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ABSTRACT

Coal is an important part of Australia’s energy mix and is expected to continue to
play an essential role in supplying cheap and secure energy for powering the
Australian economy in the foreseeable future. However, coal-based stationary
electricity generation is a key contributor to greenhouse gas (e.g. CO;) emission,
which is widely believed to be responsible for global warming and problems related
to climate change. Therefore, renewable energy sources such as biomass are
becoming increasingly important. In Australia, mallee biomass as a byproduct of
managing dryland salinity in agricultural land is a truly sustainable second generation
feedstock. Its production is economic, of large scale, high energy efficiency and low
carbon footprint. Therefore, mallee biomass and its derived fuels such as biochars
can potentially play a key role in the future energy mix of Australia due to significant

benefits in Australia’s energy security and sustainable development.

Direct combustion of solid fuels (e.g. coal, mallee biomass and its derived biochars
etc) is considered to be a matured technology. Coal combustion or coal/biomass
co-firing is widely deployed for power generation. However, ash-related issues
during solid fuels combustion are notorious and must be considered, particularly the
formation/emission of fine inorganic particulate matter (PM). Fine PM is responsible
for initiating ash deposition and corrosion on heat exchanger surfaces. PM emission
also causes significant adverse impact to human health and environment. Despite the
research progress made in this area in the past two decades, there are still significant
research gaps in developing credible PM sampling method and understanding on

formation/emission of inorganic PM during the combustion of biomass and/or coal.

The present study aims to carry out a systematic study to obtain a thorough

understanding on the emission of inorganic PM during the combustion of biomass,
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biochar and coal. The specific objectives of this research are to: (1) investigate the

effect of sampling temperature on the properties of PM with a size less than 10um
(PM ) produced from pulverized mallee biomass combustion, then develop a proper
sampling method for PM produced from the combustion of solid fuels (e.g. biomass
and coal); (2) examine the emission behavior and characteristics of PM;( produced
from pulverized biochar combustion, in order to provide useful data for the design of
biochar-based combustion systems; (3) assess the importance and provide direct
experimental evidences on the contribution of volatiles combustion to the emission
of PM with a size less than 1.0um (PM;), and to give insights into fundamental
understanding on fine PM formation/emission during biomass combustion; and (4)
reveal the significant roles of inherent fine included mineral particles in the emission
of PM during pulverized coal combustion, and propose essential guideline for coal
selection on its potential in fine inorganic PM emission during combustion. These

objectives have been successfully achieved in this PhD study.

Firstly, sampling temperature is found to influence significantly on the properties of
PM collected from the combustion of pulverized mallee biomass. Although the
yield of PM; as well as the mass of its dominant elements (e.g. Na, K and Cl) in PM;
remain constant, the mass-based particle size distribution (PSD) of PM; and
elemental-mass-based PSDs of Na, K and Cl in PM; shift to a larger size at a lower
sampling temperature, apparently due to particulate coagulation. However,
increasing sampling temperature reduces PM loss due to gravitational settling
deposition, leading to an increase in the yields of the PM in a size range of 1.0 — 10
um (PM_jo) and its dominant elements such as Mg and Ca. Both the yields of PM,_jo
and the mass of Mg and Ca in PM ., reach constant values at sampling temperatures
close to the flue gas temperature (115°C). The sampling temperatures at which
drastic shifts in PSD and elemental-mass-based PSDs of PM, take place correlate
well with the SO; dew points of the flue gas. Therefore, the sampling temperature of
PM should be above the flue gas acid dew point to prevent the condensation of acid

gas and furthermore be kept close to or same as the flue gas temperature in order to
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suppress particulate coagulation and gravitational settling deposition. Based on this

important finding, a proper PM sampling method is therefore developed.

Secondly, the PSD of PM;, from raw biomass combustion has a bimodal size
distribution while the PSDs of PM;( from the combustion biochars generally show a
unimodal distribution. Most of alkali and alkaline earth metallic species (AAEM
species, mainly Na, K, Mg and Ca) are retained in the biochar during pyrolysis.
However, the combustion of biochars leads to a significant reduction in the emission
of PM; (and the mass of Na, K and Cl in PM,) that dominantly consists of particles
smaller than 0.1 pm (PMy,) in comparison to biomass combustion, apparently
because of the removal of volatiles and CI from the raw biomass during pyrolysis for
biochars preparation. The results imply that the combustion of volatiles (including
the released inorganic species), which is particularly important during biomass
combustion, is mainly responsible for PM; emission. Meanwhile, a considerable
increase in the emission of PMj_ o (and the mass of Mg and Ca in PM,_j¢) is also
evident during biochar combustion, most likely as a result of more porous structure

and increased ash loading of biochars.

Thirdly, a novel two-stage pyrolysis/combustion system is therefore designed to
obtain the direct experimental evidence on the contribution of volatiles combustion
to PM emission. The combustion of Na-, K- and Cl-containing volatiles, which are
produced in situ from the fast pyrolysis of mallee biomass, contributes substantially
to PM; emission. The PM; yield from volatiles combustion is 77.4 — 89.3% of total
PM, collected from the combustion of both volatiles and char. Oppositely, 97.5 —
99.7% of the yields of total PM,. o are from char combustion. An increase in
pyrolysis temperature leads to an increase in the PMy; yields and the mass of Na, K
and CI in PMy; from volatiles combustion, as results of enhanced volatilization of
Na, K and Cl during pyrolysis. The mass-based PSDs of PM;, and
elemental-mass-based PSDs of Na, K, and CI (which are dominantly contained in

PM,) from volatiles combustion generally show a unimodal distribution with a fine
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mode range from ~0.022 to ~0.043 pum. The mass-based PSDs of PM;, and

elemental-mass-based PSDs of Mg and Ca (which are dominantly contained in
PM,_j¢) from char combustion also generally show a unimodal distribution but with a
coarse mode of ~6.8 um. The results clearly demonstrate that the combustion of
volatiles (therefore Na, K and Cl included) produced in sifu from the fast pyrolysis of

biomass is a key mechanism responsible for PM; emission.

Finally, a density-separated coal sample, with a specific gravity of 1.4 — 1.6, is
prepared from Collie coal. As expected, the data of computer-controlled scanning
electron microscopy (CCSEM) analysis on the coal show that mineral matter in the
coal is of included nature, of which ~90% are fine mineral particles <10 pum. The
PM; collected from the combustion of coal and char samples dominantly contains
PM,.jo, while the yields of PM; are limited. PM; o contains mainly refractory
species, including Si, Al, Fe, Mg and Ca. The data also show that PM, from char
combustion consists of two major fractions with different chemical composition, i.e.,
PMy; and PM in a size range of 0.1 — 1 um (PMy.;). PMy; dominantly contains
volatile elements (such as Na, K, P and S) and also some refractory elements (e.g. Fe
and Si) but PMj ;. is mainly composed of refractory elements (Al, Fe, and Si). The
vast existence of aluminosilicates in PMy ;.; indicates the significant roles of fine
included kaolinite and/or Al-silicates particles in the emission of PM; from char
combustion. Furthermore, the significant roles of inherent fine included mineral
particles in PM,.;o emission during the combustion of coal and char are clearly
evidenced via the identification of the presence of abundant individual but

partially-molten quartz ash particles in PM;_jo.
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CHAPTER 1 INTRODUCTION

1.1 Background and Motive

Coal will continue to be the dominant fuel to produce cheap and secure power for the
development of the Australian economy in the foreseeable future.! However,
coal-based stationary electricity generation contributes over 40% of Australia’s
anthropogenic CO, emissions per annum.” Greenhouse gas (GHG) such as CO, is
widely believed to be responsible for global warming and climate change. Therefore,
renewable energy, particularly biomass, is becoming increasingly important for
future sustainable development. This is particularly the case for Australia, due to the
large area, small population and heavy reliance on energy-intensive industries such
as mining, energy and mineral processing. For instance, it is predicted by
International Energy Agency (IEA) that biomass energy will increase to ~11.7% of

the total global energy supply by 2030.>

In Australia, mallee biomass is considered to be as a key second-generation
bioenergy feedstock® because it is a byproduct of managing dryland salinity. Its
production is economic on a large scale as well as small carbon and energy
footprints.*® Therefore, mallee biomass can potentially play an important role in
Australia’s energy mix due to its significant benefits in overcoming the challenges of

energy crisis and environmental issues.”"'

Substantial R&D has been carried out in the past several years on the comprehensive
utilization of mallee biomass as a renewable energy feedstock in an efficient and
environmentally friendly manner.'>!” One key research outcome is to use biochar,'*
517 Wwhich can be produced from distributed pyrolysis located near the biomass

production areas, as a fuel for further electricity generation via gasification and

combustion. Biochar is known to have superb fuel properties, excellent grindability

Inorganic PM Emission During Solid-Fuels Combustion 1
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and high energy density.'* Using biochar as a fuel addresses the key drawbacks

associated with the direct use of biomass as a fuel, including low energy density, high

transportation cost, and poor grindability etc."

Therefore, coal and renewable solid fuels (e.g. mallee biomass and its derived
biochars) are likely to be key solid fuels for electricity generation in the energy mix
of Western Australia, or Australia as a whole. Among various technologies for power

18-22

generation using solid fuels, direct combustion is a matured technology and

widely deployed. %

Combustion of coal and biomass inevitably encounters notorious ash-related
issues.”**® Among these issues, formation/emission of fine inorganic particulate

2935 Fine PM affects the heat transfer in

matter (PM) is an important consideration,
the furnace and has been identified as possibly initiating deposit formation and
consequent corrosion on heat exchanger surfaces.”> Once emitted into atmosphere,
fine PM will cause significant adverse impact on both human health and

26,31, 32, 36-38 . . . . 39-42 .
oo Therefore, extensive investigations have been dedicated

environment.
to studying the formation/emission of inorganic PM during the combustion of coal

and biomass in the past two decades.

Despite the progress made in the formation and emission of inorganic PM during the
combustion of biomass and coal, there are still significant research gaps in this area.
This is largely due to the complexities of fuels and combustion process. For example,
it is still not known how sampling temperature effects the properties of PM collected.
Yet such knowledge is essential to developing an adequate sampling method to
ensure the PM properties not being distorted by the sampling process. Furthermore,
there is also no data on the emission behavior of inorganic PM from the combustion
of biochar, such data are believed to be an important criteria for guiding to produce
quality biochar fuels. While the previous studies were focused on PM

formation/emission during biomass combustion, fundamentally, the contribution of
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the combustion of volatiles and char to the formation/emission of fine PM during

biomass combustion is still unclear. Last but not least, the roles of fine mineral
particles inherent in solid fuels in the formation/emission of PM are largely unknown.
Therefore, a fundamental study on the formation/emission of inorganic PM during
the combustion of biomass, biochar and coal is of great importance to improve the
understanding on the above unknown issues and provide essential knowledge to

guide practical applications.
1.2 Scope and Objectives

The present study aims to provide a fundamental understanding on the emission of
inorganic PM during the combustion of biomass, biochar and coal. The detailed

objectives of this study are to:

(1) Investigate the effects of sampling temperature on the collection and properties
of PM;o produced from pulverized mallee biomass combustion and aim at
developing an adequate sampling method for PM produced from the

combustion of solid fuels such as biomass and coal.

(2) Examine the emission behavior of PM produced from pulverized biochar
combustion, aiming to provide useful data for the design of combustion

systems using biochar as feed.

(3) Provide direct experimental evidences on the contribution of volatiles
combustion to PM; emission and mechanistic understanding on fine PM

formation/emission during biomass combustion.

(4) Reveal the significant roles of inherent fine included mineral particles in the
emission of PM; during pulverized coal combustion and propose essential coal
selection guideline in assessing its potential in fine inorganic PM emission

during combustion.
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1.3 Thesis Outline

There are a total of 8 chapters in this thesis (including this chapter). Each chapter is
listed as follows, and the thesis structure is schematically shown in the thesis map

(see Figure 1-1).

® Chapter 1 introduces the background and objectives of the present research.

® Chapter 2 reviews the up to date literatures on the inorganic particulate matter
emission from the combustion of biomass and coal, finally leading to the
identification of existing research gaps in the field and determination of specific

objectives of the current research.

® Chapter 3 summarizes the methodology employed to achieve the research
objectives, accompanied by the explanations of the experimental equipments,

analytical techniques and samples used.

® Chapter 4 investigates the effect of sampling temperature on the properties of
PM collected from pulverized biomass combustion and then develops an

adequate sampling method for inorganic PM from solid fuels combustion.

® Chapter 5 assesses the emission behavior of inorganic particulate matter from the
combustion of a series of biochar produced from the pyrolysis of mallee biomass

under conditions related to practical applications.

® Chapter 6 provides direct evidence on the substantial contribution of volatiles

combustion to fine PM emission during pulverized biomass combustion.

® Chapter 7 demonstrates the significant roles of fine inherent mineral particles in

the emission of fine particulate matter during pulverized coal combustion.

® Chapter 8 concludes the present study and recommends future work.

Inorganic PM Emission During Solid-Fuels Combustion 4
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Stationary power generation based on the combustion of coal plays an important role
in the energy mix of Australia. However, the use of fossil fuel leads to significant
emissions, particularly carbon emission which is known to contribute to global
warming and climate change. Biomass is projected to be an important renewable
source for carbon abatement. Biomass combustion, similar to coal combustion, is a
matured technology for electricity generation. However, a key technical challenge
associated with the combustion of these solid fuels (biomass or coal) is the emission
of fine inorganic particulate matter (PM), which has significant adverse impacts on

human health and environment.*!* 3> %

Over the past two decades, there have been various research efforts dedicated to the
formation/emission of fine PM produced from the combustion of coal and biomass.
This chapter aims to review the literature on PM formation/emission during the
combustion of coal and biomass, identify the research gaps and outline the research
objectives of this thesis. This chapter starts with reviewing the importance of Collie
coal and Mallee biomass in Western Australia’s energy mix, followed by the key
issues related to the use of biomass as direct fuel and the advantages of using biochar
as a fuel. A brief review on the ash-related problems associated with the combustion
of coal and biomass is also given. The importance of sampling methods for fine PM
produced from combustion of pulverized solid fuels (coal and biomass) is then
discussed, followed by the detailed mechanisms on the fine PM formation during
coal and/or biomass combustion. This chapter concludes with the key research gaps

identified and the thesis scope.
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2.2 Significance of Collie Coal and Mallee Biomass in Western Australia (WA)

® Collie coal

The Australia relies heavily on coal for electricity generation because of its large coal
reserves, coal was used to provide ~75% of the total power generation in Australia in
2009-2010 and is projected to provide ~63.9% in 2029-2030." Hence, coal will
continue to be the dominant fuel for electricity production in Australia in the
foreseeable future. In WA, Collie coal is the only coal currently being mined* and
used for electricity generation in coal-fired power stations with a total maximum
capacity of more than 2300 MW, playing an important role in supplying cheap
energy to the development of state’s economy. Collie coal is a sub-bituminous coal of
high moisture (20 — 28%), high volatile matter (30-47% dry-ash free basis) and low
ash contents (4 — 12% dry basis).*®*” Collie coal has been extensively investigated
on its pyrolysis behaviours,*®" grindability,” char reactivity,*® ash deposition,” and
mineral matter characterization’ because of its significance in energy supplements of
WA. A unique feature of the coal is that it contains abundant fine included mineral
particles® (e.g. fine quartz and kaolinite particles, etc.) which are known to be

responsible for the initiation and growth of ash deposit.”
® Mallee Biomass

As stated above, Collie coal is an important fuel for current power generation in WA.
However, as a fossil fuel, coal is finite and its use significantly contributes to various
emissions including CO,, SO,, NOx, PM and other pollutants, causing serious
environmental problems such as global warming and acid rain. Therefore, renewable
energy, particularly biomass is playing increasingly important roles in the global

response to the challenges of energy security and sustainable development.

At present, the conversion technologies and markets are well established for the

first-generation biofuels which are produced from food crops.” However, extensive
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utilization of these first-generation biofuels is of low energy efficiency and high
carbon footprint, and leads to serious competition with food production.” >
Therefore, sustainable development requires energy/fuels (including biofuels) to be

produced from second-generation bioenergy feedstock.

In WA, mallee biomass is considered to be a key second-generation bioenergy
feedstock, which has recently attracted extensive R&D due to its economic
production on a large scale, small carbon and energy footprints.”® The initial
motivation of planting Mallee biomass in WA is to combat the increasing salinity
problem in the low-to-medium rainfall (300-600 mm mean annual rainfall)
“wheat-belt” agricultural area.*°” Since the early 1990s, more than 14 000 ha (30
million trees) have been planted across the “wheat-belt” region.58 Mallees are
multi-stemmed native eucalypt low tree or shrub species that can be harvested on a
short cycle and able to rapidly regenerate as coppice for every 3-4 years. A recent
life-cycle energy balance® indicates that mallee biomass production in WA achieves
an energy ratio (the ratio of total energy outputs and total non-renewable energy
inputs) of over 40 and an energy productivity of over 200 GJ ha™' y"'. Such energy
performance is considerably better than those achieved by annual energy crops, e.g.,
canola, which typically have energy ratios less than 7.0 and energy productivities less
than 40.0 GJ ha™ y”'. Mallee biomass production is also of large scale, which can be
~10 million dry tones per annum.’ Overall, the results have indicated that mallee
biomass could be the most important secondary generation bioenergy feedstock in

WA.

2.3 The Main Issues Related to Biomass Supply and Motivations of Using

Biochar as a Fuel

Mallee biomass as a renewable bioenergy resource can contribute significantly to
local energy security and regional area development in WA. However, the utilization

of mallee biomass has some important technical challenges related to several
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undesired characteristics of direct using biomass as a fuel.

® |ssues related to biomass supply

The supply chain of biomass mainly consists of transportation, handling, storage,
sizing, pre-processing (drying and/or other pre-treatments), and utilization. Biomass
is bulky, having high-moisture-content, low-energy-density, and of fibrous nature."*
In the case of mallee biomass, the green biomass has a moisture content of ~45% and
a low energy density of ~10 GJ ton".”” Therefore, it is not economic to transport
mallee biomass for a long distance and the capacity of dedicated bioenergy plants
using mallee biomass as feedstock is therefore constrained.® Furthermore, the bulky
and fibrous natures of biomass lead to the biomass’s poor grindability, which
significantly increases the cost for size reduction of biomass materials as well as
other operating and maintenance cost.'* Moreover, as results of poor grindability of
biomass, coarse biomass particles may result in incomplete burn out,
blockage/bridging to the feeding system, sedimentation, and poor mixing.'* Large
biomass particles also increase milling costs and require expensive storage.14 For
example, a previous study found that the co-milling of coal and biomass in a pilot
scale vertical spindle mill is limited by a maximal 5 wt % biomass blend. Ball mills

widely used in coal-fired power stations are not suitable to grind biomass as its

gravity impacts and tumbling actions only flatten biomass fibre rather than cutting.
® Motivations of using biochar as a fuel

Various biomass pre-treatment technologies, e.g. drying,”’ pulverizing,”' baling,

briquetting, palletizing,'® torrefaction, torrefaction combined with pelletizing® and

15

pyrolysis,'* '° are developed to improve biomass fuel properties. Among these

63-67

technologies, distributed pyrolysis is a flexible technology to convert the bulky

64, 65, 68, 69
"> %> and/or

raw biomass locally into high-energy-density fuels such as bio-oi
biochar.'* > 7° While bio-oil can be transported to centralized plants for further

upgrading and refining to produce liquid transport fuels,** *> "' biochar as a solid fuel
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with desired fuel properties, good grindability and high energy density, is therefore

suitable for direct combustion and/or co-firing in coal-based power stations.'* "% 72

2.4 Ash-Related Problems during Combustion of Pulverized Coal and Biomass

The potential fuels of interests in this thesis are therefore Collie coal, mallee biomass,
and biochar. There are various technological pathways available for power
generation from these fuels, including combustion and/or co-firing, gasification and

18-22 . .
and received extensive

pyrolysis. Direct combustion is a matured technology
investigations. =" #33% 7% The combustion related issues include fuel conversion
rate,” flame temperature and stability,’* gas pollutants emissions and boiler

2475 and ash-related issues.?®3! 3335 73 7686 The ash-related issues are

efficiency,
considered to be one of the most important technical challenges of coal and/or
biomass combustion as it plays critical roles in the design and operation of coal
(and/or biomass) combustion equipments such as pulverized fuel (PF) boilers. The
main ash-related issues of the combustion of coal and biomass are ash deposition,

54-72 1y .
2 Biomass combustion also

fireside corrosion and fine particulate matter emission,
encounters its unique problems such as potential impaction on selective catalytic
reduction (SCR) system’® and fly ash utilization” as results of the abundant inherent
nutrients species in biomass, including alkali and alkaline earth metallic species

(AAEM species, mainly Na, K, Mg and Ca) and chlorine.”’
2.4.1  Ash Deposition in the Boiler Furnace and Convective Tube Banks

Ash deposition on furnace walls leads to slagging when a liquid layer is developed
(generally on heat transfer surface and refractory linings in the furnace primarily
subjected to radiant heat transfer) and fouling when a dry, powdery deposit is formed
(mainly in the heat recovery section of the steam generator).®® Ash sintering is the
first step of ash deposition, slagging and fouling. Ash deposition is formed by various
processes including inertial impaction (and particle capture), thermophoresis,

condensation and heterogeneous reaction.”® The growth of ash deposition leads to
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decline boiler efficiency and sometimes unscheduled shutdown of the facilities.”

During coal combustion, the inorganic species of coal are transformed into products
such as vapours, aerosols and residual ash particles, which may transfer to furnace
walls and form deposits. Iron and sodium are considered to play significant roles in
ash slagging and fouling, respectively.*® The key factors that affect deposition
formation are the alkali content of biomass, fluid dynamics, gas and heat transfer
surface temperature, and surface interaction and reaction.” Therefore, during
biomass combustion, ash deposition may be increased because biomass fuels

generally contain high contents of AAEM species.
2.4.2  Fireside Corrosion

Fireside corrosion is corrosion of tubes due to chemical attack occurring on the
furnace or fireside of heat exchanging surface in coal- and/or biomass-fired
furnace.® Species such as Na, K, S, Cl and Fe are considered to play significant roles
in fireside corrosion.®’ The extent of corrosion is affected by both coal types and
combustion conditions.® During biomass combustion, high content of Cl in biomass
may cause serious corrosion problems.”” ® A known strategy to mitigate the
chlorine-based corrosion is co-firing biomass with coal, via the reaction between
sulfur from coal and alkali compounds from biomass.* However, the effectiveness of
this mitigation approach may be limited for two reasons. One is that the effect of
coal-derived sulfur on corrosion during co-firing only takes place in oxidizing
conditions rather than reducing conditions.*” The other is that the sulfation reaction
may be slowed down at lower temperatures in oxidizing conditions as a result of

decreasing kinetic rates of conversion to sulfates.*

2.4.3  Fine PM emission

Combustion of coal and/or biomass contributes significantly to PM emission,**™'

especially fine inorganic sub-micrometer particulates (PM;).***® PM, is known to
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escape easily from dust cleaning equipment and have significant adverse impact on

both human health and environment.*'*? Furthermore, fine PM affects heat transfer
in furnace and has been identified to be responsible for initiating deposition
formation and consequent corrosion on heat exchanger surfaces.” Therefore, a
thorough understanding of PM formation/emission provides essential knowledge for
developing solutions for ash-related issues. Therefore, it is the scope of this study to
carry out a systematic investigation into the emission of inorganic PM during the
combustion of biomass and coal. The scope of this thesis also covers the
development of a credible PM sampling method so that the properties of PM

collected will not be distorted by the sampling process itself.

2.5 Sampling Methods of Inorganic PM Produced from the Combustion of Coal

and/or Biomass

Sampling fine inorganic PM from the combustion systems such as a coal and/or
biomass firing power stations is difficult due to the high temperatures and moisture
contents, and sometimes high acid gas (SOs;, SO,, HCI, etc.) concentrations of
exhaust gases.”” In order to investigate the inorganic PM formation and/or emission
from the combustion of solid fuels such as coal and biomass, a key issue needs to be
addressed is the development of a proper method for PM sampling. This is to ensure
that the properties of the PM samples collected will not be distorted by the sampling
method itself. As shown in Figure 2-1, a PM sampling system generally consists of
PM source, sampling line and system followed by PM measurement equipment. An
ideal sampling system or method should minimize the sampling loss in the sampling
line, properly control the key sampling parameters such as dilution ratio and
sampling temperature, in order to obtain representative PM sample from the PM
source such as the flue gas channel of a coal-fired power plant and a laboratory-scale

experimental rig.
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2.5.1 Considerations on Designing PM Sampling Line

One of the most important factors in designing a PM sampling line is to minimize the
transport losses of PM through the test rig’s ducting and sample lines. If particle
losses are high, it will be difficult to achieve a sufficient concentration of large
particles for an accurate test, and the differences in the upstream and downstream
measurements will be dominated by the particle losses in test duct and sample line,
rather than by collection of measurement equipments, therefore fail to obtain

representative data from the PM source.

Particle losses associated with the sample lines include inlet losses due to
non-isokinetic sampling, losses to the walls of the sample lines due to diffusion,
electrostatic charging and gravitational settling, and losses in bends as results of
centrifugal force and eddies.®® Therefore, particle loss at the sample inlet can be
minimized by isokinetic sampling. Electrostatic effects are avoided by using
conductive and grounded ducting and sample lines such as stainless steel. When
possible, tube bends should be avoided, and when needed, a gradual curvature should
be considered. Gravitational settling can be reduced by minimizing the effective
horizontal length of the sample lines. Additionally, while each sampling system is
different, it is often beneficial to have the Reynolds number of the flow be in the high

- 88
laminar range.

+ system

PM . . Measurement
Source :> Sampling line ’:> equipment

O
o

o

Figure 2-1: A schematic diagram of particulate matter sampling process

2.5.2 PM Sample Dilution

Dilution of PM-containing flue gas is a technique that has been developed to
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examine the influence of rapid cooling and dilution on fine particle emission from

combustion systems, aiming to simulate the gas-to-particle conversion of
semi-volatile or volatile compounds in the flue gas when mixing with ambient air.*
A specified amount of conditioned air is introduced into the dilution sampler to
rapidly mix with the hot flue gas, the dilution allows for processes such as nucleation,
condensation, and coagulation to occur.” The other important purpose of flue gas
dilution is reducing the particle population and the flue gas temperature to prevent
overloading and overheating of advanced aerosol measurement instruments such as
electrical mobility analyzer (EMA), differential mobility analyzer (DMA) and/or

scanning mobility particle sizer (SMPS).”"** Various of dilution sampler systems®®**

% were developed and used to investigate the effects of dilution ratio on the particle
size distribution and chemical composition of PM collected from the combustion of
coal and/or biomass. Generally, it is concluded that dilution does not influence the

particle mass emission rate, but may have significant effect on the size distribution

and the total number of particles emitted.”’

2.5.3  Importance of Sampling Temperature and its Discrepancies among

Various Previous Studies

Sampling temperature is speculated to be another key parameter during PM sampling
due to the fact that the flue gas from coal and/or biomass combustion generally has a
high acid gas (SO;, SO,, HCI, etc.) concentration and consequently has a high acid
dew point temperature. The condensed acid droplets may significantly change the
properties of PM collected. A review on the sampling methods used in some previous

- 26, 86, 96-109
studies™ ™

shows that the previous studies used significantly different
sampling conditions, particularly various sampling temperatures were also used in
those studies, ranging from room temperature to 150 °C. As shown in Table 2-1, such
information was not given in some of the studies. Obviously, so far there is no

standard method for PM sampling. Although limited attempts were made to study the

effects of sampling methods (particularly dilution ratio) on PM properties, there is
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94, 100

significant discrepancy in conclusions drawn in various previous studies.
Therefore, the validity is also questionable in comparing the experimental data

obtained in different studies.
2.6 Ash Formation during Pulverized Biomass Combustion

Ash is produced from the inherent inorganic species during solid fuels (coal and/or
biomass) combustion. The transformation of inorganic species during combustion
depends on not only the properties (e.g. concentrations, occurrence, forms, etc) of
these inorganic species in the parent fuels,'* "' but also combustion conditions.'*
The combustion of a solid fuel particle is generally considered to be in three steps:
devolatilization to char and volatiles, volatiles combustion and char combustion.'”
As fuel is injected into the furnace, the first step took place is devolatilization (i.e.
pyrolysis). Therefore, the knowledge of the transformations of the inorganic species
during devolatilization and subsequent combustion stage are critical to understand
ash formation mechanism during biomass combustion. Therefore, the structure of
this section is organized as follows. It starts with a brief introduction of inorganic
species in mallee biomass, followed by the review on the occurrence of main
inorganic elements in biomass. Efforts were then taken to summarize the literature on
the transformation and release of key inorganic species during pyrolysis and
combustion of biomass, gas phase reactions among the released inorganic species
and their important implications. The section concludes with the summarization of

ash formation mechanisms.
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Table 2-1: Summary of PM sampling methods from the combustion of solid fuels (biomass and/or coal)
Reference Study type Fuel Combustion System | Sampling System Sampling Dilution
Y P Y PHIE By Temperature
A pulveri 1
Kauppinen et al (1990)° | Field study | Bituminous coal pu \{)eorillze erd cod BLPI* 112-123 °C NA"
. ) Forest residue + A circulating o .
97 + a - ° -80:
Valmari et al (1999) Field study Willow Auidized-bed boiler Cyclone + BLPI 110-120 °C Dilution ratio-80:1
Bituminous + A downflow
Seames (2003)*° Lab-scale subbituminous laboratory Cyclone + BLPI* NA" Dilution applied.
coal combustor
. Forest residue + A circulating SMPS® +ELPI° o .
t tal (2004)*° | Field st ° Dilution ratio- 60:1
Strand et al (2004) ield study peat Auidized bed boiler ¢ DLPI® 25°C ilution ratio- 60
Wood pellets +
08 . Bark pellets + e : Cyclone + ELPI* o
Johansson et al (2004) Field study Wood briquettes Residential boilers + DLPI Room temperature 2 stages dilution
+ Wood logs
Boman et al (2005)'% Field-study | Softwood pellets A residential pellet Cyclone + DLPI 45-75°C Dilution ratio-from
stove 3:1~7:1
A down-fired
i Ball jillo + 1+
Jlmencz(e)l(r)lgi)m? ester Lab-scale Orujt C()OkeCoa entrained flow Cyclone + BLPI* ~130 °C NA"
reactor
Buhre et al (2005)” Lab-scale | Bituminous coal | A drop-tube furnace Cyclone + CI' Room temperature NA"
Takuwa et al (2006)'* Lab-scale Coal A drop tube furnace LPI° NA" Dilution ratio: 10
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Liu et al (2006)'* Lab-scale | Bituminous coal | A drop-tube furnace | Cyclone + DLPI NA" NA"
A down-fired
a Dilution applied,
- +
Linak et al (2007)'* Lab-scale Pulverized coal lab-scale combustor | Cyclone + BLPI 80 °C without dilution ratio
" or MOUDI* mentioned
A drop tube furnace. '
LPI* iluti tio- 20:
Zhang et al (2008)'* Field-study | Sewage sludge | A incineration plant Room temperature di ‘u o ‘ra 1.0 0:3
(air as dilution gas
lone + DLPI*
Bifver et al (2009)'% Field study Oat grain A Combifire boiler Cye ?rn];LPIC 105 °C NAP
Afi t
Wiinikka et al (2009)'"” Lab-scale Straw pellets ) ixed bed reactor Cyclone + DLPI >150 °C NAP
with a pellets burner
Dilution ratio: ~6
Ninomiya et al (2009)'*® L : o
inomiya et al ( ) Lab-scale | Bituminous coals | A drop-tube furnace | Cyclone + LPI® NA" using N as dilution

and (2010)'%”

gas

* BLPI: Berner-type Low Pressure Impactor; > SMPS: Scanning Mobility Particle Sizer; ° ELPIL: Electrical Low Pressure Impactor; ¢ DLPI:

Dekati Low Pressure Impactor; © LPI: Low Pressure Impactor, 'CI: Cascade Impactor, * MOUDI: Micro-Orifice Uniform Deposition Impactor; h

NA: relevant information Not Available in the publications.
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2.6.1 Contents of Inorganic Species in Mallee Biomass

Table 2-2 presents the contents of total ash and inorganic species in the major
components (wood, leaf and bark) of a typical mallee biomass. The ash contents of
different mallee biomass components are in the order of bark > leaf > wood. The
AAEM species are dominant inorganic elements in all components, with Ca being
the most abundant, while the contents of Si, Al and Fe are very low. The biomass
samples also contain various amounts of P, S, and CI, which are important nutrient
elements in biomass. Therefore, the discussion in Section 2.6.2 will focus on K, Na,

CL S, Mg, Ca, and P.

Table 2-2: Inorganic species contents in typical mallee biomass''?

Elements Components of Mallee biomass
(Wt%) wood leaf bark
Na* 0.0212 0.5537 0.2094

K* 0.0744 0.3797 0.1105
Mg* 0.0364 0.1447 0.0796
Ca® 0.1236 0.7652 2.6591
Si® 0.0026 0.055 0.0099
Al? 0.0025 0.0192 0.0028
Fe* 0.0001 0.0142 0.0019
p* 0.0182 0.1075 0.0235
sP 0.0183 0.1181 0.0509
cr 0.0323 0.1839 0.2601
Ash content (wt% db) 0.4 3.8 5.5

* wt% dry basis; ® wt% dry-ash-free basis

Inorganic PM Emission During Solid-Fuels Combustion 18



g&= | Curtin University CHAPTER 2

2.6.2  Occurrence of Inorganic Species in Biomass

Inorganic species in solid fuels (e.g. coal and biomass) can be present in four
possible forms (see Figure 2-2): (1) salts present in fuel moisture and pores (these
species are easily leachable), (2) inorganic elements associated with the organic
structures of biomass, (3) mineral particles included in solid matrix, i.e. included
minerals , and (4) free inorganic particles that are free from contact with fuel
particles, i.e. excluded minerals (for biomass fuels, these may be inorganic impurities
carried into biomass fuels during fuel processing)."'* According to the requirement of
most plants growth, the inorganic species present in plants can be grouped into three
categories:'"> (1) macronutrients which have a high growth requirement (e.g. Ca, K,
S, Mg, and P), (2) micronutrients which have a lower growth requirement (e.g. CI)
and (3) beneficial elements which are stimulate growth but are not essential (e.g. Na).
The functions and associations of K, Na, Cl, S, Mg, Ca, and P are discussed below,

as these species are the most important elements for ash formation.

= Included minerals

® /

®
» "
-‘ .~
» _ — Exduded Minerals

~ -

__- o0
. == =~ Ca®

=T & - -COO
Lo K [ ] S

[ 3 Y
- Ss.

-~

Organically associated ash-forming matter k\-C()U Ma*

— =, Water soluble ash-forming matter
B -

Figure 2-2: Schematic diagram of the different forms of inorganic species in

biomass'™*
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® Potassium (K)

Potassium is an important inorganic nutrient for plants. The uptake and occurrence of
potassium in plants is in the form of a monovalent ion (K") that is highly mobile with
little structural function.’® The uptake of potassium is highly selective and correlates
with plant metabolic activity.”* Because of its high mobility and its metabolic
function, potassium is often found in regions where plant growth is most vigorous.
Tree branches and leaves are generally enriched with potassium compared to stem
wood due to its high mobility."> "'® During drying of woody biomass, the K
originally present as free K ions in the fluids is likely to precipitate in the form of
salts, such as KCI, K,SO,4, KOH, and K2CO3.“7 Some of the K in woody biomass
may also be organically bound, i.e., ion-exchanged to the oxygen-containing

functionalities of the organic structures such as carboxylic groups.'”
® Sodium (Na)

Sodium is not considered to be an essential element for plants. When its
concentration is low (<2%), it may be beneficial to some plants, substituting for
potassium in certain functions.>® At higher concentrations, sodium is generally

116

considered to be toxic. =~ The sodium in woody biomass may exist as salts and/or

organically bound structures such as carboxylates.'™*
® Chlorine (CI)

Chlorine is taken up by plants as the monovalent ion chloride (CI") and served the
role of balancing charge.34 Its concentration is closely related to the nutrient
composition of the soils. The levels of chlorine required for optimal plant growth are
generally far less than the levels made available by nutrients.''” Therefore, the
differences in chlorine level are usually indicative of soil conditions rather than plant

34,115

physiology. In plants, chlorine occurs mainly as a free anion or is loosely bound

to exchange sites. Chlorine-containing organic compounds such as quaternary
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ammonium chloride (R-NH;", CI)"'® may also present in plants, but the function of

these compounds is not clear.
® Sulfur (S)

Sulfur is a macronutrient for plants. The most important source of sulfur in plants is
sulfate (SO4”), which is taken up by the roots.’* Sulfur may also incorporate into
plants via absorption and assimilation of atmospheric SO, by aerial parts of the
plants.** Therefore, the two principle forms of sulfur in plants are sulfates and
organic sulfur. The former increases with increasing sulfate in the nutrient supply.
The latter is far less sensitive to sulfate supply in most plants.''® In summary, S can

be present in plants as both inorganic S and organically associated S.
® Magnesium (Mg) and Calcium (Ca)

Alkaline earth cations (Mg®" and Ca”") are macronutrients as common constituents of
cell wall and other organic component of cell structure.** Particularly for calcium, it
occurs almost exclusively in the axoplasm and forms ion-exchangeable bonds with
the cell walls and has significant function in cell wall stiffening and the structural
integrity of plants.** It helps regulate plant growth.''® Via the advanced analysis,
calcium is largely found as ion-exchangeable and acid soluble material. Calcium may

also be present as crystallized calcium oxalate (Ca(COO"),) in plants.'"

® Phosphorus (P)

Phosphorus exists in its most oxidized form in biomass fuels and is not reduced
during plant metabolism.>* It is primarily introduced in the form of dihydrogen
phosphate ions (H,POj,) and either remains in the inorganic form or is incorporated in

organic structures by forming esters or pyrophosphates.'*’
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2.6.3 Transformation and Release of Inorganic Species during Pulverized

Biomass Pyrolysis and Combustion

The typical conditions'*' of a PF fired boiler are of high temperature (1400 — 1650 °C)
and high heating rate (~10° K/s). Therefore, laboratory-scale high-temperature
drop-tube furnace (DTF) and/or entrained flow reactor (EFR) are commonly used to
achieve well-controlled PF combustion conditions. However, there are fundamental
challenges in quantification of the release of inorganic species during solid fuels
combustion at such high-temperature conditions. As part of the ash-forming species
will inevitably react with furnace walls etc, it is hard to obtain mass balance of
individual inorganic elements for the whole combustion system. Therefore, it is not

surprising that there are scarce studies'*" '*

on the release behavior of inorganic
species in biomass during PF combustion at high temperatures, with two essential
assumptions. One is that the PM; is solely contributed by released elements; the
other is that the release of refractory elements (such as Si, Al and Fe) is limited. Such
assumptions enable the authors to quantify the release rates of certain elements such
as S, Cl, Na, K, Mg and Ca. However, both assumptions may cause considerable
errors in quantifying the elements release due to the complexities of both PM;
formation and the behavior of refractory elements (Si, Al and Fe) during combustion
process. Therefore, it is clear that innovative experimental techniques need to be

developed in order to provide accurate release data of inorganic species in biomass

during biomass combustion for further simulation modeling works.

On the other hand, some investigations''” 1212

on the release behaviors of inorganic
species (mainly AAEM species, Cl, and S) during biomass combustion were carried
out using a fixed-bed reactor or fluidized-bed reactor, to simulate the grate firing
systems and fluidized-bed combustion systems, respectively. The combustion
conditions such as temperature, particle heating rate, and residence time of grate

firing (and fluidized-bed combustion) system are quite different from those of PF

combustion. However, from fundamental point of view, the findings from these
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combustion systems provide fundamental knowledge that can be useful in assisting

to understand the behavior of these species in PF combustion systems.

As devolitalization (i.e, pyrolysis, including drying process) is the first step of

126129 also investigated the release

pulverized biomass combustion, previous studies
of Na, K and Cl into gas phase during biomass pyrolysis. Such releases of alkali and
Cl are expected to play significant roles in the gas phase reaction and consequent fine
PM formation during biomass combustion. Therefore, it is also important to have a

thorough understanding on the transformation and release behavior of Cl, S, alkali

metals (K and Na), and alkaline earth metals (Mg and Ca) during biomass pyrolysis.

Therefore, the following subsections provide an overview on the main findings from
the aforementioned investigations on the release of inorganic species during biomass

pyrolysis and combustion under fixed-bed and/or fluidized-bed conditions.

2.6.3.1 Transformation and Release of ClI

17,125,130 the transformation and release

Based on the findings in previous studies,
mechanisms of Cl during biomass pyrolysis are summarized and schematically

illustrated in Figure 2-3, with detailed discussion as follows.
® Transformation and release of Cl via primary reactions during pyrolysis

As discussed in Section 2.6.2, the occurrence of Cl in biomass can be in organically
bound forms or inorganic forms such as metal chlorides. A recent study on removal
and recycling of inherent inorganic nutrient species in mallee biomass and derived
biochars by water leaching'"? indicated that almost all the CI are in form of chlorides.
Similar observations were also noted in annual biomass such as straw.'?’ Therefore,
for mallee biomass that is of interest in this study, the transformation and release of

inorganic Cl seems to be more relevant than that of organic CI.

It was proposed that upon thermal processing, organic Cl generally releases as HCI
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125

via the decomposition of organic Cl-containing structure. © With respect to the
inorganic Cl, considerable amount (10 — 60%) of Cl is reported to be released at
temperatures as low as 200 — 400 °C during the pyrolysis of either biomass"' or
brown coal.®® Zintl et al."*? proposed a release mechanism where carboxylic groups
or other proton-donating sites interact with alkali chlorides at low temperature (<

500°C) in the solid phase to produce HCI that was subsequently released to gas phase,

e.g., by the following reaction:
Char-COOH + ACl(s) — Char-COOA + HCl(g) (1)

where Char represents the char matrix and A represents alkali metals (potassium or
sodium). Furthermore, van Lith et al."'” found that such CI release mechanism at low
temperatures (< 500°C) is more important for the biomass with a lower CI content in
the set of woody biomass samples such as spruce, beech, fiber board and bark
investigated (ClI content < 0.05% db). Such a difference was hypothesized to be due
to the possible differences in the availability of proton-donating sites for reactions

with metal chlorides among different biomass samples.
® Secondary reactions involved in the release of Cl during pyrolysis

After the primary release of Cl (mainly as HCI, as discussed above) at low
temperature during biomass pyrolysis, two possible secondary reactions between
volatiles (including the released CI) and char (including AAEM species in char) were
proposed. One is that the Cl-containing volatiles may interact with nascent char at
higher temperature (600 — 800 °C for the pyrolysis of Victorian brown coal) with a
fast heating rate (10° — 10" K s™), leading to a significant retention of CI in char.'*
An important feature of a fluidized-bed/fixed-bed reactor system used in the study'*°
is the realization of continuous contact between volatiles and char. During pyrolysis
at a higher temperature and fast heating rate, Cl-containing species in volatiles (e.g.

HCI) might have combined with the reactive sites generated inside the char. The

exact nature of the bonds between Cl and the char matrix remains unclear, such

Inorganic PM Emission During Solid-Fuels Combustion 24



g&= | Curtin University CHAPTER 2

bonds seem to be not very strong, because the volatilization of ClI increases to more

than 50% with further increasing temperature to 900°C."*° Furthermore, an almost
complete volatilization of Na at 900 °C'*° confirms the existence of char-bound CI,
rather than NaCl."*® The retention of Cl in char increased from ~1% to ~80% with
the increase of temperature from 500 to 900°C during biomass pyrolysis,'?®
indicating the interactions between Cl-containing volatiles and char being strongly

temperature dependent.

The other possible secondary reaction''’ is between the HCI (g) produced at low
temperature pyrolysis and the metal species (e.g., potassium carbonates and
char-bond potassium) in the char. The released HCI (g) from the lower part of the
fuel bed can diffuse through the char layer on top in a fixed-bed reactor (heating rate:
~30 — 170 K min™), leading to interactions between HCI (g) and alkali metals in
char.'” Such interactions are hypothesized to be responsible for the observed
reduction in Cl release below 700°C, above which the evaporation of metal chlorides

formed by this secondary reaction is considered to dominate Cl release.'>
® Transformation and release of Cl during char combustion

During char combustion, both char-bond CI and metal chlorides (s) are likely to be
released as metal chlorides (g) via a series of reaction and/or evaporation at high

temperature (~1150 °C).'%

Overall, the transformation and release of Cl during biomass pyrolysis may depend
on many factors such as biomass properties, heating rate and reaction temperatures.
However, almost all the Cl in biomass are likely to end up as HCI (g) and/or metal

chlorides (g) in gas phase during subsequent char combustion phase.
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Figure 2-3: Possible reaction pathways and release mechanisms of Cl during biomass pyrolysis and subsequent combustion, summarized based

on the findings in refs'!” 12> 13
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2.6.3.2 Transformation and Release of S

Understanding the transformation and release of S is important to control the

124

emission of both SO, and fine PM during biomass combustion. ©~* A number of

investigations were carried out to reveal the mechanisms of S transformation during
biomass combustion in fixed-bed reactors and fluidized-bed reactor systems.''” ''®
123-125. 127 133, 134 pgsible reaction pathways and release mechanisms of S during

pyrolysis and combustion of biomass are summarized as follows.
® Transformation and release of S during pyrolysis

As discussed in section 2.6.2, S can be present in biomass as both inorganic S and
organically-bound S. The release behavior of S during biomass pyrolysis highly
depends on the mode of S occurrence in the fuel. Under fixed-bed conditions, a

significant amount of S can be released as SO, '%°

at low temperature (500 °C) due
to the decomposition of organic S compounds that are thermally unstable, rather than
the decomposition of inorganic sulfates during the pyrolysis stage. This is
coincidence with the good correlation between the quantity of S released at 500 °C

and the amount of organic S in the fuel,'”’

further supporting this proposed S release
mechanism at low temperatures.''” 12 1?7+ 135 Additionally, there are also possible
secondary reactions between released SO, (g) and char or inorganic species in the
char (resulting in inorganic sulfates). This was the mechanism proposed to explain
the effects of bed size on S release during biomass pyrolysis at low temperatures
(500 — 850 °C) in a fixed-bed reactor.'” It was also confirmed that the SO, (2)

released from the lower parts of the bed was mainly captured in the upper char layer

via reactions with organic char matrix rather than inorganic species in the char.'*
® Transformation and release of S during char combustion

During char combustion at a slow heating rate (~30 — 170 K min™") under fixed-bed
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conditions, the char-bound S is most likely transformed into sulfates which are stable
at a temperature below 900 °C,'* leading to a very little additional S was released in
the temperature range of 500 — 850 °C. However, a steep increase in the release of S
with temperature above 850 °C and a complete release at 1150 °C was observed by
van Lith.'” At a temperature higher than 850 °C, the sulfur release is thought to be

mainly due to the decomposition and/or evaporation of alkali metal sulfates.''” '**

However, the release of a portion of S preferential to K above 1000°C '* suggests
that there are other mechanisms responsible for the release of S during biomass

combustion at high temperature (above 1000°C). van Lith et al.'®

proposed that the
reactions between sulfates of AAEM species and silicates (and/or aluminosilicates)

may also be an important mechanism for S release as SO, (g).

The inorganic S (e.g. metal sulfates) originally presented in biomass may remain
stable in pyrolysis stage.'> However, during char combustion, it can be released as
SO, and/or metal sulfates vapor as results of decomposition of metal sulfates,
reactions between AAEM sulfates and silicates (and/or alumino-silicates), and/or the

evaporation of alkali sulfates.'*

Overall, many factors can influence the transformation and release of S during
biomass pyrolysis and combustion, including mode of S occurrence in biomass,
temperature, ash composition (particularly Na, K, Mg, Ca, Si and Al etc.). S is likely
to be either released as SO, and/or alkali sulfates vapors, or retained in the ash as

sulfates of refractory metals (e.g. Mg and Ca) after the char burnout.
2.6.3.3 Transformation and Release of Alkali Metals (K and Na)

Figure 2-4 summarizes the transformation and release mechanisms of K and Na

during biomass pyrolysis and subsequent combustion, based on the findings in

117,125, 128, 130, 136

previous studies. The detailed discussion is given below.
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® Transformation and release of K and Na via primary reactions during

pyrolysis

As discussed in Section 2.6.2, alkali metals in biomass are mainly present as salts
(chlorides and sulfates), organically bound structures (e.g. carboxylates'?®), free ions
and/or aluminosilicates (such as microcrystalline quartz-like backbone in straw). It is
known that the mode of occurrence of alkalis is important for their transformation

and release during pyrolysis.''®

A number of previous studies'? 2% 128

reported that considerable amounts of alkali
metals can be released at temperatures as low as 500 °C or below during biomass
pyrolysis. It is suggested that the thermal decomposition of carboxylates in the
biomass from large molecular mass structures and the subsequent release of light
alkali-containing carboxylates (—COOK or —COONa) is an important mechanism for
the release of alkali metals during biomass pyrolysis at low temperature.'*® '*
Even of relatively low vapor pressure, carboxylates of K and Na may also be
released from biomass particles due to the entrainment with the volatiles.'”® The
larger molecular carboxylates that are not able to be released may retain in char
matrix and form char-bond alkalis.'"*® Further increasing pyrolysis temperature to
900°C at slow heating rate (fixed-bed condition) leads to little additional release of
Na and K, indicating the bonds between char matrix and alkalis are relatively

temperature-stable.'?*

Another proposed mechanism for K release during biomass pyrolysis at low
temperatures (400 — 600 °C) is that the organically bond K (e.g. carboxylates) may
start to decompose at below 400 °C and release atomic K, followed by the released K
being bound to phenol groups in the char at <600 °C.""” The phenol groups may at
the same time also start to degrade above 400 °C, leading to the release of K to the
gas phase, probably as K(g). However, this mechanism can not explain the release of

K at 180°C as observed by Olsson et al.'*® Furthermore, it was found that the

Inorganic PM Emission During Solid-Fuels Combustion 29



g&= | Curtin University CHAPTER 2

carboxylates such as acetate and formate were still found in the product gas from the

pyrolysis at 900°C."*® This suggests that some of the structures such as —COOK and
—COONa can survive and be carried away by volatiles during pyrolysis, instead of
their complete decomposition to produce CO,.'"”® This further supports that the
release of alkali-containing light carboxylates seems to be more likely the

mechanism for the release of K and Na below 500°C during pyrolysis.

For alkali chlorides (KCI or NaCl), during pyrolysis, some of alkalis must be bound
with char matrix to form char-bond alkalis, accompanied by the release of CI (see
Section 2.6.3.1) at low temperature (< 500°C). This suggests that reactions between
chlorides and char (e.g. carboxylic groups) must have taken place. The char-bond
alkalis may further experience secondary reactions and then be either released or
retained in char, depending on the char temperature time history. The remained alkali
chlorides in char may evaporate as alkali chlorides (g) at high temperatures, or

released as chlorides (g) during char combustion, which will be discussed later.
® Secondary reactions involved in the release of K and Na during pyrolysis

Secondary reactions involved in the release of alkali metals (K and Na) may include
the reactions between volatiles (including the released alkali metals in volatiles) and

char during biomass pyrolysis at high temperatures (>500 °C).“7’ 128

Firstly, during biomass pyrolysis at a slow heating rate (fixed-bed conditions), the
released K or Na species could experience repeated desorption and adsorption
from/onto char particles within the fixed-bed, as hypothesized by Knudsen et al.'*
and experimentally demonstrated by Hayashi et al."*” '*® The repeated desorption and
adsorption of K and Na allowed these species be chemically transformed into
thermally stable char-bond forms and/or non-volatile species such as silicates.”” '**

van Lith et al.'® also attributed this phenomenon to the intercalation of K into the

char matrix.
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Secondly, it was observed that at temperatures > 500°C, substantial release of alkali

metals was observed during pyrolysis in a fluidized-bed reactor at a fast heating rate,
while such an observation is absent during pyrolysis at slow a heating rate.'** '*
Such a phenomenon is explained well by “volatiles-char interactions”, which was
firstly developed by Wu et al."”’ Briefly, under fast heating rate condition, it is
expected that the wvolatiles contain significant amounts of reactive species
(hypothesized as free radicals, especially H radicals) produced from thermal cracking.

Such reactive species can interact with char and take part in substitution reactions

allowing the release of alkali species, represented symbolically as below:
R+ CM-X — CM-R + X )

where CM denotes the char matrix, X represents the alkali species and R represents
reactive species (hypothesized as free radicals, including H radicals) in the volatiles.
This observation is of great importance to fluidized-bed pyrolyser or gasifier, which

has an important feature of continuous contact between volatiles and char.
® Transformation and release of K and Na during char combustion

During char combustion, both char-bound K (or Na) and intercalated K (or Na) are
suggested be oxidized to carbonates, followed by the decomposition and/or reaction
via K»O (or Na,O) and finally released to gas phase as K(g) or Na(g).'"” After
vaporization, K(g) or Na(g) may react with other species present in the gas phase.
For example, when water is present in the gas phase, K(g) or Na(g) will convert to
KOH(g) or NaOH(g), in the presence of HCI, the conversion of alkalis (g) to alkali
chlorides (g) is more favored.''” For the alkali sulfates, which can be originally
present in biomass and/or products of alkali metals sulfation reaction, may release to
gas phase in forms of alkali sulfates (g).'* '*® It is also possible that K or Na may
interact with silicates in the ash, resulting in a possible reduction in the release of K
or Na via the formation of refractory K-silicates or Na-silicates. Beside the

availability of Si, Mg and Ca may also influence K release as Mg and Ca would
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136

compete for positions in the silicate matrix with K or Na.
® Roles of Cl in the release of K and Na during pyrolysis and combustion

There are debates on whether Cl can enhance the release of K and Na during biomass

126, 140, 141 136

pyrolysis and/or subsequent combustion. Some researchers suggested Cl

is the main facilitator for the release of K or Na during pyrolysis and subsequent

combustion. However, others'?% 13°

argued that so far there is insufficient evidence to
prove the facilitating roles of Cl in enhancing the release of K and Na during
pyrolysis of both biomass and brown coal. Based on the analysis in Sections 2.3.6.1
and 2.3.6.3, the roles of Cl in the release of K and/or Na during pyrolysis and

subsequent are discussed separately as follows.

126, 140, 141
Some researchers =

suggested that Cl may be able to facilitate the release of
alkali metals due to the relatively low melting point temperatures of KCI (770 °C)
and NaCl (801 °C). However, this seems not to be credible because of the release of
K and Na at lower temperature (<500 °C), which are due to thermal decomposition of

14 Furthermore, at a

K- and Na-containing organic structures such as carboxylates.
slow heating rate under fixed-bed conditions, the majority of CI (even exist as
chlorides) is found to be released presumably as HCIl, which is most likely formed
from ion-exchange reactions of functional groups in the organic matrix of biomass at
lower temperature (<500 °C)."** This suggests that the alkali metals (K and Na),
which are initially presented as chlorides in biomass, must bound to char matrix to
form char-bound alkalis. Additionally, during pyrolysis at a fast heating rate
particularly under fluidized bed conditions, substantial Cl can be recombined with

130 All of these evidence

char matrix to form char-bound CI rather than chlorides.
suggest that alkali metals and Cl are released separately during pyrolysis and are

likely to be bound into char matrix separately after pyrolysis.

Therefore, the roles of Cl in the release of K and Na (if nay) during pyrolysis are

likely to be at least influenced by three factors: (1) the occurrence of alkali metals in
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biomass; if majority of alkali metals are in forms of organically bound structure, their

release behavior particularly at low temperature (<500°C) may not be affected by Cl,;
(2) the molar ratio of Cl/(K+Na), a higher molar ratio of chlorine to alkali metals
means a higher possibility of Cl to facilitate the release of alkali metals (if any), and
(3) the thermal stability of the chemical bonds between char and alkali metals. The
role of Cl in the release of alkalis during pyrolysis will depend on the net effect of
these factors. For example, if the char-bound alkali metals are stable at a temperature
higher than the melting points of alkali chlorides (e.g. 770 or 801°C), the presence of
alkali chlorides in the fuels are likely to lead to significant release of alkali metals
during pyrolysis at a temperature > the melting point temperature of alkali chlorides.
In summary, thus far there are no direct experimental evidences to clarify the roles of

Cl in the release of alkali metals during biomass pyrolysis.

During char combustion, the presence of Cl in char or the HCI released to gas phase
may facilitate the reactions with alkali compounds (e.g. K, KOH, Na and NaOH) in
the gas phase.'*” This may potentially lead to the preferential formation of alkali
chlorides which are relatively stable in combustion conditions, and consequently

enhance the release of alkali metals.

Overall, the transformation and release of alkali metals (K and Na) during biomass
pyrolysis may depend on many factors such as biomass properties, heating rate and
temperature, and ash composition. However, majority of alkali metals in biomass is
likely to be released to gas phase as atomic alkalies, chlorides, sulfates and/or

hydroxides during subsequent char combustion stage.
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Figure 2-4: Possible reaction pathways and release mechanisms of K and Na during biomass pyrolysis and subsequent combustion, summarized

based on the findings in refg'!’ 12> 128 130 136
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2.6.3.4 Transformation and Release of Alkaline Earth Metals (Mg and Ca)

As discussed in Section 2.6.1, significant amounts of Mg and Ca in biomass may be

molecularly dispersed in the fuel and bound to carboxylic groups.'** '*

During
pyrolysis at low temperature (around 500 °C), similar to alkalis (Na and K), the
organically bound Mg and Ca are likely to be released as light carboxylates due to
the decomposition of Mg-and Ca-containing organic structure. While at high
temperatures above 600 °C,'* the breakage of bonds between Mg (and/or Ca) and
char matrix seems to be the dominant mechanism for the release of Mg and Ca '*,
following the similar mechanisms for the release of Na and K (see Section 2.6.3.3).
However, the amounts of released Mg and Ca are generally lower than those of K
and Na as observed in the pyrolysis of both sugar cane biomass'®® and Victorian

brown coal,”*” '** probably due to the difference in the nature of valence, i.e.,

monovalent of K (and Na) and divalent of Mg (and Ca).

During combustion, Mg and Ca are likely to be transformed to oxides and/or

carbonates.'*

It is also possible that Mg and Ca can preferentially react with
aluminosilicates (if any) in comparison to Na and K.'*>*'*® Therefore, higher levels of
Mg and Ca in the fuel may cause more alkali metals to remain in gas phase as alkali

chlorides, sulfates, oxides and/or hydroxides even at 800— 1150 °C."""

2.6.4 Important Gas Phase and Gas-Solid Phase Reactions and Their

Implications on Mitigating Ash-Related Problems

Most biomass fuels generally have higher contents of alkali metals and chlorine than
other solid fuels such as coal.'*® " As discussed in Section 2.6.3, substantial
amounts of these elements can be released to gas phase mainly as alkali chlorides

and/or hydroxides during combustion.

Once in the gas phase, these species may react with HCI, SOs, and CO; to form

Inorganic PM Emission During Solid-Fuels Combustion 35



g&= | Curtin University CHAPTER 2

chlorides, sulfates, and carbonates via a series of gas phase reactions. These species

are also mainly responsible for the formation of fine particles which either deposit in

the furnace or transport into the flue gas.

In addition, gas phase alkali species may also react with silicates and/or
aluminosilicates existed in coarse fly ash particles via gas-solid reactions, leading to
the retention of alkali metals in bottom ash and/or in coarse fly ash fraction. Among
these alkali species, alkali chlorides (particularly KCl) are notorious for leading to

48151 such  as  slagging, fouling, corrosion,

numerous ash-related problems
deactivation of de-NOx catalysts, and serious harm to human health and

environment.

Therefore, the roles of Cl in alkali-containing fine particulate matter formation,
sulfation reaction of alkali chlorides and the reactions between alkali metals and
aluminosilicates were extensively investigated in the past years. The main objectives
were to elucidate the formation mechanisms of alkali chlorides and mitigate their
adverse impacts on combustion system, human health and environment. Such
important gas phase and gas-solid phase reactions and their implications on

mitigating the ash-related problems are discussed below.
2.6.4.1 Effects of Cl on Fine PM Formation during Biomass Combustion

A number of investigations were performed on fine particles formation during
biomass combustion using both fluidized-bed reactor and entrained flow reactor. The
fine particles are mainly composed of alkali chlorides and sulfates, indicating that
both CI and S play important roles in fine particle formation."””*"** By introducing
additional HCI gas into combustion, previous studies demonstrated that the addition
of HCI clearly increases number concentration and mass concentration of fine
particles with a size less than 1um (PM;). This may be due to the increased release of
ash-forming elements (mainly Na and K) into fine particles and consequently the

deceased amounts of these elements reacted with silicates and/or aluminosilicates (if
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any). These experimental data suggest that Cl increases the amounts of alkali metals

transformed into PM; via possibly forming alkali chlorides, which are known to be

relatively stable under combustion conditions.'*
2.6.4.2 Sulfation of Alkali Chlorides to Alkali Sulfates

The sulfation of alkali chlorides to less troublesome alkali sulfates is an attractive
way to minimize the chlorine-associated corrosion problems.'> According to Lind et

al."® and Sippular et al."’

, when a sufficient amount of SO, is supplied in a chlorine
rich combustion system (S/Cl molar ratio ranges from 4.7 to 7.5), most of the HCI
remain in the gaseous phase. The release of ash-forming elements also decreased, so
do the fine particle concentrations, as results of possible enhanced retention of alkali

metals in the coarse particle fraction during sulfation process.'*°

The sulfation of alkali chlorides to alkali sulfates is assumed to take place via the

following global reaction:"’
MCI+S0;,+1/20,+H,0 — M>SO,+2HCI (3)

where M=K or Na. It was also found that the alkali metal sulfation reactions in

large-scale combustion conditions take place dominantly in the gas phase. '>* '

This finding is of particularly importance in biomass combustion. Because the
sulfation reaction raises nucleation/condensation temperatures of alkali metal vapors,
the particle formation is most likely initiated by the gas phase sulfation reactions.'®’
Additionally, the reactions between alkali chlorides and sulfur are important to the
corrosion in biomass-fired boilers, as the corrosive and sticky deposits on heat
exchangers are generally created by alkali chloride particles. Via sulfation reactions,
chlorine in alkali chlorides is released as HCI, leading to significant reduction in
161

deposit formation and corrosion in power plants operating with chlorine rich fuels.

. . 162 ..
The source of sulfur oxides can be a coal (co-firing) ™, or a sulfur containing

Inorganic PM Emission During Solid-Fuels Combustion 37



g&= | Curtin University CHAPTER 2

163

additive such as ammonium sulfate.
2.6.4.3 Reactions between Alkali Chlorides and Aluminosilicates

Apart from the sulfation reactions of corrosive alkali chlorides as discussed in
Section 2.6.4.2, gas-solid reactions between alkali chlorides and aluminosilicates,

164-168
d under

particularly kaolinite (Al,Si,05(OH),), were also extensively investigate
both fluidized-bed and pulverized fuel combustion conditions. These reactions are
known to provide another feasible way to capture inorganic vapors, particularly
corrosive alkali chlorides vapors in combustion conditions.'®*'® The overall

reactions between kaolinite and alkali chlorides at high temperature have been

presented as:'®

AlLSi;Os(OH) 4 + 2MCl — 2MAISiO4 + H,O + 2HCI (4)
Al:Si,05(0OH)4 + 2MCI + 2 SiO,— 2MAISiOs + H,O + 2HCI (5)
where M=K or Na.

The kaolinite may capture alkali chlorides vapors by chemical reaction and/or
physical sorption, which seem to be independent of gas oxygen concentration or
slightly promoted in a reducing atmosphere.'® Chemical reaction is the dominant
sorption mechanism for alkali chlorides captured by kaolinite when water vapor is
present in the system'® and only physical adsorption takes place in the absence of
water vapor.'”’ The adsorption efficiency of vaporized salts is dependent on the
temperature. It was found that the adsorption efficiency decreases with increasing
temperature from 900 to 1300 °C, then increases with further increasing temperature
from 1300 to 1500 °C.'®* Kaolinite after reaction with KCl in typical CFB
combustion temperatures (800-900 °C) has a similar porosity as the unreacted
kaolinite.'®* As the temperature increases above 1300 °C, both reacted and unreacted

kaolin become sintered, resulting in decrease in porosity and surface area. At a
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temperature higher than 1300 °C, it was also proposed that the capture of potassium

is due to the formation of a molten phase.'®*
2.6.5 Ash Formation Mechanisms during Pulverized Biomass Combustion

Ash formation mechanisms during biomass combustion under fluidized-bed® '®*
171-176 and fixed-bed'"! conditions were well documented in the past decade, however,
little studies have been done on the ash formation mechanisms during biomass

. . . 177. 178
combustion under PF combustion conditions.'”” !’

It is reasonable to speculate that
the inorganic species in biomass may experience more severe combustion conditions
during PF combustion, leading to enhanced release of inorganic species into gas
phase in comparison to that of fluidized-bed and/or fixed-bed conditions.
Considering the discussion in Sections 2.6.1 to 2.6.4, and the ash formation
mechanisms during pulverized coal combustion (will be discussed in Section 2.7)

together, the ash formation mechanisms, particularly for PM with a size less than

10um (PM)y), are summarized as follows.

The PM; produced from biomass combustion can be described to consist of two
fractions, i.e., PM; and PM in a size range of 1-10 um (PM,_jo). It is believed that
PM, are mainly formed from the constituents (e.g., Na, K, S, CI and heavy metals)
that are easily vaporized, followed by homogeneous nucleation and/or heterogeneous
condensation/reaction of these inorganic Vapors.84'86 On the other hand, PM,_io are
generally considered to be formed by the refractory elements such as Mg and Ca

during char combustion.* 345

2.7 Ash Formation during Pulverized Coal Combustion
2.7.1  Mineral Matter in Coal

During coal combustion, ash is produced from mineral matter.'” The major

inorganic elements found in coal are Si, Al, Ca and Fe, while the minor inorganic
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elements include K, Mg, Na, Ti and P. Trace inorganic elements with a concentration

less than 100 ppm may also present, including Hg, As and Sr etc. The inorganic

elements are found in three principle forms:'”

® Dissolved in the pore water, the most common elements found dissolved in the

pore water are sodium and chlorine.

® Combined chemically with the organic materials (either ion exchanged or as
metal-organics), alkali and alkaline earth elements such as sodium and calcium,
are found replacing protons on oxygenated functional groups of the organic

matter. Trace elements may be present as metal-organic substances.

® Discrete mineral particles, inorganic elements occur in coal predominantly in

this form.

The mineral matter in coal can be classified into different groups such as silicates,
oxyhydroxides, sulphates, carbonates, sulphides, phosphates, chlorides and other

mineral species. The main minerals identified with coals are shown in Table 2-3.""

The coals from a particular region may contain similar minerals. However, these
coals may have different mineral proportions, modes of occurrence and origin. The
quantities of these minerals in coal will affect its performance during combustion,
depending upon the roles of the abundant minerals. Generally, the approximate
quantitative distribution of the mineral classes in coal, in decreasing order of
significances is:'® silicates > carbonates > oxyhydroxides > sulphides > sulphates >

phosphates > others. It is also observed that the distribution of minerals in coal are

181 183, 184

affected by coal ranks,'®' coal particle size'®, and density fractions.

Mineral matter in coal can be categorized into two classes'® according to

carbon-mineral association:
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® Included (inherent) mineral matters, which are derived from inorganic species
originally exist in peat forming plants. This fraction of minerals is in an intimate

association with carbonaceous matrix, so it cannot be removed easily from coal.

® Excluded (extraneous) mineral matters, where the minerals originate from
inorganic constituents that have been conveyed to coal forming deposit from
surrounding. Since this type of minerals is not included closely in the
carbonaceous matrix, it can be removed from coal via beneficiation processes.

Excluded mineral particles are characterised by high percentage of minerals.

Generally, the main excluded mineral matters include quartz, kaolinite, illite, pyrite
and calcite. The transformation of these minerals during coal combustion is well

34, 182, 186-191

known. The contribution of excluded minerals on particulate matter

formation during coal combustion has also been well documented.'™ ' 13
Therefore, those information can be found in those publications and are not included

in this review.

The transformation of included minerals during pulverized coal combustion includes
vaporization, condensation and nucleation, coalescence, and char fragmentation.
Such processes are complicated due to the included minerals may experience a
higher temperature,** locally reducing environment within a burning coal particle and
coalescence with other included mineral particles within the same coal particle.”*
Therefore, the transformation of included minerals are reviewed and discussed in

Section 2.7.2.
2.7.2  Transformation of Included Minerals

The transformation of included minerals involve several mechanisms including
coalescence, char fragmentation, shedding of ash particles from burning char surface,
and vaporization followed by condensation, nucleation and aggregation. Such

mechanisms are mainly responsible for the formation of ash and PM; during coal
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combustion, as will be detailed in Section 2.7.3.

This section will mainly discuss the transformation of typical included minerals
including quartz, pyrite, clay minerals (kaolinite and illite), and organically bound

sodium and calcium.

Table 2- 3: Main minerals identified with coals'”

Mineral Formula

Quartz Si0,

Kaolinite Al4S1,019(OH)g

Ilite KAl (AlSi3040)(OH),
Biotite K(Mg, Fe);(AlSiz040)(OH),
Hemitite Fe,03

Magnetite Fe;04

Rutile TiO,

Gypsum CaS04-2H,0

Jarosite (Na,K)Fe3(SO4)2(OH)s
Melanterite FeSO4 7H,0

Barite BaSOy4

Siderite FeCO;

Calcite CaCoO;

Ankerite (Ca, Fe, Mg)CO;
Dolomite (Ca, Mg)COs

Pyrite FeS,

Marcasite FeS,

Halite NaCl

Sylvite KCl

Bischofite MgCl,-6H,0

Apatite Cay(POy)s(F, CI, OH)

N
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® Quartz transformation

Although quartz has high melting point of 1723 °C,** release of Si into gaseous
phase may take place for included quartz particle because the formation of silicon
monoxide (SiO) can be formed in the presence of carbon and other mineral species.**
Therefore, the extent of Si release and the subsequent fume formation are dependent
upon the formation of silicon monoxide when silica or silicates react with carbon and

hydrogen.'**

In the presence of carbonates and clays, the volatilization of silicon
monoxide has been reported to start at ~1649 °C while in the presence of pyrites or
metallic iron, volatilization begins at ~1560 °C and continues rapidly until all the Si
is volatilized.** The volatilized SiO may be subsequently oxidised and condensed as

0 1t is also

small SiO, fume particles in low-temperature or oxidising zones.
important to note that the degree of Si volatilization in pulverized coal boilers is
minimal under normal conditions due to the low concentration of CO and H; in the

flue gas.'®

Another mechanism involved in quartz transformation is coalescence with other
minerals withtin the same burning coal particle. However, there are still arguments
on whether finely dispersed included quartz will interact with the molten silicates
during coal combustion.'” As reported by ten Brink et al.'**, the included silica is in
contact with each other as the coal is shrinking in the burn-off phase, resulting in the
clustering of silica particles due to the adhesion forces among small particles hence
the formation of silica cluster after combustion. Nevertheless, according to Baxter,195
the average diameter of the silica grains decreases by a factor of 5 and there is a
proportional increase in the number density as well. Baxter'” concluded the
differences with results observed by ten Brink'®® are mainly the occurrence forms
of silica, in addition, it is mentioned that no significant interaction between silica and

inorganic species or gas phase is noticed during the combustion process.
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® Pyrite transformation

Included pyrite will decompose to form molten pyrrhotite and gaseous sulphur as a
result of higher temperature of burning char."””'*® As included pyrite within the char
experiences a locally reducing environment during char combustion, the oxidation of
pyrrhotite will not proceed rapidly until the completion of char combustion.'”” Once
exposed to the gas atmosphere, pyrrhotite will either undergo oxidation as in the case
for excluded pyrite, or mix with the silicates or alumino-silicates present. When
pyrite-derived ash particles contact with silicate/alumino-silicates, there are two
possible glass formation ways: one is the contact of pyrrhotite with
silicate/aluminosilicates and the other involves the oxidation of pyrrhotite to molten
FeO before contacting the silicates/alumino-silicates. Additionally, the original pyrite
particles also seem to fragment to form two or three fragments during the thermal
decomposition, and the resultant ash particles are likely to be pyrrhotite or iron

oxides.'”’
® Clay minerals (kaolinite and illite) transformation

The included clay minerals such as kaolinite and illite will form soft spherical ash

particles during combustion.'””

Included clay minerals are expected to melt and
coalesce to form bigger particles, while sodium will interact with alumino-silicates to
form sodium aluminosilicates when the coal has high acid-extractable sodium

levels.!”

As kaolinite and other clay minerals within the coal serve as an absorbent
for alkali and alkaline earth metals, they play an important role in ash deposition.**
Under typical combustion conditions, included illite will melt and release gases
(mainly water) to form molten silicate particles without significant change in particle

size due to fragmentation or swelling.'”” Include illite might also interact with other

minerals to form ash particles of different chemical composition.
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® Organically bound sodium and calcium transformation

Under reducing conditions, organically-bound sodium is released as metallic sodium
and the rate of release is dependent upon total surface, pore size, pore diffusivity and
bulk diffusivity.** As for sodium chloride, volatilization begins at about 750 °C, once
released, the dominant sodium-bearing gas is Na(OH), and is free to react with
excluded silicates present as well as the char and included silicates to form Na,;Si10;
and Na,SiOs. The sodium, as sodium chloride, reacts far more extensively with
kaolinite than with silicates.'™ The role of sodium in ash deposition manifests in
several ways, such as a low-melting silicate responsible primarily for very
high-temperature slagging and fouling, and an initiator of fouling by forming low
melting sodium sulphate just above convection bank superheater or reheater tube

temperature.

Organically bound calcium has been reported to form fumes of reactive submicron
CaO and calcium silicate cenosphere.*® Calcium in the form of chloride will
volatilize in the boiler flame and convert to sulfate in a manner similar to sulfation of
volatilized NaCL'® Released calcium fume initiates furnace wall deposits and
calcium-sulphate-bounded deposits at low temperature convection bank heat transfer
surface.”* Organically bound calcium reacts quickly with aluminosilicate and quartz
within the coal matrix to form lower melting point phases such as CaSiOs.'” The
presence of calcium may perpetuate the growth of partially developed slag as

semi-molten anorthite or gehlenite.34
2.7.3 PM Formation Mechanisms during Pulverized Coal Combustion

The particle size distribution of PM;y produced from coal combustion generally

shows a bimodal distribution,mz’ 200 1.e., a coarse mode located between 1 and 10um

(PM1.19) and fine mode with a mode diameter less than 1um (PM,), indicating their
formation and/or emission are governed by different mechanisms. The PM emission

. . . . . . 1201-204
mechanisms during pulverized coal combustion have been extensively studied
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for decades, a recently state of the art review’’ has summarized the PM formation

mechanisms and also the properties of PM produced from coal combustion. As
shown in Figure 2-5, the major processes governing the PM formation can be
generally divided into two categories, i.e., the solid-to-particle process which mainly
produces PM ;.o and the solid-vapor-solid process that is mainly responsible for PM;
formation. The detailed formation mechanisms for PM,.;o and PM; during pulverized

coal combustion are briefly discussed as follows.
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Figure 2-5: Major ash aerosol formation mechanisms during coal combustion, solid
arrows indicate solid-to-particle processes while dotted arrows indicate

solid—vapor—particle processes®’
2.7.3.1 Formation Mechanisms for PMj.1o

As shown in Figure 2-5, at least three mechanisms, i.e., coalescence of included
minerals, char fragmentation and excluded mineral fragmentation, are responsible for

the formation and emission of PM;_;o.
® Coalescence of included minerals

Coalescence of included minerals takes place when the individual ash particles

205, 206

agglomerate and/or sinter to form larger particles. Basically, only the minerals
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in the same coal particle are likely to coalesce because the excluded minerals or the

minerals in different coal particles have very few opportunities to contact with each
other. Several conditions which are necessary for mineral coalescence were
suggested””, including more than one mineral grain in the same coal particle,
temperature is above the melting points of minerals presented in coal, and the

possibilities for the molten particles to get in contact with each other.

It is suggested that the coalescence of included minerals occurs on the external
surfaces burning char particles mainly during the middle and later stages of
burnout.*®” Therefore, both particle temperature and mineral properties such as
chemical composition and particle size distribution will affect the extent of mineral
coalescence. Under typical pulverised fuel combustion temperature (1600-2000
K)**®, the minerals such as kaolinite and iron oxides in the same fuel particle would
melt and coalesce completely to form one large ash particle in case of no
fragmentation.”””*'° Additionally, mineral properties such as chemical composition
and particle size distribution are found to be another main controlling factor to the

extent of coalescence.'”?

However, char fragmentation will also take place as a competition process to
coalescence and diminish mineral coalescence.’' ?'? In this case, the included
minerals only underwent partial coalescence, resulting in a number of smaller
particles from each fuel particle.”'* Three models have been proposed to account for
different scenarios of mineral coalescence, namely, full-coalescence, no-coalescence,

and partial-coalescence.?*% 213212

Due to mineral coalescence, the final ash particles have a coarser average particle
size than that of the original coal minerals. In addition, they have a relatively more

homogeneous composition compared with the original minerals.
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® Char fragmentation

Char fragmentation significantly influences the particle size distribution of fly ash
produced from coal combustion.’””*'*2!° At high temperatures, char fragmentation
dominates the fly ash formation, followed by coalescence with in the resulting
fragments. Char fragmentation can take place through the percolation mechanism?®'’
or from the burn-off of bridges connecting regions of a char particle of irregular

1% With char fragmentation, one coal particle will break into a number of

shape.
smaller particles, which might each contributes to one ash particle and results in the
formation of more than one ash particle form one char particle. This process will also
in turn reduce the possibility of included mineral coalescence and hence, results in

the formation of more fine ash particles, the number of which may vary from 3-5 to

200-500.2"

Char fragmentation is strongly affected by coal rank, particle size, and system
pressure, which contribute to the difference in char structure particularly
macroporosity of the char?'"" *** Char macroporosity was considered to be an
important controlling parameter for char fragmentation.”’? Since the macropores
provide oxygen with easy access to the inner part of the particle, oxidation reactions
can take place on both the internal and external surfaces. As the macropores broaden
with the conversion, the char structure becomes more and more lacy and eventually
breaks apart into a number of fragments of all sizes.”'” Aside from the char structure,
mineral properties and combustion conditions are also important factors influencing

the char fragmentation.
® Fragmentation of excluded minerals

Most excluded minerals evolve directly into residual ash particles due to the limited
particle interactions during combustion, but some may undergo fragmentation. The
fragmentation of different excluded minerals on rapid heating was studied and

summarized by Raask.'"® Three key findings were drawn in his study: (1) no
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fragmentation was observed for the silicate minerals, quartz, illite, and muscovite, (2)

pyrite particles could fragment due to the vigorous evolution of sulfur gas, and (3)
carbonates, i.e., siderite, ankerite, and calcite fragmented extensively on rapid
heating because of the release of carbon dioxide. It was then concluded that mineral
fragmentation was the result of thermal shock and gas evolution. Additionally, the
fragmentation of excluded minerals is believed mainly contributed to PM,_j¢ rather

than PM}, as investigated by Wang et al..**!

2.7.3.2 Formation Mechanisms for PM;

The formation of PM; is of particular importance due to their significant adverse
impact on combustion systems as well as environments. It was generally believed
that PM; were formed via vaporization and condensation mechanism, as proved by
the dominant existence of vaporized elements in PM,. Indeed, the vaporization and
condensation mechanism contributes significantly to the formation of PM;. However,
some other possible mechanisms which may be responsible for the formation of PM;
were also proposed, including surface ash shedding, cenosphere bubble bursting,

direct carryover of fine mineral particles, and convective transport of mineral matter.
® \/aporization and condensation

Vaporization and condensation processes during pulverized coal combustion have
been extensively investigated by Sarofim’s group in Massachusetts Institute of
Technology (MIT) since 1980s.*” 2'* 222 22> Dyring pulverized coal combustion,
small amounts of mineral matters may vaporize and release into gas phases at high
temperatures.”** The degree of vaporization of mineral matters depends on a number
of factors such as inherent volatility, mode of occurrence in coal, particle temperature,
and combustion atmosphere.””> *** The inherent volatility for pure elements
decreases in the order of Na, K, Fe, Mg, Ca, Si and ALY However, these elements
exist as different chemical forms in coal and therefore the observed volatility was

different from that of the pure element.””’ For a specific element, the organically
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bound portion could easily vaporize at the early stage of coal combustion, but the
portion associated with silicates and/or aluminosilicates was much more difficult to
release.””® Vaporization is intensified by higher particle temperatures and more
reducing environments.””> Fuel properties such as coal particle size can also have
influence. The vaporization mechanism for refractory elements (Si, Al, Fe, Ca, and
Mg) is generally believed to be the reduction of these species to more volatile
sub-oxides (SiO and AlO) and metals (Fe, Ca, and Mg).223 Therefore, the reducing
conditions which are commonly in fuel-rich regions and within burning char particles
enhance the vaporization of refractory elements. However, the extent of vaporization
can be affected by other factors.”’ As high temperatures may lead to more severe
interactions between volatile species and solid materials such as silicates and/or

aluminosilicates, and consequently suppress the vaporization.

After diffusing away from the char particle, the vaporized species will undergo a
series of gas phase reactions.””> The gas phase may become supersaturated due to a
lowered vapor pressure of the new compound formed and/or simply due to the
cooling of the flue gas, and consequently homogeneous nucleation takes place to
form a very large number of extremely small particles (probably<0.01 um***). Once
new particles formed, they will collide with each other due to their relative motion
and adhere to form larger particles as results of Brownian motion and/or external
forces,™ such process is known as coagulation, leading to the growth of particle size.
The heterogeneous condensation/reaction will also occur between inorganic vapours
and pre-existing fine particles formed through homogeneous nucleation, and
consequently increases the particle size. Additionally, such heterogeneous
condensation favors smaller particles due to their higher surface area-to-volume
ratios. As results of homogeneous nucleation, heterogeneous condensation and
coagulation, the morphology of particles formed via vaporization-condensation

mechanism appears to be spherical and/or aggregate-like.
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® Other possible mechanisms responsible for the formation of PM;

As discussed above, the main formation mechanism for PM; during coal combustion
is believed to be vaporization and condensation. However, some other researchers
have proposed other mechanisms which are speculated to be responsible for PM;

formation. These possible mechanisms are summarized as follows.

Surface ash shedding is likely caused by fast rotating of burning char particles as a
result of rapid evolution of gas jets of volatiles.”'® It was found that 200-500 ash
particles on the order of 1 um are generated per coal particle due to both ash

shedding and char ’fragmentation.219 Some researchers?® 23

suggested that ash
shedding is an important process contributing to the formation of fine particles.
However, other researchers argued that shedding would not occur for molten ash
from the burning char particle via mathematical calculation on the centrifugal forces

generated by char particle rotation.”'?

Cenosphere bubble bursting is caused by the rapid evolution of gases such as H,O,
CO, CO; and SO,, which result the formation of gas bubbles inside the liquid
particles®® during coal combustion. When the viscosity of the liquid particles are not
high enough to hold on to the evolving gases due to the increase of temperature, the
particles may burst and form a shower of much smaller particles.”?’ As claimed by

Ramsden,”*°

the bursting of gas bubbles inside the liquid particles might lead to the
formation of submicron ash particles. However, so far, there is no direct experimental

evidence to prove this mechanism.

Carryover of fine fuel particles during coal combustion was first proposed by
Holve.””! However, the hypothesis was based on the finding that the pulverized coal
sample and the resulting fly ash had similar particle size distributions and chemical
composition in the submicron size range. Sadakata et al.>*? claimed that ~50% of the
submicron fly ash was simply carried over from the submicron coal particles.

However, thus far no direct experimental evidences are available to prove this
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mechanism.

Convective transport of mineral matter is caused by rapid release of volatiles

233
1.

during coal devolatilization. Baxter et a proposed that convective transport

during devolatilization could contribute to the mass loss of atomically dispersed or

.24 also found the

very fine-grained inorganic materials. Recently, Zhang et a
presence of major ash-forming inorganic elements in the condensed volatile matter
smaller than 1 pm during coal pyrolysis. However, so far, there is no direct
experimental evidence to prove that those fine ash particles are due to the direct

convective transport of mineral matter in the parent fuels.

2.74  Effects of Combustion Conditions and Coal Properties on PM

Formation during Pulverized Coal Combustion

Due to the complexity of the mineralogy of coal and the combustion process, the
actual particle size distributions (PSDs) and characteristics of PM;( may therefore be
governed by a combination of the mechanisms discussed in Section 2.7.3, so that are
largely dependent on combustion conditions and coal properties, particularly the

characteristics of mineral matter in coal.
® [Effects of combustion conditions

The effects of combustion conditions on the PM formation during coal combustion is
of great importance as they may provide direct guidelines for the operation
conditions of the pulverized coal boiler in terms of reducing the PM formation and/or

emission. Several attempts were made to investigate the effects of combustion

102, 235 236, 237

conditions such as temperature and oxygen content in combustion gas.

1'% and Zhang et al.,”*® increasing combustion temperature

According to Liu et a
generally increases the yields of both PM; and PM,, they attributed this
phenomenon as results of intensified inorganic elements vaporization (for PM;) and

increased char fragmentation coupled with increased liberation of fine included
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mineral particles from the burning char surface. With respect to combustion

atmosphere”°, an enhanced oxygen concentration seems to increase the formation of
PM,, probably due to the increased char-burning temperature and enhanced reducing

properties of the gas environment.
® [Effects of coal properties

The formation and/or emission of PM;, may also largely depend on the coal
properties such as particle size, density fraction, mode of occurrence of inorganic
species, and most importantly, characteristics of mineral matter. Coal with a smaller

1., The combustion

particle size may produce more PM,,.'" According to Liu et a
of a coal with heavy density fraction (>2 g cm™), which dominantly contains
excluded minerals, may produce less PM;y compared with that of coals with
medium (1.4-2.0 g cm™) and light density fractions (<1.4 g cm™) which are of
included nature. Such results suggest that the PMo-producing ability of excluded
minerals may be much lower than that of included minerals. The mode of occurrence
of inorganic species in coal may significantly influence the formation of PM;, by
collecting and identifying the inorganic species released during coal pyrolysis, Zhang
et al.”** speculated that the organically bound elements which are released during

pyrolysis may contribute significantly to the formation of ultrafine particles during

subsequent combustion.

The characteristics such as composition and particle size distribution of minerals in
coal are believed to play important roles in the formation of PM,( during pulverized
coal combustion. As one aspect of characteristics of minerals in coal, mineral

composition and the interactions among inherent minerals have been studied by

238 239
1. L.,

Zhang et a and Wang et a they concluded that the interactions between
included minerals and excluded minerals, and those interactions among inherent
minerals significantly affect the formation of both PM; and PM; ¢ during coal

combustion. The association of inherent minerals with carbonaceous matrix is
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important for determining their transformation into PM1, the possible interactions
between inherent Si- and Al-containing minerals and excluded (CaO+Fe,O3;) may
affect the formation of both PM; and PM10.238’ 23 Such interactions among mineral
matters in coal are of practical importance, several methods based on the minerals
interactions have been proposed to control the formation and/or emission PM;q
(particularly PM,) including blending of coals with different mineralogy**’ and the
development of Mg-based additives.**' On the other hand, the particle size
distribution of minerals in coal is another basic but important characteristic and may
play an important role in the formation of PM;o during coal combustion.
Unfortunately, little studies have been done on this important aspect. Teramae et
al 22

mentioned the amount of SiO; in the particles smaller than 0.22 pum was related

to the amount of fine included quartz and clay minerals in the parent coals.
2.8 Conclusions and Research Gaps

Upon the review of the literatures, the main conclusions are drawn as follows:
(1) Collie coal and mallee biomass are two important solid fuels in WA.

(2) Direct combustion of coal (or biomass) fuels is a matured technology for

electricity generation.

(3) One important challenge during solid fuels (coal or biomass) combustion is the
emission of inorganic particulate matter (PM), which is known to have adverse

impacts on combustion system, human health and environment.

(4) Using biomass as a fuel directly suffers from several key drawbacks including
high moisture content, low-energy density, poor grindability so that long-distant
transport of biomass is not economic and a process using biomass as feedstock

must of small scales;

(5) Distributed pyrolysis is a flexible technology to produce bio-oil and biochar from
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biomass. While bio-oil can be updated and refined to produce liquid transport

fuel, biochar as a solid fuel has superb fuel properties, good grindability and high
energy density therefore is suitable for direct combustion and/or co-firing in

coal-based power stations.

(6) A proper sampling method is of critical importance to studying PM produced
from the combustion of solid fuels such as coal and biomass. Dilution ratio and
sampling temperature are known to be two key parameters need to be considered
when designing sampling systems. The effects of dilution on the properties of
PM collected from the combustion system have been extensively studied, and

consequently various dilution technologies are developed.

(7) Transformation and release of key inorganic species (K, Na, Mg, Ca, Cl and S
etc.), and PM formation mechanisms during biomass combustion under

fluidized-bed and fixed-bed conditions were extensively investigated.

(8) The properties and formation mechanisms of PM produced from pulverized coal
combustion have been well studied. Several factors influencing the PM formation
and/or emission during coal combustion are also investigated, including
combustion temperature, oxygen concentration in the combustion gas, coal

particle size and chemical composition minerals in coal.

Based on the above summary of previous studies performed on the formation and/or
emission of inorganic PM produced from the combustion of biomass and coal,
firstly, it is clear that the sampling temperature is another key parameter that must be
considered in designing a credible PM sampling system but little consideration has
been given on this aspect so far. Secondly, biochar has shown excellent fuel
properties in applications such as direct combustion and co-firing with coal. However,
as a key assessment criteria fuels for combustion application, inorganic PM emission
behavior during biochar combustion is not yet studied. Thirdly, the transformation

and release behaviors of key inorganic species during biomass combustion under PF
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combustion conditions remain unclear. Fourthly, current understanding on PM

formation and/or emission is based on the experimental data of the whole biomass
combustion (including volatile and char). The contributions of the combustion of
volatiles and char to PM emission are still unknown. Fifthly, up to now, the roles of
fine inherent minerals in the parent fuels in the emission of PM;¢ during coal

combustion is still largely unclear.

Overall, further R&D is therefore needed to improve the fundamental understandings
on the emission of inorganic PM during the combustion of biomass, biochar and

Collie coal, including:

(1) Developing a proper method for inorganic PM sampling from the combustion of
biomass and coal. This requires a systematic experimental study to provide
thorough understanding on the effects of sampling temperature on the collection

and properties of PM.

(2) Emission behavior of inorganic PM from biochar combustion. It is of great
importance to assess PM emission during biochar combustion. Such information
is in urgent need to improve the fuel evaluation criteria of biochar, in order to

promote the utilization of biochar for combustion application.

(3) Contribution of volatiles combustion to PM emission. As a high-volatile fuel,
substantial amounts of volatiles (including inorganic species released in the
volatiles) are produced during biomass prolysis. Subsequent combustion of the
volatiles may contribute substantially to the PM emission. However, little work

has been done on this aspect so far.

(4) Roles of fine inherent mineral particles on the emission of PM produced from
pulverized coal combustion. As one of the basic but important properties of
mineral matter in coal, the size distributions of mineral particles and its roles in

PM emission are still not well understood yet.
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(5) Transformation and release behaviors of key inorganic species (such as Na, K,

Mg, Ca, S, and Cl etc.) in biomass during biomass combustion under PF
combustion conditions. Such work is required to provide accurate data on the

release of the above elements to further simulation and modeling works.

(6) Effects of Cl on the release of alkali metals. The roles of Cl in the release of
alkali metals during pyrolysis and combustion of biomass remain unclear. Further
investigation is needed to provide a fundamental understanding on the formation

and control of Cl-associated aerosols during biomass combustion.

(7) Co-firing mallee biomass with Collie coal. It is of strong demand to carry out
systematic investigation on the emission of inorganic PM during co-firing of
mallee biomass and Collie coal. Although co-firing is not specifically reviewed in
this chapter, it is generally believed to be an attractive near-term option for
reducing the net CO, emissions from existing coal-fired power stations, because
of its low cost, ability to provide a rapid solution and flexibility to the vast

existing infrastructures.” **

2.9 Research Objectives of the Present Study

As identified by the above literature review, there are various research gaps in the
research field. However, it is impossible to carry out research to fill all of these
research gaps within a period of 3.5 year for PhD study. Therefore, this study will
focus on the emission of inorganic particulate matter during the combustion of

biomass, biochar and Collie coal. The main research objectives of this study are:

(1) To investigate the effects of sampling temperature on the collection and
properties of PM;y produced from pulverized mallee biomass combustion. A

proper PM sampling method will then be developed.

(2) To examine the emission behaviors of PM; produced from pulverized biochar
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combustion, in order to provide the data which are useful in designing

combustion systems such as PF boiler for biochar.

(3) To provide direct experimental evidences on the substantial contribution of

volatiles combustion to PM; emission.

(4) To study the significant roles of fine inherent mineral particles in the emission

of PM, from pulverized coal combustion.
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CHAPTER 3 RESEARCH METHODOLOGY AND
ANALYTICAL TECHNIQUES

3.1 Introduction

This chapter describes the general research methodologies employed to achieve the
thesis objectives which were outlined in Chapter 2. Experimental and analytical

techniques are then given in details.
3.2 Methodology

Two important solid fuels are considered in this thesis, i.e. Collie coal that is a
sub-bituminous coal and the only coal currently being mined in Western Australia
(WA), and mallee biomass that is a key renewable energy source in the state. A series
of systematical experiments were then carried out, including:

e pyrolysis of raw pulverized fuels in a drop-tube/fixed-bed reactor system to
produce their derived fuels such as coal-char and biochar for further
characterization and combustion experiments.

e combustion of the prepared fuels under well-controlled conditions via a high
temperature drop-tube furnace (DTF) to produce a constant stream of flue gas
which contains particulate matter (PM) with a size less than 10um (PM,)
for further PM sampling and analysis.

e collection of PM samples using a cyclone followed by a Dekati low pressure
impactor (DLPI) under well controlled conditions.

e analyses of the collected PM samples via a series of techniques such as
gravimetrical, chemical composition and morphology analysis, etc.

In this research, experiments and analyses were repeated to ensure the reproducibility
of the results. The overall research methodology to achieve the research objectives is

shown in Figure 3-1, with further explanations as follows.
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3.2.1 Effect of Sampling Temperature on the Properties of Inorganic PM

Collected from Biomass Combustion

As discussed in Section 2.9 of Chapter 2, a key issue needs to be addressed is the
development of a proper method for the sampling of PM produced from the
combustion of solid fuels (biomass or coal). This is to ensure that the properties of
the PM samples collected will not be distorted by the sampling process itself. It is
suspected that sampling temperature is a key parameter. Therefore, in this thesis, a
series of experiments were carried out to produce PM samples from the combustion
of a typical pulverized woody biomass (mallee bark, see Section 3.3.1) in a
laboratory-scale DTF system (see Section 3.3.2.2) at 1300 °C, followed by sampling
PM samples by Dekati cyclone and Dekati low pressure impactor (DLPI) at various
sampling temperature (25 — 115 °C). The collected PM samples were then subject to
mass analysis and chemical composition analysis to investigate the effect of
sampling temperature on collection and properties of PM generated from pulverized
biomass combustion. A new sampling method, which is also suitable for sampling
PM produced from coal and biomass combustion, was then developed in Chapter 4

and employed in the studies reported in this thesis.

3.2.2 Emission Behavior and Characteristics of PM; and PMy, from the

Combustion of Pulverized Biochar

To achieve the research objective 2 outlined in Section 2.9 of Chapter 2, a series of
systematical experiments were then designed and carried out. Firstly, six biochar
samples were produced from both slow and fast pyrolysis of mallee bark via a quartz
drop-tube/fixed-bed reactor system (see Section 3.3.2.1) at 400 — 550 °C,
respectively — such temperatures are typically used for biochar and/or bio-oil
production in practice. Secondly, to investigate the emission behavior and
characteristics of PM with a size less than 1.0um (PM;) and PM;, the raw biomass

and its derived biochar samples were combusted in a DTF (see Section 3.3.2.2) at
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1300 °C, followed by PM sampling and analysis using the suitable method developed

in Chapter 4. The detailed results and discussion for this work are presented in

Chapter 5.

3.2.3 Combustion of Volatiles Produced In Situ from the Fast Pyrolysis of
Woody Biomass: Direct Evidence on Its Substantial Contribution to PM;

Emission

The results in Chapter 5 show that combustion of biochars leads to a substantial
reduction in the emission of PM; in comparison to that of biomass combustion, such
results imply that the combustion of volatiles (including the released inorganic
species) is mainly responsible for PM; emission. In Chapter 6, a novel two-stage
pyrolysis/combustion system (see Section 3.3.2.3) was then designed to obtain direct
evidence on the substantial contribution of volatiles combustion to PM; emission.
Volatiles, which were produced in situ from the fast pyrolysis of a mallee biomass at
800 — 1000 °C, were immediately combusted in a DTF (see Section 3.3.2.2) at 1300
°C to investigate the contribution of volatiles combustion to PM; emission. The

results of this work are presented in Chapter 6.

3.2.4  Significant Roles of Inherent Fine Included Mineral Particles in the

Emission of PM10 during Pulverized Coal Combustion

To investigate the roles of inherent fine included mineral particles in coal in the
formation of inorganic PM during pulverized coal combustion, a WA sub-bituminous
coal (Collie Coal, see Section 3.3.1) was density-separated, size-narrowed, and
washed with dilute acid to produce a coal sample that is free of organically-bound
inorganic species and contains dominantly discretely included mineral particles. The
computer-controlled scanning electron microscopy (CCSEM) analysis was carried
out to quantify the particle size and chemical compositions of fine included mineral
particles in the coal. The PM produced from coal combustion was carefully sampled

and analyzed using various analytical techniques including inductively coupled
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plasma-atomic emission spectroscopy (ICP-AES), scanning electron microscope

equipped with an energy dispersive X-ray spectrometer (SEM-EDS), and X-Ray
diffraction (XRD) analysis. The significant roles of fine included mineral particles in
coal in the emission of PM;y during combustion were then clearly evidenced. The

detailed results of this part of work are reported in Chapter 7.

3.3 Experimental

3.3.1 Sample Preparations

Mallee Biomass. A batch of woody biomass sample (mallee bark) was prepared by
separating the bark component from the green mallee trees (E.loxophleba
lissophloia), which were harvested from Narrogin, WA. After dried at 40 °C in a
large lab oven, the bark sample was then cut, milled and sieved into the size fraction
of 75-150 um. The prepared sample was stored in sealed double bags in a freezer
under -4 °C for further experiments. The fuel properties of the prepared mallee bark
sample are summarized in Table 3-1. It should be noted that this mallee bark sample
is different with the batch listed in Table 2-2. It is clear that the mallee bark sample
has high contents of alkali and alkaline earth metallic (AAEM, mainly Na, K, Mg
and Ca) species (~96% of the total inorganic species in bark) and Cl, while the
contents of Si and Al are very low (<2% of the total inorganic species in bark). Such
unique features of the bark sample provide a simple system for this study. Therefore,
the chemical composition analysis of the PM generated from biomass combustion in

this study focused on AAEM species, S and Cl.
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Figure 3-1: Research methodology
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Collie Coal. Collie coal was sampled from the mine site in Collie, WA, crushed and

sieved to prepare a coal sample of narrow size fraction (63 — 90 um). The sample
was then density separated via sink-float method to yield a coal sample with a
density fraction of 1.4-1.6 g/cm’. The coal sample was then washed with acetone to
remove the heavy liquid remained after density separation, followed by drying in
argon at 105 °C for 2 hours to completely evaporate the acetone. Then the acetone
washed coal was termed as “raw coal”. The raw coal was then washed by dilute acid
(0.1 M HCI acid) for 24 hours to prepare an acid-washed coal for the experiments in

Chapter 7.
3.3.2  Experimental Rigs
3.3.2.1 A Drop-Tube/Fixed-Bed Quartz Reactor System

The pyrolysis experiments were carried out to prepare biochar and coal-char samples
using a quartz drop-tube/fixed-bed reactor. A schematic diagram of the reactor
system is shown in Figure 3-2, it mainly consists of a quartz reactor with a inner
diameter of 40 mm and a two-heating zone electrical furnace. A key feature of the
reactor system is that it can be used for pyrolysis experiments at both slow- and
fast-heating rates. For pyrolysis experiments at a slow-heating rate, the sample was
firstly loaded into the reactor that was then heated from ambient to the desired
pyrolysis temperature at a heating rate of 10 Kmin™' with a further holding of 30 min.
For pyrolysis experiments at a fast-heating rate, the reactor has the features of both a
drop-tube reactor and a fixed-bed reactor. The reactor was firstly pre-heated to the
desired pyrolysis temperature. The fuel particles were then fed into the reactor at a
feeding rate of ~0.05-0.1 g min" via a feeder (see Section 3.3.2.2). Once the
pulverized fuel particles were injected into the hot reactor zone, rapid pyrolysis took
place (similar to a normal drop-tube reactor). However, different to a normal
drop-tube reactor, the char particles formed in this reactor system after pyrolysis

remained on the frit of the reactor while volatiles were swept away. Once a pyrolysis

Inorganic PM Emission During Solid-Fuels Combustion 64



% Curtin University CHAPTER 3

experiment was completed, the reactor was lifted out of the furnace immediately and

cooled naturally with argon continuously flowing through the reactor.

Table 3- 1: Properties of E.loxophleba lissophloia mallee bark used in Chapter 4

Moisture, % after air-dried 4.9
Ash, %db 4.9
Volatile Matter, %db 68.1
Fixed Carbon, %db 27.0

Carbon 52.0
Hydrogen 5.78
Nitrogen 0.41
Sulfur 0.04
Chlorine 0.18
Oxygen (calculated by difference) 41.59

Na® 0.2729
K* 0.1353
Mg® 0.0992
Ca® 2.4717
Si® 0.0478
AP 0.0093
Ba® 0.0062
Fe® 0.0065
Pb° 0.0289
Sr° 0.0317
Ti® 0.0004

“analysed by IC; "analysed by ICP-AES
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Figure 3-2: A Drop-tube/fixed-bed quartz reactor system

3.3.2.2 A High-Temperature DTF System

All the combustion experiments in this study were conducted using a
laboratory-scale high-temperature DTF system, as shown in Figure 3-3. The DTF can
be operated at 1 atm and a maximum temperature of 1600 °C under various
atmospheres. The whole system consists of a feeding system, a main drop-tube

reactor and a PM sampling system, which are detailed as follows.

Feeding system. The feeding system is similar to the one used in a previous study'*’

but modified for feeding both pulverized coal and biomass. It includes an entrained
flow feeder, primary air, mass flow controller and a water-cooled feeding probe. As
illustrated in Figure 3-3, the entrained flow feeder consists of 1/4” stainless steel
tubing which is inserted into a 3/8” stainless steel tubing being placed inside a glass
tube with pre-loaded pulverized fuel samples. The primary air, controlled by mass
flow controller, passes through the annular space between 1/4” and 3/8” stainless
steel tubing at a sufficiently high velocity. This enables the feeding gas entrain the

pulverized fuel particles through the 1/4” stainless steel tubing and then feed the fuel
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particles into the main drop-tube reactor via a water-cooled feeding probe inserted

into the top section of the furnace. The secondary air is introduced through the
water-cooled feeding probe to provide a laminar flow profile in the heated zone of

the reactor.

The main drop-tube reactor. The main drop-tube reactor is a vertical dense mullite
tube (inner diameter of 54mm, length of 1200mm) which is heated electrically. The
furnace is divided into 2 heating zones and has an isothermal zone of ~600mm. The

gas temperature profile of the DTF is shown in Figure 3-4.

The PM sampling system. The PM sampling system consists of a water-cooled
quench probe, a diluter, a Dekati cyclone (Model SAC-65) with a nominal cut-off
size of ~10um, a Dekati low pressure impactor (DLPI) with backup filter and a
vacuum pump (Leybold Sogevac SV25). The water-cooled quench probe, using
helium as quench medium (1 L/min in this study), is designed not only for quick
quenching and diluting the particle stream with high purity helium to minimize the
interaction among particles, but also for forcing the nucleation of vaporized materials

during quenching.

The DLPI used in this study is composed of 13 collection stages and a backup filter
stage, calibrated by the manufacturer, as shown in Figure 3-5. The inlet and outlet
pressure of the DLPI is controlled at 1013.3mbar and 100mbar respectively. The
bottom stage of DLPI acts as a sonic orifice to control the flow rate at nominal value
(~10L/min). Because the total gas stream flow rate (including primary air, secondary
air and quench helium) is lower than 10L/min under the experimental conditions, a
small stream (~3.4 L/min) of instrument grade air was introduced through the diluter
as makeup and dilution air (with a dilution ratio of 1.5). Because the feeding rate of
fuel particles is very low, the PM,( concentration in the flue gas at furnace exit is low

(<30 mg/Nm’) so that no further dilution was carried out during sampling.
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Figure 3-3: Schematic diagram of experimental setup: (1) Feeder, (2) Mass flow
controller, (3) Primary air, (4) Cooling water, (5) Secondary air, (6) Water-cooled
feeding probe, (7) Dense mullite reaction tube, (8) Two heating-zone furnace, (9)
Water-cooled quench probe, (10) Makeup and dilution air, (11) Cyclone, (12) Dekati
low pressure impactor, (13) Vacuum pump, (14) Diluter, (15) Quench helium, (16)

Exit of quench probe.
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3.3.2.3 A Novel Two-Stage Pyrolysis/‘Combustion Reactor System

In this study, a novel two-stage pyrolysis/combustion reactor system was developed
to investigate the combustion of volatiles and its contribution to PM; emission, as
illustrated in Figure 3-6. The two-stage reactor system is fundamentally a
combination of two reactors connected fluidly. One 1is a novel quartz
drop-tube/fixed-bed pyrolyser as the first-stage, which is similar to the one described
in Section 3.3.2.1. The other is a DTF as the second-stage, which is the same as the

one described in Section 3.3.2.2. The pyrolyser is cascaded into the DTF.

The drop-tube/fixed-bed pyrolyser is a drop tube with the installation of a quartz frit
at the exit of the reactor, having the features of both a conventional drop-tube reactor
and a fixed-bed reactor. During experiments, solid fuel particles are injected into the
reactor (similar to that into a conventional drop-tube reactor), with UHP argon as
carrier gas. The presence of the quartz frit achieves the separation of char that
remains on the frit during pyrolysis (with the features of a conventional fixed-bed
reactor) from volatiles which are swept out of reactor via the frit then immediately
combusted in the DTF. Therefore, the key innovation of the two-stage
pyrolysis/combustion reactor system in Figure 3-6 is that the pyrolyser can be
considered as an in situ generator/feeder of volatiles. It truly achieves the separation
of volatiles combustion from char combustion, enabling the investigation on the PM

emission from subsequent volatiles in situ combustion in the DTF.
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Figure 3-4: Gas temperature profile of the DTF

Stage D50% (um)

Filter ~0
1 0.0275
2 0.0542
3 0.0927
4 0.155
5 0.26
6 0.38
7 0.609
8 0.942
9 1.59
10 2.37
11 3.97
12 6.64
13 9.85

(b)

Figure 3-5: DLPI image (a) and its nominal cut-off size calibrated at 21.5 °C with a

gas flow rate of 10.04 L/min
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Figure 3-6: A schematic diagram of the two-stage pyrolysis/combustion reactor
system used in this study, it consists of a quartz drop-tube/fixed-bed pyrolyser that is

cascaded into the DTF as described in Section 3.3.2.2

3.3.3  Generation of a Stream of Constant PMj,-Containing Flue Gas from

Biomass Combustion

In Chapter 4, the effect of sampling temperature on the properties of PM produced
from the combustion of pulverized biomass (75 — 150 um, see Section 3.3.1) in a
DTF system (see Section 3.3.2.2) at 1300 °C was investigated. Two different streams
of constant PM-containing flue gas with different particle mass concentrations and
acid gas (mainly SOs; and HCI) concentrations at the outlet of water-cooled quench
probe (termed as point A, see Figure 3-3) were produced by using two fuel feeding
rates (~0.1 and ~0.3g/min, denoted as “Case-0.1" and “Case-0.3" hereafter) with all
other experimental conditions kept unchanged. The total combustion air flow rate
was 5.6L/min (primary air of 1 L/min and secondary air of 4.6 L/min). The residence

time of pulverized biomass particles in the isothermal zone was estimated as ~1.7s.
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In all experiments of this study, the flue gas temperature at the exit of the quench

probe (point A, see Figure 3-3) was adjusted at 115 °C.

It is important to note that all combustion experiments were carefully designed and
carried out under conditions with substantial excessive air. The values of Lambda (A,
expressed as the ratio of actual air-fuel ratio to stoichiometric air-fuel ratio) in
Case-0.1 and Case-0.3 are ~13 and ~4.3 respectively. The high furnace temperature
(1300 °C), fine biomass particle size (75-150 pm) and substantial excessive air
facilitate operation conditions which achieve complete combustion. Indeed, the total
organic carbon (TOC, see Section 3.4.6) analysis of the extracts of PM samples
shows that little organic carbon is present in the PM samples collected from all

experiments.

3.3.4  Preparations of Biochar and Coal-Char

3.3.4.1 Biochar

In Chapter 5, six biochar samples were prepared from the pyrolysis of the raw
biomass sample using a quartz drop-tube/fixed-bed reactor as described in Section
3.3.2.1. It should be noted that the batch of raw biomass sample is different from the
one used in Section 3.3.3. Pyrolysis experiments at both slow-heating rate and
fast-heating rate were carried out at 400 — 550 °C using argon (UPH 99.999%, 2.0 L
min-1) as a carrier gas, such temperatures are typically used for biochar and/or
bio-oil production in practice. Hereafter in this study, the biochar samples produced
from slow pyrolysis at 400, 450, 500 and 550 °C are referred as “SH—Char—4007,
“SH-Char—450”, “SH—Char—500” and “SH—Char—550” while those produced from
fast pyrolysis at 400 and 500 °C as “FH-Char—400” and “FH—Char—500".

In Chapter 6, in order to compare the contribution of the combustion of volatiles and
biochars to PM emission, the drop-tube/fixed-bed pyrolyser (Section 3.3.2.3) was

also used to prepare biochar samples from the fast pyrolysis of raw biomass which is
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same as the one used in Chapter 5 at 800, 900 and 1000 °C, following the identical

conditions used for in situ volatiles generation (see Section 3.3.5) in the two-stage
pyrolysis/combustion reactor system. Hereafter, biochar samples produced from fast
pyrolysis of raw biomass at 800, 900 and 1000 °C are denoted as “Char-800”,
“Char-900” and “Char—1000”, respectively.

In Chapter 5, fast pyrolysis experiments at 1300 °C were carried out for the raw
biomass, “SH—Char—400”, “SH—Char-500", “FH-Char—400” and “FH—Char-500" in
a DTF system detailed in Section 3.3.2.2 using argon as a carrier gas, to investigate
the structure change of chars produced from the fast pyrolysis of these fuels at 1300
°C. A total gas flow rate of 5.6 L min"' argon passed through the reactor in two
streams, a primary stream of argon (I L min-1,) via the feeder and a secondary
stream of argon (4.6 L min-1) via the reactor inlet. A fuel feeding rate of ~0.05 g
min-1 was used. Hereafter in Chapter 5, the biochar samples produced from the fast
pyrolysis of raw biomass, “SH—Char—400”, “SH—Char—500”, “FH-Char—400” and
“FH—Char-500” at 1300 °C are denoted as “Char-1300-raw biomass”,
“Char—1300—SH—Char—400”, “Char—1300—SH—Char-500",
“Char—1300-FH-Char—400” and “Char—1300-FH—Char-500", respectively.

3.3.4.2 Coal-Char

In Chapter 7, the coal-char was also prepared from the fast pyrolysis of the acid
washed coal at 1000 °C using a quartz drop-tube/fixed-bed reactor detailed in Section
3.3.2.1, using argon as carrier gas (UHP, 1.5 L min-1). About 1 g of coal particles
were fed into the pyrolysis reactor in 20 min at a feeding rate of ~0.05 g min™. The
reactor was then held in the furnace for 10 min before it was lifted out of the furnace
and cooled rapidly with argon continuously following through the reactor. The

residence time of coal particles in the isothermal zone of the reactor was ~1s.
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3.3.5  Volatiles Produced In Situ from Fast Pyrolysis of Biomass

To investigate the role of volatiles combustion in PM; emission, the key challenge is
to carry out experiments that separate the combustion of volatiles from char
produced in situ from biomass pyrolysis under various conditions. In Chapter 6,
volatiles were produced in situ from the fast pyrolysis of woody mallee biomass
which is the same one used in Chapter 5 using the novel two-stage
pyrolysis/combustion reactor system as described in Section 3.3.2.3. The temperature
of DTF was kept as 1300 °C. However, as the pyrolyser is made of quartz, limited by
its working temperature in such applications, in situ volatiles were generated at 800 —
1000 °C by adjusting its position in the reaction tube of the DTF. A total gas flow rate
of 2.0 L min™' argon (UHP, 99.999%) was used as a carrier gas and passed through
the pyrolyser in two streams: a primary stream of argon (1 L min) via a feeder to
feed ~1g of raw biomass samples into the pyrolyser in 10 min at a feeding rate of
~0.1 g min™, and a secondary stream of argon (1 L min™) via the pyrolyser inlet to
assist in sweeping the produced volatiles through the quartz frit. Once the biomass
particles were injected into the hot zone of the pyrolyser, rapid pyrolysis took place
and the volatiles generated in situ were swept out of the pyrolyser then immediately
combusted in the DTF, while the char particles were retained on the quartz frit of the
pyrolyser. Hereafter, the volatiles generated from fast pyrolysis at 800, 900 and 1000
°C are referred to as “Votatiles-800 °C”, “Volatiles-900 °C” and “Volatiles-1000 °C”,

respectively.
3.3.6  Combustion of Pulverized Fuel Particles and Volatiles
3.3.6.1 Combustion of Pulverized Fuel Particles

The combustion experiments of raw biomass, biochars, coal and coal-char were
carried out using the DTF system detailed in Section 3.3.2.2. The furnace
temperature was kept at 1300 °C and 1400 °C for the combustion of raw biomass

/biochar and coal/coal-char samples, respectively. During combustion, the primary
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and secondary air flow rates were 1.0 L min™' and 4.6 L min™', respectively. The fuel

feeding rate was ~0.05 g min"'. The value of lambda (A, expressed as the ratio of
actual air—fuel ratio to stoichiometric air—fuel ratio) was ~26 and ~19 for the
combustion of biomass and coal, respectively. The residence times of biomass and
coal particles in the isothermal zone of the DTF were estimated as ~1.7 and ~1.5s,
respectively. Under the experimental conditions in this study, complete combustion

was achieved.
3.3.6.2 Combustion of Volatiles

In Chapter 6, the combustion experiments for volatiles generated in sifu from fast
pyrolysis of biomass were carried out in the same DTF system detailed in Section
3.3.2.2. The furnace temperature was kept at 1300 °C. During experiment, the
volatiles generated in situ were swept out of the quartz drop-tube/fixed-bed pyrolyser
that is cascaded in the DTF (see Figure 3-6). The volatiles were then immediately
combusted in the DTF, via the introduction of an additional stream of secondary air
(3.6 L min) into DTF via the annular tube of the pyrolyser (see Figure 3-6).
Volatiles combustion experiments were finished as soon as biomass feeding was

complete without extra holding at the pyrolysis temperatures.

Additionally, as the pyrolyser is made of quartz, it is possible that the quartz
pyrolyser (SiO,) may interact with volatiles under the conditions and such
interactions can potentially influence PM emission. Therefore, blank tests were also
carried out by feeding a suitable amount of ash-free microcrystalline cellulose
(Avicel PH-101, particle size: 30~50 um) into the pyrolyser for 10 min to generate a
stream of ash-free volatiles at 1000 °C (the highest pyrolysis temperature) for
subsequent combustion and PM collection. The amount and feeding rate of cellulose
were calculated by considering the yields of volatiles from the pyrolysis of both raw
biomass and cellulose under the prevailing conditions in order to generate a similar

amount of volatiles.
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3.3.7  Sampling of Inorganic PM

The PM-containing flue gas (after dilution, PM,, concentration < 30mg/Nm’) was
firstly separated by the cyclone to remove the coarse ash particles (aerodynamic
diameter >10 um), then directed to the DLPI for size-segregated collection
(0.0275-10 pm) and the ultrafine particles (<0.0275 pm) were collected by the
backup filter. As suggested by the manufacturer (Dekati), the cyclone was placed
horizontally for all the experiments to minimize the effect of the tube bend in the
sampling line (see Figure 3-3). A close investigation demonstrates that the operation
position of cyclone has little effect on mass-based particle size distribution of PM,
(see Figure 3-7a) but the yield of ash collected by cyclone during horizontally
sampling increases substantially in comparison to that of vertically sampling (see
Figure 3-7b), apparently due to the reduction in the mass of ash lost in the tube bend,
this further confirms the advantages of placing cyclone horizontally. Aluminum foils
and polycarbonate filters were used as collection substrates for the mass
concentration and chemical analysis, respectively. The collection substrates were
covered by Apiezon-H vacuum grease to prevent particle bounce, and was pretreated

at 115 °C for 12 hours to avoid mass losses (if any) during sampling.
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Figure 3-7: Effect of the operation position of cyclone on the (a) particle size
distribution of PM;( and (b) yield of ash collected by cyclone. The PM sampling

temperature was set at 25°C.
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In Chapter 4, to study the effect of sampling temperature on PM collection, the

sampling system (including diluter, cyclone, DLPI and the stainless steel sampling
lines) was adjusted at various temperatures (25 — 115 °C) via external electrical
heating. At different sampling temperatures, the actual cutoff aerodynamic diameters
of cyclone and DLPI were different with the calibration values and were properly
corrected by the calculation program provided by the manufacturer (Dekati). In
Chapters 57, the sampling system was kept at a temperature (~115 °C) same as that
of the flue gas at the sampling probe exit, in order to avoid possible acid gas
condensation and suppress particle coagulation during the sampling process, as

concluded in Chapter 4.

After experiment, the collection substrates were carefully disassembled and put in a
desiccator. The collection substrates were analyzed gravimetrically with a 0.001mg
micro-balance (see Section 3.4.2). The relative standard errors of PM mass size
distribution are +4%. The ash particles collected by the cyclone and deposited in the
sampling tubing were washed by acetone and weighed after the evaporation of

acetone.
3.4 Instruments and Analytical Techniques
3.4.1 Proximate, Ultimate and Calorific Value Analysis

Proximate analysis of biomass, biochar and coal samples was determined by a
METTLER thermogravimetric analyzer (TGA) based on American Society for
Testing and Materials (ASTM) international standard ASTME870-82*** and
ASTMD7582-10,** the temperature program of TGA is shown in Figure 3-8. Briefly,
~10 mg of fuel sample was loaded into the TGA sample crucible, purged with Ar for
15 min and then heated to 110 °C followed by holding at this temperature for 20
minutes until no further weight loss was observed. The total weight loss was
recorded as moisture content of the sample. The sample was then further heated to

950 °C at a heating rate of 50 K min™ in Ar and held at the temperature for 20 min,
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followed by decreasing the temperature to 600 and 750 °C for biomass and coal,

respectively. The weight loss was recorded as volatile matter and the remaining
material as char. The char residue was then exposed to air to be oxidized for 30 min
until no weight loss was observed. The weight of the residual ash in the sample
crucible is used to calculate the ash content of the fuel, while the difference between
the weights of the char and residue ash is calculated as the fixed carbon content of

the fuels.

Ultimate analysis of these fuels was determined via a series of analytical techniques,
total carbon, hydrogen and nitrogen contents were determined using a LECO Truspec

4,246 while the total sulfur and

Analyser according to Australian standard AS1038.6.
chlorine contents were determined by inductively coupled plasma-optical emission
spectrometer (ICP-OES), following combustion of the samples under “Eschka”
mixture and acid digestion, based on Australian standard AS1038.6.3.1**’ and
AS1038.8.1.%*® The oxygen content was determined by the difference from the C, H,
N, S and CI contents of the samples, on a dry-ash-free (daf) basis. The calorific

values of selected fuel samples were measured using a Leco AC-350 analyser.

1000
For coal and coal-char
4| —-—--For biomass and biochar
800
Argon, 100 ml/min
~ V.. 600°C
£ 600 | S ——
o | R -
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L 400
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110°C 3
-1 4OOC [l
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Figure 3-8: Temperature program of TGA for proximate analysis of coal, coal-char,

biomass and biochar
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3.4.2 Mass- based Particle Size Distribution of PMyg

The mass-based particle size distribution (PSD) was obtained by measuring the mass
of PM collected in each stage of DLPI using a Mettler MXS5 microbalance (accuracy:
0.001 mg).

3.4.3 Quantification of AAEM Species and Other Inorganic Species

The AAEM species (mainly Na, K, Mg and Ca) and other inorganic species (e.g. Al,
Ba, Fe, Mn, Ni, P, Si, Sr, Ti and V) in the fuel samples and PM collected by DLPI
were determined via a procedure described in a previous study.”? The quantification
procedure is schematically illustrated in Figure 3-9. Briefly, about 20~30mg of fuel
sample was put in a Pt crucible, then it was ashed in air following a specially
designed heating program (see Figure 3-10) to ensure no loss of these species during

ashing.

For the AAEM species, the ash sample together with the Pt crucible was then put in a
Teflon vial for acid digestion with a mixture of HNOs5:HF (1:1) solution at 120 °C for
12h. After the evaporation of excessive acids on a hot plate, the digested ash was
dissolved in 20mM methanesulfonic acid (MSA) solution. The AAEM species in the
solution was quantified using a Dionex ICS-3000 ion chromatography with a CS12A
column and 20mM MSA solution as eluent. The contents of AAEM species in PM
sample from each stage of DLPI were also quantified via the same procedure
described above but the ashing step was omitted. The relative standard errors of the
elemental-mass-based particle size distribution of Na and K are +5%, while those of

Mg and Ca are +6% and +8%, respectively.

Other inorganic species (e.g. Al, Ba, Fe, Mn, Ni, P, Si, Sr, Ti and V) in the fuel
samples were analyzed by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES), following borate fusion and acid digestion. Briefly, 1-3 mg of ash was
decomposed by fusion with the X-Ray flux (35.3% lithium tetraborate and 64.7%
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lithium metaborate for biomass ash, or 50% lithium tetraborate and 50% lithium

metaborate for coal ash with high iron content) in a Pt crucible at 950 °C for 2 h. The
ratio of ash to X-ray flux was about 1:30. The fusion bead was dissolved in dilute
redistilled nitric acid (10% v/v) and subject to the analysis for the above inorganic
species using a Varian Vista Axial CCD Simultaneous ICP-AES instrument. For the
analysis of above elements in PM samples collected on polycarbonate filters in each
stage of DLPI, the PM-loaded polycarbonate filters were placed in a Pt crucible and
heated to 600 °C at a slow heating rate of 2 K min™ in air followed by holding at 600
°C for 2 h to completely burn the polycarbonate filter, followed by ICP-AES analysis

using the same procedure as described above.
3.4.4 Quantification of S and Cl in PM samples

The PM-loaded polycarbonate filters were dissolved into Milli-Q water for sufficient
long (24 hours) till all S and Cl were dissolved. The S and CI in the solution were
quantified using a Dionex ICS-1000 ion chromatography with an AS14 column and
3.5mM NaCO3/1.0mM NaHCO3 solution as eluent. The relative standard errors of

the elemental-mass-based particle size distribution Cl and S are +5%.

Fuel samples PM samples collected by DLPI

AAEM species
IMa, K, Mg and Ca)

-

Gther inorganic species

Y prad :
Ashing fuel samples Ashing PM-loaded polycarbonate :
in muffle furnace filters in muffle furnace :
| ' :
Other inorganic species I NMEF}'LS;JBG;'B? |
; (Ma, K, Mg and Ca) |
| }
+ Other inbrganic y
spacies
Borate fusion with X-Ray flux leq————- HF/HNO3 digestion
Y Y
Quantified by ICP-AES Quantified by IC

Figure 3- 9: A Schematic diagram of quantification of AAEM species and other

inorganic species in fuel samples and PM samples collected by DLPI
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Figure 3-10: Temperature program of ashing fuel samples such as biomass, biochar

and coal

3.45 Total Organic Carbon (TOC) Analyzer

In selected experiments of this study, the PM samples were extracted in MilliQ water
for 24 hr followed by the total organic carbon (TOC) analysis using a TOC analyzer
(Shimadzu TOC-Vcpy). Generally, the sample is injected via the sample
pre-treatment/injection system into the combustion chamber filled with catalyst, the
carbon in the sample is oxidized to CO, after combustion at 680 °C under zero grade
air, the gas containing CO, was then introduced to the non-dispersive infrared

detector (NDIR) for carbon detection.

3.4.6  Micropore Surface Area of Biochars

The micropore surface area analysis of the biochars produced from fast pyrolysis at

1300 °C was conducted at HRL Technology Pty Ltd (Melbourne, Australia), via CO,
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adsorption analyzed by the Dubinin — Astakhov (DA) equation. The DA equation is

written as:>* 2%

W—Woexp!—[ﬂ%J ] (1)

where W is the amount of CO, adsorbed at a given relative pressure P/F,; W, is

the micropore volume; A4 is the differential molar work defined by

A=RTIn(P/F)), T 1is the absolute temperature; [ is the affinity coefficient

taken as 0.46 for CO, at 273 K; and E| is the characteristic adsorption energy. The

exponent n reflects the width of the energy distribution and can be determined by

fitting the experimental data to the linear form of Eq.(1).2*

3.4.7  Computer Controlled Scanning Electron Microscopy (CCSEM)

Computer controlled scanning electron microscopy (CCSEM) analysis for density
separated (1.4-1.6 g/cm’) and size narrowed (63-90 um) collie coal was carried out at
Chubu University in Japan to quantify the particle size distributions and
compositions of mineral particles present in the coal. To perform CCSEM analysis,
coal sample was first mixed with molten carnauba wax. After the sample was cooled
to a solid, the pellet was carefully cross-sectioned, polished, and carbon-coated.
During CCSEM analysis, the back-scattered electron (BSE) images were
continuously collected. Compared with the wax and coal carbonaceous matrix, the
coal minerals are usually the brightest because of their heavy molecular weights.*'
The properties of each mineral particle were automatically determined by an energy
dispersive x-ray spectrometer (EDS). Mineral particles in coal were then determined
according to the elemental composition of individual particle analyzed, the mineral
categories based on the composition criteria developed by Zygarlicke and

Steadman®>* were employed to determine the compositions of mineral particles in

coal.
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3.4.8  Scanning Electron Microscope (SEM)

Selected coal and coal char samples, PM samples and ash samples collected in
cyclone were characterized using a Zeiss EVO 40X VP scanning electron microscopy
equipped with an energy dispersive X-ray spectrometer (SEM-EDS) for morphology
and chemistry analysis. Morphology of selected PM samples was also examined

using a Zeiss Neon EsB focused ion beam scanning electron microscopy (FIBSEM).
3.4.9 X-Ray Diffraction (XRD) Analysis

The mineralogy investigation of selected PM samples from coal combustion was
conducted using a Bruker-AXS D8 advance type X-ray Diffractometer (XRD) via Cu
radiation and a LynxEye position sensitive detector. The data were collected in a 20
range from 5 to 60° with a nominal step size of 0.009° and a time per step of 1.2s.
Crystalline phases were identified by using Search/Match algorithm, EVA 16.0
(Bruker-AXS, Germany) to search the Powder Diffraction File (PDF4+ 2009

edition).
3.5 Summary

A mallee bark (75 — 150 um) biomass sample and a Collie coal (with a density of
1.4-1.6 g/cm’ and a size fraction of 63—90 pm) were carefully selected as typical
solid fuels in WA. The raw fuel samples were then pyrolysed using quartz
drop-tube/fixed-bed reactor system to prepare their derived fuels, such as biochars,
volatiles, and coal-char, for further combustion experiments, which were carried out
using a high-temperature DTF system to produce constant streams of PM;j
containing flue gas for PM sampling. The raw fuels, their derived fuels, and ash
particles collected in cyclone and DLPI were characterized via various analytical
techniques as detailed in Section 3.4. The fundamental understandings on the
emission of inorganic PM produced from the combustion of biomass, biochars and

coal were then achieved.
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CHAPTER 4 EFFECT OF SAMPLING TEMPERATURE ON

THE PROPERTIES OF INORGANIC PARTICULATE
MATTER COLLECTED FROM BIOMASS COMBUSTION

4.1 Introduction

Mallee biomass is a key second-generation bioenergy feedstock for the future

% 6 % Direct biomass

sustainable development of rural and regional Australia.
combustion or co-firing of biomass and coal is matured technology for power
generation from mallee biomass but may contribute significantly to particulate matter
(PM) emission. Particularly, PM with an aerodynamic diameter less than 1.0 um
(PM)) and 2.5 um (PM;5), and those less than 10.0 um (PM;) are known to have
significant adverse impact on both human health and environment.*"**?** Therefore,
a thorough understanding on PM properties and formation during biomass

combustion is required for minimizing PM emissions from the combustion of

biomass such as mallee.

Sampling of PM from solid fuel (coal or biomass) combustion systems typically
employs a combination of cyclone and low pressure impactor (LPI). As summarized
in Table 2-1 of Chapter 2, a review on the sampling methods used in some previous

- 26, 86, 96-109
studies™ ™

shows that the previous studies used significantly different
sampling conditions. Dilution is for both quenching flue gas and preventing particle
overloading in sampling instruments. It is clear that the previous studies employed
very different dilution conditions. Various sampling temperatures were also used in
those studies, ranging from room temperature to 150 °C. As shown in Table 2-1, such
information was not given in some of the studies. Obviously, there is no standard

method for PM sampling. Although limited attempts were made to study the effects

of sampling methods (particularly dilution ratio) on PM properties, there is
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significant discrepancy in conclusions drawn in different studies.”* '® Therefore, the

validity is also questionable in comparing the experimental data in different studies.

Therefore, sampling conditions are clearly important considerations to ensure that the
properties of PM collected are not distorted by the sampling process. The key
objective of Chapter 4 is to carry out a systematic investigation on the effect of
sampling temperature on the properties of particulate matter generated from biomass
combustion, while other conditions are kept unchanged. A mallee bark sample is
combusted in a drop-tube furnace system under constant conditions to generate 2
constant streams of PM;(-containing flue gas (exit temperature: 115 °C, see Section
3.3.3 in Chapter 3). A proper method is then developed and employed in the
following chapters for sampling and characterizing the PM collected, corresponding

to the first research objective outlined in Chapter 2.
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Figure 4-1: Total PM yield and mass concentration at point A: (a) total PM yield in

flue gas, (b) total PM mass concentration in flue gas

4.2 Measured PM Yields and Mass Concentrations in Flue Gas

At a given biomass feeding rate (0.1 or 0.3 g/min), the total PM yield (normalized to

the amount of biomass combusted) and mass concentration are constant in all
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experiments at various sampling temperatures (see Figure 4-1). The PM mass

concentration at 0.3 g/min biomass feeding rate is about 3 times as that at 0.1 g/min
biomass feeding rate, while the total PM yield normalized to the amount of biomass
combusted remains unchanged. This is expected as the configuration of the PM
collection system is designed to achieve a complete collection of the PM in the flue
gas. The total PM is dominantly collected in the cyclone (~90%) while the PM;

collected in the DLPI contributes to only ~10% of the total PM.

Figure 4-2 presents the similar data on the yields and mass concentrations of PM;,
the particulate matter with an aerodynamic diameter between 1.0 and 10.0 pm
(PMj.10) and PMy. Three key observations can be made from the data in Figure 4-2.
First, regardless the biomass feeding rate (0.1 or 0.3 g/min), the yield and mass
concentration of PM actually increases with increasing sampling temperature from
25 to 105 °C and then levels off with a further increase to 115 °C. It seems that
unless the sampling temperature is close to the flue gas temperature (115 °C), some
of PM,o was collected by the sampling system before entering into the DLPI. Second,
it is interesting to see that the sampling temperature has little effect on the yield and
mass concentration of PM;. Therefore, although the sampling temperature does
influence the yield and mass concentration of PM), such influence is mainly on
PM,_j¢ as clearly illustrated in Figure 4-2. Third, at the same sampling temperatures
< 105 °C (such as 25 or 40 °C), increasing biomass feeding rate from 0.1 to 0.3
g/min has little effect on the yield of PM;o. However, increasing biomass feeding rate
does lead to an appreciable reduction in the yield of PM; and interestingly, such a
reduction is accompanied with an increase in the yield of PM;_jo. Therefore, the data
in Figure 4-2 clearly suggest that the sampling temperature significantly influence
the measured yield and mass concentration of PM; in the flue gas and such influence

is also dependent on the source PMy-containing flue gas.
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Figure 4-2: Emission characteristics of PM; at various sampling temperatures: (a)

PM, yield in flue gas, (b) PM,( mass concentration in flue gas

4.3 Mass-Based Particle Size Distribution of PMyg

Further efforts were then made to investigate the mass-based particle size distribution
(PSD) of PM; collected at various sampling temperatures (see Figure 4-3). It can be
seen clearly that the PSD of PM;y has a bimodal size distribution, i.e. a fine and a
coarse mode. For example, at a biomass feeding rate of 0.1 g/min, the fine mode is
located between 0.03 and 0.1 um with a mode diameter of ~0.05 um while the coarse
mode is located between 2.37 and 6.64 pm with a mode diameter of ~3.97 um. Such
an observation is in agreement with the results on a bimodal PSD of PM; reported in

- . 28,41
previous studies.”™

However, the most important results in Figure 4-3 are the fact that the PSD of PM,,
is significantly influenced by the sampling temperature. Although sampling
temperature has little effect on the yield of PM,; (see Figure 4-2), increasing sampling
temperature shifts the PSD of PM; to smaller particle size. For PM;_jo, sampling
temperature does not seem to influence the shape of the PSD curves. Rather, the

mount of PM,_jo collected increases as the sampling temperature increases from 25 to
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105 °C and levels off from 105 to 115 °C, in consistent with the data on PM,( yield

in Figure 4-3. Clearly, the data in Figures 4-2 and 4-3 show that the influence of
sampling temperature is distinctly different for PM; and PM,_;(, suggesting that there
are likely different fundamental mechanisms governing the influence of sampling
temperature on the collection and properties of PM; and PM,_jo. These aspects are

discussed in the following sections.
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Figure 4-3: Mass-based particle size distribution of particulate matter collected by
DLPI at different sampling temperatures: (a) Case-0.1, (b) Case-0.3. Graphs are
normalized to the total mass of bark sample (dry basis) fed into the drop-tube reactor

in each experiment.

4.4 Effect of Sampling Temperature on the Collection and Properties of PM;
and PMi.10

Figures 4-2 and 4-3 indicate that the yield and PSD of PM; remain unchanged as the
sampling temperature decreases from 115 to 105 °C. A further decrease in the

sampling temperature leads to a decrease in the mass of PM with a size range from
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0.03 to 0.05 um, coupled with an increase in the mass of PM with a size range from
0.1 to 0.61 um. While such a decrease is progressive, it becomes drastic as the
sampling temperature decreased from a “turning point” temperature to 25 °C. The
“turning point” temperature here refers to the sampling temperature where the PSDs
of PM; start to change drastically. The PSD of PM; is drastically influenced by the
sampling temperature when it is below the “turning point” temperature. Such a
“turning point” temperature is also dependent on the sampling source of the flue gas.
For example, the “turning point” temperature increases from ~40 to ~60 °C as the
biomass feeding rate increases from 0.1 to 0.3 g/min. With respect to PM;_jo, the
amount of PM with a size range from 2.37 to 10 pum increases substantially as the
sampling temperature increases from 25 to 105 °C, and remains unchanged as the

sampling temperature further increases to 115 °C (see Figures 4-2 and 4-3).

Figure 4-4 (for Case-0.1) shows the elemental mass size distribution of Na, K, Mg,
Ca, Cl and S. It is shown that Na, K, Mg, Ca and Cl all have a unimodal distribution.
Na, K and Cl is dominantly contained in PM; in a single mode with a mode diameter
around 0.05um, while Mg and Ca are concentrated in PM;_jo in a single mode with a
mode diameter around 3.97 um. The unimodal distribution of Na, K and Cl in PM; is

known to be result of either homogeneous nucleation or heterogeneous condensation

28, 84, 85, 88, 254

on small particles. The unimodal distribution of Mg and Ca suggests

that the PM;_ o are likely produced from refractory elements (Mg and Ca) in the

28, 84, 85, 254

burning char particles. However, S shows a clear biomodal distribution as

shown in Figure 4-4f, with a fine mode around 0.05um and a coarse mode around

3.97um. The S in PM, mainly exists as the sulfates of alkali metals,”> formed via

256-258 259-261

either homogeneous and/or heterogeneous mechanisms. The S in PM .

142 condensation of alkali sulfates

may be formed via the reactions between S and Ca,
on the surface of coarse particles,”’ coagulation of S-rich small particles on the

coarse particles, and/or condensation of SO; during sampling process.
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Figure 4-4: Elemental Mass Size Distribution at Different Sampling Temperatures in
Case-0.1: (a) Na, (b) K, (¢) CI, (d) Mg, (e) Ca, (f) S. Graphs Are Normalized to the
Total Mass of Bark Sample (Dry Basis) Fed into the Drop-Tube Reactor in Each

Experiment

Figure 4-4 also clearly shows that for PM,, decreasing sampling temperature results
in a progressive decrease in the mass of Na, K and CI in the size range of 0.03 to
0.05 pum, and an increase in the mass of these elements in the size range of 0.1 to
0.61 um. The changes in the Na, K and Cl distribution curves as a function of
sampling temperature also exhibit a “turning point” temperature of 40 °C, in
consistence with that of the PSD curves (see Figure 4-3a). However, the mass of Mg
and Ca in PM,_j¢ increases as the sampling temperature increases from 25 to 105 °C,
and remains unchanged from 105 to 115 °C (see Figures 4-5d and 4-5e¢). With respect
to S (see Figure 4-4f), as the sampling temperature decreases, the S mass also shifts
to larger size in PM;. The S distribution curve at the “turning point” temperature (40
°C) has a similar trend with that of 25 °C in the size range of 0.03 to 0.38 pm but

there is a considerable increase in the mass of S in the size range of 0.38 to 6.64 um
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when the sampling temperature decreases to 25 °C. Furthermore, the S distribution

curve in PM;_jy at the turning point temperature (40 °C) is similar with that of 115 °C,
while S in the size range of 0.942 to 6.64 um increases significantly as the sampling
temperature decreases to 25 °C. The results suggest that S have condensed from the
stage with a Dsy of ~0.38 pum at sampling temperatures blow the “turning point”

temperature (40 °C).
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Figure 4- 5: Summary of elements yields at different sampling temperatures in
Case-0.1: (a) Na, (b) K, (c) CI, (d) Mg, (e) Ca, (f) S. Graphs are normalized to the
total mass of bark sample (dry basis) fed into the drop-tube reactor in each

experiment.

Therefore, the data in Figures 4-3 to 4-4 suggest that the presence of the “turning
point” temperature in the mass and elemental mass PSD curves is related to the
condensation of sulfur. Based on the flue gas compositions, the dew point
temperature of SO; and HCI in the flue gas can be estimated using the following

well-known equations:*%* 2%
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T, 50, =1000/{2.276-0.02941n(P, , )~ 0.08581In By, ) +0.0062In (P, , )xIn(Py, )} (1)

T e = 1000/{3.7368—0.15911n(PH 0)=0.03261n (P, )+0.002691n (B, , )xIn( Py )} )

2

where Ty, and T, ,. are the dew point temperature of SO; and HCI (K) and

B0, Py, and P, are the partial pressure of H,O, SO3; and HCl in the flue gas

(mmHg). It should be noted that the acid dew point temperature decreases from top
stage to bottom stage of the DLPI because the flue gas pressure decreases
progressively from 1013.3mbar in top stage to 100 mbar in bottom stage of DLPI and
the partial pressure of acid gas decreases in the downstream of the DLPI as results of
progressive condensation. The SO; and HCl dew point temperatures at top stage of
DLPI are estimated to be 45 and 4 °C, respectively. Indeed, the “turning point”
temperature of PSD curves correlates well with the calculated SOs; dew point
temperature as HCI is not likely to condense in the collection system even at the
lowest sample temperature (25 °C). Additionally, the temperature of flue gas (115 °C)
in this study is low enough for the complete nucleation and condensation of alkali
vapors,”** complete combustion of biomass in the DTF system was also achieved so
that little organic species vapors would be present in the flue gas. Therefore, SO;
condensation is a key mechanism governing the effect of sampling temperature on

the properties of collected PM;.

Furthermore, as shown in Figure 4-4f, the amount of S condensed in PM, and PM; ;¢
is very small in comparison to the PM; and PM,_jo yield (see Figure 4-2) hence
contributes little to the total mass of PM; and PM,_jo. However, the data in Figure
4-5f show that the amount of S has a considerable increase in PM; and a significant
increase in PM.jo at the sampling temperature below the “turning point” temperature
(40 °C), and S condenses mainly on coarse particles due to the SO; dew point

temperature being lower in the downstream stages of the DLPI.

To further identify the relationship between the “turning point” temperature of PSD
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curves and the calculated SO; dew point temperature, the biomass feeding rate was

increased to 0.3 g/min. In this case, the dew point temperatures of SOs; and HCI in
flue gas at top stage of the DLPI are estimated to be 65 °C and 15 °C respectively
due to the higher acid gases concentration compared with that at 0.1 g/min, note that
HCI is still not likely to condense even at the lowest sampling temperature (25 °C).
As shown in Figures 4-6 and 4-7, it is clearly that SOs starts to condense at the
sampling temperature below 60 °C, which is in good agreement with the calculated
SO; dew point temperature. Furthermore, the “turning point” temperature of 60 °C
observed from PSD curves (see Figure 4-3b) and elemental mass size distribution

curves (see Figure 4-6) indeed correlates well with the calculated SO; dew point

temperature.
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Figure 4-6: Elemental mass size distribution at different sampling temperatures in
Case-0.3: (a) Na, (b) K, (c) Cl, (d) S. Graphs are normalized to the total mass of bark

sample (dry basis) fed into the drop-tube reactor in each experiment.
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Figure 4-7: Sulfur yields at different sampling temperatures in Case-0.3. Graphs are
normalized to the total mass of bark sample (dry basis) fed into the drop-tube reactor

in each experiment

4.5 Possible Mechanisms Responsible for the Effect of Sampling Temperature

on the Collection and Properties of PMy,

Three mechanisms may be responsible for the effect of sampling temperature on the
collection and properties of PMy, i.e. thermophoresis deposition, coagulation of fine
particulate matter and gravitational settling deposition. Thermophoresis, mainly
influencing the transport loss of sub-micron particles,”® is a result of a temperature
gradient in the surrounding gas, resulting in a particle being drawn into the direction
of decreasing temperature.*® Particle coagulation is a process where fine particles
collide with one another due to their relative motion and adhere to form larger
particles, as results of Brownian motion and/or external forces.*® Gravitational
settling deposition takes place due to the gravity and affects more on coarse particles

than fine particles.®

Relevant to this study, thermophoresis deposition is not expected to be important due
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to the small temperature differences. In fact, the nearly constant amount of PM;

under different sampling temperature (see Figure 4-2) already indicates that the

effect of thermophoresis deposition is negligible under the experimental conditions.

Coagulation of fine particles appears to be the key mechanism as it does not change
the total PM; mass but only shift the PSD of PM,. Coagulation process is also
influenced by temperature.”*® As flue gas temperature decreases, the flue gas velocity
decreases, resulting in enhanced relative motions among the particulate particles, and
consequently, the coagulation process is enhanced. This is indeed the case as seen in
Figure 4-3 which shows a progressive growth of particle size in PM; as sampling
temperature decreases. Coagulation of fine particles is also accelerated by the
sulfuric acid droplets at the sampling temperature below “turning point” temperature
(also SOs; dew point temperature as discussed), although SO; condensation
contributes little to the PM,o yield. The accelerated coagulation causes a significant
shift of particle mass to larger size in PM; (see Figure 4-3). As discussed, the
“turning point” temperature in PSD curves correlates well to the calculated SO; dew
point. Therefore, SOs; condensation plays an important role in the coagulation
process and therefore the effect of sampling temperature on the properties of

collected PM;.

Further elemental analysis shows that the total amounts of Na, K, and Cl in PM, are
nearly constant at all the sampling temperatures (see Figure 4-5). The shifts of size
distribution curves of these elements at different sampling temperatures (see Figure 5)
is therefore most likely due to the coagulation of Na-, K-, and Cl-containing particles.
So is the mass shift of S in a size range of 0.03 to 0.38 pum (see Figure 4-4f).
Therefore, all the data suggest that coagulation of fine particulate matter is the key
mechanism responsible for the shifts of PSD and elemental mass size distribution

curves of PM;.

The coagulation process seems to be also influenced by the concentration of
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particulate matter in flue gas. Figure 4-8 is based on the data in Figure 4-3 and

clearly shows as the biomass feeding rate increases from 0.1 to 0.3 g/min (i.e.
Case-0.1 and Case-0.3, corresponding to an increase in the PM concentration in the
flue gas by 3 times), the particle mass shifts to larger size in PM; when the particle
number concentration increases at the sampling temperature of 25 and 40 °C.
However, such an effect diminishes at a sampling temperature close to the flue gas
temperature (115 °C), suggesting that a sampling temperature close to the flue gas
temperature is required in order to suppress particle coagulation. Although the PM;,
yield is nearly constant for both Case-0.1 and Case-0.3, the PM, yield in Case-0.3 is
slightly lower and the PM;_jo yield is slightly higher compared to those in Case-0.1
(see Figure 4-2), suggesting that some fine particles in PM; have coagulated with

coarse particles in PM;_jo due to the higher PM concentration in Case-0.3.

(a) 25°C "B Case01 (b) 40°C "W Case0.1 (¢) 115°C "B Case01
—O—Case-0.3 —O—Case-0.3 —O—Case-0.3

dM/dlogDp (mg_pm, /g_fuel (dry basis))

0 T T T T T T T T T

0.1 1 10 0.1 1 10 0.1 1 10

Aerodynamic diameter (um)

Figure 4-8: Effect of biomass feeding rate on PSD curves at different sampling

temperatures: (a) 25°C, (b) 40°C, (¢) 115°C

Gravitational settling deposition affects more on coarse particles.*® In fact, as the
sampling temperature decreases, the particle loss caused by gravitational settling
deposition increases as a result of decreasing flue gas velocity, resulting part of in an
increasing loss of PM before the PM(-containing flue gas enters into the DLPI. This
is indeed the case as both the yield of PM;_jy and the mass of Mg and Ca in PM,_j

decreases with decreasing sampling temperature (see Figures 4-2 to 4-5). The similar
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trend of PSD curves at the sampling temperature of 105°C and 115°C (see Figure 4-3)

further suggests that in order to eliminate the influence of gravitational settling
deposition on the collection of PM;_jo, the sampling temperature must be close to or

same as the flue gas temperature (115°C).

4.6 Conclusions

The experimental data in this Chapter clearly demonstrate the significant effects of
sampling temperature on the collection of PM;y and its properties. Coagulation of
fine particles appears to be the key mechanism responsible for the shift of PM; mass
to larger size as the sampling temperature decreases, although the total yield of PM;
remains unchanged. The chemical composition of PM; is dominantly Na, K and Cl
and the mass distribution of these elements also shifts to larger size in PM; as the
sampling temperature decreases, as results of the coagulation of Na-, K, and
Cl-containing fine particles. However, the PM;.jo contains dominantly of Mg and Ca,
the mass PM_jp and the mass of Mg and Ca in PM,_jy increases with increasing
sampling temperature and levels off at a sampling temperature close to the flue gas
temperature (115°C). The reduction in the collection of Mg- and Ca-containing
coarse particles in PMj.jy as the sampling temperature decreases appears to be
mainly due to gravitational settling deposition. The “turning point” temperature of
PSD and elemental mass size distribution curves seems to correlate well with the SO3
dew point of the flue gas. Therefore, to ensure the proper collection of PM;, the
sampling temperature should be above the flue gas acid dew point temperature to
prevent acid gas condensation and furthermore be kept at a temperature close to or

same as the flue gas temperature.
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CHAPTER 5 EMISSION BEHAVIOR AND

CHARACTERISTICS OF PM; AND PM;, FROM THE
COMBUSTION OF PULVERIZED BIOCHAR IN A
DROP-TUBE FURNACE

5.1 Introduction

As discussed in Section 2.2 of Chapter 2, mallee biomass is an important
second-generation renewable feedstock for the future energy security and sustainable
development in rural and regional Australia, because of the fact that it is a byproduct
of dryland salinity management of premium agriculture land and enhances (rather
than compete with) food production.” ® The production of mallee biomass is of
large-scale, economic and has small carbon and energy foo‘[printsf"7 However, the
major hurdles that limit the use of biomass as fuel are the biomass’s bulky nature,

high moisture content, high transport cost and poor grindability.'®**

As biomass is typically produced/available in rural and regional areas, an attractive
utilisation strategy to address aforementioned issues is to deploy distributed pyrolysis

6367 to convert the bulky raw biomass locally into

as a flexible technology
high-energy-density fuels such as bio-0il®* *> ® % and/or biochar.'* " 7 While
bio-oil can be transported to centralized plants and has the potential for further
upgrading and refining to produce liquid transport fuels,** *>* " biochar as a solid fuel
has superb fuel properties, good grindability and high energy density therefore is
suitable for applications such as gasification and combustion, as well as co-firing in

coal-based power stations.'* """

Direct biomass combustion or co-firing biomass with coal are matured

technologies'®** for power generation and promising short-term solutions for
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reducing CO, emission from power generation. However, biomass

combustion/co-firing contributes significantly to the fine particulate matter (PM)

26,41, 84-86, 98, 101, 264, 267

emission , especially submicron particles (PM;) which are easy

to escape from dust cleaning equipment. Biochar also contains abundant inherent

: : s o 12, 268, 269
morganic SpecCics

that may potentially lead to significant PM emission.
However, while the emission behaviour of PM; and PM,, (PM with an aerodynamic
diameter less than 10.0 pm) from raw biomass combustion were investigated

previously,zg’ 9798 1ittle work has been done so far on PM,o emission from biochar

combustion.

Therefore, a good understanding on the emission behaviour and characteristics of
PM, and PM,, from biochar combustion is important to practically utilising biochar
is used as a fuel in direct combustion or co-firing applications. The key objective of
Chapter 5 is therefore to carry out a systematic investigation on the properties of PM;
and PM;y emitted from the combustion of biochars (produced from biomass
pyrolysis under controlled conditions relevant to practical biochar production) in a
laboratory-scale drop-tube furnace system, to address the second research objective

listed in Chapter 2.
5.2 Biochar Yields and the Retention of AAEM Species and Cl in Biochars

The fuel properties of raw biomass and its derived biochars are shown in Table 5-1
and Table 5-2. It can be seen that the inorganic species in these fuels are dominantly
AAEM species and Cl, with very low contents of Al and Si. It should be noted that
the S contents in both raw biomass and biochars are also very low, with an extremely
low S/CI ratio of ~0.1 in raw biomass, the sulphation effect of S plays insignificant
role because a much higher S/CI ratio (from 4.7 to 7.5) is required to cause
significant sulphation reactions during biomass combustion.'”’ Therefore, such
unique features of the fuel samples simplify the study as the chemical composition

analysis can be focused on AAEM species and CL.
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Table 5- 1: Proximate and ultimate analysis of raw biomass and its derived biochars used in this study (SH-Char-xxx: biochar prepared from the

slow heating pyrolysis of biomass at xxx °C; FH-Char-xxx: biochar prepared from the fast heating pyrolysis of biomass at xxx °C)

Samples Raw Biomass SH—Char—400 SH-Char—450 SH-Char-500 SH—Char-550 FH-Char-400 FH-Char—500
Proximate Analysis
M?, % ad 5.6 5.8 4.0 4.4 3.1 5.1 4.6
Ash, % db 4.0 9.0 10.8 11.3 12.0 10.3 13.7
VM®, % db 74.2 34.1 26.6 243 19.3 39.6 31.9
FC*, % db 21.8 56.9 62.6 64.4 68.7 50.1 54.4
Ultimate Analysis (% daf)
C 51.02 74.95 82.85 85.12 88.98 72.07 80.18
H 5.61 3.61 3.25 2.92 2.39 3.77 3.22
N 0.26 0.51 0.56 0.66 0.64 0.63 0.66
S 0.02 0.04 0.02 0.03 0.02 0.04 0.06
Cl 0.17 0.02 0.01 0.02 0.01 0.07 0.24
o 42.92 20.87 13.31 11.25 7.96 23.42 15.64
Lower Heating Value (LHV) (MJ/kg, ad)
17.2 24.1 25.7 26.1 27.4 23.6 23.4

? moisture; b yolatile matter; © fixed carbon; d by difference; © not detected.

Inorganic PM Emission During Solid-Fuels Combustion 100



& Curtin University CHAPTER 5

Table 5- 2: Contents (wt% db) of inorganic species in raw biomass and its derived biochars used in this study (SH-Char-xxx: biochar prepared

from the slow heating pyrolysis of biomass at xxx °C; FH-Char-xxx: biochar prepared from the fast heating pyrolysis of biomass at xxx °C)

Inorganic species content (wt% db)

Samples

Na® K® Mg* Ca Al° Si° Fe® P°
Raw Biomass 0.2550 0.1407 0.0869 1.3937 0.0017 0.0021 0.0016 0.0257
SH-Char—400  0.6360 0.3108 0.2118 3.6168 0.0077 0.0102 0.0182 0.0626
SH-Char—450  0.7465 0.3238 0.2450 3.8316 0.0062 0.0149 0.012 0.0672
SH-Char—500  0.7424 0.3668 0.2333 4.2265 0.0047 0.0196 0.0057 0.0717
SH-Char-550  0.8477 0.3704 0.2721 4.175 0.0053 0.0134 0.0049 0.0722
FH-Char—400  0.7082 0.3472 0.2179 3.9313 0.0059 0.0071 0.0041 0.0726
FH-Char-500  0.9677 0.4236 0.3187 55712 0.0132 0.0108 0.0103 0.1086
FH-Char-800  0.7519 0.4866 0.5191 7.994 0.0151 0.022 0.0493 0.1017
FH-Char-900  0.6097 0.5763 0.622 9.5566 0.0154 0.0309 0.0599 0.1248
FH-Char-1000  0.3768 0.5083 0.6635 9.2845 0.0198 0.042 0.0928 0.1368

* analyzed by IC; ° analyzed by ICP-AES.
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Figure 5-1 shows the biochar yields from pyrolysis of raw biomass at various

conditions on a dry basis. As expected, at a given pyrolysis temperature, a higher
biochar yield is obtained in slow pyrolysis in comparison to that of fast pyrolysis. A
higher pyrolysis temperature also leads to a lower biochar yield, in either slow or fast
pyrolysis of biomass. Therefore, “SH—Char—400” (i.e. the biochar produced from
slow pyrolysis at 400 °C, see Section 3.3.4.1 in Chapter 3) has the highest biochar
yield of ~37.0% while the “FH—Char—500" (i.e. the biochar produced from fast

pyrolysis at 500 °C) has the lowest yield of ~26.7%.
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Figure 5-1: Biochar yields from the pyrolysis of raw biomass under various

conditions

Figure 5-2 further shows the retention of AAEM species and Cl in the biochars after
biomass pyrolysis under various conditions. It is clear that after pyrolysis, the
majority of the AAEM species in biomass have been retained in the biochars, with
retentions of AAEM species around 78.5 — 100.0%. This is also expected given the
low pyrolysis temperatures (400 — 550 °C). Even at such low temperatures, a small
proportion of AAEM species were volatilised. Such a phenomenon is known to be
possible due to the volatilisation of AAEM species along with the release of
carboxylate structures during pyrolysis, as observed in previous studies.'***" Ca has

the highest retention of around 92.2 — 100.0% while K appears to have the lowest
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retention of around 78.5 — 88.3%. Contrary to AAEM species, the majority of CI was

volatilised at such low temperature as 400 — 550 °C during the pyrolysis of raw
biomass, with retentions of around 2.0 — 33.4%. It is also interesting to note that the
retentions of Cl in fast pyrolysis are higher than those of slow pyrolysis. Particularly,
for fast pyrolysis at 500 °C, ClI retention is ~33.4%, possibly due to the strong

interactions between Cl and char matrix during pyrolysis.'*
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Figure 5- 2: Retentions of AAEM species and Cl in biochars produced from the

pyrolysis of raw biomass at different conditions
5.3 PM; and PMy Yields during the Combustion of Biomass and Biochars

Figure 5-3 presents the data on PM, yields from the combustion of the raw biomass
and its derived biochars. For meaningful comparisons, it is important to note that the
PM, yields are normalized to three different bases (i.e. equivalent biomass, ash and
energy input) and presented in Figure 5-3a-b, Figure 5-3c—d and Figure 5-3e-f,

respectively.

Figure 5-3a—b presents the PM; and PM,( emission data normalized to the equivalent
amount of starting raw biomass (db), enabling to provide insights into the effect of
pyrolysis as a technology for biomass pretreatment (i.e. for biochar production) on

PM emission during biomass/biochars combustion. It is interesting to note that at an
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equivalent amount of raw biomass, the PM; yields from the combustion of biochars

are substantially lower than that from direct raw biomass combustion (see Figure
5-3a). Clearly, the use of biochars from the biomass pyrolysis in fuel applications
may lead to substantial reduction in PM; emission, likely related to the removal of
volatiles (including the released inorganic species). One exception is in the case of
fast-heating char at 500 °C, the PM; yield is higher than other chars, implying fuel
properties may also play an important role. On the contrary, the PM; yields from the
combustion of biochars are higher than that from direct biomass combustion (see
Figure 5-3b). As the PM,; yields during biochars combustion are reduced, such
significant increases in PM; yields are clearly due to the increase in the yields of
coarser particulates with an aerodynamic diameter between 1 and 10 pm (PM;_j0)
during biochars combustion. As supermicron PM is generally produced from char
fragmentation during combustion, the results seem also to suggest that the
pretreatment of the fuel via pyrolysis also leads to a significant enhancement of char

fragmentation during combustion.

After low-temperature pyrolysis, the ash content of the fuel is increased substantially
from 4.0% db for biomass to 9.0 — 13.7% db for biochars depending on pyrolysis
conditions (see Table 3-2 of Chapter 3). Therefore, the PM,y yields during a fuel
combustion normalized to fuel ash content will further provide some plausible
indication on the ability of the unit mass of ash-forming species in the fuel for PM
emission. Such data are presented in Figure 5-3c—d. It is not surprising that in this
case, the shapes of Figure 5-3c—d are similar to those of Figure 5-3a—b, because the
majority of ash-forming elements such as AAEM species were retained in biochars
after low-temperature biomass pyrolysis (see Figure 5-2). Clearly, compared to those
in the biomass, the ash-forming species in the char has a much poorer ability in PM;

emission but a significantly enhanced ability in PM;_jo emission.

The substantial reductions in PM; yields during biochars combustion, based on an

equivalent biomass mass and unit ash input, respectively, are important findings.
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Such data demonstrate another good feature of using biochar as a fuel, in addition to

its high-energy-density, good grindability and good fuel properties for better

14, 70

matching with coal in co-firing application. The data normalised to equivalent

energy input into the furnace will be discussed in Section 5.6.
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Figure 5-3: PM yields from raw biomass and biochars combustion: (a) PM; and (b)
PM,y yields, normalized to equivalent biomass (db) input into the furnace; (c) PM;
and (d) PM; yields, normalized to equivalent ash input into the furnace; (¢) PM; and
(f) PM, yield, normalized to equivalent energy input into the furnace. Equivalent
biomass input is calculated from the char yields and the mass of biochars fed into the
drop tube furnace, equivalent ash input is calculated from the mass of fuel (db) fed
into furnace and its ash content (wt%, db), equivalent energy input is calculated from

the lower heating value (LHV) of raw biomass and biochars and their mass (db) fed

into drop tube furnace.
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5.4 Mass-Based and Elemental Mass-Based Particle Size Distributions (PSDs)

of PMig

To further understand the characteristics of PM;y emission during the combustion of
biomass and biochars, analyses were done to obtain the data on mass-based and
elemental mass-based PSDs of PM;,. The data on mass-based and the elemental

mass-based PSDs of PM are plotted in Figures 5-4 and 5-5, respectively.

As shown in Figure 5-4, the mass-based PSD of PMj, collected from raw biomass
combustion normalized to equivalent raw biomass has a bimodal size distribution,
i.e., a fine mode with a mode diameter of ~0.022 um and a coarse mode with a mode
diameter of ~6.8 um. However, the PSDs of PM;, from biochars combustion
generally show a unimodal distribution with only a coarse mode of ~6.8 pm. The
fine mode generally disappears in the PM;y produced from biochars combustion,
leading to the significantly low PM; yields as shown in Figure 5-3. The only
exception is the PSD of PM; from “FH—Char—500" combustion, which also shows a
fine mode with a mode diameter less than ~0.022 pm, possibly due to the char’s high
Cl content as discussed in next section. Furthermore, the data on the mass-based
PSDs of PMjy in Figure 5-4 clearly show that the significant PM; generated from
biomass combustion dominantly contains particulate matter with a size less than 0.1
um (PMy ). It is clear that the significant reductions in PM; emission during biochars
combustion are due to the very low PMy ; yields for all biochar samples (see Figures

5-3a, 5-3c and Figures 5-4a, 5-4b).

Furthermore, the data on elemental mass size distributions of PM;( normalized to the
unit mass of equivalent raw biomass (db), further show that Na, K and Cl also
generally have a unimodal distribution from the combustion of both raw biomass and
biochars (see Figure 5-5). Na, K and Cl are dominantly contained in PM; (more
precisely PMy ) in a single mode with a mode diameter of ~0.022 um, which is same

as the mode diameter of the fine mode in the mass-based PSDs of PM; (see Figure
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5-4). The data on the elemental yields of AAEM species and Cl (see Figure 5-6)

further demonstrates the dominant presence of Na, K and CI in PM; is most likely
due to the known mechanisms such as homogeneous nucleation and/or
heterogeneous condensation of the Na, K and Cl-containing vapours on fine

: 28, 84, 85, 88,254
particulates.”™ "> """

Additionally, the data in Figure 5-5 also show that Mg and Ca also have a unimodal
distribution in PM;¢ from the combustion of both raw biomass and biochars.
However, Mg and Ca are concentrated in PM,_jp in a single mode with a mode
diameter of ~6.8 pm which is also same as the coarse mode in the mass-based PSDs
of PMy (see Figure 5-4). The data in Figure 5-6 clearly show that the PM,_jy are
mainly produced from the refractory elements (Mg and Ca) in the burning char

particles, in agreement with previous studies.?® ¥ 82>
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Figure 5-4: Particle size distribution of PM;( from the combustion of raw biomass
and biochars: (a) graphs normalized to equivalent biomass (db) input into the furnace,
(b) graphs normalized to equivalent ash input into the furnace, and (c) graphs

normalized to equivalent energy (LHV) input into the furnace

Not only the PM; yield (see Figures 5-3 and 5-4), but also the mass of Na, K and Cl
which are dominantly contained in PM; are substantially reduced during biochars
combustion in comparison to those from raw biomass combustion (see Figures

5-5a—c, t~h). As Na, K and Cl are dominantly contained in PM ;, such particle mass
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and elements (Na, K and CI) mass reductions in PM; mainly take place in the ultra

fine particles (PMy ). Oppositely, the data in Figure 5-4 demonstrate a substantial
increase in the mass of PM in the size range of 1.6 — 10.2 um (with a mode diameter
of 6.8 um) from biochars combustion in comparison to that from raw biomass
combustion. As shown in Figures 5-5d—e, i—j, such increases in the coarse PM yields
are due to the substantial increases in the mass of Mg and Ca in PM_;o within the

size range of 1.6 — 10.2 um.
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Figure 5-5: Elemental mass size distribution of AAEM species and Cl in PM during
the combustion of raw biomass and biochars: (a) Na, (b) K, (¢) CL, (d) Mg and (e) Ca
are normalized to the equivalent biomass (db) input into the furnace; (f) Na, (g) K, (h)
Cl, (1) Mg and (j) Ca are normalized to the equivalent ash input into furnace; (k) Na,
() K, (m) Cl, (n) Mg and (o) Ca are normalized to the equivalent energy input (LHV)

into the furnace.
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5.5 Further Discussion

Considering the data in sections 5.2-5.4 together, the possible mechanisms
responsible for the significant discrepancies in the emission characteristics of PM;
and PM,, from the combustion of raw biomass and biochars may be deduced. A key
difference between biomass and biochars as fuels is the removal of volatiles
(including released inorganic species) during biomass low-temperature (400 — 550
°C) pyrolysis for biochar production. Furthermore, it should be noted that during
biomass pyrolysis for biochar preparation, the majority of the AAEM species (78.5 —
100.0%) are retained in biochars (see Figure 5-2). However, the AAEM species
retained in the biochars, although in substantial amounts, are not responsible for the
significantly higher PMy; yield during the combustion of raw biomass, as the
contribution of biochars combustion to PMy  yield is limited (see Figures 5-4a-b). In
other words, the combustion of volatiles (including the released inorganic species)
seems to be the dominant mechanism for PMy; formation, although there are only
small proportions (7 — 20%) of Na and K released with volatiles during pyrolysis
(see Figure 5-2). Therefore, the significant reductions in PM; (or PMy ) yields and
the mass yields of Na, K and Cl (dominantly contained in PMy ;) from biochars
combustion in comparison to those from raw biomass combustion (see Figures
5-3-5-6) are most likely due to the lack of the contribution of volatiles (including the
released inorganic species) combustion to PM; formation, although majority of

AAEM species are retained in the biochars.
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Figure 5-6: Elements yields of AAEM species and Cl in PM during the combustion
of raw biomass and biochars: (a) Na, (b) K, (¢) Cl, (d) Mg and (e) Ca, normalized
to equivalent biomass (db) input into the furnace; (f) Na, (g) K, (h) CL, (i) Mg and (j)
Ca, normalized to equivalent ash input into furnace; (k) Na, (1) K, (m) Cl, (n) Mg and

(o) Ca, normalized to equivalent energy input (LHV) into the furnace.

As PMy; contains dominantly Na, K and CI (see Figure 5-5), further analyses clearly
show that the molar ratios of (Na+K)/Cl in samples collected in related different
DLPI stages (that make up PMy ;) from raw biomass combustion are all close to 1
(see Figure 5-7), suggesting that the PM,; generated from raw biomass combustion
is mainly composed of alkali (Na and K) chlorides. This also demonstrates the

important role of Cl in the formation of ultra fine PM. It is known that Cl is a key
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element that can substantially enhance the volatilization of alkali metals during

biomass pyrolysis.'*® Furthermore, the formation of alkali chloride is also stable
under combustion conditions,'** leading the subsequent formation of ultra fine PM
via either homogeneous nucleation and/or heterogeneous condensation of the alkali

chloride vapors on small particles.”® ®* 8- 88254

Figure 5-2 clearly shows that the
majority (66.6 — 98.0%) of CI were volatilised as part of volatiles during preparation
of biochars even at 400 °C. Therefore, the removal of volatiles during
low-temperature pyrolysis of biomass for biochars production leads to not only the
lack of the contribution of volatiles combustion during biochars combustion but also
the lack of CI in the fuels. This reduces the volatilization of Na and K during
biochars combustion, in despite of the abundant Na and K were retained in biochars
(see Figure 5-2), consequently, the PM; yields from biochars combustion are
substantially reduced. Such reasoning also seems to be consistent with the higher

PM, yield during the combustion of fast pyrolysis biochar produced at 500 °C as this

char has a substantially higher Cl content.
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Figure 5-7: Molar ratio of (Na+tK)/Cl in PMy; collected from raw biomass

combustion
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For PM_y, it is clearly seen in Figures 5-3 to 5-6 that there are substantial increases

in the yields of PM.;9p which dominantly contains Mg and Ca. Particularly, when
normalised to equivalent ash input into the furnace (see Figures 5-4b and Figures
5-51-), the data clearly demonstrate that the contribution of Mg and Ca for PM,_j
emission is significantly enhanced during biochars combustion. As already
normalised to ash content, the data suggest that such a significant increase must be
related to an enhanced char fragmentation during combustion, as results of changes
in char structure. During char combustion, char fragmentation followed by the
release of refractory elements in the burning char is known as a principle mechanism

responsible for the formation of PM;_jo from both coal and biomass combustion.® %%

83.212.254.271 previous investigations showed that the fragmentation of char is strongly
dependent on the char structure.”’* An increase in char macroporosity” > and surface

aream

can lead to intensified fragmentation of porous chars. Therefore, further
experiments and analysis were then carried out to prepare and characterise the
structure of the chars. It should be noted that because the combustion of biomass and
biochars were undertaken at 1300 °C, only the chars prepared from the pyrolysis of
the fuels (biomass and biochars) at 1300 °C are relevant, using the same drop-tube
furnace under similar conditions (with argon as carrier gas instead of air). Indeed, as
shown in Figure 5-8, the micropore surface area of chars produced from biochars are
much higher than that from biomass under pyrolysis conditions pertinent to the
combustion conditions. Therefore, the substantial increases in the yields of PM;_j
during biochars combustion are likely due to the enhanced char fragmentation

resulting from more porous chars from the pyrolysis of biochars under the

combustion conditions, in comparison to that from biomass.
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Figure 5-8: Micropore surface area of biochars produced from the fast pyrolysis of

raw biomass, SH-Char—400, SH—Char—500, FH-Char-400 and FH—Char-500 at
1300 °C in the DTF, analysed by Dubinin-Astakhov equation

5.6 Practical Implications

From a practical point of view, it becomes more important to assess the ability of a
particular fuel in PM; and PM;, emissions, normalized to the unit useful energy
(lower heating value) input into the furnace. Such results are presented in Figures
5-3e—f (for PM; and PM, yield), Figures 5-6k—o (for elemental yields in PM; and
PM,y), Figure 5-4c (for mass-based PSDs) and Figures 5-5k—o (for elemental
mass-based PSDs). There are three important observations of practical significance

can be made based on the data presented in these figures.

First, per unit energy input, as shown in Figures 5-3e, the PM; yields from biochars
combustion may have considerable reductions compared to that from raw biomass
combustion. On an elemental basis, as shown in Figures 5-6k—m, substantial
reductions in the yields of Na, K and CI in PMI1 are observed. Again, one exception
is the fast pyrolysis char prepared at 500 °C that has a high PM; yield, possibly
related to the high Cl content in the char. As almost all of the PM; are actually PMj ;

(see Figure 5-4c and Figures 5-5k-m), the data clearly demonstrate the potential
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advantage of using biochar as a fuel (via pyrolysis as a fuel pretreatment technology)

in effective reduction of submicron (and ultrafine) PM emission during combustion.
This has important practical implications because it is known that the PM; can easily
escape from dust cleaning equipment. Therefore, while bio-oil is a product from
biomass pyrolysis for further upgrading and refining to produce liquid transport fuels,
the use of the other product — biochar as a fuel offers a simple alternative solution for
reducing the release of alkali metal vapors and subsequent PM; emission during
combustion, in comparison to other strategies such as removing alkali in the fuel by

washing'?’ or adding kaolin.'®

Second, during biochars combustion, the substantial reductions in PM; yields are
however accompanied with substantial increases in PM;.;o emission. For example,
per energy input basis, the combustion of “SH—Char—400” and “FH—Char-500”
results in increases of PM yields by 100% and 240% (see Figure 5-3f), respectively,
in comparison to that from biomass combustion. The substantial increases in PMg
yields are also reflected in the significant increases in the yields of Mg and Ca in
PM,y (see Figures 5-6n—o). Therefore, such increases in PMj.jp emission during

biochars combustion are likely to increase the load of dust cleaning equipment.

Third, it is also noteworthy that on an equivalent energy input basis, the mass yields
of PM,_jy (see Figure 5-3f) and the yields of dominant elements in PM,_;o (Mg and
Ca, see Figures 5-6n—0) during the combustion of different biochars are significantly
different. As shown in Figure 5-8, after pyrolysis at 1300 °C, the selected four
biochars, “Char—1300-SH-Char—400”, “Char—1300-SH—Char-500",
“Char-1300-FH—Char—400” and “Char—1300-FH-Char-500" have similar values of
surface area, therefore the differences in char structure do not seem to be the reason.
A close investigation reveals that different biochars are significantly different in
energy-based ash loading, i.e. the amount of ash input into the furnace during
combustion normalised to equivalent energy input. The energy-based PM,.;o yields

during biochars combustion are then plotted again the energy-based ash loading, as

Inorganic PM Emission During Solid-Fuels Combustion 114



g&= | Curtin University CHAPTER5

presented in Figure 5-9. A strong correlation between the two is clearly evidenced.

Such reasoning is plausible as more ash inputs would have led to higher PM,_j

emissions.
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Figure 5-9: The relationship between energy-based ash loading of fuels and
energy-based yields of PM1-10 collected from the combustion of raw biomass and

biochars

5.7 Conclusions

This Chapter investigates the emission behavior and characteristics of PM; and PM;
during the combustion of biomass and its derived biochars (produced from
low-temperature pyrolysis at both slow- heating (at 400, 450, 500 and 550°C) and
fast-heating rates (at 400 and 500 °C)) using a laboratory-scale drop-tube furnace

system. The major conclusions are drawn as follows:

(1) The biochar yields during biomass pyrolysis range from 26.7 to ~37.0%
depending on pyrolysis conditions. At such low temperatures, the majority (78.5 —

100.0%) of AAEM species are retained in biochars after pyrolysis, while the
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retention of Cl in biochars is only 2.0 — 33.4%.

(2) The PSD of PM;, from raw biomass combustion has a bimodal size distribution,
i.e., a fine mode (mode diameter: ~0.022 pm) and a coarse mode (mode diameter:
~6.8 um). However, the PSDs of PM;( from biochars combustion generally show a

unimodal distribution with only a coarse mode (mode diameter: ~6.8 pm).

(3) The combustion of biochars leads to substantial reductions in both PM; yields
and the mass of Na, K and CI in PM1 in comparison to direct biomass combustion,
such reduction is most likely due to the lack of the contribution of volatiles
(including released inorganic species) combustion to PM; formation and the
volatilisation of Cl during low-temperature pyrolysis of biomass for biochars

preparation.

(4) Biochars combustion also results in significant increases in the yields of PMy_j
and the mass of Mg and Ca in PM;.;p compared with those from raw biomass

combustion, most likely due to the significant changes in char structures.

(5) Based on an equivalent energy input into furnace, there is a strong correlation
between the energy-based PM,.jy yields and the energy-based ash loading during
biochars combustion. An increase in biochar ash loading leads to a significantly

increased PM;.;o emission.
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CHAPTER 6 COMBUSTION OF VOLATILES PRODUCED
IN SITUFROM THE FAST PYROLYSIS OF WOODY
BIOMASS: DIRECT EVIDENCE ON ITS SUBSTANTIAL
CONTRIBUTION TO PM; EMISSION

6.1 Introduction

. . 28 84-86, 88, 97, 254
Previous studies™ 570

suggested that during the combustion of solid fuels
including biomass, PM; are mainly formed from the constituents (e.g., Na, K, S, CI
and heavy metals) that are easily vaporized, followed by homogeneous nucleation
and/or heterogeneous condensation of these inorganic vapors. However, as fuel
particles are injected into the reactor, pyrolysis of biomass particles takes place as the
first step to produce volatiles and chars for combustion. The present understanding
on PM; emission from biomass combustion is largely on that from the whole
biomass combustion, including the contributions from the combustion of both

volatiles and char. Little is known on which of the two (volatiles combustion and

char combustion) plays a more important role in PM; emission.

Chapter 5 investigated PM; and PM,( emission from the combustion of pulverized
biochars at 1300 °C in a drop-tube furnace. The biochars were produced from
low-temperature biomass pyrolysis at 400 — 550 °C which is considered to be a
preprocessing technology for upgrading biomass fuels. The results in Chapter 5 show
that biochar combustion leads to substantial reductions in the yield of PM; in
comparison to raw biomass combustion. Inorganic elements were also previously
identified in carbon-rich submicron particles produced from the pyrolysis of five

4

bituminous coals, collected by a low-pressure impactor™ In a quasi

272

one-dimensional pulverized coal combustor”’”, PM in the ultrafine mode and

intermediate mode were collected from coal flame zone. Previous studies were also
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carried out to understand aerosol formation from various stages in an updraft fired

fixed-bed combustor, ranging from hot flame zone to flue gas channel during the
combustion of wood pellets via spatially resolved measurements.”” ** These
experimental data all imply that the combustion of volatiles may play an important
role in PM; emission during solid fuels combustion. Unfortunately, thus far there has
been no work done to provide direct experimental evidence on the contribution of

volatiles combustion to PM; emission during solid fuels combustion.

Therefore, it is the objective of Chapter 6 to carry out a series of experiments for
obtaining direct experimental evidence on the significant contribution of volatiles
combustion to PM; emission during pulverized woody biomass combustion. A novel
two-stage pyrolysis/combustion reactor system was designed to achieve the
combustion of the volatiles (at 1300 °C), which were produced in situ from fast
pyrolysis of a mallee bark biomass at 800 — 1000 °C. PM generated from volatiles
combustion only were collected by a cyclone and low pressure impactor to
investigate the fundamental mechanisms responsible for PM; and PM;(, emission
from the combustion of pulverized woody biomass, corresponding to the third

research objective outlined in Chapter 2.

6.2 Yields of Volatiles and Release of AAEM Species and Cl with Volatiles

Generated in Situ from the Fast Pyrolysis of Pulverized Biomass

The fuel properties of raw biomass and its derived char samples are shown in Tables
6-1 and 6-2. It can be seen that the inorganic species in these fuels are dominantly
AAEM species and Cl, with very low contents of Al and Si. Therefore, such unique
features of the fuel samples simplify the study as the chemical composition analysis

can be focused on AAEM species and CI.

Inorganic PM Emission During Solid-Fuels Combustion 118



g&= | Curtin University CHAPTER 6

Table 6- 1: Proximate and ultimate analysis of raw biomass and its derived biochars

used in this study (Char-xxx: char prepared from the fast heating pyrolysis of

biomass at xxx °C)

Samples Raw Biomass Char-800 Char—900 Char—1000
M?, % ad 5.6 4.1 3.4 3.1
Ash,%db 4.0 23.7 26.8 31.7
VM®, % db 742 14.7 13.0 11.6
FC°, % db 21.8 61.6 60.2 56.7
C 51.02 94.89 96.72 97.39
H 5.61 1.57 1.23 1.17
N 0.26 0.47 1.15 1.16
S 0.02 0.04 0.07 0.09
Cl 0.17 0.20 0.12 0.05
ok 42.92 2.83 0.71 0.14

? moisture; b yolatile matter; ¢ fixed carbon; d by difference.

Figure 6-1 presents the data on yields (db) of volatiles generated in situ from fast
pyrolysis of raw biomass in the drop-tube/fixed-bed pyrolyser at 800 — 1000 °C. It is
evident that an increase in pyrolysis temperature from 800 to 1000 °C leads to an
increasing yield of volatiles from 83.7 to 87.4 wt% (db), corresponding to a decrease
in char yield from 16.3 to 12.6% wt% (db). For low-rank fuels such as biomass or
lignite, at pyrolysis temperatures > 700 °C, the yields of volatiles and char are
insensitive to the pyrolysis temperature as pyrolysis would be largely completed at
700 °C.* Therefore, the reduction in char yields in Figure 6-1 as the pyrolysis
temperature increases from 800 to 1000 °C is mainly due to the unique configuration
of the drop-tube/fixed-bed pyrolyser. As the nascent chars produced from biomass
pyrolysis are remained on the quartz frit, steam is continuously generated from the

inherent moisture in biomass subsequently fed into the reactor and the pyrolytic
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water produced from the pyrolysis of these fuel particles. Therefore, the steam

produced would continuously interact with the nascent chars on the quartz frit,
leading to significant in situ steam gasification of the nascent chars during pyrolysis.
This phenomenon is also called “self-gasification” of char during pyrolysis as it was

also observed in the pyrolysis of Collie coal in a similar reactor system.*®

Table 6- 2: Contents (wt% db) of inorganic species in raw biomass and its derived
biochars used in this study (Char-xxx: char prepared from the fast heating pyrolysis

of biomass at xxx °C)

Inorganic species content (wt% db)

Samples
Raw Biomass ~ Char-800 °C ~ Char-900 °C ~ Char-1000 °C
Na* 0.2550 0.7519 0.6097 0.3768
K* 0.1407 0.4866 0.5763 0.5083
Mg* 0.0869 0.5191 0.6220 0.6635
Ca® 1.3937 7.9940 9.5566 9.2845
Al 0.0017 0.0151 0.0154 0.0198
Si° 0.0021 0.0220 0.0309 0.0420
Fe’ 0.0016 0.0493 0.0599 0.0928
PP 0.0257 0.1017 0.1248 0.1368

* analyzed by IC; ° analyzed by ICP-AES.
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Figure 6-1: Products yields from the pyrolysis of raw biomass under various

conditions

The data in Figure 6-1 clearly demonstrate that biomass processing contains
dominantly reactions that are in gaseous phase. It is possible that at least a proportion
of AAEM species and Cl may also likely be released and/or volatilised with the
volatiles. Figure 6-2 therefore presents the release and/or volatilisation of AAEM
species and Cl in the volatiles produced in situ from biomass pyrolysis under various
conditions. Indeed, the release and/or volatilisation of both AAEM species and Cl
can be significant under the experimental conditions and strongly dependent on
temperature. A higher pyrolysis temperature leads to a substantial increase in the
release and/or volatilisation of these elements with volatiles. As shown in Figure 6-2,
as the pyrolysis temperature increases from 800 to 1000 °C, the release and/or
volatilisation of Na, K, Mg and Ca increases from 51.8 to 81.4%, 43.5 to 54.5%, 2.5
to 9.3% and 6.3 to 16.1%, respectively. There are at least two possible mechanisms
responsible. One is that as temperature increases, the chemical bonds between these
species and char matrix becomes thermally unstable.'*’ The other is due to the unique
configuration of the drop-tube/fixed-bed pyrolyser. During continuous feeding, as
nascent char produced is remained on the quartz frit, the volatiles produced from the

rapid pyrolysis of the biomass particles subsequently fed into the reactor system
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would continuously interact with the char on the frit, leading to the so-called

“volatiles-char interactions”. It is known that volatiles-char interactions are key
mechanisms for the release and/or volatilisation of inorganic species during solid fuel
pyrolysis and become more intensified at high temperatures.'” Furthermore, the
release and/or volatilisation of AAEM species is also strongly dependent on the
valency of the inorganic species. While there are 43.5 — 81.4 % of Na and K were
released into volatile phase, only small amounts (2.5 — 16.1%) of Mg and Ca were
released while the majority of them were retained in char. It is known that the
divalent species (Mg and Ca) are more stable than monovalent species (Na and K)
during low-rank fuels pyrolysis.'*® It should be also noted that 85.2— 97.2% of Cl
were volatilised during pyrolysis, suggesting the bonds between CI and char matrix
are unstable under the pyrolysis conditions. The (Na+K)/CI molar ratios for Na, K
and Cl volatilised with the volatiles are found to be 1.8 — 2.4 at 800 — 1000 °C,
clearly suggesting that at least part of alkali metals (Na and K) were volatilised
separately with Cl, rather than as alkali chlorides, in consistent with previous results

on brown coal pyrolysis.””
6.3 PM; and PMyg Yields during the Combustion of Volatiles and Chars

The data in figure 6-2 demonstrate that significant amount of Na, K and CI in
biomass can be volatilised and become part of volatiles produced in situ from the
pyrolysis of raw biomass even at 800 — 1000 °C. As the chemical compositions of
PM; from biomass combustion dominantly consist of these elements, it is very likely
that the subsequent combustion of these volatiles may lead to substantial PM;
emission. However, the drop-tube/fixed-bed pyrolyser (see Figure 3-6 of Chapter 3)
for generating volatiles in situ from raw biomass pyrolysis is made of quartz. It is
important to note that under reducing atmosphere, SiO, may be reduced to form
volatile SiO vapours, which can be subsequently reoxidised during combustion to

223, 276

form fumes as part of PM;. Therefore, the contribution from such possible

reactions between the quartz reactor and volatiles generated in situ to PM; emission
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needs to be understood. In this chapter, an ash-free microcrystalline cellulose sample

(Avicel PH-101, particle size: 30~50 pum) was fed into the drop-tube/fixed-bed
pyrolyser of the two-stage pyrolysis/combustion reactor system to generate ash-free
volatiles at 1000 °C for subsequent combustion and PM collection. It was found that
the formation of PM;( from the combustion of the volatiles generated in situ from
cellulose fast pyrolysis is negligible, as shown in Panel (a) of Figure 6-3 and Figure
6-5, which will be discussed later. Further ICP-AES analysis of the PM collected
from the combustion of volatiles produced in situ from fast pyrolysis of cellulose
shows that there is little Si present in those PM samples. Therefore, these data
demonstrate that the effect of the potential reactions between quartz pyrolyser and
volatiles on PM emission can be neglected under the experimental conditions in this
chapter. The PM collected from the two-stage pyrolysis/combustion reactor system is
truly contributed by the combustion of volatiles produced in situ from the pyrolysis

of raw biomass under those conditions.

Figure 6-3 presents the data on the yields of PM with aerodynamic diameters in the
size ranges of less than 0.1 um (PMy ), 0.1 — 1 um (PMy.1), less than 1ym (PM,), 1
— 10 um (PMy.j0) and less than 10 um (PMy), respectively, from the combustion of
volatiles and chars produced from raw biomass fast pyrolysis at 800 — 1000 °C. It is
important to note that the total PM, yields are calculated as the sum of those from
volatiles and chars combustion, benchmarking against that from the direct
combustion of raw biomass in the DTF under the same combustion conditions. The
PM yields are normalized to the equivalent amount of starting raw biomass (db), as
shown in panel a, b, and c of Figure 6-3, respectively. Several important points can

be observed from the data in Figure 6-3.
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Figure 6-2: Distribution of AAEM species and Cl in chars and volatiles during the

pyrolysis of raw biomass under different conditions
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Firstly, the combustion of volatiles indeed produces substantial amounts of PMy,

which are dominantly PMI1, accounting for 95.6 — 98.4% of total PM;, collected
from volatiles combustion. This is as expected because the majority of alkali metals

(Na and K) and chlorine that are mainly responsible to PM,; emission®® > 2°*

were
volatilised, while the majority of refractory elements (Mg and Ca) that are the main
compositions of PM,.jp were retained in chars during biomass pyrolysis (see Figure
6-2). In fact, the data presented in panel (a) of Figure 6-3 clearly demonstrate that

significant PM; generated from volatiles combustion are dominantly contained the

ultra-fine particles with a size less than 0.1um (PMy ).

Secondly, the combustion of volatiles produced in situ from biomass fast pyrolysis at
higher temperatures results in a clear increase in the PM, ; yields (therefore PM; and
PM, yields). This appears to correlate well with the increased volatilisation of Na, K
and Cl as the temperature of the drop-tube/fixed-bed pyrolyser increases from 800 to
1000 °C (see Figure 6-2).

Thirdly, it is important to note in Figure 6-3b that opposite to the combustion of
volatiles, the combustion of chars contributes mainly the emission of PM;_ o, which
accounts for 84.4— 98.4% of the total yield of PM;, collected from char combustion.
An increase in pyrolysis temperatures from 800 to 1000 °C appears to have little
effect on the yields of PM,.;o produced from the combustion of chars. The yields of
PM, from the combustion of chars produced from raw biomass fast pyrolysis at 800
— 1000 °C are small. However, a decrease in the PM; (including mainly PM, ;) yield
from char combustion is also evident as pyrolysis temperature increases from 800 to
1000 °C, which appear to correlate well with the decreasing Cl content in the char as

pyrolysis temperature increases (see Table 3-2 of Chapter 3).

Lastly, the sum of PM yields from the combustion of both volatiles and chars
(denoted as “volatiles + char” hereafter) are presented in Figure 6-3c, benchmarking

against the PM yield from direct combustion of the raw biomass in the DTF at 1300
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°C under the same conditions. It is important to note that it is not possible to obtain

the data on PM emissions from the combustion of volatiles generated in situ from
biomass fast pyrolysis at 1300 °C due to the limitation of the quartz pyrolysis reactor.
It is interesting to see that the yields of PMy;, PM; and PM,, from the “volatiles +
char” combustion (pyrolysis takes place at 800 — 1000 °C) are slightly higher than
those from direct biomass combustion. While the exact reasons are unknown at
present, several responsible mechanisms may be speculated. For example, the
volatiles-char interactions (10 mins) would be prolonged for the cases of “volatiles +
char” combustion, in comparison to that during direct biomass combustion.
Additionally, there would be significant differences in the properties of both volatiles
(including any AAEM species and Cl in the volatiles) and chars produced at 800 —
1000 °C with those at 1300 °C. Furthermore, during direct biomass combustion, there
would also possibly be potential synergies in PM emissions between volatiles and
char combustion, such synergies are absent in the case of “Volatiles + Char”
combustion. In summary, it is obvious that future work is required to clarify this
important point via innovative reactor design, achieving the operation of the

first-stage pyrolysis at the same temperature of the second-stage combustion.

To further illustrate the important role of volatiles combustion in PM emission, the
contribution of volatiles and char combustion to the total yields of PM; and PMy (i.e.
the sum of “volatiles + char” combustion in Figure 6-3¢) are presented in Figure 6-4.
It is clear that PM, (both PM,; and PM ;.;) emission was dominantly contributed by
volatiles combustion, accounting for 77.4 — 89.3% of the yield of PM; from
“volatiles + char” combustion. As discussed, the contribution of volatiles combustion
to total PMy; yields appears to increase with pyrolysis temperature, which is likely
as results of enhanced volatilisation of Na, K and Cl. The contribution of char
combustion to PM; emission is limited. However, char combustion is dominantly
responsible for PM;_jy emission, accounting for almost all (97.5 — 99.7%) of PM,_j
from the “volatiles + char” combustion. The pyrolysis temperature seems to have

little effect on the contribution of char combustion to total PM;.;y emission.
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Figure 6-3: PM yields from the combustion of (a) volatiles, (b) chars and (c)
“volatiles + char” (compared with raw biomass combustion). Graphs normalized to

the equivalent biomass (db) input into the furnace

6.4 Properties of PM; and PM;o Collected from the Combustion of Volatiles
and Chars

To further understand the properties of PM; and PM,, produced from the combustion
of volatiles and chars, analyses were carried out to obtain the data on mass-based
PSDs of PMj and elemental mass-based PSDs of Na, K, Mg, Ca and CI in PMy,. As
shown in Figure 6-5a, the mass-based PSDs of PM;, from volatiles combustion,
normalized to equivalent raw biomass, generally show a unimodal size distribution,
i.e., with a fine mode ranges from ~0.022 to ~0.043um. It is also clear that increasing
pyrolysis temperature leads to an increase on the mass of particulate matter <
0.077um, possibly due to the increased volatilisation of inorganic species with
volatiles at higher pyrolysis temperature. Figure 6-5b presents the data on PSDs of
PM, from char combustion, normalized to equivalent raw biomass, generally shows
a unimodal distribution, i.e., a coarse mode with a mode diameter of ~6.8um. An
exception is the PSD of PM;, from “Char-800 °C” combustion, which also shows a
fine mode with a mode diameter < 0.022 pum, probably because of the high Cl

content in “char-800 °C”. The mass of particles in the size range of 0.955 — 10.174
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um remains almost unchanged from the combustion of chars prepared at different

temperatures, although increasing pyrolysis temperature causes a considerable
reduction in the mass of particles less than 0.1 um, in agreement with the decrease of
PM; yield from char combustion (see Figure 6-3b), possibly due to the low CI
content in the chars (see Table 3-2 of Chapter 3). Considering the data in Figure 6-5a
and 6-5b together, the PSDs of PM,, from “volatiles + char” combustion show a
biomodal distribution with a fine mode in the range of 0.022 — 0.043 pm and a coarse
mode with a mode diameter of ~6.8um, which is similar to that of raw biomass

combustion (see Figure 6-5c).

The data on elemental-mass-based size distributions of AAEM species and Cl in
PM,, normalized to the unit mass of equivalent raw biomass (db) are presented in
Figure 6-6. It is clear that Na, K and Cl all have a unimodal distribution from the
combustion of volatiles (see Figures 6-6a-c) with a single mode ranges from ~0.022
to ~0.043um, in consistence with the mass-based PSDs of PM,, from volatiles
combustion (see Figure 6-5a). The mass of Na, K and Cl in particulates < 0.077um
shows a substantial increase at a higher pyrolysis temperature (see Figures 6-6a—c),
which is in consistence with the trend observed in mass-based PSDs of PM;, from
volatiles combustion (see Figure 6-5a). The data on the elemental yields (see Figure
6-7a-c) further demonstrate the dominant presence of Na, K and Cl in PM,
(particularly PMy ;) produced from volatiles combustion and the significance
influence of pyrolysis temperature. It should also be noted that there are still low (but
not zero) concentrations of Mg and Ca present in PM;.jy samples emitted from

volatiles combustion.
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Figure 6- 4: The distribution of PM; yield from the combustion of volatiles and
chars, based on the total PM, yield from “volatiles + char” combustion, including
the yields of PM with aerodynamic diameters (a) less than 0.1 pum (PMy,), (b)
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Figure 6- 5: Particle size distributions (PSDs) of PM;, from the combustion of (a)
volatiles, (b) chars and (c) “volatiles + char” (compared with biomass combustion).

Graphs normalized to the equivalent biomass (db) input into the furnace

The elemental-mass-based PSDs of Mg and Ca from char combustion show a
unimodal distribution in PM;, with a coarse mode of ~6.8 um (see Figures 6-6i-j),
which is also same as the coarse mode in the mass-based PSDs of PM (see Figure
6-5b). The dominant presence of Mg and Ca in PM;_j is in agreement with the
results reported in Chapter 5 and also previous studies.”® ** #>2** The responsible
mechanisms are generally considered to be ash formation from these refractory
elements during the combustion of char particles.*** Oppositely, there is little Na, K
and CI present in PM;y from char combustion. An exception is the PSDs of Na, K
and Cl from the combustion of “Char-800 °C”, that show a fine mode with a mode
diameter less than ~0.022um, most likely due to the high CI content in the char. In
despite of the low concentrations of Na, K and Cl in PM;( from char combustion,
these elements are still dominantly presented in PM ;, which generally has decreased
yields of these elements in PMy; with increasing pyrolysis temperature (see Figures
6-7f-h). The dominant presence of Na, K and Cl in PM; from the combustion of both
volatiles and chars are known to be results of homogeneous nucleation and/or

heterogeneous condensation of the Na, K and Cl-containing vapors on fine
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Figure 6-6: Elemental mass size distribution of AAEM species and Cl in PM;( during
the combustion of volatiles and chars produced at different temperatures: (a) Na, (b)
K, (¢) Cl, (d) Mg and (e) Ca are from volatiles combustion; (f) Na, (g) K, (h) Cl, (i)
Mg and (j) Ca are from char combustion; (k) Na, (1) K, (m) CI, (n) Mg and (o) Ca are
from “volatiles + char” combustion, also compared with raw biomass combustion.

Graphs are normalized to the mass of raw biomass (dry basis) input into the furnace

Considering the AAEM species and Cl in the PM( from the combustion of both
volatiles and chars together, the PSDs of and yields of these elements in PM;y from
“volatiles + char” combustion are presented in panels k-o of Figures 6-6 and 6-7,

respectively. Similar with the case of raw biomass combustion, the Na, K and Cl are
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dominantly contained in PM; (account for 95 — 99% based on the mass of these

elements in PM() with a fine mode in the range of ~0.022 to ~0.043um. However,
Mg and Ca are concentrated in PM;_jp with a mass percentage of 91 — 99% based on
the total elements in PM;y with a coarse mode of ~6.8 um (see panels n — o of

Figures 6-6 and 6-7).
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6.5 Further Discussion on the Mechanisms Responsible for the Emission of PM;

and PMi.10

The data in sections 6.2—-6.4 suggest as the first time in the field on the significant
contribution of volatiles combustion to PM; emission. Based on this finding, new
possible mechanisms responsible for PM formation/emission during biomass

combustion are proposed and schematically illustrated in Figure 6-8.
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Figure 6-8: Possible ash formation/emission mechanisms during pulverized biomass

combustion, modified based on the findings in Chapter 6 and previous studies.” "’
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6.5.1 PM; Rormation/Emission Mechanisms
® \/latiles combustion

As shown in Figure 6-8, considerable amounts of organically bound AAEM species
(particularly Na and K) may be released into gas phase during pyrolysis, so do
almost all the Cl and organic S.""” The released volatiles (including inorganic species
released) may combust immediately and undergo a series of gas phase reactions to
form different components of AAEM species, S and CI (e.g. alkali chlorides, alkali

sulfates and oxides of alkaline earth metals, etc.).

Furthermore, these compounds in gaseous phase may become supersaturated due to
the lowered vapour pressure of the new compounds formed and/or due to the cooling
of the flue gas. The supersaturation of the respective compounds may result in
homogeneous nucleation to form new particles and/or heterogeneous condensation
(and/or reaction) on existing particle surface (either aerosols or coarse ash particles).
It is suggested that formation of particles by nucleation and condensation of vapors
on existing particle surfaces are always competing processes. The higher the surface
area of existing particles is the more the formation of particles by nucleation is
suppressed and the growth of existing particles by condensation is preferred.
Therefore, it is generally observed that the inorganic vapors may prefer to condense
more on smaller particles rather than on the bigger ones, because of the high surface
to volume ratio of small particles. Once the particles are formed, they collide with
each other and may adhere or coalesce, which leads to a decrease of particle numbers
in the flue gas but an increase of particle diameters, and consequently the PM; is

formed via the above processes.

Indeed, the data in sections 6.2—6.4 have clearly demonstrated that the volatilisation
and subsequent combustion of Na, K and Cl with volatiles produced in situ from
biomass fast pyrolysis is a key mechanism responsible for PM; emission.
Furthermore, the PM; yields from volatiles combustion increase with an increase in

the pyrolysis temperature for in situ volatiles generation (see Figure 6-3). The results
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suggest the enhanced release of volatiles (see Figure 6-9a) and the enhanced release

and/or volatilisation of AAEM species and Cl (see Figures 6-9b-d) at higher
pyrolysis temperatures. A close investigation shows that the compositions of the
volatiles influence PM; emission significantly during volatiles combustion. Figures
6-9b-d demonstrate a strong correlation between the PM; yields and the content of

(Na+K+Cl), (Na+K) and Cl in the volatiles.
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Figure 6-9: Relationship between PM; yield from volatiles combustion between (a)
total volatile yield, (b) the content of (Na+K+Cl) in volatiles, (c) the content of

(Na+K) in volatiles and (d) the content of Cl in volatiles

It is also interesting to note that the combustion of volatiles also results in the
presence of refractory elements (Mg and Ca) in either PM; or PM,_;¢ (particularly for
“volatiles—1000°C” combustion), although the amount is very low. This phenomenon
directly demonstrates that a small amount of Mg and Ca species will be carried out
with volatiles during pyrolysis and consequently contribute to PM; (and also PM,_j)

emission during volatiles combustion. Similar phenomenon of the presence of Mg
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can Ca in PM, was also found by Lind et al. ™ and Sippula et a

® Char combustion

As shown in Figure 6-8, the alkali metals and tiny amount of Cl retained in the char
possibly release to gas phase during char combustion, the released components may
follow similar gas phase reactions to that of the components formed via volatiles
combustion. Once the gas phase components formed, they may contribute to the
formation/emission of PM; as results homogeneous nucleation and/or heterogeneous
condensation (and/or reaction), and subsequent coagulation and agglomeration,
which are similar to those processes of volatiles combustion. There are also small
amount of Mg and Ca in PM; from char combustion (see Figures 6-6 and 6-7), which
is likely due to the liberation of fine Mg- and Ca-containing particles (less than 1 um)

which are originally present in the biomass.

However, the results in Sections 6.2 to 6.4 suggest that the contribution of char
combustion to PM; emission is limited, possibly due to the absence of Cl in the char.
Such similar result is also found in Chapter 5, indicating the significant roles of Cl in
the emission of PM;. Additionally, the molar ratios of (Na+K)/CI in PMy ; (which are
dominantly contained in PM;) from the combustion of volatiles and raw biomass are
all close to 1 (see Figure 6-10), further supporting that volatiles combustion rather

than char combustion, is the main mechanism responsible for PM; emission.

6.5.2 PMj.1;0 Formation/Emission Mechanisms

The data in Sections 6.2 to 6.4 suggest that the liberation of refractory elements (such
as Mg and Ca) during char combustion is a key mechanism for PM;
formation/emission. The refractory elements may be liberated to flue gas followed
the possible processes of char fragmentation and ash melting and/or coalescence, and
consequently, Ash particles formed by the above mechanisms generally have a wide

range of compositions, shapes and sizes (normally larger than 1um), related to the
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characteristics of the parent biomass. Heterogeneous condensation and/or reaction

between inorganic vapors and these larger particles may also take place in a limited
extent. Therefore, particles formed via these processes consist mainly of refractory

species such Mg and Ca
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Figure 6- 10: Molar ratio of (Na+K)/Cl in the PM samples with aerodynamic
diameters less than 0.1 um (PMy;) that were collected from the combustion of

volatiles and raw biomass.

6.6 Conclusions

This chapter reports the direct experimental evidence on the substantial contribution
of volatiles combustion to PM; emission during biomass combustion, via a series of
experiments by using a novel two-stage pyrolysis/combustion reactor system. The

major conclusions are drawn as follows:

(1) An increase in pyrolysis temperature from 800 to 1000 °C leads to an increase in
the yield of volatiles from 83.7% to 87.4% (db), and the release and/or volatilisation

of Na, K, Mg ,Ca and Cl from 51.8 to 81.4%, 43.5 to 54.5%, 2.5 to 9.3%, 6.3 to
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16.1% and 85.2 to 97.2%, respectively.

(2) Based on the data from the combustion of volatiles produced in situ from raw
biomass pyrolysis at 800 — 1000 °C, volatiles combustion contributes to 77.4 —
89.3% of the yield of total PM; while char combustion contributes to 97.5 — 99.7%
of the yield of total PM;_j.

(3) PM; from volatiles combustion is dominantly PM; and consists of mainly Na, K
and ClI, with little Mg and Ca. The mass-based PSDs of PM;, and
elemental-mass-based PSDs of Na, K, and CI (which are dominantly contained in
PM,) from volatiles combustion generally show a unimodal distribution with a fine
mode range from ~0.022 to ~0.043 pum. A higher pyrolysis temperature leads to a
significant mass increase of the particles (and the mass of Na, K and Cl dominantly

contained in these particles) with a size less than ~0.077 um.

(4) The mass-based PSDs of PM;( and elemental-mass-based PSDs of Mg and Ca
(dominantly contained in PM;.1¢) from char combustion generally show a unimodal
distribution with a coarse mode of ~6.8 um. Increasing char preparation (i.e.,
pyrolysis) temperature leads a considerable mass decrease of particles with a size
less than 0.022 um (and also Na, K and Cl in these particles) during char combustion,

possibly due to the reduction of Cl content in chars.

(5) The volatilisation and subsequent combustion of Na, K and CI with volatiles
produced in situ from biomass fast pyrolysis are the key mechanism responsible for
PM, emission. There are strong correlations between the PM; yields and the contents
of (Na+K+Cl), (Na+K) and Cl in the volatiles from volatiles combustion. The
dominant presence of alkali (Na and K) chlorides in PMy; collected from the

combustion of volatiles and raw biomass is also evident.
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CHAPTER 7 SIGNIFICANT ROLES OF INHERENT FINE

INCLUDED MINERAL PARTICLES IN THE EMISSION OF
PMiy DURING PULVERIZED COAL COMBUSTION

7.1 Introduction

Inorganic particulate matter (PM) with an aerodynamic diameter of less than 10 um
(i.e. PMjp) is a major aerosol pollutant emitted from stationary coal-fired
powerstations, drawing worldwide attention due to its adverse health and
environmental impact. The need for controlling PM emission leads to extensive
investigations on the formation and/or emission mechanisms of PM;y over the past
decade. A number of mechanisms have been proposed to be responsible for PM with

an aerodynamic size less than 1 um (PM;), such as inorganic species vaporization,

223,276

condensation, and aggregation, surface ash shedding during char combustion,*”

229,279

*8 bursting of cenosphere, and convective transport of organically bound and

possibly small-grained inorganic species away from coal particle during coal

233

devolatilization,”” etc. The proposed mechanisms for the formation and/or emission

of PM with an aerodynamic size between 1 and 10um (PM;_;¢) from coal combustion

206, 280 212, 281

are included minerals coalescence , char fragmentation and excluded

189, 278, 282 Tphe particle size distributions (PSDs) and

minerals fragmentation.
characteristics of PM;o may therefore be governed by a combination of these

mechanisms so that are largely dependent on combustion conditions and coal

281,283 1 27,284

properties, particularly the characteristics of mineral matter in coa
In Western Australia, Collie coal is the only coal currently being mined and plays an
important role in supplying cheap energy to power the state’s economy. It is a
sub-bituminous coal of high-moisture and high-volatile.contents. A unique feature of

the coal is that it contains abundant fine included mineral matter (e.g. fine quartz and
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kaolinite particles etc.) which are known to be responsible for ash deposit initiation

and growth.”™® As results of the presence of these fine mineral matter particles, it is
reasonable to speculate that these fine included mineral particles in the coal matrix
may substantially contribute to PM;, formation during coal combustion.
Unfortunately, little works thus far has been done on this important aspect, which is
the main objective of this chapter. Therefore, a unique coal sample which is known to
contain fine included mineral matter only was prepared. After that, a series of
experiments were then conducted to investigate the roles of fine included mineral
particles inheriented in coal in the emission of PM;o during coal combustion via

using a drop-tube furnace (DTF, see Section 3.3.2.2 of Chapter 3).
7.2 Characterisation of Fine Mineral Particles in Coal

A Collie coal samples was firstly crushed and sieved to a narrow size fraction of
63-90 pm, followed by density separation to a density fraction of 1.4-1.6 g/cm’ via
sink-float method. The size-narrowed and density-seperated coal sample was then
washed with acetone to remove the heavy liquid remained after density separation,
followed by drying in argon at 105 °C for 2 hr to completely evaporate the acetone.
Then the acetone washed coal was termed as “raw coal” (see Section 3.3.1 of
Chapter 3), which was subsequently analyzed by CCSEM to obtain the data on the
characteritics of fine mineral particles, as shown in Figure 7-1. Approximately 56.0%
of the total mineral matters are in the form of fine mineral particles with a size <
Sum, furthermore, the mineral particles of a size < 10 um account for ~90% of the
total mineral matters in coal (see Figure 7-1a). It should be noted that the the coal is
expected to dominantly contain included mineral matter, as either included mineral
particles or organically-bound inorganic elements, due to the low coal density,
because excluded minerals generally have a much higher densities (> 2.4 g/cm’).**
Indeed, CCSEM analysis shows no excluded mineral matter in the coal so that the
abundant fine mineral particles are all fine included mineral particles inherently

present in the coal matrix. Quartz, kaolinite and iron-bearing minerals are found to be
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key minerals and the presence of K Al-silicate is also evident (see Figure 7-1b). It

should be noted in Figure 7-1 that ~35% of mineral particles are categorized as
“unclassified”. A close examination suggests that an “unclassified” mineral particle
typically consists of multiple mineral phases, mainly as mixtures of Fe and Ca Al

-silicates, plus some with less extent of Ti- and P-containing minerals.
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Figure 7- 1: Properties of mineral matter in the raw coal: (a) total mineral size

distribution; (b) main mineral phases

To isolate the contributions of fine included mineral particles and organically-bound
elements to PM formation during coal combustion, the raw coal sample was then
washed using dilute acid (0.1 M HCI acid) for 24 hours and subsequently rainsed
with Milli-Q water repeatedly to prepare the acid washed coal for further
experiments. Acid washing using dilute acid removes acid soluble inorganic speices
(mainly organically-bound elements, plus acid-solube minerals e.g. carbonates etc.),

yielding a coal sample consisting of only discrete included mineral particles.
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Hereafter in this chapter, the acid washed coal and its derived char prepared from fast

pyrolysis at 1000°C (see Section 3.3.4.2 of Chapter 3) are simply denoted as “coal”
and “char”, respectively. The typical fuel properties of “raw coal”, “coal” and its

derived char are summarized in Table 7-1.

Figure 7-2 further presents the elemental distribution of mineral matter after the raw
coal was washed with 0.1M HCI acid. As expected, the majority of Ai and Si are
retained in the acid-washed coal, suggesting that Al and Si are not organically-bound
in the coal matrix but mainly in acid-insoluble forms as included discrete mineral
particles. Meanwhile, only small amounts (0.5-1.7%) of K, Mg, S and Ti are washed
away by dilute acid, indicating that K, Mg and Ti mainly present in acid-insoluble
forms such as alumino-silicates, S may mainly occurs in the coal substance and/or in

the mineral fraction such as sulfides which are acid-insoluble.?®

However, Figure
7-2 shows that ~7.1-33.0% of Ca, Sr, Ba, Na, P and Fe were removed by acid
washing, suggesting that small proportions of these elements are present in the raw
coal in either organically-bound forms and/or acid-soluble minerals e.g. carbonates
and phosphates. It is known that Na, Ca, Sr, Ba, Fe and P may be organically bound

287, 288

in coal (particularly low-rank coals) and/or exist as carbonates and

phosphates.”

Based on the data in Figures 7-1 and 7-2, it is clear that the “raw coal” contains
abundant fine included mineral particles of an included nature, plus possibly small
proportions of organically-bound ash-forming species. Therefore, acid-washing
indeed removes the acid-soluble mineral matter and delivers an excellent coal sample
that contains only included mineral particles. Such unique property of the coal and
char sample simplify the experimental program and enables us to purposedly
investigate the effect of included mineral matter particularly the fine discrete

included mineral particles on PM;y emission.

Inorganic PM Emission During Solid-Fuels Combustion 142



g&= | Curtin University CHAPTER 7

Table 7- 1: Proximate and ultimate analysis of the coals and their derived coal-chars

Samples Raw coal Acid-washid coil Char-acid-wa‘s‘hed ioal
(termed as “coal”) (termed as “char”)
Proximate analysis:
M? (% ad) 6.0 6.5 6.8
Ash (% db) 5.6 5.1 7.8
VM (% db) 37.8 37.3 3.8
FC® (% db) 56.6 57.6 88.4
Ultimate analysis ( % daf):
C 70.63 71.44 94.96
H 4.00 3.92 0.41
N 1.74 1.96 1.96
S 0.68 0.69 0.12
o) 22.95 21.99 2.55

Contents of inorganic species (Wt% db)

Si 1.3774 1.2168 1.8605
Al 0.8140 0.7357 1.1762
Fe 0.3368 0.2488 0.4514
Ca 0.0580 0.0480 0.0869
Mg 0.0208 0.0163 0.0280
K 0.0453 0.0171 0.0189
Na 0.0078 0.0063 0.0066
P 0.0680 0.0590 0.0964
Ba 0.0281 0.0184 0.0289
Sr 0.0213 0.0177 0.0279
Ti 0.0498 0.0435 0.0761

* moisture; ° volatile matter;  fixed carbon; ¢ by difference.
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Figure 7-2: Inorganic elements distribution afte dilute acid washing

7.3 Yield and Mass-Based Particle Size Distribution (PSD) of PM;o from the

Combustion of Coal and Char

Figures 7-3 and 7-4 present the yields and PSDs of PM;y produced from the
combustion of coal and char in the DTF. It should be noted that the ash contents in
the coal and char are 5.1 and 7.8% db, respectively (see Table 3-4 of Chapter 3).
Therefore, the PM data are then normalized to the unit mass of ash input in order to

directly compare the ability of mineral matter in different fuels on PM,, emission.

As shown in Figure 7-3, the yields of PM;, from the combustion of coal and char are
150.1 and 142.6 mg/g_ash input, respectively. It is clear that the PM;y dominantly
contains PM;_jp with a yield of 136.2 and 125.9 mg/g_ash from the combustion of
coal and char, respectively, while the yields of PM; are limited (13.9 and 16.7
mg/g_ash from the combustion of coal and char, respectively). This is not
surprising due to the majority of organically bound elements, which are expected to
have significant contribution to PM; emission,>> were removed by acid washing of

the “raw coal”.
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The PSDs of PM; (see Figure 7-4) from the combustion of coal and char exhibit a

bimodal distribution with a coarse mode diameter of ~4.087 um, which is in

: . . - 102, 200
agreement with the repored values in previous studies

on PM;q from coal
combustion, and a fine mode diameter in the range of ~0.022—0.043 um (see zoom in
figure of Figure 7-4). Further mass balance analysis indicates that given a collect
efficiency of ~68% achieved in sample collection of the DTF system, the amounts of
PM; and PM; ;¢ account for ~2.3% and ~19.4% based on the total ash collected in
DLPI and cyclone (see Figure 7-5). Particular attentions are then given to PM,_jo due
to its high proportion in ash, which appears to correlate well with the unique feature

of mineral matter in the coal samples, i.e. the occurrence of abundant fine included

mineral particles.
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Figure 7- 3: Yield of PM with aerodynamic diameters less than 1um (PM;), between

1 and 10pm (PMj_j9), and less than 10um (PM;o) from the combustion of coal and

char
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Figure 7- 4: Mass-based particle size distribution (PSD) of PM;, from the

combustion of coal and char
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Figure 7- 5: Yield distribution of PM with aerodynamic diameters less than 1um
(PM)), between 1 and 10um (PM,.o), and ash collected in cylone from the

combustion of coal and char
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7.4 Direct Evidences on the Significant Contribution of Fine Included Mineral

Particles to PMj.10 Emission

As discussed in Section 7.3, the high mass proportion of PM;_jo based on the total
ash collected indicates a good correlation with the occurrence of abundant fine
included mineral particles in coal and char. Furthermore, the PM;_;y samples contain
dominantly refractory elements (including Si, Al, Fe, Mg and Ca) and alkai metals
(Na and K). Reported as oxides, the sum of SiO,, Al,Os, Fe,03, MgO, CaO, Na,O
and K,O contribute to close to 95.0% of the total mass of PM,_j (see Figure 7-6). A
close investigation shows that the amounts of water soluble Na and K in PM,_o from
the combustion of both coal and char are limited (see Figure 7-7), indicating the
forms of Na and K in PM,.jy are probably in water-insoluble minerals such as Na-
and K- aluminosilicates and/or silicates. Indeed, the chemistry of PM,_jy correlated
well with that of the mineral matter in the parent fuels (i.e., coal and char, see Table
3-4 of Chapter 3 and Figure 7-1b). The data further suggest that the fine included

mineral particles are the main source of PM;_jy emission.
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Figure 7- 6: Composition of major inorganic elements (reported as oxides) in PM;_j

collected from coal/char combustion
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Figure 7- 7: Comparison on the mass percentage of total and water-soluble alkali

metals (Na and K) in PM,_;¢ produced from the combustion of coal and char

Efforts were then taken to investigate PM,.;p morphology. Figure 7-8 presents a
typical SEM image acquired from the ash particles present in the size fraction 4.087
—6.852 um of the PM;_jy sample from coal combustion. The fine ash particles are
dominantly spherical- or oval- shaped. The energy dispersive X-ray Spectrums (EDS,
see Figure 7-8) of selected fine ash particles suggest that the spherical particles (also
with smooth surfaces) contain mainly Si, Al, Fe, K and O possibly as mullite and/or
aluminosilicates, indicating these particles experienced complete melting during
combustion. This is not surprising given the abundant kaolinite and Al-silicates
particles in coal mineral matter and the burning coal particles are known to reach a
peak temperature several hundred degrees higher than the surrounding gas

temperature.m’ 21

The oval-shaped particles contain Si and O only, suggesting these
fine ash particles are originated from the abundant fine included quartz (SiO;)
particles in coal but have only experienced partial melting during combustion.

Furthermore, XRD diffractograms of the PM_jo samples clearly show (see Figure 7-9)
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that the mineral phases in PMj.;p are mainly quartz, mullite, plus aluminum

phosphate and iron silicates. Although the quantitive analysis of mineral phases in
PM,,o is difficult to achieve due to limited samples available, the XRD

diffractograms clearly suggest the presence of abundant quartz particles in PM;_jo.
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Figure 7- 8: SEM images and EDS spectrum of PM with an aerodynamic diameter of

4.087 — 6.852 um in PM,_j collected from coal combustion

The results presented in Figures 7-6 to 7-9 have significant implications in revealing
the fundamental PM,_jy formation mechanisms. As quartz particles in PM;_jo are not
likely to be the product of other reactions of coal mineral matter during combustion,
all the fine quartz ash particles in PM; o must be formed from the direct

transformation of the fine included quartz particles originally present as included
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mineral matter in the parent fuels (coal or char samples). It was reported that

fragmentation of quartz (particularly included quartz in coal particles) are unlikely
during pulverized coal combustion.** The morphology of quartz particles in Figure
7-8 also suggests that although experienced partial melting during combustion, the
quartz particles are largely individual ash particles with little evidence of coalescence
with other quartz particles included in the same burning coal particles. Therefore, the
results in Figures 7-6 to 7-9 provide direct experimental evidence for direct
transformation of fine included quartz mineral particles into fine quartz ash particles

in PM ¢ as an important mechanism for PM,_; formation.
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Figure 7- 9: XRD patterns of PM with an aerodynamic diameter of (a) 1.624 — 2.438
um, (b) 2.438 — 4.087 um, (c) 4.087 — 6.852 um and (d) 6.852 — 10.174 pm collected

from coal combustion

Similarly, it is therefore also possible that the contribution of other fine mineral
particles (such as fine kaolinite, Fe Al-silicates, pyrite etc.) in coal to PMj_

formation can also be substantial, although different mineral reactions and various
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extents of coalescence of these fine included mineral particles may take place within

the burning coal particles. This is clearly supported by the major mineral phases
identified in PM,_;o, as shown in Figure 7-9. For example, mullite is known to be the
major product of kaolinite thermal decomposition.*® The presence of hematite in
PM,_j is a clear indication on the direct transformation of pyrite combustion with

minimal coalescence with other ash particles.

7.5 Roles of Inherent Fine Included Mineral Particles in PM; Emission during

Char Combustion

. 234,235,272
Recent studies®* 23?7

suggest that PM; consits two major fractions including PM
with an aerodynamic diameter of less than 0.1 um (PMy;) and 0.1-1 pm (PMy 1.)),
both organically bound metals and the inherent fine mineral particles in coal play
significant roles in its formation and/or emission. As aforementioned, the organically
bound metals in the coal were removed by dilute acid washing (see Section 7.2). To
further exclude the contribution of volatiles (including the inorganic species carried
out by volatiles) combustion to PM; emission (see Chapter 6), the char produced via
fast pyrolysis at 1000 °C was combusted to investigate the contribution of

vaporization-condensation of included minerals and direct transformation of inherent

fine mineral particles to PM; emission during char combustion.

Figure 7-10 presents the chemical composition of PMy; and PMy ;.;, which accounts
for ~34.4% and ~65.6% based on total mass of PM; collected, respectively. As
expected, PMy; dominantly contains volatile elements (such as Na, K, P and S) and
refractory elements (Fe and Si), with little amount of Al and other alkaline earth
metals (such as Ca, Mg, Ba and Sr), reported as oxides, the sum of Na, K, P, S, Cl, Fe,
and Si contributes to close to 92.7% of the total mass of PM ;. Oppositely, PMy .
are mianly composed of refractory elements (Al, Si and Fe), which account for
~84.3% of the total PM 1.; based on the mass of their oxides, while of the amounts

of volatile elements such as Na, K, P, S and Cl are relatively low. Such an obvious
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difference on the composition of PMy; and PMy ., indicates that their formation

and/or emission are governed by different mechanisms.

The elemental mass-based particle size distributions of the key elements including
Na, K, Al and Si in PM; are then plotted in Figure 7-11. There are three important
observations from the data presented. Firstly, increasing particle size leads a gradual
increase in the mass of Si and Al in PMy ;, but a drastic increase of those in PMg 1.1,
which are in agreement with the higher contents of both Al and Si in PMg;.; in
comparison to those in PMy ;. Secondly, the mass of Al in PMj; is much lower than
that of Si, however, the PSDs of Al and Si follow a similar trent in PMy ;.;. Thirdly,
PSDs of Na and K show a similar trend, which slightly decrease with the increase in

PM size.
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Figure 7- 10: Chemical composition (reported as oxides) of PM with an aerodynamic
diameter of (a) less than 0.1um (PMy ), and (b) 0.1 — I um (PMy.;) collected from

char combustion
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Figure 7- 11: Elemental mass-based particles size distribution of Na, K, Al, and Si in

PM; collected from char combustion

The data in Figures 7-10 and 7-11 provide important insight into the mechanisms
responsible for the formation and/or emission of PMy; and PMy;.;. The volatile
elements such as Na, K, P, S and Cl in PM,, particularly in PMy;, are genrally

40,222, 292
known™" ““~

to be formed via vaporization at high temperature during solid fuels
combustion, followed by a serious of gas phase reaction, homogeneous nucleation
and/or heterogenous condensation and/or reaction on the surface of existing particles.
Particle coagulation and agglomeration may also be involved.” On the contrast, for
refractory species (e.g. Si and Al ) in PMy , a generally accepted mechanism for the
vaporization of these oxides is the reduction to more volatile sub-oxides (SiO and
AlO) under the locally reducing atmosphere in fuel-rich regions and within the

223

burning-char particles.””” Furthermore, Al is suggested to be harder to vaporize

33 explaining well with the dominant existence of SiO,, rather

compared with Si,
than Al,O3 in PMy; (see Figures 7-10a and 7-11). The abundant fine inherent quartz

particles in the coal/char may contribute to the formation of PM,; in two
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mechanisms. One is that these fine quartz particles provide substantial surface area

for reduction reaction within the burning coal/char particle, enhancing the release of
Si0 that would be further reoxidised in the flame zone to form SiO, fume. The other
is that there are possibly ultrafine inherent quartz particles (e.g. those < 0.1um) in the
coal. The direct liberation of such ultrafine quartz (if any) can lead to the formation
of PMy ;. Direct libration of ultrafine inherent mineral particles appears to be possible.
The morphology of PM samples with a size fraction of 0.043 — 0.077 um is shown in
Figure 7-12a. apart from the spherical or aggregate-like particles as results of
vaporization-condensation mechanism, the existence of oval-shaped and individual

particle is also evident.

Opposite to PMj ;, both Si and Al are dominantly contained in PMy .;, besides, the
PSD of Al corresponds closely to that of Si in the size range of 0.1 — 1 um (see
Figure 7-10b and Figure 7-11). Such data clearly suggest the direct transformation of
fine (about 1um) Al-and Si-containing minerals (such as Al-silicates,
montmorillonite and kaolinite, see Figure 7-1b) into PMy ;.;. Furthermore, the molar
ratio of Si/Al in PMy ., is ~1.16, which is much lower compared to the ratio of
~3.11 in PMj ;. Such a substantial decrease in Si/Al molar ration in PMy ;.; compared
to that in PMy; further confirms the different transformation mechanisms of
Al-containing minerals into PMy ; and PMy .1, i.e., Al in PMj is likely to be a result
of limited vaporization and condensation,”” while the direct transformation of fine
Al- and Si-containing minerals seems to be responsible for the abundance of both Al
and Si in PMy ;.. Additionally, such a molar ratio (~1.16) of Si/Al in PMy ;.; suggests
the dominant existence of aluminosilicates in PM 1.1, as the molar ratio of Si/Al in
majority of aluminosilicates such as Na- and K- aluminosilicates is known to be ~1.
The existence of aluminosilicates in PMy ;.; is also indicated by the EDS analysis
of selected spherical particle with size range of 0.61 — 0.955 um, as shown in Figure
7-13b. Considering the data presented in Figures 7-10 to 7-12 together, it is clear that
Al in PMy . is originated from the fine (about 1pm) Al- and Si-containing mineral

particles presented in char, and most likely to exist as aluminosilicates in PMy .1 as
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results of a series of mineral reactions during char combustion.

It should be noted that the fine mineral particles in char may come from two parts.
One is the fine mineral particles originally existed in coal. In deed, CCSEM data
have shown that about 17% of the total mineral particles are in form of particles with
a size around lum (see Figure 7-1a). The other may be the fine mineral particles
produced during char preparation. In fact, the char was prepared at 1000°C, the
primary decompositions of included mineral matters such as kaolinite®® and/or

278 (see Figure 7-1b) are likely to take place to fragment into smaller mineral

pyrite
particles, probably accompanied by char fragmentation. Overall, the transformation
of inherent fine particles (particularly kaolinite and/or Al-silicates) originally existed
in the coal, and/or the fine mineral particles produced during char preparation plays a

significant role in PMj ;.; emission.
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Figure 7- 12: SEM images and EDS spectrum of PM with an aerodynamic diameter of
(a) 0.043 — 0.077 um and (b) 0.61 — 0.955 um in PM; collected from char

combustion
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In summary, the results in Sections 7.4 and 7.5 clearly indicate that the inherent fine

included mineral particles originally presented in parent fuels (coal and char) can
substantially contribute to the formation of fine ash particles in PM;¢ (includeing
both PM; and PM,_jp). This finding is of practically importance as it shows that the
properties (e.g. PSDs and mineral compositions) of inherient fine mineral matter in
coal may also need to be considerd as a key criterion in coal selection guideline for

assessing the potential of a particular coal in forming PM;( during combustion.

7.6 Possible Mechanisms Responsible for the Discrepancies in the Emission

Behavior of PM;o from the Combustion of Coal and Char

It is also noteworthy that considerable discrepancies were also observed on the
emission behavior and characteristics of PM;y from the combustion of coal and char
(see Figures 7-3 and 7-4). The PSD of PM,, (particular at sizes between 0.1 and
2.438um) from char combustion appears to slightly shift to smaller sizes in
comparison to that from coal combustion, accompanied by a considerable reduction
in the mass yield of PM with a size range of 4.087-10.174pum. Consequently, the
yields of PMj. o from char combustion are ~5.3% lower than that from the
combustion of its parent coal. However, there is no obviouse difference in the yields
of PM; from the combustion of coal and char. While the exact mechanisms
responsible for such differences in the emission of PM; ;o between char and coal
combustion are unknown at present, there are at least two possible mechanisms

which may be responsible.

One is the absence of volatile matter in a char compared to its parent coal. During
coal pyrolysis, the release of volatiles may be accompanied by the volatilization of
inorganic species so that it is important to investigate the retentions of major
inorganic elements (Si, Al, Fe, Na, K, Mg and Ca) in the char produced from the fast
pyrolysis of coal. Considering the char yield (51.8% db) and the contents of these

elements in char or coal samples (see Table 3-4 of Chapter 3), the data on the

Inorganic PM Emission During Solid-Fuels Combustion 156



g&= | Curtin University CHAPTER 7

retentions of Si, Al, Fe, Na, K, Mg and Ca are determined. As presented in Figure

7-13, although the majorities (80-98%) of Si, Al, Fe, Mg and Ca were retained in
chars, there are still 2-20% of these elements and ~44.3% of Na and K were released
during pyrolysis. Apart from the volatilization of Na and K, which is probably
because of ash vaporization, the releases of the refractory elements (Si, Al, Fe, Mg
and Ca) are more likely as results of physical carryover mechanisms, particularly fine
mineral particles inherented in the coal being released as part of volatiles jets from
the pyrolysing coal particles, or fine mineral fragments being released from the
decomposition of carbonates and/or pyrite etc. The releases of these species during
pyrolysis may be responsible for the slight reduction on the yields of PM;_ ;o during

char combustion.

100
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40
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Si Al Fe Na K

Figure 7- 13: Retention of major inorganic elements in char produced from fast

pyrolysis of coal at 1000 °C

The other is the differences in the combustion conditions between char combustion
and its parent coal combustion. During coal combustion, the intensified release of
volatiles during coal combustion would lead to rapid rotations of burning coal

particles.””

Therefore, such rotations would be much faster for burning coal particles
during coal combustion in comparison to the burning char particles during char

combustion, leading to significantly enhanced shedding of ash particles from the fast

Inorganic PM Emission During Solid-Fuels Combustion 157



g&= | Curtin University CHAPTER 7

receding surface of char hence increased PM; ;¢ yield during coal combustion.

Additionally, the absence of volatiles combustion during the combustion of char may
lead to a lower particle temperature during char combustion than that during coal

combustion.?* 7 It is

known that at a lower combustion temperature, the weaken
shedding of ash particles from burning coal/char particles may consequently lead to
decreased liberation of fine included mineral particles within a burning coal/char
particles.”™ As a result, the fine included mineral particles would have increased time
to coalescence, leading to decreased PM|_jy yield during char combustion. Indeed, as
shown in Figure 7-14, coalescence of included mineral particles in burning char/coal
particles obvisously took place during coal/char combustion because there are
substantial amount of large ash agglomerates (> 10um) present in the ash samples
collected in the cyclone from the combustion of either coal or char. Most importantly,
the intensified coalescence and agglomeration of fine included mineral particles
during char combustion are also clearly evidenced because the ash agglomerates
collected in cyclone from char combustion are considerably bigger than those from
coal combustion. It is also interesting to note that the ash agglomerates formed
during char combustion consist of mainly small ash particles of irregular shapes but

experienced partially melting, in comparison to sphereical particles (experienced

complete melting) during coal combustion, as shown in Figure 7-14.
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EDS Spectrum

Figure 7- 14: SEM images and EDS spectrum of ash particles collected by cyclone

from the combustion of (a) coal and (b) char

7.7 Conclusions

This chapter reports the significant roles of fine included mineral particles in the
formation and/or emission of PM;( during pulverized coal and char combustion. The

main conclusions are drawn as follows:

® CCSEM results show that ~90% of the total mineral particles in the Collie coal
sample are fine included mineral particles with a size <10 pm. The major

included minerals are quartz, kaolinite and iron-bearing minerals.

® The PM, collected from the combustion of coal and char samples dominantly
contains PM;_jo, of which the yields are 136.2 and 125.9 mg/g_ash input for coal
and char combustion, respectively. However, the yields of PM, are limited, of
which are 13.9 and 16.7 mg/g ash input for coal and char combustion,

respectively. As a result, the amounts of PM; and PM,_;y account for ~2.3% and
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~19.4% of the total ash colleted from the combustion of both coal and char,

respectively.

® PM,  contains dominantly refractory species, including Si, Al, Fe, Mg and Ca,

Na and K which are mainly in the forms of water-insoluble are also evident.

® PM,; from char combustion consits two major fractions (PMy; and PMy ;.;) with
different chemical compostion. PM,; dominantly contains volatile elements
(such as Na, K, P and S) and refractory elements (Fe and Si), with little amounts
of Al and other alkaline earth metals (such as Ca, Mg, Ba and Sr). Oppositely,
PM ., are mianly composed of refractory elements (Al, Fe, and Si), which
account for ~84.3% of the total PMy;.; based on the mass of their oxides,
while the amounts of volatile elements such as Na, K, P, S and Cl are relatively

low.

® The significant roles of fine included mineral particles in PM;.;o emission during
coal and char combustion are clearly evidenced via the identification of the
presence of abundant individual but partially-molten quartz ash particles in
PM,.jo. Furthermore, the significant roles of fine included kaolinite and/or
Al-silicates particles in the emission of PM; from char combustion are also

evident based on the vast existence of aluminosilicates in PMg ;.;.

® The differences in PSDs and yields of PM;, between the combustion of coal and
char maybe due to the release of inorganic species (mainly Si, Al, Fe, Na, K, Mg
and Ca) during coal pyrolysis for char preparation and the differences in the

prevailing combustion conditions.
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Introduction

This chapter summarizes the key research outcomes from this PhD study. Overall,
the thesis has delivered new insights into fundamental understanding on the emission
of inorganic PM during the combustion of solid fuel such as biomass, biochar and
coal. Firstly, this research has developed a new PM sampling method that minimizes
the distortion of ash properties by sampling process. Secondly, this research has also
reported as the first time in the field on the emission behavior and characteristics of
inorganic PM produced from the combustion of various biochars. Thirdly, a novel
two-stage pyrolysis/combustion reactor system was deployed to successfully separate
volatiles combustion from char, providing direct experimental evidence on the
substantial contribution of volatiles combustion to PM; emission. Finally, direct
evidence is also obtained on the significant roles of fine inherent mineral particles in
the emission of PM; during pulverized coal combustion. Additionally, based on the
data and findings so far, some recommendations are also given on the future work

required on several important aspects in this research area.

8.2 Conclusions

8.2.1 Effect of Sampling Temperature on the Properties of Inorganic

Particulate Matter Collected from Biomass Combustion

® Sampling temperature is found to influence significantly on the properties of

PM, collected from the combustion of pulverized biomass.

® (Coagulation of fine particles appears to be the key mechanism responsible for
the shift of PM; mass to larger size as the sampling temperature decreases,

although the total yield of PM; remains unchanged.
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® The chemical composition of PM; is dominantly Na, K and Cl and the mass

distribution of these elements also shifts to larger size in PM; as the sampling
temperature decreases, as results of the coagulation of Na-, K, and Cl-containing

fine particles.

® The PM,_ ¢ contains dominantly of Mg and Ca, the mass PM,_;o and the mass of
Mg and Ca in PM,_jy increases with increasing sampling temperature and levels

off at a sampling temperature close to the flue gas temperature (115°C).

® The reduction in the collection of Mg- and Ca-containing coarse particles in
PM,.jp as the sampling temperature decreases appears to be mainly due to

gravitational settling deposition.

® The “turning point” temperature of PSD and elemental mass size distribution

curves seems to correlate well with the SO; dew point of the flue gas.

® To ensure the proper collection of PM;, the sampling temperature should be
above the flue gas acid dew point temperature to prevent acid gas condensation
and furthermore be kept at a temperature same as (or close to) the flue gas

temperature.

8.2.2 Emission Behavior and Characteristics of PM; and PMy, from the

Combustion of Pulverized Biochar in a Drop-Tube Furnace

® The biochar yields during biomass pyrolysis range from ~26.7 to ~37.0%
depending on pyrolysis conditions. At such low temperatures, the majority (78.5
—100.0%) of AAEM species are retained in biochars after pyrolysis, while the

retention of Cl in biochars is only 2.0 — 33.4%.

® The PSD of PM,, from raw biomass combustion has a bimodal size distribution,
i.e., a fine mode (mode diameter: ~0.022 pm) and a coarse mode (mode diameter:

~6.8 um). However, the PSDs of PM;, from biochars combustion generally
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show a unimodal distribution with only a coarse mode (mode diameter: ~6.8

pm).

® The combustion of biochars leads to substantial reductions in both PM; yields
and the mass of Na, K and CI in PM; in comparison to direct biomass
combustion, such reduction is most likely due to the lack of the contribution of
volatiles (including released inorganic species) combustion to PM; formation
and the volatilization of Cl during low-temperature pyrolysis of biomass for

biochars preparation.

® Biochars combustion also results in significant increases in the yields of PM;_j
and the mass of Mg and Ca in PM,.;yp compared with those from raw biomass

combustion, most likely due to the significant changes in char structures.

® Based on an equivalent energy input into furnace, there is a strong correlation
between the energy-based PM, ;¢ yields and the energy-based ash loading during
biochars combustion. An increase in biochar ash loading leads to a significantly

increased PM;.;o emission.

8.2.3 Combustion of Volatiles Produced in Situ from the Fast Pyrolysis of
Woody Biomass: Direct Evidence on its Substantial Contribution to PM;

Emission

® An increase in pyrolysis temperature from 800 to 1000 °C leads to an increase in
the yield of volatiles from 83.7% to 87.4% (db), and the release and/or
volatilization of Na, K, Mg ,Ca and Cl from 51.8 to 81.4%, 43.5 to 54.5%, 2.5
t0 9.3%, 6.3 to 16.1% and 85.2 to 97.2%, respectively.

® Based on the data from the combustion of volatiles produced in situ from raw
biomass pyrolysis at 800 — 1000 °C, volatiles combustion contributes to 77.4 —
89.3% of the yield of total PM; while char combustion contributes to 97.5 —

99.7% of the yield of total PM,_jy.

® PM, from volatiles combustion is dominantly PM,; and consists of mainly Na,
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K and Cl, with little Mg and Ca. The mass-based PSDs of PM;, and

elemental-mass-based PSDs of Na, K, and CI (which are dominantly contained
in PM,) from volatiles combustion generally show a unimodal distribution with
a fine mode range from ~0.022 to ~0.043 um. A higher pyrolysis temperature
leads to a significant mass increase of the particles (and the mass of Na, K and

Cl dominantly contained in these particles) with a size less than ~0.077 pm.

® The mass-based PSDs of PM; and elemental-mass-based PSDs of Mg and Ca
(dominantly contained in PM;_jy) from char combustion generally show a
unimodal distribution with a coarse mode of ~6.8 um. Increasing char
preparation (i.e., pyrolysis) temperature leads a considerable mass decrease of
particles with a size less than 0.022 um (and also Na, K and Cl in these particles)

during char combustion, possibly due to the reduction of CI content in chars.

® The volatilisation and subsequent combustion of Na, K and Cl with volatiles
produced in situ from biomass fast pyrolysis are the key mechanism responsible
for PM; emission. There are strong correlations between the PM; yields and the
contents of (NatK+Cl), (Nat+K) and Cl in the volatiles from volatiles
combustion. The dominant presence of alkali (Na and K) chlorides in PM

collected from the combustion of volatiles and raw biomass is also evident.

8.2.4  Significant Roles of Inherent Fine Included Mineral Particles in the

Emission of PMj during Pulverized Coal Combustion

® (CCSEM results show that ~90% of the total mineral particles in the Collie coal
sample are fine included mineral particles with a size <10 pm. The major

included minerals are quartz, kaolinite and iron-bearing minerals.

® The PM; collected from the combustion of coal and char samples dominantly
contains PM;_jo, of which the yields are 136.2 and 125.9 mg/g_ash input for coal
and char, respectively. However, the yields of PM, are limited, of which are 13.9

and 16.7 mg/g_ash input for coal and char, respectively. As a result, the amounts
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of PM; and PM ;. account for ~2.3% and ~19.4% of the total ash colleted from

the combustion of both coal and char, respectively.

® (Chemical analysis of PM;.jo shows that PM; o contains dominantly refractory
species, including Si, Al, Fe, Mg and Ca, Na and K which are mainly in the

forms of water-insoluble are also evident.

® PM, from char combustion consits two major fractions (PMy; and PMy ;.;) with
different chemical compostion. PM;; dominantly contains volatile elements
(such as Na, K, P and S) and refractory elements (Fe and Si), with little amounts
of Al and other alkaline earth metals (such as Ca, Mg, Ba and Sr). Oppositely,
PM, ., are mianly composed of refractory elements (Al, Fe, and Si), which
account for ~84.3% of the total PMy.; based on the mass of their oxides,
while the amounts of volatile elements such as Na, K, P, S and Cl are relatively

low.

® The significant roles of fine included mineral particles in PM;_;¢ emission during
coal and char combustion are clearly evidenced via the identification of the
presence of abundant individual but partially-molten quartz ash particles in
PM,_jo. Furthermore, the significant roles of fine included kaolinite and/or
Al-silicates particles in the emission of PM; from char combustion are also

evident based on the vast existence of aluminosilicates in PMg ;..

® The differences in PSDs and yields of PM; between the combustion of coal and
char maybe due to the release of inorganic species (mainly Si, Al, Fe, Na, K, Mg
and Ca) during coal pyrolysis for char preparation and the differences in the

prevailing combustion conditions.
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8.3 Recommendations

Based on the conclusions in this study, the future research is suggested below:

1. The roles of CI in the release of alkali metals (Na and K) during biomass
pyrolysis and combustion remain unclear. It is therefore important to carry out
additional research to systematically investigate the role of Cl in alkali metals

release and subsequent fine PM formation and/or emission.

2. In this thesis, the volatiles were generated via fast pyrolysis of biomass at a max
temperature of 1000 °C due to the limitation of working temperature of quartz
feeder (see Chapter 6). Advanced experimental techniques are desired to achieve

the same temperature between volatiles generation and subsequent combustion.

3. Future research is also needed on the combustion of other high—energy-density
fuels such as bioslurry, particularly on the emission behavior and characteristics

of inorganic PM.

4. Co-firing biomass with coal in existing coal-based power stations is an attractive
short-term option for reducing the CO, emission and using biomass in a large
scale for electricity generation. Therefore, it is important to investigate the
inorganic PM formation and/or emission from various co-firing options,
including coal-biomass, coal-biochar and coal-combustible-gases produced form

biomass gasification.
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