acute effects are due to the formation in the
blood of carboxyhemoglobin, which inhibits oxygen intake [11]. Interruption of the normal
supply of oxygen puts the functions of the heart, brain, and other vital functions of the body
at risk. The information in Table 1.3 is for a healthy adult. Persons suffering from heart or
respiratory health problems, infants and small children, unborn children, expectant mothers,
and pets can be affected by CO poisoning more quickly than others in the household and may
be the first to show symptoms. Moreover, CO exposure at higher concentrations can be fatal

even to adults.

Steps to escape from carbon monoxide exposure

EPA provides several steps to reduce exposure to CO [13]: (i) keep gas appliances
properly adjusted. (i) Consider purchasing a vented space heater when replacing an unvented
one. (ii1) Use proper fuel in kerosene space heaters. (iv) Install and use an exhaust fan vented
to the outdoors over gas stoves. (v) Open flues when fireplaces are in use. (vi) Choose
properly sized wood stoves that are certified to meet EPA emission standards. Make certain
that doors on all wood stoves fit tightly. (vii) Have a trained professional inspect, clean, and
tune-up central heating system (furnaces, flues, and chimneys) annually and repair any leaks

promptly. (viii) Do not idle the car inside garage.

Oxidation of carbon monoxide over various catalysts

Many researchers have studied CO removal in the last decades. A literature review of
some of research CO oxidation is summarized below.

Li et al. [7] have studied oxidation of CO with nanoparticles of Fe;03. NANOCAT®
superfine Fe,O; (SFIO) nanoparticles were evaluated both as a catalyst and as an oxidant for

CO oxidation. The results indicate that the nanoparticles are much more effective as a CO
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catalyst than the non-nano oxide powder. Experiments were carried out using a quartz flow
tube reactor. The inlet gases were controlled by a flow meter, and the effluent gas was
analyzed either by an NLT2000 multi-gas analyzer or a Balzer Thermal Star quadrupole
mass spectrometer through a sampling procedure. During the oxidation process, the reduced
form of NANOCAT® catalyzed the disproportionation reaction of CO, producing carbon
deposits, iron carbide, and CO,. For NANOCAT®, the reaction order is first-order with
respect to the partial pressure of carbon monoxide, and zero-order with respect to the partial
pressure of oxygen. In the absence of oxygen, NANOCAT® oxidizes CO directly as an
oxidant. The higher activity of Fe,O3; nanoparticles over regular Fe,O; was attributed to small
particle size (3 nm), high surface area (245m*/g), and the presence of a hydroxylated phase of
iron oxide (FeOOH), as revealed by both high resolution transmission electron microscopy
(HRTEM) and a comparable study of FEOOH (goethite) powder. The disproportionation
reaction of CO contributes significantly to the total removal of CO.

Kang et al. [15] investigated the catalytic oxidation of CO by CoOy/CeO,.
Co00,/Ce0;, composite catalysts of different Co/Ce ratios have been used for CO oxidation in
mixtures of CO and O,. Composite oxides containing cobalt (Co) and cerium (Ce) catalysts
were prepared by the coprecipitation method. For comparison, 10 wt.% CuO/CeQO, composite
catalysts were prepared by the procedure described above and 10 wt.% CoO,/TiO,
composite catalysts were prepared by the impregnation method. The catalysts were
investigated by X-ray diffraction (XRD), temperature-programmed reduction (TPR),
Temperature-Programmed Desorption (TPD), and X-ray Photoelectron Spectroscopy (XPS).
The CoO,/CeO, composite catalyst showed good resistance to water vapor poisoning, but
Experiments show that CO, retention contributes to a fairly small but observed activity decay
rate. The CoO,/CeQ, composite catalysts reveal high catalytic activity in CO oxidation. From
the XRD, TPR and XPS results, Kang et al. [15] propose that the finely dispersed and higher

valence state CoOy species contribute to the catalytic activity.
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Zhang et al. [16] made a fixed-bed reactor for studying the catalytic oxidation of CO
over activated carbon (Cu/Cr/Ag/Carbon) impregnated with poly-metals (copper, chromium,
and silver) as a catalyst. The conversion factor for CO was measured under different
operation conditions such as reactor bed height (2 c¢m), catalyst particle diameter, and
temperature. Once reaction starts, the oxidation on the catalyst surface increased gradually,

and the oxidation of CO showed a first-order catalytic reaction.

2.3.2 Methane

Methane (CHy), the simplest hydrocarbon, is an atmospheric constituent of which the
concentration has increased in recent years. As a greenhouse gas, CHy is about 20 times more
effective in trapping heat in the atmosphere than carbon dioxide (CO,) over a 100-year
period [17], and it is emitted from a variety of natural and human-influenced sources.

Methane is also a primary source of natural gas and an important energy source. As a
result, the prevention or utilization of CHs emission can contribute significant energy,
economic and environmental benefits. In the United States, many companies are working to

reduce emissions by implementing cost-effective management methods and technologies.

Description

Methane (CHy) is a colorless, odorless gas with a wide distribution in nature. It is the
principal component of natural gas, which contains about 75% CHas, 15% ethane (C,Hg), and
5% other hydrocarbons, such as propane (Cs;Hg) and butane (C;Hio). Anaerobic bacterial
decomposition of plant and animal matter, such as that which occurs under water, produces
marsh gas, which is also CH,.

At room temperature, CHy gas is less dense than air. It melts at —183°C and boils at —
164°C. It is not very soluble in water. Methane is combustible, and mixtures of about 5-15 %

in air are explosive. Methane is not toxic when inhaled, but it can produce suffocation by
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reducing the concentration of oxygen inhaled. An undetected gas leak could result in an

explosion or asphyxiation.

Sources of methane

Emissions from natural sources are largely determined by environmental variables
such as temperature and precipitation. Even if large uncertainty remains as to the actual
contributions of these natural sources, available data indicates that global methane emissions
from natural sources are around 190 Tg/yr [17]. The 1992 Report of the Intergovernmental
Panel on Climate Change (IPCC) lists the largest natural source of methane to be wetlands,
which produce 115 Tg of carbon annually, as shown in Table 1.6. Termites are also very
significant producers of methane: they eat wood and release CHy4 in the digestion process.
The ocean produces about 10 Tg/yr of CHy, and fresh water and methane hydrate contribute
smaller amounts. The source of CH,4 from oceans is not clearly defined, but two identified
sources are the anaerobic digestion in marine zooplankton and fish, and methanogenisis in
sediments and drainage areas along coastal regions. The CH; emissions from methane
hydrate are estimated to be around up to 5 Tg/yr from natural sources. Methane hydrates are
solid deposits composed of cages of water molecules that contain molecules of CHs. From
human related sources, the largest CH4 emissions come from the decomposition of wastes in
landfills, ruminant digestion and manure management associated with domestic livestock;
natural gas; and oil systems, and coal mining. Methane is the primary component of natural
gas. Methane trapped in coal deposits and in the surrounding strata is released during normal
mining operations in both underground and surface mines. Methane losses also occur during

the production, processing, storage, transmission, and distribution of natural gas.
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Table 1.3 Sources of methane [14]

Sources and sinks Amount, Tg/yr
Wetlands 100-200
Termites 10-50
ls\i?lt:;:; Oceans 5-20
Freshwater 1-25
CH4 Hydrate 0-5
Con MmNl | o2
Rice Paddles 20-150
Anthropogenic Enteric Fermentation 65-100
SOTTees Animal Wastes 20-30
Landfills 20-70
Biomass burning 20-80
Atmospheric removal 420-520
Sinks Removal by soils 15-45
Atmospheric increase 28-37

Among domesticated livestock, ruminant animals (cattle, buffalo, sheep, goats, and
camels) also produce significant amounts of CHy4 as part of their normal digestive processes.
Methane is generated in landfills and open dumps as waste decomposes under anaerobic
(without oxygen) conditions [17]. Methane is also produced during the anaerobic
decomposition of organic material in livestock manure management systems.

Methane is removed from the atmosphere (i.e., converted to less harmful products) by
a range of chemical and biological processes, which occur in different regions of the
atmosphere and in thesoil. These include tropospheric, stratospheric oxidation and uptake by
soils.

Methane can be produced in the laboratory by heating sodium acetate with sodium

hydroxide and by the reaction of aluminum carbide (Al;C;) with water [17]. Methane is
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synthesized commercially by heating a mixture of carbon and hydrogen and by the
distillation of bituminous coal which contains more than 15% volatile material and by
heating a mixture of carbon and hydrogen. Coal is a combustible rock, containing significant
amounts of carbon, formed from the remains of decayed vegetation. Coal also contains
hydrogen and oxygen, with small concentrations of nitrogen, chlorine, sulfur, and several
metals. The non-volatile component of coal, which remains after distillation, is coke. Coke is
almost pure carbon and is an excellent fuel. However, it may contain metals, such as arsenic
and lead, which can be serious pollutants if the combustion products are released into the

atmosphere.

Various uses of methane

The principal use of CHy is as a fuel. The combustion of CHy is highly exothermic.
The energy released by the combustion of CHy, in the form of natural gas, is used directly to
heat homes and commercial buildings. It is also used in the generation of electric power.
During the past decade natural gas accounted for about one-fifth of the total energy
consumption worldwide, and about one-third in the United States [17].

In the chemical industry, CH4 is a raw material for the manufacture of methanol
(CH30H), formaldehyde (CH,O), nitromethane (CH3;NO,), chloroform (CH;Cl), carbon
tetrachloride (CCls), and some freons (compounds containing carbon and fluorine, and
perhaps chlorine and hydrogen) [18]. The reactions of methane with chlorine and fluorine are
triggered by light. When exposed to bright visible light, mixtures of methane with chlorine or

fluorine react explosively.

Control of methane
Controlling emissions of CH, gas can reduce both air pollution and global warming,

according to a new study by scientists at Harvard University, the Argonne National
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Laboratory, and the EPA. They say that methane is directly linked to the production of ozone
in the troposphere, the lowest part of Earth's atmosphere, extending from the surface to
around 12 km (7 miles) altitude [19]. Ozone is the primary constituent of smog, and both
methane and ozone are significant greenhouse gases. Ozone is formed in the troposphere by
chemical reactions involving methane, other organic compounds, and CO, in the presence of
nitrogen oxides and sunlight. Methane is known to be a major source of ozone throughout the
troposphere, but is not usually considered to play a key role in the production of ozone smog
in surface air, because of its long lifetime [19]. Reductions in methane emissions, however,
would contribute decreasing greenhouse warming by decreasing both methane and ozone in
the atmosphere world-wide, and this would also help to reduce surface air pollution. CH4 can
be removed by sink processes. As shown in Table 1.3, CH4 concentration in the atmosphere
determines by the balance between CH4 emissions and methane sinks (atmospheric removal
and removal by soil). Stratospheric oxidation plays a key role in atmospheric removal from

the atmosphere and absorption by soil plays also a minor role in removing methane.

Combustion of methane over various catalysts

As mentioned above, combustion of CH,; with several catalysts is known as one of
best methods for removing it; some literature reviews for methane removal are provided
below.

Paredes et al. [20] attempted the catalytic combustion of methane by three iron-based
catalysts, prepared from waste materials from the aluminum industry (red mud (RM)) by
dissolution—precipitation methods, followed by calcination. Combustion experiments were
performed in a continuous packed-bed reactor, with 2mg of catalyst placed in the middle part
of the reactor. The activity and stability of three iron-based catalysts for the catalytic
combustion of methane were studied at atmospheric pressure, temperatures and space time,

and compared with the activity and stability of hematite and a Cu-Cr-Ti commercial catalyst.
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Superficial characterisation of fresh and used catalysts was carried out by BET (Brunauer,
Emmett and Teller), X-ray diffraction (XRD) and temperature-programmed techniques.
Experimental results indicate that red mud activated by the method of Pratt and
Christoverson exhibits higher catalytic activity than the commercial catalyst and good
thermal stability.

Lee et al. [21] reviewed the catalytic combustion of methane in terms of the Palladium
(Pd) based catalysts, the kinetics and mechanism, deactivation of the catalyst, and mass and
heat transfer in the system to form carbon dioxide and water, and then compared the catalytic
performances of Pd-based catalyst with that of Platinum (Pt) supported metal oxides. They
demonstrated that Pd supported on various metal oxides such as Al,O; and SiO, has been
found to be a significantly efficient catalyst. The catalytic oxidation was dependent on
several factors, including the oxygen:methane feed ratio, the loading of precious metal (Pd
and Pt) on the support, the nature of the support, the particle size of the precious metal, and
the extent and nature of catalyst pretreatment. The reaction rate is found to be dependent on
CH,4 concentration, generally to the first order or less. Because of overheating as a result of
high conversions of CHy, chemical kinetics is often affected by mass and heat transfer. Heat
and mass transfer are also important factors in the later stage of the combustion process.
Sintering and the thermal stability of the catalyst were dependent on the supports, and the
sintering of supports and catalysts is accelerated at higher temperatures. Sulfur poisoning are
the major factors causing deactivation. Sulfur oxides deactivate most noble metal catalysts

with the exception of platinum.

2.4 IRON OXIDE (FE;0;3) AS CARBON MONOXIDE AND METHANE OXIDANT
2.4.1 Iron oxide (Fe;O;3) as carbon monoxide oxidant

The oxidation of carbon monoxide by metal oxides can be illustrated as follows:
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MO +CO —- M + CO, (10)

M + 0.50, - MO (11)

where MO represents the metal oxide used as a catalyst in this study.
In the first step, one oxygen atom from the catalyst molecule transfers to CO to form CO,.
This is an important step in determining the activity of a catalyst. Below 110 °C, the
adsorption of both CO and O; on the nanocatalyst, Fe,03, is very low, but gradually increases
with increasing temperature. Likewise, CO oxidation accelerates. That is, low adsorption of
CO and O, on Fe,;03 at lower temperature (<110 °C) generates low production of CO,. The
catalyst helps break of the covalent O-O bond to facilitate CO oxidation and charge
rearrangement to form CO, from CO and dissociated oxygen atoms. Reddy et al. [22]
reported that the binding energy of CO, O, and CO, are 11.23, 5.23, and 17.08 €V,
respectively. Therefore, from the energy point of view, the reaction of CO with O, is likely to
occur, but it requires a charge rearrangement to facilitate breaking of the O-O bond. The
existence of the charged sites on the catalyst surface would assure the continuity of the
oxidation as the adsorbed O, atoms at the charged sites would form charged molecules,
therefore, weaken the O-O bond [22].

Fe,0; catalyzes the oxidation of CO to CO; in the absence or presence of oxygen,
with sequential reduction of Fe;Oj;to reduced phases such as Fe;0s4, FeO, and Fe [23]. Li et
al. [7] supported the premise that in the absence of oxygen, Fe;O; oxidizes CO to CO, with
the formation of reduced phases Fe;O4, FeO and Fe in the sequential steps. In the presence of
oxygen, however, Fe;O, has been reported as the only reduced species of Fe;O; in the CO to
CO, oxidation pathways. Thus the mechanism of catalytic oxidation of CO in the presence of
O, is simpler than that in the absence of O,. The mechanism can be represented in the
following form [24]:

3Fe;03 + CO — 2 Fe304 + CO; (12)

2Fe;04 +0.50; — 3 Fe, O3 (13)
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The net reaction is

CO +0.50, — CO, 3)

The activity of both nano and non-nano Fe,0;, towards CO oxidation is dependent on
reaction temperature as mentioned above. Oxidation of CO to CO; can be influenced by the
reduction of Fe,O3 to Fe;O4 and then the intermediate Fe;O, can be oxidized by O, to
produce Fe;O; again. Finally, CO oxidation with O, by a catalyst produced CO;, as shown in

Equation 3.

2.4.2 Iron oxide (Fe,O3) as methane oxidant
The oxidation of methane by metal oxides can be illustrated by the following

equations:
4MO + CH4 —» CO; +2H,0 + 2M, (14)
2M;+20; — 4MO (15)

where M is the metal.

The first step involves MO losing four oxygen atoms to CH, to facilitate the
formation of CO, and gas phase water. To oxidize CHy, MO as a catalyst should have the
tendency of easily losing oxygen atoms due to the low reaction activity of the CH4 molecule.
At low temperatures, a very small fraction of CH4 was adsorbed on the catalyst, so no
oxidation took place. However, once adsorption of CH, on the catalyst surface started, the
yield of CO; and H,O gradually increased with increase in temperature. The increase in the
reaction temperature contributes to considerable improvement of adsorption of both reactants,
CH; and O,.

The mechanism of catalytic oxidation of CH, has not been elucidated well even

though it is one of the simplest hydrocarbons. The reasons are that (i) O, adsorption on the
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catalyst surface is faster than CH4 adsorption and (ii) the surface areas of catalysts can be
covered with oxygen ahead of methane. Brown et al. assumed that the oxidation of methane
could take place in different ways, depending on amount of oxygen available for the

reactions, as shown below [25]:

CH, + 20, - CO, + 2H,0 (16)
CH, + 1.50, - CO + 2H,0 (17)
CH, + 0, - CH;+ OH (18)
CH, + 0.50, — CH;0H (19)
2CH, + 0.50, — C,Hs + H,0 (20)

As shown in Equations 16-20, oxidation of CH, with different proportions of oxygen resulted
in different products. The above reactions were formulated from observed product
distributions of CH4 oxidation for different oxygen concentrations in the inlet gas mixture
[25]. An oxygen supply that is less than the maximum demand contributes to the formation
of undesirable products [25]. In other words, a sufficient supply of oxygen (2moles) is
needed to form harmless oxidation products, such as CO, and water vapor. In this study,
excess oxygen was used for complete oxidation of CHj; therefore no complicated volatile
organic compounds, (e.g., CH3OH or C;Hg) were produced.

The mechanism of CH4 oxidation over Fe,Os; as a catalyst is assumed as shown below.
The mechanism of Fe;O3; (nano and non-nano) catalyzed oxidation of CHsto CO, takes place
through a sequential reduction of Fe;0s; such as reduced phase Fe;O; and Fe;O;-CHa.
Methane oxidation is more complicated than CO oxidation and can be represented by the

following pathways:

F6203 + CH4 ﬁ) F6203‘CH4 (21)
Fe,05CHy+1.50, — CO + 2H,0 + Fe,0; (22)

3Fe,03 + CO — 2Fe;04+ CO, (4)
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2Fe;04+ 0.50, —> 3Fe,0s (5)
The net reaction is

CH4 + 202 e d COz + 2H20 (16)

Complete oxidation of CH4 (Equation 16) can be described by Equation 21, 22, 4, and 5. In
the first step, CH, reacts with Fe,O3 to produce Fe,O5-CHy, which is then oxidized to CO,
gas phase H,O and Fe,0s. In the subsequent steps, CO is oxidized to CO, in the same fashion

described earlier.
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CHAPTER 3. EXPERIMENTAL SECTION

3.1 SELECTION OF CATALYSTS
The catalysts, NANOCAT® superfine Fe,0; (SFIO) and Fe,0;-PVS, were purchased

from commercial sources, March I, Inc. and Bailey-PVS Oxides, Inc. respectively, and used
without any treatment. NANOCAT® SFIO is an amorphous iron oxide with a smaller particle
size and greater specific area than any other forms. The product is a reddish brown, free-
flowing powder with a bulk density of only 0.05 g/ml and an average particle size of 3 nm.
This material has an amorphous structure and an enormous surface area of 245 m*/g, which is
much larger than that of Fe;03-PVS (4 m%/g), measured by the BET surface area test. March
L, Inc., specifications indicate that the Fe,O; nanoparticle not only excels as a catalyst in
chemical processing with cracking and oxidation, but also provides high burning rates, has a
low pressure exponent, is safe to use. Of these characteristics, the low pressure exponent,
caused by a relatively low bulk density is one of the reasons for selecting this catalyst for this
study. March I, Inc., provides information on the manufacture of NANOCAT® SFIO [26].
The Manufacturing process consists of diluting a gaseous, iron-containing compound with an
inert carrier gas and then oxidizing this compound in a heated, oxygen-containing
environment. This oxidation process yields small particles of iron oxide suspended in a
heated, flowing, oxygen-containing gas stream. Then, the particle size, surface area, and
morphology of the iron particulate product are modified by variations in the operation
parameters. Finally, the particles that have been changed to nanometer particles are filtered
and collected as a very fine free-flowing powder.

. Lower activation energy (E,) contributes to a lower onset temperature and a faster
reaction. Literature values of E, are listed in Table 2.1. NAN OCAT® has the second lowest E,
value (14.5 kcal/mol) among all catalysts listed in the Table [7, 27-31]. The E, value of Au/

Fe,0; known as one of the best catalysts for CO and VOC oxidation [32-34], is larger than
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that of NANOCAT®; and it is even lager than that of normal Fe,;O;. Although the E, value of
NANOCATP® is not the lowest in the table, it contributes to a lower onset temperature and
higher efficiency of CO and CH,4 oxidation than any other catalysts in the table.

The surface area of catalysts contributes to oxidation efficiency. The supports for CO
and VOCs oxidation, obtained from the literature and known as the best catalysts are listed in
Table 2.2 [4, 6, 30, 32, and 36-38] in the ascending order of their BET surface area. The BET
surface area of NANOCAT® (245 m%/g) is largest among all catalysts shown in the table,
over 60 times larger than normal iron oxide (4 m?%g). The larger surface area of a catalyst
contributes to higher oxidation efficiency. Thus NANOCAT® has been selected as a
preferred catalyst in the study. The effectiveness of nanoparticle Fe,O3 for methane oxidation
has not been explored by other researchers, and to the best of our knowledge this is the first
report on this subject.

Fe;05-PVS (Physical Vapor Synthesis) was purchased from Bailey-PVS Oxides and
used without further purification. Manufacturer analyses show that it consists of 99.1% of
iron oxide and small amounts of other metals such as Cu, and so on. The compound is a red,
a free-flowing powder with a bulk density of 0.5 g/ml, and the average particle size is 700
nm. This material has an amorphous structure and a surface area of 4 m%g The main
manufacturing process is the decomposition of the iron chloride solution within a spray-
roasting reactor [39]. The plant consists essentially of an acid preconcentrator (also called a
venturi recuperator), a spray-roasting reactor, an absorption column, and a tailgas scrubber.
Spent acid from the tank farm is preconcentrated in the venturi recuperator utilizing hot gases
from the reactor. The reactor consists of a cylindrical vessel that is lined with refractory
ceramic material and has several burners. The chloride particles formed in the spray-roasting
process produce iron oxide and hydrochloric acid gas, with the original agglomerate
remaining largely intact. Hydrochloric acid gas is subsequently removed from the cooled

exhaust gases in an adiabatic absorption column. Inert gases such as nitrogen, oxygen, and
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carbon dioxide are then removed from the column by fan. Water is then fed into the fan and a

tail gas scrubber to remove most traces of hydrochloric acid from the roaster gases.

Table 2.1 Comparison of Activation Energy (Kcal/mol) of Various Catalysts

Catalyst E, (kcal/mol) Reference
2.2% Pd/ AL,O3 9.6 27
NANOCAT® 14.5 7
Fe,05/TiO, 19.4 28
Fe;05/A1,0;3 20 28
Au powder 20 29
Fe;0; 26.4 28
Au/Fe;04 29 30
Gas phase 39.6 27




29

Table 2.2 Comparison of surface area (m%/g) of various catalysts

Catalyst BET Surface area (m®/g) Reference

Fe;O03-PVS 4 *
PY/TiO, (W 10 32
CuO/ZrO, (UFP) 16.9 6
Pt/A1203/Al 28.8 36
CeOy/ Al.0; 34 37
Co0,/Ce0, 45.2 38
Cu0O/ZrO, 72.8 4
Au/ Fe;03 196 30
NANOCAT® 245 *

* Measured by author.
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3.2 EXPERIMENTAL APPARATUS

The oxidation reactions were carried out using a quartz flow tube reactor 55 cm long

and 0.9 cm in diameter. A schematic diagram of the reactor is shown in Figure 1.3.
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Figure 1.3. Schematic diagram of the plug-flow reactor.
Figure 1.4 also shows the real experimental set-up. The flow tube was mounted inside
a Tube Furnace of type F21100 (manufactured by Barnstead/Themolyne Corporation) with a
PID temperature controller as shown in Figure 1.5. The PID controller was designed to
control the temperature of the reactor. The catalyst was placed in the middle of the flow tube
and blocked on both sides by two pieces of quartz wool as shown in Figure 1.6. The effluent
gas mixture of tube furnace was injected directly into the gas chromatograph (GC) column

for analysis.
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Figure 1.4. Experimental set-up for oxidation of CO and CHa.

All experiments were performed under dry conditions using carbon monoxide or methane
as an inlet gas, along with air. As shown in Figure 1.7, the flow rate of each gas was
controlled accurately by the flow meter. Carbon monoxide (100%) and 10% methane in
nitrogen gas were used in this study. The concentrations of methane and CO were controlled
by adjusting the flow rates of these gases into an air stream. The catalyst was exposed to the
mixed gas for 1 minute before any measurement. Conversion percent is the average value of
three experiments using new catalysts. Over the experimental temperature range, the major
product of methane oxidation was carbon dioxide, and only trace quantities of carbon
monoxide (3~10ppm) were produced. Therefore, the progress of CH,; oxidation was
determined by the amount of CO, obtained in the effluent gas. H. Falcén et al. [4] found that

carbon dioxide is the only product of CH,4 oxidation in the temperature range of 477-627°C.
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3.3 GENERAL PROCEDURE

The experimental procedure included the oxidation of (i) CO with air, (ii) CHs with
air, and (iii) CO and CH,4 with air. The effect of temperature was tested by performing the
oxidation of CO over NANOCAT® at variable temperatures in the range of 100-500°C, while
that of CH4 was carried out in the range of 350-700°C. The thermal stability of NANOCAT®
was tested by holding the temperature at 400°C and 700°C for CO and CHs oxidation,
respectively. The efficiency of the catalyst may also be affected by variable concentrations of
gas mixture composition. To test this effect, experiments were carried out at variable
concentration ratios of inlet gas mixture by setting the flow meter to produce a variable flow
rate for the inlet gases. Finally, the space time that could affect the oxidation efficiency was
taken into consideration. Space time depends on the ratio of flow rate and bed volume.
Because of the problem associated with adjustment of bed volume, the flow rate was changed
instead. Five different flow rates were applied, while other conditions remained same. The
analyses of effluent gas mixtures, to measure CO, as a product gas after reaction, were
performed with a LAMCOM portable Flue Gas Analyzer, manufactured by LANO
instruments International, as shown in Figure 1.8. Analyses of the effluent gases to measure
unconverted gas were performed with a series 580 TCD gas chromatograph with a TCD
(Thermal Conductivity Detector) and a stainless steel column of Carboxen-1000,
manufactured by GOW-MAC, Inc., as shown in Figure 1.5. GC is a chromatographic
technique that can be used to separate gases by exploiting the differences in their partitioning
behavior between the mobile gas phase and the stationary phase in the column. The
temperature of the column in this GC was programmed at 180°C for 30 minutes, and then the
activity measurement of sample injected into GC was obtained. The GC consists of a flowing
mobile phase, an injection port, a separation column containing the stationary phase, and a
detector. Mobile phases-a carrier gas are generally inert gases such as helium, argon, or

nitrogen. The choice of carrier gas is often dependant on the type of detector used. In the
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present study, helium was used as the carrier gas. The oxidation reactions of CO and CHy
with the Fe;O3-PVS catalyst were carried out under the same conditions as those used for the
NANOCAT®. The efficiency of the catalyst was evaluated as a function of temperature,

concentration, and space time.

Figure 1.7. Flow meters and gas tanks for oxidation of CO and CHa.

Figure 1.8. LAMCOM gas analyzer for measuring CO and CO..
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CHAPTER 4. RESULTS AND DISCUSSIONS

In this study, the effectiveness of NAN OCAT® and of Fe,O5-PVS for the oxidation of
CO and CH; were examined and compared by monitoring the reactions at variable
temperatures and concentrations of CO and CHy. The effect of space time on the oxidation
efficiency was also studied.

Oxidation efficiencies of CO and CH,4 were defined as follow:

CO Oxidation efficiency (%) = [g——oﬁ]oﬂx 100 (23)
[CO]]nlet
CH, Oxidation efficiency (%) = LCO, Jouy x100 24)
[CH4 ]Inlet
Lo , [CO, ouer
CO+CH4 Oxidation efficiency (%) = ure x100 (25)

([COLpier +[CH, Lier)

Where [COz]outet is CO, concentration, the product of CO and CH4 oxidation by catalysts
(%); [COlmet 1s initial concentration of CO (%); [CH4]miet is initial concentration of CHy (%).

The uncertainty of measurement results for collected data is + 0.1(%).

41 OXIDATION OF CARBON MONOXIDE BY NANOCAT® AND Fe;03-PVS
4.1.1 Effect of temperature

A preliminary reaction was carried out with 6.6% CO with air and 40 mg of
NANOCAT® at a flow rate of 55 cm*/min of inlet gas mixture over the catalysts. The result
was compared with those of a reaction with 400 mg of Fe,03-PVS under identical conditions.
Both the 40 mg of NANOCAT® and 400 mg of Fe;0;-PVS were dusted onto quartz wool so
that the volumes of the catalysts in the flow tube were the same. The oxidation efficiency of
the catalysts was determined by analyzing the yield of CO; in the effluent gas mixture, as

CO; is the major oxidation product of CO. The result, shown in Fig. 2.1, revealed that only
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40 mg of NANOCAT® can completely oxidize CO to CO, at 400°C, whereas 400 mg of
Fe,03-PVS was needed for less than 65% oxidation at the same temperature. Moreover, the
light off temperature where the reaction initiates with NANOCAT® SFIO is 130°C, which is
lower than that for Fe,O;-PVS because of NANOCAT® SFIO’s lower bulk density and

higher surface area.
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Figure 2.1. Efficiency of CO oxidation by NANOCAT® and Fe,O3-PVS as a function of
temperature (Mass of NANOCAT®, 40mg; mass of Fe;03-PVS, 400mg; flow rate of gas
mixture, 55 cm>/min; CO, 6.6%; air, 93.4%).

As demonstrated above, the NANOCAT® is more effective than Fe;O3-PVS. First of
all, the initiation temperature is 100°C lower (130°C versus 250°C). Secondly, the CO
conversion is higher with the NANOCAT®. For example, 40 mg of NANOCAT® oxidized
all the CO gas (6.6% CO at a flow rate of 55 cm3/min) to CO;, at 400°C. Under the same

experimental conditions, 400 mg of Fe,03-PVS could only convert about 62 % to CO,. Li et
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al. [7] reported that 1000 mg of Fe,0;/TiO; catalyst oxidized only 10% of 2.7% CO

(saturated, balanced with N;) to CO; at 250°C at a flow rate of 1000 cm’/min.
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Figure 2.2. Efficiencies of CO (a) and CHy (b) oxidation during a period of 2 hours by
NANOCAT® and Fe;03-PVS (Mass of NAN OCAT®, 40mg; mass of Fe;03-PVS, 400mg;
flow rate of gas mixture, 55 cm’/min; CO, 6.6% at 400°C; CHa, 1% at 700 °C; balanced with

air).
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In this study, the oxidation efficiency of NANOCAT® at 250°C is 94% compared
with 0% for Fe,03-PVS. Thus, the NANOCAT® is an efficient and beneficial catalyst for the
CO oxidation process and hence can be considered one of the most economical treatment
methods for CO. Long-term activity maintenance is one of the most important properties of a
catalyst. To further test the stability of the NANOCAT® and Fe,03-PVS, more experiments
were performed holding the catalyst’s temperature at 400°C as shown in Figure 2.2. 99%
oxidation of CO by NANOCAT® and 61.6% conversion efficiency by Fe,0s-PVS was
achieved in less than 1 min. And the catalytic activity of both two different types of Fe;O3

toward CO oxidation was stable for more than 2 hours.

4.1.2 Effect of concentration

The effect of CO concentrations on the oxidation of CO to CO, by NANOCAT® and
Fe;0;-PVS is shown in Figures 2.3a and b. The temperature and CO concentrations were
varied, but the total flow rate was fixed at 55 cm>/min. The results indicated that the lower
concentration of CO contributed to higher oxidation efficiency at 150 °C, followed by near
almost saturation at higher temperatures. Figure 2.3a shows that the oxidation of CO by
NANOCAT® reached to 95% efficiency at 300°C under 15% CO concentration compared
with maximum 40% oxidation by Fe,O3-PVS in Figure 2.3b. The progress of the oxidation
reaction appeared increase linearly in the temperature range of 150°C-200°C and revealed no
significant improvement with further increasing temperatures to 350°C. Figure 2.3b reveals
the gradual increase in CO oxidation efficiency to 70% by Fe,O3-PVS at 300-500°C. Insert
Figure 2.3a indicates the reaction order of CO oxidation by NANOCAT® at different
temperature. At 150 °C, the CO oxidation is inversely dependent on its concentrations. But at
200°C and beyond CO concentration has very little or no effect on the oxidation, indicating a

zero-order reaction on [CO].
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Contrary to our observation, Li et al. [7] found the first-order reaction on [CO] at
244°C in the oxidation of CO by NANOCAT®, but they used a very low concentration of CO
(0.5-2.1%). Walker et al. [28] also reported the first-order reaction when 2.5% of CO on 100
mesh Fe,03/Ti0; was used. Therefore, it is reasonable to suggest that the reaction follows
first-order dependence on [CO] at low concentrations, but zero-order at higher concentrations
of CO. Insert Figure 2.3b demonstrates the Fe;O;3;-PVS catalyzed oxidation of CO. The
percentage of CO oxidation is inversely dependent on its concentrations in the range of 300-
500°C. A linear decrease of CO oxidation with increasing concentrations was noted at 300,
350 and 500°C, whereas a sharp decrease was observed at 7-11% of CO at 400 and 450°C,
which could be due to experimental error.

As shown in Equation (5), the net reaction of CO oxidation is

CO +0.50, — CO;, ©))
The net reaction rate of CO oxidation by O, is shown below:

v=k [CO][0,]** ; (26)
Considering the zero-order reaction on CO, Equation (26) can be written as

v=k [0;]%? (27)
Thus, the reaction rate of CO oxidation depends on oxygen concentrations. However, the
reaction-order of the Fe,O3-PVS catalyzed oxidation is not clear as inverse dependence of

CO oxidation on its concentrations was noted.

4.1.3 Effect of space time

For heterogeneous catalytic reactors, the term “space time” represents the average
length of time that it takes a fluid element to travel from the reactor inlet to the reactor outlet
[40]. Using this convention, a space time of 1min means that every 1minute one reactor

volume of feed (measured at inlet conditions) is processed by the catalytic reactor. That is,
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the term “space time” implies the ratio of the mass flow rate of feed to the mass of catalyst

used (W).

The reciprocal of the space velocity is the space time 7 as follow [40]:

Space time: 7 = ! =1 (28)
WHSV  pQ

Where p is the mass density of the feed, Q is volumetric flow rate of fluid and WHSV is
termed the weight hourly space velocity.

The space time is usually not equal to the actual residence time in the reactor.
Variations in the temperature, pressure, and moles of reaction mixture can cause the local
density to change through the reactor and to be unequal to the density p of inlet gases. Hence,
there may well be a distribution of residence times in the fluid leaving, so that we must use
the concept of a mean residence time. The mean residence time is equal to space time 7 only
when the following conditions are met [40]: (i) the temperature and pressure are constant
throughout the reactor, (ii) the feed flow rate is measured at the temperature and pressure in
the reactor, and (iii) the density of the reaction mixture is almost constant. Our experimental
conditions satisfied these criteria, so we can evaluate the space time as a mean residence time.

Experiments were performed at five different flow rates of inlet gas mixture at a fixed
CO concentration (6.6%) for both NANOCAT® and Fe,0;-PVS. The space time was
calculated from Equation (28). The space time depends on the catalyst bed volume to flow
rate ratio, and adjustment of catalyst bed volume is a difficult process. Therefore, the feed
flow rate of the inlet gas mixture was varied to study this effect. The flow rate was obtained
from flow meter readings. The volume of the catalyst bed was calculated from the diameter
of the quartz flow tube and the length of catalysts used.

For NANOCAT® SFIO, the volume of the catalyst bed was reduced at higher
temperature because the nanoparticles sintered. However, the change at low space time is not

as predominant as at high space time. Peukert et al. [41] also indicated that nano-catalysts
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might sinter because of their high mobility at higher temperature if the particles were not
stabilized. Note that the shrinkage of NANOCAT® volume did not affect its efficiency in CO
oxidation which corresponds to no change in the characteristics of the original catalyst.

The oxidation efficiency improves with decreases in the flow rate, which may be
attributed to an increase in contact time between the inlet gas and the catalyst bed.
Examination of Figure 2.4a reveals that the percentage of CO oxidation as a function of
space time remains constant at 250, 300 and 350°C. However, at 150 and 200°C, the CO
oxidation follows a bell-shaped curve as a function of space time. For Fe,O3;-PVS catalyst
(Figure 2.4b), the oxidation increases linearly against the space time up to 0.42 seconds,
followed by no significant change at all temperatures. Comparison of Figures 2.4a and 2.4b
reveals the following: (i) the catalytic performances of NANOCAT® and Fe,03-PVS towards
CO oxidation were 98% and 47%, respectively at 350 °C and the longest space time (1.1
minute and 10.3 minutes, respectively). (ii) At temperatures above 250°C, higher space time
of the inlet gas has very little effect on the effectiveness of NANOCAT® catalyzed oxidation
of CO, whereas the effectiveness of Fe;O03-PVS catalyzed oxidation gradually increases as a
function of higher space time over all temperatures. These results show that NANOCAT®

exhibits high catalytic activity regardless of the space time at high temperatures.
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4.2 OXIDATION OF METHANE BY NANOCAT® AND Fe,03-PVS

4.2.1 Effect of temperature

The catalytic oxidation of CHy is more complicated than that of carbon monoxide. A
high temperature is needed to initiate the oxidation, even in the presence of catalysts.
Because of the high activation energy of methane C-H bond: the breaking C-H bond of CH,
is more difficult than breaking the C-O bond of CO. However, once the reaction starts,
subsequent steps are fast and the oxidation takes place rapidly. Moreover, the reaction
produces a significant amount of heat [42]. A preliminary reaction of methane oxidation as a
function of temperature is demonstrated in Figure 2.5 for both nano and non-nano catalysts.
The result shows that only 40 mg of NANOCAT® can catalyze the complete oxidation of
CH4 to CO; in an inlet gas mixture of 1% CH,4 at 700°C and at a 55 cm’/min of flow rate.
Under the same conditions, 400 mg of Fe,O3 -PVS catalyst was needed for less than 70%
CH, oxidation.

As mentioned above, the NANOCAT® is much more effective and active than other
supported or non-supported iron oxide catalysts. First, the initial light off temperature
(380°C) of NANOCAT® SFIO catalyzed oxidation is 90°C lower than that of Fe,05-PVS
(470°C). Lee et al. [25] observed that the light off temperature of Pd/Al,Os (525°C)
catalyzed CH,4 oxidation, one of the expensive novel metals based catalysts, was 145°C
higher than that of NANOCAT® SFIO, and Lee et al. and Paredes et al. [25-26] also reported
that a high temperature is required to activate CH,; oxidation. Thus, the CH, oxidation
requires a high activation temperature than CO oxidation. Secondly, the percentage of CH,4
oxidation by NANOCAT® is higher than that by other catalysts. At 470°C, where the Fe,0s-
PVS catalyzed oxidation initiated, the NANOCAT® catalyzed oxidation of methane was

already more than 60% complete.
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Figure 2.5. Efficiency of CH4 oxidation by NANOCAT® and Fe,03-PVS as a function of
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Compared with other catalytic oxidations, He et al. [9] reported that 300 mg
La,;03/BaCO; nanocatalyst with a particle size of 77 nm was inactive to CH, oxidation at
470°C. Lyubovsky et al. [43] demonstrated that the catalytic oxidation efficiency of Pd
catalyst acting on 1% CHy4 by 15% at 470°C, and 90% at 800°C. Thus, the high oxidation
efficiency of a small amount of nanocatalyst acting on CH, indicates that NANOCAT® is the
most promising catalytic system for CH4 oxidation.

To further test the long-term activity of the NANOCAT® and Fe,05-PVS for CH,
oxidation, experiments were carried out holding the catalyst’s temperature at 700°C. A
mixture of 1% CHy and air was used as the inlet gas. The result as shown in Figure 2.2b

revealed that 98 and 70% of the CH, was effectively oxidized with the NANOCAT® and
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Fe,03-PVS catalysts, respectively, in less than 1 minute, followed by no change for more

than 2 hours.

4.2.2 Effect of concentration

These reactions were performed at variable CH4 concentrations and temperatures, but
the flow rate of inlet gas was fixed at 55 cm’/min. Figures 2.6a and 2.6b demonstrates the
percentage of CH, oxidation as a function of its concentrations. Like CO oxidation, CHy
oxidation was found to be most effective at lower concentrations with both NANOCAT® and
Fe,03-PVS catalysts. The progress of the oxidation reaction with both catalysts showed a
gradual increase of CH4 oxidation up to 98% and 70%, respectively, at our experimental
temperature and at < 6.6% CHy4. However, the reaction started with > 8.9% methane resulted
in poor oxidation efficiency even at 700°C. Insert Figure 2.6a represents the NANOCAT®
catalyzed oxidation of CH4 as a function of CH4 concentrations. The percentage of CHy4
oxidation decreased linearly with the increase in CH4 concentration up to 6.6%, and sharply
decreased at higher concentrations. Insert Figure 2.6b shows the Fe,O3;-PVS catalyzed
oxidation of CH4 against its concentration. The progress of oxidation followed an inverse
dependence on CH,4 concentrations at all temperatures.
As shown in Equation 5, the net reaction of methane oxidation is

CHs + 20, —» CO; + 2H,0 (16)
The reaction rate of methane oxidation can be written as:

v=k;[Fe;03][CH.] + ky[Fe,03-CH,][02]" + ks[Fe,05]°[ CO] + ku[Fes04]°[02]%° (29)

The overall reaction rate (Equation 29) of CH,4 oxidation is quite complicated, and
intermediate products have not been clearly identified. Absorption rates of CO and CH4 on
the catalyst surface are different. Most likely adsorption of CO on the catalyst surface is

higher than that of CHy. Therefore, as soon as CO is formed during the process of CHy
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oxidation, adsorption of CHy4 on the catalyst surface decreases. Thus, the overall rate of CHy4
oxidation decreases as adsorption of CH, is hindered by intermediate CO adsorption. The
total reaction rate depends on individual rate constants value, k; — k4, which have not yet

been reported.

4.2.3 Effect of space time

Reactions were carried out at five different flow rates of inlet gas mixture at fixed
CH, concentration (1%) for both NANOCAT® and Fe,05-PVS catalysts, and as depicted in
Figures 2.7a and 2.7b which demonstrate the percentage of CH4 oxidation as a function of
space time. The efficiency of NANOCAT® catalyzed oxidation increased with increase in
space time at 450-700°C (Figure 2.7a). The effect, however, is more predominant at lower
space time (< 0.6 min for NANOCAT® SFIO and < 6.1 min for Fe;0s-PVS), where
oxidation takes place rapidly, followed by a slow oxidation at higher space times. The Fe,;0;-
PVS catalyzed oxidation of CH,4 follows a similar pattern as a function of space time, but
efficiency is lower than that for NANOCAT® (Figure 2.7b). Comparison of NANOCAT®
catalyzed oxidation of CO and CH4 (Figures 2.4a and 2.7a) reveals that 98% efficiency of CO
and CH,4 oxidation is achieved at 350 and 700 °C, respectively, and suggests that CO

oxidation is less dependent on space time than CH,4 oxidation.
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43 OXIDATION OF CARBON MONOXIDE MIXED WITH METHANE OVER
NANOCAT® AND Fe;03-PVS
4.3.1 Effect of temperature

A preliminary reaction was carrieq out by 40 mg of NANOCAT® SFIO supplied with
6.6% CO and 1% CH, with air at a flow rate of 55 cm*/min. The oxidation efficiency of the
catalysts was determined by analyzing the yield of CO; in the effluent gas mixture. The
oxidation efficiency of NANOCAT® SFIO for combined CO and CH, increased considerably
in the temperature range of 115°C-200°C and showed slow improvement as the temperature
was increased to 700°C as shown in Figure 2.8a. Figure 2.8b shows that a gradual increase in
the oxidation efficiency with the Fe,O3-PVS catalyst was observed at 250-600°C, followed
by a sharp increase from 68 to 92% in the temperature range of 550-650°C. Moreover, the
initial ignition temperature (115°C) for NANOCAT® is 135°C lower than that (250°C) for
Fe,03-PVS because of the lower bulk density and higher surface area of NANOCAT®.

As recognized above, the NANOCAT® is more effective than Fe,O;-PVS in the
oxidation of the combined CO and CH,. First, the initiation temperature is 100°C lower
(130°C versus 250°C), and the conversion process is faster. For example, 40 mg of
NANOCAT® oxidized 98.7% of the combined CO and CH, to CO, at 500°C. Under the same
experimental conditions, 400 mg of Fe;O3-PVS could only convert about 60.9 % of the
mixed gas to CO,. Secondly, the conversion efficiency of CO with CH,4 over NANOCAT® is
higher than that of CO with CHy4 over Fe,03-PVS. For example, 40 mg of NANOCAT®
oxidized 86.2% of the mixed gas (6.6% CO, 1% CH4 at 55 cm’/min flow rate) to CO, at
350°C. At the same temperature, 400 mge of Fe;03-PVS could only convert 22.4% of CHa.
Note that despite the use of two different types of inlet gas phases in our study the oxidation
efficiency of NANOCAT® for CO mixed with CH; at 250°C was 82.9%, compared with
5.3% for Fe;03-PVS. When compared with the CH, oxidation efficiency (70%) for the
Fe,03-PVS catalyst at 700°C, the mixed gas oxidation showed higher efficiency (94%)
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because CO (6.6%), which is more easily oxidized than CH4 (1%), is main component of the
mixed gases.

Although the ration of CO in the mixed gases was higher than that of CHy, the
progress of oxidation for mixed gases was dominated by CH4 because breaking its C-H
bonds to activate the reaction is more difficult than breaking the C-O bond of CO; thus,
catalytic oxidation of CH4 is more complicated. However, once the CH, reaction starts,
subsequent steps are fast, and the oxidation takes place rapidly. For example, at 500°C,
NANOCAT® (Figure 2.8a) oxidized 100% of CO and 66.5% of CH4 while Fe;O3-PVS
oxidized 67.2% of CO and 30% of CH,4 as shown in Figure 2.8b. Thus, the NANOCAT® is
an efficient and beneficial catalyst for the CO oxidation process and hence can apply as one
of the most economical methods for treating CO and CHj.

To further test the long-term stability of the NANOCAT® and Fe,03-PVS, more
experiments were carried out holding the catalyst temperature at 700°C as shown in Figure
2.9. NANOCAT® SFIO achieved 95.1% oxidation of CO mixed with CH, while Fe,03-PVS
achieved 90.9% conversion efficiency (both in less than 1.5 min). The catalytic activity of

both types of Fe,O; toward CO oxidation was stable at almost 98% for more than 2 hours.
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4.3.2 Effect of concentration

The effect of inlet gas concentrations on the oxidation of CO with CH4to CO; by

NANOCAT® and Fe,03-PVS is shown in Figures 2.10a and 2.10b. The temperature and CO

and CHy concentrations were varied, but the total flow rate was fixed at 55 cm’/min. The

results indicated that the lower concentrations of mixed inlet gas contributed to higher

oxidation efficiency in the experimental range of temperatures. In Figure 2.10a, the oxidation

efficiency over NANOCAT®, at the variable gas concentrations, improved sharply from

57.5% to 98.7% with increase in temperature for all inlet mix gas compositions except that in

which 15% CO was mixed with 8.9% CHy, whereas Figure 2.10b reveals a gradual increase

in CO with CH4 oxidation from 15% to 92% by Fe,05-PVS.
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At a very high temperature of 700°C, the oxidation efficiency of a mixture of 15%
CO and 8.9% CH4 by the nanocatalyst improved only from 57.5 to 66.8% whereas by Fe,0Os-
PVS increased from 4.6% to 43.1%.

Insert Figures in Figure 2.10a and 2.10b recognize the concentration dependence of
mixed gases at various temperatures. Total concentrations of mixed gas inlets are shown as
the CO added to CH, percent. As shown in the figures the increase of mixed gas
concentration reduces the conversion efficiency of CO to CO, over the entire range of
temperatures. The insert figure in Figure 2.10a demonstrates the NANOCAT® catalyzed
oxidation of CO added to CH,4. The percentage of mixed gas oxidation is inversely dependent

on its concentrations in the range of 300-700°C.
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A linear decrease of CO with CH, oxidation with increasing concentrations was noted
at 300 and 400°C, whereas a sharp decrease was observed at a total 17% mixed gases
between 500 and 700°C. Insert Figure 2.10b shows the linear decrease of oxidation by
Fe,0;-PVS with the increase in inlet gas concentration. These results indicate that oxidation
of CO mixed with CHj4 at high concentrations of mixed gas doesn’t depend on the

temperature, one of the critical factors, because of the difficulty of activating the CHa.

4.3.3 Effect of space time

Experiments were performed at five different flow rates of inlet gas mixture at fixed
6.6% CO concentration and 1% CH, concentration for both NANOCAT® and Fe,0s-PVS.
Figure 2.11 demonstrates the percentage of CO with CHy4 oxidation as a function of space
time for the mixed gases and each catalyst at the various temperatures. Compérison of Figure
2.11a and 2.11b gives rise to the following observations: Figure 2.11a reveals no significant
improvement of conversion efficiency by NANOCAT® with increasing the space time over
the entire range of experimental temperatures. For the Fe,03-PVS catalyst (Figure 2.11b), the
oxidation improvement with increase in space time was minimal over the entire range of
experimental temperatures. Moreover, oxidation efficiency by NANOCAT® (84.2%) was
higher than that of Fe;03-PVS (18.8%) at the lowest temperature of 300°C. These results
suggest that the efficiency of mixed CO with CH4 oxidation by NANOCAT® has little
dependence on the space time and temperature, and the NANOCAT® catalyst itself rather

than the conditions is the source of high oxidation rate.
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CHAPTER 5. CONCLUSIONS

The catalytic oxidation of carbon monoxide and methane has been studied under various
conditions of temperature, concentration and space time. On the basis of the catalytic activity
results for NANOCAT® superfine Fe,03 and Fe,O3-PVS as the oxidants, experimental results
showed that these catalysts were highly efficient for oxidizing CO and CHy4, and mixtures of
CO and CHy; the oxidation product was CO and CO,. Comparison of the effectiveness of
NANOCAT® superfine Fe;O; and Fe;0;-PVS catalysts indicates that the nanocatalyst
(NANOCAT®) is more efficient for oxidizing CO, CHs, and even mixtures of CO and CH,4
than Fe,0;-PVS, with CO, as the resulting product. The effectiveness of 40mg NANOCAT®
for CO and CH4 oxidation was higher than that of 400mg Fe;03-PVS. Complete oxidation of
CO was realized at relatively lower temperatures than was that of CH,4 oxidation, suggesting
that the former is easier to activate than the latter. The higher activity of NANOCAT® over
Fe,03-PVS has been interpreted as being due to small particle size, high surface area, and
denser surface coordination of the NANOCAT®. More research is needed to further explore
the effectiveness of this promising catalyst, NANOCAT®, in the oxidation of other harmful

gases such as SO, and other VOCs such as toluene and ethylene.
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